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Preface

Photodiodes transform a basic physical indicator, light, into the elec-
trical form commonly used to monitor physical conditions. There,
semiconductor junctions convert the photon energy of light into an
clectrical signal by releasing and accelerating current-conducting car-
riers within the semiconductor. Specializing the junction design for
the photodiode role improves its spectral response and efficiency with
PIN and avalanche alternatives. Also, multiple-element and lateral
photodiodes provide position-sensing through the relative magnitudes
of multiple output currents. By itself, the photodiode can produce a
voltage output as required for most electronic instrumentation. How-
ever, that operating mode produces a highly nonlinear response and
n very restricted bandwidth. Instead, accepting the diode output as a
current and performing a current-to-voltage conversion dramatically
improves performance. This isolates the photodiode from the signal
voltage and makes the op amp current-to-voltage converter the basic
photodiode amplifier.

While simple in structure, this circuit still displays surprising mul-
tidimensional constraints in photodiode applications. There, the small
output levels produced by the photodiode encourage large-area diodes
and high-value conversion resistances. However, this combination
compromises offset, bandwidth, stability, and noise. These compro-
mises require careful design choices and suggest variations on the
hasic photodiode amplifier. In the chapters that follow, design equa-
tions guide the circuit’s component selection, and circuit derivatives
optimize the various performance characteristics. In the first circuit
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variation, replacing the current-to-voltage conversion resistance with
a tee network reduces offset, and a later analysis guides the tee design
to avoid the customary noise increase of this replacement.

Next, the high resistance of the conversion resistor and the capaci-
tance of the photodiode combine to produce three separate frequency-
response limits. Each potentially sets the bandwidth of the current-
to-voltage converter when operated as a photodiode amplifier. These
limits result from parasitic capacitance, the limited bandwidth of the
op amp, and phase compensation requirements. In the first case, par-
asitic capacitance bypass of the large conversion resistance rolls off
the circuit’s response. In other cases, the op amp bandwidth and
phase compensation compete to control bandwidth. As a photodiode
amplifier, the current-to-voltage converter often produces a two-pole
response, resulting from an input circuit that appears like a parallel
L-C circuit. This characteristic jeopardizes stability and requires the
phase compensation that introduces the third response limit. Feed-
back analysis develops design equations for this compensation in a
compromise that equates the bandwidth limits imposed by the op amp
and this compensation.

Reducing the effects of the photodiode capacitance greatly improves
bandwidth. Any signal voltage developed across the diode reacts with
this capacitance, shunting the diode’s output current at higher fre-
quencies. Three circuit methods greatly ease this restriction through
signal isolation, photodiode bias, and photodiode bootstrap. Signal
isolation removes the signal voltage from the photodiode through the
current-to-voltage converter of the basic photodiode amplifier. For
even greater bandwidth, biasing or bootstrapping the photodiode fur-
ther reduces the capacitance effect. Reverse biasing the diode reduces
its capacitance but requires additional circuit complexily to minimize
the accompanying degradation of offset and noise performance. Boot-
strap also isolates the photodiode from signal swing, and combining
this with the current-to-voltage converter provides a double degree of
isolation.

The photodiode amplifier’s resistance, capacitance combination also
degrades noise performance, and for higher-gain applications, this
noise often controls the amplifier’s overall accuracy. As a photodiode
amplifier, the current-to-voltage converter typically exhibits a complex
noise behavior in which the op amp’s input noise voltage receives an
unexpected high-frequency gain. Here, breaking the noise analysis
into a series of frequency regions restores simplicity. This regional
analysis also permits comparison of relative noise effects to identify
circuit changes that optimize performance. Frequently, this analysis
reveals that the unexpected high-frequency gain or noise gain peaking
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dominates noise performance. Then, the circuit amplifies the noise
voltage of the op amp’s input with a noise bandwidth that exceeds
the signal bandwidth. Modifications to the basic photodiode amplifier
provide filtering to reduce or remove this noise disadvantage. In each
case, noise analysis equations guide the circuit’s component selection
o optimize the circuit’s bandwidth-versus-noise compromise.

Bandwidth and noise also compete when maximizing the photodiode
amplifier’s gain. For the basic photodiode amplifier, just making the
feedback resistance large produces high gain. However, the very high
resistances often required reduce bandwidth and increase noise. For
those cases, alternative methods optimize this compromise. Increased
bandwidth results from supplemental gain provided by several cir-
cuit alternatives. The most straightforward implementation simply
adds a voltage amplifier following the conventional current-to-voltage
converter. A second reduces the circuit complexity by making one op
amp serve both the current-to-voltage and voltage gain functions. Cur-
rent output along with increased bandwidth result from replacing the
added voltage gain with current gain. In each case, design equations
guide component selection for the optimum bandwidth-versus-noise
condition.

Noise on the power-supply lines also couples into the signal path of
the photodiode amplifier. The finite power-supply rejection ratio of the
op amp code couples a portion of this noise to the op amp inputs, and
the circuit amplifies this added signal along with the op amp’s normal
input noise. There, the characteristic noise gain peaking of the photo-
diode amplifier makes supply noise reduction especially important. In
addition, this gain peaking makes the photodiode amplifier more vul-
nerable to oscillation through a parasitic feedback loop formed through
the power-supply lines. Fortunately, capacitive bypass of the power-
supply lines greatly attenuates this noise coupling and ensures fre-
quency stability as well. However, to be successful, the bypass selec-
tion requires close attention to the frequency-dependent impedances
of both the supply lines and the bypass capacitors. Together, they
produce multiple resonances in the net supply-line impedance that
increase the gain of the parasitic feedback loop. Once again, design
cquations guide component selection for this bypass function.

Diminishing returns eventually limit the noise reduction achieved
through measures focused upon the photodiode amplifier itself. Ex-
(ernal noise sources impose a background noise floor that requires
attention to the amplifier's environment rather than the amplifier.
This background noise typically results from the parasitic noise cou-
pling of external electrostatic and magnetic sources. Here again, the
noise gain peaking of the photodiode amplifier accentuates the effects
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of these noise sources. Limiting these effects requires attention to am-
plifier location, shielding, the circuit structure, and the physical ar-
rangement of circuit components. There, differential amplifier struc-
tures and loop-minimizing component arrangements reduce the effects
of these external noise sources. Converting the photodiode amplifier
to a differential-input form activates the common-mode rejection of
the op amp for rejection of both electrostatic and magnetic coupling
effects.

In a final set of circuit alternatives, photodiodes provide position-
sensing information through the diodes’ photo responses. However,
several variables potentially degrade the sensing accuracy by intro-
ducing offset and gain errors in the light-to-voltage conversion pro-
cess. Background light introduces a first variable but only adds an
offset to the diode output. Differential measurement with two photo-
diodes removes this offset through the subtraction of two output sig-
nals. Variations in the light source intensity and in the photodiode’s
responsivity introduce additional variables, and these affect the gain
of the position measurement. Simple differential monitoring does not
remove these effects. However, signal normalization resolves this by
dividing two diodes’ difference signal by their mean signal. An analog
divider extracts this normalized signal with the greatest accuracy, but
analog multiplier replacements for the divider simplify the circuitry.
Alternately, linear photodiode arrays remove the need for normaliza-
tion by providing a digital indication of position.

1 wish to thank the many photodiode users with whom I have dis-
cussed applications requirements over the years. Their shared knowl-
edge and catalytic inquiries prompted the investigations that led to
this book. My thanks to EDN and Electronic Design magazines for
publishing the articles that initiated many of these discussions. Fi-
nally, I wish to thank my wife, Lola, for her accurate and attractive
rendering of the illustrations and for the rewarding feeling of mutual
involvement in preparing this book.

Jerald Graeme
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Chapter

Photodiodes

Semiconductor junctions convert the photon energy of light into an
electrical signal by releasing and accelerating current-conducting car-
riers within the semiconductor. All semiconductor junctions display
this response, and this forms the basis for the photodiode. Thus, a pho-
todiode behaves like an ordinary signal diode but with the addition of
an internally generated current derived from illumination. Special-
izing the diode design for the photodiode role improves its spectral
response and efficiency. PIN photodiodes expand the response range
through an added intrinsic layer formed between the normal P and
N regions. Avalanche photodiodes increase efficiency through an in-
ternal current gain developed by avalanche multiplication. In every
case, the magnitude of the photo-generated current corresponds di-
rectly to the light intensity, as required for most photodiode applica-
tions. Other applications monitor the relative magnitudes of multiple
output currents to detect the position rather than intensity of a light
beam. In the simplest case, multiple-element photodiodes develop the
latter currents, but lateral photodiodes improve position-sensing res-
olution through multiple outputs taken from a single diode. There,
resistive current division separates the lateral photodiode’s current
into multiple outputs.

1.1 The Photo Effect

Light entering a semiconductor material produces an electrical cur-
rent by releasing hole-electron pairs as illustrated in Fig. 1.1. There,
photons transfer energy to the atoms of the radiated material, mov-
ing these hole and electron carriers to their conduction states. Once
there, the individual carriers may or may not contribute to current
flow. Carriers released within the depletion region of a semiconductor

1
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Figure 1.1 In a photodiode, holes and electrons released by photons within the
depletion region accelerate toward the diode terminals, but those released outside
this region travel by diffusion or simply recombine.

junction produce the majority of this current due to the electric field
of this region. That region contains ionized or depleted atoms that sup-
port a voltage differential across the junction. The associated electric
field accelerates the carriers toward the diode’s top and bottom termi-
nals, adding conduction energy to the carriers and reducing the proba-
bility of recombination. Applying reverse bias to the junction expands
the depletion region to encompass more of the diode’s material within
the accelerating field. However, in the absence of external bias, a de-
pletion region still develops at any semiconductor junction due to the
junction’s built-in voltage. There, just the diffusion of thermally gener-
ated carriers across the junction produces a region of exposed charge.
At equilibrium, that diffusion produces a charge balance across the
junction that supports an electric field. Carriers released away from
the depletion region diffuse through the material until they reach that
region or recombine. Those reaching the region receive the electric
field’s acceleration to be swept to the diode terminals as part of the
conduction current. Typically, only those carriers generated within
one diffusion length of the depletion region contribute to current flow.

The construction of the photodiode and the wavelength of the light
strongly influence the efficiency of the light-to-current conversion.
There, semiconductor doping levels and the junction depth become
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key parameters. Lightly doped materials expand the depletion region
by reducing the number of doped atoms per unit volume. This doping,
or selective impurity addition, produces atoms with potential hole or
electron carriers residing near the conduction band energy level of the
semiconductor material. At their higher energy levels, these atoms
more easily ionize, and when ionized, they support the field of the
depletion region. Then, a lighter doping level increases the depletion
volume occupied by the exposed charge needed to support the field.
However, the low resistivity required for electrical contact to the ma-
terial generally limits this doping option.

The depth and extent of the junclion determines the location of the
depletion region and the light wavelengths that produce an efficient
response. Photons generate carriers at a range of depths with a given
range proportional to the photon wavelength. Thus, shallow junctions
efficiently convert short wavelengths with a depletion region that eas-
ily encompasses the majority of the photo generation. However, longer
wavelengths require increasingly wider depletion regions for efficient
conversion, as addressed by the PIN photodiodes discussed later. For
a given photodiode and a given wavelength, a photodiode responsivity
expresses the resulting efficiency through!

ip = r0¢e

Here, r, is the diode’s flux responsivity and ¢. is the radiant flux
cnergy in watts.

The ac response of i, displays a dual time constant due to the two
carrier travel mechanisms that account for photodiode current.? As
described above, carriers generated both within and outside the de-
pletion region contribute to this current. Those generated within the
region travel under the accelerating influence of the region’s electric
field and proceed rapidly to the diode’s terminals. This produces a
fast or drift component of i, i4,, as controlled by the drift time of the
depletion region. Those carriers generated outside the region initially
travel with little influence imposed as to direction or speed and pro-
cced slowly. When the latter carriers reach the depletion region, they
too proceed rapidly, but the interim diffusion time produces a slow
component of i, ig;.. The combination of the two components produces
a time domain current of i,(t) = agriar(t) + agilai(t), where a4, and
ay; represent the fractions of i, supplied by the drift and diffusion
components. This produces a step response

ip(t) — ip(x) (1 _adre—f'.'ldr — adie—fﬂdl)

where the 14, and 14; time constants characterize the drift and diffusion
responses.
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Figure 1.2 The drift and diffusion components of photo-
dicde current exhibit greatly different time constants to
produce a net current displaying a two-time-constant re-
sponse.

Figure 1.2 illustrates these two responses and the composite i,(¢)
result. There, the shapes of the i3, and i4; curves reflect their greatly
different 14, and 1g; time constants. Adding the two curves produces
the i, curve with a characteristic two-time-constant shape. Initially,
ip rises rapidly due to the effect of ig4,, after which i, assumes the long
settling time produced by i4;. This settling time defines the fundamen-
tal ac response limit for the photodiode. However, most photodiode
applications introduce more significant limits through the photodiode
capacitance and a monitor amplifier bandwidth limit. Chapter 3 ex-
amines these other effects.

1.2 The Photodiode Model

Modeling the characteristics of the photodiode with discrete circuit
components permits analysis of application circuits. Figure 1.3 shows
the resulting model with an ideal diode, a current source, and accom-
panying parasitic elements. Current source i, represents the pho-
todiode signal, and the diode replicates voltage conditions for the
forward-biased state. Resistance Rp represents the diode’s dark re-
sistance, which is the resistance of the zero-biased diode junction. For
most applications, this high resistance produces little effect and can
be ignored. Similarly, resistance Rs models the series resistance of
the semiconductor material, and this low resistance can generally be
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ignored. However, the remaining parasitic element Cp produces pro-
found performance effects for most photodiode applications. Later
chapters describe the stability, bandwidth, and noise compromises
produced by this capacitance.

Cp represents the stored charge effect of the photodiode junction
and varies with the diode’s area and voltage. Larger diode areas en-
compass a greater junction volume with increased stored charge and
a corresponding larger value for Cp. Reverse biasing the diode in-
creases the depletion width of the junction to effectively increase the
space between the capacitor’s plates and reduce Cp. The latter effect
is described by

b = Cno
v1+Ve/ep

Here, Cpo is the photodiode capacitance at zero bias and ¢p is the
built-in voltage of the diode junction. Applying a reverse bias voltage
Vg reduces Cp from its Cpo value through a comparative relationship
with ¢g. Chapter 4 quantifies the benefit of the reduced capacitance
with practical circuit applications.

A simplified version of this model helps explain the characteristic
curves measured with a photodiode. For a signal diode, sweeping the
voltage impressed across the device and measuring the terminal cur-
rent defines its characteristic curve. A photodiode simply introduces
another variable through internally generated current. However, eval-
uation of the photodiode performance requires making a distinction
between the terminal current measured and the photo-generated cur-
rent. Figure 1.4 illustrates this difference with the diode and current
source of Fig. 1.3. The simplified model here neglects the resistances
of the earlier case since they generally produce negligible effects. Sim-
ilarly, this model neglects the earlier capacitance for the low frequen-
cies common to characteristic curve measurement. With this model,
an impressed test voltage e, produces a terminal current ir =iy —ip

Rs

/‘/I — D

Figure 1.3 The circuit model of a photodiode consists of a sig-
nal current, an ideal diode. a junction capacitance. and parasitic
series and shunt resistances.
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Figure 1.4 Sweeping the voltage and measuring the current with a photodi-
ode reproduces the basic diode curve with offsets produced by the photodiode
current,

and, here, a measurement-generated diode current i; differentiates
the measured i current from the photo-generated current i, .
Depending upon the polarity of the impressed ¢,, this difference may
or may not influence the intuitive evaluation of the resuliting charac-
teristic curves. Figure 1.4 shows these curves for zero illumination
flux, ¢. = 0, and for several multiples of a measurement flux density
¢-m. The result simply replicates the familiar current-voltage charac-
teristic of a diode with varying levels of offset. However, interpreting
the photo gain from these curves requires switching from vertical to
horizontal comparisons as the test voltage ¢, passes through zero. For
ep < 0, the diode of the model remains reverse biased, and iy = 0 for
ir = —ip. Then, the measured current directly reflects that gener-
ated by the diode’s photo response. In this region of the curves, zero
illumination, or ¢, = 0, leaves i, at its small leakage or dark cur-
rent level. Then, increasing values of ¢, raise i, linearly and step
the it = —i, curves vertically downward in the figure. The vertical
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spacing between the curves reflects the photo gain and the photodiode
responsivity ry of the earlier i, = ro¢.. Also in this region, the curves
display slopes reflecting the increased photodiode responsivity as the
¢p voltage moves more negative. As mentioned before, this reverse
bias increases the width of the diode’s depletion region to produce this
increased responsivity. This ¢, < 0 region represents the photocon-
ductive or current-output region of the photodiode response.

For ¢, > 0, the diode becomes forward biased and influences the
current measured. Then, iy # 0, and the forward bias increases the
measured iz =iy — i,. In this region of the carves, points along their
paths no longer reflect just the photo response. However, the spacings
between the curves still indicate the photo gain because i, alone pro-
duces these. The horizontal spacing between the curves reflects the
photo gain for the photovoltaic or voltage-output operating mode of
the photodiode. In the actual photovoltaic mode, no e, measurement
signal drives the circuit. Instead, i, supplies the total diode current,
i¢ = ip in Fig. 1.4, and produces the voltage ¢, as an output sig-
nal. Then, the flow of i, through the diode produces ¢, = V;In (i, /Ip),
where V; = KT /q is the thermal voltage of the junction, and Ip is
the dark current or reverse saturation current of the diode. From be-
fore, i, varies linearly with illumination intensity ¢. as expressed by
i, =rs¢.. This makes

ep=V(lnn;—:‘.

and e, is a logarithmic rather than linear function of light intensity.

1.3 Photodiode Variations

Two variations of the basic photodiode improve the diode’s response.
PIN photodiodes increase the spectral bandwidth or range of light fre-
quencies that produce an efficient photo response. Avalanche photo-
diodes increase the magnitude of the output current and the response
speed by permitting diode bias at the verge of breakdown. However,
control of this bias presents significant practical difficulties.

1.3.1 PIN photodiodes

Adding an intrinsic layer to the photodiode structure increases the
spectral range of response by expanding the depletion region. As de-
scribed in Sec. 1.1, photons release carriers in a semiconductor over
n range of depths proportional to the photon wavelengths, and only
those carriers released within or near the depletion region contribute
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Figure 1.5 PIN photodiodes include an intrinsic interlayer that expands
the depletion region to encompass carriers released by a broader range of
photon wavelengths.

to the diode current. This makes the basic photodiode somewhat wave-
length selective, and that feature benefits some applications. Other
applications require broader spectral responses as provided by the PIN
photodiode structure of Fig. 1.5. As the name suggests, this photodi-
ode includes an intrinsic region between the P and N regions. While
never truly intrinsic,® the added region contains relatively few doped
and depletable atoms.

Then, to achieve charge balance, the depletion region must extend
through the intrinsic region to the adjoining and heavier-doped P and
N regions. As illustrated, this extends the span of the depletion region
to encompass carriers released by a broader range of photon wave-
lengths. To fully benefit from the intrinsic layer, the PIN diode nor-
mally requires an applied reverse bias that ensures a depletion region
extension all the way through this layer. Then, the region’s electric
field also extends through the layer to accelerate those carriers gen-
erated in a larger sensitive volume. As expected, this added layer
increases the transit distance for the carriers, but the low doping of
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the intrinsic region retards recombination to assure that more of the
generated carriers complete the transition.

1.3.2 Avalanche photodiodes

For low-light conditions and high-speed requirements, avalanche pho-
todiodes provide significant benefits but impose difficult bias require-
ments. Biasing a photodiode near its breakdown voltage introduces
avalanche multiplication to amplify the fundamental photodiode cur-
rent. Then, even very low-light levels produce measurable signals.
Further, this operation improves speed through the accelerating effect
of the bias and the reduced load resistance required for a given voltage
output. As described in later chapters, the magnitude of this resis-
tance seriously affects the bandwidth of practical photodiode circuits.

Figure 1.6 illustrates the chain reaction that produces the internal
gain of the avalanche photodiode. There, an incident photon begins
the process by freeing a first hole-electron pair within the diode’s de-
pletion region. Then, the high electric field produced by the diode

Depletion
Region

RO

Figure 1.6 Avalanche photodiodes produce current gain through a chain re-
action in which carriers released by photons and accelerated by the depletion
region release further carriers through impact ionization,
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bias accelerates and imparts energy to the freed carriers. In the fig-
ure, the electron of this first pair produces a second pair upon col-
lision with another atom in the lattice, again within the depletion
region. The region’s electric field accelerates these new carriers to
continue the multiplication process. This process continues even to
areas outside the depletion region, but there, the lack of an acceler-
ating electric field makes the regenerative nature of the process grad-
ually decay. Through this avalanche multiplication, the photodiode
current becomes I,, = Mi,o, where i, is the photodiode current pro-
duced by the same illumination but with zero diode bias. Avalanche
photodiodes achieve multiplication factors as great as M = 100 before
practical limitations preclude further increase.

An added noise effect and difficult gain control ultimately limit the
usable gain of the avalanche photodiode. The impact ionization that
generates the gain introduces another degree of randomness to the
photodiode’s current flow, and this randomness represents noise cur-
rent. Making M too great degrades the signal-to-noise ratio, but for an
optimum M value, the added gain supplied to the signal outweighs the
added noise and improves the signal-to-noise ratio. Accurate control of
this gain presents the most serious problem in practical applications.
Manufacturing tolerances and temperature variations potentially pro-
duce dramatic changes in the multiplication gain M. As described,
biasing the diode at the verge of breakdown produces a chain reac-
tion, and as with any such reaction, only precise control produces the
desired result. Near this breakdown point, the multiplication gain
displays an almost exponential sensitivity to the applied voltage. As
a result, tolerance variations in the bias voltage and in the actual
diode breakdown voltage may require individual circuit adjustment.
Even then, temperature variations change the breakdown voltage by
around* 0.11 percent per °C.

One solution to these difficulties employs a dummy diode to auto-
matically bias the primary diode at a known operating point. There,
biasing an unilluminated photodiode from a known source of current
establishes a compensated bias reference voltage. Matching this diode
to the primary device removes all of the variables mentioned above.
Then, transferring the voltage developed across the dummy to the ac-
tual photodiode assures stable gain control.2

1.4 Position-Sensing Photodiodes

Multiple-element and lateral photodiodes produce signals indicating
the position of a light beam on the diode’s surface. Two or more
photodiodes on a common integrated circuit chip, as illustrated in
Fig. 1.7, indicate position through the relative output signals of the
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Figure 1.7 The physical locations of individual diodes in
multiple-element photodiodes permit detection of a light beam’s
pusition on the photodiodes’ surfaces.
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individual diodes. In the simplest case, a dual photodiode produces
single-axis information, and a linear diode array extends resolution
for this application. Similarly, a quad photodiode, with its diodes
arranged in quadrature format, provides two-axis information, and
two-dimensional arrays extend resolution for this case. Lateral pho-
todiodes also indicate position through the relative magnitudes of out-
put signals, but these signals develop at multiple outputs on a single
photodiode.> There, an internal current divider separates the diode
current into two signals having magnitudes determined by a light
beam’s position. For two-axis monitoring, duo-lateral photodiodes add
a second current divider and tetra-lateral photodiodes present a four-
way current divider. Photodiode amplifiers described in Chap. 10 con-
vert the resulting photodiode output currents into position-indicating
voltages.

1.4.1 The basic lateral photodiade

Being a single, continuous element, the lateral photodiode provides
higher resolution by avoiding the inherent quantizing error of multiple-
clement devices. Figure 1.8 illustrates this photodiode’s structure with
its characteristic output electrodes. The bottom electrode or contact
covers the entire span of the diode and will collect carriers at any point
nlong this span. However, the top electrode separates into two seg-
ments that lie at opposite sides of the diode chip. The carriers collected
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Figure 1.8 With the lateral photodiode, internal resistance
forms a current divider that separates i, into two components
whose magnitudes reflect the position of an incident light beam.

there must first travel to these electrodes, and this feature results in
the position indication. In the figure, a light beam incident at a given
horizontal location produces a localized current. As described before,
this current actually results from conduction carriers released within
the body of the diode. From there, the electric field of the junction
sweeps them vertically to the top and bottom of the diode in the same
horizontal location as the light beam. Those swept to the top form the
i, current illustrated, and this current must travel laterally through
the resistance of the semiconductor material to reach the diode’s con-
tacts. This resistance provides the current divider action to produce a
linear position indication.

To quantify the result, first consider the current divider of the pho-
todiode. There, current i, divides into two components, i,; and i,2,
that travel separate paths to the two top electrodes. Two circuit con-
ditions potentially influence this current division: the resistances of
the two paths, R; and R:, and the signal voltages at the two out-
put terminals, e,) and e,2. Linear position indication requires that
202 = €,1, 30 only the resistances determine the result. Usually, the
photodiode amplifiers described later hold both ¢, and e,z at 0 V and
satisfy this requirement. Then, for the superimposed circuit model
shown, the e,; = e,2 condition effectively shorts the output terminals
together, making R, and R; the classic current divider. This produces
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ip1 = (R2/Rp)ip and ip9 = (R1/Rp)i,, where Rp = Ry + R; is the inter-
electrode or positioning resistance of the photodiode.

Next, simple analysis of the dimensions illustrated translates these
current divider results into the desired position indication. There, the
current i, results from a light beam incident at a distance x from the
centerline of the photodiode, and the other dimensions shown relate x
to the length of the diode, The three resistances of the current divider
equations result from corresponding lengths, L,, Ly, and Lp. There,
L, and L; denote the path lengths followed by i,; and iy2, and Lp
denotes the interelectrode or positioning distance, Lp = L, + L. A
uniform, lateral resistivity p in the P region makes R); = pL,. R =
pL2, and Rp = pLp. Substituting these expressions in the previous
ip1 and #3 equations directly replaces the resistances with lengths for
ip1 = (Lo/Lp)ip and ip2 = (L1 /Lp)i,. From Fig. 1.8, the desired position
distance is x = Ly — L,, and simultaneous solution with the i,) and ip2
equations yields

11 — I, i — 1§
x = (pl . pZ)L = (‘pl .p2)
P (tp1 + 3p2)

Thus, relative to the center of the photodiode, the x position of the
light beam equals the difference in the two signal currents divided by
their sum times the interelectrode spacing of the diode. This difference
divided by the sum quotient normalizes the result to automatically re-
move errors from light intensity variation and from diode responsivity
tolerance as described in Chap. 10. That chapter also presents photo-
diode amplifier circuits that process the i,; and i,2 signals to produce
this quotient.

1.4.2 The lateral photodiode model

For general circuit analysis the lateral photodiode requires a modi-
fied circuit model. Above, the analysis assumes that the two top ter-
minals of the diode reside at the same voltage, making the R, and
R2 resistances a simple current divider. Most photodiode amplifier
circuits approximate this equal voltage condition by holding the two
terminals near 0 V. This condition reduces the lateral photodiode's
outputs to currents that directly relate to position. However, the iy,
and i, equations derived above only model the diode response for this
equal-voltage condition. As will be seen in later chapters, the 0 V con-
straint of photodiode amplifiers remains an approximation, especially
at higher frequencies. Further, some application circuits connect the
output terminals to nonzero impedances where the output currents
develop differing signal voltages at their output terminals.
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These practical cases require a photodiode model that represents
the lateral photodiode action through the R, and R resistances rather
than the i,; and ipg currents. Figure 1.9 presents this model with these
resistances forming the two segments of a potentiometer. There, the
position of the potentiometer wiper represents the position of the light
beam on the photodiode. The total resistance of the potentiometer
equals the diode’s positioning resistance Rp, and Rp = R; + Rj. Fur-
ther dimensional analysis of Fig. 1.8 defines the R and R resistances
in terms of Rp and the relative position of the light beam. Again,
assuming a uniform lateral resistivity p in the P material makes
Ry = pL.Rs = pLs, and Rp = pLp. Simultaneous solution of these
three equations produces the intermediate results R; = (L,/Lp)Rp
and Ry = (Ly/Lp)Rp. Then, notingthat L =Ly +Lyandx =Ly - L,
reduces these equations to

Lp—x
R, = oLy Rp

Lp+x
R, = oL, Rp

These equations define the current dividing resistances in terms of
photodiode constants Rp and Lp and the light position x. Then, in-
cluding the Fig. 1.9 model in any circuit model permits an analysis
that defines x in terms of the diode constants and the circuit condi-
tions.

In practice, parasitic series resistance limits the position detection
accuracy of the lateral photodiode. There, an inevitable electrode con-
tact resistance adds to both R; and Ry, preventing them from reduc-
ing to their ideal zero values as x approaches either Lp or —Lp above.
However, adjusting the model to account for this practical limitation

Rp
2 O—Mr\r——(M Rp = R1+Ry
Ry $ R
2 R lp—x
R1= Rp
2Lp

_I_C = Rp Figure 1.9 A potentiometer
ip $Rp 2Lp models the current-dividing out-
< put resistances of the lateral pho-
todiode with R, and R, segments
) determined by the position x and
) $ ) by diode constants,




Photodiodes 15

permits more accurate analysis for precision applications. For those
cases

Lp—x

Ry = 3Ly Rp + R¢
Lp +x

R, = oL, Rp + Re

where R¢ is the contact resistance.

1.4.3 The duo-lateral photodiode

Two alternatives to the basic lateral photodiode extend the position in-
dication from single axis to two axis. Duo-lateral photodiodes simply
utilize both the top and bottom diode surfaces in the lateral sensing
but complicate fabrication and preclude diode bias. Tetra-lateral pho-
todiodes remove these limitations but degrade response linearity and
complicate signal processing. Figure 1.10 illustrates the duo-lateral
structure with two pairs of electrodes contacting the diode’s P and N
layers. As before, the X; and X, electrodes at opposite sides of the chip
collect photo current supplied to the P layer. Previously, a continuous
electrode covered the diode’s bottom surface to make contact with the
N layer and conduct the return current. Here, the bottom electrode
divides into the Y, and Y5 contact strips placed at opposite ends of
the chip. These contact strips now collect the diode’s return current
through the same lateral action as previously described for the top
clectrodes. However, the orthogonal orientation of the top and bottom
contact pairs make the two respond to opposing dimensional axes of a
light beam position.

The simplicity of the duo-lateral photodiode structure extends previ-
ous results to this case. First consider the ideal case where photediode
amplifiers hold the two electrodes of a given pair at the same voltage.
Then, the two X electrodes again receive portions of the photodiode
current as determined by the resistive divider presented by the P re-
gion. Similarly, the Y electrodes here receive currents apportioned by
the resistivity of the N region. Then, the X and Y current components

X2

SR S S e
ey
S —'x.\:\\?\\\\\\\\\\\\
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N

Figure 1.10 A duo-lateral pho-
todiode makes both diode sur-
faces perform lateral current
division with two electrode pairs
placed for X and Y position in-
dications,
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define the light beam position through

bxy ~ £
X = (—.El_.ﬁQLPx
(lpxl + lpx'l)
_ (ipyl - lpyZ)
(ip_vl + ipy2)

where Lp, and Lp, represent the interelectrode or positioning spacings
of the two electrode pairs. Chapter 10 presents photodiode amplifier
circuits that produce output voltages proportional to the above X and
Y position indications.

For nonideal cases, a simple extension of the previous circuit model
represents the duo-lateral photodiode for analysis. Shown in Fig. 1.11,
this model repeats that of Fig. 1.9 with a second current-dividing po-
tentiometer modeling the current division of the diode's bottom, or
Y axis, outputs. As before, the position of the light beam defines
the equivalent positions of the potentiometer wipers. However, the
orthogonal orientation of the electrode pairs makes the wiper posi-
tions independent. Extending the single-axis analysis reflects the
wiper positions through the resistances of the potentiometer segments.
This produces matching sets of equations for the two axes as ex-
pressed by

Lp, —x Lp, +x
Ry = R Ryy = ———R
1x 2L ps Px 2x 2L pe Px
Lp, —y Lp, +y
Ry = -%-PTRP,. Ry = ;’Lm R
Rex
X2 0——WNV—O0% Low = x
Rox § R Rix= XX R
x| Mx 1x Z2Lpy Px
' Lpyx + x
Rox= :: Rpx
o Px
'4p Rp
Lpy ~y
| Ry = ien Py
Lpy+y
Rznt Riy Ray = —;{;—pr
20—W Y y

Rpy

Figure 1.11 Adding a second potentiometer to the lat-
eral photodiode mode] of Fig. 1.9 extends this model to
the duo-lateral case.
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where Rp, and Rp, represent the interelectrode resistances, and Lp,
and Lp, represent the interelectrode spacings.

Two features of the duo-lateral photodiode structure detract from
its otherwise simple extension of the lateral photodiode action. First,
segmented electrical contacts must be made to the bottom of the diode,
and conventional planar-technology integrated circuit fabrication only
permits this on the top surface. Diffused vias from the top surface
to the bottom layer overcome this limitation; however, these vias in-
crease the series resistances that produce the greatest position-sensing
errors. In addition, the duo-lateral structure precludes or significantly
complicates the application of reverse bias to the photodiode. As de-
scribed before, this bias reduces the diode capacitance to improve re-
sponse speed. Normally, one side of a photodiode supplies the signal
and the other side remains free to be biased from a dc source. With
the duo-lateral structure, both sides of the diode supply the signal and
cannot be directly connected to a bias source.

1.4.4 The tetra-lateral photodiode

With some performance compromise, tetra-lateral photodiodes remove
these restrictions by placing both the X and Y electrode pairs on the
top surface. Figure 1.12 illustrates this structure with four upper
electrodes placed at the sides and ends of the top surface and with a
continuous bottom electrode. The upper electrodes accommodate con-
ventional fabrication practices, and the single lower one again permits
diode bias. At the upper surface, resistances still divide the photodiode
current into components that travel to the various output electrodes.
However, two-dimensional current flow complicates the current divi-
sion here. Previously, the basic lateral and duo-lateral photodiodes
divided the photodiode current in a given diode layer into lateral
flows to two electrodes placed along the same axis. There, simple geo-
metric boundary conditions established by the electrode terminations

Figure 1.12 A tetra-lateral photodiode places
two electrode pairs on the top surface for two-
dimensional position sensing without the need
for segmented bottom contacts.
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produce a linear position response. Here, four electrodes on two axes
complicate the boundary conditions and introduce distortion in the
tetra-lateral photodiode response. Varying the diode geometry par-
tially compensates for this distortion with pin-cushion-shaped diode
areas and corner diode contact points.%

Figure 1.13 models the tetra-lateral photodiode with a four-way out-
put current divider. For this divider, the X and Y coordinates of
the beam position determine four resistances values in essentially the
same way as described for the duo-lateral case. Thus, the correspond-
ing resistance equations remain the same. With this model, consid-
ering two separate current divisions extends previous ideal analysis
results to this case. As before, this analysis holds for equal output
terminal voltages such as established by the zero voltage constraint
of most photodiode amplifiers. This constraint effectively places all
of the x and y resistors of the figure in parallel for simple current
division. In this condition, the i, current first divides into the net
x and y components i = i,; + ix2 and iy = iy) +i,2. Resistances
R, = R\ |R,2 and R, = R,1||Ry2 control this division and produce the
current components iy = R, i, /(R +R,) and i, = R,i, /(R +R,). Next,

X2 X4

Lpy—x
2Lpx

Lpy +x
2Lpx

%o .
| T Riy = 2L ke,

2Lpy

Figure 1.13 The single-surface output of the tetra-
lateral photodiode forms a four-way current divider with
resigtances corresponding to X and Y coordinates.
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the i, and {, components divide into their respective i, and i, subcom-
ponents just as described before for the duo-lateral photodiode. Thus,
the subcomponents identify the beam position through the same re-
sponse equations and for the tetra-lateral photodiode:

(fpxy — ¢
x = .pxl .PX2)LPx
(Epx1 + ipr2)

_ (ip.vl - ipy2) v
- 'y
(Lp_yl + lp_,.'z)

Although these equations remain the same, the tetra-lateral photo-
diode complicates the signal processing that develops the correspond-
ing voltage signals. In this case, the denominators of the above ex-
pressions vary with the beam’s position, increasing the dynamic range
requirement of that processing. Previously, the duo-lateral photo-
diode conducted the full diode current through separate X and Y
sensing layers. This made the two denominators, ix) + ix2 = i, and
iyy + ty2 = ~ip, independent of the beam’s position. However, as de-
scribed above, the four-way current division of the tetra-lateral photo-
diode makes ir) + &2 = Ryi, /(Rx + Ry) and iy) + iy2 = Reip /(Ry +R,),
where R, = R,,||R,2 and R, = R,,||R,2. Thus, each denominator rep-
resents only a portion of the total i, signal. Further, that portion
varies with beam position through the varying resistances of the cur-
rent divider. In the extreme case, a beam position very close to an
clectrode of one axis diverts most of i, to that electrode and leaves
only a small current to support the other axis. Then, signal levels
hecome very small for the unsupported axis, and the subsequent sig-
nal processing must support a wider dynamic range to accommodate
varied beam positions.
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Chapter

The Basic Amplifier

This chapter demonstrates the superiority of the operational ampli-
fier (op amp) current-to-voltage converter as a photodiode amplifier
through comparisons with two obvious alternatives. Both alterna-
tives employ voltage-mode signal processing and fail to match the
performance of the current-to-voltage converter. First, direct voltage
monitoring of a photodiode employs familiar circuitry but results in
severe nonlinearity and high dc offset. The op amp current-to-voltage
converter largely removes both problems but retains a potentially sig-
nificant offset for higher-gain applications. Replacing the current-to-
voltage conversion resistance with a tee network controls this residual
offset. A second voltage-mode alternative supplies the diode current
directly to a resistive load but results in a severe bandwidth limita-
tion. This limitation results from signal voltage swing across the diode
capacitance and the accompanying capacitive shunting. Once again,
switching to the current-to-voltage converter largely removes the lim-
itation, in this case, by isolating the diode capacitance from the signal
swing. Simple in structure, the current-to-voltage converter consists
of just an op amp and a feedback resistor and provides dramatic per-
formance improvements. However, when combined with a photodiode,
this simple circuit displays surprising multidimensional constraints as
explored in subsequent chapters.

2.1 Linearity

The output signal from a photodiode can be monitored as either a
voltage or current, but current monitoring offers far better linearity,
offset, and bandwidth performance. The free carriers created in the
photodiode by light fundamentally constitute a current signal. How-
vver, most electronic instrumentation accommodates voltage rather

21
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than current signals, requiring a conversion. By itself, the photodi-
ode produces this current-to-voltage conversion when presented with
a high load impedance as in Fig. 2.1. There, placing the photodiode
in series with an op amp input makes the diode’s load the amplifier’s
high input impedance. This impedance does not significantly shunt
the diode’s current, leaving that current to circulate within the diode.
Then, the carriers generated serve to expand the diode’s depletion
region and the corresponding voltage across the diode e,. Feedback
around the op amp establishes an amplification of e, just as if this
voltage was an input offset of the amplifier. Thus, Fig. 2.1 produces
an output voltage of ¢, = —(1+ Ra/Ry)e,.

While appealingly simple, this voltage-mode connection produces a
nonlinear response and a large dc offset. The nonlinearity results
primarily from the logarithmic current-voltage characteristic of the
diode junction. As described in Sec. 1.2, a photodiode operated in the
voltage-output or photovoltaic mode produces a voltage described by
e, = ViIntro@./Ip) where ¢, is the flux energy of the incident light.
Thus, linear changes in ¢, produce logarithmic changes in ¢,. In addi-
tion, the flux responsivity, r, of the equation, varies with the voltage
across the diode. There, a voltage gradient across the diode’s junc-
tion accelerates the carriers generated, reducing recombination and
increasing r,. In the photovoltaic mode shown, the photodiode’s own
output voltage modulates the junction voltage to further increase non-
linearity. The voltage-mode circuit also produces a large dc offset due
the flow of the op amp’s input bias current Ig through the high re-
sistance of the photodiode. This resistance is the very large reverse
resistance of the diode and produces a dc error that adds directly toe,.

Current-mode monitoring removes both e, and Iz_ from the pho-
todiode with different degrees of success. This alternative virtually

—0 Figure 21 A straightforward
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Figure 22 The current-to-voltage converter removes signal voltage from a
photodiode to largely remove the Fig. 2.1 limitations but retains a leakage-
producing voltage across the diode.
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eliminates e,, and the resulting nonlinearity, but only transfers Iy_
Lo a smaller resistance.! Current monitoring requires that the monitor
circuit present zero load impedance to the diode. Then, the monitor
absorbs the diode’s current without producing a voltage across the
diode. An op amp circuit closely approximates this zero impedance
condition with the virtual ground of its feedback input. The current-
to-voltage converter of Fig. 2.2 presents this virtual ground directly to
the photodiode. This figure shows the basic circuit, composed of the op
amp and Ry feedback resistor, plus other common circuit elements. As
described later, the added R¢ reduces the offset produced by amplifier
input current, and the capacitor shunts this resistor’s noise.

Ignoring these added elements for the moment simplifies the initjal
analysis of the circuit’s operation. There, feedback forces the current-
to-voltage converter to accept the photodiode output current without
producing any significant voltage at the circuit input. In this feed-
back relationship, a current I, supplied by the photodiode initially
reacts with the high input impedance of the op amp. The amplifier’s
open-loop gain amplifies the resulting input voltage, driving the feed-
back resistor Ry with output voltage e,. This drive diverts the diode’s
current away from the amplifier input impedance to Ry, restoring vir-
tually zero voltage at the op amp input. In the process, the amplifier
develops an output voltage equal to the diode current times the feed-
back resistance, e, = I,R;. Here, I, = i, + I; consists of signal and
lcakage components, and momentarily ignoring the offset effect of I,
makes the output signal e, = i,Ry. As described in Sec. 1.1, i, = ry¢.
and e, = r,¢.Ry displays the desired linear signal response to light
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flux ¢.. Further, the current-to-voltage converter removes the signal
swing from the diode, making r; a constant and removing the second
source of nonlinearity described for the voltage-mode circuit.

2.2 Offset

In photodiode applications, the current-to-voltage converter develops a
dc offset primarily through two error currents. Both the input current
of the amplifier and the leakage current of the photodiode flow through
the R, feedback resistor, producing dc offset components at the circuit
output. Two techniques reduce the net offset error through a compen-
sation resistor and a tee network. The compensation resistor develops
an offset component that counteracts that produced by amplifier input
current. However, the compensation voltage developed increases the
photodiode leakage current and potentially degrades rather than im-
proves the net circuit offset. Replacing the Ry feedback resistor with
a tee network removes this compromise by reducing the compensation
voltage required. In addition, the tee alternative improves the accu-
racy of the compensation by permitting improved resistor matching.

2.2.1 Reducing offset with a
compensation resistor

In Fig. 2.2, the R¢ resistor provides the compensation routinely ap-
plied to reduce the offset effect of the op amp input current. However,
photodiode applications require greater care in making the decision to
add this resistor. First, consider its intended compensation function.
The I input current of the op amp flows through Ry creating an out-
put offset component equal to (Ig_)R;. The large Ry resistance values
commonly used with photodiodes make this a significant offset compo-
nent that exhibits a large thermal drift due to the temperature coeffi-
cient of Iz_. To compensate, connecting the equal resistance, R = Ry,
in series with the op amp’s noninverting input produces a counteract-
ing offset effect —(Iz.)Rc. Accompanying R¢ in the figure, an added
capacitance bypass largely removes this resistor’s noise effect. Adding
R¢ reduces the offset error created by amplifier input currents to the
residual error developed by mismatches. Matching errors between
the amplifier input currents and between the iwo resistors retain a
reduced output offset error of Voso = (Ip_ )Ry — (Is-)Rc. This residual
error typically represents a factor of 5 to 10 improvement over the
initial offset and drift produced by the amplifier’s input current.
However, adding R¢ also develops a voltage across the photodiode,
introducing a new source of offset error. The compensating voltage
drop across R¢, (Ig.)Rc, also drops across the photodiode and pro-
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duces the diode’s leakage current I;. The classic junction equation
describes this leakage through

In=1Ip (1 —e—”B')RC"V")

where I is the reverse saturation current or dark current of the photo-
diode, and V, is the thermal voltage of the semiconductor material. For
silicon, V, =25.7 mV, and just 100 mV across the diode essentially de-
velops its full-scale leakage current Ip. The resulting I; flows through
Ry to produce an output offset component equal to I Ry. Adding this
component to the previous result makes the net output offset voltage
Voso = e )Ry — U )R+ I Ry. With perfect matching of Re to Ry,
the output offset reduces to Voso = (Ip- —Ip4 +11)R, and either input
or leakage currents can dominate this result.

For high-gain photodiode amplifiers, the I; term could easily dom-
inate offset performance. There, field-effect transistor (FET) input
op amps reduce the offset produced by amplifier input current, but
larger-area photodiodes potentially produce large leakage currents.
These amplifiers produce input currents through the leakage currents
of their input FETs. Both the amplifier FETs and the photodiode pro-
duce leakage current magnitudes in proportion to their physical areas.
High-sensitivity photodiodes require much larger junction areas than
the typical op amp input FET and, thus, potentially larger leakage
currents. Adding R¢ to compensate for the leakage of a smaller input
FET can produce a greater diode leakage and increase rather than
decrease the net offset error. This requires evaluation of specific ap-
plication conditions before adding R¢.

2.2.2 Reducing offset error with
a feedback tee

Replacing Ry with a resistor tee greatly reduces offset error through
reduced resistance levels. Reduced resistances decrease the (Ig.)R¢
compensation voltage impressed upon the photodiode and reduce the
resistance matching error of R¢ to Ry. However, the tee network also
imposes a limit to this offset reduction by amplifying the op amp’s
input offset voltage. This compromise serves as one guide in the design
of the tee alternative for a given application. Later, Chap. 7 develops
another design guideline that avoids the additional noise commonly
encountered with a feedback tee.

Figure 2.3 shows the R; replacement with a tee that produces an
cquivalent feedback resistance but with much gsmaller resistance
levels. Considering signal conditions first, the circuit’s feedback action
again accepts the photodiode current I, at the amplifier’s inverting in-
put. To do so, the feedback signal develops a voltage of I,R(t across
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Figure 2.3 Replacing the feedback resistor with a tee network
reduces offset effects Lhrough resistance-level reductions that
decrease the (Ig,)R¢ vollage across the photodiode and ease
resistor matching.

R¢r. In the basic current-to-voltage converter, this would be the cir-
cuit’s output voltage. However, the voltage divider formed by R; and
Ry here increases the output voltage e, required to supply this I, R¢r
voltage. This increased e, reflects the tee’s equivalent feedback resis-
tance through e, = I,Rgq where Req = Rer + R1 + RerR1/R2. In prac-
tice, Ryt remains by far the largest resistance of the tee and Rer > R,
making Req = (1 +R1/R2)Rer. Thus, the tee effectively multiplies the
resistance of R¢r by the inverse of the R,. R, voltage divider ratio or
1+ R;/R,. This inverse ratio characterizes the feedback action of the
tee and reappears numerous times in the tee performance analyses.
The tee’s equivalent feedback resistance produces an output signal of
e, = I,(1+Ry/R2)R¢r just as if a very large feedback resistor had been
used instead of the tee network. For a given current-to-voltage gain,
this multiplication reduces the required resistance of R¢t by the same
1 + R, /R, factor.

Offset voltage analysis reveals the same resistance reduction for Rc,
decreasing the compensation voltage developed across the photodiode.
As before, the flow of Iz, in R¢ offsets the op amp’s noninverting
input to a voltage of —(Ig+)Rc. Feedback forces the amplifier’s invert-
ing input to track this offset, impressing this reduced voltage across
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the diode and producing a leakage current. At the input of the tee
network, the amplifier’s Iz input current adds to the diode’s leakage
current. Within the tee, the combined current I} + Iz_ flows in Rpr,
developing a voltage that adds to the —(Ip,)Rc offset at the nonin-
verting input. Thus, the net offset voltage at the junction of R; and
R divider becomes (I} + Ig_)Rer — (I )Rc. From there, feedback
action amplifies this net offset to produce an output offset voltage of
Voso = (1 + Ry/Ro)ldp )Rt — U4+ )Re + I Rerl.

Examination of this result reveals the two offset reduction benefits
of the tee. As before, making Rc = Rer above minimizes the effect of
amplifier input currents to the degree permitted by the matching of Re
Lo Rer and Ig— to Ip.. With perfect resistor matching, the output offset
reduces to Voso = (Ia— —Ip+ +11)(1+R1/R2)Rsr = (Ig- —Ip+ +11)Rpeq.
FFor a given transresistance, with Rg, equal to the traditional R;, this
offset expression duplicates that of the basic current-to-voltage con-
verter described before. However, in practice, the reduced resistance
levels of the tee permit improved resistor matching and reduce the
diode leakage to decrease the Vpgo actually produced. Reduced resis-
tance improves the probability of accurate matching for the R¢ = Rep
condition that initially minimizes Voso. The basic current-to-voltage
converter requires matching Re to the typically large R resistance.
There, very high Ry resistances make parasitic resistance shunting
significantly degrade the accuracy of this match-dependent compen-
sation. The more moderate-valued resistors of the tee reduce the sig-
nificance of this shunting in the tee’s R¢ = Ryt resistor match.

The preceding discussion would suggest making the tee network’s
R,/R3 ratio very large to minimize the Vgoso components described
above. However, another offset component and noise complications
impose compromises in the R;/R> selection. The tee also amplifies the
op amp’s input offset voltage Vpg and input noise voltage by the factor
14 R1/Rs. For offset considerations, the added Vog effect increases the
net output offset voltage to Voso = (1 + R1/R2)0Ig-)Rer — (Ip4)Re +
I . Rer + Vos). Noting that Rer = Rieq/(1 + R1/R32) and assuming that
R¢ = Rer reduces this expression to Voso = (I — Ip+ + IL)Rgeq +
(1 + R1/R3)Vos. Thus for a given Rgyq, increasing R;/R3, to reduce
R¢ and Ip, simultaneously increases the offset effect of Vos. Taken to
the extreme, increasing R,;/R; makes this effect dominant and Vpgo =
11 + Ry/R2)Vps. Then, this new dominant component would actually
increase offset in the tee conversion. An arbitrary but practical design
limit avoids this increase. Limiting the Vg effect to one-tenth that of
the leakage current effect produces the guideline

&(IB-—IB++IL 1
Ry 10Vos feq
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As described before, I;, here also remains a function of R, /R3, poten-
tially making the design solution iterative at this point. Also, a second
design guideline results from the increased noise developed with a tee
as developed in Chap. 7. There, the design of the feedback tee op-
timizes a bandwidth-versus-noise tradeoff. For a given application,
balancing the offset, noise, and bandwidth constraints defines the fi-
nal tee design.

2.3 Bandwidth

Junction capacitance restricts signal bandwidth for most photodiodes
and often severely so. Any signal voltage developed across the diode
reacts with this capacitance, shunting the diode’s output current. The
basic photodiode amplifier or current-to-voltage converter greatly ex-
tends bandwidth by largely isolating the photodiode from the signal
voltage. This circuit holds the diode voltage near zero while supplying
the signal voltage at the op amp output.

First for comparison, Fig. 2.4 shows a second voltage-mode circuit
that illustrates this mode’s restricted bandwidth.! There, signal cur-
rent i, from the photodiode flows in load resistor R;, producing a signal
voltage. The op-amp voltage follower isolates Ry, from any impedance
loading error at the circuit output and ideally delivers e, = —i,R;.
However, this simple circuit also develops the full signal voltage e,
across the photodiode and its capacitance. The resulting signal cur-
rent in this capacitance shunts the diode current at higher frequen-
cies, producing a bandwidth limit. Figure 2.5 models the circuit for
bandwidth analysis. There, the photodiode acts basically as a current

ED—»—O% = —ipRL

Figure 2.4 A second, straightforward application of
a photodiode provides a controlled load resistance but
again develops the output signal voltage across the
diode.
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Figure 25 Replacing the photodiode with its fundamental elements and separat-
ing the input impedance elements from the op amp models Fig. 2.4 for bandwidth
analysis.

source i, with shunting elements Rp and Cp. Rp represents the high
resistance of a zero-biased junction, and practical levels of load R,
remain small by comparison. Thus, Rp can generally be ignored.
The follower amplifier shown presents additional shunting through
its input resistance and capacitance, Ricm and Cic. There, R;c, rep-
resents the very high, common-mode input resistance of the op amp
and can also be ignored. However, the capacitive elements of both the
diode and amplifier significantly shunt R, producing a bandwidth
limit.

Thus, the circuit produces the ideal response e, = —i, R, only until
capacitive shunting diverts i, from R, at higher frequencies. There,
the combined capacitance of the input circuit, C; = Cp +Cjcm, produces
a response roll off with a pole frequency of f, = 1/2xR, C;. Then, for
Fig. 2.5

¢ _ R
b 1+jfif

For this single-pole response, the circuit’s —3-dB bandwidth equals
the pole frequency f,. For most photodiode applications, large values
of R; and Cp would severely restrict bandwidth.

The above equations reflect a typical gain-versus-bandwidth com-
promise. Increasing R; produces greater gain but reduces the band-
width set by f, in direct proportion. From a circuit perspective, this
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Figure 2.6 The simple current-to-voltage converter isolates
the load voltage swing from the photodiode capacitance for
improved bandwidth.

compromise results from impressing the signal voltage across the cir-
cuit capacitances. Increasing R, to raise gain also increases the signal
voltage across these capacitances. This increases the portion of the i,
signal current that the capacitances shunt away from the load. Then,
the —3-dB response point of the circuit decreases to a lower frequency.
To avoid this compromise, the signal voltage would ideally develop on
the load resistor but not on the capacitances.

The current-to-voltage converter approximates this ideal as shown
in Fig. 2.6. In the ideal amplifier case, this circuit reduces the signal
voltage across the photodiode and its capacitance to zero. There, the
feedback action of the op amp forces the two amplifier inputs to the
same voltage, presenting a virtual ground to the photodiode output
current. The load’s signal voltage transfers to the op amp output,
isolated from the diode.

In practice, the amplifier’s high, but finite, open-loop gain only ap-
proximates the zero voltage condition above. The finite gain leaves
part of the signal voltage across the photodiode and its capacitance.
This residual signal introduces a new bandwidth limit and the poten-
tial for circuit oscillation as described in Chap. 3. Both limitations
result from the feedback pole formed by Bf and Cp. In addition, the
op amp’s input noise voltage adds to the residual input signal and de-
velops a noise current in Cp. That current increases with frequency
and flows into R, to produce a high-frequency gain peaking that often
dominates noise performance. Chapter 5 analyzes this noise response
and later chapters present means to limit the noise effect.

References

1. J. Graeme, “FET Op Amps Convert Photodiode Qutputs to Usable Signals," EDN,
October 29, 1987, p. 205.



Chapter

Bandwidth and Stability

Three separate response limits each potentially set the bandwidth of
the current-to-voltage converter when operated as a photodiode ampli-
fier. These result from parasitic capacitance, the limited bandwidth
of the op amp, and phase compensation. The resulting pole frequen-
cies define each response limit. A fourth limit, the frequency response
of the photodiode, also potentially sets bandwidth, but generally one
of the first three mentioned produces a lower frequency limit than
the diode. In the simplest case, the inevitable parasitic capacitance
bypasses the feedback resistor, and this effect generally sets the band-
width for higher-gain cases. Lower-gain applications reduce this resis-
tance and the significance of the parasitic bypass. Then, the response
limits imposed by the op amp bandwidth and the phase compensation
compete to set the circuit's bandwidth.

The latter two limits prove more difficult to determine. Despite the
circuit’s simplicity, the current-to-voltage converter can exhibit com-
plex ac performance. As a photodiode amplifier, this circuit produces
a two-pole, rather than single-pole, response, resulting from an input
circuit that appears like a parallel L-C circuit. This condition occurs
when parasitic capacitance does not dominate bandwidth, and the lim-
ited bandwidth of the op amp introduces these two poles in the circuit
response. Then, the higher feedback resistances of photodiode appli-
cations often make this equivalent L-C circuit resonate or even oscil-
late. This behavior requires the phase compensation that introduces
the third response limit. Making this new limit coincide with that
of the op amp’s bandwidth optimizes the circuit’s bandwidth-versus-
stability compromise. Feedback analysis develops design equations for
the corresponding compensation selection through frequency response
evaluation and phase margin analysis.

31
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Some applications require greater control of gain peaking than pro-
vided by the above compromise. Making the above two limits coinci-
dent optimizes the circuit’s 3-dB bandwidth but also permits a 3-dB
gain peak. More conservative phase compensation reduces this peak
as guided by the response characteristics of a second-order system.
Translating these results for the photodiode amplifier produces an al-
ternate design equation that permits compensation selection to limit
peaking at any specified level.

The analyses of this chapter focus upon the basic photodiode am-
plifier but also develop a bandwidth and phase compensation back-
ground that extends to the alternative amplifiers described in later
chapters. In addition, this background applies to other op amp appli-
cations that present source capacitance to the amplifier. Chapter 4
describes methods for improving bandwidth, and Chap. 7 describes
methods for optimizing a later noise-versus-bandwidth compromise.

3.1 The Inherent Response Limits

Two of the three response limits described above result for any photo-
diode amplifier formed with a current-to-voltage converter. Any such
amplifier remains subject to parasitic capacitance and limited op amp
bandwidth. The capacitance produces a predictably simple response
limit, and a mathematical test determines whether or not this limit
controls the circuit’s bandwidth. The limited op amp bandwidth leaves
a residual signal across the photodiode capacitance, and the resulting
capacitive current actually reacts with a nonzero impedance at the
photodiode amplifier input. Still, the resulting pole and its bandwidth
limit typically reside at a far higher frequency than achieved with
voltage-mode monitoring.

3.1.1 The response limit of
parasitic capacitance

Higher feedback resistance levels potentially make parasitic capac-
itance bypass dominate the photodiode amplifier’s response and set
the circuit bandwidth. Figure 3.1 illustrates this simple case with
stray capacitance Cs bypassing feedback resistor Rr. Good construc-
tion practices limit Cs to around 0.5 pf, but the higher Ry values of
photodiode amplifiers make this bypass significant. At higher frequen-
cies, Cg shunts the i, current away from R, to produce a response roll
off with a pole at 1/2zR;Cs. When dominant, the resulting single-pole
roll off makes the —3-dB bandwidth equal this pole frequency. Other-
wise, poles produced by the op amp bandwidth limit, or the circuit’s
phase compensation determine the overall circuit bandwidth.
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Figure 3.1 In the simplest case, stray capacitance
Cs sets bandwidth for the photodiode amplifier
through bypass of Ry.

To determine which case applies, design equations developed in sub-
sequent sections of this chapter permit a simple test. Those sections
develop equations prescribing the phase compensation capacitor that
must be added to intentionally bypass Ry. In some cases, the inevitable
Cs already provides sufficient bypass to retain frequency stability.
Then, the phase compensation design equations prescribe a capaci-
tance value less than or equal to Cg. There, Cs controls bandwidth,
and the circuit requires no further phase compensation.

3.1.2 The response limit of op
amp bandwidth

As described in Sec. 2.3, the current-to-voltage converter removes the
bandwidth limit imposed by voltage-mode monitoring of a photodi-
ode. There, the voltage-mode impresses the output signal across the
diode’s capacitance, and capacitance shunting rolls off this signal. The
current-to-voltage converter largely avoids this shunting by isolating
the diode from the signal swing. In the ideal case, this converter to-
tally removes this original response limit. In practice, the converter
leaves a residual signal voltage across the photodiode that imposes a
higher-frequency but finite response limit. Op amp bandwidth sets
this new limit through a double response pole.

The current-to-voltage converter removes signal voltage from the
photodiode capacitance as shown in Fig. 3.2. There, only the op amp
gain error signal ¢, /A o], remains across the diode and its capacitance.
In the ideal amplifier case, an infinite op amp gain reduces the signal
voltage across the photodiode to zero. Then, the feedback action of the
op amp forces the two amplifier inputs to the same voltage, presenting
a virtual ground to the photodiode output current. In practice, the
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Figure 3.2 The current-to-voltage converter remaves the
previous voltage-mode bandwidth limit by isolat-
ing the photodiode capacitance from the output swing,
but the residual gain error signal remains to produce a
new hmit.

amplifier’s Aoy, gain adequately approximates this ideal only at low
frequencies. At higher frequencies, Ao rolls off due to limited op
amp bandwidth, and this produces the second response limit for the
photodiode amplifier.

The resulting poles in the photodiode amplifier response define this
limit, and Fig. 3.3 madels the circuit of Fig. 3.2 for the corresponding
analysis. To focus on the op amp limit alone, this model excludes the
stray capacitance Cs described earlier. In Fig. 3.3, a current source
and capacitance Cp replace the photodiode, and two other capacitors
represent the input capacitance elements of the op amp. The remain-
der of the model presents the input circuit with an effective load re-

. R¢
R L=— — Ry
AoL
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iL -/
: — d— —L— io_ =
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Figure 3.3 Modeling the Fig. 3.2 photodiode amplifier with an effective
load resistance R; permits easy comparison of bandwidth limits with the

voltage-mode circuit of Sec. 2.3.
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sistance R;. This latter representation permits easy comparison with
an earlier voltage-mode circuit. Previously, Sec. 2.3 described the
bandwidth restriction of a photodiode that voltage-mode drives a load
resistance R;. Several comparisons in this chapter demonstrate the
bandwidth improvement potentially afforded by the current-to-voltage
converter.

With the Fig. 3.3 model, the break frequency of the capacitances
with R; controls the frequency response for the current-to-voltage con-
verter. By definition, R; equals the voltage developed across this re-
sistance divided by the current i; supplied to it. The relevant voltage
equals that from the op amp inverting input to ground or simply the
amplifier’s gain-error signal e,/AoL. Finite open-loop gain requires
this signal between the amplifier inputs to support the output voltage
¢,. Current i; produces an output voltage of e, = iRy, making the
voltage across R; equal to e,/AoL = irRf/AoL. Dividing this voltage
by the current i;, defines R; = Ry/AoL. This resistance breaks with
the circuit capacitances at

fir = AoL
P 2R, C;

where C; = Cp + Cig + Ciem.

Comparison of the above result with the f, = 1/2zR;C; of the pre-
vious voltage-mode circuit provides an indication of the response im-
provement potential of the current-to-voltage converter. For equal
gains in the two cases Ry = Ry, making fir = AoL/27R.Ci = Aol
Thus, the Fig. 3.2 circuit increases the pole frequency by a factor
approximately equal to the amplifier open-loop gain Agr. This re-
mains approximate because input capacitance C; differs somewhat
for the two cases. Previously, C; = Cp 4 Cj,n resulted from the
diode capacitance in parallel with the Cj., presented by a voltage
follower. In this case, the amplifier adds its differential input capac-
itance Cjq to the total, making C; = Cp + Ciem + Ciq. Very frequently,
Cp > Cig, and the C; difference between the two circuits becomes
negligible.

Still, the Aoy, gain varies with frequency, requiring further analysis
Lo define the actual improvement factor. The relevant value of AoL
cquals the amplifier’s actual open-loop gain at the frequency where
the for pole occurs. To find this gain, consider an approximation to
the open-loop response of the op amp. In all practical cases, fpr oc-
curs where the gain of the amplifier rolls off in a single-pole response.
There, the amplifier gain magnitude becomes Aor, = f./f, where f;
is the unity-gain crossover frequency of the amplifier. At the fre-
quency fur. Ao = f./for, and substituting this for AoL in the above
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for equation yields a Fig. 3.3 pole location of

—
|_fe
y 2R, C;

fpf':

where C, = Cp + Cig + Cicmn-

Once again, for comparison with the previous f, = 1/22R.C;, as-
sume equal gains for the two circuits Ry = R; and neglect the C,
difference. Then, fyr = v/f./27R;C; ~ \/f,f., and the f, pole location
becomes the geometric mean of the old pole frequency f, and the op
amp crossover frequency f.. Aslong as f. > f,. fpr = /fofc > f, and
the current-to-voltage converter increases the pole frequency. This
typically increases the frequency by a factor of 10 to 100 as can be
seen by evaluating the ratio for/f, = \/fc/f, for typical cage conditions.
In the rare case where f. < f,, the current-to-voltage converter re-
duces rather than increases the pole frequency. Even then, however,
the current-to-voltage converter still provides the improved response
linearity described in Sec. 2.1.

3.2 The Phase Compensation Requirement

The above pole frequency comparison does not reflect the exact re-
sponse improvement produced by the current-to-voltage converter.
Further analysis shows f,r above to be a double rather than single
pole, and the resulting response peaking makes the —3-dB bandwidth
somewhat greater than fyr. However, this double pole also introduces
a phase compensation requirement, and that compensation potentially
reduces the circuit response. Thus, the phase compensation require-
ment must be satisfied before defining the final response improve-
ment. In this section, an L-C tank equivalent of the photodiode am-
plifier first demonstrates this requirement with an intuitive analysis.
There, the photodiode capacitance reacts with an inductive amplifier
input impedance, and degeneration or phase compensation controls
the associated resonance. Next, graphical feedback analysis confirms
the resonance and establishes the basis for the phase compensation
analysis of the next section. Following that, a final comparison defines
the actual bandwidth improvement provided by the current-to-voltage
converter in photodiode applications.

3.2.1 The L-C tank equivalent and phase
compensation

Section 3.1.2 defines an op amp pole frequency f;r based upon a re-
sistive load R; = Rr/AoL. The resulting equation accurately defines
the fyr frequency but not the total nature of the associated response.
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The Ag. term of R; = Rp/Ao. varies with frequency, making this
load an impedance, Z;, rather than a resistance. This difference pro-
duces an effective L-C tank at the circuit input and requires phase
compensation to preserve stability.

As frequency increases, gain Aoy, declines, making Z; = Ry /Ao, rise
like an inductive impedance. The phase shift of gain AgL completes
this inductive character. Intuitive evaluation of the typical op amp
open-loop response and a simple analysis reveal this phase charac-
teristic. From an intuitive perspective, open-loop gain Agr commonly
displays a single-pole roll off throughout most of the amplifier’s useful
frequency range. This roll off corresponds to a phase lag of 90-. The
180 phase inversion of the basic amplifier feedback converts this lag
to the 90° phase lead of an inductive impedance. Analysis quantifies
this effect by including phase information in the previous approxi-
mation for Aop. As described before, an op amp’'s single-pole roll off
makes the gain magnitude AgL = f./f. Switching to the s plane rep-
resentation, Ao = w./s represents this dominant single-pole region.
This makes the impedance Z; = Rr/Aor. = Rys/2xf.. With an s term
in the numerator, this impedance appears inductive by rising with
frequency and displaying a 90° phage lead.

The equivalent inductance of Z;.L; = Ry/27f., forms a resonant
L-C tank with C; at the input of Fig. 3.3. Resonance occurs at the fre-
quency f, = 1/2x /L;Ci = J/f./27xR;C;. Note that this is the same fre-
quency previously determined for the pole location and f, = fir. If the
resonance occurs at a low enough frequency, it potentially produces
oscillation in the current-to-voltage converter. Without phase com-
pensation, oscillation results whenever the amplifier open-loop gain
remaing above unity at the resonant pole frequency fyr. Beyond the
unity-gain crossover frequency, the amplifier lacks the gain needed
to sustain oscillation. For most photodiode amplifiers, fyr < fc, fulfill-
ing this oscillation requirement. However, for higher-gain photodiode
amplifiers, parasitic capacitance sometimes provides automatic phase
compensation to prevent oscillation as described in Sec. 3.1.1.

Otherwise, preventing the oscillation of this L-C tank circuit re-
quires degeneration of the tank. Figure 3.4 illustrates three degen-
cration or phase compensation alternatives for the photodiode am-
plifier. Adding the series resistor R.. would degenerate the circuit’s
tank by placing resistance between the capacitance of the diode and
the inductance of the amplifier input. However, this would also place
R.. in the input path of the photodiode current and develop a signal
voltage there. That signal would also fall across the photodiode, de-
grading bandwidth and linearity as described in Chap. 2. Alternately,
udding the shunt resistor Ry, across the tank would provide degener-
ation. However, that would also increase the noise gain of the circuit,
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Figure 3.4 Three possible degeneration methods de-
tune the L-C tank equivalent of the input circuit, but
only Cy does so without degrading other performance.

degrading both offset and noise. Instead, adding a feedback capaci-
tor degenerates the inductive nature of Z; = Rys/2xf.. Adding C in
parallel with Ry makes the feedback impedance Rs/(1 + R;Crs), and
substituting this expression for Ry in the last Z; equation produces
Z; = Rrs/2nfc(1 + R¢Gss). Now an s term appears in the denomi-
nator of the Z; impedance equation, and this term counteracts the
s term of the numerator. This degenerates the L-C tank and phase
compensates the circuit.

3.2.2 Feedback analysis of the basic circuit

The above L-C tank analogy provides insight into the frequency stabil-
ity conditions of the photodiode amplifier. However, effective control of
those conditions requires a more quantitative evaluation as provided
by feedback analysis. There, a combined graphical representation of
the feedback demand for gain and the available gain of the op amp
demonstrate these conditions for intuitive guidance of the feedback
analysis.!

Feedback factor underlies a feedback circuit's gain demand. By def-
inition, feedback factor is the fraction of the amplifier output signal
fed back to the amplifier input. The voltage divider action of the
feedback network defines this factor through the divider ratio.? For
the photodiode amplifier, Fig. 3.5 illustrates this voltage divider with
a simplified version of Fig. 3.3. Here, capacitance C; combines the
three capacitances of the input circuit to more clearly identify the
feedback voltage divider. That divider, formed by Ry with C;, intro-
duces a low-pass filter in the feedback path and produces the feedback
factor 8 = Xci/(Ry + Xci) = 1/( + RyC;s). This low-pass response
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attenuates the feedback signal that supplies the amplifier input, plac-
ing a greater demand upon amplifier gain.

Analysis reveals this increasing demand through the circuit’s re-
sponse equation

LR
T 1+ 1/AoLB

[+]

This response delivers the ideal output signal, e, = i, Ry, as long as
the loop gain, Agr 8, remains much greater than unity. At higher fre-
quencies, the declining 8 of the photodiode amplifier places increasing
demands upon Agj, to maintain this ideal condition. However, Aoy also
declines with increasing frequency, and the dual declines accelerate
the roll off of the actual circuit response,

Graphical analysis illustrates this gain supply and demand contest
and its stability consequences in Fig. 3.6. There, plotting the op amp
open-loop gain along with the feedback demand for that gain makes
the net conditions of the feedback loop apparent. The Ag, curve repre-
sents the amplifier’s available gain, and the reciprocal of the feedback
factor 1/8 represents the gain demand of the feedback. Superimposed
on this plot, the I-to-V gain curve displays the corresponding signal
response of the current-to-voltage converter. As expected from the
L-C tank discussion, the I-to-V curve displays a resonant peak at
the frequency f; = fyr. Following the resonance, the I-to-V response
roll off results due to a feedback demand that exceeds the available
amplifier gain.

The amplifier meets this demand within the limit of the open-
loop gain response of the op amp. To quantify this, the Fig. 3.5 re-
sult 8 = 1/(1 + R¢C,s) yields 1/8 = 1 + R;Cis = 1 + s/2nf,x where

€o
Tou >-L° “
Y

B = Xci/(Rg + Xci) = 1/(1 + Ry Cs)

Figure 3.5 Simplifying the Fig. 3.3 model illustrates
the Ry, C, voltage divider that controls the circuit's
feedback factor 8.
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Figure 3.6 The current-to-voltage converter’s Agr and 18 curves intersect at f;,
defining the frequency of the circuit’s response poles and the 7-to-V resonance.

for = 1/27R;C;. Here, the pole of the feedback factor becomes a zero in
the 1/8 feedback demand. At low frequencies in Fig. 3.6, the 1/8
curve begins flat at unity as expected from simple resistor feedback
around an op amp. At frequency fir, the 1/8 curve begins to rise
but initially remains below the open-loop gain, or Agy curve. In this
region, the vertical distance separating the Aoy, and 1/8 curves rep-
resents the excess gain available, or the loop gain. As the 1/8 curve
rises the Agp. curve simultaneously drops and both effects decrease
the loop gain. Where the two curves cross, the gain demand reaches
the limit imposed by the available gain. At frequencies beyond this
crossing, the amplifier lacks sufficient gain to support the feedback
demand, and the circuit’s I-to-V response rolls off. This crossing, or
intercept, of the A, response by the 1/8 curve represents the critical
intercept fundamental to feedback stability analysis.

In defining the response roll off point, the intercept at f; also iden-
tifies the frequency of the circuit response poles. Previously, the
Sec. 3.1.2 analysis defined this pole location at fpy = \/f./27R;C}, and
a two-step analysis shows that f; = fir. First, the analysis above de-
fined the zero of the 1/8 response at f;; = 1/27R;C;, Combining this
fzr expression with that of fr produces fir = Vfufe. Next, graphi-
cal evaluation of the Fig. 3.6 curves shows that f; equals this same
quantity. In the figure, the 1/8 and Aoy curves form an approximate
triangle with the horizontal axis. The two sides of the triangle have
equal but opposite slopes since one follows the response of a single-
zero rise and the other, of a single-pole roll off. These slope conditions
produce an isosceles triangle. Then, the triangle peak at f; occurs
over the center of the triangle base. Thus, f; occurs at the average
of the base endpoints f;r and f.. Given the logarithmic nature of the
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frequency axis, this becomes

Log f.s + Log f.
Log f; = g f; ,f2 g f.
Solving this expression for f; defines that frequency as the simple
peometric mean of the two endpoint frequencies,

fi= \r’}m

where fir = 1/2aR;C;, Ci = (Cp + Ciq + Cicm), and f, is the unity-gain
bandwidth of the op amp. The analysis above also defined fyr = /frr e,
80O f; = fpf.

Further evaluation of the Fig. 3.6 response curves reveals the os-
cillation condition that underlies the need for phase compensation.
There, the slopes of the 1/8 and Aop curves predict frequency sta-
hility conditions through the rate of closure of the two curves. Rate
of closure equals the difference between the slopes of the two curves
ut their intercept. Oscillation can result where the rate of closure
reaches 40 dB/decade. Each 20 dB/decade of slope corresponds to 90°
uf phase shift, making the 40 dB/decade of the criteria correspond to
180-. Then, the op amp’s gain inversion, or negative feedback, adds
unother 180 phase shift for a net 360° of feedback phase shift. At the
{; intercept,.a 360" feedback phase shift produces oscillation. There,
the AgL and 178 curves occupy the same point, making Ag;, = 1/8 for
u loop gain of Ao = 1. A feedback loop with unity gain and 360" of
phase shift becomes self-sustaining, i.e., oscillation.

For Fig. 3.6, both the 1/8 rise and the op amp roll off result from a
single zero or pole, so both curves follow 20-dB/decade slopes. Their
upposite slope polarities produce a slope difference at f; that equals
the critical 40 dB/decade, as anticipated from the earlier resonance
discussion. The I-to-V response curve of the figure reflects this reso-
nance with a high, sharp peak at f; where oscillation will likely result.
ollowing the peak, the I-to-V response rolls off with a —40-dB/decade
slope due to the double pole at f;. Variances in these conditions may
prevent outright oscillation but still produce poor relative stability,
displaying excessive overshoot and ringing. Such stability problems
are familiar to everyone who has used high-feedback resistances with
op amps. There, the amplifier input capacitance alone disturbs circuit
response due to the same phenomena described here for the current-
io-voltage converter. With photodiode amplifiers, the need for phase
vompensation should always be evaluated through the C; design equa-
hons developed below,
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3.3 Phase Compensation

Previously, the Sec. 3.2.1 discussion showed that the addition of a
Cr feedback bypass detuned the photodiode amplifier’s potential reso-
nance. Feedback analysis quantifies the effect of the C; degeneration
and guides the selection of this capacitor through design equations.
From a feedback perspective, Gy provides phase compensation as illus-
trated by both circuit and graphical analyses of amplifier and feedback
responses. These analyses again show that C; removes the resonance,
and they quantify the value of C; that provides optimum compensa-
tion.

3.3.1 The basic compensation

To restore frequency stability, phase compensation capacitor C; by-
passes feedback resistor Rf as shown in Fig. 3.7. This circuit re-
peats the earlier Fig. 3.5 and adds the C; compensation described in
Sec. 3.2.1. For high-gain applications, parasitic capacitance often pro-
vides this compensation automatically as described in Sec. 3.1.1. For
other cases, the feedback bypass must generally be added to photodi-
ode amplifiers. At high frequencies, this bypass boosts the feedback
signal delivered to the amplifier input, counteracting the feedback at-
tenuation introduced by C;. The corresponding response zero produced
by C; also adds phase lead to reduce the net feedback phase shift.
Voltage divider analysis of the Fig. 3.7 feedback network defines the

Cq

—k

;,,q) c,-\- J__>——o

- Ci=Cp+Cig +Cicm

gz ' tRiCes Ce= (cc/z)[w NE +4c;/cc]

1+Re(Cj+ Cy)s

Ce =1/2nRqf¢

Figure 3.7 Phase compensation capacitor C; adds a zero to the
circuit’s feedback factor to counteract the pole produced by C;.
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fz¢ / 4& t
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Figure 3.8 The C; compensation of Fig. 3.7 rolls off the 1/8 curve, reducing
its rate of closure with Ag; and restoring stability.

compensated feedback factor as
1+RCrs
1+Re(C; +Cp)s

where C; = (Cp + Cig + Cicm). Here, C; produces a zero at for =
1/2aR; Cy that counteracts the pole produced by C; at fox = 1/22R;(C; +
Cr). Note that Gy also contributes to the f;¢ pole, but for most photodi-
ode amplifiers, practical conditions minimize this effect with Gy « C;.
Later, a refinement to the C; design equation accommodates the other
cases.

The response zero added to 8 above produces a pole for the inverse
function, leveling off the 1/8 curve as shown in Fig. 3.8. There, the
reduced 1/8 slope decreases the rate of closure for improved stability,
hut a compromise limits the degree of improvement attainable. Choice
of a large Gy could easily produce zero slope for 1/8 at the f; intercept.
This would make the rate of closure a simple 20 dB/decade for 90* of
phase shift and uncompromised stability. However, this choice would
wnnecessarily limit the circuit bandwidth. While the bypass action of
(’; counteracts a feedback pole, this bypass also produces a pole for the
intended circuit function. Current-to-voltage conversion depends upon
the voltage developed by Ry to produce an output signal. Bypassing
that resistor to reestablish stability also shunts the output signal and
limits bandwidth.

B =

3.3.2 Phase margin analysis

'o optimize the —3-dB bandwidth, a compromise provides 45° of phase
wiargin through a simple guideline that applies to all practical circuits.
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Here, phase margin replaces rate of closure as the stability criteria
and provides greater resolution of the relative stability condition. The
phase margin reflects this condition through the net feedback phase
shift at the intercept of the 1/8 and Ag;, curves. This margin equals
the difference between the critical 360, which produces oscillation,
and the actual phase shift of the feedback loop at f;. Mathematically
expressed, ¢,, = 360" 4 ¢, for f = f,. The plus sign here might seem
incorrect for producing a difference; however, this remains consistent
with the sign conventions associated with phase lead and phase lag.
Phase lag produces a negative value of ¢;, and the associated mi-
nus sign there results in a subtraction in ¢, = 360 + ¢,;. Also, for
amplifier circuits, phase lags eventually dominate the feedback phase
effects, and their negative values decrease ¢,,.

For an op amp circuit, loop phase shift ¢, consists of three com-
ponents easily identified by examining Fig. 3.9. There, the feedback
signal travels from the output through the feedback network to the
amplifier’s inverting input, From there it travels through the op amp’s
gain response Agj, to the output, completing the loop. In this path,
the feedback network first introduces a phase shift of ¢, which rep-
resents the phase shift of the feedback factor 8. The voltage divider
action that defines g also determines the phase shift introduced by
the feedback network. Next, the amplifier introduces the phase shift
of its open-loop response ¢4. A third phase component results from
the feedback connection to the inverting input of the op amp. This
connection assures negative rather than positive feedback, and the
associated gain inversion introduces a 180~ phase shift. Combined,
the three components of loop phase shift make ¢, = —180" + ¢4 + ¢5:.

PL=-180"+0p+ 0p

_I_ =180°+pp - ©
c; I ®m A~ 21
— AoL —O0 eo

——

Figure 3.8 The feedback loop of a photodiode amplifier
introduces phase shifts through the op amp's negative
feedback. the Ao response, and the feedback network.
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Substituting this expression in the previous ¢,, result produces the
phase margin result ¢,, = 180~ + ¢4 + ¢ for f = f;.

For phase margin evaluation, the response curves used in feedback
analysis provide intuitive phase information directly for ¢4, above and
indirectly for ¢4. In Fig. 3.8, the slope of the Ao response curve
corresponds to ¢4 phase shift values. No equivalent curve appears
for ¢4, but the 1/8 curve contains the information needed. Taking
the reciprocal of 8 to express 1/8 simply reverses the numerator and
denominator of the g response expression. This reversal converts poles
to zeroes and vice versa. Similarly, this converts phase leads to lags
and vice versa. Thus, ¢, = —¢;, and the phase margin equation
becomes ¢, = 180 + ¢4 — 1y for f = f;. With this equation, the
slopes of feedback analysis curves communicate relative information
for both phase terms needed for phase margin evaluation.

3.3.3 Phase margin analysis of
the typical case

For the current-to-voltage converter, two phase margin analyses yield
one C; design equation that holds for the two circuit cases commonly
found. The two differ in the proximity of intercept f; relative to the
other circuit response singularities, In the simplest and more com-
mon case, f; occurs more than a decade in frequency above or below
most of the other response poles or zeroes of the circuit. Then, such
poles and zeroes produce either a full 90° or 0° of phase shift at the
intercept frequency. This simplifies the phase margin analysis for a
more intuitive understanding of the multiple phase effects involved.
A second analysis extends the results of the first to the case where f;
resides closer to other singularities.

Figure 3.10 illustrates the simpler case with the uncompensated
and compensated 1/8 curves of a typical photodiode amplifier. There,
the first pole of the AL response occurs well below f; and develops a
full 90° of phase lag at f;. In contrast, the second Agj, pole arcund £,
occurs well above f; and develops virtually no phase shift at f;. Thus,
the Agy, contribution to phase margin is ¢4 = —90°, and the preceding
& expression reduces to ¢,, = 90 — ¢4 for f = fi. In the typical
case, the f;r zero of the 1/6 response occurs well below f; and, when
uncompensated, f,r develops its full 90° of phase lead at the intercept.
Thus, for the uncompensated case, ¢y;3 = 90° at f; and ¢, = 0,
predicting oscillation,

To restore phase margin, phase compensation reduces the ¢, s phase
lead produced by the 1/8 response. For the compensated case shown,
the reduced slope of this response at the f; intercept indicates this
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Figure 3.10 For the typical photodiode amplifier, the f; intercept occurs at a
frequency well removed from the two poles of Ag and from the f,; zero of 1/8.

phase reduction. Phase compensation capacitor C; produces this re-
duced slope through a 1/8 response pole at for = 1/22R,Cy. As dis-
cussed before, a stability-versus-bandwidth compromise guides the
frequency placement of this pole. Selecting fcr to produce a 45 phase
margin provides good stability and optimizes the 3-dB bandwidth. For
this condition, ¢,, = 90° — ¢y;; = 45", producing the phase compen-
sation requirement ¢,;; = 45° at f;. For this compensated case, two
response singularities contribute to ¢y, the zero at f;y and the pole
at fcr, making the compensation requirement ¢,z = ¢.¢ + ¢cr = 45°
at f;. From before, f;y occurs well before the f; intercept and devel-
ops its full 90° phase lead at f; for ¢1;3 = 90° + ¢¢r = 45° which
reduces the compensation requirement to ¢cr = —45°. The expres-
sion ¢, = —arctan(f/f,) describes the frequency dependence of the
phase produced by a pole, and applying this to ¢cr at f = f; produces
¢cr = — arctan(f; /fcr) = —45°. Then, solving for fcr simply produces
for = fi- Thus, choosing C; to break with Ry right at f; produces the
desired 45’ phase margin. This for = £; result defines the required con-
dition but does not immediately yield a C; design equation. Adding
Cr changes f; slightly, moving the target. Later analysis removes this
interactive effect.

Note that the for = f; condition also makes the circuit’s two band-
width limits coincident. As described before, intercept frequency f;
marks the inevitable response roll off produced where feedback de-
mand for gain, 1/8, exceeds the available Ap;,. Adding compensation
capacitor C; introduces an additional roll off at f¢r through the C; by-
pass of Ry. Making fcr = f; prevents either roll off from dominating
and suboptimizing the resulting circuit bandwidth.
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3.3.4 Phase margin analysis of the
universal case

A continuation of the present analysis reconfirms the for = £; condi-
tion for a second analysis case. In the first case above, an approxi-
mation simplifies the analysis by assuming that f; remains at least a
decade removed from f;r and f.. This approximation fails with smaller
photodiode capacitances, requiring a more exact analysis. This anal-
ysis begins with the assumption that for = fi and shows that this
condition always produces ¢, = 45°. In Fig. 3.11, smaller photo-
diode capacitances move the f; zero of 1/8 to f). A dashed curve
portrays the resulting 1/8 response, and as seen, the f,r change also
moves the f; intercept to f{. Now, both f;; and f. reside closer to
the f; intercept, requiring adjustment to the previous phase margin
analysis. First, feedback phase shift at the new f; enters the range
of influence of other poles that typically occur in the vicinity of f..
There, the phase contributions of these poles increase from the sim-
ple 0° of the first analysis above. However, the f; to f; shift also
places the 1/8 zero closer to the intercept, reducing its phase con-
tribution. Then, the zero no longer develops the full 90° described
for the first analysis case. Thus, the increased influence of the f.
poles and the reduced influence of the f;s zero produce counteracting
effects.

For first-order analyses, these two phase changes cancel, leaving
the optimum choice of C; unchanged from that of the first analysis.
To demonstrate this, first consider the op amp response to be essen-
tially two-pole in nature with the second pole occurring at the unity-
gain crossover f.. This approximation produces a phase shift of 135¢

IAl

Figure 3.11  Smaller photodiode

capacitances move the 1/8 curve

- tothe right, producing an f;" that
f resides close to f; and £ .
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at f. and conservatively models typical performance. Beyond £, the
exact phase response of the amplifier generally remains insignificant
to ac performance. There the loop gain drops below the unity level
needed to support oscillation or to significantly affect the transient
response.

With this two-pole amplifier model, two adjustments to the previ-
ous analysis adapt the phase margin equation to this case. From
before, ¢, = 180° + ¢4 — @1, for f = f;, expresses the phase margin
of an op amp circuit. Here, ¢4 results from the amplifier’'s AgL re-
sponse, and ¢34 results from the 1/8 response. Previously, a single-
pole AgyL roll off made ¢1 = —90°, but here the added influence of f,
increases the amplifier phase shift. Then, ¢4 = —90"+¢. where ¢. rep-
resents the phase effect of the second pole modeled at £.. This change
makes the phase margin equation ¢, = 90 +¢. — ¢14 for f =f;. Also
previously, a single-zero 1/8 rise followed by a pole at f; produced
¢18 = 90° — 45°, There, the f;¢ zero produced the 90° and the f¢y pole
produced the —45°. Here, the zero fails to produce its full 90> phase
shift, and ¢1;3 becomes ¢1,3 = ¢,r — 45°, where ¢, is the phase lead
produced by the zero at f;;r. Previously, the —45“ contribution of for
resulted from placing this pole at the £, intercept. Retaining this —45°
value continues the for = f; condition. Substituting ¢;s = ¢ — 45" in
the last ¢,, equation yields ¢, = 135° 4+ ¢ — @ for f =f;.

Replacing ¢. and ¢, with their frequency response functions con-
firms the 45° phase margin for this second analysis case. From be-
fore, ¢, = —arctan(f/f,,) describes the phase response of a pole, and
applying this to ¢. at f = f; produces ¢, = —arctan(f;/f.). Simi-
larly, ¢, = arctan(f/f.) describes the phase response of a zero, and
applying this to ¢, at f = fi produces ¢,, = arctan(f;/for). Sub-
stituting these two results in the above ¢,, expression yields ¢, =
135° — arctan(f; /f.) — arctan(f; /f.). From before, f; = \/ficfz, and sub-
stitution of this expression in the last equation produces

f fe
on = 135° — arctan ‘,'{i - arctan‘/ ,—rz—r

2f ¢

The frequency variables of the above equation reside in the form
arctan(e /b) +arctan(b /a ), and trigonometric analysis shows this com-
bination to always equal 90°. Then, ¢,, = 135° — 90° = 45'. Thus,
independent of the location of f;r and f; the phase margin remains

¢m = 457 for for = f;

where f, = /fufe. i = 1/2]1R,'(C.‘ +Cr),and C; = Cp +Cig + Ciem-
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3.3.5 Selecting the phase
compensation capacitor

Analysis of the for = fi condition yields two design equations through
approximate and exact solutions. The approximate solution serves
most cases and yields an easily remembered design equation. With
for = fi and for = 1/2aR;C;. Gy = 1/2aRf;. Then, the previous f; =
futf: produces C; = 1/2.11Rf\,’m, where fir = 1/27R;(C; + Cr). How-
ever, an equation interaction prevents direct use of this result. Ca-
pacitance C; depends on fy, which in turn depends on Cy. This occurs
because the addition of the C; phase compensation moves the f;r zero
of the 1/8 rise in Fig. 3.11. Then, f; = v’m follows, moving the target
of the compensation selection. Two approaches remove this interac-
tion either through approximation or simultaneous equation solution.
In the simpler case, larger photodiodes make Cp, > C; for C; » C; and
for = 1/27 R;C;. Substituting this approximate f;y in C; = 1/2xR; N/TA
vields the approximate design equation

[ ¢
C’. = ‘}m for ¢, = 45" when C; > C[.

From before, C, = Cp +-C;g+Cicm. Note that, at the beginning of the C;
design process, C; is known but ; is not, and the C; > C; test cannot
be performed. However, simply calculating C; by the above equation
and then performing the test determines the equation’s validity for
a given case. If this test fails, simply use the more exact equation
derived later.

The above result simplifies to an easily memorized relationship in
which C; becomes the geometric mean of two circuit capacitances. This
requires defining an artificial capacitance, C. = 1/2=R/f., which re-
lates Ry to f; just as Ry relates to C; in C; = 1/2=R,f,r. Both C, and C;
then relate to Ry as capacitances that define response break frequen-
cies with that resistance. Substitution of the artificial C. in the last
Cr result produces the simplified

C =vCC, for ¢, =45 whenC, » C

where C; = Cp + Ciq + Cigm.C. = 1/27Rsf., and [, is the unity-gain
crossover frequency of the op amp. Thus, the phase compensation
capacitor Cr equals the geometric mean of the capacitance of the input
circuit and the capacitance representing f.. This result parallels the
fi = Vfuf. expression in which f; expresses the geometric mean of the
analogous frequencies.

A second, more exact solution defines C; for any value of photodiode
capacitance but primarily serves cases where the C, > Cy approxima-
tion fails. Here, a simultaneous solution of two equations removes the
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interaction but produces a more complex equation for C;. Solving the
equations Cr = 1/22Ry\/ff. and fzr = 1/27R,(C; + G;) for Cy yields

Cr = (Ce/2) (1+‘/1+ 45") for ¢, = 45°

where C. = 1/2aR;f. and C; = Cp + Ciq + Cicm. Applications requiring
this more exact C; equation experience greater sensitivity to parasitic
capacitances. There, parasitic effects remain significant compared to
the smaller values of C; and C;. These parasitics alter the optimum
value of G in either direction depending on the parasitic conditions
of a given application. Some board parasitics add to the C; term but
others supplement Cr. Then, empirical adjustment resolves these un-
knowns with a final tuning of the phase compensation.

3.4 The Bandwidth Advantage of the
Current-to-Voltage Converter

The phase compensation selected above defines the signal bandwidth
for most photodiode amplifiers. Section 3.1.1 defines the exé¢eption to
this rule for higher-gain amplifiers. For the general case, the current-
to-voltage converter first extends bandwidth through the signal iso-
lation described before. Then, two other factors improve bandwidth
further through the circuit’s residual gain peaking and an improved
gain-bandwidth relationship.

As described above, the circuit’s two-pole roll off produces gain peak-
ing, and phase compensation reduces the peaking to preserve stabil-
ity. Careful choice of this compensation permits bandwidth extension
through the residual, compensated peaking. Figure 3.12 illustrates
with an I-to-V response drawn to portray the ¢, = 45" compensation
case. There, the gain peaking surrounding f; pushes the response roll
off to a slightly higher frequency than would occur with a single-pole
roll off. This extends bandwidth beyond the circuit’s f; pole frequency
to the extent permitted by acceptable gain peaking. For the traditional
+3-dB bandwidth limit, examination of damping factors and corre-
sponding peaking responses® shows a factor of 1.4 bandwidth increase
for the 45° phase margin prescribed above. This margin restrains
gain peaking to +3 dB followed by the final bandwidth limit at the
-3-dB point of the response roll off. Thus, for the current-to-voltage
converter with C; set to break with Ry at f;

BW = 14f; = 1.4V fs
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Figure 3.12 The two-pole response of the I-to-V gain produces peaking
that extends bandwidth beyond f;, and selecting phase compensation for
& = 457 makes BW = 14f;.

where f,r = 1/27R/(C; + C;),C, = Cp + Cig + Cicm, and f; is the unity-
gain crossover frequency of the op amp.

This current-to-voltage converter bandwidth typically represents a
dramatic improvement over the voltage-mode photodiode circuit de-
scribed in Sec. 2.3. There, a single pole produces an overdamped re-
sponse, fixing the —3-dB bandwidth at the pole frequency. Further,
this pole frequency is much reduced from that produced by the current-
to-voltage converter. There, input circuit capacitances break directly
with the circuit load resistance, producing a bandwidth approximately
equal to the f;r frequency of the above equation. The current-to-voltage
converter largely isolates the load resistor from those capacitances, ex-
tending bandwidth to 1.4/f3¢f.. Comparing the two bandwidth limits
shows a factor of 1.4,/f. /f;s improvement for the current-to-voltage
converter. Thus, choosing an op amp with £, > f,r assures a signifi-
cant bandwidth improvement,

The bandwidth of the current-to-voltage converter also benefits from
a more favorable gain-bandwidth relationship that reduces the band-
width’s sensitivity to gain increases. Normally, the constant gain-
bandwidth product of an op amp produces a bandwidth reduction
directly proportional to any gain increase. Also, the previous voltage-
mode circuit produces this same gain-bandwidth relationship. How-
ever, for photodiode applications, the current-to-voltage converter
replaces this direct relationship with a square root function. Increas-
ing the R, feedback resistance of the circuit still increases the
circuit’'s gain, e,/i, = Ry, in direct proportion. The corresponding
bandwidth decreases as reflected through BW = 1.4/ff: where
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fit = 1/2aR(C; + Cy). Here, f;¢ decreases in a direct proportion to the
increased R;. However, the bandwidth only decreases in proportion
to \/fr or VEr. For the current-to-voltage converter, gain-bandwidth
product is simply GBW = R,(BW), and substituting BW from its equa-
tion above shows this product to be GBW = 1.4/R/f. /27 (C; + Cy).
Thus, the maximum gain-bandwidth product results from the maxi-
mum practical value of R;. Above a certain Ry value, parasitic capac-
itance rolls off the gain provided by this resistor in the independent
bandwidth limit described in Sec. 3.1.1.

The response plots of Fig. 3.11 provide visual insight into the im-
proved gain-bandwidth relationship. There, the intercept of the 1/8
and AgL responses defines f;, the pole frequency fundamental to the
BW = 1.4f; response limit. As previously discussed, two curves repre-
sent the 1/8 response with one curve being solid and the other dashed.
Consider starting with the dashed curve and moving back to the solid
one. To do this, increasing Ry moves f;¢ back in frequency with direct
proportionality. This also shifts the 1/8 curve and its f; intercept fre-
quency backward but not in direct proportion. The intercept recedes
more gradually because the Agy, curve rises as f; decreases, reducing
the decrease in the f; bandwidth limit.

This favorable gain-bandwidth characteristic also permits optimiza-
tion through increased photodiode area. Increasing diode area in-
creases the overall circuit response to a light source at a rate greater
than the accompanying decline in bandwidth. The photodiode output
and the diode capacitance both increase in direct proportion to the
diode area Ap. Increasing A, produces a directly proportional increase
in the light-to-voltage gain of the circuit. However, the bandwidth de-
scribed by the previous equations declines only by the square-root of
Cp. This makes the gain-bandwidth product for the overall circuit
proportional to A,. The maximum light-to-voltage gain-bandwidth
product results in a photodiode area that spans as much of the area
illuminated by the light source as is practical.

To maximize bandwidth instead of gain-bandwidth product, choose
Ry to utilize the full amplifier bandwidth. Making R; smaller moves
frrand f; Lo the right in Fig. 3.11 up to the limit imposed by £.. Beyond
f.. the amplifier lacks the bandwidth required for further extension of
the current-to-voltage converter response. Then, for maximum band-
width, selecting R; places the intercept frequency f; at the amplifier
unity crossover f.. This moves the 1/8 curve fully to the right, com-
pressing its response rise to zero. Then, the three frequencies defining
the circuit response coincide at f;¢ = f; = f;. Given this condition, the
expression for fir sets the circuit’s feedback resistor to

Ry =1/2=f.C, for maximum bandwidth
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where C; = Cp +C;g +Ci.m. Note that this expression does not contain
C; because the removal of the 1/8 rise also removes the need for phase
compensation. Any further increase in bandwidth must come from
the use of a higher-speed op amp that moves the f. limit to a higher
frequency. Once again, a square root relationship governs this final
improvement, making the bandwidth increase proportional to /..

3.5 Phase Compensation Alternatives

The earlier phase compensation discussion of this chapter produces
a generally accepted compromise between bandwidth and signal gain
peaking. Here, the phrase “signal gain peaking” differentiates the
peaking that affects the signal response from the noise gain peaking
described in Chap. 5. Design equations developed earlier in this chap-
ter place the C; compensation pole at the 1/8 intercept to first ensure
45 of phase margin for circuit stability. This phase margin also limits
signal gain peaking to 3 dB prior to the signal response roll off, opti-
mizing the +3-dB bandwidth. Some applications require the reduced
peaking provided by a more conservative C; selection. This section de-
velops a C; design equation directly linked to a user-specified value of
signal gain peaking. Then, specifying a peaking value first defines the
corresponding damping factor of the circuit response. Then, this factor
defines the C; capacitance required to produce the specified peaking.

The more precise peaking control here often encounters practical
limitations imposed by parasitic capacitances. Precise control may
require very small capacitance values or capacitance tuning to opti-
mize the bandwidth-versus-peaking compromise. For small capaci-
tance values, the parasitic variable initially suboptimizes the band-
width result by requiring the guard-banded selection of a larger Cr
value. Capacitance tuning removes this variable, but just the para-
sitic capacitance introduced by the tuning operation still complicates
the small Cy case. Tee networks remove these limitations by adapting
the photodiode amplifier to larger Cy levels, reducing the sensitivity
to parasitic capacitances.

3.5.1 The photodiode amplifier's
second-order response

To develop the more precise Cy equation, the analysis below relies upon
the well-known peaking characteristics of a second-order or two-pole
system. There, the damping ratio ¢ serves as a figure of merit in signal
gain peaking evaluation. Figure 3.13 illustrates the peaking-versus-¢
compromise in an overlay of frequency response curves corresponding
to different ¢ values. There, increasing ¢ reduces signal gain peak-
ing but also reduces bandwidth. Making ¢ = 1 produces maximum
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Figure 3.13 Damping factor { serves as a figure of merit reflecting response gain
peaking.

damping, and no peaking, but excessively limits bandwidth. This case
represents the single-pole roll off case automatically produced by a
first-order system. A second-order system, like the current-to-voltage
converter, offers greater bandwidth under less conservative damping
conditions. Also, examination of the figure’s response curves reveals
that reducing ¢ increases bandwidth without introducing peaking up
to a point. Later analysis defines the optimum as ¢ = 0.707, a fa-
miliar fraction, for maximum bandwidth from a second-order system
without signal gain peaking. This damping ratio produces a critically
damped response. The 3-dB peaking response of the previous phase
compensation discussions results for { = 0.384.

Comparing the response equations of the current-to-voltage con-
verter and the standard second-order system first translates well-
known response characteristics to the current-to-voltage converter
case. This comparison identifies the converter’s damping ratio and
natural frequency in terms of the converter’s circuit components. Then,
further analysis defines the relationship between the damping ratio
and the magnitude of signal gain peaking. Finally, a user-specified
gain-peaking limit defines a damping ratio that in turn defines a
relationship between the converter’s circuit components. This latter
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relationship yields the value of phase compensation capacitor Cr re-
quired to limit gain peaking to that specified.

Starting the process, analysis of Fig. 3.14 first defines the current-
to-voltage converter’s signal response in terms of the circuit elements.
This circuit follows from the model originally presented in Fig. 3.7. As
before, C; = Cp + Cja + Ciem represents the combined capacitances
of the photodiode and the differential and common-mode input capac-
itances of the op amp. Ideally, the model shown produces an output
signal equal to the photodiode current times the feedback impedance
ipZ;, where Z; equals the impedance combination of Ry and C;. Ampli-
fier gain error subtracts from this ideal output through the amplified
effect of error signal ¢,/Aor. The finite open-loop gain Agy of the op
amp requires this error signal between the op amp inputs to support
the output signal ¢,. The circuit amplifies e,/Aor by the gain set by
the impedances of the feedback and input circuits, 1+Z;/Z;, where Z;
equals the impedance of C;. Writing a loop equation for output signal

e, produces
. Zf) €o )
o = b (1 "z (AOL

where Z/ = Rf/(l +Rfo8),Z,' = l/C,-s, and C; = CD + Cia + Ciemn-

Cy

Ci=Cp +Cig * Ciem —

Figure 3.14 For the current-
Lo-voltage converter, a specified
gain peaking ratio Ap, defines
where ¢ = (\/1 +1/Ap, - \/1 -1/Ap, )/z, the corresponding damping ratio
¢ and the required phase com-
pensation C;.

Apn = [AcL[p/AcLi ond C¢ =1/20R¢f ¢
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Over most of its useful frequency range, the open-loop gain Agp
above follows a single-pole response approximated by Aog;, = w./s,
where o, is the unity-gain crossover frequency of the op amp. This
gain approximation produces good experimental agreement for photo-
diode amplifiers because the amplifier’s 1/8 intercept virtually always
occurs in this single-pole region. Substituting the above expressions
for Zs, Z;, and Agy, in the previous e, equation and solving for e, pro-
duces the final s plane response:

_ ipr
T 32wy + 8 (Ljwpr + 1) + 1

where w;r = 1/R;(C;i + Cy) and wyr = 1/R; G

Examination of the above equations reveals several anticipatable
characteristics. First, w,y and wpr represent the feedback zero and
pole that previously shaped the circuit’s 1/8 response. As described
before, the circuit amplifies the ¢,/Aq error signal by a gain equal
to 1/8 up to the roll off limit imposed by the amplifier's open-loop re-
sponse. This limit reflects in the presence of w. in the e, equation.
Also, the s? denominator term of the equation shows that the photodi-
ode amplifier produces a two-pole or second-order response, permitting
direct comparison with the standard second-order system results.

€s

3.5.2 Translating the second-order resuits
to the photodiode amplifier

Reducing the photodiode amplifier’s response expression to the stan-
dard form of a second-order system transfers known results to this
case. Then, comparison of response expression terms defines the pho-
todiode amplifier’s fundamental response characteristics in terms of
those results. For this comparison, substituting s = jw in the above
e, equation, and solving for Acy, = ¢, /i, reduces the photodiode ampli-
fier's response to the standard form of the two-pole system

_ AcLi
1 - o /wywe +Jo (1/wpr + 1)

where Acy; = Ry is the ideal closed-loop gain.
For the generalized two-pole system, standardized results define
closed-loop gain as*

AcL

Aoy = Acui
L=1- P jw? + j2rw/w,
where w, is the natural resonant frequency, and ¢ is the damping ra-

tio of the Acy, response. Comparison of the two Acy, responses above
then defines w, and ¢ for the photodiode amplifier. First, w, = /o,
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or f, = /fuf: repeats a familiar frequency for the photodiode ampli-
fier. From before, the amplifier’s 1/8 curve intercepts the amplifier’s
Aoy response at this same frequency f; = /fife. Thus, the circuit’s
natural resonant frequency equals the frequency of the 1/8 intercept,
as expected from earlier resonance discussions. As described there,
photodiode amplifiers frequently oscillate at f; = £, unless phase com-
pensation degenerates the natural resonance of the two-pole system.

A second comparison of the two Acj, expressions above defines the
damping ratio to quantify the signal gain peaking. Equating the j
terms of the A¢, denominators above and solving for ¢ yields

‘= 1+ocjwpt _ 1+ feffor
2wt 2\/feffur

where for = 1/27R;Cy . for = 1/22R(C; + Cf), and C; = Cp + Cig + Ciem
from before. From these equations, note that increasing phase com-
pensation capacitance C; reduces f,r to increase the damping ratio.
Also, increasing the photodiode capacitance Cp increases C;, reducing
f2¢ and decreasing the damping. Thus, signal gain peaking decreases
with an increased C; and increases with an increased Cp, as expected.

To quantify these effects, further analysis relates the damping ratio
{ to the gain peaking. For the second-order system, solving for the
magnitude of its A¢j, gain produces

Acwi
V1= 0?02 + 4020 fw?

|AcL| =

Differentiating this expression with respect to w and equating the
result to zero defines the frequency of the |AcL| peak magnitude as
wp = w1 =272, Then, substituting this wp expression for w in the
above |Acy| expression defines the peak gain magnitude as

AcLl, = AcLi
P o /T=2r2

This result expresses the peak gain magnitude solely as a function of

the ideal gain Acy; and the damping ratio ¢.

3.5.3 Selecting the phase compensation
for limited peaking

For design purposes, a more useful result expresses the ¢ ratio re-
quired to limit gain peaking to a specific but relative level. Solving
the |Ac| p expression for ¢ defines the damping ratio as a function of
a specific |Acy|p. Then, dividing |AcL|, by AcLi normalizes the result
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to a relative level, removing the Acy; variable, and Ap, = |Acilp /AcLi.
This analysis process produces the damping ratio required to deliver
a specified, fractional gain peak independent of the ideal closed-loop
gain. That damping ratio is

¢ = YTH 1A = T= /AR,
= 2

where Ap, = |Acy|p /Acti is the normalized gain peak. Note that for
purposes of Ap, here, |AcL|, and Acyi represent linear rather than
logarithmic expressions of gain. For example, a 3-dB or 41 percent
peak makes Ap, = 1.41 and ¢ = 0.384.

Given the expression for ¢ above, the phase compensation required
to produce a given damping ratio defines C; for the reduced-peaking
current-to-voltage converter. Further analysis defines the C; design
equation beginning with the previous result

¢ = 1 +f;:/fpf
2\"fc/fzf

where fir = 1/272R;Cr and fr = 1/27R;(C; + C). Substituting the
expressions for fyr and fyr and solving for C; yields the final design
equation with a simplification produced by defining a fictitious C, ca-
pacitance. As described in Sec. 3.3.5, defining C. = 1/2nR,f. indicates
that value of capacitance that would result from a break frequency
with R; at the amplifier’s unity crossover frequency f.. This break
parallels those produced by other circuit capacitances with Ry. Then,
solving for C; yields

. ,J.

where ¢ = [\/1 + 1/Ap, — v'rl - l/Apn] /2. Apy = IACLIP jAcLi.C, =Cp+
Cis +Cicm, and C,. = 1/2nR/f.. To apply this phase compensation equa-
tion, the desired value of normalized gain peaking first defines Apy.
Then, Ap, defines ¢ for substitution in the above C; equation.

As expected, more conservative damping also reduces bandwidth. In
Sec. 3.3, the 45 phase margin guideline made two bandwidth limits
coincident so that neither dominated the final result. The two lim-
its result from the 1/8 intercept at f; and the pole produced by C; at
fcr. Increasing Cy to increase damping moves the fer pole to a lower
frequency, making fcr the dominant bandwidth limit. Typically, the
f; limit still influences bandwidth through residual gain peaking, but
neglecting this influence permits a simple first-order approximation
to the result. Then, for ¢,, > 45° or ¢ > 0.384, BW = for = 1/27RC;
approximates the —3-dB bandwidth.
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3.5.4 Realizing the precise phase
compensation

Precise control of gain peaking sometimes requires a similar control
over small values of C;. There, large values of feedback resistance
Ry reduce the optimum value of Cr to such low levels that parasitic
capacitance variables significantly alter the phase compensation re-
sult. In other cases, the tolerance variations of circuit capacitances
make C; tuning desirable for precise peaking control. However, the
tuning process introduces parasitic mutual capacitances that further
complicate the low-level C; case. Tee networks, both resistive and
capacitive, resolve these problems by increasing the compensation ca-
pacitance values to levels that are less sensitive to parasitic effects.
Also, the capacitive tee facilitates a shielding ground connection that
removes mutual capacitance effects in the tuning operation. While
providing these conveniences, tee networks also increase noise gain,
but judicious design choices limit the increase.

First, consider the effects of converting a large feedback resistance
to a resistive tee network formed of lower-valued resistances. Sec-
tion 2.2.2 describes this alternative where the tee network reduces
offset error. For the more general photodiode amplifier, the resis-
tor tee also permits larger capacitance values for C; as illustrated
by Fig. 3.15. There, the R,/R; voltage divider attenuates the

Ct
—
Rev Ri
ANA—+—MA—
‘p‘ Ry :E
1

//K D4
—Oeo2ipRieq
L +
» I R{eq = (‘ +R|/R2)R{T

RC=RT Y
T I forRey>>Ry

—t—
-

b4

Figure 3.15 Replacing the feedback resistor with a tee
reduces resistance levels, permitting phase compensation
with a larger capacitor having less sensitivity to parasitic
capacitances.
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feedback signal to effectively multiply the basic R¢r feedback resis-
tance. For Rer 3> R, this produces an equivalent feedback resistance
of Rieq = (1 + Ry/R2)R¢r. Then, ¢, = i,Rpeq and the smaller R¢r pro-
duces the same current-to-voltage gain as a larger Ry does in the basic
circuit. The associated phase compensation bypass of the smaller Rep
resistance requires a larger and less parasitic-sensitive value of C; for
the same compensation result. As seen from Rgq = (1 + R1/R2)R¢r,
the tee multiplies the effective value of Rer by a factor of 1 + R, /R..
For equivalent phase compensation results C; increases by this same
factor. Thus, all previous phase compensation results transfer to this
tee case with the optimum value of C; simply increased by the factor
1+ Ry/Rs.

Other aspects of the resistive feedback tee potentially alter the
current-to-voltage converter performance. Just the structure of the
resistor tee provides a first improvement to the feedback bypass task.
The added physical spacing of the tee, with three resistors instead of
one, reduces the net stray capacitance across the feedback path. Also,
the stray capacitance across each resistor produces much less effect
due to the lower resistance values. However, the circuit’s sensitivity
to other stray capacitance from the op amp output to its input remains
the same as with a single resistor feedback. In addition, G only by-
passes Rrr here, leaving the parallel combination of R, and R to react
with the circuit’s input capacitance at higher frequencies. However,
making R, and R, small resistances easily moves this reaction beyond
the response range of the op amp.

Alternately, a capacitive feedback tee network bypasses a single re-
sistor Ry with even subpicofarad equivalent capacitances and with a
shielding immunity to the parasitic capacitance of the tuning opera-
tion. Shown in Fig. 3.16, this tee bypasses R, with capacitor values
much greater than that of a single capacitor bypass. To do so, the
tee uses a capacitive divider, formed with C2 and Cj, to attenuate the
bypass signal applied to C, at the circuit input. With only a fraction of
the output signal impressed upon C,, this capacitor supplies far less
shunting current to the input node, as would a much smaller feedback
capacitor. In effect, the capacitor tee produces an equivalent feedback
capacitance of .

C\C,

Crea = C1+Cs+Cs

This equivalent capacitance shunts R, with a response pole at for =
1/27R;Creq-

The capacitor tee also reduces tuning sensitivity to stray capacitance
in two ways. First, the tunable capacitor shown, C3, can now be a
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. \A A4
'D‘ R’
o Figure 3.16 Replacing the feed-
/V( 1 - back capacitor with a tee also re-
L—Qe, duces sensitivity to parasitic ca-
pacitances through the increased
— capacitance values permitted by
CyCz the tee connection.

Clea= ¢ cy7 G5

+

larger capacitor, and thus, is less susceptible to the parasitic effects
introduced by the tuning operation. Also, this capacitor returns to
ground, offering a shielding opportunity to further reduce the tuning
variability.
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Chapter

Wideband
Photodiode Amplifiers

Junction capacitance severely restricts the bandwidth of the basic
photodiode as described in Sec. 2.3. There, any signal voltage devel-
oped by the diode reacts with this capacitance, shunting the diode’s
output current. Three op amp circuit methods greatly ease this re-
striction through signal isolation, photodiode bias, and photodiode
bootstrap.!-2 Signal isolation removes the signal voltage from the pho-
todiode through the op amp current-to-voltage converter as described
in Chaps. 2 and 3. This circuit holds the diode voltage near zero while
supplying the signal voltage at the op amp output. Section 3.4 quan-
tifies the resulting bandwidth improvement.

For even greater improvement, biasing or bootstrapping the pho-
todiode further reduces the effect of the diode’s capacitance. A re-
verse bias voltage applied to the photodiode improves bandwidth by
reducing the diode junction’s capacitance. Bootstrap of the photodiode
improves bandwidth in much the same way as the current-to-voltage
converter by isolating the diode capacitance from the signal voltage.
However, for small photodiodes, the bootstrap alternative achieves
greater bandwidth. Combining bootstrap with the current-to-voltage
converter makes bandwidth almost immune to the capacitance of the
photodiode. However, this combination requires a bootstrap amplifier
that meets several stringent requirements.

4.1 Biasing the Photodiode

Even with the current-to-voltage converter, photodiode capacitance
remains a primary limitation to bandwidth as described in Sec. 3.4.
Simple reverse bias of the photodiode reduces this capacitance through

63
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the capacitance’s voltage dependence. However, this simple bias also
produces dominant offset and noise errors. Voltage across the diode in-
duces a leakage current that typically far exceeds that of the op amp
input. Similarly, the noise of the bias source typically far exceeds
the amplifier’s input noise voltage. These added leakage and noise
sources produce offset and noise at the circuit output. Simple R-C fil-
tering of the bias voltage removes much of the added noise. However,
both the resistance and the capacitance of this filter must be selected
with care to make this filtering effective. Alternately, converting to a
differential-input circuit configuration lets the common-mode rejection
(CMR) of the op amp attenuate both the offset and noise errors. There,
a dummy photodiode couples canceling leakage and noise effects to the
amplifier.

4.1.1 The bias effect

Reverse bias actually increases the speed of a photoreceiver in two
ways. In addition to reducing diode capacitance, the bias increases
the response speed of the photodiode as described in Chap. 1. The
bias expands the width of the diode’s internal depletion region to pro-
duce both effects. First, the expanded depletion regions encompasses
more of the diode’s photo-generated carriers in this region of elec-
tric field gradient. There, the field gradient accelerates the carriers,
moving them to the diode terminals more rapidly. This acceleration
increases the diode response speed, but the bandwidth of the overall
photodetector circuit typically remains limited by the response of the
photodiode amplifier. There, the capacitance of the photodiode reduces
the amplifier bandwidth as described in Chap. 3.

Under bias, the diode’s expanded depletion region also reduces this
capacitance. The increased width of the region corresponds directly to
an increased thickness of the junction capacitance’s effective dielectric
layer. Increased dielectric thickness corresponds to decreased capaci-
tance, and this junction capacitance responds to a reverse-bias voltage
Vg as expressed by

Cp = _&9___
{1+ Vg /e

Here, Cpq is the photodiode capacitance at zero bias, and ¢g is the
built-in voltage of the diode junction. Applying a reverse bias Vg re-
duces Cp from its Cpg maximum through a comparative relationship
with ¢gg. For silicon photodiodes, yg =~ 0.6 V and making Vg > ¢g
produces the desired capacitance reduction. For example, making
Vr = 10 V reduces the capacitance by a factor of 4.2 from its Cpo
value.
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From Sec. 3.4, the basic photodiode amplifier’s bandwidth responds
to this capacitance reduction as expressed through

BW =14 f = 1L.4\Fufe

where f;x = 1/27R; (C, + Cp), C, = Cp + Cig + Cicm, and f; is the unity-
gain crossover frequency of the op amp. For large photodiode capac-
itances, C; = Cp and fyr = 1/27R;Cp. Then, BW o 1/./Cp and the
4.2:1 reduction in Cp produced by Vg = 10 V improves bandwidth by
about a factor of 2.

4.1.2 Photodiode biasing with the
current-to-voltage converter

With this circuit, simply returning the diode to a voltage source in-
stead of common introduces the desired reverse bias. This modified
return also introduces new error sources, but later circuit alternatives
greatly reduce these. Figure 4.1 illustrates the basic photodiode bias
with source V. There, the op amp input holds the anode of D, at zero
voltage, and dc voltage source Vg sets the reverse bias at Vg = V3.
This reduces the diode capacitance, as described above but increases
dc offset and noise errors. Voltage source Vg induces a diode leak-
age current and introduces a noise current in the diode capacitance.
Figure 4.2 models these effects with a diode leakage current I;, and a
capacitive noise current i,5. Flow of these error currents in feedback
resistor Ry produces output errors that often dominate offset and noise
performance.

For the biased photodiode case, the I}, leakage current typically over-
whelms dc offset error. To significantly reduce photodiode capacitance,
the diode reverse bias must be large, and this raises diode leakage to
its full saturation level. With typical photodiodes, this leakage cur-
rent far exceeds the FET leakage that produces the amplifier input
current. In the absence of diode bias Vg = 0, the photodiode resides

age converter's virtual-ground
—O ¢, input permits simple control of
photodiode bias for diode capac-

/
/ Figure4.1 The current-to-volt-
0
\ itance reduction.
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Figure 4.2 The photodiode bias of Fig. 4.1 introduces
offset and noise errors through diode leakage current
I;, and bias-source noise voltage e,B.

across the op amp inputs with virtually no voltage to support a diode
leakage current. Then, the amplifier input current Iz dominates the
circuit’s input error current and produces an output offset voltage of
IgRy. Choosing a FET-input op amp minimizes this error, but it re-
mains a major offset component for high-gain photodiode amplifiers.
Adding to this component, the input offset voltage of the op amp Vg
produces a similar output offset.

However, with a typical biased photodiode and a FET-input op amp,
I, » Ig. These amplifiers produce an Iz input current that also re-
sults from junction leakage. The I; and Iy currents differ in mag-
nitude in accordance with the associated junction voltages and the
relative junction areas. A large physical area enhances the photodi-
ode sensitivity, favoring this bias in the photodiode selection. How-
ever, leakage current increases in proportion to this area, making
the circuit offset highly sensitive to any diode bias. The FETs of the
amplifier inherently support a bias voltage but with junction areas
as much as 1000 times smaller. There, small junction areas inten-
tionally limit amplifier input leakage and input capacitance. Thus,
even a moderate-size photodiode produces a dominant leakage cur-
rent in the presence of diode bias. Often, the resulting offset error
increases by a factor far greater than that of the bandwidth improve-
ment achieved.

Noise also increases with photodiode bias through two added noise
sources. First, the noise component of the diode leakage current ,/2qip
significantly increases the output noise component resulting from in-
put noise current. Chapter 5 describes this component along with
the others that contribute to the net output noise signal. More sig-
nificantly, the Vp bias source impresses its noise voltage component
enp across the diode capacitance. In Fig. 4.2, e,g produces a noise
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current e,gCps in capacitance Cp. This current flows through Ry, cre-
ating an output component of noise e.sR;Cps. Thus, e,p experiences
a noise gain of Apg = RrCps with a response zero at 1/27R,Cp. This
zero produces a high level of higher-frequency gain to greatly amplify
the e,p signal. Chapter 5 also describes the associated gain peaking
that often makes the amplifier’s input noise voltage a dominant effect.
Practical bias sources produce e,g noise levels that easily surpass this
amplifier noise, making the gain peaking effect even more serious.
Then, biasing the photodiode will typically increase output noise by
as much as a factor of 100 unless other measures reduce this noise
effect.

4.2 Bias Improvements

Two modifications to photodiode bias reduce its error effects through
filtering and CMR. Filtering removes the noise effect, and CMR re-
moves both the noise and offset. However, activating the op amp’s
CMR requires the addition of a second photodiode.

4.21 Filtering the bias voltage

Fortunately, circuit conditions make this filtering task relatively sim-
ple, but the filter component selection requires some attention. Fig-
ure 4.3 shows the filtered version of the voltage-bias case with a low-
pass filter inserted between bias source Vp and the photodiode. While
simple in structure, this filter produces subtle effects that direct its
design through the two guidelines Rg « Ry and Cz » Cp. Then,
the filter supplies a dc bias voltage V' ~ Vg with little voltage loss

VB+eng

Rg«R¢ Cp>»Cp

V8~ V8 enp«enp

Figure 4.3 Simple R-C filtering greatly attenuates the noise effect of the
Vg bias source when the filter's resistance and capacitance impedances
remain small compared to those of the circuit.
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while significantly attenuating the ac noise signal to e,p’ « e,g. The
selection of Ry assures the bias transfer, and the selection of Cy as-
sures the noise reduction.

Making Rz « Ry ensures that Vg’ ~ V3 in spite of the transfer er-
ror introduced by the diode’s current. This current flows in the filter,
producing bias and signal errors in Vp'. The leakage component of
the diode current produces a dc voltage drop on Rg but typically re-
duces the transferred bias voltage by only a small amount. However,
the signal component of the diode current produces an ac modulation
of Vg, reintroducing some of the nonlinearity originally removed by
the current-to-voltage converter. As described in Chap. 2, this con-
verter removes load voltage swing from the diode, ensuring a sta-
ble diode voltage and a corresponding constant responsivity to light.
Adding the filter to this converter reintroduces signal swing across
the diode due to the reaction of the diode’s current with the filter’s
output impedance. Any signal voltage developed with this impedance
appears directly across the photodiode since the other end of the diode
returns to the virtual ground of the amplifier input. At low frequen-
cies, the filter output impedance reaches its maximum, at R, = Rp,
and produces ils greatest modulation of Vp’. Filter resistor Rg con-
ducts the same signal current as Ry and reproduces a portion of the
output signal voltage across the diode. Making Ry « Ry limits the
modulation voltage to a small fraction of the load voltage developed
upon R;.

Similarly, making Cg » Cp avoids the otherwise overriding noise
effect of the bias sowrce. Both a circuit evaluation and a noise gain
analysis support this Cg choice. In the circuit, the two capacitors
shown effectively appear in parallel, due to the virtual ground return
of Cp at the amplifier's inverting input. Thus, the attenuated noise
signal of the bias source, e¢,p’, drives the two capacitances equally.
Resulting capacitive currents produce the voltage drop on Rg that re-
duces the original e,g to the attenuated e¢,5°. Increasing the value of
Cp increases this current, and the resulting noise attenuation to re-
duce the residual e,p’ left to drive Cp. In effect, Cy and Cp form a
current divider, sharing the task of conducting noise current through
Rp to attenuate epp’. Capacitance Cp diverts its current to ground,
removing the associated noise effect. Capacitance Cp, however, de-
livers its current to Ry, producing an output noise voltage. Making
Cs > Cp diverts the majority of the noise current to ground, mini-
mizing the noise effect of the original e,53 noise source.

Noise gain analysis reinforces this conclusion and combines it with
the earlier condition of Rz « Rr. From the Fig. 4.2 discussion, the un-
filtered case presented a noise gain of A,p = R;Cps to e,g. Analyzing
Fig. 4.3’s transfer response to noise signal e,g produces the modified
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noise gain

A '=eo;\B= Rdes
"™ T ess 1+Rp(Cp +Cp)s

where e,,p 18 the output noise resulting from the noise of the bias
source e,p- As desired, the presence of the Rg and Cp filter intro-
duces a response pole to this gain, counteracting the inherent zero
produced by Ry and Cp. That zero previously increased the high-
frequency noise gain, potentially dominating noise performance. At
higher frequencies, with Cp » Cp, the filtered noise gain here be-
comes

’ Rf CD
AppH = RaCa

The division ratio of this expression shows that the previous require-
ment of R « R, tends to make this noise gain large. However, the
circuit requires this resistance condition to avoid signal modulation
of the diode voltage. Counteracting this large gain tendency, making
Cg » Cp restores the filter’s effectiveness in reducing the noise re-
sponse. Even greater noise reduction results from a combination of
this filtering with the CMR described below.

4.2.2 Common-mode rejection of the
bias-induced errors

As described earlier, photodiode bias reduces diode capacitance, in-
creasing bandwidth, but introduces new noise and offset errors. The
low-pass filtering described above attenuates, but does not remove,
the new noise error. Further, the filtering described fails to address
the dc offset error introduced by the increased leakage current of the
photodiode. Making use of the op amp’s differential inputs greatly re-
duces both new errors through the amplifier’s CMR. To activate this
rejection, Fig. 4.4 adds a second matching photodiode and a second
matching resistor. There, only the original photodiode D, remains
open to light input, and blocking D, from the light source provides
error cancellation without also producing signal cancellation.

Then, only D, supplies a signal current, but both diodes supply leak-
age and noise currents to the op amp. Currents supplied by the two
diodes drive opposite-polarity amplifier inputs, and circuit matching
makes the diode error currents produce counteracting effects. First,
component matching assures equal diode error currents and equal
current-to-voltage conversion results. Next, the common dc bias of
the circuit’s two diodes assures matching error responses to this bias.
In the circuit, the anodes of two diodes connect to the op amp inputs
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where feedback establishes equal anode potentials. Also, the cathodes
connect together at the bias source, establishing equal cathode poten-
tials. Thus, the two diodes support equal voltage drops whether from
the dc or noise outputs of the bias source.

Figure 4.5 models the signal and error effects of these matching cir-
cuit conditions. There, only the current from D, includes the signal
component i, to produce an uncanceled output signal —i, Ry. The other
current components produce canceling output effects through equal
current effects. The dc component of the bias voltage Vp produces
matching leakage currents I; in the two diodes. Similarly, the noise
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component of Vg, e,B, produces matching noise currents of ¢,3Cps in
the diode capacitances. Flow of these matched currents in the two Ry
resistors produces equal resistor voltages at opposite amplifier inputs.
Simple analysis shows that these equal error voltages produce cancel-
ing effects in the circuit output voltage. With two photodiodes from the
same manufacturing lot, this circuit’s matching equalizes the leakage
and noise errors to within about a 5 percent tolerance for a 20:1 er-
ror reduction. However, even with this circuit’'s CMR, photodiode bias
still compromises errors when compared to the original zero-biased
connection. Bootstrap alternatives frequently offer a better solution
for improved bandwidth.

4.3 Bootstrapping the Photodiode

Bootstrap drive of a photodiode improves bandwidth over that achieved
with the basic current-to-voltage converter. As described in Sec. 2.3,
the basic current-to-voltage converter improves bandwidth by remov-
ing load signal voltage from the capacitance of the photodiode source.
This avoids capacitive currents that otherwise absorb the diode’s sig-
nal current at higher frequencies. Bootstrap drive also removes load
signal swing from a signal source as commonly applied in voltage-
mode circuits. Analogous bootstrap techniques address the current-
to-voltage mode of photodiode amplifiers. Then, the bootstrap circuit
either replaces or works with the basic current-to-voltage converter. In
both cases, bandwidth improves without the need for photodiode bias.
Replacing the current-to-voltage converter with a bootstrap amplifier
improves bandwidth for the case of small diode capacitance and adding
bootstrap to the converter addresses the larger capacitance case.

4.3.1 The basic bootstrap
photodiode amplifier

Conventional bootstrap drives the common return of a voltage source
with the voltage developed on the circuit load. This concept trans-
lates directly to photodiode sources with results very similar to those
described for the current-to-voltage converter. Phase compensation
requirements and the resulting bandwidth closely follow the earlier
discussion but with added bandwidth in low-capacitance cases.

A comparison of voltage-mode and bootstrap photodiode connections
reveals the bootstrap benefit. For comparison, Fig. 4.6 repeats the
voltage-mode circuit originally described in Sec. 2.3. With this cir-
cuit, the photodiode directly drives a resistive load to produce the
circuit’s output signal voltage ¢,. Unfortunately, that voltage also
appears across the diode and its capacitance Cp, developing a par-
asitic capacitive current i.. At higher frequencies, i. shunts part of
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Figure 4.6 Straightforward connection of a photodi-
ode to a load results in output voltage swing across
the diode capacitance and a restricted bandwidth.

the diode current away from the load, and this produces a response
pole at f = 1/22R,Cp. Typically the large values of Ry used with
photodiodes make this pole frequency a severe bandwidth limit. Boot-
strap largely removes this limit with the circuit of Fig. 4.7. Funda-
mentally, only one difference separates this circuit from the previous
one. Here, the anode of the diode returns to the amplifier output in-
stead of ground. This voltage follower amplifier monitors the signal
voltage at the diode’s cathode and drives the anode with the same
signal. In the ideal amplifier case, zero voltage remains across the
diode and its capacitance. Thus, the bootstrap amplifier removes load

/

-— () —

| L I ' Ct = (Ce/2) 1 +4C/Ce ~ Cicm
¢ SR \

c Ce = 1/2aR¢fe
u Ci=Cp + Cig * Cicm
Figure 4.7 Bootstrap drive of a photodiode removes signal voltage from
the diode capacitance much like the current-to-voltage converter.
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voltage swing from the diode much as the current-to-voltage converter
does.

In practice, finite op amp gain again leaves a residual signal voltage
on the diode capacitance, just as the earlier current-to-voltage con-
verter did. As before, this residual signal determines the bandwidth
for the bootstrap circuit. To quantify this bandwidth, Fig. 4.8 mod-
els the basic bootstrap circuit in the manner used previously. In the
figure, the amplifier'’s gain error signal e,/AoL again appears across
the diode. This figure models the photodiode with a current source,
shunted by capacitance Cp, and brings out the op amp input capac-
itances for analysis. With respect to these capacitances, this model
differs from the previous Fig. 3.3 current-to-voltage converter. Pre-
viously, both C;; and Cj., remained across the photodiode, adding to
its capacitive diversion of signal current. Here, Ci, lies across Ry
instead, and this difference improves bandwidth, as described below.
In return for this improvement, this bootstrap circuit imposes an ad-
ditional amplifier error source. Here, the bootstrap connection makes
the load voltage across Ry a common-mode signal at the op amp in-
puts. The resulting CMR error of the amplifier typically makes a small
addition to the overall circuit error. The earlier current-to-voltage

- €0
Cid o1 oL >'—O eq
\ \

BW= 1.46; = 1.4/t 1,

f2¢=1/20R(Cp +Cig + Ciecm * C1f)

—

Figure 4.8 Unlike the current-to-voltage converter, the basic bootstrap con-
nection makes the amplifier's Ci input capacitance assist the Cr phase com-
pensation rather than contribute to the bandwidth limit,
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converter avoids this error by isolating the amplifier inputs from the
Joad voltage.

4.3.2 Bandwidth analysis of the
bootstrap amplifier

Similarities between the current-to-voltage converter and the boot-
strap amplifier permit extrapolating the earlier results to this case.
Examining the source of the Fig. 4.8 bandwidth limit reveals these
similarities. The poles of this circuit result from the amplifier's gain-
error signal e,/AgL that falls across circuit capacitances. Resulting
capacitive currents shunt a portion of i, away from the R, load, lim-
iting bandwidth. This action replicates that described earlier for the
current-to-voltage converter except for one difference in the capaci-
tances that support the e,/AoL signal. Here, this signal falls across
Cp and Cj4. Previously, the current-to-voltage converter added Cic,
to this capacitance combination, limiting bandwidth further. Instead,
the bootstrap circuit here places Cic in parallel with C; to aid in the
phase compensating bypass of K.

Thus, the analysis results for the current-to-voltage converter ex-
trapolate to the Fig. 4.8 bootstrap circuit by accounting for this capac-
itor difference. First, replacing the sum Cp 4 Ciq + Cicr, of the Chap. 3
results with Cp + Ci4 removes Cic,, from the net input capacitance C;.
Then, replacing C; of the earlier results with C; + Cicr, introduces the
added phase compensation of Cic,- The two replacements leave the
equation for the op amp’s response limit unchanged at

for = Viufe

where f;r = 1/27Rr(Cp + Cig + Cicm + C;). However, for a given ap-
plication, the actual pole frequency increases for the bootstrap circuit.
There, Ciqm supplements C;’s phase compensation, permitling a de-
crease in the value of C;. This increase f,r above which, in turn,
increases the pole frequency fyr. For small values of diode capac-
itance Cp, the reduced C; becomes significant, and the basic boot-
strap circuit provides greater bandwidth than the equivalent current-
to-voltage converter.

4.3.3 Phase compensating the
bootstrap amplifier

As with the current-to-voltage converter of Chap. 3, fir represents
the location of a double pole for the bootstrap circuit. The under-
lying roll off of the op amp gain produces an inductive characteris-
tic that reacts with circuit capacitances. As frequency increases, the
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amplifier gain Agy falls and the signal ¢,/Ag;, increases across the
circuit capacitances. Simultaneously, the capacitive impedances de-
cline. The combination of a rising signal across a falling impedance
again forms the equivalent of an L-C tank. Without degeneration,
this tank circuit produces oscillation or response ringing, depend-
ing upon the @ of the circuit. Degenerating the @ avoids such re-
sponse disturbances through capacitive bypass of R;. Together, the
amplifier’s Ciem and the intentionally added C; bypass this resistor
to roll off e,. This also rolls off the associated e,/AgL signal re-
flected to the amplifier input and impressed upon the circuit capac-
itances. As a result, the bypass counteracts one of the two poles
governing the amplifier feedback response to phase compensate the
circuit.

Defining a design equation for C; follows the Chap. 3 analysis of the
current-to-voltage converter discussion with two exceptions. First, the
bootstrap circuit employs both positive and negative feedback, requir-
ing a redetermination of the feedback factor for feedback analysis.
Next, the phase compensation assistance provided by C;., requires
adjusting the earlier C; result to account for the new Ciem role here.
The discussion that follows briefly summarizes the current-to-voltage
converter analysis to accommodate these two changes. Refer to the
earlier analysis for greater detail.

Feedback analysis again defines the phase compensation require-
ment and the resulting bandwidth through the circuit’s Aoy, and 1/8
responses. The bootstrap circuit here alters the circuit’s feedback fac-
tor B, changing the 1/8 response and the resulting Cr design equa-
tion. In Fig. 4.8, both negative and positive feedback appear, and the
feedback combination determines the net feedback factor. The funda-
mental voltage-follower connection of the amplifier makes the negative
feedback factor unity, 8_ = 1, through short circuit feedback from the
output to the amplifier's inverting input. Positive feedback adds to
this through the Cp and Ciq connections from the output to the nonin-
verting input. Together, these capacitors form a voltage divider with
the load circuit, and the voltage divider fraction defines the positive
feedback factor

_ R/ (Cp + Ciq)s
T 14R(Cp+Cia+Cim+Cp)s

B+

The net feedback factor equals the difference between the negative
and positive feedback factors,® g = 8- — B,, making

_ 1 +Rf(Cicm + Cf)s
" 14+ Ri(Cp + Cig + Ciem + Cr)s

B
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Then, for the bootstrap connection,

1 1+s/2nfy
-— B - 1+S/27rfcf

1/8 =
/ﬁ,3

where f;x = 1/2.'!Rf(CD 4+ Ciq+ Ciem + Cr) and fcr = 1/2?(Rf(Cf + Ciem).
This expression almost repeats the earlier current-to-voltage converter
result. As before, this 1/8 result expresses a zero at f;r formed by Ry
with the total capacitance of the feedback network, Cp +Cig+Cicm +C.
However, the counteracting pole at fcr now benefits from the inclusion
of Cicm in the phase compensating action of Cy.

Phase compensation requirements guide the C; selection with the
aid of the response curves of Fig. 4.9. There, a rising 1/8 curve ap-
proaches the Aoy response for a potential 40 dB/decade rate of closure
at their intercept. Phase compensation, produced by Cr and Cic,, rolls
off the 1/8 curve’s rise, reducing the rate of closure and restoring sta-
bility. However, the Cr + Cicm bypass of the load resistor also rolls
off bandwidth, discouraging excessive bypass. In compromise, plac-
ing the break frequency of the 1/8 roll off at the intercept of the two
curves, fcr = f,, assures 45 of phase margin and optimizes bandwidth.
Then, residual gain peaking extends this bandwidth beyond the f; pole
frequency as illustrated by the I-to-V gain curve of the figure. This
pole placement sets the bandwidth at BW = 1.4f; = 1.4,/fsf., repeat-
ing the earlier result of the current-to-voltage converter. However, as
mentioned above, the bootstrap circuit actually improves bandwidth
through a decrease in C; that increases f;r in this BW expression.

(Al
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—\/Ao‘- BW = 1.4f;
-40d8/0eca0e 17V fatfe
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1-T0-V 1/8 C; =Cp+ Cig*+Ciem
GAIN

fz¢ fct=fi=1p¢ ’c\ f

Figure 4.9 The combined C; + Ci;,, phase compensation of the bootstrap
circuit rolls off the circuit’s 1/ response. as before, but the reduced C,
requirement increases f,¢ to in turn increase the f; bandwidth limit.
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A final comparison with the current-to-voltage converter defines the
Cr design equation for the bootstrap circuit. The above 1/8 expres-
sion for the bootstrap circuit identifies the phase compensation pole
as for = 1/2aR¢ (Cy +Cicm). Previously, the current-to-voltage converter
produced fcr = 1/27R;C;. Phase compensation for both circuits places
the fcr pole at f; but through the reaction of different capacitances with
Ry. As the fcr equations show, the bootstrap circuit achieves the same
compensation as the current-to-voltage converter with a Cy value re-
duced by an amount equal to Cicy. Then, subtracting Ci.m from the
earlier C; design equation adapts it to the bootstrap case. Previously,
a distinction between large and small photodiode capacitances divided
the C; design equation into two cases. However, as described above,
the basic bootstrap connection only benefits the small capacitance case
and that equation applies here. Then, for the basic bootstrap photo-
diode amplifier

C. "1+ 4C;
Cf='§—‘/ C = Ciem

where C, = 1/2nR/f, and C; = Cp + Cig + Cicm. With its minus sign,
this equation can yield negative values for C;. This condition simply
indicates that C;., already provides sufficient phase compensation,
removing the need for C;.

4.4 Combining Bootstrapping with the
Current-to-Voltage Converter

Even greater bandwidth improvement results from combining the cur-
rent-to-voltage converter and bootstrap. This combination best serves
larger photodiodes where high capacitances preclude the benefit of
the basic bootstrap circuit. Together, the current-to-voltage converter
and bootstrap introduce two stages of signal removal, leaving very
little signal across the diode capacitance. This doubly minimizes ca-
pacitive currents that otherwise shunt signal currents to roll off the
circuit response. However, effective bootstrapping here requires a sep-
arate bootstrap amplifier possessing several demanding characteris-
tics. Fortunately, the bootstrap function relaxes other requirements
to make this a practical solution.

4.4.1 The basic combination and
its requirements

Figure 4.10 illustrates this bootstrapped I-to-V converter showing
the primary op amp of the converter and the unity-gain buffer of the
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bootstrap.® This combination removes the bandwidth-limiting signal
from the photodiode in two stages as seen from a brief review of earlier
discussions. With no signal removal, a photodiode produces an output
signal e, that develops directly across the diode and its capacitance
as in the earlier Fig. 4.6. Adding the current-to-voltage converter pro-
vides the first stage of signal removal. Here, the converter consists
of the op amp and its traditional feedback elements R; and Cs. As
deseribed in Sec. 3.1.2, this basic converter reduces the signal at the
cathode of the diode to the gain error signal of the op amp, ¢, /AoL- In
the basic case, returning the anode of the diode to ground impresses
this attenuated signal across the photodiode. There, the large open-
loop gain Aqy of the op amp dramatically attenuates the signal im-
pressed across the diode. Bootstrap removes even this attenuated
signal through the buffer shown here. The unity-gain of the buffer
replicates the e,/AgL signal from the current-to-voltage converter in-
put to the anode of the diode. Then, both terminals of the diode follow
the same signal, leaving zero signal across the diode capacitance.

The Fig. 4.10 combination makes photodiode monitoring virtually
immune to photodiode capacitance as long as the buffer meets several
stringent requirements. The buffer must possess low input capaci-
tance, low noise, wide bandwidth, and low output impedance. For
evaluation of these requirements, Fig. 4.11 models the circuit, replac-
ing the buffer with an input capacitance, an output noise source, a
bandwidth-limited signal source, and an output resistance. This model
again represents the photodiode with a current source and capacitor
and also includes the op amp noise voltage e, with the e,/AoL input
error.

Examining the buffer model elements reveals their importance to
the bootstrap function. First, low buffer input capacitance C;g pre-
vents replacing one capacitance problem with another. The buffer
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removes the error signal e,/AoL from the diode, avoiding a capaci-
tive current in Cp that otherwise shunts signal current i, away from
feedback resistor R;. However, capacitance at the buffer input Cig
now supports the e,/AqL signal, producing a new shunting current.
To significantly improve bandwidth, the buffer must display an input
capacitance much smaller than the diode capacitance, Cig « Cp.

Similarly, low noise for the buffer avoids exchanging noise prob-
lems. With the basic current-to-voltage converter, the input noise
voltage of the op amp often dominates noise performance as devel-
oped in Chap. 5. This noise adds to the e,/AoL signal as shown and
drives circuit capacitances in the same way as described above for
e,/Aor. For the grounded diode return of the basic converter, input
noise voltage e,; drops across the diode capacitance, producing a noise
current e,;Cps that adds to signal current i,. The unity gain of the
buffer removes this noise effect by driving the normally grounded ter-
minal of Cp with the same e,; noise voltage that appears at its other
terminal. However, noise introduced by the buffer’s signal transmis-
sion e,g now appears across Cp, replacing the old noise current with
a new one, e,gCns. To prevent noise degradation, the buffer must
assure that e;p < ey;.

e 1
e |
€o A
Tot”“) Lo e G
AgL N \
L !
: Cis
T 1+jf/Bwg l R¢
— —VW—
Co
Al -
’ 7 —oeo
A—°—+en; +
./ 1

| —

p =
Figure 4.11 Modeling the buffer of Fig. 4.10 displays the buffer characteristics that
influence its bootstrap effectiveness,
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Wide bandwidth and low output impedance for the buffer assure the
accurate signal transmission required for improving the bandwidth of
the I-to-V gain. Ideally, the buffer transmits the e,/A gy, error signal
from input to cutput with no attenuation. Any difference between the
input and output signals falls across the diode and its capacitance.
As described with the basic bootstrap circuit, the bootstrap amplifier
produces a gain error signal of its own, and this error signal increases
with frequency as the buffer bandwidth rolls off. In the circuit model
the 1 +jf/BWg denominator of the buffer gain Ag reflects the buffer's
bandwidth effect. Buffer gain roll off due to BWy introduces an up-
per limit for the bandwidth improvement of the bootstrapped I-to-V
converter. Avoiding this new limit requires making the bandwidth of
the buffer much greater than that of the op amp.

However, wide bandwidth alone does not ensure accurate signal
transmission through the buffer. This also requires low buffer output
impedance to assure that the diode signal current does not develop
a significant voltage drop with R,g. Any such drop adds to the gain
error signal of the buffer and falls across the diode. There, capacitive
current flow in Cp would impose yet another bandwidth limit. A buffer
meeting all of the above requirements removes the diode capacitance
as a source of bandwidth limitation.

4.4.2 A practicai buffer soiution

Combined, the above buffer requirements present a formidable design
task. Fortunately, the buffer function relaxes other requirements,
permitting the use of simple circuits. The buffer does not require the
high open-loop gain and low offset voltage required of the current-
to-voltage converter's op amp. For that op amp, the very high open-
loop gain assures the circuit’s response accuracy, and low input offset
voltage limits the offset transferred to the circuit output. However,
the gain error and offset of the buffer do not directly affect the circuit
output. These error signals do appear across the photodiode, but there,
significantly larger errors remain acceptable. The buffer’s response
roll off eventually makes its gain error rise to unacceptable levels, but
choosing this buffer for wide bandwidth moves the rise beyond the
useful frequency range of the current-to-voltage converter. Thus, low
open-loop gain, wide-bandwidth circuits best serve the buffer function
by sacrificing gain and offset for bandwidth.

The actual gain error and offset requirements of the buffer remain
loose compared to op amp standards. The circuit impresses both error
signals across the photodiode, requiring some attention, but only sec-
ondary. Buffer gain error allows a small portion of the buffer signal
to appear across the diode capacitance. There, it sustains a resid-
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ual of the high-frequency signal-shunting that previously produced a
bandwidth limit. However, the small buffer signal ¢,/A¢;, already
represents a greatly attenuated condition, and the residual signal
left across the diode here still permits significant bandwidth improve-
ment. For example, even a 10 percent gain error for the buffer per-
mits a 10:1 reduction in the bandwidth limitation imposed by diode
capacitance. Similarly, the buffer function accommodates larger off-
set voltages than most op amp applications. The buffer transfers its
offset voltage to the photodiode where it could increase leakage cur-
rent. However, simple buffer circuits readily limit this offset to tens
of millivolts that produce little leakage increase.

Figure 4.12 shows a bootstrapped I-to-V converter with a buffer
that addresses the requirements and compromises of the bootstrap
function. Basically, this buffer consists of a source follower J; bi-
ased from current source J3. The FETs used here limit the input
current drawn by the buffer and permit simple realization of the bi-
asing current source. Note that any buffer input current, from the
J» gate terminal, flows through Ry, producing a component of out-
put offset voltage. The FET J» also strongly affects all four of the
buffer’s critical characteristics: input capacitance, noise, bandwidth,

C¢ = /CiCe
Ce=1/20Rg 1

Ci =Cgq2+Cid*Cicm

8w = 1.4,/ fszc

126=1/22Rs C;

..
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Figure 4.12 Simple buffer circuits provide the best compromise for the wide
bandwidth but relaxed gain error and offsetl requirenmients of the bootstrap
buffer,
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and output impedance. Selection of this FET requires attention to
gate-drain capacitance, gate-source voltage noise, gain-bandwidth
product, and transconductance. With this circuit, the buffer’s input
capacitance becomes simply Cig = Cgd2, Where Cgq2 is the gate-drain
capacitance of J;. However, the other required buffer properties de-
pend upon the characteristics of multiple circuit elements. Noise and
bandwidth for the buffer depend upon a large number of these, pre-
venting simple analysis and favoring evaluation by simulation.

Still, a limited number of circuit elements define the buffer’s out-
put impedance. To keep this impedance low, the addition of J, and
@ provide feedback and loop gain that reduce J>'s normal source-
follower output impedance. Without J, and @, the i, current drawn
by the diode would flow through R> and the source of J5. Then, the re-
sulting output voltage variation defines the buffer output resistance as
R.s = Ry+1/gm2, where g2 is the transconductance of J5. Generally,
this resistance would develop too great a voltage with ,, limiting the
circuit’s bandwidth improvement. This voltage drop falls across the
diode, producing capacitive currents that again shunt i, away from Ry
at higher frequencies. Including J) and @) introduces feedback that
counteracts current changes in R, and J,. With this feedback, load
current drawn from the buffer output creates little change in output
voltage, i.e.,, low output resistance. The loop gain driving the feed-
back starts with J,. This FET acts as a current source load to the
drain of J3. Any change in Jo’s drain current reacts with the high
impedance of the J) current source to drive the base of @,. This lat-
ter transistor responds and supplies the current demanded from the
buffer output. Essentially the only current change in R; and J, re-
sults from the change in @;’s base current. Thus, the buffer output
resistance drops by a factor approaching the current gain ) of @,
making Rqp = (R2 + 1/gm2)/b1-

As mentioned, the buffer function permits higher offset voltages
than required for the typical op amp. Still, offset must be moder-
ated to avoid excessive diode leakage current. Any offset voltage sep-
arating the dc levels of the buffer input and output appears across
the diode. Large junction areas make many photodiodes produce high
leakage currents under any significant dc bias, and such leakage flows
through Ry, producing an output offset voltage as part of e,. With the
buffer shown, simple but compensating bias conditions minimize off-
set. Source-follower J; controls the primary input-to-output signal
transfer for the buffer. In this transfer, J, introduces an offset com-
ponent equal to this FET’s gate-source voltage Vgsz, a negative voltage
for the n-channel JFET shown. Adding R, produces a counteracting,
positive offset shift. However, tolerances in the FET characteristics
would tend to make this counteracting effect approximate.



Wideband Photodiode Amplifiers 83

To compensate for this tolerance error, component matching equal-
izes the dc bias drops of two FETSs, J, and J3, and two resistors, R,
to R2. In the circuit, J, and R; combine as an offset-canceling current
source that sets the bias current level for J> and Ry. As shown, the
gate of J, connects to the bottom of R,, establishing a voltage on R,
equal and opposite that of Vgg). The J; current source also sets the
drain current for J» through the @, feedback described before. From
the drain, this current flows through J2’s source and R,, reproducing
the canceling voltage drops described for J, and R;. Here, the same
current flows in J, and J;, and making them matched devices pro-
duces Vgs; = Vigsz. Similarly, making R, = R, equalizes their voltage
drops under the equal current condition described. Ideal component
matching reduces the buffer’s input-lo-output offset voltage to zero.
Practical matching reduces it to the tens of millivolts that induce lit-
tle diode leakage.

4.4.3 Bandwidth analysis of
the combination

As described above, bootstrap removes the influence of Cp from the
current-to-voltage converter. Then, capacitances remaining at the con-
verter’s input define the bandwidth and the phase compensation re-
quirement. The input capacitances of the buffer and op amp present
a net input circuit capacitance of C; = Cgaz2 + Cig +~ Cicn- Then, the cir-
cuit bandwidth follows from the Sec. 3.4 current-lo-voltage converter
results with C; replaced by this new expression. For the 45° phase
margin underlying previous analyses,

BW = 1.4V/f?f:

where fir = 1/2:R,C; and now C, = Cyg2+Cig+Cicm. Here, the reduced
C: extends bandwidth by increasing the frequency f;r = 1/2xR;C;. For
large photodiodes, this typically increases bandwidth by a factor of 5 to
10. Note that the Cyq2 term of C; simply replaces the Cp term of basic
current-to-voltage converter results. Thus, bandwidth improvement
with this bootstrapped I-to-V converter requires that Cgq2 < Cp.

This requirement produces a noise-versus-bandwidth compromise
in the selection of J»>. The low noise requirement of the buffer encour-
ages the use of a larger FET to achieve a higher g, and lower associ-
ated noise voltage. However, larger FETs also produce larger values
for Cgd2, limiting the practical fulfillment of the Cg9, < Cp require-
ment. As aresult, the bootstrapped I -to-V converter best serves larger
photodiodes having larger values of Cp. Smaller photodiode cases ben-
efit more from the basic bootstrap connection of Sec. 4.3.
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For the bootstrapped I-to-V converter, the residual C; capacitance
at the op amp input reacts with Ry just like the original C; of the
basic current-to-voltage converter. Chapter 3 describes this reaction
and the resulting potential for oscillation. As before, this potential
requires phase compensation through a C; bypass of Ry in Fig. 4.12.
However, the reduced input capacitance here reduces the required
Cy value. Figure 4.13 guides the phase compensation selection with
response curves that replicate those previously described in Sec. 3.3.
The reaction of input capacitance with Ry again produces a rise in the
1/8 curve again starting at

fif = 1/27R,C:

but now C; = Cgg2 + Cig + Cicm. The rising 1/8 curve and the falling
Aoy curve potentially develop a 40-dB rate of closure at their intercept,
i = Vfufe, where f. is the unity-gain crossover of the op amp. That
rate of closure would produce oscillation at the frequency f; except for
the effect of the C; phase compensation. The C; bypass of Ry rolls
off the 1/8 rise, reducing the rate of closure or slope difference at the
intercept of the two curves. Choosing Cy to roll off 1/8 right at the
intercept restores 45° of phase margin and limits gain peaking to 3 dB
as also described in Sec. 3.3.

Selecting Cy for this phase compensation follows from the design
equations developed there and two changes to those results adapt
them to this case. First, the reduced C; of this case replaces Cp with

Ia
)

\/AOL BW = 1.41;
_;/OdB/DECADE fim v fyle

fo6= 1/27R¢(C;+C¢)

C; =Cgd2+Cid*Cicm

f 2f / ;& f
for=1ti=1p¢
Figure 4.13 Phase compensation of the bootstrapped current-to-voltage con-

verter reproduces familiar response curves, but in practice, the reduced C,
capacitance significantly extends the f; bandwidth limit.
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Cga2 as described above., Next, the Cp » Cgq2 requirement restricts
the benefit of this case to larger photodiodes. Thus, the large capaci-
tance version of the previous C,; design equations applies here and for
Fig. 4.12,

C," =V Ci Cc
where C. = 1/2nR/f., and C; = Cga2 + Cig + Cicm.
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Chapter

Noise

As a photodiode amplifier, the current-to-voltage converter exhibits a
complex noise behavior. Basic noise components result from the cir-
cuit’s feedback resistor and the amplifier input’s noise current and
noise voltage. The resistor and current noise sources produce out-
put noise components that follow from intuition. However, the ampli-
fier’s input noise voltage receives an unexpected high-frequency gain.
This gain results from the circuit’s combination of a high feedback
resistance and the diode capacitance at the amplifier input., Para-
sitic capacitance around the feedback resistor and the characteristic
1/f response of the noise voltage further complicate the circuit’s final
noise response. Multiple poles and zeros shape this response, posing a
formidable noise analysis task. However, breaking the analysis into a
series of frequency regions, separated by the poles and zeros, restores
simplicity. This regional analysis also permits comparison of relative
noise effects to identify circuit changes that optimize performance.
Following the individual analyses of these resistor, noise current, and
noise voltage effects, a summarized listing of noise equations permits
step-by-step analysis of specific applications. Evaluation of these re-
sults as a function of feedback resistance shows that the dominant
noise source of a photodiode amplifier changes from the op amp to the
resistor and then to the combination.

5.1 General Noise Effects

The simple appearance of the Fig. 5.1 photodiode amplifier deceivingly
suggests a simple noise performance, There, the photodiode operates
at zero bias and presents a high impedance to the op amp input. This
suggests an op amp with a unity feedback factor produced by a simple
resistor feedback. As such, the circuit would normally produce a noise

87
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ipl
\I\\ ——O Figure 5.1 At first, the simple
structure of the photodiode am-

plifier suggests simple noise per-
formance.

gain of unity and transfer the op amp’s input noise voltage directly
to the circuit output. However, the high impedance of the photodiode
is relative and variable. Photodiode amplifiers also make R; a high
impedance, and photodiodes typically exhibit large shunt capacitances
that roll off the diode impedance. This combination produces noise
gain peaking at higher frequency and a complex response to the op
amp’s input noise voltage. In addition, the high Ry resistance increases
the significances of that resistor’s noise and the noise of the amplifier
input current. For each of the circuit’s noise sources, complete noise
evaluation begins with identifying the corresponding spectral noise
densities and noise gains. Then, root mean square (rms) integration
incorporates frequency response effects for each of the three.

5.1.1 Noise densities and noise gains

The photodiode amplifier’s high-value feedback resistor increases the
circuit’s noise, both directly and indirectly. The discussion below first
examines the resistor’s effects upon the spectral noise densities and a
later discussion examines the total rms noise produced at the circuit
output. As a noise measure, spectral noise density reflects the noise
contained in a 1-Hz bandwidth at a given frequency, and this density
may vary with frequency. RMS integration sums the noise-density
effects at the individual frequencies, reflecting the total noise effect of
a given noise source. For the photodiode amplifier, the spectral noise
densities enor, €noi, and ene represent the output noise components
produced by the resistor itself, the amplifier’s input current noise, and
the amplifier’s input voltage noise. High feedback resistance increases
all three output noise components. These noise sources combine to
produce the net, output noise density e,,. As will be described, the egor
and ey, noise densities remain constant with frequency until a band-
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width limit truncates their effects. However, the e,,, noise density
varies with frequency and rolls off at a different bandwidth limit.
Figure 5.2 models the basic photodiode amplifier of Fig. 5.1 for
noise analysis. In the model, i,, Rp, and Cp represent the photo-
diode. Capacitance C;; and noise sources i, and e, represent the
relevant characteristics of the amplifier input. Finally, noise source
enr represents the noise voltage of the feedback resistor. The noise
contributed directly by the feedback resistor has a spectral density of?
eor = JAKTR;. Here, K is Boltzman’s constant, 1.38 x 10-2 Jr°K,
and T is temperature in degrees Kelvin, "C + 273. This noise volt-
age transfers to the output of a current-to-voltage converter without
amplification, making e,;r = en,r. Increasing the size of Ry raises
enor = /4KTR; by a square root relationship but also increases the
desired output signal i,R by a direct proportionality. Thus, the re-
sulting signal-to-noise ratio, i, Ry fenor = ip /Ry /4KT, improves by the
square root of the resistance R;. This suggests maximizing Ry to

Cs
%]
—— o
r 21 A
1 1
1 l
1 Ry enR 1
1 anA Y
vvr;\ ”—'
ini €ni

r——oeo

(D Ro% Cp o= Cig o=
J:‘ =

&0 = ipRf + €no eno = V(enaR)? + (enoi)? + (enoe)?

el
Y

{1+ R¢Cys)
enoR = VAKTRf  enoi=RrV2qlg- epoe = ————T—— €y
{1+ R¢Cgs)

Ci=Cp+Cig. Cio=Cid+Cicm

Figure 52 The noise analysis model of the basic photodiode amplifier breaks
the photodiede inte its current and impedance components, separates capaci-
tances and noise sources from the amplifier input, and adds the noise voltage of
the feedback resistor.
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optimize the signal-to-noise ratio. However, this signal-to-noise re-
lationship only includes the noise produced by the feedback resistor,
and increasing Ry potentially decreases bandwidth. Depending upon
the circuit elements used, other noise effects may dominate noise per-
formance as described later in Sec. 5.3.2. There, an evaluation of noise
dominance versus feedback resistance identifies the resistance range
where increasing Ry improves the overall signal-to-noise ratio.

Indirectly, the Ry feedback resistor also influences the current-to-
voltage converter’s noise through interaction with the op amp’s noise
sources. In the model, i,; and e, represent the amplifier’s input noise
current and input noise voltage. Noise current i,,; represents the shot
noise of the input bias current Iz and has a noise density of? in; =
V2qIp_, where q is the charge on an electron, 1.6 x 10~ C. This noise
current flows directly through the feedback resistor, producing a noise
voltage of enri = inilly = Ry\/2qlz_. Like the noise voltage of Ry itself,
this new noise voltage transfers to the circuit output with unity gain
and eyp; = engi. Choosing an op amp with an Iz_. in the picoamp range
generally makes this noise component negligible for practical levels of
feedback resistance.

5.1.2 Noise gain peaking

In a more complex relationship, the amplifier’s input noise voltage ey
receives an amplification characterized by a noise gain peaking. At
first, it would seem that e,; should also transfer to the circuit output
with low gain, but capacitances modify this gain. In the figure, Cp,
Cia, and Cg represent the capacitances of the photodiode, the amplifier
input, and a stray capacitance, respectively, At dc, the circuit presents
a noise voltage gain of A, = 1+ R¢/Rp to e,. There, the very large
diode resistance Rp keeps this voltage gain near unity. However, at
higher frequencies, Cp bypasses Rp, shunting its high resistance and
increasing A,,.. Amplifier capacitance C;, appears in parallel with Cp,
adding to this effect. Here, C;zs = Cig + Ciem, where Ciq is the differ-
ential input capacitance between the amplifier inputs and Cic, is the
common-mode input capacitance from the inverting amplifier input to
ground. Together, the diode and amplifier capacitances produce a net
input capacitance C; = Cp + Cig + Ciem. This capacitance shunts Rp,
converting the noise gain received by ep; to Ane = 1+ Ry /IRp [1(1/Cis)).
At higher frequencies, this gain becomes A, = 1+ R;C;s and rises in
direct proportion to frequency. Frequently, the demand for high signal
gain makes both C;;, and Ry large, initiating this rising noise gain at
fairly low frequencies. However, large Ry values also introduce a limit
to the ac gain rise. There, stray capacitance shunting of Ry, shown by
the dashed Cg, counteracts the gain rise produced by C;.



Noise 91
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Flgure 5.3 High feedback resistance and the capacitance of the input circuit
make the photediode amplifier’s noise gain Ape rise at higher frequency until
leveled by stray capacitance and finally rolled off by the amplifier open-loop re-
sponse.

Figure 5.3 illustrates the various capacitance effects through the
noise gain curve A, plotted with op amp gain-magnitude curve Aoy
Two other curves of the figure represent the circuit's current-to-voltage
gain and 1/8 response. Prior to the 1/8 intercept with Aoy, Ape =
1/8. The A, curve begins with the unity gain first expected in the
above circuit discussion and then experiences a response zero at for =
1/27R¢(C; + Cs). There, feedback shunting due to the reaction of Ry
and C; initiates an A, rise. Stray capacitance shunting of Ry termi-
nates this rise with a pole at fir = 1/2xR,Cs, leveling the noise gain
at a plateau level of 1+ C; /Cs. With large-area photodiodes, a high-
value Cp makes C; hundreds of picofarads, producing a gain plateau
in the hundreds as well. That gain continues to higher frequencies
until rolled off by the op amp’s Ag;, bandwidth limit. Within the Ag,
response boundary of the op amp, the 4, response makes the output
noise density due to ey;

o = 1+ R (C; +Cs)se .
" 1+RCss ™

Here, a zero and a pole mark the noise gain effects of C; and Csg.
Roll off of the amplifier's Aoy response adds a second pole, described
later but temporarily omitted here. Increasing Ry above, to increase
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the current-to-voltage gain, moves the zero and pole of ¢, to lower
frequencies, encompassing a greater frequency spectrum with high
noise gain. Thus, the current-to-voltage converter as a photodiode
amplifier introduces a very serious gain-versus-noise compromise.

The preceding discussions describe the spectral noise densities that
three noise sources create at the current-to-voltage converter’s out-
put. However, the above e, R, €nvi. and e represent individual noise
contributions rather than the circuit’s total noise. Combining these in-
dividual contributions requires rms rather than linear summation due
to the uncorrelated nature of the noise sources. This rms summation
defines the spectral noise density at the current-to-voltage converter’s
output as

€no = v enoR2 + enoi2 + enoe2

where enor = /4KTRy, enoi = Ry'2qIp -, and enoe ={[1+ Ry (C; + Cs)s)/
[1 + RrCsslleni. Still, this is not the final rms summation that yields
the circuits total output noise. The above summation merely combines
three noise density results, producing the net noise density ep,. This
noise density remains a function of frequency, requiring further rms
analysis to define total output noise. RMS integration of noise density
over frequency defines this total noise as described below.

5.1.3 Total rms output noise

The spectral nature of the above noise densities restricts numerical
noise analysis o one frequency at a time. Broadband evaluation of out-
put noise requires summing the individual frequency effects over the
bandwidth of the amplifier. Simple rms integration performs this sum-
mation, yielding noise analysis equations for the photodiode amplifier.
Gain and bandwidth affect the three fundamental noise sources dif-
ferently and first require separate rms analyses of individual output
noise effects. Then, rms combination of the three separate effects de-
fines the total output noise. In this process, the separate analyses
permit identification of the predominant noise effect in a given appli-
cation. The discussion below first considers the simpler effects of enor
and e,,;. A later examination defines the differences that extend this
process to the third noise component enqe.

RMS analysis summarizes the effect of a given noise source by math-
ematically integrating its spectral noise effect over frequency. This
integration combines the circuit's noise density, gain, and bandwidth
characteristics into a single noise indicator, the RMS value of the total
noise. For each noise source, converting noise density to RMS noise
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requires evaluating the integrall-?
2 x i
Eno = ](; lAnen |2df

Here, ¢, represents an input-referred noise source, and A, represents
the corresponding noise gain supplied to e,. Noise gain A, includes
the relevant bandwidth characteristic.

The constant noise gains and constant noise densities associated
with the circuit’s feedback resistor and the amplifier’s input current
simplify the integration for these two noise sources. There, constant
noise gains of A, = 1 ideally transfer the effects of these two noise
sources directly to the circuit output, developing the output noise den-
sities epsr and eny; described before. However, the bandwidth limit of
the circuit’s transresistance BW, rolls off this ideal transfer response
at some higher frequency. For high-gain current-to-voltage convert-
ers, this bandwidth limit occurs where the stray capacitance Cs breaks
with R;. In other cases, the addition of phase compensation capaci-
tance in parallel with Cs modifies this break frequency. In either case,
this break frequency simultaneously rolls off the output signals devel-
oped by the photodiode current, the resistor noise, and the amplifier’s
current noise. Then, 4, = 1/(1 + jf /BW;) where BW, = 1/2R/Cs,
and this defines one variable of the above integral. The other variable,
e, follows from the analyses of Sec. 5.1.1 for the resistor and current
noise effects. There, e,g = \/4KTRy and e,r; = Rr\/2¢Ip.. describe the
constant noise densities produced by the feedback resistor and ampli-
fier input noise current. Evaluating the rms integral for these A, and
e, conditions defines the rms output noise contributions as

—_—
Eur = ‘/ZKTR/'JTBW,

and

Enoi = Rf\‘ QNBWIIB—

where BW, = 1/2nR;Cs.

Above, the BW, expression assumes the high-gain photodiode ampli-
fier case where the bypass of stray capacitance automatically defines
BW, = 1/27R;Cs. In other cases, wider bandwidth photodiode ampli-
fiers add a feedback bypass capacitor G to control stability and this
capacitance adds to Cg in setting BW,. Then, the total feedback by-
pass capacitance C; + Cs makes BW, = 1/2nR,(C; + Cs). With this
modification, the capacitive shunting described and the noise results
expressed by the Enr and E,,; equations still apply.



94 Chapter Five

5.2 The Effect of Op Amp
Input Noise Yoltage

Constant noise densities, constant noise gains, and a common noise
bandwidth simplified the rms integration of the e,r and e,gr; noise
voltages above. The e, noise voltage, however, displays a variable
noise density, experiences a frequency-dependent amplification, and
receives a greater noise bandwidth than eng and eqr;. These differ-
ences require a more detailed description of e,5c = Anceni before per-
forming the corresponding integration. First, an intuitive examination
of these variables produces an expression for the circuit’s output noise
density resulting from e¢,;. This expression identifies response poles
and zeroes that mark the endpoints of five distinct enq. regions. Con-
sidering each region separately greatly simplifies the required rms
integration and produces five output noise components. A later rms
summation defines the net noise effect.

5.2.1 An intuitive derivation of the enge
noise component

Amplifier noise voltage e, exhibits a characteristic 1/f response at
lower frequencies and the corresponding noise gain of the circuit Ap,
increases at higher frequencies. Also, the stray capacitance bypass
of Ry, which set bandwidth BW, above, levels but does not roll off
Ape. Only the open-loop response of the op amp finally rolls off this
noise gain. As a result, the ep. = Apeen; product of the rms integral
becomes a complicated function of frequency. However, two intuitive
modifications to the earlier e, result ease the derivation of the e
characteristic equation. First, the addition of a response pole accounts
for the roll off effect of the op amp, and then replacing e,; with its
characteristic equation adds the 1/ effect.

For the first modification, consider the frequency-dependent noise
gain A, of Fig. 5.3. As frequency increases, this gain first rises, due
to the circuit’s input capacitance, and then levels, due to capacitance
bypass of the feedback resistor. From Sec. 5.1.2 this produces

1 +R,-(C; +Cs)se .
1+ RCss "

€nge =

prior to the 1/8 intercept with Agr. This intercept modifies the ey
response, adding a pole at f; and making

1+Ri(Ci +Cs)s o
(1+RCss)(L+s/2xf) "

€noe = Anceni =

Here, f; = Buf., where By represents the high-frequency value of the
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Figure 5.4 Op amp input noise
» voltage e,; displays a 1/f region
fs t  at low frequencies followed by a

noise floor level ey, beginning at
8ni = enif 4/ 1+(f1/1)2

the 1/f corner frequency f.
circuit’s feedback factor and f. represents the unity-gain crossover of
the op amp. For the high-gain case, circuit capacitances make gy =
Cs /(C; + Cs) for f; = f.Cs/(Ci +Cs).

Including the frequency dependence of ¢, in the above equation
completes the e, derivation, Figure 5.4 illustrates this dependence
with the characteristic 1/f response at lower frequencies, There, the
en; response displays a decreasing magnitude up to the noise-floor cor-
ner at f;. In this initial region, noise power declines in proportion to
1/f and, thus, noise voltage e,; declines in proportion to Vfl_/f . After
the f; corner, the e,; response follows its constant floor level enir. The
eXpression en; = eqiry/ (W + 5)/s, where w; = 2xfr, describes this noise-
density response. Reducing this expression to the magnitude response
eni = enirw 1+ (fr/f )2 demonstrates the correspondence to the figure.
For higher frequencies, where f > f;, this magnitude expression pro-
duces the noise-density floor level ¢,; = enr. For lower frequencies,
f < f;, this expression produces the expected ,/1/f proportionality in
ens = eniry/fy/f- Finally, at the corner frequency the expression pro-
duces en; = ensv'2. There, the power-to-voltage conversion of the 1/f
analysis produces the ¥/2 term of a square rooted response zero. Sub-
stituting this e,; expression into the preceding e, . equation yields

[1+ R (C; + Cs)s) /(o +3)/s .
(L+RyCss)(1+Sjw;) nif

€noc = Ancéni =

5.2.2 Simplifying the Enoe analysis

Converting the above noise density into an rms noise result again
requires evaluating the integral

0 o
Enoe2 =L lAneeni|2 df:L lenoelzdf
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Just examining the preceding e, expression suggests the very com-
plex result that this integration produces. However, separating the
integration into five response segments reduces the integration task
to a more manageable and more insightful evaluation.® Then, approxi-
mation segments permit manual analysis and reveal the relative noise
effects of different frequency ranges. Knowing these relative effects
and their circuit origins permits design changes that optimize noise
performance.

Figure 5.5 shows the frequency response of ¢y and the analysis ap-
proximation regions. Due to the logarithmic scales of response plots,
linear addition of the preceding A, and e,,; curves of Figs. 5.3 and 5.4
produces the epe = Ape¢ni curve shown here. This summation repro-
duces previously identified response singularities at the boundaries of
distinct response regions. Frequency f; marks the 1/f noise corner, f;¢
and f,r mark the zero and pole of the noise gain peaking, and f; marks
the response roll off produced by the 1/8 intercept. Between each of
these frequencies, e displays a fairly consistent response slope that
eases the rms integration. For this integration, different straight-line
approximations will represent ¢gq in each of the five regions shown.
In each region, these approximations follow the region’s predominate
slope.

4 Loglenge) = Log(Aneeni)

\
REGION 1 REGION 2 REGION S:REGION 4 \,1 REGION S

/ €noe = 9nj

/. ——————— T 1 T 1 < B
2 Logf
Log(enif) 't faf 'of fi A

Er\<:|e':\/5r|<:nel2 + En<:|e22 +Enoe32* Enged 2 + Enges?

fzg = 1/20R¢(C;+Cs) fpf =1/2nR¢Cs fi = 1cCs/(Ci +Cs)

Figure 5.5 Combining the A, response of Fig. 5.3 with the e,; response of Fig. 5.4
produces the enoe = Aneen response here with five distinct regions that separate the
rms integration into simpler segments.
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Variations in both A, and ¢,; contribute to the characteristic shape
of the eqq curve, but fortunately, the two variations do not occur si-
multaneously in any given frequency region. In regions 1 and 2, ¢4
follows the e,; response of Fig. 5.4. There, a constant A,. = 1 makes
€nce = €pj, transferring e,; directly to the circuit output. Gain peaking
interrupts this direct transfer beginning in region 3 and extending
through region 5. There, the A,. peaking response of Fig. 5.3 pro-
duces a similar peaking for eqq in Fig. 5.5. However, in these last
three regions, e,; remains constant at its noise floor level of e,;r, mak-
ing €nae = Ancenir-

5.23 The Epge cOmponents

Performing the rms integration for the five regions of Fig. 5.5 produces
noise components E .1 through E, .5 for later rms combination into a
net E,,. result. This combination defines the total output noise E,.,
created at the photodiode amplifier’s output by amplifier input noise
voltage ¢,;- In regions 1 and 2 of the figure, e, replicates the amplifier
input noise voltage en;. In region 1, en.. follows the ,/1/f slope of the
eni response up to the f; corner frequency. There, €noe = €ni = enit/ff /f,
as described earlier in Sec. 5.2.1. Application of the rms integration
to this ey, expression produces the rms noise expression

. h fr
2 i
Enoel = /(; 0
This result displays the common dilemma of 1/f noise theory. The 0
limit of the integral transfers to the denominator of the result, render-
ing the latter indeterminate. Indeed, a noise magnitude proportional
to /1/f approaches infinity as f approaches zero. This dilemma has
vet to be resolved in the theoretical analysis of 1/f noise.*

In practice, replacing the 0 limit with a nonzero, low-frequency f;
restores the analysis and delivers results in good agreement with mea-
surements. Typically, making fi = 0.01 Hz instead of 0 Hz suffices
and only neglects a very small portion of the frequency spectrum of
integration. Then,

i
Enoe z =/
: /0 f

making the rms noise expression for region 1

e—fifl df = epicf In

enirf;

£

df = enii’ f; In
enitfr In 1

Buwer = e 1n -

where epir is the ¢p; noise floor level and f; = 0.01 Hz.
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In region 2, the combination of constant noise gain and constant
notse density simplifies the rms analysis. There, the circuit’s unity
feedback factor continues a noise gain of A, = 1 from f; up to the f;5
transition that begins the next analysis region. Also in region 2, the
amplifier’s input noise voltage follows its noise floor at a level of ey
Then, for region 2

for
Epoed® = f, tenirl? &f = enit® (s — f)
'

and

Epoc2 = enif\;'fzf - f;‘

where fpr = 1/2:R(C; + Cs), and C; = Cp + Cig + Ciem-

Regions 3 through 5 of Fig. 5.5 display the noise gain peaking that
amplifies the op amp input noise voltage, en;. In each of these regions,
en; remains at its noise floor level of e,; = enir. Region 3 begins the A,
gain peaking with the zero at f;r, making ene rise with the 1:1 slope
of a single-zero response. There, A, increases from its unity level in
direct proportion to frequency, making Ane = f /fzr and ej0e = Anelnir =
enirf/f- The rising eq,. response of this region continues up to the

frequency fir. Thus,
E 32=ffpf 2df= (w)z (.fpfs—fzf3)
nO:; . fzf '———3

noed fzf w ——3

where for = 1/27R,Cs, for = 1/27R;(Ci +Cs), and C; = Cp +Cia +Cicm-

Following fus, the e, response levels in a plateau where stray ca-
pacitance limits the noise gain to A,, = 1 + C;/Cs. In this region 4,
the amplifier's input noise voltage continues at e,; = enyr, making
Apeen; = (1 + C;/Cg)enir- This region extends up to the f; intercept

and
2 /. 1+C,' 2 1+Ci z
Enoes —j{; ( Cs )emr df = [( Cs )enif] fi ~fon)

1+C;
Enne»t:( SS )enifv'(ﬁ' —fpf)

where f; = f.Cs /(C; + Cs) and fir = 1/27R,Cs from before.

enitf

fzf

and

for
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Region 5 concludes the ey response by following the Agp roll off
from f; out to infinite frequency. This roll off follows a single-pole
response up to the amplifier's unity-gain crossover frequency f. and
there, A, = 1. Between f; and f, the 1:1 slope of the amplifier's single-
pole response makes A, = f./f. Also in this region, the amplifier’s
input noise voltage continues at its constant floor level of en; = ep;s,
making enee = enirfe /f. After f,, other amplifier poles alter the roll off,
but there, the low and declining level of ¢p minimizes their effects
upon the rms noise of the region. Neglecting these added poles, the
region 5 rms noise integral becomes

EnoeS2 = -[ - e_ru[[z_‘_

2
(enirf)?

df = eniflc)”
f

fi

and

1
Eroes = (enifﬁ:)vlf

5.3 Combining the Noise Effects

RMS summations combine the seven noise components of the pre-
ceding sections to define the photodiode amplifier’s net output noise.
Evaluations of these summations define two parameters of noise domi-
nance. The first evaluation examines frequency dependence and shows
that the higher-frequency regions of the epe response dominate the
noise contribution of ¢,;. The second examines resistor dependence
and shows that the noise dominance varies between the op amp, the
feedback resistor, and the combination.

5.3.1 The noise analysis summary

Two rms voltage summations conclude the noise analysis for the photo-
diode amplifier. The first combines the five components of Eq noise
initially separated in the Sec. 5.2.3 analyses. The second combines
the net Eyq result with the E,.gx and E,,; components described in
Sec. 5.1.3. At first, it might be expected that the E,, noise compo-
nents, all from the same noise source, should sum linearly to produce
the net E . result, Also, the integration function -of the preceding
rms analyses suggests linear summation for combining the noise con-
tributions at different frequencies into an rms result. However, closer
physical and mathematical examinations of these noise components
indicate the need for rms summation instead. While the five com-
ponents result from the same noise source, nothing in the random
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physical behavior of that source gives rise to correlation between the
noise in one frequency band with that in any other. Uncorrelated
noise components such as these add in an rms fashion. Further, the
linear summation of the rms integration

D x -’
Enoc‘z = /; |eno(."‘zdf

operates upon the square of the noise voltage, and the final E,,,. equals
the square root of the integral result. Thus, combining the individual
results produces the square root of the sum of the squares of an rms
summation.

Combining the five components of E,,. in this manner defines the
net rms noise produced by op amp input noise voltage at the current-
to-voltage converter output as

i
! 2 2
Enoe =y Emml2 + Enoe22 + Ennes + Enoc4 + En0052

For a given application, numerical evaluation of the E,,. expression
reveals the relative significance’s of E,,.1 through E,.;. Different
circuit factors such as eqir, C;, and f. influence these noise voltage seg-
ments. Thus, breaking the rms integration into these five components
provides insight into the circuit factors requiring attention for noise re-
duction. Typically, E,,.4+ and E o5 dominate the E,, result due to the
greater frequency spectrums encompassed by regions 4 and 5. Visual
evaluation of Fig. 5.5’s five regions fails to reveal the degree of this
dominance due to the logarithmic compression of the curves two axes.

Rescaling these axes for linear rather than logarithmic representa-
tion reveals the relative significance of each region in Fig. 5.6. While
uncommon for frequency response plots, this linear scaling reexpands
the magnitude and frequency axes, dramatically improving visual per-
ception of relative effects. For the five e, regions, the physical area
under the curve now directly represents the relative noise contribu-
tion of a given region. This area drops to insignificance for regions
1 through 3. Region 4 retains a significant area primarily due to its
high noise magnitude. Then, region 5 dominates the undercurve area
with an expanse that covers most of graph’s extent. Thus, to minimize
the noise effect of en;, generally focus upon circuit factors that affect
regions 4 and 5. However, this generalization does not necessarily
hold for low-frequency applications of photodiodes. There, subsequent
filtering of the photodiode amplifier output often removes the noise
contribution of regions 4 and 5, returning the contributions of regions
1 through 3 to prominence.

Combining the above E,,. result with the E, ;g and E,; results of
Sec. 5.1.3 produces the total output noise E,, of the photodiode ampli-
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Filgure 5.6 Rescaling Fig. 5.5 with linear rather than logarithmic axes
provides visual perception of the true significance of each noise region
through the relative areas enclosed under the epge curve.

fier. Once again, rms summation combines the noise components. To
simplify computation of a specific E,, result, the listing below sum-
marizes the seven fundamental noise components described before.
The equations below depend upon other expressions that define noise
magnitudes, cutoff frequencies, and capacitances. For simplicity, the
listing defines these other expressions only at their first occurrence.
Step-by-step calculation of E,, for the basic current-to-voltage con-
verter proceeds through the individual calculations:

Eroe1 = eniri/fr In (f: /1), where eyir is the epy; noise floor level, and f;
is the 1/f noise corner frequency. As explained in Sec. 5.2.3, setting
fi = 0.01 Hz avoids a theoretical contradiction and ensures good
analytical accuracy.

Erce2 = eniry/for — fr, where fpr = 1/27R,(C; +Cg), and C; = Cp+Cig+
Cicm. For applications requiring the phase compensation element Cy,
replace Cs with C; +Cg here and in the steps that follow. Here and
in the Ee+ analysis, numerical evaluation can produce the square
root of a negative number. Then, substitute zero for the result as
explained below,
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Enoes = (enif/fu)y/ (for® — f°)/3, where for = 1/27R,Cs, and Cg is the
stray feedback capacitance.

Enoea = (1+ C; /Cs)enis/fi — for, where fi =f.Cs /(C; +Cs).

E\oes = (enirfr)V1/fi, where f. is the op amp’s unity-gain crossover
frequency.

Eoe = \/Enoelz + Enoe22 + Enoe32 + Enoe42 + Enoeﬁz, the total rms out-
put noise resulting from the noise voltage density ep; of the amplifier
input.

Enor = J2KTR nBW,, where BW, = 1/22R,Cs. For applications
that add a feedback capacitance Cy, replace Cs with Cy + Cs.

Enoi = R/\IQRBW,IB_.

Eno = /EnoRz +Enoi2 + Enoez-

Special cases potentially affect the Ej o2 and Epges results. These
noise components cover flat response regions in Fig. 5.5 that certain
circuit combinations eliminate. In that figure, the condition fif < f;
eliminates region 2, and f; < fir eliminates region 4. Very large Ry,
Cp time constants can produce one or both of these conditions. Then,
the eliminated region or regions produce zero noise contribution. How-
ever, to cover all possible cases, the segmented E.. analysis must in-
clude the potential noise contributions of regions 2 and 4. Numerical
evaluations of the Enee2 and Ey s equations easily identify these spe-
cial cases by delivering the square root of a negative number. Then,
simply substitute zero for the region’s numerical result. When this re-
sults for Ey.4, it signals the potential need for the phase compensation
described in Chap. 3.

5.3.2 Identifying the
predominant noise effect

For a given application, the numerical evaluation of E,,, following
the listing above, identifies the relative significances of the individual
noise contributors. There, numeric comparison of terms in both the
E .. and Ey, calculations reveals the actual factors that significantly
affect noise performance. Without these comparisons, traditional in-
tuition alone leads to suboptimal design choices. For example, tra-
ditional intuition biases the op amp selection toward low input noise
voltage. However, this bias risks unnecessarily sacrificing other op
amp characteristics. By itself, the amplifier’s noise voltage only dom-



Noise 103

inates noise performance in a portion of photodiode amplifier designs.
In other cases, noise from the feedback resistor dominates, making
the amplifier noise secondary. In still other cases, the noise combi-
nation of the amplifier noise and the feedback resistance dominates
noise performance through noise gain peaking. The multidimensional
aspects of this noise performance precludes fixed guidelines that would
replace numerical evaluation and comparison.

To illustrate this point, consider varying just the Ry variable while
examining the E|,, result. This displays a noise dominance contest be-
tween the amplifier input noise voltage, the resistor noise, and noise
gain peaking. For simplicity, this illustration case ignores the ampli-
fier’s input noise current, as often permitted by the low noise current
of an FET-input op amp. This simplification reduces the net out-

put noise %0 Eno = \/Enor> + Ence’. For this case, Fig. 5.7 shows the
current-to-voltage converter's dominant noise effects for three char-
acteristic ranges of feedback resistance. The curve there represents
total output noise for the basic current-to-voltage converter of Fig. 5.1
under the influence of the characteristic noise gain of Fig. 5.3.

Eno
VOLTAGE :RESISTANCE: COMBINED RANGE |
NOISE | RANGE
T |range | |
0 ] ]
T i
A '
L I
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0 }
y ]
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T 1
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‘ Eno = / En<:nR2 + En<:ne2
0

Log Ry
FEEDBACK RESISTANCE

Figure 5.7 As the feedback resistance increases, the domi-
nant noise source of a current-to-voltage converter changes
from the op amp 1o the resistor and then to the combination.
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Different factors dominate the E,, curve for different ranges of feed-
back resistance. At low resistance levels, the curve remains flat with
the op amp voltage noise the dominant contributor, producing a volt-
age-noise range of dominance. There, noise gain peaking has not
yet developed, and resistor noise remains in the background, so E,,
remains small. This region typically covers the feedback resistance
range of 0 to 10 kQ. In the next region, resistor noise overtakes the
voltage component, producing a rising curve and a resistance range
of dominance. There, the curve’s rising slope initially displays the
square root noise-versus-resistance relationship of a resistor. This re-
gion typically covers the feedback resistance range of 10 kQ to 1 MQ.

Even higher resistances introduce noise gain peaking, increasing
the upward slope of the E,, curve at the beginning of a range of com-
bined influence. There, the voltage noise of the amplifier, amplified
by gain peaking, overrides the resistor noise to increase this slope.
Eventually, stray capacitance bypass of the feedback resistance ter-
minates this rise, producing a level ending for the E,, curve. In this
leveled region, the resistor and voltage noise effects, E, g and E,. of
E,,, reduce to constants. E,,g becomes a constant because any fur-
ther increase in the Ry resistance produces a matching decline in the
associated bandwidth of the Ry, Cs combination. There, a resistance
increase raises the resistor’s noise density, e, = ,/4KTR; but reduces
the associated noise bandwidth BW, = 1/2xR,Cs. The two changes
produce canceling effects in the rms output En.g = /2KTRnBW,,
holding E .z constant.

E.q. becomes a constant because the presence of Cs limits the noise
gain A, to a plateau level in the previous Fig. 5.3. There, the stray
capacitance limits the gain peaking to a final value of 1 + C,/Cs,
regardless of any further increase in the value of R;. This makes
E,pe = Apeenirt = (1 + C; /Cs)enic and holds E,,. constant at higher
frequencies. Still, the continued increase of Ry does expand the fre-
quency span of the peak A,. level in Fig. 5.3. There, increasing Ry
moves the for = 1/27xR¢(C; + Cs) starting point of the gain peaking
to the left, expanding the span of A,. peaking. However, this ex-
pansion produces diminishing returns as revealed by two numerical
examples. For a peak A, level starting at 200 kHz, doubling R, re-
duces the starting point to 100 kHz, adding 100 kHz of span to the
peak A,. level. Similarly, for a peak level starting at 2 kHz, dou-
bling Ry reduces the starting point to 1 kHz, adding 1 kHz of span.
Thus, the same doubling action produces only 1/100th the span in-
crease in the second example. The diminishing increase in noise
bandwidth results in a nearly constant E,, versus Ry response as
Ry continues to increase in the final stage of Fig. 5.7. Together, the
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constant Eqr and E,. responses level the E,, versus Rs response
shown there.

Reflection upon this response reveals two cases where choosing an
op amp for low input noise may or may not optimize noise performance
for the photodiode amplifier. First, in the resistance range, the noise
of the feedback resistor dominates, making the amplifier noise volt-
age effect insignificant. Second, in the combined range, the amplifier
noise voltage returns to significance, but the amplifier’s input capac-
itance often plays an equally significant role in noise performance.
There, noise gain peaking controls the gain applied to the noise volt-
age. This peaking results from the capacitance at the circuit input
as well as from the high feedback resistance. At the circuit input,
amplifier input capacitance adds to that of the photodiode, increas-
ing the gain-peaking effect. An inherent design compromise in FET
op amp design tends to increase input capacitance as it decreases
noise.

For photodiode applications, FET-input op amps most commonly
serve the current-to-voltage converter's requirement for low ampli-
fier input current. With these amplifiers, decreasing input noise re-
quires increasing the size of the amplifier’s input FETs to raise their
transconductances. Transconductance increases in direct proportion
to the FET size but so does the FET capacitance. The greater FET
capacitance increases the gain peaking effect in both magnitude and
bandwidth. This compromise becomes very significant when using
lower-capacitance photodiodes. In such cases, a lower-noise amplifier
can produce greater noise gain peaking, sometimes degrading rather
than improving noise performance.

Some degree of trial and error characterizes the noise design of a
photodiode amplifier due to the numerous variables involved. It would
take a five-dimensional graph to display the direct and indirect noise
effects of the resistor combined with those of the amplifier and the
photodiode. The noise performance of a given application must be
numerically evaluated to define the significance of each noise factor.
Otherwise, a design focused upon one factor may suboptimize over-
all performance, as described in the preceding examples. For a spe-
cific application, starting with an initial design and iterating from
there reduces the ranges of the numerous variables and eases the
design optimization. For each iteration, numerical evaluation of E,,
and comparison of its component terms identifies the opportunities
for improving the performance of a given case. Where amplifier noise
voltage remains a significant factor, a variety of circuit options min-
imize its predominant or compromising effect as described in later
chapters.
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Chapter

Noise Reduction

Higher-gain photodiode amplifiers typically employ very large feed-
back resistances that make the noise gain peaking of Chap. 5 the
circuit’s dominant noise effect. For a given application, performing
the noise analysis of Sec. 5.3.1 determines if this is the case through
the relative magnitudes of the Epqe, Enor, and En.; noise components.
When the E, . result exceeds the other two, gain peaking dominates
noise performance. As will be shown, the circuit then amplifies the
noise voltage of the op amp’s input with a noise bandwidth that ex-
ceeds the signal bandwidth. Three modifications to the basic photodi-
ode amplifier provide filtering to reduce or remove this noise disadvan-
tage.! In each case, noise analysis equations guide the filter component
selection to optimize the circuit’s noise-versus-bandwidth compromise.

The three circuit alternatives reduce the E, . noise component with
differing circuit complexities and signal bandwidth results. The first
simply adds feedback capacitance, reducing the noise gain peak but
also reducing signal bandwidth. The other two alternatives apply
greater circuit complexity to better address the noise bandwidth
issue. They reduce noise bandwidth without greatly affecting the
signal bandwidth. The second filtering alternative adds an op amp
and feedback elements to form a noise-filtering composite amplifier.
This composite alternative removes the input error signals otherwise
introduced by the second op amp of a traditional filter. The third
alternative avoids the added amplifier by exploiting the filtering ef-
fects of a common phase-compensation method. However, this simpli-
fied alternative requires empirical determination of the circuit’s phase
ctompensation.

107
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6.1 Noise Reduction with Feedback
Capacitance &

In the first approach to noise reduction, simply adding feedback capac-
itance to the photodiode amplifier reduces the circuit’s high-frequency
noise gain. This does not actually reduce noise bandwidth, but the
reduced gain peaking decreases the high-frequency effect of the op
amp’s noise voltage. Also, the added C; capacitor appears in parallel
with the stray Cs considered in earlier noise analyses, permitting an
casy adjustment of previous results for this case. However, adding C;
also reduces signal bandwidth. Also, this approach reaches a point of
diminishing returns because continued increase of C; can only reduce
the noise gain to unity.

6.1.1 The noise gain reduction of

Figure 6.1 models this case with the equivalent circuit of a photodi-
ode connected to a current-to-voltage converter. This figure models
the photodiode with a current source i, and a shunt capacitance Cp
included in C;. Capacitance C; also includes the input capacitances
Ciq4 and Cj., of the op amp, making the net capacitance of the input

>"—Oeo
+

r

1+ ReCis

—_— e Ci=Cph+Ciq+C:
1+Rf(CS +Cy)s n i 0 id icm

8noe =
Figure 6.1 Adding feedback capacitance C; increases the ca-
pacitive shunting of Ry to reduce the high-frequency noise
gain presented to amplifier noise voltage e,;.
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circuit C; = Cp + Cjg + Ciem. Op amp noise voltage e,; appears across
C;, producing a noise current that feedback forces through feedback
resistor Ry. The resulting output noise voltage ey, underlies the noise
gain peaking of the common photodiode amplifier. As described in
Chap. 5, rms integration of e, over its noise bandwidth produces the
Ee result of Sec. 5.3.1. For the high-gain case, stray capacitance Cg
automatically bypasses Ry to limit this noise gain peaking at a level
of 1+ C,; /Cs. For greater noise reduction, adding capacitor C; further
restricts this gain peak to a level of 1+ C; /(Cy + Cs).

Figure 6.2 shows the resulting response curves superimposed upon
the original noise analysis plot of Fig. 5.3. Once again, this figure
displays the amplifier’s open-loop gain Aqr., the I-to-V gain, and the
noise gain A, that amplifies the op amp’s input noise voltage. The
bold curves and the primed notations represent the modifications in-
troduced by C;. Adding Cr changes four characteristics of the noise
gain response A,,, converting it to the A, response shown. However,
the general shape of the A, response remaing unchanged, permitting
extrapolation of the Chap. 5 noise results to this case. As desired, Cy
lowers the peak level of the noise gain, removing the shaded area of
the figure from the noise response. In doing so, Cy alters three of the

[A]

I-1o-V GAIN

1+C/Cgfmmmm e m

1+ G /(05 +C)f————— === 3
I f I
S N
/jfzf - ,'c\ log f
fz¢ = 1/[20R¢(C; +Cg +Cy)]

BW = fpr = 1/27R((Cs+Cf)  pw, = fi = 1.(Cg+Cy)/(Ci + C5+Cy)

Figure 6.2 Noise reduction through the ; bypass of Fig. 6.1 removes the shaded
area of noise gain but also reduces signal bandwidth from BW, to BW,'.
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curve’s characteristic frequencies, fpr, fi, and fzr. The first two frequen-
cies define the circuit’s signal and noise bandwidths, originally BW, =
for and BW, = f;. BW, represents the response limit of the circuit’s
transresistance gain, and BW, represents this limit for A,.. Adding Cr
converts these limits to BW," = fof and BW," = f;’, reducing the first
limit and increasing the second as shown. The BW, to BW,’ conversion
reduces signal bandwidth, making the bold I-to-V gain curve roll off
earlier. The BW, to BW.' conversion increases noise bandwidth, but
this actually decreases rather than increases noise. Comparison of the
Ane and A" curves shows that expanding the shaded area removed
from the noise response simply moves BW, to a higher frequency.

The third frequency modified by the gain peak reduction f,y does
reflect a noise increase but one of little consequence. This frequency
marks the beginning of the A,, noise peak, and the addition of Cy
moves this frequency from f;c = 1/22Rp(C; + Cs) to fof = 1/2aRy(C; +
Cs + Cy). The A,,. curve reflects this change through its earlier rise,
and this increases the area under the noise gain curve. However, two
factors limit the effect of this increase. The relative increase generally
remains small and it occurs in the low-frequency portion of the gain
peak. Generally, C; « C; +Cs, making the shift in f;r a minor change.
Further, the noise response increase occurs in a region of reduced sig-
nificance, as displayed by the earlier comparison of Figs. 5.5 and 5.6.
There, conversion from logarithmic to linear frequency scales showed
that lower-frequency regions of the noise response add relatively little
to the net circuit noise. Numerical analysis of the specific design case
reveals the net noise reduction of the G bypass.

6.1.2 Noise analysis for the C; case

One substitution, in multiple places, adapts the noise analysis sum-
mary of Sec. 5.3.1 to this added capacitance case. Because C; connects
in parallel with Cg, simply substituting C; + Cg for Cs includes the
added effect of C; in the earlier analysis results. A modified summary
follows, reflecting this substitution for noise analysis of the Fig. 6.1
circuit. This substitution changes E, ., En,i, and all of the E,,. compo-
nents except Enqe1. Encr and Ey,; change due to their new bandwidth
limit BW," = 1/2r R/ (Cs + Cf). Enge2 through E, .5 change due to
the new region-defining frequencies fi' = 1/27Rp(C; + Cs + Cp). fof =
1/27 Ry (Cs+Cr)and f;” = f(Cs +Cr)/(C; +Cs +Cr). Ences also changes
due to the new peak gain level of 1+C; /(C; +Cg). Otherwise, the noise
analysis results remain the same in spite of the mathematical inte-
gration underlying the previous rms analyses. The integration results
still hold because the addition of C; does not change the characteristic
shapes of the A,,, and I-to-V gain curves in Fig. 6.2. As a result, just
modifying the frequencies that define various integration limits and
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adjusting the expression for the peak gain level adapts the previous
results to the C, case.

Making these changes to the noise analysis summary of Sec. 5.3.1
produces the analysis procedure below for Fig. 6.1. For a specific ap-
plication, step-by-step numerical evaluation of the noise components
below defines the relative significance of each and concludes with a
total rms output noise result.

Ens1 = enie/frIn(fr /f1). where eyi¢ is the ey noise floor level, and
fr is the 1/f noise corner frequency. As explained in Sec. 5.2.3,
setting f; ~ 0.01 Hz avoids a theoretical contradiction and ensures
analytical accuracy.

Epoez = enirv"{ﬂ.r' - fr, where fi;f = 1/22R;(C; + Cs + C}), and C; =
Cp 4Ciq+Cicm. Here and in the E, . analysis, numerical evaluation
can produce the square root of a negative number. Then, substitute
zero for the result as explained in Sec. 5.3.1.

Evoes = (enif/le")\,"’.(fpf'3 _fzf’a)/3r where fpf' = 1/277Rf(CS + Cf)

Epoed =[14+C; /(Cs + Cf)k’nirv"fi' —f's where ;" = f.(Cs + Cr)}/(C, +
Cs + Cf).

Eroes = (enicfc v 1/fi ', where f, is the op amp’s unity-gain crossover
frequency.

/ 2 2 2 2 2
Eroe = v Enorr” + Ercez” + Enoes” + Enoes” + Enaes”, the total rms out-
put noise resulting from the spectral noise voltage e,; of the amplifier
input.

Eqr = /2KTR 7 BW,’, where BW," = 1,27 R;(Cs + Cp).
Enoi = RrJqnBW, Ty

» o 2 2
Eno = V{EnoR + Em:ni2 + Ennc .

The BW,’ modification above reveals the fundamental drawback of
the added bypass of ;. While this capacitance reduces the noise
gain peak, it also shunts the circuit’s signal current, reducing sig-
nal bandwidth. As long as bandwidth requirements permit, this noise
reduction allernative offers the simplest solution in terms of added
circuit elements. However, this solution does not necessarily provide
the greatest reduction in total output noise. Addition of C; reduces
the peak level of A,. but does not effectively restrict noise band-
width. Like A,., the modified A,." response continues until rolled off
by the amplifier's AoL response. Restricting noise bandwidth instead
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provides greater noise reduction through greater circuit complexity as
described below.

6.2 Noise Bandwidth versus
Signal Bandwidth

A more effective noise reduction results from restricting noise band-
width without significantly reducing signal bandwidth. Unlike most
op amp circuit’s, the high-gain photodiode amplifier produces a band-
width distinction for signal and noise. This distinction permits selec-
tive reduction of noise without affecting signal. As shown in Fig. 6.2,
one bandwidth limit, BW,, governs the roll off of the circuit’s trans-
resistance or I-to-V gain. Another limit, BW,, governs the roll of
the noise gain A, that amplifies input noise voltage e,;. Comparison
of the 7-to-V and A, curves reveals a noise gain continuation long
after the signal gain rolls off. There, noise gain A.. continues until
interrupted by the op amp’s Agy, roll off. As a result, the majority of
the op amp’s bandwidth ofiten serves to amplify noise and not the sig-
nal. Then, reducing the op amp’s open-loop bandwidth decreases noise
without affecting signal. Ideally, reducing the amplifier bandwidth to
the same frequency as the signal bandwidth limit optimizes noise per-
formance. Op amps with provision for external phase compensation
aulomatically offer this bandwidth-limiting option. However, the lim-
ited availability of this provision greatly restricts amplifier choices.
The two remaining filtering alternatives below remove this restriction
and produce the ideal, coincident signal and noise bandwidths lim-
its. One uses a filtering composite amplifier, and the other uses a
decoupling phase compensation.

6.3 Noise Reduction with a
Composite Amplifier

The second filtering alternative adds an op amp and feedback elements
to form a noise-filtering composite amplifier. Adding a modified inte-
grator within the feedback loop of the photodiode amplifier permits
the roll off of the higher-frequency open-loop gain that otherwise only
supports noise bandwidth. Design equations guide the design of this
composite amplifier to optimize noise reduction while preserving fre-
quency stability. Once again, extrapolation of earlier noise results
permits simplified noise performance analysis here.

6.3.1 The noise bandwidth reduction of the
composite amplifier

A composite amplifier configuration equalizes the noise and signal
bandwidths by adding a second op amp for noise bandwidth control.
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Shown in Fig. 6.3, this configuration still permits selection of amplifier
A, for low input current and low noise without regard for an exter-
nal phase-compensation provision. Amplifier A; and its local feed-
back substitute for this provision by modifying the composite circuit’s
open-loop response. Adding Az and its local feedback produces higher-
frequency attenuation, removing the gain that otherwise only supports
noise bandwidth. Note that the two op amps in series here requires
return of the Ry feedback to Ay’s noninverting rather than inverting
input. This modified return avoids enclosing the two amplifiers’ phase
inversions in the same feedback loop, retaining negative feedback.
Here, A; varies from an amplifier to an integrator and then to an
attenuator as frequency varies. At low frequencies, C; blocks As’s
local feedback, and this amplifier contributes its full open-loop gain
to the composite feedback. There, the increased gain reduces low-
frequency error. At intermediate frequencies, the integrator feedback
formed by R; and C, reduces the A, gain support in a transition to
the attenuator mode. At high frequencies, C; becomes a short circuit,
relinquishing Az’s gain control to the closed-loop effects of an R,, R;
feedback. There, Acrz =—R2/R), and making Ry < R, produces the

Aq
L + Ry A

Ry  Cs+C ¢, = 1OR
R 2nReC31,

—0 eo

\l
/1

Cs

Ci=Cp+Cig + Ciem

Figure 6.3 Adding 2 modified integrator within the feedback loop of the
photediode amplifier permits roll off of the higher-frequency open.loop
gain that otherwise only supports noise bandwidth,
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desired high-frequency attenuation. The composite amplifier struc-
ture leaves other characteristics of the current-to-voltage converter
virtually unchanged. Adding A, introduces no additional noise or off-
set because the high gain of A, isolates the composite circuit input
from Ay’s input errors.

Figure 6.4 shows the effect of the composite amplifier upon the cir-
cuit’s net open-loop gain and bandwidth. There, the Aoy, curve of
A; follows the normal open-loop response, and the Acp: curve of Ao
follows a modified integrator response. As described previously, Aci
produces an integrator characteristic at intermediate frequencies until
interrupted by a response zero at f;2 = 1/27R2C;. There, the inclu-
sion of Ry in the A3 local feedback converts the AcLe curve to the flat
response of a voltage amplifier. That voltage amplifier produces a
gain magnitude of R,/R), and making R3/R; < 1 places this magni-
tude below the unity-gain or 0-dB axis. With a gain magnitude less
than unity, Acrz produces signal attenuation in the higher-frequency
range of the AcLs response. This attenuation transfers to the circuit’s
composite response due to the series connection of the two amplifiers.

for
Pa < N e
RﬂRl ————————————— - f
1 foe = (R2/Ry Y

fz2 = 1/(27R2C1)

Figure 6.4 The composite amplifier of Fig. 6.3 replaces the Ao re-
sponse of the basic photodiode amplifier with Agyr.. removing high-
frequency open-loop gain.
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Combined, the two amplifiers produce the Ao, = AorrAcL2 response
shown in bold.

The composite’s attenuation drops the Agy,. response below the Agr;
curve of a single amplifier solution, reducing the high-frequency open-
loop gain. This gain reduction equals the R3/R) attenuation factor of
Ac¢ra and produces an equal reduction in high-frequency bandwidth.
This equality results from the single-pole roll offs of Agr. and Aow
following f.,. Single-pole roll offs follow a 1:1 slope, so a given ver-
tical move of the response curve produces an equal horizontal move.
Thus, the Ro/R; drop in gain magnitude produces an equal decrease
in unity-gain crossover frequency, moving the crossover from £, to the
composite fo. = (R2/R1)f1. Together, the gain and bandwidth reduc-
tions move the circuit’s open-loop roll off down in frequency, much as
if the original op amp bandwidth had been reduced. Thus, the compos-
ite amplifier replaces the external phase compensation option of the
single-amplifier solution. In addition, the composite amplifier boosts
low-frequency open-loop gain for increased response accuracy there.

6.3.2 The noise gain reduction of the
composite amplifler

Figure 6.5 demonstrates the composite’s noise reduction by comparing
its response with that of the basic current-to-voltage converter. There,
the bold curves and ¢ subscripts denote the modifications produced by
the composite. This figure combines the composite amplifier response
of Fig. 6.4 with the photodiode amplifier’s basic response curves from
Fig. 5.3. As desired, the reduced gain-bandwidth product of Aoy rolls
off noise gain A,. at a reduced intercept frequency fi.. Note that the
new A, roll off also drives this gain below the unity-gain or 0-dB axis.
This avoids the continued A;. = 1 minimum encountered with the pre-
vious C; alternative. Also, the signal or /-to-V response here retains
its original bandwidth limit at the frequency fir. As long as fic = fpr,
the composite amplifier reduces noise bandwidth without significantly
affecting signal bandwidth.

The composite’s A, modification eliminates the shaded area of noise
gain, which the logarithmic frequency scale visually compresses. Ac-
tually, the resulting noise reduction greatly exceeds the visual percep-
tion because most of the amplifier’s bandwidth lies compressed in this
upper end of the logarithmic response curve. For better appreciation
of the relative noise reduction, comparison of the earlier Figs. 5.5 and
5.6 reveals the dominance of high-frequency effects upon the noise re-
sult. For another comparison, consider moving the roll-off frequency
of the noise gain f; back a decade in frequency to the f;. shown here.
This move typically extends the shaded area of the figure over a minor
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Figure 6.5 The reduced high-frequency gain of Fig. 6.4 removes the shad-
ed area from the A, noise response without altering the J -to-V bandwidth
limit at fpr.

portion of the A response shown. However, this decade move reduces
the output noise produced by A, by about a factor of 3. In many cases,
a reduction of this magnitude eliminates the significance of the am-
plifier noise.

Removing the shaded area under the A,. curve leaves the general
shape of the curve unchanged, and the E, . results of the basic pho-
todiode amplifier still apply. However, two frequency variables ex-
pressed in those results change for this case. In the figure, f.. and
fic define Agr. intercepts that were previously marked by f. and f;
with Agp;. Defining these two new frequencies in terms of the known,
crossover frequency f.; translates the Sec. 5.3.1 noise results to this
composite case. As described with Fig. 6.4, foc = (R2/R1)f:1 due to
the Ry/R; attenuation provided by A; at higher frequencies. This
attenuation factor also relates fi. to f; due to the Fig. 6.5 parallel-
ogram marked by fi. and f; in conjunction with f. and f.;. There,
frequencies f;. and f; mark one side of this parallelogram, opposite the
side marked by f and f;;. The parallelogram makes two sides have
equal length and, accounting for the logarithmic scaling of response
plots, Log(f;) — Log(fic) = Log(fc1) — Log(fe). Then, fi/fic = fc1/fes
and solving for fi. produces fic = (fo/fe1)fi = (R2/R1)f;. Here, f;
represents the intercept frequency of the original Agr; response and
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the circuit’'s 1/8 curve. The typical single-pole Agp; roll off makes
fi = Brfa for fic = (R2/R1)Bufa1. Here, By is the high-frequency value
for the feedback factor g and from before, 8y = Cs /(C; + Cs). Thus,
fic = fee/(1 + C;i /Cs ), defining fi..

6.3.3 Optimizing the composite
noise-versus-bandwidth compromise

The fi. and f.. expressions developed above define the modification
of the A,. response produced by the composite amplifier. Both ex-
pressions define response frequencies in terms of specific circuit ele-
ments and parameters. However, the Ry/R; factor of the two expres-
sions remains arbitrary at this point. In practice, this arbitrary factor
presents an extra degree of design freedom. Optimum selection of the
R>/R, factor produces a compromise between noise and signal band-
widths through placement of the modified intercept frequency fi.. In
Fig. 6.5, decreasing R»/R) moves f;. to the left, expanding the shaded
area removed from the noise response. However, this move also brings
a new signal bandwidth limit into significance. Frequency fi. repre-
sents the crossing of the gain demand curve of 1/8 and the available
gain curve of AgLc. Both fic and fr impose bandwidth limits with the
lower of the two controlling the actual result. In compromise, setting
fie = fxc makes the two limits coincident for the maximum possible
noise reduction without a major reduction of signal bandwidth. For
this compromise, the two coincident poles at fyr reduce the —3-dB sig-
nal bandwidth from f;¢ to 0.64 fir.

The fic = fpr compromise and a phase compensation requirement
define the design equations for the composite amplifier. First, analysis
of the compromise defines the R,/R; attenuation ratio. Then, choosing
a convenient R, value determines the R; value as well. Finally, an
examination of phase compensation requirements defines the design
equation for C,, also a function of the initial R» choice. Equating
fic = fpr defines Ry/R, through prior equations for the two frequencies.
From Chap. 5, fyr = 1/27R;Cs represents the basic feedback pole
produced by stray capacitance bypass of Ry. Frequency fi. represents
the shifted 1/8 intercept of the composite circuit as shown in Fig. 6.5,
From Sec. 6.3.2, fic = fec/(1 + C;/Cs) = Brfe, Where foo = (Ra/R))f 1,
making fic = By (R2/R1)fa. Equating the fic and fic expressions and
solving for the R2/R; attenuation ratio yields

R_2_ — fpl’
Ry Bufa

where fif = 1/2nR;Cs.By = Cs/(Cs + C;), and f.1 is the unity-
gain crossover frequency of A;. Then choosing R, for a convenient
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resistance level defines R, through

ﬂchl
fot

Next, the circuit’s phase compensation requirement defines the C,
value required to stabilize the circuit. The composite amplifier’s in-
herent two-pole Aoy, response corresponds to 180 of feedback phase
shift and potentially produces oscillation. Phase compensation pre-
serves stability by reducing this slope where the AoL. curve intercepts
the circuit’s 1/8 response in Fig. 6.5. Two- to single-pole slope conver-
sion results from the Agy. zero, at f;2. Selection of C, defines this zero
at the break frequency of C, with Ry, producing fiy = 1/27 R2C;. Ini-
tiating this slope conversion well before the 1/8 intercept at f;. avoids
any significant stability degradation. This reduces the Aq;. phase
shift at f;. to that normally encountered with single-amplifier circuits.
In practice, making f.o = fic/10 virtually removes the added phase
shift of the composite amplifier. Combining this frequency relation-
ship with the earlier fi; = for compromise produces f:, = f;r/10, where
f:2 = 172rRoCy and fy = 1/2nRyCs. Finally, combining these last
three relationships and solving for C; yields the design equation

10R;

C, = R, Cs

R =

6.3.4 Noise analysis for the
composite case

The fic = fpr choice for the composite photodiode amplifier reduces four
of the seven noise components of the basic photodiode amplifier. The
components Enget, Engess Enck, and Epg; of the Sec. 5.3.1 summary all
decrease due to modified frequency roll offs for their underlying noise
sources. The composite alternative reduces the roll off frequency for
the Enoes and E o5 components and adds a second pole to the roll offs
of Eor and Ey,;.

Ences and Epqes decrease due to the reduced frequency response of
noise gain A, in Fig. 6.5. This gain amplifies the op amp’s input noise
voltage as analyzed in five frequency regions in Sec. 5.2.3. The compos-
ite moves the A, roll off back in frequency, reducing the previous noise
contributions of reglons 4 and 5 to E, .. For region 4, the premous
analysis defined the noise component Epeeq = (1 4 C; /Cs )enit\/fic — for-
Here, making fic = fur places the starting and ending points of region 4
at the same frequency, eliminating the region, and Epees = 0. This is
the result of making the noise and signal bandwidths coincident. For
region 5, reducing the high-frequency A,. gain moves the reference






