TECHNOLOGY

GAI

PHOTODIODE
AMPLIFIERS

OP AMP SOLUTIONS

JERALD GRAEME

Samsung Exhibit 1021, Page 1 of 139



Photodiode
Amplifiers

Op Amp Solutions

Jerald G. Graeme
Principal Engineer
Gain Technology Corporation

Bt

Boston, Massachusetts  Burr Ridge, lllinois
Dubuque, lowa Madison, Wisconsin  Mew York, New York
San Francisco, California  St. Louis, Missouri

Samsung Exhibit 1021, Page 2 of 139



Library of Congress Cataloging-in-Publication Data

Graeme, Jerald G.
Photodiode amplifiers : op amp solutions / Jerald G. Graeme.
pocm i

Includes bibliographical references and index.

ISBN 0-07-024247-X (he)

1. Operational amplifiers—Design and construction. 2. Diodes,
Semiconductor. 3. Photoelectric cells. L. Title.
TK7871.58.06G733 1995

621.39'6—dc20 95-42800
CIP

McGraw-Hill

A Division of The McGraw-Hill Companies

Copyright @ 1996 by The MeGraw-Hill Companies, Ine. All rights re-
served. Printed in the United States of America. Except as permitted
under the United States Copyright Act of 1976, no part of this publi-
cation may be reproduced or distributed in any form or by any means,
or stored in a data base or retrieval system, without the prior written
permission of the publisher.

34567890 BKMBKM 9098

ISBN 0-07-024247-X

The sponsoring editor for this book was Steve Chapman, the editing
supervisor was Fred Bernardi, and the production supervisor was
Pamela Pelton. IlNlustrated by Lola E. Graeme. It was set in Century
Schoolbook by ETP|Harrison.

MeGraw-Hill books are available at special quantity discounts to use
as premiums and sales promotions, or for use in corporate training
programs. For more information, please write to the Director of Special
Sales, McGraw-Hill, 11 West 19th Street, New York, NY 10011. Or
contact your local bookstore,

Information contained in this work has been obtained by The
MecGraw-Hill Companies, Inc. (“MeGraw-Hill") from sources be-
lieved to be reliable. However, neither McGraw-Hill nor its au-
thors guarantees the accuracy or completeness of any information
published herein and neither McGraw-Hill nor its authors shall
be responsible for any errors, omissions, or damages arising out
of use of this information. This work is published with the un-
derstanding that McGraw-Hill and its authors are supplying in-
formation but are not attempting to render engineering or other
professional services. If such services are required, the assistance
of an appropriate professional should be sought.

Contents

Preface ix

Chapter 1. Photodiodes
1.1 The Photo Effect

1.2  The Photodiode Model :
1.3 Photodiode Variations :
1.3.1  PIN Photodiodes ;
1.3.2 Avalanche Photodiodes :
1.4 Position-Sensing Photodiodes ;
141  The Basic Lateral Photodiode s
1.42  The Lateral Photodiode Model “
1.4.3 The Duc-Lateral Photodiode e
1.4.4  The Tetra-Lateral Photodiode b
References S
19
Chapter 2. The Basic Amplifier 2
1
21 Linearity
22 Offset 4
2.2.1 Reducing Offset with a Com, nsati i =
on
2.2.2 Reducing Offset with a Feedzck Tee it o
2.3  Bandwidth .
References .
30
Chapter 3. Bandwidth and Stability 3
3.1 ';he Inherent Response Limits
1.1 The Response Limit af Parasitic Ca p
imi pacitance
31.2 The Response Limit of Op Amp Bandwidth z
3.2 ;‘hae‘Ph::e Compensation Requirement 36
L e L-C Tank Equivalent and Phase Compensa
tio
3.2.2 Feedback Analysis of the Basic Circuit P i e
3.3 Phase Compensation %
42

Samsung Exhibit 1021, Page 3 of 139



Vi Contents Contents vil

331 The Basic Compensation 42 6.2 MNoise Bandwidth versus Signal Bandwidth 112
3.3.2 Phase Margin Analysis 4 6.3 MNoise Reduction with a Composite Amplifier 112
3.3.3 Phase Margin Analysis of the Typical Case a5 6.3.1 The Noise Bandwidth Reduction of the Composite
3.3.4 Phase Margin Analysis of the Universal Case 47 Amplifier 112
3.4.5 Selecting the Phase Compensation Capacitor 48 6.3.2 The Noise Gain Reduction of the Composite Amplifier 115
3.4 The Bandwidth Advantage of the Current-to-Voltage Converter 50 6.3.3 Optimizing the Compesite Noise-versus-Bandwidth
: ? Compromise 117
5 Phase Compensation Alternatives 53 g : :
a5 g ?‘-‘ehntud.lude Amplifier’s Second-Order Response 53 6.3.4 Noise Analysis i?r the Con‘!pqm!e Case ) 118
3.5:2 Translating the Second-Order Results to the Photodiade 6.3.5 A Comparison with the Active Filter Alternative 120
? Amplifier 56 6.4 Moise Reduction with Decoupling Phase Compensation 121
35.3 Selecting the Phase Compensation for Limited Peaking 57 6.4.1 The Noise Gain Reduction of the Decoupling 122
3,5.4 Realizing the Precise Phase Compensation 58 6.4.2 Optimizing the Decoupling Moise-versus-Bandwidth
=5 61 Compromise 123
References 6.4.3 MNoise Analysis for the Decoupling Case 125
References 128
Chapter 4. Wideband Photodiode Amplifiers 63
41 Biasing the Photodiode g: Chapter 7. High-Gain Photodiode Amplifiers 129
4.1.1 The Bias Effect ;
: i ith the Current-to-Voltage Converter 65 7.1 Using a Feedback Tee Network 130
4.2 ;il‘.z! Phr:::ﬂ:zzfsalas iy &7 7.1.1 The Gain and Noise Produced by a Feedback Tee 130
- as Impl 7.1.2 Optimizing the Tee's Noise Voltage Response 134
: . &7
e sink I:: Ela;;:::zﬁ of the Bias-Induced Errors 69 7.1.3 Optimizing the Tee's Resistance Noise Response 135
4.2.2 {:ommor; t;he ko n 7.1.4  Noise Analysis for the Tee Case 138
4.3 Bootstrapping the Photodioce 7.2 Adding a Voltage Amplifie
i mplifier A 5 i el U e
‘:-g-; E:,:ﬂfha::;r;:sp;i;z?g::;tﬁnppnmplilier 24 7.2.1 gptlmlzm? the Two-Amplifier Bandwidth-versus-Noise
gt i mnlifier 74 OITIDI‘IDI'I'I 58 141
433 l?hasa Compensating the Bﬂﬂts‘fﬂl::‘ “P"a Y & 7.2.2 Designing for the Bandwidth-versus-Noise Optimum 144
4.4 Combining Bootstrapping with the Current-to-Valtag i 7.2.3 Noise Analysis for the Two-Amplifier Case 146
4.4.1 The Basic Combination and Its Requirements 7.3 Adding Voltage Gain 150
4.4.2 A Practical Buifer _Soluﬂan - gg 7 731 Voltage Gain Allernatives 160
4.4.3 Bandwidth Analysis of the Combination i 7.3.2 Optimizing the Single-Amplifier Bandwidth-versus-Nolse
References Compromise 152
7.3.3 Moise Analysis for the Single-Amplifier Case 155
: a7 7.4 Adding Current Gain 157
Chapter 5. Noise 74.1 Current Gain Alternatives 157
51 General Noise Effects B, 7.4.2 Optimizing the Current-Gain Bandwidth-versus-Naise
5.1.1 MNoise Densities and Noise Gains o Compromise 161
512 MNoise Gain Peaking o0 7.4.3 MNoise Analysis for the Current Gain Case 163
51.3 Total rms OQutput Noise e References 164
52 The Effect of Op Amp Input Ncis-tzh:oltagen WRESe i 2
ivation of e ol 2
g;; g:':n';r:;'l:'; x‘w;:‘oﬁna!ﬁﬁ il o5 Chapter 8. Reducing Power-Supply Noise Coupling 165
i P
523 The Eye Components e 8.1 The Power-Supply Bypass Requirement 166
5.3 Combining the Noise Effects i 8.1.1 The Noise-Coupling Mechanism 167
5.3.1 The Noise Analysis Summary iHh 81.2 The Noise-Coupling Frequency Response 168
53.2 Identifying the Predominant Noise Effect 8.1.3 Power-Supply Coupling and Frequency Stability 170
References 108 8.1.4 The Oscillation Condition 172
8.2 Selecting the Primary Bypass Capacitor 173
) / 107 8.2.1 Bypass Resonances 174
Chapter 6. Noise Reduction 8.22 An Intuitive Evaluation of Bypass Resonance 176
6.1 Moise Reduction with Feedback Capacitance Gy 108 823 _The Bypass Selection 177
§.1.1 The Noise Gain Reduction of & 108 8.3 Selecting a Secondary Bypass Capacitor 179
612 MNoise Analysis for the G Case 110 8.3.1 Bypass Capacitor Self-Resonance 179

Samsung Exhibit 1021, Page 4 of 139



wiii

8.4

8.5

Contents

8.3.2 Dual Bypass Capacitors

8.3.3 Dual Bypass Selection

Bypass Alternatives

8.4.1 Detuning the Dual Bypass Resonance
8.4.2 Selecting the Detuning Resistance
Power-Supply Decoupling

8.5.1 Decoupling Alternatives

8.5.2 Selecting the Decoupling Components
References

Chapter 9. Reducing External Noise Effects

a.1

9.2

9.3
9.4

Reducing Electrostatic Coupling

9.1.1 Elecirostatic Shielding

9.1.2 The Differential-lnput Current-to-Voltage Converter
913 Other Noise Effects of the Differential-input Connection
9.1.4 An Alternate Differential-Input Photodiode Amplifier
9.1.5 Other Noise Effects of the Differential-lnput Alternative
Reducing Magnetic and RFI Coupling

5.21 Magnetic Shielding

922 Circuit Reductions of Magnetic Coupling

Reducing Multiple Coupled-Hoise Effects

Minimizing Magnetic Field Generation

References

Chapter 10. Position-Sensing Photodiode Amplifiers

104

10.2

103

Direct-Displacement Monitor Amplifiers 3

10.1.1 Single-Axis Monitoring with a Ditferential-Photodiode
Amplifier | 5

10.1.2 Moise Reduction with the Differential-Photodiode
Amplifier ;

10.1.2 Connecting the Photodiodes Differentially

10.1.4 An Alternate Differential-Photodiode Connection

10.1.5 Two-Axis Monitoring

Mormalized Monitor Amplifiers ) o

10.2.1 Mormalizing the Differential-Photodiode Amplifier

10.2.2 Easing the Normalization . . e

10.2.3 Simplifying the Normalized Differential-Photodiode Amplifier

A Digital Alternative to Normalization

10.3.1 Processing the Array Signals

10.3.2 Defining the Logic Output Levels

References

Glossary 245
Index 249

182
183
185
186
188
191
181
185

196

221
222

222

224
225

23

232

237
239

241

Preface

Photodiodes transform a basie physieal indicator, light, into the elec-
trical form commonly used to monitor physical conditions. There,
semiconductor junctions convert the photon energy of light into an
electrical 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
a very restricted bandwidth. Instead, accepting the diode cutput as a
current and performing a eurrent-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
basic photodiode amplifier. In the chapters that follow, design equa-
tions guide the eircuit’s component selection, and circuit derivatives
optimize the various performance characteristics. In the first circuit
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X Preface

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 preduce 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 .S“d
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 eircuit that appears like a parallel
L-C circuit. This characteristic jeopardizes stability and requires the
phase compensation that introduces the third response limit_. F_eed-
back analysis develops design equations for this compensation mn a
compromise that equates the bandwidth limits imposed by the op amp
and this compensation. :

Reducing the effects of the photodicde capacitance greatly improves
bandwidth. Any signal voltage developed across the diode reacts with
this capacitance, shunting the diode’s output current athhigher fre-
quencies. Three circuit methods greatly ease this restriction thrfmgh
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 ampliﬁ_er. ‘tf‘ﬂr
even greater bandwidth, biasing or bootstrapping the photodiode fur-
ther reduces the capacitance effect. Reverse biasing the diode refiua?es
its capacitance but requires additional circuit complexity to minimize
the accompanying degradation of offset and noise performance. Bont
strap also isolates the photodiode from signal swing, and combining
this with the current-to-voltage converter provides a double degree of
isolation. 02

The photediode amplifier's resistance, capacitance r:omlbm._atmn als:o
degrades noise performance, and for higher-gain applications, Fl]ls
noise often controls the amplifier's overall aceuracy. As a photodiode
amplifier, the current-to-voltage converter typically exhibits a c_nmplex
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 regjm?al
analysis also permits comparison of relative noise effects to identify
circuit changes that optimize performance. Frequently, thils analy_ms
reveals that the unexpected high-frequency gain or noise gain peaking

Preface Xi

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
to 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
bhandwidth 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
puide 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 males 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
equations guide component selection for this bypass function.

Diminishing returns eventually limit the noise reduction achieved
through measures focused upon the photodiode amplifier itself. Ex-
ternal 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 cireuit components. There, differential amplifier strue-
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 hoth 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 cutput. 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 aceurate and attractive
rendering of the illustrations and for the rewarding feeling of mutual
involvement in preparing this book.

Jerald Graeme

Photodiode
Amplifiers
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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 earriers may or may not contribute to current
flow. Carriers released within the depletion region of a semiconductor
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Junction

"

Depletion
Region

:

: 2 i sthin the
Figure 1.1 In & photodiode, holes and electrons released by photons within t
d:gfletiun region s‘;L'&lerate toward the diode r.e-l:mma[s, but those released outside
this region travel by diffusion or simply recombine.

junetion 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 electn_c
field accelerates the carriers toward the diode’s top and bottom termi-
nals, adding conduction energy to the carriers and rec}ucing the proba-
bility of recombination. Applying reverse bias to the junction expfanc_’:s
the depletion region to encompass more of the diode’s mat.enfil within
the accelerating field. However, in the absence of exten:nal bias, a de-
pletion region still develops at any semiconductor junction due to the
junection’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 n:h?.rge balance across the
junction that supports an electric field. Carriers rel?aaed away from
the depletion region diffuse through the material until Fhey reach tha_.t.
region or recombine. Those reaching the region receive the electric
field's acceleration to be swept to the diode terminals as part of tl‘1e
conduction current. Typically, only those carriers generated within
one diffusion length of the depletion region contribute to current ﬂnw.
The construction of the photodiode and the wavelength of the 11_ght
strongly influence the efficiency of the light-w-cu_rrent conversion.
There, semiconductor doping levels and the junction depth become

Photodiodes 3

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 junction 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 = Tpthe

Here, r, is the diode’s flux responsivity and ¢. is the radiant flux
energy 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
desceribed 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 iy, ia-, 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-
ceed slowly. When the latter carriers reach the depletion region, they
too proceed rapidly, but the interim diffusion time produces a slow
component of iy, ig. The combination of the two components produces
a time domain current of i,(f) = eadar(t) + eqilai(t), Where eq, and
wyi represent the fractions of i, supplied by the drift and diffusion
components. This produces a step response

£P lt}l . £p(::c) {1 - a,dl_e—! frae adie—!."l’d.)

where the 3 and 1y time constants characterize the drift and diffusion
responses.
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Figure 1.2 The drift and diffusion components of photo-
diode current exhibit greatly different time constants to
produce a net current displaving a two-time-constant re-
sponse.

Figure 1.2 illustrates these two responses and the compo_site init)
result. There, the shapes of the iz and ig; curves reflect their greatly
different r4 and tg time constants. Adding the two curves prq(i_uces
the i, curve with a characteristic two-time—coqstagt shape. Initially,
i, rises rapidly due to the effect of iy, after which i, assumes the long
settling time produced by igi. This settling time defines the fundamen-
tal ac response limit for the photodiode. However, most phat.od%ode
applications introduce more significant lm:ut._s thru::fug_h 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 cirenits, Figure 1.3 shows
the resulting model with an ideal diode, a curr-?nt source, and accom-
panying parasitic elements. Current source i, represents the pho-
todiode signal, and the diode replicates voltage mn@mons for the
forward-biased state. Resistance Rp representis the dm!:le’s t?.ark re-
sistance, which is the resistance of the zero-hiased diode junction. For
most applications, this high resistance produces littl,a eﬂ"eci_: and can
be ignored. Similarly, resistance Es models the series resistance of
the semiconductor material, and this low resistance can generally be

Photodiodes 5

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 junetion to effectively increase the
space between the capacitor’s plates and reduce Cp. The latter effect
is deseribed by

Cpo

Cﬂ = ——

v1+ Vr/eg
Here, Cpg is the photodiode capacitance at zero bias and ¢g is the
built-in voltage of the diode junction. Applying a reverse bias voltage
Vg reduces Cp from its Cpg value through a comparative relationship
with ¢g. Chapter 4 quantifies the benefit of the reduced capacitance
with practieal circuit applications.

A simplified version of this model helps explain the characteristic
curves measured with a photediode. 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 iy =iy — I,

Rg

Ho
e
=]
-]
h-]

o —_
A ]

Figure 1.3 The circuit model of a photodiode consists of a sig-
nal current, an ideal diode, a junetion capacitance, and parasitic
series and shunt resistances,
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—]

i v i i hotodi-
Figure 1.4 Sweeping the voltage and measuring the current with a phots
qd?a reproduces r.h];1 basic diode curve with offsets produced by the photodiode
current,

and, here, a measurement-generated diode current ig diffgrentiates
the measured iy current from the photo-generated current i,
Depending upon the polarity of the impressed ey, this difﬁ:erenoe may
or may not influence the intuitive evaluation of the resul_tmg ?har:ac-
teristic curves. Figure 1.4 shows these curves for zero 111um1nanpn
flux, ¢ = 0, and for several multiples of a measurement flux density
@em. The result simply replicates the familiar current-volt:age 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 e, passes through zero. For
e, = 0, the diode of the model remains reverse biased, and iz = 0 for
ir = —iy. Then, the measured current dlrectl_y reflects that gener-
ated hy 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 ip linearly and step
the iy = —i, curves vertically downward in the fizure. The vertical

Photodiodes 7

spacing between the curves reflects the photo gain and the photodiode
responsivity ry of the earlier i, = ry¢.. Also in this region, the curves
display slopes reflecting the increased photodiode responsivity as the
e, 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 e, < 0 region represents the photocon-
ductive or current-output region of the photodiode response.

For e, = 0, the diode becomes forward biased and influences the
current measured. Then, iy # 0, and the forward bias increases the
measured i =iy — ;. In this region of the curves, points along their
paths no longer reflect just the photo response. However, the spacings
between the curves still indicate the photo gain beecause 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,
ig = ip in Fig. 1.4, and produces the voltage e, as an output sig-
nal. Then, the flow of i, through the diode produces e, = V;In (i, /Ip),
where V; = KT /g is the thermal voltage of the junction, and Ip is
the dark eurrent or reverse saturation current of the diode. From be-
fore, i, varies linearly with illumination intensity ¢, as expressed by
ip = rede. This makes

ep=V,InL¢"

Ip

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
gpeed 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-
seribed in See. 1.1, photons release carriers in a semiconductor over
a 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

Photodiodes g

the intrinsic region retards recomhination 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

Dapletian
Region

Fig_ur&_l,ﬁ f'walaml'he photodiedes produce eurrent gain through a chain re-
fiction in which carriers released by photons and acceleratad by the depletion
rugion release further carriers through impaet fonization.
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bias accelerates and imparts energy to the freed carriers. In the fig-
ure, the eleetron 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 aceeler-
ating electrie field makes the regenerative nature of the process grad-
ually decay. Through this avalanche multiplication, the photodiode
current becomes i,, = Mi,, where i, is the photodiode current pro-
duced by the same illumination but with zero diode hias. 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 naise eur-
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

Photodiodes 11
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Figure 1.7 The physical locations of individual diodes in
multiple-element photodiodes permit detection of a light beam’s
position on the photodiedes’ surfaces,

individual diodes. In the simplest case, a dual photodiode produces
eingle-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 photodiode

Being a single, continuous element, the lateral photodiode provides
higher resolution by avoiding the inherent quantizing error of multiple-
eclement 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 eollect carriers at any point
along 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 {, into two components
whose magnitudes reflect the pozition 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 heam. 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 dinde’s con-
tacts. This resistance provides the current divider action to produce a
linear position indieation.

To quantify the result, first consider the current divider of the pho-
todiode. There, current i, divides into two components, iy and i,
that travel separate paths to the two top electrodes. Two circuit con-
ditions potentially influence this current division: the resistances of
the two paths, Ry and R;, and the signal voltages at the two out-
put terminals, e,; and e,s. Linear position indication requires that
2,2 = €41, 30 only the resistances determine the result. Usually, the
photodiode amplifiers deseribed later hold hoth e,1 and e,z at 0 V and
satisfy this requirement. Then, for the superimposed circuit model
shown, the e, = e,» condition effectively shorts the output terminals
together, making R, and Rs the classic current divider. This produces

Photodiodes 13

Ipl = {szRp)ip and pa = (leR}:}fp, 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 ecorresponding lengths, Ly, Ls, and Lp. There,
L, and Ly denote the path lengths followed by ipy and iy, and Lp
denotes the interelectrode or positioning distance, Lp =Ly +L;. A
uniform, lateral resistivity o in the P region makes By = plL;, Rs =
ALy, and Rp = pLp. Substituting these expressions in the previous
i»1 and ipp equations directly replaces the resistances with lengths for
ip1 = (Lo/Lp)i, and i,9 = (Ly/Lp Jip. From Fig. 1.8, the desired position
distance is x = Ly — L;, and simultaneous solution with the ipy and ips
equations vields

(ipl S fp'j:] {ipl e :132)
X = - = — “ ¥al
ip (lp1 + ip2)

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 res ponsivity
tolerance as described in Chap. 10. That chapter also presents photo-
diode amplifier circuits that process the iy1 and i9 signals to produce
this quotient.

1.4.2 The lateral photodiode model

For general circuit analysis the lateral photodiode requires a modi-
fied eircuit model. Above, the analysis assumes that the two top ter-
minals of the diode reside at the same voltage, making the Ry and
Ry resistances a simple current divider. Most photodiode amplifier
circuits approximate this equal voltage condition hy holding the twao
terminals near 0 V. This condition reduces the lateral photodiode’s
outputs to currents that directly relate to position. However, the i,;
and iy 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 cireuits 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 B; and R; resistances rather
than the iy, and iys 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
heam on the photodiode. The total resistance of the potentiometer
equals the diode’s positioning resistance Rp, and Bp = Ry + Ra. Fur-
ther dimensional analysis of Fig. 1.8 defines the B; and E; resistances
in terms of Bp and the relative position of the light beam. Again,
assuming a uniform lateral resistivity p in the P material makes
Ry = pLy. B2 = pls, and Rp = pLp. Simultaneous solution of these
three equations produces the intermediate results B; = (L /Lp)HRp
and Rs = (Ly/Lp)Rp. Then, noting that Lp =Ly + Lz and x = Lg - Ly
reduces these equations to

Lp - X
r——, R
Ry TS
Lp +x
= R
Ry=—r, Br

These equations define the current dividing resistances in terms of
photodiode constants Ep and Lp and the light position x. Then, in-
cluding the Fig. 1.9 model in any cireuit model permits an analysis
that defines x in terms of the diode constants and the cireuit 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 Rz, preventing them from reduc-
ing to their ideal zero values as x approaches either Lp or —Lp above.
However, adjusting the model to aceount for this practical limitation

Rp=Ry+Rgp
Lp=-x
Ry = R
1 2 P
Lp+x .
Ra = Rp Figure 19 A potentiometer

2p madels the current-dividing out-
put rezsistances of the lateral pho-
todiode with Ry and Ry segments
determined by the position x and
by diode constants.
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permits more accurate analysis for precision applications. For those
cases
_Lp—x

R = R
1 5Tp p+ Re
Lp +x
Ry = R .
2 2.[-}.1 F+R:_,

where B¢ 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. Duc-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 remave 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 X5 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 ¥, and ¥5 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
electrodes. 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 photadiode
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 ¥ electrodes here receive currents apportioned by
the resistivity of the N region. Then, the X and ¥ current components

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 ¥ position in-
dications,
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define the light beam position through
) (ipr1 — ipx2) I
(ipe1 + ipe2)
_ (1 —tmy2)
(ipy1 + Ipy2)

where Lp, and Lp, represent the interelectrode or positiolning spacings
of the two electrode pairs. Chapter 10 presents photodiode amplifier
cireuits that produce output voltages proportional to the above X and
Y position indications. 3 | 7

For nonideal cases, a simple extension of the previous c1}‘cu1‘1. maodel
represents the duo-lateral photodiode for analysis. Shown n Flg 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. HU\\:EV&I, th_e
orthogonal orientation of the electrode pairs.makes t]:_]e wiper posi-
tions independent. Extending the single-axis &ni?]}?slﬁ 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

Py

Lo =% Lpe +x
s Rages =2 =2 Ry
RI: 2L b RP:'.' 2x 2-!-?..— -
! Lp; +y
Py — Y Py
oy e B A
X2 ¥y * Lex—% o
Roy ? Rix Rh:-—ZLP_-x Px
Lpy+x
= R
Ray TH Px
Cp
ip Rp
Lpy =¥
Riy = %P,-RF?
LE:-!-Y
RE\r Hiy RZ\"z 2Lp RPY
20——W bl !
pr

Figure 1.11 Adding a second potentiometer to the lat-
ergal photodiode model of Fig. 1.9 extends this model to
the duc-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 duc-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 cireuit 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 ¥ 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 madel, 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 iy = iy; + i,s and i, = Iy1 + i,2. Resistances
R: =R.1|R.s and R, = R,,||R,2 control this division and produce the
current components i, = Ry, /(R, +R,) and i, = R.i, /(R, +R,). Next,

Lpy—x
2Lpy

Lpy+x
2lpy

P . ca
2LPY
kBT Y
2Lpy

Figure 113 The single-surface output of the tetra-
iatgral photodiode forms a four-way current divider with
resistances corresponding to X and ¥ coordinates.

Rpy

R'l:h.’I|I
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the i, and i, components divide into their respective i; and iy subeom-
ponents just as deseribed 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:

s (f-.,ux] = EI,r.'r.r‘ﬂ
{i:pxl + EIJ'}‘J'Q) '

AN “:Pyl - i.ﬂy?}
U:py] + Ep,v2}

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 dynamie range
requirement of that processing. Previously, the duo-lateral photo-
diode conducted the full diode current through separate X and ¥
sensing layers. This made the two denominators, iy + iys = i, and
Iy1 + fya = —ip, independent of the beam’s position. However, as de-
seribed above, the four-way current division of the tetra-lateral photo-
diode makes iy + ixs = Ryip (R, +Ry) and iy + iyg = Byin (R, + R,),
where R, = R,1||Res and R, = Ry1|lRy2. 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 §, to that electrode and leaves
only a small current to support the other axis. Then, signal levels
become 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 de 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-
ever, most electronic instrumentation accommodates voltage rather

21
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than eurrent 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 ¢,. Feedback
around the op amp establishes an amplification of ¢, just as if this
voltage was an input offset of the amplifier. Thus, Fig. 2.1 produces
an output voltage of e, = —(1 + Ro/Ryle,.

While appealingly simple, this voltage-mode connection produces a
nonlinear response and a large de 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, = ViIn(rad. /Ip) where ¢, is the flux energy of the incident light.
Thus, linear changes in ¢, produce logarithmie changes in ¢,. In addi-
tion, the flux responsivity, ry 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 rs. In the photovoltaic mode shown, the photodiode’s own
output voltage modulates the junetion voltage to further inerease non-
linearity. The voltage-mode circuit also produces a large de offset due
the flow of the op amp’s input bias current Iy 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 to e,.

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

Figure 2.1 A straightforward
application of a photodiode
places the diode in zeries with
an op amp input to avoid imped-
ance loading but results in a non-
linear response and a large de
offset.

&g = =(1+Rg /Ry )ep
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A (g+)Re >——0eu
_'_/ 'BJ_
I g = ipRy +[(Iau}Rf—(I3+}RC] + I R¢
= Re =Ry >

IL= 'D(" o 5—(‘B+}Rc,".025?)

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.

eliminates e,, and the resulting nonlinearity, but only transfers I_
to 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 Re 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 initial
analysis of the cireuit’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
leakage components, and momentarily ignoring the offset effect of Iy,
makes the output signal e, = i, Ry. As described in Sec. 1.1, i, = ra¢.
and e, = ry¢.Ry displays the desired linear signal response to light
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flux ¢p.. 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
de offset primarily through two error currents. Both the input current
of the amplifier and the leakage current of the photodiode flow through
the Ry feedback resistor, producing de 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.

221 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 funetion.
The I_ input current of the op amp flows through Ry creating an out-
put offset component equal to (fp )Ry, 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 Ig.. To compensate, connecting the equal resistance, Re = Ry

in series with the op amp’s noninverting input produces a counteract-

ing offset effect —(Ip.)Re. Accompanying Re 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 two resistors retain a
reduced output offset error of Voso = (I )Ry — (g )Re. 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 Re, (Ip.)Rc, also drops across the photodiode and pro-
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duces the diode’s leakage current Iy. The classic junction equation
describes this leakage through

'rL- i ID {1 - e"jﬂt jer.'.".li'r.')

where Iy 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
fiy to produce an output offset component equal to [ Ry. Adding this
component to the previous result makes the net output offset voltage
Voso = [(IB i )le E (IB+)R|:'] +ILR{. With perfect, matchin,g of B¢ to Er,
the output offset reduces to Voso = (Ip— —Ipy +I1)Er 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 Rr to compensate for the leakage of a smaller input
FET ean produce a greater diode leakage and increase rather than
decrease the net offset error. This requires evaluation of specific ap-
plication conditions before adding Re.

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 (/5. B¢
compensation voltage impressed upon the photodiode and reduce the
resistance matching error of Be to K. However, the tee network also
imposes a limit to this offset reduction by amplifying the ap 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 Ry replacement with a tee that produces an
equivalent feedback resistance but with much smaller resistance
levels. Considering signal conditions first, the cireunit’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, Rer across
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fp=ip+|L
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Figure 2.3 Replacing the feedback resistor with a tee network
reduces offset effects through resistance-level reductions that
decrease the (I )Re vollage across the photodiode and ease
resistor matching,

Rrr. In the basic current-to-voltage converter, thiz 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 LR
voltage. This increased e, reflects the tee’s equivalent feedback resis-
tance through e, = I, Ry where Ry, = Rer + Ry + RepRy /Rs. In prac-
tice, Ryr remains by far the largest resistance of the tee and Rer > Ry,
making Rpq = (1+R;/Ra)Rer. Thus, the tee effectively multiplies the
resistance of Fyr by the inverse of the R,. R: voltage divider ratio or
1+ R;/Rs. This inverse ratio characterizes the feedhack 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(14+ Ry /Ra)Rrr 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 Byt by the same
1+ R;/Rs factor.

Offset voltage analysis reveals the same resistance reduction for R,
decreasing the compensation voltage developed across the photodiode,
As before, the flow of Iz, in Rp offsets the op amp’s noninverting
input to a voltage of —(Iz )Ry . 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 fz_ input current adds to the diode’s leakage
current. Within the tee, the combined eurrent I; + I5_ flows in Rer,
developing a voltage that adds to the —(Ip, )R offset at the nonin-
verting input. Thus, the net offset voltage at the junction of By and
Ry divider becomes (I + In_)Rep — (Ig)Re. From there, feedback
action amplifies this net offset to produce an output offset voltage of
Voso = (14 Ry /RollIg_)Ryr — (I )Re + IRyl

Examination of this result reveals the two offset reduction benefits
of the tee. As before, making Re = Rer above minimizes the effect of
amplifier input currents to the degree permitted by the matching of Be
to ey and Ip . to I.. With perfect resistor matching, the output offset
reduces to Voso = (g- —Ip +10)(1+ Ry /Ro)Rer = Up- —Ipy 411 Rteq-
For a given transresistance, with Ry, equal to the traditional Ry, 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 Vipgg actually produced. Reduced resis-
tance improves the probability of accurate matching for the Ry = Ryr
condition that initially minimizes Voso. The basie current-to-voltage
converter requires matching R to the typically large Ry resistance.
There, very high Ry resistances make parasitic resistance shunting
significantly degrade the aceuracy of this match-dependent compen-
sation. The more moderate-valued resistars of the tee reduce the sig-
nificance of this shunting in the tee’s By = Rpr resistor match.

The preceding discussion would suggest making the tee network’s
f11/Ry ratio very large to minimize the Vpgg components described
above. However, another offset component and noise complications
impose compromises in the B, /Rs selection. The tee also amplifies the
op amp’s input offset voltage Vs and input noise voltage by the factor
1+ Ry /Rs. For offset considerations, the added Vg effect increases the
net output offset voltage to Vs &= (1 4+ Ry /Ra) (g _)Rer — (Iny ) Re +
Ii.Ber + Vsl Noting that Ryr = Rpey/(1 + B1/R2) and assuming that
Re = Ryp reduces this expression to Vasa = (g — Ig, + I Reg +
i1+ Ry /Ry)Vos. Thus for a given Ry, increasing Ry /Rs, to reduce
e and Ir, simultaneously increases the offset effect of Vgs. Taken to
the extreme, increasing B4 /Ry makes this effect dominant and Vosn =
{1+ Ry /R2)Vos. Then, this new dominant component would actually
increase offset in the tee conversion. An arbitrary but practical design
limit avoids this inerease. Limiting the Vg effect to one-tenth that of
the leakage current effect produces the guideline

& s Ig_ —Ip.+1Ip
Rs — 10Vos
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As described before, I; here also remains a function of R, /Rs, 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 K, producing a signal
voltage, The op-amp voltage follower isolates R;, from any impedance
loading error at the circuit output and ideally delivers e, = —i,Ry.
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

O eg=-ipRL

[+
o
v
Yy
)
=

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 2.5 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 Ry and Cp. Rp represents the high
resistance of a zero-biased junction, and practical levels of load Ry
remain small by comparison. Thus, Rp can generally be ignored.
The follower amplifier shown presents additional shunting through
its input resistance and capacitance, Ry, and Ciyy. There, Riy, 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 Ry, producing a bandwidth
limit.

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

&©_ R
i 14 iy

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 B; 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 photodiede capacitance for
improved bandwidth.

compromise results from impressing the signal voltage across the cir-
cuit capacitances. Increasing Ry, to raise gain also increases the signal
voltage across these capacitances. This increases the portion of the i,
signal eurrent 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 veltage 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 Ry 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 inereases with frequency
and flows into Ry 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 Cutputs to Usable Signals" EDN,
Octaber 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
cirenit’s simplicity, the eurrent-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 eircuit. 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-
stahility compromise. Feedback analysis develops design equations for
the corresponding compensation selection through frequency response
evaluation and phase margin analysis.

n
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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 Ry 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 cirenit 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. 8. Both limitations
result from the feedback pole formed by B and Cp. In addition, the
op amp’s input neise voltage adds to the residual input signal and de-
velops a noise current in Cp. That eurrent increases with frequency
and flows into Ry 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
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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 eircuit. 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 analyzis develops design equations for
the corresponding compensation selection through frequency response
evaluation and phase margin analysis.

an
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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
valtage-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 Br. 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, Cs shunts the i, current away from F; to produce a response rall
off with a pole at 1/22R,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 eircuit’s
phase compensation determine the overall circuit bandwidth.

Bandwidth and Stability a3
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Figure 3.1 In the simplest case, stray capacitance
Cg 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 hypass to retain frequeney stability.
Then, the phase compensation design equations prescribe a capaci-
tance value less than or equal to Cg. There, Cs controls bandwidth,
and the cireuit requires no further phase compensation.

3.1.2 The response limit of op
amp bandwidth

Asg 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 e, /AL 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 forees 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 removes the
previous voltage-mode bandwidth limit by iseolat-
ing the photodiode capacitance from the output swing,
but the residual gain error signal remains to produce a
new limit.

amplifier’s Agy, gain adequately approximates this ideal only at low
frequencies. At higher frequencies, Agp 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 models the circuit of Fig. 3.2 for the corresponding

analysis, To focus on the op amp limit alone, this model excludes the

stray capacitance Cg deseribed earlier. In Fig. 3.3, a current source
and capacitance Cp replace the photodiode, and twa 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-

T — —— Ry
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Figure 3.3 Modeling the Fig. 3.2 photodiode amplifier with an effective
load resistance R} permits easy comparizon of bandwidth limits with the
voltage-mode circuit of See, 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 B; controls the frequency response for the current-to-voltage eon-
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,/AgL. Finite open-loop gain requires
this signal between the amplifier inputs to support the output voltage
¢y, Current ir, produces an output voltage of e, = it Ry, making the
voltage across R} equal to e, /AoL = ip By /Agr. Dividing this voltage
by the current i; defines R} = Ry/Aor. This resistance breaks with
the circuit capacitances at

Ao

2R, C;

fpt'=

where C; — CD + Cid + Cim‘l--

Comparison of the above result with the f, = 1/2xR;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 By = Ry, making fir = AoL/2nR.C: = Agrf;.
Thus, the Fig. 3.2 eircuit increases the pole frequency by a factor
approximately equal to the amplifier open-loop gain Agp. This re-
mains approximate because input capacitance C; differs somewhat
for the two cases. Previously, C; = Cp + Ciyy resulted from the
diode capacitance in parallel with the Ci., presented by a voltage
follower. In this ease, the amplifier adds its differential input capac-
itance Cig to the total, making C; = Cp + Cicn + Cig. Very frequently,
Cp % Cy, and the C; difference between the two circuits becomes
negligible.

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

fu= sl
"y 2R C;
where C; = Cp + Cia + Ciem.

Onee again, for comparison with the previous f;, = 1/2aR.C;, as-
sume equal gains for the two circuits B = R and neglect the C;

difference. Then, fir = /f./27R,C; =~ /fif., and the f; pole location
becomes the geometric mean of the old pole frequency f, and the op

amp crossaver frequency f,.. As long as fi > f. fur = J/fofe > [, 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/fp =~ \fm for typical case 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 deseribed 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 fir above to be a double rather than single
pole, and the resulting response peaking makes the —3-dB bandwidth
somewhat greater than fr. 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 fir based upon a re-
sistive load R; = Ry /Aor. The resulting equation accurately defines
the fir frequency but not the total nature of the associated response.
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The Agy term of Ry = Ry /Agy 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 Aqr, declines, making Z; = Ry fAqy, rise
like an inductive impedance. The phase shift of gain Ay, completes
this inductive character. Intuitive evaluation of the typical op amp
open-loop response and a simple analysis reveal this phase charae-
teristic. From an intuitive perspective, open-loop gain Aoy 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 Aqp. As described before, an op amp’s gsingle-pole roll off
makes the gain magnitude Agr, = f./f. Switching to the s plane rep-
resentation, AoL = w./s represents this dominant single-pole region.
This makes the impedance Z; = Ry /Aor = Rys/2nf.. With an s term
in the numerator, this impedance appears inductive by rising with
frequency and displaying a 90° phase lead.

The equivalent inductance of Z],L; = Hr/2xf,, forms a resonant
L-C tank with C; at the input of Fig. 3.3. Resonance occurs at the fre-
quency fr = 1/2x /L; C; = \/f; /2nR;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
remains ahove unity at the resonant pole frequency fir. Beyond the
unity-gain crossover frequency, the amplifier lacks the gain needed
to sustain oscillation. For most photodiode amplifiers, fir < fi, 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-
eration or phase compensation alternatives for the photodiode am-
plifier. Adding the series resistor K. 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,
adding 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 poszible degeneration methods de-
tune the L-C tank equivalent of the input ¢ircuit, 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; = Ers/2xf.. Adding C; in
parallel with Ry makes the feedback impedance Fy /(1 4+ ErCrs), and
substituting this expression for Ry in the last Z; equation produces
Z{ = Rps2nf.(1 + RyCrs). 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 = Xpi /(Rr + Xei) = 1/(1 + RrC;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 eguation
.
14+ 1/AaLp

This response delivers the ideal output signal, e, = i Ry, a= long as
the loop gain, Ag A, remains much greater than unity. At higher fre-
quencies, the declining § of the photodiode amplifier places increasing
demands upon Agp, to maintain this ideal condition. However, Agy, also
declines with inereasing frequency, and the dual declines accelerate
the roll off of the actual cireuit 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 Aqp, curve repre-
sents the amplifier’s available gain, and the reciproeal of the feedback
factor 1/ 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 [-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 gquantify this, the Fig. 3.5 re-
sult 8 = 1/(1 + RyC;s) yields 1/8 = 1 + R;Ci;s = 1 + 3/2xf; where

8 = Xgi/ (R + Xgi) = 1/(1 + Ry Cis)

Figure 3.5 Simplifying the Fig. 3.3 model illustrates
the Ry, C; voltage divider that controls the circuit's
feedback factor §.
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Figure 3.6 The current-to-voltage converter's Agy, and 1/8 curves intersect at [},
defining the frequency of the circuit's response poles and the J-to-V resonance,

Ci=Cp+Cig*Cicm

for = 1/2nR;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 Agp, curve. In this
region, the vertical distance separating the Agp and 1/8 curves rep-
resents the excess gain available, or the loop gain. As the 1/8 curve
rises the App 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 [ -to-V response rolls off. This crossing, or
intercept, of the Agp, 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 fr = /f./2nR,C1, and
a two-step analysis shows that i = fir. First, the analysis above de-
fined the zero of the 1/ response at fir = 1/2zR,C;. Combining this
fur expression with that of fir produces fir = /firfe. Next, graphi-
cal evaluation of the Fig. 3.6 curves shows that i equals this same
quantity. In the figure, the 1/8 and Agy, 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; oceurs
over the center of the triangle base. Thus, f occurs at the average
of the base endpoints fiy and f.. Given the logarithmie nature of the
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frequency axis, this becomes

Log fir+ Lo
Baglis gff; g

Solving _this expression for f; defines that frequency as the simple
peometric mean of the two endpoint frequencies,

fi = fuafe

where fir = 1/2xR;C;, Ci = (Cp + Ciq + Cie), and [ is the unity-gain
ha;}dwi;:}th of the op amp. The analysis above also defined fyr = \/Fir /s,
H0 fi = fur.

Further evaluation of the Fig. 5.6 response curves reveals the os-
cillation condition that underlies the need for phase compensation.
There, the slopes of the 1/¢ and Ag curves predict frequency sta-
hi‘Iity 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°
of phase shift, making the 40 dB/decade of the criteria correspond to
180°. Then, the op amp’s gain inversion, or negative feedback, adds
another 180° phase shift for a net 360° of feedhack phase shift. At the
fi intercept, a 360" feedback phase shift produces oseillation. There,
the Agr and 1/8 curves occupy the same point, making Agy, = 1/8 for
i loop gain of Agpg = 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
fingle 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
iscussion. The I-to-V response eurve of the figure reflects this reso-
nance with a high, sharp peak at f; where oscillation will likely result.
Following the peak, the I -to-V response rolls off with a —40-dB/decade
#lope due to the double pale at f;. Variances in these conditions may
prevent outright oscillation but still produce poor relative stahility,
ilisplaying excessive overshoot and ringing. Such stability problems
nre familiar to everyone who has used high-feedhack resistances with
op amps. There, the amplifier input capacitance alone disturbs circuit
response due to the same phenomena described here for the current-
lo-voltage converter. With photodiode amplifiers, the need for phase
tompensation should always be evaluated through the C design equa-
lions 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 puides the selection of this capacitor through design equations.
From a feedback perspective, Cr provides phase compensation as illus-
trated by both cireuit and graphical analyses of amplifier and feedback
responses. These analyses again show that Cr removes the resonance,
and they quantify the value of Cr that provides optimum compensa-
tion.

3.31 The basic compensation
To restore frequency stability, phase compensation capacitor Cy by-

passes feedback resistor Ry as shown in Fig. 3.7. This circut 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 Cr also adds phase lead to reduce the net feedhack phase shift,
Voltage divider analysis of the Fig. 3.7 feedback network defines the

i
Ry

-1

—

= Ci=Cp*Cig+Ciem
1+RyCys I: :|
gt R Ce= 21+ /1 +4C; /C
THR{(C; + Cr)s t=(Ce/2) 1/Ce
Ce=1/2nR¢f,

Figure 3.7 Phase compensation capacitor {y adds a zero to the
cireuit's feedback factor to counteract the pole produced by C;,
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Figure 3.8 The Cr compensation of Fig. 3.7 rolls off the 1/8 curve, reducing
ite rate of closure with Agy, and restoring stability.

compensated feedback factor as
1+ R Crs
1+ Re(Ci +Cr)s

where C; = (Cp + Cig + Ciem). Here, Cr produces a zero at for =
1/2mdt; Cy that counteracts the pole produced by C; at fir = 1/27R (C; +
Cr). Note that Cr also contributes to the fir pole, but for most photodi-
ode amplifiers, practical conditions minimize this effect with Cr < C;.
Later, a refinement to the Cy design equation accommodates the other
cases,

The response zero added to § above produces a pole for the inverse
function, leveling off the 1/8 curve as shown in Fig. 3.8. There, the
reduced 1/f slope deereases the rate of closure for improved stahility,
but a compromise limits the degree of improvement attainahle. Choice
of a large C; 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
unnecessarily limit the circuit bandwidth. While the bypass action of
(r counteracts a feedback pole, this bypass also produces a pole for the
intended circuit funetion. 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.

ﬂ=

3.3.2 Phase margin analysis

To optimize the —3-dB bandwidth, a compromise provides 45° of phase
margin through a simple guideline that applies to all practieal 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 Agp, 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° + ¢y, 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° + ¢p. 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 Aqp, to the output, completing the loop. In this path,
the feedback network first introduces a phase shift of ¢z, which rep-

resents the phase shift of the feedback factor 4. The voltage divider

action that defines f§ 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 ¢p = —180° + ¢y + .

=

Ry
=1 o
pL=-180"+@gp+ g
¢ B = 180"+ 85 - 015
i
I p —0 &g

Figure 3.8 The feedback loop of a photodiode amplifier
introduces phase shifta through the op amp’s negative
feedback, the Agp response, and the feedback network.
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Substituting this expression in the previous ¢, result produces the
phase margin result ¢, = 1807 + ¢4 + ¢ for £ = .

For phase margin evaluation, the response curves used in feedback
analysis provide intuitive phase information directly for ¢4 above and
indirectly for ¢5. In Fig. 3.8, the slope of the Ag, response curve
corresponds to ¢4 phase shift values. No equivalent curve appears
for ¢, but the 1/8 curve contains the information needed. Taking
the reciprocal of A to express 1/§ simply reverses the numerator and
denominator of the f response expression. This reversal converts poles
to zeroes and vice versa. Similarly, this converts phase leads to lags
and vice versa. Thus, ¢y = —¢s, and the phase margin equation
becomes ¢y = 180° 4+ ¢y — ¢y for f = fi. 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

Far the current-to-voltage converter, two phase margin analyses yield
one Cy design equation that holds for the two circuit cases commonly
found. The two differ in the proximity of intercept f; relative to the
other eircuit 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 zerces 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 Agy, response occurs well below f; and develops a
full 90° of phase lag at ;. In contrast, the second Agp pole around f;
occurs well above f; and develops virtually no phase shift at f;. Thus,
the Agr, contribution to phase margin is ¢4 = —90°, and the preceding
i expression reduces to ¢, = 90° — ¢y for f = f;. In the typical
case, the fi zero of the 1/8 response occurs well below f; and, when
uncompensated, fir develops its full 907 of phase lead at the intercept.
Thus, for the uncompensated ease, ¢13 = 90° at f; and ¢, = 0°,
predicting oscillation.

To restore phase margin, phase compensation reduces the ¢, 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

Samsung Exhibit 1021, Page 31 of 139



46 Chapter Three

4]

Aol

UNCOMPENSATED fi= o/ fagfe

fof = 1/2TR$G

C'I =CQ+Cid+C;cm

\

COMPENSATED

fzy fi fc\ f

Figure 3.10 For the typical photodiode amplifier, the f; intercept occurs at a
frequency well removed from the two poles of Agy, and from the [ zero of 1/8.

phase reduction. Phase compensation capacitor C; produces this re-
duced slope through a 1/8 response pole at fior = 1/22RCr. As dis-
cussed before, a stability-versus-bandwidth compromise guides the
frequency placement of this pole. Selecting for to produce a 45° phase
margin provides good stability and optimizes the 3-dB bandwidth. For
this condition, ¢, = 90" — ¢,z = 45°, producing the phase compen-
sation requirement ¢,z = 45° at ;. For this compensated case, two
response singularities contribute to ¢4, the zero at fy and the pole
at for, making the compensation requirement ¢y, = ¢ + ¢or = 45°
at fi. From before, fir occurs well before the f; intercept and devel-
ops its full 90° phase lead at f; for ¢y = 90° + ¢or = 45° which
reduces the compensation requirement to ¢y = —45°. The expres-
sion ¢y, = —arctan(f /) describes the frequency dependence of the
phase produced by a pole, and applying this to ¢cr at f = fi produces
dor = — arctan(f; ffor) = —45°. Then, solving for f&r simply produces
for = fi. Thus, choosing Cr to break with Ry right at f; produces the
desired 45° phase margin. This for = f; result defines the required con-
dition but dees not immediately yield a Cr design equation. Adding
Cr changes f; slightly, moving the target. Later analysis remaoves this
interactive effect.

Note that the for = /i condition also makes the circuit’s two band-
width limits coincident. As described hefore, intercept frequency f;
marks the inevitable response roll off produced where feedback de-
mand for gain, 1/8, exceeds the available Agr. Adding compensation
capacitor Cy introduces an additional roll off at fir through the Cp by-
pass of Br. Making for = fi 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 fir and f.. This approximation fails with smaller
photodiode capacitances, requiring a more exact analysis. This anal-
vsis begins with the assumption that foy = f and shows that this
condition always produces ¢, = 45°. In Fig. 3.11, smaller photo-
diode capacitances move the fi; zero of 1/8 to f),. A dashed curve
portrays the resulting 1/8 response, and as seen, the fir 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° deseribed
for the first analysis case. Thus, the increased influence of the f;
poles and the reduced influence of the f,r zero produce counteracting
effects.

For first-order analyses, these two phase changes cancel, leaving
the optimum choice of €y 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 oceurring at the unity-
gain crossover f;.. This approximation produces a phase shift of 135°

4]

Figure 3.11 Smaller phatodiode
capacitances move the 1/8 curve
to the right, producing an f; that

f25 / \ f.x £ resides close to f and .

for=fi=fpr  fof
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at f. and conservatively models typical performance. Beyond f., 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° + ¢ — ¢ 5, for f = f;, expresses the phase margin
of an op amp circuit. Here, ¢ results from the amplifier's Agp re-
sponse, and ¢y;s results from the 1/3 response. Previously, a single-
pole Agr, roll off made ¢4 = —90°, but here the added influence of f;
inereases the amplifier phase shift. Then, ¢4 = —90°+¢. where ¢, rep-
resents the phase effect of the second pole modeled at f.. This change
makes the phase margin equation ¢, = 90° +¢. — gy, for £ =f;. Also
previously, a single-zero 1/8 rise followed by a pole at f; produced
g = 90° = 457, There, the fir zero produced the 90° and the fiy pole
produced the —45°. Here, the zero fails to produce its full 90° phase
shift, and ¢y becomes ¢y = ¢ — 457, where ¢, is the phase lead
produced by the zero at f;. Previously, the —45° contribution of for
resulted from placing this pole at the f; intercept. Retaining this —45°
value continues the for = fi condition. Substituting ¢4 = ¢y — 45° in
the last ¢, equation yields ¢, = 185° + ¢, — iy for f = ;.

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

—_—

ffe
iy = 135% — arcf.a.n\/ =

fe

— —arctan | —

far fa

The frequency variables of the above equation reside in the form
arctan(a /b) 4-arctan(h ja ), and trigonometric analysis shows this com-
bination to always equal 90°. Then, ¢, = 135° — 90° = 45°. Thus,
independent of the location of fir and f; the phase margin remains

¢m =45 forfor=Ff;

where f; = /forfe. for = 1/27Rp(C; + C), and C; = Cp + Ciq + Ciem.
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3.3.5 Selecting the phase
compensation capacitor

Analysis of the for = i condition yields two design equations through
approximate and exact solutions. The approximate solution serves
most cases and yields an easily remembered design eguation. With
for = fi and for = 1/27R;Cr, Cr = 1/2aRf;. Then, the previous f; =
VFufe produces Cr = 1/2nRy \/furf., where for = 1/27R(C; + Cr). How-
ever, an equation interaction prevents direct use of this result. Ca-
pacitance Cy depends on f;r, which in turn depends on Cy. This occurs
hecause the addition of the C; phase compensation moves the f; zero
of the 1/8 rise in Fig. 3.11. Then, f; = \/fxf. follows, maving 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 Cy for C; » C; and
far = 1/27 R C;. Substituting this approximate for in Cr = 1/2nR;\/fur £
yields the approximate design equation
P fuSh 4 ° when C
;_vlm or ¢m = 45" when C; » Cr.

From before, C; = Cp 4 Cig+Cicn. Note that, at the beginning of the C;
design process, C; is known but C; is not, and the C; > Cy test cannot
be performed. However, simply calculating Cr by the above equation
and then performing the test determines the equation’s validity for
a given case. [T this test fails, simply use the more exact equation
derived later.

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

Cr=C;C.  for g = 45° when C; > Cr

where C; = Cp + Cig + Ciem. C. = 1/27R;f., and f; is the unity-gain
crossover frequency of the op amp. Thus, the phase compensation
capacitor Cy equals the geometric mean of the capacitance of the input
circuit and the capacitance representing f.. This result parallels the
fi = /Il 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 Cr. Solving the
equations Gy = 1/2xR,./fif. and for = 1/27R-(C; + C) for Cy yields

i
er = (CU'IQ:‘ (]- + J 1+ 4&?‘) for l?!‘m = 45°

where C,. = 1/2allyf. and C; = Cp + Cig + Cicn. Applications requiring
this more exact Cy 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 Cr in either direction depending on the parasitic conditions
of a given application. Some hoard parasitics add to the C; term but
others supplement C;. 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 exception to
this rule for higher-gain amplifiers. For the general case, the current-
to-voltage converter first extends bandwidth through the signal iso-
lation deseribed before. Then, two other factors improve bandwidth
further through the cirenit’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 preseribed 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 Cr set to break with Ry at f;

BW = 1.4f; = 1.4yfxf:
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Figure 3.12 The two-pole response of the f-to-V gain produces peaking
that extends bandwidth beyond f;, and selecting phase compensation for
i = 45° makes BW = 1.4},

where fir = 1/27R:(C; 4+ C;), C; = Cp + Cig + Cie, 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 cireuit de-
seribed in See. 2.3. There, a single pole produces an overdamped re-
sponse, fixing the —3-dB bandwidth at the pole frequency. Further,
this pele frequency is much reduced from that produced by the eurrent-
to-valtage converter. There, input circuit capacitances break directly
with the eircuit load resistance, producing a handwidth approximately
equal to the fir frequency of the above equation. The current-to-voltage
converter largely isolates the load resistor from those capacitances, ex-
tending bandwidth to 1.4,/f,rf.. Comparing the two handwidth limits
shows a factor of 1.4,/f/f;r improvement for the current-to-voltage
converter. Thus, choosing an op amp with f. 3 fir 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 cireuit 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 cireuit still increases the
circuit’s gain, e,/f, = Ky, in direct proportion. The corresponding
bandwidth decreases as reflected through BW = 1.4,/;f where
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fur = 1/27R; (C; + Cr). Here, fyr decreases in a direct proportion to the
increased R;. However, the bandwidth only decreases in proportion
to /fur or \/Rr. For the current-to-voltage converter, gain-bandwidth
product is simply GBW = Rr(BW), and substituting BW from its equa-
tion above shows this product to be GBW = 1.4,/R/f. /2x C: +Co).
Thus, the maximum gain-bandwidth product results from the maxi-
mum practical value of Er. 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 Agy responses defines f;, the pole frequency fundamental to the
BW = 1.4f; response limit. As previously discussed, two curves repre-
sent the 1/p 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 3 back in frequency with direct
proportionality. This also shifts the 1/ curve and its f; intercept fre-
quency hackward but not in direct proportion. The intercept recedes
more gradually because the Apy, 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 direet proportion to the
diode area Ap. Increasing Ap 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 Ap. 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

By to utilize the full amplifier bandwidth. Making Ry smaller moves
furand f; to the right in Fig. 3.11 up to the limit imposed by f.. Beyond
£., the amplifier lacks the handwidth 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 maves 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 for = f; = f.. Given this condition, the
expression for fir sets the circuit’s feedback resistor to

Ry = 12xf.C; for maximum bandwidth
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where C; = Cp +Cig + Ciem- Note that this expression does not contain
Cr 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 inerease 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 Cy selection. This section de-
velops a Cr 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; eapacitance 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 eapacitance 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 C; 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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20

relationship yields the value of phase compensation ecapacitor Cr re-
guired 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 4 Cig + Ciyy represents the comhined 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
inZr, where Z; equals the impedance combination of By and Gy, Ampli-
fier gain error subtracts from this ideal output through the amplified
effect of error signal e, /Agr. The finite open-loop gain Agy of the op
amp requires this error signal between the op amp inputs to support
the output signal e,. The circuit amplifies e, /g, by the gain set by
the impedances of the feedback and input eircuits, 1+ Z¢/Z;, where Z;
equals the impedance of C;. Writing a loop equation for output signal

2, produces
_ e
e =ipZr — (1+ g) (A;L)

where Zr = Re /(1 + ReCrs), Z; = 1/Cys, and C; = Cp + Cig + Ciame

/
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Figure 3.13 Damping factor ¢ serves as a figure of merit reflecting respanse 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 ¢ inereases 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 cireuit components. Then,
further analysis defines the relationship between the damping ratia
and the magnitude of signal gain peaking. Finally, a user-zpecified
gain-peaking limit defines a damping ratio that in turn defines a
relationship between the converter's circuit components. This latter

Cr
Ry
Yy
Yy

j>__c, “

C'|=CD + Cl'd + .

°“\|

|

\l
]
I=

-I-/fu'

mem —
Ci = (2(2— P R ST )Ec
Ce Figure 3.14 For the current-
to-voltage converter, a specified
gain peaking ratio Ap, defines
where [ = (J1+1,“Apn = J1-1/8p, );2, the corresponding damping ratio
¢ and the required phase com-
pensation Cy.

Apn = |AcL|p/AcLi and Co =1/2rRi1,
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Over most of its wseful frequency range, the open-loop gain Agg
above follows a single-pole response approximated by Agr = @ /5,
where w, 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 1/4 intercept virtually always
oceurs in this single-pole region. Substituting the above expressions
for Z;, Z;, and Agy, in the previous e, equation and solving for e, pro-
duces the final s plane response:

i ipRIr
* T 82 fagge, + 8 (Lfewps + L) +1

where w,;; = l,ﬁ'Rf{C: + Clr) and it = I,FR;C}.

Examination of the above equations reveals several anticipatable
characteristies. First, wy and wyr represent the feedback zero and
pole that previously shaped the circuit’s 1/8 response. As described
before, the circuit amplifies the e,/Ap 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 52 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.

3.5.2 Translating the second-order results
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
¢, equation, and solving for Acr, = e, /i, reduces the photodiode ampli-
fier's response to the standard form of the two-pole system

AgLi

A .
O T = 2 e+ (1wt + L)

where Apy; = Fy is the ideal closed-loop gain.
For the generalized two-pole system, standardized results define
closed-loop gain as®
Apvi
1—e?jw? + 20w jw,

AcL =

where w, ig the natural resonant frequency, and ¢ is the damping ra-
tio of the Agy, response. Comparison of the two Agy, responses above
then defines w. and ¢ for the photodiode amplifier. First, o, = /oo,
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or fr = \/faufe vepeats 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; = /fi¢f.. 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; = f. unless phase com-
pensation degenerates the natural resonance of the two-pole system.

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

_ Yo L+f i

RN W oy

where fir = 1/2xRe Cr, for = 1/2xRr(C; + Cr), and C; = Cp + Cig + Ciem
from before. From these equations, note that increasing phase com-
pensation capacitance Cy reduces fir to increase the damping ratio.
Alsa, inereasing the photodiode capacitance Cp increases C;, reducing
for and decreasing the damping. Thus, signal gain peaking decreases
with an inereased Cy 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 Agp. gain produces

|A(}L| e Acpi
VI-aat + Rkl

Differentiating this expression with respect to @ and equating the
result to zero defines the frequency of the |Ac| peak magnitude as
wp = wpy/1— 202, Then, substituting this wp expression for w in the
above |Agp,| expression defines the peak gain magnitude as

|Ac =——Am'i
Prar /122

This result expresses the peak gain magnitude solely as a funetion of
the ideal gain Ay 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 |Acr|, expression for ¢ defines the damping ratio as a function of
a specific |Acy|,. Then, dividing |AcL|, by AcLi normalizes the result
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to a relative level, removing the Apy; variable, and Ap, = |AcLlr /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

t= '\f’l + 1/Apy — '\.-"'r]- B, IJIAPn
2

where Ap, = |Acy| p fAcy; is the normalized gain peak. Note that for
purposes of Ap, here, |Ac|, and Acy; 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 Cy for the reduced-peaking
current-to-voltage converter. Further analysis defines the C; design
equation beginning with the previous result

_ V4feifu

- 2 f i

where fir = 1/2xK:Cr and fir = 1/2aR;(C; + Cr). Substituting the
expressions for fir and fr and solving for Gy 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. = 1/2nE,f; indicates
that value of capacitance that would result from a break frequency
with Fy at the amplifier’s unity crossover frequency fi.. This break
parallels those produced by other circuit capacitances with Ry. Then,
salving for C; yields

G = (22 -1+ 22 -1+ CC ) Co

where ¢ = [v‘l + 1/Ap, —/1— 1:’A1=n] /2. Apn = |AcL|p fAcL.Ci = Cp+
Cia +Cicm, and C, = 1/2xR¢f.. To apply this phase compensation equa-
tion, the desired value of normalized gain peaking first defines App.
Then, Ap, defines ¢ for substitution in the above Cr 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/ intercept at f; and the pole produced by C; at

&

for. Increasing Cy to increase damping moves the for pole to a lower
frequency, making fir the dominant bandwidth limit. Typically, the

fi 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 = fior = 1/2rRC;
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
aver small values of Cr. There, large values of feedback resistance
Iy reduce the optimum value of C; 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 Cy tuning desirable for precise peaking control. However, the
tuning process introduces parasitic mutual eapacitances that further
complicate the low-level Gy 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 deseribes 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 Cr as illustrated
by Fig. 3.15. There, the R;/R: voltage divider attenuates the

Cf

—

gg = ipreq

R = (1+R R
Re=Rir S ' feg = (1+R1/Ra )RT
< | forRfT >>Ry

Figure 3.15 Replacing the feedback resistor with a tee
reduces resistance levels, permitting phase eompensation
with a larger capacitor having less sensitivity to parasitic
capacitances,
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feedback signal to effectively multiply the basic R feedback resis-

tance. For Ry 3 R;, this produces an equivalent feedback resistance
of Rpq 7 (1 4+ Ry /Ra)Ryr. Then, e, = iyRpq and the smaller Ryr 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 Cr for
the same compensation result. As seen from Rgq = (1 + Hi/Ra)Bpr,
the tee multiplies the effective value of Ryr by a factor of 1 + R, /Ra.
For equivalent phase compensation results Cy increases by this same
factor. Thus, all previous phase compensation results transfer to this
tee case with the optimum value of Cr simply increased by the factor
1+ R, /R,

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, Cr only by-
passes Fyr here, leaving the parallel combination of B and R» to react
with the circuit’s input capacitance at higher frequencies. However,
making R; and Rs 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 Ky 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 Ry with capacitor values
much greater than that of a single capacitor bypass. To do so, the
tee uses a capacitive divider, formed with C; and C3, 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 )

- CiCs

- C14Ca+Cq

This equivalent capacitance shunts Ry with a response pole at foy =
The capacitor tee also reduces tuning sensitivity to stray capacitance

in two ways. First, the tunable capacitor shown, Cj, can now be a
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[ c;
5
— W Y
. e
|=,l Rt
Figure 3.16 Replacing the feed-
/l/( 4 back capacitor with a tee also re-
duces sensitivity to parasitic ca-
Qe
. 8 pacitances through the increased
— capacitance values permitted by
(1) the tee connection.

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.!? 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, hiasing or hootstrapping 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 cireuit output. Simple R-C fil-
tering of the bias voltage removes much of the added noise. However,
hoth the resistance and the capacitance of this filter must be selected

with eare to make this filtering effective. Alternately, converting toa

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 hias 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 deseribed 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 junection 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 = oo
V1+Vr/ee

Here, Cpyg is the photodiode capacitance at zero bias, and gy is the
built-in voltage of the diode junction. Applying a reverse bias Vi re-
duces Cp from its Cpy maximum through a comparative relationship

with ¢g. For silicon photodiodes, ¢ = 0.6 V and making Vi > ¢5

produces the desired capacitance reduction. For example, making
Ve = 10 V reduces the capacitance by a factor of 4.2 from its Cpy
value.
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From Bec. 3.4, the basic photodiode amplifier's bandwidth responds
to this capacitance reduetion as expressed through

BW=14F = 14,/Ff

where for = 1/2a28:(C; + Cr), C; = Cp + Cig + Ciem, and £ is the unity-
gain erossover frequency of the op amp. For large photodiode capae-
itances, C; = Cp and fir = 1/27R:Cp. Then, BW o 1/4/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 I at zero
voltage, and dc voltage source Vg sets the reverse bias at Vy = Vp.
This reduces the diode capacitance, as described above but inereases
de offset and noise errors. Voltage source Vp 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,p. Flow of these error currents in feedback
resistor iy produces output errors that often dominate offset and noise
performance.

For the biased photodiode case, the I, leakage current typically over-
whelms de 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 Vi = 0, the photodiode resides

Figure 4.1  The current-to-volt-
/ age converter's virtual-ground
i} 0 &  input permitz simple eontrol of
\ photodinde bias for diode capac-

itanee reduction.

Samsung Exhibit 1021, Page 41 of 139



66 Chapter Four

ig *1

prt R¢
Vg + eng O r\‘ } i
]

s D

ot e OO (1

ing=2,g5ps

ge= —(ip* IL= I3+ €qnCps)Ri + Vos

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 egg.

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 Vgg
produces a similar output offset.

However, with a typical biased photodiode and a FET-input op amp,
Iy » In. 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 woltages 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 eurrent ,/2glp
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 Vg bias source impresses its noise voltage component
eyn across the diode capacitance. In Fig. 4.2, e p produces a noise
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current e,gCps in capacitance Cp. This current flows through Ry, ere-
ating an output component of noise e,pRrCps. Thus, e;p experiences
a noise gain of 4,3 = AyCps with a response zero at 1/2x RyCp. This
zero produces a high level of higher-frequency gain to greatly amplify
the eyp 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,p 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.

4.2.1 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 Vg and the photodiode. While
simple in structure, this filter produces subtle effects that direct its
design through the two guidelines Bp « Ry and Cp 3 Cp. Then,
the filter supplies a de bias voltage Vg' &~ Vg with little voltage loss

RE«Rf Cp=Cp

Ve~Va epge Eng

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 ez’ < exn. The
selection of Rp assures the hias transfer, and the selection of Cp as-
sures the noise reduction.

Making Ry < Ry ensures that Vg’ = Vj 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 Vg'. The leakage component of
the diode current produces a de voltage drop on Rp but typically re-
duces the transferred bias voltage by only a small amount. However,
the signal eomponent of the diode current produces an ac modulation
of V', 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, = Rg,
and produces its greatest modulation of V', Filter resistor Ry con-
ducts the same signal current as B 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 Ry,

Similarly, making Cg 3 Cp avoids the otherwise overriding noise
effeet of the bias source. 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,g’, drives the two capacitances equally.
Resulting capacitive currents produce the voltage drop on Rp that re-
duces the original e.p to the attenuated e,p’. Increasing the value of
Cg 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
Ry to attenuate eqp’. Capacitance Cg diverts its current to ground,
removing the associated noise effect. Capacitance Cp, however, de-
livers its current to By, producing an output noise voltage. Making
Cy 3 Cp diverts the majority of the noise current to ground, mini-
mizing the noise effect of the original e, noise source.

Noise gain analysis reinforces this conclusion and combines it w1th.
the earlier condition of Ry < Rr. From the Fig. 4.2 discussion, the un-
filtered case presented a noise gain of Ayp = RyCps to eqp. Analyzing.;
Fig. 4.3's transfer response to noise signal e,g produces the modified
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noise gain

EpnB -R{CJS

Aun = exn 1+Rp(Cy+Cp)s

where e,.p i8 the output noise resulting from the noise of the bias
source epp. As desired, the presence of the Rg and Cp filter intro-
duces a response pole to this gain, counteracting the inherent zero
produced by By 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

RrC'D
RpCh

The division ratio of this expression shows that the previous require-
ment of Bz < Fy tends to make this noise gain large. However, the
circuit requires this resistance condition to aveid signal modulation
of the diode voltage. Counteracting this large gain tendency, making
Cgp 3 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.

Appy’ =

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 Ds 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 de 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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Figure 4.4 Adding a dummy

diode and a second Ry resistor
produces a  differential-input
connection for CMR of the bians-
induced errors,
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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 de 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 I includes the signal
component i, to produce an uncanceled output signal —i, Rr. The other
current components produce canceling output effects through equal
current effects. The dc component of the bias voltage Vi produces
matehing leakage currents [ in the two diodes. Similarly, the noise

Jp +1L Ry
O——w—
)

.

o M
inB=engCps

Vg +eng O— S A
ing=e~gCps 1 eg =~IpR¢
nB = EnB~D

e—-

—I—

Cp

F i

Figure 4.5 The differential-input connection of Fig. 4.4 results in
matching I and iyg error currents that produce canceling effects,
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component of Vg, e,r, produces matching noise currents of e,nCpe 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 cireuit’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 basie 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 eurrent-
to-voltage mode of photodiode amplifiers. Then, the bootstrap circuit
either replaces or works with the basic current-to-voltage converter. In
hoth cases, bandwidth improves without the need for photodiode bias.
Replacing the current-to-voltage converter with a hootstrap 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 eircuit 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 hootstrap 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 Ioad to produce the
circuit’s output signal voltage e,. 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 = 1/2aR,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 eireuit of Fig. 4.7. Funda-
mentally, only one difference separates this cireuit 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

/4
+ >

—-— — =

Cy = {':r:!"z}l,” + 40 /Co = Ciem

| >
Cy Ri \i Ce = 1/2nR¢f,
Ci=Cp + Cig + Cicm

Figure 4.7 Bootstrap drive of a photodiode removes signal veltage from
the diode capacitance much like the current-to-voltage converter,
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znltage swing from the diode much as the current-to-voltage converter
28,

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 cireuit. To guantify this bandwidth, Fig. 4.8 mad-
els the basic bootstrap cireuit in the manner used previously. In the
figure, the amplifier’s gain error signal e,/Aq; 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 Cjy and Cian remained across the photodiode, adding to
its capacitive diversion of signal current. Here, (., lies across Ry
instead, and this difference improves bandwidth, as deseribed below.
In return for this improvement, this bootstrap circuit imposes an ad-
ditional amplifier error source. Here, the hootstrap 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

>t

;,/,‘5|°°\\\|

BW=1.4f; = 1.4, /154 fe

f21=1/2R(Cy + Cig + Cjem + C4)

Figure 4.8 Unlike the current-to-voltage converter, the basic bootstrap con-
nection makes the amplifier's Cion input eapacitance 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, /Agy, that falls across circuit capacitances. Resulting

capacitive currents shunt a portion of i, away from the Ry 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, /Aqr signal. Here, this signal falls across
Cp and Cjq. Previously, the current-to-valtage converter added Ciem
to this capacitance combination, limiting bandwidth further. Instead,
the bootstrap circuit here places Ci.y in parallel with Cr to aid in the
phase compensating bypass of Ey.

Thus, the analysis results for the current-to-voltage converter ex-
trapolate to the Fig. 4.8 beotstrap cireuit by accounting for this capac-
itor difference. First, replacing the sum Cp + Cig + Cicm of the Chap. 3
results with Cp + Cjg removes Cj.p from the net input capacitance C;.
Then, replacing Cr of the earlier results with Cy + Ciem introduces the
added phase compensation of Cizy. The two replacements leave the
equation for the op amp’s response limit unchanged at

foe =ik

where fir = 1/2nR;(Cp + Cia + Cicm + C¢). However, for a given ap-
plication, the actual pole frequency increases for the bootstrap cireuit.
There, Cin supplements Cp’s phase compensation, permitling a de-
crease in the value of €. This increase fir 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, falle and the signal e,/Aqr increases across the
circuit capacitances. Simultaneously, the capacitive impedances de-
cline. The combination of a rising signal across a falling impedance
again forms the eguivalent of an L-C tank. Without degeneration,
this tank ecircuit produces oscillation or response ringing, depend-
ing upon the @ of the cirenit. Degenerating the @ avoids such re-
sponse disturbances through capacitive bypass of Ry. Together, the
amplifier's Ci.y and the intentionally added Cr bypass this resistor
to roll off e,. This also rolls off the associated e,/Aq; 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 eircuit employs both positive and negative feedback, requir-
ing a redetermination of the feedback factor for feedback analysis.
Next, the phase compensation assistance provided by Ci requires
adjusting the earlier Cr result to account for the new Cic, 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 eircuit’'s Ay, and 1/8
responses. The bootstrap circuit here alters the circuit’s feedback fac-
tor g, changing the 1/8 response and the resulting C; 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, g_ = 1, through short cireuit feedback from the
output to the amplifier's inverting input. Positive feedback adds to
this through the Cp and C;4 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 + Cia)s

Pr= 1 +.R_‘r(CD + Ciq + Ciem +C|r)3

The net feedback factor equals the difference between the negative
and positive feedback factors,? § = §_ — §,, making

1+ R (Cien + Cr)s

B 1+ R (Cp + Cig + Ciem + Cp)s
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Then, for the bootstrap connection,

£ _ l4sf2mfy
- =B+  l+s/2x for

1/8 =
P =

where fir = 1/27R (Cp + Cia + Ciem + Cr) and for = 1/2nR; (Cr + Ciem):

This expression almost repeats the earlier current-to-voltage converter

result, As before, this 1/8 result expresses a zero at fir formed by Ry
with the total capacitance of the feedback network, Cp +Cig+Ciem+Cre
However, the counteracting pole at for now benefits from the inclusion
of Ciem in the phase compensating action of Cy.

Phase compensation requirements guide the Cy selection with the
aid of the response curves of Fig. 4.9. There, a rising 1/8 curve ap-

proaches the Ag;, response for a potential 40 dB/decade rate of closure
at their intercept. Phase compensation, produced by C; and Cicm, rolls

off the 1/8 curve’s rise, reducing the rate of closure and restoring sta-

bility. However, the Cr + Ciem 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 twa

curves, for = 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,/fuxfe, 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 fir in this BW expression.

[Al

/ AoL BW = 1.4
1 ¥
4\ —apdg/DECADE 1 ¥ 'zf'e

fog=1/2mRe(C;+Cy)

I-T0=V 4 /g ! C; =Cp+ Cig*Ciem

I
]
]
]
T

fzi fer=fi=fpi R !

Figure 4.9 The combined C; + Ciey phase compensation of the bootstrap
cireuit rolls off the cireuit’s 1/ response, as before, hu'.’ the lretiuued Cr
requirement increases fr 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/f expres-
sion for the bootstrap circuit identifies the phase compensation pole
as for = 1/2aR; (Cr +Ciem). Previously, the current-to-voltage converter
produced for = 1/22R,Cr. Phase compensation for both circuits places
the for pole at f; but through the reaction of different capacitances with
Ry. As the for equations show, the bootstrap cirenit achieves the same
compensation as the current-to-voltage converter with a C; value re-
duced by an amount equal to Cj.,. Then, subtracting C;.,, from the
earlier Cy design equation adapts it to the bootstrap case. Previously,
a distinetion between large and small photodiode capacitances divided
the Cr 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

where C, = 1/2aR;f; and C; = Cp + Cig + Cicwn. With its minus sign,
this equation can yield negative values for C;. This condition simply
indicates that Ci., 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 eombining 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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Figure 4,10 Combining boot-
strap with the current-to-voltage

converter provides a second de-
& gree of signal isolation from the
O o diode capacitance that even re-

moves the e, /A gy, residual of the
current-to-voltage converter.

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 Ry and Cp. As
described in Sec. 3.1.2, this basic eonverter reduces the signal at the
cathode of the diode to the gain error signal of the op amp, e, /AgL. 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 Aoy 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, /Aqp 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, /Ag, input
error,

Examining the buffer model elements reveals their importance to
the bootstrap function. First, low buffer input capacitance (g pre-
vents replacing one capacitance problem with another. The buffer
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removes the error signal e,/Aq, from the diode, avoiding a capaci-
tive current in Cp that otherwise shunts signal eurrent iy away from
feedback resistor Br. However, capacitance at the buffer input Cig
now supports the e, /AgL 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, /Agy signal as shown and
drives circuit capacitances in the same way as described ahove for
¢y /Aot For the grounded diode return of the basie converter, input
noise voltage ey; drops across the diode capacitance, producing a noise
current e,;Cps that adds to signal current {n. 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,p now appears across Cp, replacing the old noise current with

a new one, ¢,zCps. To prevent noise degradation, the buffer must
assure that e, < ey,
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Figure 4.11 Modeling the buffer of Fig. 4.10 displays the buffer characteristics that
influence its haotstrap efTectiveness,
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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, /Aoy, error signal
from input to output 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 hootstrapped I -to-V
converter. Avoiding thiz 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 practical buffer solution

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
usefu] frequency range of the current-to-voltage converter. Thus, low
open-loop gain, wide-bandwidth eircuits best serve the buffer function
by sacrifieing gain and offset for bandwidth. I

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 e, /Aqp, 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 millivalts that produce little leakage inerease.

Figure 4.12 shows a bootstrapped I-to-V converter with a huffer
that addresses the requirements and eompromises of the bootstrap
function. Basically, this buffer consists of a source follower 5 bi-
ased from current source J;. 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
3 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,

¥
> J
3 R ‘
-4
Cy = /GG,
Ry Cy
Ce=1/ 2Ry,
3 —}I—;
Ci=Cgg2+Cid+Cicm
Jz R
LFds Pl i L [ e
i f21= 1/27R¢C;

>t
—0 v

Figure 412  Simple buffer circuits provide the best compromise for the wide

:;a?l_dWJ'dth but relaxed gain error and offset requirements of the hootstrap
ufler,
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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 mput
capacitance becomes simply Cig = Cgas., where Cpgs 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 JJ; and
€y provide feedback and loop gain that reduce .Jo's normal source-
follower output impedance. Without JJ; and @, the i, current drawn
by the diode would flow through K3 and the source of JJ3. Then, the re-
sulting output voltage variation defines the buffer output resistance as
Rop = Ra+1/gms, where gn 2 is the transconductance of J;. Generally,
this resistance would develop too great a voltage with i, 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 ./; and @, introduces feedback that
counteracts current changes in Rs 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 JJ;. This FET acts as a current source load to the
drain of ;. Any change in J3's drain current reacts with the high
impedance of the JJ; 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 J3 re-
sults from the change in @;’s base current. Thus, the buffer output
resistance drops by a factor approaching the current gain #, of @y,
making Rqp = (Ra + 1/8m2)/f1-

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 de 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 J3 controls the primary input-to-output signal
transfer for the buffer. In this transfer, Js introduces an offset com-
ponent equal to this FET's gate-source voltage Viggo, 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.
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To compensate for this tolerance error, component matching equal-
izes the de bias drops of two FETs, J; and Ja, and two resistors, R,
to Rs. In the cireuit, JJ; and R combine as an offset-canceling current
source that sets the bias current level for J; and Ra. As shown, the
gate of J; connects to the bottom of R;, establishing a voltage on R,
equal and opposite that of Vgs;. The J; current source also sets the
drain current for Js through the @, feedback deseribed before. From
the drain, this current flows through .J2's source and Rg, reproducing
the canceling voltage drops deseribed for J; and R;. Here, the same
current flows in J; and J5, and making them matched devices pro-
duces Vs = Vgsa. Similarly, making Re = R, equalizes their voltage
drops under the equal current condition described. Ideal component
matching reduces the buffer’s input-to-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; = Cgas + Cia + Cicm. Then, the cir-
cuit bandwidth follows from the Sec. 3.4 current-to-voltage converter
results with C; replaced by this new expression. For the 45° phase
margin underlying previous analyses,

BW = 1.4/ff.

where fyr = 1/22R;C; and now C; = Cyaz+Cia+Cicm. Here, the reduced
C; extends bandwidth by increasing the frequency fir = 1/2aR¢C;. For
large photodiodes, this typically increases bandwidth by a factor of 5 to
10. Note that the Cgqs term of C; simply replaces the Cp term of basie
current-to-voltage converter results. Thus, handwidth improvement
with this bootstrapped I -to-V converter requires that Cgaa < Cp.

This requirement produces a noise-versus-bandwidth compromise
in the selection of /2. The low noise requirement of the buffer encour-
ages the use of a larger FET to achieve a higher gy, ; and lower associ-
ated noise voltage. However, larger FETs also produce larger values
for Cpag, limiting the practical fulfillment of the Cgp < Cp require-
ment. As a result, the bootstrapped [ -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 [ -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 deseribed in Sec. 3.3.
The reaction of input capacitance with Ry again produces a rise in the
1/8 curve again starting at

for = 1/2nR; C;

but now C; = Cpyz + Cig + Ciem. The rising 1/8 curve and the falling
Agy curve potentially develop a 40-dB rate of closure at their intercept,
fi = Jfuf., 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 By volls
off the 1/8 rise, reducing the rate of closure or slope difference at the
intercept of the two curves. Choosing Cr to roll off 1/8 right at the I
intercept restores 45° of phase margin and limits gain peaking to 3 dB
as also described in See. 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

1]

BW = 1.4f;

Frimonf fszn
fo= 1f2!?R.[l:Ci+C{)

€ =Cga2+Cid+Ciem

-40dB/DECADE

Tzi /

R !
fos=fi=Tpt

Figure 4.13 Phase compensation of the bootstrapped current-to-voltage con-
verter reproduces familiar response curves, but in practice, the reduced C;
eapacitance significantly extends the f; bandwidth limit.
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Cyaz as deseribed above. Next, the Cp 3 Cya requirement restricts
the benefit of this case to larger photodiodes. Thus, the large capaci-
tance version of the previous Cr design equations applies here and for
Fig. 4.12,

GeayEn
where C; = 1/2xR;f,, and C; = Cpan + Cig + Ciem-
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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-
fler’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 characteristie
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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DN —O  Figure 5.1 At first, the simple
structure of the photodiode am-
plifier suggosts 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 Ry 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 inpul 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 eireuit’s noise sources, complete noise
evaluation begins with identifving 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 Moise 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, €401, and e,,. 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 eg.p
and en,; noise densities remain constant with frequency until a band-

Moise 89

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, 7,, Bp, and Cp represent the photo-
diode. Capacitance Cj, and noise sources i; and ey 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*
enk = /4KTR,. Here, K is Boltzman’s constant, 1.38 x 102 JFK,
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 = eyp. Increasing the size of Ry raises
eno = /4KTRy by a square root relationship but also increases the
desired output signal i,/ by a direct proportionality. Thus, the re-
sulting signal-to-noise ratio, i, Ry fepag = iy /B AKT, improves by the
square root of the resistance Ry. This suggests maximizing Ry to

Cs
al
s
|
| |
1 (fi il AR a Ly
5 n I ‘Y‘Y‘
int eni
(D i f ' o
D< i+ ia ~
2y
i ke
o = ipr + &no g = V’(Enuﬁ}z + ‘:Enqrjz + {cnoejz
{1+ R¢Cis)
enplt = o 4KTRy engi = Rfy'291g- Srge = ""_I"eri
{1+ R;CSE}

Ci=Cp+Cia: Cia=Cid+*Cicm

Figure 5.2 The noize analysis model of the basic photodiode amplifier breaks
the photodiode into its current and impedance components, separates capaei-
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 Ky 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, iy; and ey 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! iy =
/2glg_, where g is the charge on an electron, 1.6 x 107 C. This noise
current flows directly through the feedback resistor, producing a noise
voltage of eypi = inifly = Ky /2gfp_. Like the noise voltage of Ry itself,
this new noize voltage transfers to the circuit output with unity gain
and e, = epgi. 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 ecircuit output
with low gain, but capacitances modify this gain. In the figure, Cp,
Cia, and Cs represent the capacitances of the photodiode, the amplifier

input, and a stray capacitance, respectively. At de, the circuit presents

a noise voltage gain of Ap. = 14 Ry /Rp to ey. There, the very large
diode resistance Rp keeps this voltage gain near unity. However, at
higher frequencies, Cp bypasses Kp, shunting its high resistance and
increasing A,.. Amplifier capacitance C;, appears in parallel with Cp,
adding to this effect. Here, Ciy = Cig 4+ Cien, where Ciy is the differ-
ential input capacitance between the amplifier inputs and Cj. 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 + Cijg + Cien- This capacitance shunts RBp,

converting the noise gain received by ey; to Ape = 14+ Ry /lRp |[(1/C;s)].
At higher frequencies, this gain becomes Ay, = 1+ R¢C;s and rises in
direct proportion to frequency. Frequently, the demand for high signal

gain makes both Cp 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 eapacitance shunting of By, shown by
the dashed Cg, counteracts the gain rise produced by C;.

Noise @1
|l

I=to=¥ GAIN

Eflpv:':zu{am,cs?(:f\ Bw:;'i = 1:Cs/(Cs+T))
e S e ' \

—
T
1 el e

: fl f\ Log f
faf = 1;’[2w1?f(3i+cs)]/ 4 ¢

Figure 5.3 High feedback resistance and the capacitance of the input circuit
make the photodiode amplifier's noise gain A, rise at higher frequency until
leveled by stray capacitanece and finally rolled off by the amplifier open-loap re-
sponse.

Figure 5.3 illustrates the various capacitance effects through the
noise gain curve A,., plotted with op amp gain-magnitude curve Aqp.
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 Aap, Ane =
1/8. The A, curve begins with the unity gain first expected in the
above cirenit discussion and then experiences a response zero at fiy =
1/2aR¢(C; + Cs). There, feedback shunting due to the reaction of By
and C; initiates an A, rise. Stray capacitance shunting of Ry termi-
nates this rise with a pole at fir = 1/27R;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 Agy, bandwidth limit. Within the Agy,

response boundary of the op amp, the A,. response makes the output
noise density due to e,;

o 1+ R (C; +Cg)s .
P 1+R;Cgs s

Here, a zero and a pole mark the noise gain effects of ¢; and Cg.
Roll off of the amplifier's Agy, response adds a second pole, deseribed
later but temporarily omitted here. Increasing Fy above, to increase
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the current-to-voltage gain, moves the zero and pole of e, 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 noizse sources create at the current-to-voltage converter's out-
put. However, the above engr, €nei, and enq. represent individual noise
contributions rather than the circuit’s total noise. Combining these in-
dividual eontributions 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 EnaR? + enci® + Enes’

where enor = /4KTHy, ensi = Br/2qlp_, and enee={[14 Rr(C; + Cs)s]/
[1 + R;Cssllen. 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 e,,. 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 to 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 ey
and epq. A later examination defines the differences that extend this
process to the third noise component epge.

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

Noise 93
requires evaluating the integral®?
: =]
Eu.c»g T f I-Anen lzd-f
a

Here, e, 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
zources directly to the circuit output, developing the output noise den-
sities epor and ey 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 oceurs where the stray capacitance Cs breaks
with Ry. In other cases, the addition of phase compensation capaci-
tance in parallel with Cg 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, A, = 1/1 +jf/BW,) where BW, = 1/2»R;Cs,
and this defines one variable of the above integral. The other variable,
ey, follows from the analyses of Sec, 5.1.1 for the resistor and current
noise effects. There, ey = \/4KTRy and ear; = By, /2g15_ deseribe 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

Enen = /2KTR; nBW,

and

Eni = Rry/gnBW g

where BW, = 1/2aR:Cs.

Above, the BW, expression assumes the high-gain photodiode ampli-
fier case where the bypass of stray capacitance automatically defines
BW; = 1/22R;Cy. In other cases, wider bandwidth photodiode ampli-
fiers add a feedback bypass capacitor Cr to control stability and this
capacitance adds to Cg in setting BW,. Then, the total feedhack by-
pass capacitance Cy + Cs makes BW, = 1/2nR,(Cr + Cs). With this
modification, the capacitive shunting described and the noise results
expressed by the En g and E,; equations still apply.
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5.2 The Effect of Op Amp
Input Noise Voltage

Constant noise densities, constant noise gains, and a common noise
bandwidth simplified the rms integration of the e,p and e.p 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 eyp and e,p;. These differ-
ences require a more detailed description of ep, = Apeeni 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 zerces that mark the endpoints of five distinct epq. regions. Con-
sidering each region separately greatly simplifies the required rms
integration and produces five output noise eomponents. A later rms
summation defines the net noise effect.

5.2.1 An intuitive derivation of the epge
noise component

Amplifier noise voltage ey exhibits a characteristic 1/ response at
lower frequencies and the corresponding noise gain of the circuit Ape
increases at higher frequencies. Also, the stray capacitance hypass
of Ry, which set bandwidth BW, above, levels but does not roll off
A,.. Only the open-loop response of the op amp finally rolls off this
noise gain. As a result, the epe. = Ap.en 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 ey
characteristic equation. First, the addition of a response pole accounts
for the roll off effect of the op amp, and then replacing ey with its
characteristic equation adds the 1/f 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(Ci +Cs)s
1+RCgs

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

1+R(C; +Cs)s "
(14 RCss)(1+5/2nf)

Here, f; = fuf., where fii represents the high-frequency value of the

Bpge =

Ence = Ans€ni =

nj

I e ot s h

I
I
I Figure 5.4 Op amp input noise
I voltage ey displays a 1/f region
ff f  atlow frequencies followed by a

noise foor level ey beginning at
Snl=enif (112

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

Including the frequency dependence of e, in the above equation
completes the ey, derivation. Figure 5.4 illustrates this dependence
with the charaeteristic 1/f response at lower frequencies. There, the
e, response displays a decreasing magnitude up to the noise-floor cor-
ner at fi. In this initial region, noise power declines in proportion to
1/f and, thus, noise voltage e,; declines in proportion to /1/f. After
the fi corner, the e,; response follows its constant floor level ey The
eXpression ey = euir,/(wy + 5)/5, where w; = 2xff, deseribes this noise-
density response. Reducing this expression to the magnitude response
eni = eniry 1+ (ff/f 12 demonstrates the correspondence to the figure.
For higher frequencies, where f 3 f;, this magnitude expression pro-
duces the noise-density floor level ey = epr. For lower frequencies,
f <« fr, this expression produces the expected I/ proportionality in
eni = eniry/fr/f . Finally, at the corner frequency the expression pro-
duces ep; = enirv'2. There, the power-to-voltage conversion of the 1/
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)Tay +5)/5
(1 + RrCss)(1+8/ax)

Epge = Apetni = nif

5.2.2 Simplifying the Enge analysis

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

og (-5]
Eue” = fﬂ |Aneeni|” df = fu lence|*df
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Just examining the preceding ey, 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 ;.. and the analysis ap-
proximation regions. Due to the logarithmic scales of response plots,
linear addition of the preceding 4,,. and e,; curves of Figs. 5.3 and 5.4
produces the enge = Aneen curve shown here. This summation repro-

duces previously identified response singularities at the boundaries of _'

distinet response regions. Frequency f; marks the 1/f noise corner, fis
and fr mark the zero and pole of the noise gain peaking, and f; marks
the response roll off produced by the 1/4 intercept. Between each of

these frequencies, eng. displays a fairly consistent response slope that

eases the rms integration. For this integration, different straight-line

approximations will represent ey in each of the five regions shown,

In each region, these approximations follow the region’s predominate
slope.

Log(enge) = Lea{hngeni)

~
REGION 1 REGION 2 REGION 3 |REGION 4 >,y REGION 5

‘/'; noe I 2ni

A ] . -+ }
f f f i f'\Logf
Log{enit) J o B ; &
Emm:\/":nmﬁ2 +Engez? +Enge3? + Enged? + Enpas?
fzf = 1/2rR¢(Ci+Cg) for = 1/2rR¢Cs fi =1cCs/(Ci+Cs)

Figure 5.5 Combining the A,. response of Fig. 5.3 with the ey; responze of Fig. 5.4

produces the eppe = Apeen; response here with five distinet regions that separate the

rms integration into simpler segments.

Moise a7

Variations in both A,,. and ey; contribute to the characteristic shape
of the eng. curve, but fortunately, the two variations do not ceeur si-
multaneously in any given frequency region. In regions 1 and 2, e,
follows the ey; response of Fig. 5.4. There, a constant Ane = 1 makes
€nne = &y, transferring e,; directly to the cireuit 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 ey in Fig. 5.5. However, in these last
three regions, e,; remains constant at its noise floor level of eir, mal-
INg enoe = Anelpif.

5.2.3 The Enoe components

Performing the rms integration for the five regions of Fig. 5.5 produces
noise components .. through E,..5 for later rms combination into a
net By result. This combination defines the total output noise e,
created at the photodiode amplifier's output by amplifier input noise
Tu'oltage eni. In regions 1 and 2 of the figure, e,,,, replicates the amplifier
input noise voltage eni. In region 1, eq follows the /17 slope of the
eni response up to the /- corner frequency. There, egue = en; = epirs i
as deseribed earlier in Sec, 5.2.1. Application of the rms integration
to this eng. expression produces the rms noise expression

Enluui2 = fuﬂr en;lff?

T“his 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 I;E_ 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 f; = 0.01 Hz instead of 0 Hz suffices
and only neglects a very small portion of the frequency spectrum of
integration. Then,

I
Em,_z:f
; I, f

making the rms noise expression for region 1

L j{—’;

where ey is the ey noise floor level and f; 2 0.01 Hz,

df = enifin I

enir’ff

df:enjfgfrln":—i
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In region 2, the combination of constant noise gain and constant
noise density simplifies the rms analysis. There, the circuit's unity
feedback factor continues a noise gain of A,. = 1 from f; up to the fir
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 eqir.
Then, for region 2

fur
Emg-gz =f |Enif|2df=enif2(ﬁf_ﬁ')
i

and

Eroez = enityfzt — I

where f3r = 1/2aR¢(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, eq. In each of these regions,
e,; remains at its noise floor level of ey = epir. Region 3 begins the Ag,
gain peaking with the zero at fr, making e rise with thfa 1:1 slo;?e
of a single-zero response. There, A, increases from its unily level in
direct proportion to frequency, making Ane = f /for and enge = Apenir =
enirf/fu. The rising e, response of this region continues up to the
frequency fur. Thus,

" fur 2
Eps” = f
far

eniff

for

(?:l:)g (o’ ;fzfgl

and
eLit' f]:ll':i _f!.fa
=V 3

where fpr = 1/2nR;Cs, fir= 1;"23[8{(0; +Cg),and C; =Cp +Cia + Ciem-

Following fur, the g response levels in a plateau where stray ca-
pacitance limits the noise gain to Ap. = 1+C; /Cs. In this region 4,
the amplifier’s input noise voltage continues at ey = enf, making
Apeen; = (1 + C;/Cglens. This region extends up to the f; intercept

and
14 C,' : 1+ CJ' ) & -
( 'Cs )en;.- df = [( CS ) emfl (‘I'] fpl’)

14+ C; f
Enne4=( CS )fnif (ﬁ'_fpf)

where f; =£.Cs JIC; +Cg) and fir = 1/2rR;Cs from before.

Eno-c:% =

fi

2
E noed —
Tyt

for

Moise 29

Region 5 concludes the e, response by following the Agp, roll off
from f; out to infinite frequeney. 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 Ay, = f./f. Also in this region, the amplifier’s
input noise voltage continues at its constant floor level of ey = enr,
making e, = enirfe/f. After f,, other amplifier poles alter the roll off,
but there, the low and declining level of e,;, minimizes their effects
upon the rms noise of the region. Neglecting these added poles, the
region 5 rms noise integral becomes

Enneﬁz = fm Enifﬁ'
fi

f

(enitfe)?

fi

rdfz

and

[1
Eroes = l'enii'.ﬂ:}\);
i

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 noize.
Ewaluations 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 e,, response dominate the
noise contribution of e;;. 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 E, .. noise
initially separated in the Sec. 5.2.3 analyses. The second combines
the net E.. result with the E;.,z and E,; components described in
Sec. 5.1.3. At first, it might be expected that the E,, noize 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 souree gives rise to correlation between the
noise in one frequency band with that in any other. Uncorrelated
noize components such as these add in an rms fashion. Further, the
linear summation of the rms integration

i oa
B = L |e|:‘:|\:»":|2 df

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

{
Enge = \fEnnelz + Euge2” + Enoes” + Euges” + Enes”

For a given application, numerical evaluation of the E,,. expression
reveals the relative significance’s of Ey.. through E,... Different
circuit factors such as e, C;, and [, 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,,.5 dominate the B, .. 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 logarithmie 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 eovers most of graph’s extent. Thus, to minimize
the noise effect of ey, generally focus upon cireuit 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, .z and E.,; results of
Sec. 5.1.3 produces the total output noise E,, of the photodiode ampli-
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fnoe

REGIONS 1-=3

l

I 1
:REGIGN 4: REGION 5

Epif

NQTE: Groph axes follow linear rother than Log scaies.

Figure 56 Rescaling Fig. 5.5 with linear rather than logarithmie axes
provides visual perception of the true significance of each noise region
through the relative areas enclosed under the ey, curve.

fier. Once again, rms summation combines the noise components. Ta
simplify computation of a specific E,, result, the listing below sum-
marizes the seven fundamental noise components deseribed 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 caleulation of E,, for the basic eurrent-to-voltage con-
verter proceeds through the individual caleulations:

Encer = enry/ff In (f; /f1), where ey is the e noise floor level, and £

is the 1/f noise eorner frequency. As explained in See. 5.2.3, setting
f1 = 0.01 Hz avoids a theoretical contradiction and ensures good
analytical accuracy.

Erges = eniry/for — f7, where for = 1/27Rr(C; +Cg), and C; = Cp +Ciq+
Ciem- For applications requiring the phase compensation element G,
replace Cg with Cy 4 Cs here and in the steps that follow. Here and
in the Ep..q 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 = (enit/fu)y (fo® — Fia®)(3, where fyr = 1/27R;Cs, and Cg is the
stray feedback capacitance.

Eped = (14 C;/Cs enir/fi — for, where f; = f.Cs /(C; + Cs).

Erces = (enirfy)+/1/fi, where f; is the op amp’s unity-gain crossover
frequency.

Epe = .'/Emelz + Enges® + Engen” + Enoed” + Ences”, the total rms out-
put noise resulting from the noise voltage density ey; of the amplifier
input.

Eur = 2KTRraBW,, where BW; = 1/2aR,Cg. For applications
that add a feedback capacitance Cf, replace Cs with Cy + Cs.

Enc-i = R{-,#QII’BW;IE_.

Eno o IlllE:‘l.n]'v‘;2 ‘l'-Enni2 +Enoe21

Special cases potentially affect the E,pe and Eyueq results. These
noise components cover flat response regions in Fig. 5.5 that certain
circuit combinations eliminate. In that figure, the condition fir < ff
eliminates region 2, and f; < fr 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 E,2 and E..4 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 E;pes, it signals the potential need for the phase compensation
deseribed 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.e and E,, calculations reveals the actual factors that significantly

affect noize 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 noeise 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 En, 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 to E,, = \!Emnz 4 Eyee”. 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.

EI'IU
VOLTAGE IRESISTANCE! ~ COMBINED RANGE |
NOISE | RANGE |
T |rance 1 1
? I 1
j |
|
L I
|
1
8 1
T 1
L i
U I
]
L I
I
N I
]
1
s
Eno = /EnoR? + Enge?
1]

Log R,
FEEDBACK RESISTANCE o
Figure 57 As the feedback resistance increases, the domi-
nant noise source of a current-to-voltage converter changes
from the op amp to 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
vet developed, and resistor noise remains in the background, so E,,
remains small. This region typieally covers the feedback resistance
range of 0 to 10 k2. 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 k@ to 1 MQ.

Even higher resistances introduce noise gain peaking, increasing
the upward slope of the Ep, curve at the beginning of a range of com-
bined influence. There, the valtage 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, produeing a level ending for the E,, curve. In this
leveled region, the resistor and voltage noise effects, E,.p 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, = but reduces
the associated noise bandwidth BW, = 1/2=R;Cs. The two changes
produce canceling effects in the rms output E.z = ,/2KTRzBW,,
holding K,z constant,

E\pe becomes a constant because the presence of Cg limits the noise
gain Ap, 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 Rr. This makes
Eyoe = Aneenit = (1 + C;/Cg)lenr 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 fof = 1/2xR¢(C; + Cg) 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 peint 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 Fy response as
By continues to increase in the final stage of Fig. 5.7. Together, the
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constant E.,p and K, responses level the E,, versus By 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 noize
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 noize volt-
age. This peaking results from the capacitance at the cireuit input
as well as from the high feedback resistance. At the circuit input,
amplifier input capacitance adds to that of the photodiode, inereas-
ing the gain-peaking effect. An inherent design compromise in FET
ap amp design tends to increase input capacitance as it decreases
nolse.

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
effeets 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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Noise Reduction

Higher-gain photodiode amplifiers typically employ very large feed-
back resistances that make the noise gain peaking of Chap. 5 the
cireuit’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 E,,, Eyr, and E,,; 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 Ep,. noise component with
differing circuit complexities and signal bandwidth results. The first
simply adds feedback capacitanee, 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
compensation.
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Noise Reduction

Higher-gain photodiode amplifiers typically emplay 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 E,.., Enogr, and Ey,; noise components.
When the Epg. 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
compensation.
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6.1 MNoise 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 Cg considered in earlier noise analyses, permitting an
easy adjustment of previous results for this case. However, adding Gy

also reduces signal bandwidth. Also, this approach reaches a point of
diminishing returns because continued increase of Gy can only reduce

the noise gain to unity.

6.1.1 The noise gain reduction of G
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 eurrent source i, and a shunt capacitance Cp

included in C;. Capacitance C; also includes the input capacitances
q and Cioy of the op amp, making the net capacitance of the input

&

2o L o,
b

1+ RgCj s

e oiny RE Qe
1+ Ri(Cg + Cils f

Figure 6.1 Adding feedback capacitance Cy increases the ca-
pacitive shunting of By to reduce the high-frequency noise
gain presented to amplifier noise voltage ¢,

Enoe = Ci=Cp+ Cjg + Cicm
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cireuit C; = Cp + Cig + Cion. Op amp noise voltage e, Appears across
C;, producing a noise current that feedback forces through feedback
resistor Ry, The resulting output noise voltage e,,. 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
Enge 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 14 C; /Cs. For greater noise reduction, adding capacitor Cy further
restricts this gain peak to a level of 14 C; JICr + 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 Agy, the [-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 Cr. Adding C; changes four characteristics of the noise
gain response Apq, converting it to the A,," response shown. However,
the general shape of the A, response remains 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, Cr alters three of the

14]

:

I=to—V GAIN

1+ CifCs
1+ Ci /{Cs + Cp)

/ {1 [c\l.og f
fzt = 1/[27Ry{C; +Cs + )]

BW = fof = 1/27R (Cs+Cr) gyl = fi= f(C5+Ce)/(C) + Cg+Cp)

Figure 6.2 Noise reduction through the Cr bypass of Fig. 8.1 removes the shaded
area of noise gain but also reduces signal bandwidth from BW, to BW,',
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curve's characteristic frequencies, fir, fi, and fir. The first two frequen-
cies define the eircuit’s signal and noise bandwidths, originally BW, =
fpr 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,' = fiy’ and BW,' = £, reducing the first
limit and inereasing 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
Ape and Ay 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;r does
reflect a noise increase but one of little consequence. This frequency
marks the beginning of the A, noise peak, and the addition of Cr
moves this frequeney from for = 1/27R(C; + Cg) to fif = 1/2aRy(C; +
Cs + Cr). 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 inerease. The relative increase generally
remains small and it occurs in the low-frequenecy portion of the gain
peak. Generally, Cr <« C; +Cy, making the shift in f;; 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, converszion 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 Cr bypass.

6.1.2 Moise analysis for the G; case

One substitution, in multiple places, adapts the noise analysis sum-
mary of Sec. 5.3.1 to this added capacitance ease. Because Cr connects
in parallel with Cs, simply substituting C; + Cg for Cs includes the
added effect of ¢ in the earlier analysis results. A modified summary
follows, reflecting this substitution for noise analysis of the Fig. 6.1
cireuit. This substitution changes E, g, E,, and all of the E,,. compo-
nents except Fpo. Ener and Eng; change due to their new bandwidth
limit BW," = 1/2xR;(Cs + Cr). Epgee through E,..s change due to
the new region-defining frequencies fif' = 1/2rRe(C; + Cs + Cr ). fof =
1/2x Ry (Cg +Cp) and f;' = f.(Cs +Cr) (C; +Cs +Cr ). Eyges also changes
due to the new peak gain level of 1+C; /(Cy +Cs). 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 Cr 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.

Ep1 = em-f..ii}ln{fr /1), where ey is the ey; noise floor level, and
fr is the 1/f noise corner frequency. As explained in See. 5.2.3,
setting f; = 0.01 Hz avoids a theoretical contradiction and ensures
analytical accuracy.

Enuez = Bnif\,-'lllﬁzl" = j?! where }rﬂf = leﬂ’RJr{C; +Cs + CfJ, and C; =
Cp +Cig+Ciem. Here and in the E,,,.4 analysis, numerieal evaluation

can produce the square root of a negative number. Then, substitute
zero for the result as explained in Sec. 5.3.1.

Euces = (enit/fut )y (for” = fur*)/3, where fiof = 1/27 Ry (Cs + Cp).

EBroes =[14+C;/(Cs + Cr}}!?niwf;’ —for s where fi' = fu(Cs + Cr)/(C; +
Cs +Cf}.

Enoes = (eniefe)v/ 1fi . where f; is the op amp’s unity-gain erossover
frequency.

Bt =_'|,."-E:nu:nzl2 + -l-*—'d‘nmrz2 + Enne:iz +Enoe-iz s Enmas2r the total rms out-
put noise resulting from the spectral noise voltage e,,; of the amplifier
input.

7 L et
Eqor = |/ 2KTRmBW,', where BW,' = 1/27 Ry (Cs + Cy).
Eogi = RfvféﬂBWr EIB—

—_—
By = 1.,"1,-':n-rﬂ‘.‘a ‘i‘Enni2 + Enucz-

The BW," modification above reveals the fundamental drawback of
the added bypass of C;. While this capacitance reduces the noise
gain peak, it also shunts the circuit’s sipnal eurrent, reducing sig-
nal bandwidth. As long as bandwidth requirements permit, this noise
reduction alternative 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 Cr reduces
the peak level of A,. but dees not effectively restrict noise band-
width. Like A, the modified A,." response continues until rolled off
by the amplifier's Ay response. Restricting noise bandwidth instead

Samsung Exhibit 1021, Page 65 of 139



112 Chapter Six

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 cireuit’s, the high-gain photodiode amplifier produces a band-
width distinction for signal and noise. Thig distinction permits selec-
tive reduetion 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 I-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 Aqp, roll off. As a result, the majority of
the op amp’s bandwidth often 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
automatically 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 Moise 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-frequeney 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 noige 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.

MNoise Reduction 13

Shown in Fig. 6.3, this configuration still permits selection of amplifier
Aj for low input current and low noise without regard for an exter-
nal phase-compensation provision. Amplifier As and its local feed-
back substitute for this provision by modifying the composite ecircuit’s
open-loop response. Adding Ay 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 Fy feedback to A1’s noninverting rather than inverting
input. This madified return avoids enclosing the two amplifiers’ phase
inversions in the same feedback loop, retaining negative feedback.
Here, Ay varies from an amplifier to an integrator and then to an
attenuator as frequency varies. At low frequencies, €; blocks Ay'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 feedhack
formed by By and €, reduces the Ay gain support in a transition to
the attenuator mode. At high frequencies, C; becomes a short cireuit,
relinquishing Ay’s gain control to the closed-loop effects of an B;, K
feedback. There, Acry=—R2/R,, and making R < R; produces the

Cs
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r ra -I
I I
I
I R |
l Yy l
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L R 2ercii, g

Ci=Cp +Cid + Cicm
Figure 6.3 Adding a modified integrator within the feedback loop of the

photodiode amplifier permits roll off of the higher-frequency open-laop
gain that otherwise only suppaorts noise bandwidth.
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desired high-frequency attenuation. The composite amplifier struc-
ture leaves other characteristies of the current-to-voltage converter
virtually unchanged. Adding Az introdueces 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 Agy; curve of
A; follows the normal open-loop response, and the Agps curve of As
follows a modified integrator response. As described previously, Acps
produces an integrator characteristic at intermediate frequencies until
interrupted by a response zero at f,o = 1/27RsC,. There, the inclu-
sion of Ry in the A, local feedback converts the Agps curve to the flat
response of a voltage amplifier. That voltage amplifier produces a
gain magnitude of Ro/R;, and making Ra/R; < 1 places this magni-
tude below the unity-gain or 0-dB axis. With a gain magnitude less
than unity, Acps produces signal attenuation in the higher-frequency
range of the Agps response. This attenuation transfers to the cireuit's
composite response due to the series connection of the two amplifiers,

|4

g

J[‘/_

7
2y

T fee=(Rz/Ry My

z2=1/(27R2C1)

Figure 6.4 The composite amplifier of Fig. 6.3 replaces the Aqp; re-
sponse of the bazic photodiode amplifier with Agp., removing high-
frequency open-loop gain.
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Combined, the two amplifiers produce the App. = Agr1dos response
shown in bold.

The composite’s attenuation drops the Apr, response below the Agr;
curve of a single amplifier solution, reducing the high-frequency open-
loop gain. This gain reduction equals the Ry /R; attenuation factor of
Agpz and produces an equal reduction in high-frequency bandwidth.
This equality results from the single-pole roll offs of Aqr, and Aqp
following f.4. Single-pole roll offs follow a 1:1 slope, so0 a given ver-
tical move of the response curve produces an equal horizontal mave.
Thus, the R3/R, drop in gain magnitude produces an equal decrease
in unity-gain crossover frequency, moving the crossover from [ to the
composite fo, = (Rz/R)f.1. 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
compaosite amplifier

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 ¢ subseripts 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 Agp, rolls
off noise gain A, at a reduced intercept frequency fi.. Note that the
new Ay, roll off also drives this gain below the unity-gain or 0-dB axis.
This aveids the continued A, = 1 minimum encountered with the pre-
vious C; alternative. Also, the signal or I-to-V response here retains
its original bandwidth limit at the frequency fir. As long as fic = fir,
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 eurve. 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 rall-off frequency
of the noise gain f; back a decade in frequency to the fi, shown here.
This move typically extends the shaded area of the fizure over a minor
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181

—«— COMPOSITE AgLe

SINGLE-AMPLIFIER Agpy
I~to=V GAIN

a3 = 1/(27R2C1)

i
i/(2wﬁfcs}<'l

.{QH =
+Ci/Cs

0dB

fec= (Ra/R1 Jfed

Figure 6.5 The reduced high-frequency gain of Fig. 6.4 removes the shad-
ed area from the Ay, noise response without altering the I -to-V bandwidth
limit at fyr.

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 Ey. 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 Agp. 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, fi. = (Rz/Ry)f;1 due to
the Rs/R; attenuation provided by As at higher frequencies. This
attenuation factor also relates fi. to f; due to the Fig. 6.5 parallel-
ogram marked by fic and f; in conjunction with f.. and f;1. There,
frequencies fi, 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, aceounting for the logarithmic scaling of response
plots, Log(f;) — Log(fi.) = Log(f.1) — Log(fw). Then, fi/fic = fo/fe,
and solving for fi produces fi = (fu/fi)fi = (Ra/R1fi. Here, fi
represents the intercept frequency of the original Aop; response and
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the circuit’s 1/8 curve. The typical single-pole Agr; roll off makes
fi = Bufa for fic = (Ra/R1)Buf-1. Here, By is the high-frequency value
for the feedback factor g and from before, Sy = Cs/(C; + Cg). Thus,
fie = fee/(1 + C; /Cs ), defining fic.

6.3.3 Optimizing the composite
noise-versus-bandwidth compromise

The f;. 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 Ra/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
Ry /R; factor produces a compromise between noise and signal band-
widths through placement of the modified intercept frequency f5,. In
Fig. 6.5, decreasing Ra/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 Apr.. Both fic and fir impose bandwidth limits with the
lower of the two controlling the actual result. In compromise, setting
fie = for 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 fr reduce the —3-dB sig-
nal bandwidth from fyr to 0.64 fir.

The fi. = fur compromise and a phase compensation requirement
define the design equations for the composite amplifier. First, analysis
of the compromise defines the By /R, attenuation ratio. Then, choosing
a convenient R value determines the Ry value as well. Finally, an
examination of phase compensation requirements defines the design
equation for €y, also a function of the initial Rs choice. Equating
fic = for defines Ra/R; through prior equations for the two frequencies.
From Chap. 5, for = 1/27nR;Cs represents the basic feedback pole
produced by stray capacitance bypass of Fy. Frequency fi. represents
the shifted 1/8 intercept of the composite circuit as shown in Fig. 6.5.
From Sec. 6.3.2, fie = f/(1 +C; /Cs) = Brife, where fi. = (Ra/Ry)f1,
making fic = Bu(R2/R1)f:1. Equating the fi. and fir expressions and
solving for the Rs /R, attenuation ratio yields

& for

Ry Bufa

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

B fe1
R = R
1 T 2

Next, the circuit’s phase compensation requirement defines the
value required to stabilize the circuit. The composite amplifier’s in-
herent two-pole Agp,. response corresponds to 180° of feedback phase
shift and potentially produces oscillation. Phase compensation pre-
serves stability by reducing this slope where the Agr. 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 Rs, producing f2o = 1/27 R3Cy. Ini-
tiating this slope conversion well before the 1/§ intercept at fi. avoids
any significant stability degradation. This reduces the Agp. phase
shift at fi; to that normally encountered with single-amplifier circuits.
In practice, making fio = fi./10 virtually removes the added phase
shift of the composite amplifier. Combining this frequency relation-
ship with the earlier fi. = f,r compromise produces f.a = fpr/10, where
for = 1/2xRoC) and fiy = 1/2nReCs. Finally, combining these last
three relationships and solving for C; vields the design equation

10R,
Oy = s g

6.3.4 Moise analysis for the
composite case

The fic = fur choice for the composite photodiode amplifier reduces four
of the seven noise components of the basic photodiode amplifier. The
components Eyneq, Enges, Enoi, and Ep; 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 E,peq and E..; components and adds a second pole to the roll offs
of Eyr and Eyg.

Epoes and £, 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 regions 4 and 5 to Eng.. For region 4, the previous
analysis defined the noise component E e = (1 + C; /Cs Jenir/fie — for-
Here, making fi. = fir places the starting and ending points of region 4
at the same frequency, eliminating the region, and E,..4 = 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
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frequencies /1 and f; to the composite’s f. and fi. of Fig. 6.5. This
makes Enges = (@nirfee)y/ 1/fic, where f; represents the reduced unity-
gain crossover frequency of the composite as described in Sec. 6.3.2.
There, the circuit’s attenuation factor Ry/R; reduces this crossover to
fee = (Ra/R1)fi1. Making fi. = fir for the above noise-versus-handwidth
compromise simplifies the result by removing the fi, variable. Then,
Eipes = {enlfﬁ:nj'\.fmq where f;:F = 1.1'.2”RfCS :

The reduction of the other two neise components, Eng and E,;,
results from the two-pole roll off now presented to the feedback resistor
noise and the amplifier input current noise. Previously, a single pole at
fpr rolled off these noise components through stray capacitance hypass
of the feedback resistor. The composite’s fi. = f;r compromise adds the
roll off of the 1/4 intercept at fi., producing a two-pole roll off for these
noise components. The added pole changes the noise respanse shape,
requiring reevaluation of the Sec. 5.1.3 rms integral

E ﬂ—f";mn dr
n i 0 eﬂl

This integral expresses the rms output noise E,, resulting from a noise
source ¢, in the presence of a noise gain A,. The feedback resistor
produces the noise souree eqr = 4KTRy by itself and eup = Rr,/2q15.
in conjunction with the amplifier's input neise current. As deseribed
before, the photodiode amplifier transfers these noise components to
the circuit output with unity gain at lower frequencies. At higher
frequencies, the composite photodiode amplifier rolls off these noise
effects with a double pole at fi. = fir. Together, the initial unity gain
and the two-pole roll off make A, = 1/(1 + jf /f,)* for the Epy and
E,.; rms analyses. Performing the two rms integrations produces

Ewr = \|KTRrnfyr  and  Eng = By /qafodp- /2

These results indicate a +2 reduction in By and E,, as compared
with the basie photodiode amplifier of See. 5.1.3.

Modifying the Sec. 5.3.1 summary with the four new results above
produces the listing below for step-by-step noise analysis of the com-
posite photodiode amplifier of Fig. 6.3.

Enoer = ewr/TrIn(ff/f1), where ey is the ey noise floor level, and
fr is the 1/f noise corner frequency. As explained in Sec. 5.2.3,
setting f1 = 0.01 Hz avoids a theoretical contradiction and ensures
analytical accuracy.
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Enoez = eniny/far — fr, where for = 127 B¢ (C; +Cs), and C; = Cp +
Ciq+Ciem. Here and in the E,,.4 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.

Bnues = oit/f) (i —fus”) /3, where fyr = 127 R Cs.

E:nuu-{ =10

Eroes = (emitfec)y/ 1/fr. where fo. = (Ra/R1)fi1. and £y is the unity-
gain crossover frequency of A,.

3 A JE,.ME 4+ Epoes® + Epnes® + Erges ™, the total rms output noise
resulting from the spectral noise voltage ey of the amplifier input.

Enr = VKTRfﬂpr
B = R{\,n'qfrfpflrﬂ—frz-

Enr.l - \/ErmR2 'f'-Em:nl2 + Enue2‘

6.3.5 A comparison with the active
filter alternative

The noise reduction of the composite amplifier above decreases ampli-
fier bandwidth to remove that portion that serves noise but not signal.
The more obvious approach, adding an active filter after the photodi-
ode amplifier, produces the same or even an improved noise result but
sacrifices an error reduction feature of the composite solution. A sim-
plified filtering approach later retains the composite’s error reduction
and removes one amplifier from the circuit in Sec. 6.4. However, this
simplified circuit may either increase or decrease the noise reduction,
depending upon the specific application.

As an obvious alternative to the composite solution, placing an ac-
tive filter following the basie current-to-voltage converter permits a
wide variety of bandwidth-shaping options. Then, setting the filter re-
sponse to the frequency range of useful information again eliminates
that bandwidth that only serves noise. Like the composite solution,
this active filter alternative only requires the addition of a second op
amp and its feedback components. Further, this alternative permits
the addition of multiple poles for steeper roll off of noise bandwidth.
However, unlike the composite solution, this filter alternative adds the
input error effects of the added amplifier directly in the signal path.
Such a filter resides outside the current-to-voltage converter's feed-
hack lpop, removing one of the composite amplifier’s primary benefits.
The common feedback loop of the composite’s two amplifiers removes
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FILTER
FEEDBACK

Ry

852 = Af(ea) — gz}

Figure 6.6 Simply adding a filter amplifier after the photodiode amplifier
again removes higher-frequency noise with an added op amp but sacrifices
the composite amplifier's attenuation of the eigy error components,

the input error effects of the second amplifier through the gain iso-
lation provided by the first. There, the offset, noise, and multiple
other input-referred errors of the second amplifier reflect to the com-
posite input divided by the high, open-loop gain of the first amplifier.
The active filter alternative operates with an independent feedback
loop, sacrificing this error reduction feature as illustrated by Fig. 6.6.
There, an arbitrary active filter formed with A, follows the current-
to-voltage converter formed with A;. This configuration adds the e
error signal of As directly in the signal path. This error signal repre-
sents the combined input errors of As due to offset voltage and noise
plus the error signals resulting from finite open-loop gain and power-
supply rejection ratio (PSRR). From the figure, e,2 = As(es — ejaz)
reflects the eis ervor influence upon the cireuit’s final output signal
where Ar represents the gain of the active filter.

6.4 Noise Reduction with Decoupling
Phase Compensation

The third filtering alternative for photodiode amplifiers avoids the
added amplifier of the composite amplifier and active filter by exploit-
ing the filtering effects of a common phase-compensation method. De-
coupling phase compensation reduces the noise gain of a photodiode
amplifier by adding a passive filter within the feedback loop of a single-
amplifier current-to-voltage converter. This decoupling approach does
not reduce the noise bandwidth as much as the composite alternative,
but the decoupling rolls off the noise gain peaking with a two-pole
rather than a single-pole slope. As a result, this approach may either
degrade or improve the noise reduction. For a specific application,
comparative noise analyses of the two techniques reveals the relative
benefits of the two. However, where the single-amplifier approach
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prevails, this simplified alternative requires empirical determination
of the circuit’s phase compensation.

6.4.1 The noise gain reduction
of the decoupling

Shown in Fig. 6.7, this noise filtering circuit originates in the phase
compensation technique commonly used to accommodate capacitance
loads.? Applied to the photodiode case, this phase compensation pro-
duces a filtering photodiode amplifier. In the figure, an intentionally
added capacitance load C; combines with resistor Re and amplifier
output resistance R, to form a low-pass filter. This filter resides be-
tween the outputs of the amplifier and the overall circuit, and shunts
high-frequency noise to ground. This shunting to ground produces a
much greater noise attenuation than the simple feedback bypass of
Fig. 6.1. There, bypass capacitor C; shunts feedback noise currents
but retains a minimum gain of unity for the amplifier's noise voltage.

Cs
b
e . ]
| |
|
[ Ry 1
Tpi
ce
A )
L AAA——0 <
Re =~ Rg —i
= Ry I._
- = C =
“ Ry + Re g

Cg ~ Cg (Tuning required)

Figure 6.7 Addition of a low-pass filter in series with the
amplifier output restricts noise bandwidth by using a decou-
pling phase compensation normally applied to contend with
capacitance loading.
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That unity-gain extension encompasses the higher-frequency range of
the op amp, often producing a dramatic noise increase. Here, the
low-pass filter continuously rolls off all noise signals of the ecircuit,
uninterrupted by that unity-gain limit. The noise result resembles
that of the previous composite amplifier with the low-pass filter here
replacing the composite’s integrator. Also, this filtering action remains
within the feedback loop of the op amp, avoiding the added e;gs error
described for the active filter alternative ahove.

Normally, adding a low-pass filter in the feedback path of an op
amp compromises frequeney stability. The filter's pole combines with
that of the op amp, producing an unstable two-pole feedback, How-
ever in this case. the addition of capacitor Cp restores stability by
decoupling the amplifier from the filter. At higher frequencies, Cc by-
passes the overall feedback but dees not diminish the noise reduection
of the low-pass filter. For this bypass, Cp provides a lower-impedance
feedback path at higher frequencies that replaces the primary path of
K¢ and Ry. Then, at higher frequencies, the op amp operates with a
simple short-circuit feedback through Cr. Thus, the Cc bypass phase
compensates the ecircuit as long as the amplifier exhibits unity-gain
stability. Independent of this bypass, the low-pass filter components
R and Cy, continue to attenuate higher-frequency noise at the eircuit’s
output. The circuit’s phase compensation requirement combines with
a noise-versus-bandwidth compromise to determine design equations
for the cireuit components.

6.4.2 Optimizing the decoupling
noise-versus-bandwidth compromise

Up to a point, this phase-compensated photodiode amplifier reduces
noise bandwidth without reducing signal bandwidth. Reducing the
circuit’s roll off frequency increases the noise reduction but also re-
quires an increased phase compensation, making a new bandwidth
limit significant. Then, two limits bound the signal bandwidth with
the lower of the two prevailing. As with the composite alternative, a
compromise equalizes the two limits to optimize the resulting noise-
versus-bandwidth compromise. The first bandwidth limit results from
the usual parasitic bypass of the converter's feedback, and the second
results from the feedback bypass introduced by Cc. Frequency re-
sponse plots guide the development of design equations that align the
two limits while preserving frequency stability.

The combined stability and bandwidth requirements align the three
pole frequencies produced by €z, Cr, and Cg. Alignment of the first
two ensures circuit stability and the third alignment optimizes

Samsung Exhibit 1021, Page 71 of 139



124 Chapter Six

bandwidth. For the associated analyses, Fig. 6.8 shows the photodi-
ode amplifier’s basic and modified Agy response curves. There, the
shaded area between the two represents the noise response removed
by the phase eompensation circuit. Load capacitance Cp, produces the
response modification by adding a second Agr, pole at for = 1/27 LI_EO -
Re)Cr, where R, is the output resistance of the op amp. The modified
Agqp response truncates noise gain Ay, shifting two characteristic fre-
quencies of the A, noise response. As shown, intercept frequency fi

and crossover frequency f; shift to their filtered counterparts at fi' and

f.". Continued increase of C; moves the latter frequencies to ever lclwer
levels, for greater noise reduction, but also with a potential bandwidth
Consequence. :
Indirectly, the pole added at fy introduces the second bandwidth
limit through a phase compensation requirement. This requirement
leads to a compromise satisfied by a first pole-frequency alignment.

Stable phase compensation requires that the Cp. bypass ta?{e feedback
control before the modified Aqy’ response fully develops its two-pole

14l

IfﬁH =
1+ C;/fCs

fi= Bytpile By = Cg/lCs +Cy) fe=f fpife

foL = 1/2m(Ro+ RCICL fge=1/2n(Ry +Rc)Ce
Figure 6.8 The added filter of Fig. 6.7 removes the shaded ar?a_qf
noise gain with a more aggressive, two-pole roll off but must initi-
ate the roll off at a higher frequency to avoid a restriction of signal
handwidth.
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roll off. Caution suggests increasing Cp to place the associated bypass
frequency foc well before f;1, but this would unnecessarily restrict sig-
nal bandwidth. Normally, the feedback pole at fir sets the signal or
I-to-V bandwidth limit for higher-gain photodiode amplifiers. There,
the stray capacitance bypass of the high feedback resistance shunts
part of the input current away from that resistance. In Fig. 6.7, capac-
itance C¢ also shunts the circuit's input current, producing a second
bandwidth limit. In compromise, setting f,c = fr sufficiently coun-
teracts the fj,1, phase effects by retaining a 45° phase margin.

A third pole alignment defines the fyc = fi. frequency described
above. Aligning the new bandwidth limit at fyc with the original limit
at fyr optimizes the noise-versus-bandwidth compromise. Making the
circuit’s two bandwidth limits coincident, foc = fir, only reduces sig-
nal bandwidth from fir to BW, = 0.64f,r. Then, increasing Cj, until
[ = fpc maximizes the filtering noise reduction without compromis-
ing frequency stability. Thus, the foo = frc = fr alignment retains
stability, maximizes noise reduction, and avoids excessive bandwidth
restriction.

The above three-frequency alignment defines design equations that
aid the selection of circuit components. These equations provide the
analytical starting point for the values of C7 and C¢ given the practi-
cal constraints of R, and R¢. First, the selection of R and Cp, defines
the filter's pole frequency, fuL = 1/27(R, + R¢)Cr, with attention to
output swing requirements. Resistor Rg must be large enough to
decouple the amplifier from capacitance load Cp but not so large as
to significantly limit output voltage swing under load current condi-
tions. Typically, making R = R, meets these requirements, where
R, is the high-frequency value of the amplifier's output impedance.
The complex frequency response of op amp output impedance would
generally require empirical approximation of an R, value, but sim-
ply assuming R, = 50 Q typically suffices here. Later empirical tun-
ing of Cp adjusts for the approximation error of this choice. Then,
given the value for Re = R,, the value of Cp follows from equating
for. = 1/2x (R, + Re)CL = fur = 1/2a Ry Cs. Solving for Cp produces

_ R
CL‘R.,+RCCS

where Cg is the stray capacitance bypassing Ry. Typically, Cs =
0.5 pF. Next, the fyc = fyr alignment, where foc = 1/27(Ry + Re)Ce
and fyr = 1/27 Ry Cg, produces

CC Cs = CS

- Ry +Re
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The above equation for Ce represents the starting point for this
element’s design value. Empirical tuning vields the final result, as
required by the uncertainties of R, and Cs. The amplifier output
impedance, roughly modeled by R,, and the variable stray capacitance
Cg preclude definitive design equations. Accurate modeling of these
quantities presents a greater task than the empirical bench testing
and design tuning. For this tuning, driving the amplifier's nonin-
verting input with a square wave and chserving the output response
reveals the circuit’s step response characteristic. Then, adjusting the
value of Ce removes any oscillation, moderates ringing, and limits
overshoot without unnecessarily restricting signal bandwidth.

6.4.3 MNoise analysis for the
decoupling case

Evaluation of the resulting noeise reduction requires just four adjust-
ments to the original noise results developed in Sec. 5.3.1. Like the
preceding composite photodiode amplifier, the filtering photodiode am-
plifier reduces the Eyor, Enoi, Ences, and Ey s components of the output
noise. Onee again, K g and E,,; decrease due to the two-pole roll off
now presented to the noise effects of the feedback resistor and the
amplifier input noise current. Making f,c = fr places the cireuit’s two
bandwidth limits at the same frequency, producing the two-pole roll
off shown in the figure. This repeats the composite amplifier results
described in Sec. 6.3.4, making

| ——— mfelp_
Enn = KTBenfye  and  Eno=Fy ”%

The other two components affected, Epeq and Ep s, decrease both due
to the steeper roll off and the reduced frequency range of the A,,. noise
gain. These differences alter the E .4 and E, .5 results developed for
noise regions 4 and 5 of the original Fig. 5.5 analysis. Here, the 1/8
intercept of Fig. 6.8 now terminates the A,. plateau of the original
region 4 at f;’ rather than f;. Also, ;' replaces f; as the beginning of
the previous region 5 noise roll off. Further, this roll off now initiates
a two-pole roll rather than single-pole decline.

Geometric evaluation of the figure defines £, and rms evaluation of
the two-pole effect completes the noise result adjustments for this de-
coupling case. As before, a modified listing summarizes the net results
for a convenient reference to step-by-step noise analysis. First, geo-
metrie evaluation of the response curves defines ;' in terms of known
quantities for the case where f;, = fr. Note the right triangles formed
by the dashed [ indicator line with the Agy, and Apy’ responses. Com-
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parison of these triangles defines a new crossover frequency f.' that
later reflects back to £'. For the original Agp response, a single-pole
roll off drops this response to the unity-gain axis at f., defining an
endpoint for the associated triangle base. Similarly, the two-pole roll
off of the Aqp response defines f." as the corresponding endpoint. With
twice the slope, the Ay’ response produces a triangle base with one-
half the length. Then, given the logarithmic frequency scale of the
plot, Log(f.") — Log( for) = 0.5[Log(f.) — Log( f,)]. Solving for £’ yields
' = J/forfo. Further examination of the Aoy’ response translates this
f.' result into the desired f:'. In its two-pole roll off region, this re-
sponse approximates Aqr’ = /,/f2. At the /i’ intercept, the Aoy’ and
1/By curves cross, making Ag)’ = £,/ = 1/8y, and solving for £’
yields

fii= v Brfufe

where gy = Cs/(C; + Cg). Substituting this value of i’ for f; in the
previous noise result for E, .4 adjusts that result for the reduced noise
bandwidth imposed by f;'.

The E\ .5 result requires greater adjustment to aceount for the two-
pole roll off of the modified Agy" response. This accelerated roll off
dramatically reduces the noise contribution of this highly significant
region. Following the Sec. 5.2.3 discussion, the rms noise content of
region 5 is described by

2 v 2
Enueﬁ =f. iAneenll df

This region represents the circuit’s noise contribution from f;" upward
in Fig. 6.8. There, A, follows the Agy' response, making A, = Ao’ =
£2F2, where ' = JTetfe as described above. Then, An. = fuefe /i
Also in this region, ey follows its floor level for ey = enyr. Substituting
these A, and ey; results in the E,,.; integral produces

(fpfﬁ'enil‘)z
3£"°

where f; = /By from above. Solving for E,..s yields

Boial = ff VfueFen/f 2 df =

- __-_{fprﬂ)m Enif
R TP e

where for = 1/21R;Cs, and fg = Cs /(Cs + ;).
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Substituting the above Eur, Enci, Enoes, and Epges results adjusts
the noise analysis results of Sec. 5.3.1 for this filtering approach to
noise reduetion. Then, for Fig. 6.7:

Ene1 = enity/ff i fr/f1), where eq; is the e noise floor level, and
fr is the 1/f noise corner frequency. As explained in Sec. 5.2.3,
setting f1 ~ 0.01 Hz avoids a theoretical contradiction and ensures
analytical accuracy.

Encez = Enirnffer — :ff. where fif = 1/27Rp(C; + Cs), and C; = Cp +
Cig+ Cicm- Here and in the Ep .4 analysis, numerical evaluation can
produce the square root of a negative number. Then, substitute zero
for the result as explained in See. 5.3.1.

Eroes = (enit/fur) (fpra _fzfs) /3, where fr = 1/27ECs, and Cs is
the stray feedback capacitance.

Enoet = (1 + C;/Cs )eniny/fi" — for. where fi' = JBufucf:, and By =
Cs /(Ci + Cs).

Ees = (Forfe) *enie/v/3(Br )%, where f. is the op amp'’s unity-gain
crossover frequency.

Eppe = \fEnoeIE = Eme22 n E:ru.le-‘!2 + Enpes” + Ennesg' the total rms F"l-lt'
put noise resulting from the spectral noise voltage er; of the amplifier
input.

Eor = KTRrafy, where fyr = 1/2nEeCs. For applications that
add a feedback capacitance Cy, replace Cs with C; +Cs.

B = Rf\.l'qﬂfpfj.ﬁ‘—ﬂ-

Eno = yEnor” + Eni® + Ence”.
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Chapter

High-Gain Photodiode Amplifiers

For the basic photodiode amplifier, just making the feedback resis-
tance large produces high gain. However, the very high resistances of-
ten required introduce other performanee limitations. For those cases,
alternative methods described here provide reduced offset or increased
bhandwidth but produce some compromise to noise performance. First,
reduced de offset results from replacing the circuit’s feedback resistor
with a tee network, as previously described in Sec. 2.2.2. Here, noise
analysis of this alternative reveals that judicious design largely avoids
the noise increase commonly encountered with the feedback tee.

Increased bandwidth results from supplemental gain provided by
three other circuit alternatives. For a given transresistance, the sup-
plemental gain reduces the feedback resistance required, and improves
the bandwidth, by a factor equal to that gain. The most straightfor-
ward implementation simply adds a voltage amplifier following the
conventional current-to-voltage converter. A second reduces the cir-
cuit complexity by making one op amp serve both the current-to-
voltage and voltage-gain functions. In this case, a bootstrap connec-
tion for the photodiode removes the signal swing from the photodiode,
permitting this dual function without sacrificing other performance.
Current output along with increased bandwidth result from replacing
the added voltage gain with current gain. There, a bootstrap connec-
tion avoids the oscillation encountered with straightforward applica-
tion of an op amp current amplifier. For each of the tee and supple-
mental gain alternatives, optimization of a noise compromise guides
component selection for the cireuit.

Performance optimization with each also requires attention to the
amplifier’s physical construction. There, selecting a low-capacitance
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Substituting the above Ensr, Enci, Eneet, and E...,eghresulté adjusts
the noise analysis results of Sec. 5.3.1 for this filtering approach to
noise reduction. Then, for Fig. 6.7:

Epoer = eniny/Jf In(f/f1), Where e is the ey noise floor level, and
f7 is the 1/f noise corner frequency. As explai‘ne_d in Sec. 5.2.3,
setting f1 & 0.01 Hz avoids a theoretical contradiction and ensures
analytical accuracy.

Ewcez = enity/far — If» where for = 1/27Rp(C; + Cs), and C; = Cp +
Cig + Ciem. Here and in the Ey,4 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.

Engea = (em-ffﬂf}1|'(fpr3 '—f:_fa) /3, where for = 1/27R;Cs, and Cs is

the stray feedback capacitance.
Eroes = (1 + Ci/Cs)eniey/fi’ — for, where ;' = /Bufprfe, and fg =
Cs/(Ci +Cs).

Enges = (Forfe) enie/v3(Bu )™, where f, is the op amp’s unity-gain
crossover frequency.

Epe = \,’rEmF + Buoga® + Ences® + Enoet” + Ences"» the total rms out-
put noise resulting from the spectral noise voltage eni of the amplifier
input.

Enoit = ETR;nfyr, where fyr = 1/2nRyCs. For applications that
add a feedback capacitance Cr, replace Cg with Cr + Cs.

Eus = Re a7 ll5- 12

By = JBui® + Baiis + Eroe™-
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Chapter

High-Gain Photodiode Amplifiers

For the basic photodiode amplifier, just making the feedback resis-
tance large produces high gain. However, the very high resistances of-
ten required introduce other performance limitations. For those cases,
alternative methods described here provide reduced offset or increased
bandwidth but produce some compromise to noise performance. First,
reduced de offset results from replacing the circuit’s feedback resistor
with a tee network, as previously described in Sec. 2.2.2. Here, noise
analysis of this alternative reveals that judicious design largely avoids
the noise increase commonly encountered with the feedback tee.

Increased bandwidth results from supplemental gain provided by
three other circuit alternatives. For a given transresistance, the sup-
plemental gain reduces the feedback resistance required, and improves
the bandwidth, by a factor equal to that gain. The most straightfor-
ward implementation simply adds a voltage amplifier following the
conventional current-to-voltage converter. A second reduces the cir-
cuit complexity by making one op amp serve both the current-to-
voltage and voltage-gain functions. In this case, a bootstrap connec-
tion for the photodiode removes the signal swing from the photodiode,
permitting this dual function without sacrificing other performance.
Current output along with increased bandwidth result from replacing
the added voltage gain with current gain. There, a bootstrap connec-
tion aveids the oscillation encountered with straightforward applica-
tion of an op amp current amplifier. For each of the tee and supple-
mental gain alternatives, optimization of a noise compromise guides
component selection for the circuit.

Performance optimization with each also requires attention to the
amplifier's physical construction. There, selecting a low-capacitance
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conversion resistor and using low-capacitance assembly methods min-
imize the bandwidth-limiting parasitic capacitance. With printed cir-
cuit board assemblies, removing the hoard’s ground plane under the
conversion resistor and mounting this resistor on standoffs reduce the
assembly-related parasitic. Note that the standoff at the circuit input
should be insulated to reduce leakage currents; otherwise de offset
could increase, Further, the standoff mountings should be rigid to
avoid the potential for parasitic noise induced in the resistor by mi-
crophonic effects.

7.1 Using a Feedback Tee Network

A tee network significantly reduces the de offset error of high-gain
current-to-voltage converters, as described in Sec. 2.2.2. There, re-
placing the high-value feedback resistor with a tee, composed of lower-
resistance clements, permits the offset reduction of a compensation
resistance without simultaneously increasing offset through increased
photodiode leakage current. However, the tee also amplifies the op
amp’s input offset voltage, producing the Sec. 2.2.2 design limit

'E‘. { Ig_=Ip . +1I
Ry — 10Vos

Circuit noise imposes two other limits for this By /R: selection. Feed-

Rpqg—1

back tee networks have a reputation for high noise gain, suggesting

tee avoidance for the characteristically noise-stressed photodiode am-
plifier. However, closer examination of the tee alternative reveals
that optimizing its design avoids noise degradation for those photodi-
ode amplifiers serving large-area diodes.! There, the diode capacitance
makes noise gain peaking and the amplifier noise voltage the domi-
nant noise effects. The tee network increases the effect of this voltage
noise and the effect of resistance noise. However, design equations
guide the tee selection to keep these increases in the background of

the initial gain peaking dominance. These equations first limit the

increase in the voltage noise to the less-significant, lower-frequency
range. Next, the equations prevent resistance noise from becoming

the dominant effect. Then, the tee network produces the desired re-

duction in dc offset for only a small increase in net noise.

7.1.1 The gain and noise produced by
a feedback tee

Figure 7.1 models the tee-feedback photodiode amplifier for analysis.
There, a current source i, and a capacitance C; account for the effects
of the photodiode. Capacitance C; also includes the differential and
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Cg~ 0.5pF

Ci=Cp + Cig + Ciem

Figure 7.1 Replacing the feedback resistor with a tee network increases
the low-frequency gain for noise sources ey and enm, but judicious com-

ponent selection prevents a gain increase i i igh-
P, g in the dominant high-frequency

common-mode input capacitances of the op amp, making C; = Cp +
Cig+Ciem. Noise sources e,; and e, represent the noise voltages of the
amplifier and the feedback resistor. For current-to-voltage conversion,
the tee network acts as an equivalent feedback resistance of

) Ry R
Rreq =Ry + (1 t EE_;;)RFT A= (1 + }T;) R for the high-gain case

Here.h the feedback attenuation of the Ry, Ry divider multiplies the
effective resistance of Rryp by the inverse of the divider ratio. This in-
verse ratio, 1+ R, /Ry, characterizes the feedhack action of the tee and
reappears numerous times in the performance analyses that follow.
II} response to diode eurrent f,, this equivalent resistance makes the
51ml output e, = i, Rpq = §,(1 + Ry /Ra)Ryrp.

Noise adds to this ideal output signal and, true to its reputation, the
feed_ha.ck tee amplifies the e, and e, noise voltages of the figure. Com-
parison of noise results for the basic photodiode amplifier and the tee
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alternative defines design equations that make this noise amplifica-
tion negligible. These equations prevent the added amplification from
overriding the initial dominance of noise gain peaking. This peak-
ing amplifies e,; at higher frequencies and, where peaking dominates
noise performance, the tee alternative can reduce offset without mate-
rially degrading noise performance. The noise gain A,, characterizes
this peaking, and Sec. 5.1.2 defines this gain for the basic photodiode
amplifier as

1+ Rr(C; +Cs)s
-A-ne o R = =
1+ R;Css
This gain begins at unity at low frequencies and then experiences a
response zero at fir = 1/2x Ry (C; + Cg) followed by a pole at fir =
1/27R;Cs. Together, f;r and fjr produce an A, plateau level of 1 +
CifCq:

Analysis of Fig. 7.1 defines the corresponding noise gain for the tee
alternative. At low frequencies, where the circunit capacitances have
no influence, the tee amplifies the noise signals ey and e,z with the
same gain. Neglecting i, for noise analysis, a de loop evaluation shows
that feedback produces the combined noise voltage e,; 4 eng across Ra.
To do so, the feedback action develops an output noise voltage ey, =
(14 Ry /Ra)en +eqn). This reflects a low-frequency noise gain for the
tee of 1 + R;/Ra as compared with the unity gain of the basic current-
to-voltage converter. For e,p this noise gain simply continues until
rolled off by the feedback bypass capacitance. However, e,; again re-
acts with C; to produce noise gain peaking, and the added 1 + Ry /Ry
gain of the tee potentially increases this effect. Separate analyses for
the two noise sources produce design guidelines that avoid a signifi-
cant noise increase due to the added noise gain.

First consider the overall noise effect of e,;. Figure 7.2 displays the
A,. noise gain response and the tee's range of A, alternatives that
limit the noise increase. There, the dashed A,. curve portrays the
noise gain response of the basic photodiode amplifier with its charae-
teristic zero at fr and pole fpr. The solid Aer curve displays the upper
limit that potentially permits offset reduction without significantly in-
creasing noise. At higher frequencies, this solid A,.r curve overlaps
and follows the original A, in the peaking region that dominates the
ey noise effect. Under this condition, the tee does not inerease high-
frequency noise gain. At lower frequencies, a dotted response portrays
an intermediate A,.r result to illustrate the effect of the tee upon the
response zero fr. For consistency, all three of the noise gain responses
represent the same current-to-voltage gain with Ry, of the tee exam-
ples equal to By of the hasic case.
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Figure 7.2 The Fig. 7.1 tee increases noise gain from Ay, to Ap,1, but careful design
limits the increase to the less-significant low-frequency range of the circuit response.

In the figure, the feedback tee inereases the low-frequency level of
Aye but also moves its response zero to a higher frequency, avoiding
any increase in the dominant noise gain peak. With careful design,
the inherent noise increase of the tee remains in the background of
this dominant effect. The higher-frequency zero of the tee case, fir,
results from the lower net resistance presented by the tee to the am-
plifier’s input circuit. The dashed curve of the basic circuit begins its
frequency response at unity gain due to the single resistor feedback of
the basic photodiode amplifier. This simple feedback presents the high
resistance of Fy to the amplifier’s input circuit, producing the response
zero fir = 1/2x Ry (C; 4+ Cg). With the tee, the noise gain A,.r begins its
frequency response at a level of 1+ Ry /Ra, rather than the unity level
of the basic case. This inereases the voltage noise effect, but careful
design restricts this increase to the less-significant, lower-frequency
range of the A,. response.

Counteracting this low-frequency increase, the tee of Fig. 7.1
presents a far lower resistance to the input circuit, resulting in a
higher-frequency Ap.r zero at fyr. For a given current-to-voltage gain,
the tee produces an equivalent feedback resistance, Rpg, = By,
but this Rp, resistance does not react with the circuit’s input
capacitance to produce fyrr. Seen from the amplifier’s inverting in-
put, the feedback network presents a resistance of Rer + R1||Re = Ber
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to this capacitance. Here, the return of R, to the low ifnpe_da.nce of the
amplifier output effectively connects it to ground, placing 1t_m pa.ral]lel
with Rp. This input-referred feedback resistance breakg wlth_ the cir-
cuit’s capacitances at fer = 1/27 Rer(Ci + Cg). Comparing this result
with the above fyr expression shows that the tee moves the onset of
gain peaking to a higher frequency, as determined by Ryr rather than
R;. Following frr, capacitance bypass of the feedback _path again re-
acts with the net resistance of the current-to-voltage gain, [:srt:ndu-::m;?Y a
pole at fyrr = 1/27 RiegCs = fir- Summarizing these effects, the noise
gain for the tee alternative becomes

1 R;) 1+ RerlCi +Cs)s
tor = (14 0) “ToRuos

Here, different resistances control the zero and pole of Ag.r, adding
an extra degree of design freedom. For the hasic current-to-voltage
converter before, the same resistance Ry controls both the zero and
pole of the corresponding noise gain.

7.1.2 Optimizing the tee's noise
voltage response

Examination of the Fig. 7.2 response plots reveals thel opportunity
presented by the tee's added degree of freedom. For a given Riag, in=
creasing the 1+R;/R2 multiplier of the tee redut;es th.e required value
of Rrr and the resulting dc offset error as described in Sec. 2.2._2. In-
creasing this multiplier raises Aper in the lower-frequency region of
the response but also moves for to a higherfrequency forr and lgav{es
the pole at f,r unchanged. Thus, increasing the 1+ R /Rs mulnplzgr
simply walks the dotted Aq.r eurve up the fiasﬁed A, curve. This
change only increases noise gain in the less-mg.mﬁca_nt,_lc“hfrequency
range as long as this dotted response remains within the bounds
of the solid A, response. Then, the tee produces no Aye change
above the frequency fr that marks the beginning of the peak Ane
level. ) ;
The higher-frequency range of the gain peak spans the dcmn?ant
spectrum of the circuit’s frequency response and largelyf' determines
the eircuit’s response to the e, noise source. At first, visual evalug-
tion of relative areas under the noise gain curves fails to eonvey this
noise dominance. At lower frequencies, the large area add-ed by the
Ape to Aper conversion would seem to greatly affect the noise result.
However, the logarithmic nature of the curve’s frequency axis greatly
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exaggerates the noise significance of the curves at low frequencies. In
practice, this area increase adds little to the net noise result.

However, excessive increases in the tee’s 1+ R;/Ra gain potentially
increases the higher-frequency noise gain as well. The solid A,,r curve
shown defines an upper limit bounding the tee design. This curve
raises the mean level of the noise gain to the peak level of the original
Ape curve, but no more. Any further increase would increase noise
gain in the dominant high-frequeney region, significantly degrading
noise performance. To define this boundary, the selection of the 1 +
R /R; multiplier produces pole-zero cancellation for the noise gain
response. Then, the tee moves the fyrr zero up the A,,. response until it
cancels the pole at fir, as represented by the solid A,y curve. Further
examination of the previous A, equation

it R\ 1+ RepiC; +Cg)s
Aner = (1+Rg) 1+RrEqC§S

shows that pole-zero cancellation produces a constant noise gain of
Aver =14+ Ry /Rs.

This cancellation requires that Rep(C; + Cs) = RpqCs, where Rpy =
(1+ Ry /Rs)Rpr. Mathematical manipulation of this requirement re-
duces it to the simple expression R,/Rs = C;/Cx, defining an upper
limit for the R; /R ratio. Thus, limiting the noise increase due to the
tee's amplification of e;; requires that

R _C
Rs — Cg

where C; = Cp + Cig + Ciem. This is the second limit equation for the
tee-feedback current-to-voltage converter used with large area photo-
diodes. Verbally expressed, this limit equation states that the resistor
ratio of the feedback tee's voltage divider should not exceed the ratio
of the circuit’s input and feedback capacitances. For the above limit
equation, the amplifier and photodiode define C;, but stray capacitance
Cg remains a function of the actual application conditions. Typically,
Cg = 0.5 pf.

7.1.3 Optimizing the tee's resistance

noise response

The tee network also amplifies the resistor noise epg. This noise am-
plification potentially overrides the controlled noise inerease described
above, but imposing a third limit to the tee’s amplification prevents
the override. For a given application requirement, a trial design of

Samsung Exhibit 1021, Page 78 of 139



136 Chapter Seven

the basic photodiode amplifier solution first determines whether or
not ey; initially dominates noise performance. There, comparison of
the net rms noise effects reveals the dominant source for a given ap-
plication. Where e,; and noise gain peaking dominate, the tee offers
offset reduction without a significant noise compromise.

Noise analysis for the tee alternative follows from that of the basic
current-to-voltage converter presented in Chap. 5. There, analyses
convert the effects of the ey, iy, and e,g noise effects into the rms out-
put noise components E,qe, Eng, and Ey.p. These fundamental no@se
components result from the amplifier’s input voltage and current noise
sources and from the resistor’s noise. Together, these components
combine to form the total output noise

Enp = JEMQ + Enm‘z + En¢R2

Selecting an FET input amplifier normally makes the E,,; component
negligible in the above summation. Then, as long as Eyq. = 3E.x, E{m
effectively dominates the E,, noise summation. This rms summation
squares its mmp-unem: results before adding them, and there En. =
3E,.r produces En..’ = 9Eu,gr". When this condition exists for the
basie circuit, resistor noise adds little to the final result, allowing for
an E,,g increase in the conversion to a tee feedback. ;

Analysis defines the resistance noise increase of the tee by extrap-
olating the E,.z result of the basic case. As deseribed with Fig. 7.1,
the tee amplifies the e r noise voltage by a gain of 1 + Ry /Ry instead
of the unity gain of the basic case. Modifying the basic E,. result
of Sec. 5.3.1 for the tee produces Egrr = (1 +R1/R2)/2ETRr7B Wc_;
where BW,; = 1/27 Ry, Cs. This result assumes the typical case where
Rir 3 Ry or Ra, making the noise of Ryr the dominant noise source
for the resistors of the tee. The tee’s added gain makes Engrr larger
than the original E,.g, but the accompanying replacement of By with
a smaller Ryp limits the increase. For a given Ry = (1+ R l.fRZ}RFT;
solving for Rrr = Rpeg/(1 + Ri/R2) shows that increasing the tees
(1 + R1/Rs) gain permits an equal reduction in Rpr. However, the
E.gr noise varies in direet proportion to the (1+ R, /H2) gain but only
in square root proportion to Ryr. Substituting Rer = Ry /(1 + R /Ra)
in the Ep g expression produces E opr = /1 + R1/Ra J2KT ?Efw:rrBWp.
Thus, for a given Ry = Ry, replacing By with the tee increases E
by the factor /1 + R1/Hs to Enopr = /1 + Ry /RoEnog.

This /1 + R /R factor and the Eny. = 3E,.g guideline produce th‘
third limit equation for the tee's gain. Depending upon the E.../Enk
ratio of the earlier trial design, the circuit may or may not permi
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conversion to a tee without a significant noise increase. Where E,, =
3E,ur for the basic case, the increased Ey.zr can be accepted up to a
point as guided by the specific E,,./E,.r ratio of the trial design. A
ratio of Eype/Enr = 3 indicates a lack of or marginal E,.. dominance,
and replacing Ry with the tee would significantly increase noise. How-
ever, En./Eng > 3 indicates a surplus noise dominance, permitting
the tee replacement of Ry. Then, adding the tee and increasing E..g
until E,./Ey;rr = 3 optimizes the offset-reduction-versus-noise com-
promise. Substituting the Enupr = /1 + R /ReEn.n expression into
this condition and solving for B, /Rs produces

2
B (B
RZ_ 3EnnR

where Ky, and Ey.r represent the numerical noise values resulting
from the trial design of the basic case. This is the third limit equation
for the tee-feedback current-to-voltage converter used with large-area
photodiodes.

Combined evaluation of the tee’s three £,/Rs gain limit equations
defines the tee design for a given case. The three equations prevent
an offset increase due to Vi, limit the increase in E,., and prevent
noise dominance by E,.z. Evaluation of the limit equations produces
three steps for the tee design. First, the limit equation just above
must produce a positive value for £;/Rs, indicating a surplus E,,.
dominance and an opportunity for offset reduction without signifi-
cantly increasing the effect of E g Next, this positive value must
satisfy the previous condition Ry/R. = C;/Cg to avoid significantly
increasing E,,.. Finally, the B;/Rs ratio must meet the condition
Ry/Ry = (I +Ip_ — Ip:)Rpq/10Vos — 1 to limit the Vg effect upon
offset. Section 2.2.2 develops this offset limit equation. For a given
application, the smallest B, /R, result from the three equations defines
the offset-versus-noise optimum.

After determining R /Ry, choose R for a convenient resistance value
that does not excessively load the amplifier output. This choice simul-
taneously defines Ry through the R, /R; ratio selected. Given B; and
Rs, the value of Epy follows from the application’s required gain as set
by Riaq 2= (1 + Ry /Ro)Ryp. Solving for Ryp

.
s T

This concludes the tee design.
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7.1.4 MNoise analysis for the tee case

Replacing Ry with the tee produces numerous changes to the noise
analysis results for the photodiode amplifier. Changes occur in all
three of the fundamental rms output noise results En., Enr, and
E,;. These represent the effects of the amplifier input noise voltage
eni, the primary feedback resistor E¢r, and the amplifier input current
noise iy, respectively. The last subseript character of the rms labels
identifies the effects with the corresponding sources. In spite of the
great change, simple modifications adapt the previous noise results
to this tee ecase, avoiding the repeat of a lengthy analysis. These
modifications only require inclusion of the tee’s low-frequency noise
gain, 1 + R;/Rs, and a change in one frequency limit for the E,.
analysis.

The simplest changes occur in the E,gr and E,,; results, where
adding the new low-frequency noise gain and replacing Ry with Rer
adjusts the earlier results to the tee feedback case. As described
above, the tee increases the low-frequency noise gain from unity to
1 4+ R;/Rs. However, the tee also substitutes the much smaller Rpp
for Ry for the circuit’'s dominant resistance, reducing noise. For the
resistance noise, the preceding section shows that these changes make
Euor = (1 + Ry /R2)/ZKTRraBW; where BW, = 1/2rR,Cs. Simi-
larly, the current noise component E,., results from a noise voltage
developed on Ry that receives the same gain. Adding this gain and
replacing Ry with Ry converts the See. 5.3.1 noise result to E,,; = (1+
R\ /Rs)R¢ry/2¢gn BW,Ig_. Noting that Rer = B /(14K /R2) and substi-
tuting this expression reveals the actual changes in noise performance

for E,cg and E,;;. Then, Eyg = /(1 + R1/R:2)(2KTR;7BW,) and By =

Ry, /gnBW,Ig_. From these expressions, the added noise gain of the
tee increases E..g by /1 + R;/R2 and leaves E,; unchanged.

The tee's low-frequency noise gain also alters E,. through the mod-
ified A, amplification of the amplifier's input noise voltage ey;. Pre-
viously, Fig. 5.5 illustrated the basic e.. noise density curve that
produces B, from the A.ey combination. Conversion to the tee

feedback leaves the general shape of this curve unchanged, as shown

in Fig. 7.3. There, the ey, curve repeats the five regions that seg-
ment the rms noise analysis for simplified development of the total

E, .. noise result. Region 1 still displays the 1/f noise influence of

ey followed by its noise floor influence in region 2. Region 3 displays

the rise of the noise gain peaking beginning with a response zero and

ending with a pole. Then, the region 4 plateau and region 5 roll off
duplicate the previous regional responses. However, this curve does
differ from the basic one in regions 1 through 3. In regions 1 and 2,

the increased low-frequency noise gain raises the curve by a factor of
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Log(enge) = Log(AneT &ni)

1 Y
REGION 1 | REGION 2 REG.3 |REG.4 N_ | REGION 5
]

enge = (1+R1/Rz Jen;

1

1 s
T T
L fzir fot

(1+R1/R2 Jenit]

Enge= /Enoeiz +Enoaz? + Enpe3? + Enpea? + Enges?

f217=1/2mRe7 (Cj +Cs) fpt = 1/27RigqCs  fi = fcC5/(Ci+Cs)

Figure 7.3 The tee network raises the base levels of the noise response for regions 1
and 2 of the original Fig. 5.5 noise response. e s

1+R/R;z. In region 3, a new starting point at the level ( 1+ R, /Ra)enr
rat.hf;r than ey begins the noise gain rise at fyrr rather than £, Oth-
erwise, the curve remains the same as for the basic case, and simple
modifications easily translate the basic results to this tee case.

The listing below incorporates the preceding changes to the original
listing of Sec. 5.3.1 for the tee feedback case. Noise analysis then
follows the steps:

Enoer = (1 + Ry/Ro)enis/fr Inifr /1), where ey is the e,; noise floor
level, and f is the 1/f noise corner frequency. As explained in
See. 5.2.3, setting f; = 0.01 Hz avoids a theoretical contradiction
while retaining analytical accuracy.

Enosz = (1 + R1/Ra)enis/fur — f, where fyrr = 1/2xRer(C; + Cs),
and C; = Cp +Cjg + Cicn. Here and in the E, .4 analysis, numerical
evaluation can produce the square root of a negative number. Then,
substitute zero for the result as explained in See. 5.3.1,

Bres = (1 +Ru’Ri)(euﬁffszJ\/(fprs-fera)."& where fiy =

1/27 RyqCs, Rreq = (1 + R1/R2)Re7, and Cg is the stray feedback
capacitanece.
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Enges = (1 + C; /Cs Jeniry/fi — for, where f; =f.Cs/(C; +Cg), and f. is
the unity-gain crossover frequency of the op amp. !

Enges = (enirfe) Vﬁv

Biipe:= JE,.MZ = +E,,r,652, the total rms output noise result-
ing from the spectral noise voltage ey; of the amplifier input.

Enor = (1 4+ R1/R3)2ZKTRrn BW,, where BW; = 1/27 Ry Cs. For
applications that add a feedback capacitance C;, replace Cs with
Cr +Cs. i

Eoa =11 +RII|{R2)R['T“"q TBW. Ig_

E'rm = u,/EnnRz ‘i‘-Enni2 ‘f‘Erme2

As deseribed before, special cases potentially deliver the square root
of a negative number in the calculation of the E..; and E, .4 compo-
nents. These components cover flat regions that certain cireuit condi-
tions eliminate in Fig. 7.3. The condition firr < f; eliminates region 2,
and f; = f,r eliminates region 4. Very large R,Cp time constants can
produce one or both of these conditions. Then, the eliminated region or
regions produce zero noise contribution. However, to cover all possible
cases the segmented K. analysis must include the potential region 2
and region 4 noise contributions. Numerical evaluations of the Ej
and E,..4 equations easily identify these special cases by delivering
the square root of a negative number. As before, simply substitute
zero for such analysis results.

7.2 Adding a Voltage Amplifier

Adding voltage gain to the basic current-to-voltage converter increases
bandwidth for the high-gain case. The added gain permits a cor-
responding reduction in the converter’s feedback resistance without
reducing the circuit’s net transimpedance. Then, the decreased resis-
tance increases the bandwidth limit imposed by parasitic capacitance
bypass. However, the combination of current-to-voltage conversion
and voltage gain degrades noise performance, producing a bandwidth-
versus-noise compromise. Judicious design choices make the band-.
width increase exceed the noise degradation, and analysis yields de-
sign equations that optimize this compromise. Two alternatives add
this voltage gain. The first simply adds a voltage amplifier after the
current-to-voltage converter, and the second adds voltage gain to the
comverter itself, The first alternative, described here, offers a greater
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Rr = AupR'= {1 + Ra/Ry)R{

BW;=0.B4fp¢1 = 0.64/2rRy'Cs
Ra

Az

—0 = igRT

Y
W

:H1 Rf'=,.l'R'rJ21rlr_.2C5

Ra /Ry = R1/Rf -1

Figure 7.4 Adding a voltage amplifier after the current-to-voltage con-
verter produces a net transresistance Rr with a smaller By that is less
susceptible to the bandwidth shunting of Cg.

bandwidth improvement, and the second offers a simpler cireuit. A
third alternative, explained later, adds current rather than voltage
gain for similar bandwidth improvement and a current rather than
voltage output.

In Fig. 7.4, a second amplifier supplies voltage gain following the
current-to-voltage converter, developing a net input-to-output trans-
resistance Ky. Here, By = ARy, where A4 = 1+ Ro/R; is the
lower-frequency value of the gain A, supplied by Ay, Then, for a
given value of Ry, this option reduces By’ by a factor equal to A,
For high values of Ry, this resistance reduction decreases the resis-
tor's sensitivity to parasitic shunting and improves bandwidth by the
same A, factor. However, a second limit to signal bandwidth bounds
the attainable improvement due to the finite bandwidth of the added
amplifier. The resulting compromise suggests an optimization that
increases bandwidth up to this second limit. This simultaneously op-

timizes the circuit’s bandwidth-versus-noise performance as described
below.

7.21 Optimizing the two-amplifier
bandwidth-versus-noise compromise

While an obvious alternative, the two-op-amp solution’s overall effects
upon bandwidth and noise are not quite so obvious. The signal band-
width limitations of both amplifiers now bound the upper end of the
attainable cireuit bandwidth. In addition, the input noise of the second
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amplifier adds to the overall circuit noise with a net effect dependent
upon both the gain added and the resultant bandwidth. Figure 7.5
illustrates the bandwidth and noise sensitivities to A,y with the BW,
and E,, curves, These curves represent the net transimpedance band-
width and the net output noise voltage resulting for the two-amplifier
case. Fortuitously, the bandwidth limit of A; makes the BW,; and E,,
curves peak at the same optimum value of A,g,. Above A,q,, this band-
width limit rolls off both signal and noise, equalizing their bandwidths,
as sought in Chap. 6. As described there, the basic current-to-voltage
converter often provides greater bandwidth for the amplifier voltage
noise than for the photodiode signal. The two-amplifier circuit here
removes that difference, using As's bandwidth limit as a noise filter.
The coincident peaks at A.q, present a performance optimum due to
the different slopes of the BW, and E,, curves. Examination of these
slopes reveals the bandwidth-versus-noise optimum. Prior to A,
both BW; and E,, rise with increasing A,s, suggesting a stalemate
in the bandwidth-versus-noise compromise. However, closer exami-
nation of the BW, and E,,, origins shows differing rates of increase.
Below A, the BW, curve rises with a greater slope than E,,, increas-
ing the ratio BW; /Ey, up to the Ay, optimum. The slope difference
results from the differing BW, and E,,, sensitivities to Ag. Increasing
Ayg permits a proportionate decrease in Ry', directly increasing BW, =
1/27R/'Cs = Ay/2rRyCs. This direct proportionality, BW, o

BANDWIDTH - VERSUS - NOISE OPTIMUM

EI'I(:l

M I i

e Aypa = \/ZrR1CsTc2

AvDo Ava

Figure 7.5 Increasing the voltage gain A, in Fig. 7.4 increases band-
width at a greater rate than il increases noise up to an optimum value of
Avyng.
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Ay, defines the BW,-versus-4,4 slope up to the A, optimum. Beyond
Ao, continued decrease in Ry’ further reduces the 1/2zR:'Cs limit,
but there the finite gain-bandwidth product of 4 takes control of the
circuit’s bandwidth. As analyzed later, this limit makes BW; = fia /4.0,
where fis is the unity-gain crossover frequency of As. This rolls off the
BW,; curve, reversing its slope from BW, oc Ay to BW, oc 1/4,, at the
Ao optimum.

Similar analyses of the E,, curve defines its varying slope. Below
Ao, increasing A,y also increases K, but more gradually than BW,.
In this region, first noise gain peaking and then resistor noise control
the slope of the K., curve. The peaking characteristically controls the
slope at the low end of the A,y axis. There, the amplification of ampli-
fier input noize voltage dominates Ey,. Increasing A,y reduces Ry, and
the resulting noise gain peaking, but further amplifies the noise sig-
nal appearing at the A; output. The net result of these counteracting
effects produces a slight, initial upward slope in the E,,-versus-4,,
curve. At somewhat higher A, levels, the corresponding reduction
in R’ removes the gain peaking dominance but replaces it with the
combined effect of ¢’ and A,. There, the increase in A,y decreases
By' in direet proportion through the relationship Ry' = Ry/A,g. This

decreases the resistor’s noise voltage, as described by eyp = \;“QKTEH,
and would make E,, 'v“% for By, o 1/4/A,0. However, the A, in-
crease also Ejggliﬁes j:_he eng Noise voltage in direct proportion, making
Eoq o Aw/+/Aw = /Aw. This final proportionality becomes the slope
of the Ey, curve preceding the A,q, optimum.

Beyond this peint, the E,, curve flattens due to the counteracting
effects of the increasing gain versus the declining R;" and bandwidth.
The increasing gain tends to make Ey, o Ay, but the declining re-
sistance and bandwidth eancel this effect. The rms noise of the re-
sistor, Eng = ,/4KTR;'BW,, exhibits square root dependencies upon
both Ry' and BW,. Above Ayg,, both By’ = Ry /A, and BW, = fl2/A.
display inverse proportionalities to Ay, The combined effects make

Eno o A /y/ {Ab{,}g = 1. Thus, above A.g,. Ene becomes a constant with
zero slope.

Comparing the slopes of the BW; and E,, curves confirms the band-
width-versus-noise optimum at A.g,. Below this gain, the BW, o A,
and the E,, o vAg proportionalities make BW,/E,, « /A, and in-
creasing A,y improves the compromise. Above A.g,, the BW, o 1/4,4
and the Ey; « 1 proportionalities make BW, /E, o 1/4,4, and increas-
ing A,y degrades the compromise. Thus, the value A, that produces
the coincident peaks of the BW, and E,, curves also optimizes the
circuit's bandwidth-versus-noise compromise.
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7.2.2 Designing for the
bandwidth-versus-noise optimum

To quantify this Ao, value, consider the bandwidth curve BW, and the

conditions that optimize this characteristic. As A,y increases, band-
width initially increases in direct proportion due to the corresponding
deerease in Ry'. There, the decreasing Ry’ increases the frequency of
the A; response roll off produced by stray capacitance. However, the
added demands of the voltage gain on As eventually make this ampli-
fier's bandwidth the controlling factor, rolling off the BW, -versus-4,,
curve. For a given value of Ry, an optimum value A, produces a
peak bandwidth like that shown. That peak occurs when the parasitie-
limited bandwidth of A; and the gain-limited bandwidth of As coincide.
Parasitic or stray feedback capacitance Cg sets the A; bandwidth limit
at fon = 1/27 By'Cs. Further analysis defines the A, limit.

Feedback conditions similar to those deseribed in Chap. 3 set the
Ay bandwidth at fs, the intercept frequency of this amplifier's 1/8
curve with its Apy, response. Figure 7.6 illustrates this intercept at
the crossing point of the 1/8: and Aqrs curves. There, 1/8s represents

the feedback demand for gain, and Ag;s represents the amplifier gain

available to supply this demand. At frequencies below the fi; inter-
cept, the available gain exceeds the feedback demand, and the excess
or loop gain makes the closed-loop A, curve follow the ideal level of its
de value, A,4. At frequencies abave the intercept, the demand exceeds
the supply, forcing a response roll off and defining a bandwidth limit
at fiz. At this intercept frequency, the 1/8: and Apps curves occupy
the same point, making 1/8: = Aqra.

AgLz ~1/fez

AgLz = fizffez of fiz

. ¥
1/{( \iﬂz

W

[}
]
; 2
T

0
fiz \ f

Figura 7.6 The Az amplifier of Fig. 7.5 introduces
a second bandwidth limit defined by this amplifier's
intereept of its 1/8 eurve and Ag;, respanse at fia,
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This equality defines the fi; bandwidth limit of A when known
quantities replace the above fis and Agrs terms. First, the voltage am-
plifier formed with As produces a feedback factor of 82 = By /(Ry +Ry),
making 1/f; = 1 + Ra/R; = Ag. Next, the constant gain-bandwidth
product of most op amps defines Agrs at the intercept as guided by
Fig. 7.6. There, Aoyz displays the typical single-pole roll off that pro-
duces this constant product over most of the amplifier's useful fre-
quency range. The single-pole roll off produces a 1:1 slope for the Agrs
response, and an increase in closed-loop gain A produces a propor-
tionate decrease in the fi; bandwidth limit. In this single-pale range,
Aoz = fio/f . where .2 is the unity-gain erossover frequency of 4. At
the 1/82 intercept, Ay = Aw and f = fi», making A, = fa/fis. Solv-
ing for f;» defines the bandwidth limit for As at fia = fs/Aw. Then,
cquating the two amplifier bandwidth limits, fiz = fin, and selving for
It;" defines the value of this resistance for the bandwidth-versus-noise
optimuni. For a given value of net transresistance Ryp, the optimum
Ry is

R’ = /Ry /2nf.2Cs

After solving for Ry’ above, the closed-loop gain setting of the second
amplifier becomes Ay, = Ry /Ry,

Two performance changes, produced by the added gain, control the
resulting bandwidth improvement. First, the added gain reduces the
converter’s feedback resistance from Ry to B’ = Ry /A.g,. For com-
parison, consider the same circuit gain for the basie and two-amplifier
solutions. Then, Ry = Ry, making B’ = Ry /A,q,. This replaces the
original bandwidth limit of fiy = 1/27 R Cs with fin = 1/278/Cs =
Ay /27 By Cg | increasing this bandwidth limit by a factor equal to A.q,.
However, this difference in the f, limit does not improve the circuit’s
bandwidth by exactly the same factor due to a second effect. The added
gain of the circuit also replaces the normal single-pole roll off with
that of a double pole. This double pole results from the optimization
described above, which increases A,y until the two bandwidth limits
coincide with fyn = fi2. The two-pole roll off makes the circuit’s —3-dB
bandwidth BW, = 06431 = 0.64/27R;'Cs, reducing the bandwidth
improvement factor from A, to 0.64 A,g,.

Further manipulation of preceding results produces a simple indi-
cator of the potential bandwidth improvement for a given applica-
tion. Numerical evaluation of this indicator identifies those specific
applications that would benefit from conversion to the two-amplifier
solution. First, substituting the previous Ry’ = /Ry /27f2Cs in the
Aung = Ry /Ry result produces an alternate design equation

A\aﬂn = "IEETRTCsfcg
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This expression defines Ay, directly without first determining Ry'.
More importantly, the variables of this expression also relate A.,
to the original bandwidth limit fr and the crossover frequency fig of
the added amplifier. From before, the basic circuit produces fir =
1/27 Ry Cs and, for the same net gain, the circuit here makes Ry = Ry
Thus, for comparison purpeses, for = 1/27RrCs and 27RrCs = 1/fe

Substitution then yields
[fe2
o (8
' fpf

This defines the optimum A,; value in terms of the original band-
width limit and the erossover freguency of A;. Then, the preceding |
bandwidth improvement factor of 0.64 Ayq, defines the improvement
available for a given application. Bandwidth improves with the two-
amplifier solution whenever the above equation yields A.g, > 1/0.64=
1.56.

7.2.3 MNoise analysis for the two-amplifier
case

In optimizing the bandwidth-versus-noise compromise, the addition
of voltage gain modifies each of the photodiode amplifier's fundamen-
tal noise components Enor, Enei, and E,q.. A listing at the end of
this section summarizes these modified components and various sub-
components for step-by-step caleulation of a given circuit’'s output
noise. The three fundamental components represent the circuit’s rms
output noise created by resistance, noise current, and noise voltage
as originally analyzed in Chap. 5. Here, the resistance and current
noise effects, E g and E,;, increase due to the added voltage gain
and the increased bandwidth. However, they also decrease due to the
reduction in By and this eircuit's two-pole roll off. The added gain and
steeper roll off also affect the circuit’s response to the amplifier’s input
noise voltage En. in a similar manner. In addition, the presence of
the second amplifier here introduces a new contributor to E,.. ]
For the resistance and current noise components, E,.g and E,, the
high-value feedback resistor B¢’ continues to dominate related noise
effects. The noise sources behind E,,z and E,,; remain the same, but
the two-amplifier solution alters both the noise gain and its frequency
response. By itself, resistor ;' produces a constant noise density of

enr =,/ 4KT Ry that in turn produces the rms output noise component

Eqogr. Similarly, the amplifier's input bias current Iz produces com-
ponent E., through a constant noise density of i; = /2¢fp_. This
noise current flows through R;', developing a noise voltage of density
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engi = inifiy’. Previously, the basic current-to-voltage converter trans-
ferred these resistance and current noise densities to the cireuit out-
put with unity gain at lower frequencies. Then, at higher frequencies,
the single-pole bandwidth limit, BW, of the eircuit’s transresistance,
rolled off this gain. This combination made the corresponding noise
gain A, = 1/(1 + jf /BW,), where BW, = f,y = 12w R Cg.

In this two-amplifier case, the cireuit instead transfers these noise
densities to the circuit output with a gain of A,y at lower frequencies.
Then, at higher frequencies, a two-pale handwidth limit rolls off A
at fun, making A, = Auw/(1 +jf /fyn)®. Using this modified A, result,
evaluation of the rms noise integral

B
IE"mll‘1 = fu |Aneu |2 df

defines the E,.p and E,,; components for the two-amplifier case. In
the first case, e, of the above integral becomes e, and, in the second
case, infly". For the two-amplifier solution of Fig. 7.4 this integration
produces

Eyr = A-M}\.l' KTR"J‘Tfpfl and Eog =A,.0Rfi‘gﬁq5rfmf,g_ /2

where fin = 1/27 R 'Cs, and Ao = 1 + Ra/Ry.

Comparing these new noise results with earlier ones reveals the
relative increases in E,z and E,,; produced by this two-amplifier so-
lution. For this comparison, two translations produce equivalent con-
ditions. The first translates the resistance and handwidth factors of
the two-amplifier En.z and E,; results above. The A gain added
here modifies the circuit’s conversion resistance from Ry to By and
the bandwidth limit from for t0 for. Relating these modified charac-
teristics to the originals produces a common ground for comparison
of noise results. For a given transresistance, Ry = By, but the two-
amplifier solution also makes Ry = ARy, Solving for ;' relates it
ta Ky through Ry' = Ry /A0 The two-amplifier solution also increases
the fundamental f,; bandwidth limit to forn = Awfyr. Substituting
these Ry’ and fyn expressions in the above Enoy and Egy equations
produces Eyr = Ayo/KTRyfyr and Eyy = Ry Jgrdyofyrfp-/2. This
expresses the modified E,.z and E,.; results in terms of the funda-
mental By and fr characteristies. A second translation converts the
results of the basic circuit to the same common-ground form. Pre-
viously, analysis of the basic ewrrent-to-voltage converter produced
Eor = JZKT&:!EW; and E.,; = Ry,/qnBW,Iz_. There, BW, =

fos rnaki_ng Eur = V’QKTE:?fM and E,; = Rfvf’qr:rrfprj'g_ the equiv-
alent noise results for comparison purposes. Comparing the trans-
lated results for the two-amplifier and basic circuits shows that the
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two-amplifier solution increases En.g by a factor of A,/+2 and Epg
by a factor of /A /2.

Amplifier noise voltages produce the third fundamental noise compao-
nent, £y, but with the effects of two amplifiers in this case. Amplifier
Ay produces the noise gain peaking analyzed in Sec. 5.2.3, and then, A
amplifies the gain peaking result. Further, amplifier A; adds its own
noise voltage to the net output noise result. Adding the subscripts 1
and 2 differentiates the A; and As origins of the various noise sources
and frequency limits described below. Consider the gain peaking ef-
fect first as represented by the spectral noise density versus frequency
curve of Fig. 7.7. As before, separation of the spectral output noise
2pee Into approximation regions simplifies the rms noise integration.
Separate analysis of each region produces the rms noise components
Eyoe1 through E, .5 for later combination into a net E, . result. The
enge curve shown incorporates three changes to the original curve of
Fig. 5.5. The curve's magnitude increases, the span of region 2 ex-
pands, and the region 4 plateau vanishes. First, adding the voltage
gain of A; raises the magnitude of the e, . curve by a factor of Ay, as
reflected by the increased noise floor level A geqnin. Next, making the
circuit’s two bandwidth limits coincident, fyn = fiz. extends the span

®noe = Anetni
1
REGION 3 | REGION 3

REGION 1 REGION 2

|
"‘-\_ﬂnoe: =

Ane nifl
|

/ Enoe = AvO®nil

AQepifit——————

L ™
Tty f2t1 fof1 = fi2 fez

Enoe= \/(Eno|1)2 + (Enaez)z + (Ennei)z + {Enoe.ﬁjz

fzi1 = 1/2eR¢(Ci+Cg) fpi1= 1/2rRiCs = fin=fea/ M0

Figure 7.7 Amplifier A; of Fig. 7.4 produces an output noise density elevated hy
the gain Ay of As and mizzing the old region 4 plateau. Making the cireuit's twa
bandwidth limits coincident removes that plateau.
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of region 2 by moving fiy and fun to the right. Substitution of fin
and fyn for the old fir and for adjusts for this difference. Finally, the
fprt =fiz alignment eliminates the old region 4 plateau by placing the
Elateau'g beginning and ending points at the same frequency, making

noed = W,

I_n addition to the above changes, adding A inserts this amplifier's
noise into the final result. The input noise voltage of this amplifier,
eniz, receives the same A, gain as the output signal of the circuit’s A,
current-to-voltage converter. Noise voltage e, produces the typical
1/f response region, and this would complicate the associated analy-
sis, However, the limited frequency range of this 1/f region and the
signal preamplification provided by A; almost always reduce this re-
gion’s added effect to insignificance. For simplicity, consider the input
noise voltage of A; as just the amplifier's noise fioor level enirz. Then,
this constant noise density receives the gain, 4, = A /(1 + jfifia).
Together, the As noise voltage and voltage gain produce a new compo-
nent of output noise, Eyosz. RMS evaluation of this component results
from the integral

Epuns® = f Jﬂvénififedf
0

This prﬂduces Enm = A‘.uemmw':‘?j‘:'zfz. where A;-n =1 +R2[R1}. }’Ez =
fea/Awo, and s is the unity-gain crossover frequency of Az, Combining
Eooaz with the Eypa; result of the current-to-voltage converter, in rms
fashion, then yields the circuit’s final rms output noise.

The listing below summarizes the noise analysis of the two-amplifier
solution of Fig. 7.4 for step-by-step calculation of the individual noise
components and the resulting total output noise. For simplification,
the listing defines A,y and the various limit frequencies of the results
only upon their first occurrences.

Enoer = Avoenin /fr1 Inlfin /1), where A,y = 1+ Rs/R,. Also, enin is the
eyi1 noise floor level, and f;; is the 1/f noise corner frequency of A;.
As explained in Sec. 5.2.3, setting f; ~ 0.01 Hz avoids a theoretical
contradiction and ensures analytical accuracy.

Enoea = Aweniny/fort — fr1, where fon = 1/27B/(C; + Cs), and C; =
Cp+Cia+Cicm. For applications requiring feedback compensation Cr,
replace Cg with Cr +Cg here and in the steps that follow. Numerical
evaluation here can produce the square root of a negative number.
Then, substitute zero for the result as explained in Sec. 5.3.1.
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