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Preface 

Photodiodes transform a basic physical indicator, light, into the elec­
trical form commonly used to monitor physical conditions. There, 
semiconductor junctions convert the photon energy of light into an 
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 w;th 
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 output as a 
current and performing a current-to-voltage conversion dramatically 
improves performance. This isolates the photodiode from the signal 
voltage and makes the op amp cu1Tent-to-voltage converter the basic 
photodiode amplifier. 

While simple in structure, this circuit still displays surprisins- 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 
ho.sic photodiode amplifier. In the chapters that follow, design equa• 
lions guide the circuit's component selection, and circuit derivatives 
optimize the various performance characteristics. In the first circuit 

ix 
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variation, replacing the current-to-voltage conversion resistance ~th 
a tee network reduces offset, and a later analysis guides the tee design 
to avoid the customary noise increase of this replacement. 

Next, the high resistance of the conversion resistor and the capaci­
tance of the photodiode combine to produce three separate frequency­
response limits. Each potentially sets the bandwidth of the current­
to-voltage converter when operated as a photodiode amplifier. These 
limits result from parasitic capacitance, the limited bandwidth of the 
op amp, and phase compensation requfrements. In the firsL case, par­
asitic capacitance bypass of the large conversion resistance rolls off 
the circuit's response. In other cases, the op amp bandwidth and 
phase compensation compete to control bandwidth. As a photodiode 
amplifier, the current-to-voltage converter often produc~s a two-pole 
response, Tesulting from an input circuit that appears like a ?arallel 
L-C circuit. This characteristic jeopardizes stability and reqwres the 
phase compensation that introduces the third .-_esponse limi~. F~ed­
back analysis develops design equations for this compensation m a 
compromise that equates the band\\~dth limits imposed by the op amp 
and this compensation. 

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

The photodiode amplifier's resistance, capacitance combination also 
degrades noise performance, and for higher-gain applications, ~his 
noise often controls the amplifier's overall accuracy. As a photod1ode 
amplif,er, the current-to-voltage converter typic~lly exhibits a complex 
noise behavior in which the op amp's input noise voltage receives an 
unexpected high-frequency gain. Here, breaking the noise analysis 
into a series of frequency regions restores simplicity. This regio~al 
analysis also permits comparison of relative noise effects to identif)• 
circuit changes that optimize performance. Frequently, this analysis 
reveals that the wiexpected high-frequency gain or noise gain peaking 
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dominates noise performance. Then, the circuit amplifies the noise 
voltage of the op amp's input with a noise bandwidth. that exceeds 
lhe signal bandwidth. Modifications to the basic photod iode amplifier 
provide filtering to reduce or remove this noise disadvantage. In each 
case, noise analysis equations guide the circuit's component selection 
lo optimize the circuit's bandwidth-versus-noise compromise. 

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

Noise on the power-supply lines also couples into the signal path of 
Lhe 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 
Lhc 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 importai1t. In 
addition, this gain peaking makes the photodiode amplifier more vul• 
nerable to oscillation through a parasitic feedback loop formed through 
Lhe power-supply Jines. 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
Lion 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 retums 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 
r,ttention to the amplifier's environment rather thai1 the amplifier. 
'!'his background noise typically results from the parasitic noise cou­
pling of external electrostatic and magnetic sources. Here again, the 
noise gain peaking of the photodiode amplifier accentuates the effects 
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of these noise sources. Limiting these effects requires attention to am­
plifier location, shielding, the circuit structure, and the physical ar­
rangement of circuit components. There, differential amplifier struc­
tures and loop-minimizing component arrangements reduce the effects 
of these external noise sources. Converting the photodiode amplifier 
to a differential-input form activates the common-mode rejection of 
the op amp for rejection of both eleclrostatic 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 sen.sing accuracy by intro­
ducing offset and gain errors in the light-to-voltage conversion pro­
cess. Background light introduces a first variable but only adds an 
offset to the diode output. Differential measurement ,vith two photo­
diodes removes this offset through the subtracti.on of two output sig­
nals. Variations in the light source intensity and in the phoLodiode'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 thei.r mean signal. An analog 
divider extracts this normalized signal with the greatest accuracy, but 
analog multiplier replacements for the divider s implify the ci.rcuitry. 
Alternately, linear photodiode arrays remove the need for normaliza• 
tion by providing a digital indication of position. 

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

Jerald Graeme 
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Chapter 

1 
Photodiodes 

Semiconductor junctions convert the photon energy of light into an 
electrical signal by releasing and accelerating cutTent-conducting car­
riers \\~thin the semiconductor. All semiconductor junctions display 
this response, and th.is forms the basis for the pbotodiode. Thus, a pho­
todiode behaves like an ordinary signal diode but with the acidition of 
an internally generated current de.rived from il1umination. Special­
izing the diode design for the photodiode role improves its spectral 
response and efficiency. PIN pbotodiodes expa.nd 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 cun-ent co1Tesponds di-
1·ectly 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'e cutTent 
into multiple outputs. 

1.1 The Photo Effect 

Light entering a semiconductor materia) 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 indi·,idual carriers may or may not contribute to current 
tlow. Can·iers released within the depletion region of a semiconductor 
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figure 1.1 111 .i phot.odiode, hol~ and elect-rons released by photons ·within ~he 
depletion region sccele_rate. toward. the diode tei:minals. but those rclea.sed outside 
this region travel by diffusion or simply reeombme. 

junction produce the majority of this ,current due to the electric field 
of this region. That region contains ionized or depleted a~ms that su~­
port a voltage differential across the junction. The associated elecl,~c 
field accelerates the carriers toward the diode's top and bottom ternu­
nals, adding conduction energy to the carriers and reducin~ the proba­
bility of recombination. Applying reverse bias lo_ the

1
Junctio~ expands 

the depletion region to encompass more of the diodes mater,~! within 
the accelerating field. However, in the absence of external bias, a de­
pletion region still develops at an! semiconductor junction due to the 
junction's bu.iii-in voltage. There, iust the diffusion of thermally gener­
ated carriers across the junction produces a region of exposed charge. 
At equilibrium, that diffusion produces a charge balance across the 
junction that supports an electric field. Carri~rs released away from 
the depletion region diffuse through the maten_al until they reach th~t 
region or recombine. Those reaching the region _receive the eleclnc 
field's acceleration to be swept to the diode termmals as part of the 
conduction current. Typically, only those carriers generated within 
one diffusion length of the depletion region contribute to current flow. 

The construction of the photodiode and the wavelength of the hght 
strongly influence the efficiency of the light;to-current conversion. 
There, semiconductor doping levels and the iunctton depth become 
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key parameters. Lightly doped materials expand the depletfon region 
by reducing the number of doped atoms per unit volume. Thls 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 delermines 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 sho1t 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 1 

ip = r~t/>, 

Here, r,; is the diode's :flux responsivity and ¢, is the radiant :flux 
energy in watts. 

The ac response of ip displays a dual time constant due to the two 
carrier travel mechanisms that account for photodiode cunent.2 As 
described above, carriers generated both within and outside the de­
pletion region contribute to thls 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 ip, idr, 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 ofip, id,- The combination of the two components produces 
a time domain current -of ip(t) = ad,id,(t) + ad;id;(t), where ad, and 
"'d• represent the fractions of ip supplied by the drift and diffusion 
components. This produces a step response 

ip(t) = ip (oo) (l - adre_,;,,, - ad,e-•I•••) 

where the Tdr and Tcii time constants characterize the drift and diffusion 
,·csponses. 
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Figure 1.2 The drift. and diffusion com~nents of photo­
di:,de current e:i:hibit greatly different tune constants to 
produce a net current displaying a LWO•time-ronstant. re­
SJ:Onse. 

Figure 1.2 illustrates these two responses and the composite i,,(t) 
result. There, the shapes of the id, and id, curves reflecl thetr greatly 
different t<1r and rcb t.ime constants. Adding the two curves produces 
the i curve with a characteristic two-time-constant shape. Initially, 
i ri:es rapidly due to the effect of id,, after which ip assumes the long 
:ettling time produced by id,- Thjs settling time defines the funda~en­
tal ac response limit for the photodiode. However, most photodiode 
applications introduce more significant limits through the photodiode 
capacitance and a monitor amplifier bandwidth limit. Chapter 3 ex­
amines these other effects. 

1.2 The Photodiode Model 

Modeling the characteristics of the photodiode with discrete circuit 
components permits analysis of application circuits. Figure 1.3 shows 
the resulting model with an ideal diode, a current source, and accom­
panying parasitic elements. Current sow·ce ip represents the pho­
todiode •ignal, and the d;odo replicates voltage cnnn1t1ons for the 
forward-biased state. !«lsistance RD represents the diode's dark re­
sistance, which is the resistance of the zero-biased diode junction. For 
most applications, this high resistance produces little effect and can 
':)e ignored. Similarly, resistance Rs models the series resistance of 
the semiconductor material, and this low resistance can generally be 
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ignored. However, the remaining parasitic element CD produces pro­
found performance effects for most photodiode applications. Later 
chapters describe the stability, bandwidth, and noise compromises 
produced by this capacitance. 

CD represents the stored charge effect of the photodiode junction 
and varies with the diode's area and volt.age. Larger diode areas en­
compass a greater junction volume with increased stored charge and 
a corresponding larger value for Co. Reverse biasing the diode in­
creases the depletion width of the junction to effectively increase the 
space between the capacitor's plates and reduce CD, Tile latter effect 
is described by 

Here, Cno is the photodiode capacitance at zero bias and 1/JB is the 
built-in voltage of the diode junction. Applying a reverse bias voltage 
VR reduces Co from its CDo value through a comparative relationship 
with <PB. Chapter 4 quantifies the benefit of the reduced capacitance 
with practical circuit applications. 

A simplified version of this model helps explain the characteristic 
curves measured with a photodiode. For a signal diode, sweeping the 
voltage impressed across the device and measuring the terminal cw·­
rent defines its characteristic curve. A photodiode simply introduces 
another variable through internally generated current. l:iowever, eval­
uation of the photodiode performance requires making a distinction 
between the terminal cwTent measured and the photo-generated cw·­
rent. Figure 1.4 illustrates this difference with the diode and current 
sow·ce of Fig. 1.3. The simplified model here neglects the resistances 
of the earlier case since they generally produce negligib:e effects. Sim• 
ilarly, this model neglects the earlier capacitance for tr.e low frequen­
cies common to characteristic curve measurement. W:th thjs model, 
an impressed test volt.age ep produces a terminal cw·rent ir = id - ip 

Rs 

Co 
Ro 

Figure 1.3 The circuit model of a phot.odiode consists of a sig­
naJ current1 an idea) diode, a junction capacitance, and parasitic 
r.eries and $hw1t resistances. 
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figure 1 .4 Sweeping the volt.age 3nd r_neasuring lbe current. with a. phot:odi· 
ode reproduces t.he basic diode curve wtth offsets produoed by the pbotod1ode 
current. 

and here a measurement-generated diode current id differentiates 
the 'meas~red iT current from the photo-generated current ip, 

Depending upon the polarity of the impressed ep, this diff~rence may 
or may not influence the intuitive evaluation of the resullmg charac­
t.Mistk curves. Figure l.4 shows these curves for zero illumination 
flux, q,, == o, and for several multiples of a measurement flux density 
4',m . The result simply replicates the familiar cun-ent-voltage char_ac­
teristic of a diode with varying levels of offset. However, interpreting 
the photo gain from these curves requires s,vitching from vertical to 
horizontal comparisons as the test voltage ep passes through zero. For 
e < o the diode of the model remains reverse biased, and id == 0 for 
;; -:: :_ip, Then, the measured current directly reflects that gener­
ated by the diode's photo response. In this region of the curves, zero 
iJlum,nation or q,, == 0, leaves ip at its small leakage or dark cur­
rent level. Then, increasing values of t/>, raise ip linearly and s_tep 
the ir == -ip curves vertically downward in the figure. The vertical 
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spacing between the curves reflects the photo gain and the photodfode 
responsivity r~ of the earlier ip = r.t/>,. Also in this region, the curves 
display slopes reflecting the increased photodiode responsivity as the 
ep 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 ep < 0 region represents the photocon­
ductive or current-output region of the photodiode response. 

For ep > 0, the diode becomes forward biased and influences the 
current measured. Then, id # 0, and the forward bias increases the 
measured ir = i,1 - ip. 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 because ip alon_e pro­
duces these. The horizontal spacing between the cw-ves reflects the 
photo gain for the photovoltaic or voltage-output operating mode of 
the photodiode. In the actual photovoltaic mode, no ep measurement 
signal drives the circuit. Instead, ip supplies the total diode current, 
id = ip in Fig. 1.4, and produces the voltage ep as an output sig­
nal. Then, the flow of ip through the diode produces ep = V, In (ip/lo }, 
where V, = KT /q is the thermal voltage of the junction, and Io is 
the dark cunent or reverse saturation current of the diode. From be­
fore, ip varies linearly with illumination intensity q,, as expressed by 
ip = r c4',. This makes 

and ep is a logarithmic rather than linear functior, of light intensity. 

1.3 Photodiode Variations 

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

1.3.1 PIN photodiodes 

Adding an intrinsic layer to the photodiode structure increases the 
~pectral range of response by expanding the depletion region. As de­
~eribed in Sec. 1.1, photons release carriers in a semiconductor over 
11 range of depths proportional to the photon wavelengths, and only 
I hose carriers released within or near the depletion region contribute 
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Figure 1.S PIN photodiod.a include an mtrine:it interlayer L1at expand, the de.,1«.!lion region to encompass canicrs released by a broade-r rang@ of 
phQton wove)engtl1s. 

to the diode current. This makes the basic photodiode somewhat wave­lengt.h selective, and that feaLu1·e bencfit.s some applications. Other 
applications require b,-oader spectral responses as provided by the PIN phot.odiode structure of Fig. LS. As the name suggests, this photodi­
ode includes an intrinsic region between the P and N regions. Wliile never truly intrinsic,3 the added region contains relatively few doped 
and depletable at.oms. 

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 ofbe depletion region to encompass carriers released by a broader range of photon wave­
lengt.hs. To f-ully benefit from the intrinsic layer, ihe PIN diode nor­mally requires an applied reverse bias that ensureE a depiction region 
extension all the way through this layer. Then, t1e region's electric 
field oloo cxtcnda through the layer to accelerate ;hose can-iers ge11• erated in a larger sensitive volume. As expected, this odded layer 
increases the transit distance for the carriers, but the low doping of 
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the intrinsic region retards recombination to assu,·e that more of the generated carriers complete the ti-ansition. 

1.3.2 Avalanche photodlodes 
For low-lighL conditions and high-speed requirements, avalanche pho­
todiodes provide significant benefits buL impose difficult bias require­ments. Biasing a photodiode near its breakdown voltage introduces 
avalanche multiplication to amplify the fundamental photodiode cu,·­rent. Then, e·,en very low-light levels produce measurabl>. 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 dc,cribed in later chapters, the magnitude of this resis­
tance seriously affects the bandv.~dth of practical photodiode circuits. Figure 1.6 illustrates the chain reaclio11 that produces the inoornal 
gain or the avalanche photodiode. There, an incident photon begins 
the process by freeing a first hole..ilectron pair ,vithin the diode's de­pletion region. Then, the high electric field produced by the diode 

p 

0 

Oepl•l;on 
Region 

Flg_ure 1.6 Av1:1lonch~ photodiodes p1·o<lucecu1Tcntgein through 3 chain re· 1rt1on in which curriera releMed by photon3 and accelerated by Lhe depletion 
1 If\ release f\ll'lNr carriel"I through impact. ioni1,alion. 
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bias accelerates and imparts energy lo the freed carriers. In the fig­
ure, the electron of this first pair produces a second pair upon col­
lision with a11other 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 conti11ues e,•en to 
areas outside the depletion region, but there, the lack of an acceler­
ating electric field makes the regenerative nature of the process grad­
ually decay. Through this avalanche multiplication, the photodiode 
current becomes i,,. = Mipo, where ipo is the photodiode current pro­
duced by the same illumination but with zero d:ode bias. Avalanche 
photodiodes achieve multiplication factors as great as M = 100 before 
practical limitations preclude further increase. 

An added noise effect and difficult gain control ultimately limit the 
usable gain of the avalanche photodiode. The impact ionization that 
generates the gain introduces another degree of randomness to the 
photodiode's current flow, and this randomness :epresents noise cur­
rent. Making M too great degrades the signal-to-noise ratio, but for an 
optimum M value, the added gain supplied to the signal outweighs the 
added noise and improves the signal-to-noise ratio. Accurate control of 
this gain presents the most serious problem in practical appl ications. 
Manufactui-ing tolerances and temperatw·e variations pot<mti,illy pro­
duce dramatic changes in the multiplication gain M. As described, 
biasing the diode at the verge of breakdown pr-lduces 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 requ.ire 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 
th0 position of a light beam on the diode's surface. Two or more 
phctodiodes on a common integrated circuit chip, as illustrated in 
Fig. 1. 7, indicate position through the relative output signals of the 

filil filil filil fil:j Wil filil 
Wil filil Wil Wil Wil Wil 
Wil fil:j Wil fil:j ~ Wil 
fil:! WJ rn ~ WJ fili! 
Wil filil Wil filil Wil ~ 
rn WJ filil fil:! WJ rn 

Figure 1.7 'Ihe physical locations of individuaJ diodes in 
multiple-element photodiodes permit detection of a light beam's 
1>0sitfon on che photodiodes' surfaces. 
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individual diod0s. In the simplest ca"e, a dual phutudiode produces 
single-axis information, and a linear diode array extends resolution 
for this application. Similarly, a quad photodiode, with its diodes 
ananged in quadrature format, provides two-axis information, and 
two-dimensional arrays extend resolution for this case. Lateral pho­
todiodes als,) indicate position through the relative magnitudes of out­
put signals, but these signals develop at multiple outputs on a single 
photodiode.6 There, an internal current divider separates the diode 
current int-O two signals having magnitudes determined by a light 
beam's position. For two-axis monitoring, duo-lateral pho:.odiodes add 
a second current divider and tetra-lateral photodiodes present a four­
way current divider. Photodiode amplifiers described in Chap. 10 con­
vert the reslllting 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
<1lement devices. Figure 1.8 illustrates this photodiode's structure with 
its characteristic output electrodes. The bottom electrode or contact 
•'Overs the entir0 ap3n of the diode and will collect carriers at any point 
nlong this span. However, the top electrode separates into two seg-
1nents that lie at opposite sides of the diode chip. The carriers collected 
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Figure 1.8 With the Joteral photodfode, intemal J'esistance 
forms a current divider that separates ip into two componenU, 
wh~ magnitudes reflect the position of a.r, incidenL light bearr.. 

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 caniers released within 
the bodv of the diode. From there, the electric field of tbe junction 
sweeps them vertically to the top and bottom of the mode in the same 
horizontal location as the light beam. Those swept to the top form the 
iv cutTent illustrated, and this current must travel laterally through 
the resistance of the semiconduct0r material to reach the diode's con­
tacts. This resistance provides the current divider action to produce a 
linear position indication. 

To quantify the result, first consider the current divider of the pho­
todicde. There, current ;,,, divides into two components, ip 1 and ip2, 
that travel separate paths to the two top electrodes. Two circuit con­
ditions potentially influence this current mvision: the resistances of 
the two paths, R1 and R2, and the signal voltages at the two out­
put terminals, e01 and e02. Linear position indication requires that 
e02 = e01 , so only the resistances determine the result. Usually, the 
photJmode amplifiers described later hold both e0 : and e02 at O V and 
satisfy this requirement. Then, for the superimposed circuit model 
shown, the e01 = e02 condition effectively shorts the output terminals 
together, making R1 and R2 the classic current dhider. This produces 
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ip1 = (R2/R.o )ip and i,,2 = (R1/Rp )ip, where Rp = R2 + 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 ip 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 cu:-rent divider 
equations result from corTesponmng lengths, L1, l,z, and Lp. There, 
L, and L2 denote the path lengths followed by iv 1 and iµ 2, and Lp 
denotes the interelectrode or positioning distance, Lp = L 1 + L2. A 
uniform, lateral resistivity p in the P region makes R1 = pLi, R2 = 
pL2, and Rp = pLp. Substituting these expressions in ~he previous 
ip1 and ip2 equations mrectly replaces the resistances with lengths for 
ip, = (L2/Lp)ip andip2 = (L1/Lp)ip. From Fig. 1.8, the desired position 
mstance is .t = Lz -L,, and simultaneous solution with the ip1 and ipz 
equations yields 

Thus, rel;,tivA t,:, the center of the photodiodc, the x pooition of t,he 
light beam equals the mfference in the two signal currents divided by 
thei r sum times the interelectrode spacing of the diode. This difference 
mvided by the sum quotient normalizes the result to automatically re­
move errors from light intensity variation and from diode responsivity 
tolerance as described in Chap. 10. That chapter also presents photo­
diode amplifier circuits that process the ip1 and ip2 signals to produce 
this quotient. 

1.4.2 The lateral photodiode model 

For general circuit analysis the lateral photomode requires a mom­
fied circuit model. Above, the analysis assumes that the two top ter­
minals of the mode reside at the same voltage, making the R1 and 
R2 resistancas a simple current divider. Most photomode amplifier 
circuits approximate this equal voltage condition by holding the two 
terminals near O V. This condition reduces the lateral photodiode's 
outputs to currents that directly relate to position. However, the i,,1 
and iu.2 equations derived above only model the mode respc,nse for this 
equal-voltage condition. As will be seen in later chapters, the O V con­
straint of photodiode amplifiers remains an approximation, especially 
at higher frequencies. Fw:ther, svm~ application circuits connect the 
output terminals to nonzero impedances where the output currents 
develop differing signal voltages at their output terminals. 
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These practical cases require a photodiode model that represents 
the Ja-;eral photodiode action through the R1 and R2 resistances rather 
than the ip 1 and ip2 currents. Figure 1.9 presents this model with these 
resistances forming the two segments of a potentiometer. There, the 
position of the potentiometer ·wiper represents the position of the light 
beam on the photodiode. The total resistance of the potentiometer 
equals the diode's positioning resistance Rp, and Rp = R , + R2. Fur­
ther dimensional analysis of Fig. 1.8 defines the R I and R2 resistances 
in terms of Rp and the relative position of the light beam. Again, 
assuming a uniform lateral resistivity p in the P material makes 
R 1 = pL 1.R2 = pL2, and Rp = pLp. Simultaneous solution of these 
three equations produces the intermediate results R1 = (L, /Lp )Rp 
and R2 = (L2/Lp )Rp. Then, noting that Lp = L1 + L2 and x = L2 - Li 
reduces these equations to 

R 
Lp - XR 

1=--- p 
2Lp 

R2 = Lp + x Rp 
2Lp 

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

In practice, parasitic series resistance limits the position detection 
accuracy of the lateral photodiode. There, an inevitable electrode con­
tact resistance adds to both R 1 and R2 , preventing them from reduc­
ing to their ideal zero values as x approaches either Lp or -Lp above. 
However, adjusting the model to account for this practical limitation 

Rp 
2 O-- -'W-.---0 

Ro 

Rp = R1 +R2 

l p-x 
R1 = --Rp 

2Lp 

Lp+x 
R2 = - - Rp 

2Lp 
Figure 1.9 A potentiometer 
models th~ current-dividing out,. 
put r~sistances of the lateral pho­
todiode with R1 ~nd R2 segments 
dP.t.P.rmined 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, = - -Rp+Re 

2Lp 

Lp +x 
R2 = - -Rp +Re 

2Lp 

where Re is :he 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 Lwo axis. Duo-lateral photodicdes simply 
util12,e both th.e top and bottom diode surfaces in the latera l sensin« 
but_ complicate fabrication and preclude diode bias. Tetra-lateral pho~ 
t.od,od_es rem_ove these limitations but degrade response lineal·ity 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 X1 and X2 electrodes at opposite sides of the chip 
collect photo current supplied to the Player. Previously, a continuous 
electrode covered the diode's bottom surface to make conta~t with the 
N layer and conduct the return current. Here, the bottom electrode 
divides into the Y1 and Y2 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 1:-0 this case. First consider the ideal case where ~hotodiode 
ampl ifiers hold the two electrodes of a given pair at the sa~e voltage. 
Then, the two X electrodes again receive portions of the photodiode 
current as determined by the resistive divider presented by the P re­
gion. Similarly, the Y electrodes here receive currents apportioned by 
the resistivity of the N region. Then, the X and Y current components 

Figure 1.10 A duo-lateral pho­
Lodiode makes both dio:fe sur• 
fac~s perform lat~ral ::urrent 
division with two electrode pairs 
pl~ced for X and Y position in• 
dication.s. 
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define the light beam position through 

X - (i,,,1 - i,,,.2) L 
- (i,,,.1 + ip,2) P< 

Y 
(ipyl - ipy2)L = . . Py 
(/.pyl + lpy2) 

where LP< and LPy represent the interelectrode or positio_ning spac?'gs 
of the two electrode pairs. Chapter 10 presents photodiode amplifier 
circuits that produce output voltages proportional to the above X and 
Y position indications. . . . 

For nonideal cases, a simple extension of the ptevtous c,_rcwt model 
represents the duo-lateral photodiode for analysis. Shown'':' Fig. 1.11, 
this model repeats that of Fig. 1.9 with a second current-diV1Cling 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 potentiome_ter wipers. Ho"'.ever, th_e 
orthogonal orientation of the electrode pairs _makes t~e w,per pos,­
lions independent. Extending the s ingle-aXlS an~ys1s 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 

Rp, 
X2 x, LPx - x 

R2x R1x R1x=- -Rpx 2Lp, 

lPx+X 
R2x = - - Rp, 

Co 
2Lp, 

ip Ro 

Figure 1.11 Adding a second potentiomete~ to th~ lat• 
erol photodiode model of Fig. 1.9 exiends this model to 
the duo-lateral ease. 
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where RP< and RPy represent the interelectrode resistances, and LP< 

and LPy represent the interelectrode spacings. 
'l'wo features of the duo-lateral photodiode structure detract from 

its otherwise simple extension of the late1·al photodiode action. First, 
segmented electrical contacts must be made to the bottom of the diode, 
and conventional planar-technology integrated circuit fabrication only 
permits this on the top surface. Diffused vias from the top surface 
to the bottom layer overcome this limitation; however, these vias in­
crease the series resistances that produce the greatest position-sensing 
errors. In addition, the duo-lateral structure precludes or significantly 
complicates the application of reverse bias to the photodiode. As de­
scribed before, this bias reduces the diode capacitance to improve re­
sponse speed. Normally, one side of a photodiode supplies the signal 
and the other side remains free to be biased from a de source. With 
the duo-lateral structw·e, 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 pai rs 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 ,vith 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 e1ectrodes. 
However, two-dimensional current flow complicates the current divi­
sion here. Previously, the basic lateral and duo-lateral photodiodes 
divided the photodiode cu1Tent 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 letra-lat.c,al photodiode plaoos 
two electrode pairs on the top surface for two­
dlmensional po$ition sensing without the need 
for segmented bottom cont.acts. 
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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 comer diode contact points.6 

Figure 1.13 models the tetra-lateral photodiode with a four-way out­
put current divider. For thls divider, the X and Y coordinates of 
the beam position determine four resistances values in essentially the 
same way as described for the duo-lateral case. Thus, the correspond­
ing resistance equations remain the same. With this model, consid­
Ering two separate current divisions extends previous ideal analysis 
results to this case. As before, this analysis holds for equal output 
terminal voltages such as established by the zero voltage constraint 
of most photodiode amplifiers. This constraint effectively places all 
of the x and y resistors of the figui-e in parallel for simple current 
division. In thls condition, the ip current first divides into the net 
x and y components i, = i,, + i,2 and i,. = 4.1 + iy2• Resistances 
R, = R,,IIR,2 and R,- = R,-1i1R,2 control this division and produce the 
current components i, = R,,ip/(R, +R,) and iy = R,ip/(R, +R,.). Next, 

Y1 

R1y 

Rzx R1x 
xz x, 

Rzy 

Yz Lp -x 
Rix= - •-Rpx 

2Lpx 

LPx+X 
R2x= --Rpx 

2lpx 

;p Ro 

~ R1y = Rpy 
2Lpy 

~ Rzy = Rpy 
2Lpy 

Fi~ure 1.13 'l"ho single-sttrfaoo output. of the tetra­
la:craJ photodfode forms a four-way current di\lider wit.h 
resistance,s corresponding to X and Y coordin3tes. 
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the i, and iy components divide into their respective i1 and ii subcom­
ponents just as described before for the duo-lateral photodiode. Thus, 
the subcomponents identify the beam position through the same re­
sponse equations and for the tetra-lateral photodiode: 

(i., 1 - ipx2) L 
X = . . Px 

(lp.d + lpx2) 

_ (ipy 1 - i,,,2) L 
y - (. . ) Py 

lpyl + lpy2 

Although these equations remain the same, the tetra-lateral photo­
(l;ode complicates the signal processing that develops the correspond­
ing Yoltage signals. In this case, the denominators of the above ex• 
prcssions vary with the beam's position, increasing the dynamic range 
requi rement o: that processing. Previously, the duo-lateral photo­
diode conducted Lhe full diode current through separate X and Y 
sensing layers. This made the two denominators, i,1 + i,2 = ip and 
i_,. 1 + i12 = -ip , independent of the beam's position. However, as de­
scribed above, the four-way current division of the tetra-lateral photo­
diode makes i,1 + i,2 = Ryip/(R, +Ry) and iyt + i.,-2 = R,i,/(R, + Ry), 
where ll, = Rx, )IR,2 and Ry = Ry1i1R,,2. Tlrn,;, """" tl"uowinaLur '""I-'· 
resents only a portion of the total iµ signal. Further, that portion 
varies with beam position through the varying resistances of the cur ­
rent divider. Jo the extreme case, a beam position very close to an 
electrode of one axis diverts most of ip 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 
,•aried beam positions. 
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Chapter 

2 
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 nonUnearity 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 sw·prising 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-
1•ver, most electronic instrumentation accommodates voltage rather 
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than current signals, requiring a conversion. By itself, the photodi­
ode produces this current-to-voltage conversion when presented with 
a high load impedance as in Fig. 2.1. There, placing the photodiode 
in series with an op amp input makes the diode's load the amplifier's 
high input impedance. This impedance does not significantly shunt 
the diode's current, leaving that current t-0 circulate within the diode. 
Then, the carriers generated serve to expand the diode's depletion 
region and the corresponding voltage across the diode ep. Feedback 
around the op an1p establishes an amplification of ep just as if this 
voltage was an input offsEt of the amplifier. Thus, Fig. 2.1 produces 
an output voltage of e0 = -(1 + R2/R1)ep. 

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. = V, ln(r ~¢,,/lo ) where¢, is the flux energy of the incident light. 
Thus, linear changes in ¢, produce logarithmic changes in ep . In addi­
tion, the flux responsivity, r ;, of the equation, varies with the voltage 
across the diode. There, a voltage gradien t across the diode's junc­
tion accelerates the carriers generated, reducing recombination and 
increasing r • · In the photovoltaic mode shown, the photodiode's own 
output voltage modulates the junction voltage to further increase non­
linearity. The voltage-mode circuit also produces a large de offset due 
the flow of the op amp's input bias current IB through the high re­
sistance of the photodiode. This resistance is the very large reverse 
resistance of the diode and produces a de error that adds directly to ep. 

Cw-rent-mode monitoring removes both ep and ls- from the pho­
todiode with different degrees of success. This alternative virtually 

>---'---O•o Figure 2.1 A sn-aight forward 
application of a photodiode 
places the diode in series with 
an op amp input to avoid imped­
ance loading but reaults in a non­
linear response nnd s large de 
offse:t. 
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IL= 10(1 - .-(le+JRc/.0257) 

Figure 2.2 The current•to-voltage converter removes signal voltage from a 
photodiode to largely remove the Fig. 2.1 limitations but retains a le.akage­
J)roduting ,,oJt.age across the diode. 
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eliminates ep, and the resulting nonli:ieari.ty, but only transfers Ze ­
to a smaller resistance.' Current monitod ng requires that the monitor 
circuit pt·esent zero load impedance to the diode. Then, the monitor 
absorbs the diode's current ,vithout 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 
Lhe photodiode. This figure shows the basic circuit , composed of the op 
amp and Rr 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 circuit's operation. There, feedback forces the current­
to-voltage converter to accept the photodiode output current without 
producing any significant voltage at the circuit input. In this feed­
back relationship, a cw-rent Ip supplied by the photodiode initially 
i-eacts 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 Rr with output voltage e, . This drive diverts the diode's 
current away from the amplifier input impedance to Rr, 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, e0 = lpRr . Here, Ip = ip + h consists of signal and 
leakage components, and momentarily ignoring the offset effect of h 
makes the output signal e0 = ipRf. As desc,;bed in Sec. 1.1, ip = r • ,f,• 
and e0 = r ♦4>,Rr displays the desired linear signal response to light 
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flux </>,. Further, the current-to-voltage converter removes the signal 
swing from the diode, making r¢ a constant and removing the second 
source of nonlinearity described for the voltage-mode circuit. 

2.2 Offset 

In photodiode applications, the current-to-voltage converter develops a 
de offset primarily through two error currents. Both the input current 
of the amplifier and the leakage current of the photodiode flow through 
the Rr feedback resistor, producing de offset comp<lnents 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 
photocliode leakage CU1Tent and potentially degrades rather than im­
proves the net circuit offset. Replacing the Rr feedback resistor with 
a tee network removes this compromise by reducing the compensation 
voltage required. In addition, the tee alternative improves the accu­
racy of the compensation by permitting improved resistor matching. 

2.2.1 Reducing offset with a 
compensation resistor 

In Fig. 2.2, the Re resistor provides the compensation routinely ap­
plied to reduce the offset effect of the op amp input current. However, 
photodiode applications require greater care in making the decision to 
add this resistor. First, consider its intended compensation function. 
The Is- input current of the op amp flows through Rr creating an out­
put offset component equal to (Is - )Rr, The large Rr 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 !8_. To compensate, connecting the equal resistance, Re = Rr, 
in series with the op amp's noninverting input produces a counteract­
ing offset effect -(]s+)Re. Accompanying Re in the figure, an added 
capacitance bypass largely removes this resistor's noise effect. Adding 
Re reduces the offset ertot ¢reated by amplifier input cutTents to the 
residual error developed by mismatches. Matching etTors between 
the amplifier input currents and between the two resistors retain a 
reduced output offset error of Voso = (lB - lRr- (ls +lRe. This residual 
etTor typically represents a factor of 5 to 10 improvement over the 
initial offset and drift produced by the amplifier's input current. 

However, adding Re also develops a voltage across the photodiode, 
introducing a new source of offset error. The compensating voltage 
drop across Re, (l8 +JRe, also drops across the photodiode and pro-
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duces the diode's leakage current Ji. The classic junction equation 
describes this leakage through 

Ii= Jo (1 - e-<la,JRctV.) 

where ID is the reverse saturation ctu·rent or dark current of the photo­
diode, and V, is the thermal voltage of the semiconductor material. For 
silicon, V, = 25.7 mV, andjust 100 mV across the diode essentially de­
velops its full-scale leakage current ID, The resulting h flows through 
R,- to produce an output offset component equal to lrfir, Adding this 
component to the previous result makes the net output offset voltage 
Voso = [(IB _)Rr - <lo+)Rc l +hR,- . With perfect matching of Re to Rr, 
the output offset reduces to Voso = ([9_ -In+ +h)Rr 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 cunents 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-sensitivily photodiodes req_uire much lai•ger junction areas than 
the typical op amp input FET and, thus, potentially larger leakage 
currents. Adding Re to compensate for the leakage of a smaller input 
FET can produce a greater diode leakage and increase rather than 
decrease the net offset error. This requires evaluation of specific ap­
plication conditions before adding Re. 

2.2.2 Reducing offset error with 
a feedback tee 

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

Figure 2.3 shows the Rr replacement with a tee that produces an 
equivalent feedback resistance but with much smaller resistance 
levels. Considering signal conditions first, the circuit's feedback action 
again accepts the photodiode current Ip at the amplifier's inverting in­
imt. To do so, the feedback signal develops a voltage of IpRfT across 
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Figure 2, 3 Replacing t.he feedb3ck resistor wiLh a Let'.! net.work 
reduces offset effects lhrough resistance-level roductions that 
decrease tJ,e <In+lflc volt.age acrui;s the ph.otodiodc and ease 
resistor matching. 

RrT- In the basic cw-rent-to-voltage converter, th is would be the cir­
cuit's output voltage. However, the voltage divider formed by R 1 and 
R2 here increases the output voltage e0 required to supply this lpRrT 
voltage. '!'his increased e. reflects the tee's equivalent feedback resis­
tance through e0 = lpRf,q where R1eq = RIT + R1 + Rf'l'Ri/R2. In prac­
tice, Rr-r remains by far the largest resistance of the tee and Rf'!'» R1, 

making Rreq ::s (1 +Ri!R2)RrT- Thus, the tee effectively multiplies the 
resistance of Rrr by the inverse of the R 1.R2 voltage divider ratio or 
1 +R1/R2. This inverse ratio characterizes the feedback action of the 
tee and reappears numerous times in the tee performance analyses. 
The tee's equivalent feedback resistance produces an output signal of 
e0 ""lp(l+R1/R2)Rrr just as if a very large feedback resistor had been 
used in.stead of the tee network. For a given current-to-voltage gain, 
this multiplication reduces the required resistance of RfT by the same 
1 +Ri!R2 factor. 

Offset voltage analysis reveals the same resistance reduction for Re, 
decreasing the compensation voltage developed across the photodiode. 
As before, the flow of IB+ in Re offsets the op amp's noninverting 
input to a voltage of -(ls+>Re. Feedback forces the amplifier's invert­
ing input to track Lhis offset, impressing this reduced voltage across 
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~he diode and producing a leakage current. At the input of the tee 
network, the amplifier's 18 _ input current adds to the diode's leakage 
current. Wlthin the tee, the combined current Ii+ 18 _ flows in RIT, 
developing a voltage that adds to the - (ls+>Re offset at the nonin­
ve1-ting input. Thus, the net offset voltage at the junction of R1 and 
R2 divider becomes (h + 18-)Rf'l' - (ls+)Re . From there, feedback 
action amplifies this net offset to produce an output offset voltage of 
Voso = (1 +R1/R2)Wn- )RrT - Os+lRe +hRf'!']. 

Examination of this result reveals the two offset i-eduction benefits 
of the tee. As before, making Re = RIT above minimizes the effect of 
amplifier input currents to the degree permitted by the matching of Re 
toRrT and lB - to TB+· With perfect resistor matching, the output offset 
reduces to Voso = (ls- -lo+ +h)(l + R1/R2)RrT = (lo - -IB+ +h)Rreq• 
For a given transresistance, with Rreq equal to the traditional Rf, 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 Voso actually produced. Reduced resis­
tance improves the probability of accurate matching for the Re = RrT 
condition that initially minimizes Voso, The basic current-to-voltage 
co,we,ter requires matching Re to the typically large R1 resistance. 
There, very high Rf resistances make parasitic resistance shunting 
significantly degrade the accuracy of this match-dependent compen­
sation. The more moderate-valued resistors of the tee reduce the sig­
nificance of this shunting in the tee's Re = Rrr resisto r match. 

The preceding discussion would suggest making the tee network's 
R1JR2 ratio very large to minimize the Voso components described 
above. However, another offset component and noise complications 
impose compromises in the R1JR2 selection. The tee also amplifies the 
op amp's input offset volLage Vos and input noise voltage by the factor 
l. + R ,/R2. For offset considerations, the added Vos effect increases the 
net output offset voltage to Voso"" (1 +R1/R2)[(ls -)Rrr - (lB+lRe + 
hftrr + Vos]. Noting that RIT = Rreq/(1 + R 1JR2) and assuming that 
Re = Rn· reduces this expression to Voso = (lo - - IB+ + h)Rr,q + 
(1 + R1/R2)Vos. Thus for a given Rreq, increasing RL/R2, to reduce 
Re and Ir.,, s imultaneously increases the offset effect of Vos- Taken to 
Lhc extreme, increasing R1JR2 makes this effect dominant and Voso ::s 
(1 + R,!R2)Vos- Then, this new dominant component would actually 
increase offset in the tee conversion. An arbitrary but practical design 
li mit avoids this increase. Limiting the Vos effect to one-tenth that of 
Lhe leakage current effect produces the guideline 
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As described before, I,, here also remains a function of R1JR2, poten­
tially malcing the design solution iterative at this point. Also, a second 
design guideline results from the in,reased noise developed with a tee 
as developed in Chap. 7. There, the design of the _feedback _tee _op­
timi2es 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 band"~dth for most photodi~des 
and often severely so. Any signal v1ltage developed across the diode 
reacts with this capacitance, shunting the diode's output current. The 
basic photodiode amplifier or current-to-voltage converter great!?' 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 ou~put. . . 

First for comparison, Fig. 2.4 shews a second voltage-mode c,rcwt 
lhat illustrates this mode's restricted bandwidth. 1 There, signal cur­
rent i from the photodiode flows in load resistor R1,, producing a signal 
volta;e. The op-amp voltage follower isolates R1, from any impedance 
loading e1Tor at the circuit output and ideally delivers e. = - ipRL­
However this simple circuit also develops the full signal voltage e. 
across the photocliode 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 

r 
•o 

L 
Figure 2.4 A second, straightforward apJ?lkation of 
a photodiode pr-ovides a contro11ed load resistance but 
again da•,elops the output signal volt.age across the 
diode. 
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Ricm > > RL 

Figure 2.5 Replacing the phot.Qdiode w'l.th its fundamental el_ements and sepa_rit­
ing the input impedance element.! from the op amp models Fig. 2.4 for bandWJd:h 
nnaly&is. 
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source ip with shunting elements Rv and Cv. Rv represents the high 
resistance of a zero-biased junction, and practical levels of load R1, 
remain small by comparison. Thus, Rv can generally be ignored. 
The follower amplifier shown presents additional shunting through 
ils input resistance and capacitance, R;cm and C;,m- There, R;"" rep­
resents the very high, corr.moo-mode input resistance of the op amp 
and can also be ignored. However, the capacitive elements of both the 
diode and amplifier significantly shunt RL, producing a bandwidth 
limit. 

Thus, the circuit produces the ideal response e. = -i,R1, only until 
capacitive shunting diverts ip from R1, at higher frequencies. There, 
Lhe combined capacitance of the input ci.l'cuit, C, = Cv +C;,m, pr1duces 
n response roll off with a pole frequency off,, = lf27rRLC,. Then, for 
Fig. 2.5 

e0 -Rr., 
ip = 1 + jf Jf,, 

l•'or this single-pole response, the circuit's -3-dB bandwidth equals 
the pole frequency f,,. For most photocliode applications, large values 
of R1- and Cv would severely restrict bandwidth. 

The above equations reflect a typical gain-versus-bandwidth com­
promfae. Increasing R1, 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 s irnple eu.rrent-to•voltage converter isolates 
the load voltage su'l.ng 6·om the phot..odiode capacitance for 
improved bandwidth. 

compromise results from impressing the signal voltage across the cir­
cuit capacitances. Increasing R1, to raise gain also increases the signal 
voltage across these capacitances. This increases th.e port ion of the ip 

signal current that the capacitances shunt away from the load. Then, 
the - 3-dB response point of the circuit decreases to a lower frequency, 
To avoid this compromise, the signal voltage would ideally develop on 
the load a·esistor but not on the capacitances. 

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

In practice, the amplifier's high, but finite, open-loop gain only ap­
proximates the zero voltage condition above. The finite gain leaves 
part of the signal voltage across the photodiode and its capacitance. 
This residual signal introduces a new bandwidth limit and the poten­
tial for circuit oscillation as described in Chap. 3. Both limitations 
result from the feedback pole formed by Rr and CD. In addition, the 
op amp's input noise voltage adds to the residual input signal and de­
velops a noise current in Cv. That current increases with frequency 
and flows into Rr 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. 
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Chapter 

3 
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 folll'th 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 band,vidth and the phase compensation 
compete to set the circuit's bandwidth. 

The latter two limits prove more difficult to determine. Despite the 
circuit's simplicity, the current-to-voltage converter can exhibit com­
plex ac performance. As a photodiode amplifier, this circuit produces 
a two-pole, rather than single-pole, response, resulting from an input 
circuit that appears like a parallel L-C circuit. This condition occurs 
when parasitic capacitl\nQe 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 int roduces 
the third response limit. Making this new limit coincide with that 
of the op amp's bandwidth optimizes the circuit's bandwidth-versus­
ijtability compromise. Feedback analysis develops design equations for 
Lhe corresponding compensation selection through frequency response 
evaluation and phase margin analysis. 

31 
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Figure 2.6 The simpl~ c1,1rrent .. to-voltsge converter i$0hites 
the load voltage swing from t.be photodiode capac.icanc~ for 
improved b:andwidt-b. 

compromise results from impressing the signal voltage across the cir­
cuit capacitances. Increasing RL 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. The:, 
the -3:dB ~esponse poi_nt 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 ampl:i fier inputs to the 
same voltage, presenting a virtual ground to the photodiode output 
current. The load's signal voltage transfers to the op amp output 
isolated from the diode. ' 

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

3 
Bandwidth and Stability 

Three separate response limits each potentially set the bandwidth of 
the current-to-voltage converter when operated as a photodiode amp]j. 
fier. These result from parasitic capacitance, the Hmited band,vidth 
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 Hmit 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 eases. 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, r·ather than single-pole, response, resulting from an input 
circuit that appears like a parallel L-C circuit. This condition occurs 
when parasitic C\'lp<1citllnce 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 thi rd response limit. Making this new limit coincide with that 
of the op amp's bandwidth optimizes the circuit's bandwidth-versus­
ijtability compromise. Feedback analysis develops design equations for 
the corresponding compensation selection through frequency response 
evaluation and phase margin analysis. 
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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-01·der system. 
Translating these results for the photodiode amplifier produces an al­
ternate desigi1 equation tl1at 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 compensat ion 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 
descl'ibes methods for improving bandwidth, and Chap. 7 describes 
methods for optimizing a later noise-versus-bandwidth comp,·omise. 

3.1 The Inherent Response Limits 

Two of th e three response limits described above result for any photo­
diode amplifier formed ,vith a current-to-voltage converter. Any such 
amplifie,· remains subject to parasitic capacitance and limited op amp 
bandwidth. The capacitance produces a predictabUy simple response 
limit, and a mathematical test determines whether or not tl1is limit 
controls the circuit's band,vidth. 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 
linlit typically reside at a far higher frequency than achieved with 
voltage-mode monitoring. 

3.1.1 The response limit of 
parasitic capacitance 

Higher feedback resistance levels potentially make parasitic capac­
itance bypass dominate the photodiode amplifier's response and $et 
the circuit bandwidth. Figure 3.1 illustrates this simple case with 
stray capacitance Cs bypassing feedback resistor Rr. Good construe­
Lion practices limit Cs to ru:ound 0.5 pf, but the higher Rr values of 
photodiode amplifiers make this bypass significant. At higher frequen­
cies, Cs shw1ts the ip current away from Rr to produce a response roll 
off with a pole at l/2rrRrCs . When dominant, the resulting single-pole 
roll off makes the -3-dB bandwidth equal this p-0le frequency. Other­
wise, poles produced by the op amp band,vidth limit, or the circuit's 
phase compensation determine the overall circuit bandwidth. 

Ct .. 
1-- -11- - -., 
I II I 
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I Rf I 

Figure 3.1 T n the aimplest case, stray cap:.icit:.ince 
Cs sets bandwidth for t.he photodiode amplifier 
t.hrougl1 bypass of Rr . 
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To determine which case applies, design equations developed in sub­
sequent sections of this chapter permit a simple test. Those sections 
develop equ.ations prescribing the phase compensation capacitor that 
must be added to intentionally bypass Rr. In some cases, the inevitable 
Cs already provides sufficient bypass to retain frequency stability. 
Then, the phase compensation design equations prescribe a capaci­
tance value less than or equal to Cs. There, Cs controls bandwidth, 
and the circuit requires no furthe1· phase compensation. 

3.1.2 The response limit of op 
amp bandwidth 

As described in Sec. 2.3, the cw-rent-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 
Lhis 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. JAo,. remains across the diode and jts capacitance. 
ln the ideal amplifier case, an infinite op amp gain reduces the signal 
voltage across the photodiode to zero. Then, the feedback action of the 
op amp forces the two amplifier inputs to the same voltage, presenting 
a virtual grow1d to the photodiode output current. In practice, the 
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Figure 3.2 The currcnt,.to,voltage converter removes the 
pr~vi(JluS voltage-mode bandwidth limit. by i.solat­
ing tlte photodiode capacitance from the output. swing, 
but the residual gain erro.- signal remains to produce ~ 
new limit. 

amplifier's AoL gain adequately approximates this ideal only at low 
frequencies. At higher frequencies, AoL 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 Cs described earlier. In Fig. 3.3, a current source 
and capacitance Co replace the photodiode, and two other capacitors 
represent the input capacitance elements of the op amp. The remain­
der of the model presents the input circuit with an effective load re-

• Rf 
RL= - - R1 AOL --lL I 

ip I Co Cicm Cid ~ AQL 

~ 
eo = iLRf 

Figure 3.3 Modeling the Pig. 3.2 photodiode ampHfier with an effective 
load r-esistance R~ permits ea..sy comparison of bandwidth limiti; with the 
volcag-e-mode circuit of Sec, 2.3. 
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sistance R1,. 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 RL- 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 R1, controls the frequency response for the current-to-voltage con­
verter. By definition, R1., equa ls the voltage developed across this re­
sistance divided by the current h supplied to it. The relevant voltage 
equals that from the op amp inverting input to ground or simply the 
amplifier's gain-error signal e0 /AoL- Finite open-loop gain requfres 
this signal between the amplifier inputs to support the output voltage 
e0 • Cw-rent iL produces an output voltage of e0 = iiRr, malting the 
voltage across Rt equal to e0 /Ao1, = ii,llrfAoL- Dividing this voltage 
by the current i1, defines Ri. = Rr /AoL• This resistance breaks with 
the circuit capacitances at 

where C; "' CD + C;d + C;cm. 
Comparison of the above result with the (p = l /2rrRr,C1 of the pre­

vious voltage-mode circui t provides an indication of the response im­
provement potential of the cw-rent-to-voltage converter. For equal 
gains in the two cases Rr = RL, making (pr = AoLJ2rrlhC; os A01.f,,. 
Thus, the F:ig. 3.2 circuit increases the pole frequency by a factor 
approximately equal to the amplifier open-loop gain Aoi - This re­
mains approximate because input capacitance C; differs somewhat 
for the two cases. Previously, C; = Co + C ;= resulted from the 
diode capacitance in parallel with the Ci= presentedl by a voltage 
follower. In this case, the ampl ifier adds its differential input capac­
il..lnce C,d to the total, making C; =Co + Cicm + Cid- Very frequently, 
Co » C,d, and the C; difference between the two circuits becomes 
negligible. 

Still, the AoL gain varies with frequency, requiring further analysis 
t.o define the actual improvement factor. The relevant value of Ao1, 
equals the amplifier's actual open-loop gain at the frequency where 
lhe (pr pole occurs. To find this gain, consider an approximation to 
lhc open-loop response of the op amp. In all practical cases, /pr oc­
curs where th e gain of the amplifier rolls off in a single-pole response. 
There, the amplifier gain magnitude becomes Aot = fc!f, where fc 
is the unity-gain crossover frequency of the amplifier. At the fre­
quency f,,r.Ao1, = f,//pr, and substituting this for Aot in the above 
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(pf equation yields a Fig. 3.3 pole location of 

rr;-
(pf=v~ 

where C, =Co + C;d + C;,.,,. 
Once again, for comparison with the previous (p = l / 2;rRLC; , as­

sume equal gains for the two circuits Rr = RL and neglect the C; 
difference. Then, (pf= Jf,/2nR1,C; :=:e .;r,;Tc, and the {pr pole location 
becomes the geometric mean of the old pole frequency (p and the op 
amp crossover frequency f, . As long as f,. > r,.. f,.r"" .Ju > r,. 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 {pr/(p :=:e Jfc/(p for typica 1 case conditions. 
In the rare case where fc < (p, 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 
lineai·ity described in Sec. 2.1. 

3.2 The Phase Compensation Requirement 

The above pole frequency comparison does not reflect the exact re­
sponse improvement produced by the current-to-voltage converter. 
Further analysis shows {pr above to be a double rather than single 
pde, and the resulting response peaking makes the -3-dB bandwidth 
somewhat greater than (pf• 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 
iupul.. i.tup~<lauc~, l:lml dt:gtmt::nt.t.iuu or vlu:t::i~ ..:uwJ_Jt::m:ittLiou cuuLrob 
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 aclual band"~dth 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 {pr based upon a re­
sistive load RL = RL/AoL- The resulting equation accurately defines 
tl:e {pr frequency but not the total nature of the associated response. 
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The AoL term of RL = RL/Ao1, varies with frequency, making this 
load ai1 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 AoL declines, making ZL = Ri/AoL rise 
like an inductive impedance. The phase shift of gain AO!. completes 
this inductive character. Intuitive evaluation of the typical op amp 
open-loop response and a simple analysis reveal this phase charac­
teristic. From an intuitive perspective, open-loop gain AoL commonly 
displays a single-pole roll off throughout most of the amplifier's useful 
frequency range. This roll off corrcoponds to o phooc log of 90' . The 
180 phase inversion of the basic amplifier feedback converts th.is lag 
to the 90° phase lead of an inductive impedance. Analysis quantifies 
this effect by including phase information in the pre,~cus approxi­
mation for AoL• As described before, an op amp's single-pole roll off 
makes lhe gajn magnitude AoL = fc l f . S,vitching to the s plane rep­
resentation, AoL = w,/s represents this dominant single-pole region. 
This makes the impedance Z£ = Rr!AoL = R,s/2rrfc. With ans term 
in the numerator, this impedance appears inductive by rising ,vith 
frequency and displaying a 90° phase lead. 

The equivalent inductance of z;,, LL = Rrf2rrf,, forms a resonant 
L-C tank ,vith C; at the input of Fig. 3.3. Resonance occurs at the fre­
quency f, = 1/2" J L'r, C; = JfcJ2rrRrC;. Note that this is the same fre­
quency pre,fously determined for the pole location and fr = {pr• 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 above unity at the resonant pole frequency {pf• Beyond the 
unity-gain crossover frequency, the 8lllplliier lacks the gain needed 
to sustain oscillation. For most photodiode amplifiers, (pf< fc, fulfill­
ing this oscillation requirement. However, for higher-gain photodiode 
amplifiers, parasitic capacitance sometimes provides automatic phase 
compensation to prevent oscillation as described in Sec. 3.1.1. 

Otherwise, preventing the osciJlation 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 R .. would degenerate the circuit's 
Lank by placing resistance between the capacitance of the diode and 
Lhe inductance of the arnplifier input. However, this wou:d 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 band,vidth and linearity as described in Chap. 2. Alternately, 
adding the shunt resistor R,h across the tank would provide degener­
ation. However, that would also increase the noise gain of the circuit, 
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Figure 3.4 Three possible degeneration methods de· 
twle Uni, L-C l..a.u.k equjvWeul. ur I.lie iui,lvL ..:.n;uiL, l,uL 
only C, does so without degrading other performance. 

degrading both offset and noise. Instead, adding a feedback capaci­
tor degenerates the inductive nature of Z}, = Rrs/2irf,. Adding Cr in 
parallel with Rr makes the feedback impedance R,/(1 + RrCrs), and 
substituting this expression for R, in the last z;_ equation produces 
z;_ = R,s/2ir/c(l + R,C,s). Now ans term appears in the denomi­
nator of the Zf, 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.1 

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.2 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 Rr with Ci, intro• 
duces a low-pass filter in the feedback path and produces the feedback 
factor {J = Xc;J(Rr + Xe,) = 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 equation 

e. = i,,Rr 
l + 1/AoL/J 

This response delivers the ideal output signal, e0 = ipR,, as long as 
the loop gain, AoL/J, rema:ns much greater than unity. At higher fre­
quencies, the declining {J of the photodiode amplifier places increasing 
demands upon Ao1., to maintain this ideal condition. However, AoL also 
declines with increasing frequency, and the dual declines acoolerate 
the roll off of the actual circuit response. 

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

The amplifier meets this demand within the limit of the open­
loop gain response of the op amp. To quantify this, the Fig. 3.5 re­
sult {J = 1/(1 +R,C,s) yields 1/{J = 1 +R,C;s = 1 +s/2rrf.r where 

1 
Ip I c, >--+-O •o 

~ = Xci/(Rr +Xe;)= 1/(1 + R1c,s) 

Figure 3.5 Simplifying the Fig. 3.3 model illustrates 
the fir, C, voltage divider that controls the cin:uit's 
foedback factor P. 
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Figure 3.6 The current•to-vo1tage oonverter'sAoL and 1/P cw·ves intersect at(; , 
defining t.he frequency of the circuit's response poles ~md tJ:ie 1-t.o-V resonance. 

(,.r = 1J2rrRrC1• Here, the pole of the feedback factor becomes a zero in 
the 1//J feedback demand. At low frequencies in Fig. 3.6, the 1//J 
curve begins flat at w1ity as expected from simple resistor feedback 
a rou nd an op amp. At frequency (,.r, the 1//J curve begins to rise 
but ·initially remains below the open-loop gain, or AoL curve. In this 
region, the vertical distance separating the AoL and 1//J curves rep­
resents the excess gain available, 0 1· t he loop gain. As the 1//J curve 
rises the AoL cw·ve simultaneously drops and both effects decrease 
the loop gain. Where the two curves cross, the gain demand reaches 
the 1imit imposed by the available gain. At frequencies beyond this 
crossing, the amplifier lacks sufficient gain to support the feedback 
demand, and the circuit's I -to-V response rolls off. This crossing, or 
intercept, of the AoL response by the 1//J curve represents the critical 
inte,-cept fundamental oo 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 (pf= /fc/2rrRrC1, and 
a two-step analysis shows that f. = r;,r. First, the analysis above de­
fined the zero of the 1//J response at f,r = l/2rtRrC;. Combining this 
fzr expression with that of (pr produces (pr = Jf,rf.. Next, graphi­
cal evaluation of the Fig. 3.6 curves shows that f; equals this same 
quantity. In the figure, the 1//3 and AoL curves form an approximate 
triangle with the hori,,0ntal axis. The two sides of the triangle have 
equal but opposite slopes since one follows the response of a single­
zero rise and the other, of a single-pole roll off. These slope conditions 
produce an isosceles triangle. Then, the triangle peak at f; occurs 
over the center of the triangle base. Thus, f, occurs at the average 
of the base endpoints f,r and f. . Given the logarithmic nature of the 
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frequency axis, this becomes 

Log {; = Log f ,.r + Log fc 
2 
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Solving this expression for (, defines that frequency as the simple 
fleometric mean of the two endpoint frequencies, 

where f~r = lj2;rRrCi , Ci = (Co + C;d + C,cm), and fc is the unity-gain 
l>andwidth of the op amp. The analysis above also defined (pr= .,/f;if., 
HO f, = (pf. 

Further evaluation of the Fig. 3.6 response curves reveals the os­
cillation condition that underlies the need for phase compensation. 
There, the slopes of the 1/ ft and AoL curves predic"t frequency sta­
hility conditions through the rate of closure of the two cw·ves. Rate 
of closure equals the difference between the slopes of the two curves 
nt lheir intercept. Oscillation can result where the rate of closure 
,·caches 40 dB/decade. Each 20 dB/decade of slope conesponds to 90° 
<lf phase shift, making the 40 dB/decade of the criteria correspond Lo 
180' . Then, the op amp's gain inversion, or negative feedback, adds 
,mother 180° phase shift for a net 360° of feedback phase shift. At the 
/; intercept, a 360' feedback phase shift produces oscillation. There, 
lhe Aot and 1/ /J curves occupy the same point, making AoL = 1//3 for 
11 loop gain of AoLfJ = l. A feedback loop with unity gain and 360 of 
phase shift becomes self-sustaining, i.e., oscillation. 

For Fig. 3.6, both the 1//J rise and the op amp roll off result from a 
"i ngle zero or pole, so both cU1·ves follow 20-dB/decade slopes. Their 
opposite slope polarities produce a slope difference at(, that equals 
lhe critical 40 dB/decade, as anticipated from the earlier resonance 
, I iscussion. 1'he I -to-V response curve of the figure reflects this reso-
11 unce with a high, sharp peak at(, where oscillation will likely result. 
l•'ollowing the peak, the I -to-V response rolls off with a -40-dB/decade 
,lope due t,o the double pole at f,. Variances in these conditions may 
prevent outright oscillation but still produce poor re:lative stability, 
displaying excessive overshoot and ringing. Such stability problems 
111·c familiar to everyone who has used high-feedback resistances with 
"Jl a mps. There, the amplifier input capacitance a lone disturbs circuit 
,.,,8ponse due to the same phenomena described here for Lhe current, 
lo-voltage converter. With photodiode amplifiers, the need for phase 
n1mpensation should always be evaluated through the Cr design equa-
l Ions 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 Cr degeneration 
and guides the selection of this capacitor through design equations. 
From a feedback perspective, Cr provides phase compensation as illus­
trated by both cil'cuit and g,·aphical 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. 

3.3.1 The basic compensation 

To restore frequency stability, phase compensation capacitor q. by­
passes feedback resistor Rr as shown in Fig. 3.7. This circuit re­
peats the earlier Fig. 3.5 and adds the Cr 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.l. 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 feedback phase shift. 
Voltage divider analysis of the Fig. 3'. 7 feedback network defines the 

Ct 

>--+---<O •o 

Cc =1/2•Rtfc 

Figure 3.7 PhasAl oompensation capacitor Cr 3dds a zero tot.he 
circuit"s feedback factor to counteract tho pole produced by Ci. 
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Figure 3.8 The C, co,:npensat.ion of Fig. 3.7 rolls off'tbe 1//3 curve. reducing 
11.b rate of closure wit.h AoL and restoring stability. 

compensated feedback factor as 

13 
= 1 +RrCrs 

1 +Rr(Ci + Cr)s 
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where Ci = (Co + C;d + C1,ml • Here, Cr produces a zero at fer = 
I /2rrRrCr that counteracts the pole produced by C; atfzr = 1/2,-cRr(C; + 
Cr). Note that Cr also contributes to the f.r pole, but for most photodi­
ode amplifiers, practical conditions minimize this effect with Cr « C;. 
Later, a refinement to the Cr design equation accommodates the other 
cases. 

The response zero added to f3 above produces a pole for the inverse 
function, leveling off the 1//3 curve as shown in Fig_ 3.8. There, the 
,.educed 1//3 slope decreases the rate of closure for improved stability, 
hut a compromise limits the degree of improvement attainable. Choice 
of a large Cr could easily produce zero slope for 1//3 at the{; intercept. 
'l'his would make the rate of closure a simple 20 dB/decade for 90° of 
phase shift and uncompromised stability. However, this choice would 
11nnecessarily limit the circuit bandwidth. While the bypass action of 
I} counteracts a feedback pole, this bypass also produces a pole for the 
intended circuit function. Current-to-voltage conversion depends upon 
the voltage developed by Rr to produce an output signal. Bypassing 
I hat resistor to reestablish stability also shunts the output signal and 
li mits bandwidth. 

3.3.2 Phase margin analysis 

'l'o optimfae the - 3-dB bandwidth, a compromise provides 45° of phase 
111argin through a simple guideline that applies to all practical circuits. 
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Here, phase margin replaces rate of closure as :he stability criteda 
and provides greater resolution of the relative stability condition. The 
phase margin reflects this condition through the neL feedback phase 
shift at the intercept of the 1//3 and AoL curves. This margin equals 
the difference between the critical 360· , which produces oscillation, 
and the actual phase shift of the feedback loop at{;. Mathematically 
expressed, ,Pm = 360' + ff>L 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 Jag produces a negative value of ff>L, and the associated mi­
nus sign there results in a subtraction in </>m = 360· + <PL• Ako, for 
amplifler circuits, phase lags eventually dominate the feedback phase 
effects, and their negative values decrease tf>m . 

For an op amp circuit, loop phase shift ¢1, 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 Lhe op amp's 
gain response AoL to the output, completing the loop. In this path, 
the feedback network first introduces a phase shift oft/,~, which rep­
resents the phase shift of the feedback factor /3. The voltage divider 
action that defines /3 also determines Lhe phase shift introduced by 
the feedback network. Next, the amplifier introduces the phase shift 
of its open-loop response i/>A- A third phase component results from 
the feedback connection to the inverting input of the op amp. This 
connection assw·es negative rather than positive feedback, and the 
ass3ciated gain inversion introduces a 180' phase shift. Combined, 
the three components of loop phase shift make 4l = -180' + ff>A + ¢6• 

0L = -18O(1+0A + 0/J 

"m = 180'+eA- "1/~ 

Figure 3.9 The feedback loop of • photodiode amplifier 
introduoes phase shifts t.brough the op amp's negative 
feedback, the AoL response, and the foodbock network. 
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Substituting this expression in the previous 'Pm result produces the 
phase margir. result ,t,,. = 180' + i/>A + t/>p for f = f;. 

For phase margin evaluation, the response curves used in feedback 
analysis provide intuitive phase information directly for ,t,_. above and 
indirectly for ,t,~. In Fig. 3.8, the slope of the AoL response curve 
corresponds io ,t,_. phase shift values. No equivalent cur:e appears 
for ,Pfl, but the 1//3 curve contains the information needed. Taking 
the reciprocal of /3 to express 1//3 simply reverses the numerator and 
denominator of the p response expression. This reversal converts poles 
Lo zeroes and vice versa. Similarly, this converts phase leads to lags 
and vice versa. Thus, ¢ 11# = -¢6, and the phase mai·gin equation 
becomes ,t,,,, = 180· + ¢A - ,t,11fl for f = f;. With this equation, the 
slopes of feedback ana)ysis curves communicate relative information 
for both phase terms needed for phase margin evaluation. 

3.3.3 Phase margin analysis of 
the typical case 

For the cu,Teot-to-volLage converter, two phase margin analyses yield 
one Cr design equation that holds for the two circuit cases commonly 
found. The two differ in the proximity of intercept{; relative to the 
other circuit response singularities. In the simplest and more com­
mon case, f, occurs more than a decade in frequency above or below 
mosl of the other response poles or zeroes of the circuit. Then, such 
poles and zeroes produce either a full 90' or o• 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/P curves of a typical photodiode amplifier. There, 
the first pole of the Aot response occw·s well below f; and develops a 
run 90' of phase Jag at f,. In contrast, the second AoL pole around f. 
occurs well above {; and develops virtually no phase shift at{;. Thus, 
the AoL contribution to phase margin is ,t,_. = -90', and the preceding 
,t,,. expression reduces to 'Pm = 90 - ,t,11~ for f = {; . In the typical 
case, the f,r zero of the 1//3 response occurs well below f, and, when 
uncompensated, f,r develops its full 90' of phase lead at the intercept. 
Thus, for the uncompensated case, ,t,11p = 90 at f, and t/>m = 0', 
predicting oscillation. 

To restore phase margin, phase compensation reduces the ,t,11p phase 
lead produced by the 1//3 response. For the compensated case shown, 
Lhe reduced slope of this response at the (; intercept indicates this 
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f igure 3-.1 O For the typical photodiode amplifier, the (; intercept occurs at. a 
fl'equency well removed frQm the two pol~s of J\01., and from the fir zero of 1/ /j. 

phase reduction. Phase compensation capacitor q. produces this re• 
duced slope through a 1//3 response pole at fer = l/21'Rrq.. As dis­
cussed before, a stability-versus-bandwidth compromise guides the 
frequency placement of this pole. Selecting fer to produce a 45° phase 
margin provides good stability and Optimi2es the 3-,dB bandwidth. For 
this condition, 'Pm = 90' - 4> itft = 45°, producing the phase compen­
sation requirement ,p11p = 45° at fi. For this compensated case, two 
response singularities contribute to 4>tJft , the zero at f.i- and the pole 
at fer, making the compensation requirement <l>1(t, = </>,r + </>er = 45' 
at f,. From before, f ,1 occurs well before the f, mtercept and de~el­
ops its full 90' phase lead at f; for <Pttft = 90° + 4>er = 45• wh,ch 
reduces the compensation requirement to 4>er = -45°. The expres­
sion </J; = - arctan (f ff,, ) describes the frequency dependence of the 
phas/produced by a pole, and applying this to if>ef at f = f, produces 
4>er = - arctan(fi /fer) = -45". Then, solving for fer simply produces 
fer = f; . Thus, choosing Cr to break with Rr right at f; produces the 
desired 45• phase margin. This fer= f; result defines the reqULred c?n• 
dition but does not immediately yield a Cr design equation. Addmg 
Cr changes{; slightly, moving the target. Later analysis removes this 
interactive effect. 

Note that the fer= f; condition also makes the circuit's two band• 
width limits coincident. As described before, intercept frequency f; 
marks the inevitable response roll off produced where feedback de­
mand for gain, 1//3, exceeds the available Ao1, • Adding compensation 
capacitor Cr introduces an additional roll off at fer through the_ Cr by­
pass of Rr. Making fer = {; prevents either roll off from dominating 
and suboptimizing the resulting circuit bandwidth. 

3.3.4 Phase margin analysis of the 
universal case 
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A continuation of the present analysis reconfirms the fer = f, condi­
tion for a second analysis case. In the first case above, an approxi• 
mation simplifies the analysis by assuming that f; remains at least a 
decade removed from f,r and fc . This approximation fails with smaller 
photodiode capacitances, requiring a more exact analysis. This anal­
ysis begins with the assumption that fer = f; and shows that this 
condition always produces 4>m = 45°. In Fig. 3.11, smaller photo­
diode capacitances move the f,r zero of 1//3 to f:.r- I:\ dashed curve 
portrays the resulting 1/ f3 response, and as seen, the f,.r change also 
moves the f; intercept to f(. Now, both f;r and fc 1·eside closer to 
the ff intercept, requiring adjustment to the previous phase margin 
analysis. First, feedback phase shift at the new ff enters the range 
of influence of other poles that typically occur in the vicinity of fc. 
There, the phase contributions of these poles increase from the sim• 
pie o• of the fi rst analysis above. However, the f.r to f:r shift also 
places the 1/ /3 zero closer to the intercept, reducing its phase con­
lJ'ibution. Then, the zero no longer develops the full 90' described 
for the first analysis case. Thus, the increased inf! uence of the fc 
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 Cr unchanged from that of the first analysis. 
To demonstrate this, first consider the op amp response to be essen­
tially two-pole in natUL·e with the second pole occurring at the unity• 
gain crossover fc. This approximation produces a phase shift of 135• 

1/{J 

\,._ 

fzf / '\ 1c 
fet=f;=fpf fir 

Figure 3.11 Smaller phot.odiode 
c.ap~citances move t.he 1/ p eurve 
to the right, producing au// t.hat. 
resides clo.stl to fr and r:r 
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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, 4'm = 180° + ifJA - ef,,1p, for f = f., expresses the phase margin 
of an op amp circuit. Here, ¢A results from the amplifier's AoL re­
sponse, and q, 11p results from the 1/{J response. Previously, a single­
pole AoL roll off made ¢A = -90°, but here the added influence of fc 
increases the amplifier phase shift. Then, <PA = -90° +ef>c where rt,, rep­
resents the phase effect of the second pole modeled at f.. This change 
makes the phase margin equation 4'm = 90° + t/>c -¢•1/1 for f = f.. Also 
previously, a single-zero 1/{J rise followed by a pole at/; produced 
'Pl/JI = 90° - 45°. There, the f.r zero produced the 90° and the fer pole 
produced the -45°. Here, the zero fails to produce its full 90° phase 
shift, and 'Pl//1 becomes 4'11/1 = t/>,r - 45°, where <Pzf is the phase lead 
produced by the zero at f.r. Previously, the -45° contribution of fer 
resulted from placing this pole at the f; intercept. Retaining this -45° 
value continues the fer={; condition. Substituting </J im = efJzr - 45° in 
the last 4>,,, equation yields</>,,. = 135° + 4>, - t/>?J· for f = f;. 

Replacing <Pc and rf,p,r with their frequency response functions con­
firms the 45° phase margin for this second analysis case. From be­
fore, </>p = - arctan(f /f,,) describes the phase respo11se of a pole, and 
applying this to 'Pc at f = f, produces t/>, = -aretan(f./fcl• Simi­
larly, t/>, = arctan(f /fz) describes the phase response of a zero, and 
applying this to ¢,r at f = f; produces 4'.r = aretan(f./fzr). Sub­
stituting these two results in the above <Pm expression yields 'Pm = 
135° - arctan(f; /fc) - atctan(f. /fzr). From before,{; = Jf.rfc, and sub­
stitution of this expression in the last equation produces 

<Pm = 135° - arctan ~- arctan /ij 
The frequency variables of the above equation reside in the form 
arctan(a/b) +arctan(b /a), and trigonometric analysis shows this c-0m­
bination to always equal 90°. Then, t/>m = 135° - 90° = 45' . Thus, 
independent of the location of f,r and{; the phase matgin remains 

'Pm= 450 for fer={; 

where f, = Jf,rfc . fzr = l/2rrRr(C; + Cr), and C; =Co+ C,d + Ckm· 

3.3.5 Selecting the phase 
compensation capacitor 

Bandwidth and Stablllty 49 

Analysis of the fer= f, condition yields two design equations through 
approximate and exact solutions. The approxinlate solution serves 
most cases and yields an easily remembered design equation. With 
fer = f, and fer = 1/2nRtCr, Cr = l/21<Rrf;, Then, the prevfous {; = 
jf,rf, produces Cr= l/2rrRrJf.rf., where f.r = l/2rrRr(C; + Crl- How­
ever, an eq_ uation interaction prevents direct use of this result. Ca­
pacitance q. depends on f.r, which in turn depends on Cr . This occurs 
because the addition of the Cr phase compensation moves the f.r zero 
of the 1//3 rise in Fig. 3.11. Then, f, = Jf.rfc follows, moving the target 
of the compensation selection, Two approaches remove this interac­
tion either through appro,dmation or simultaneous equation solution. 
In the simpler case, larger photodiodes make Cv » Cr for C, » Cr and 
f,r ~ l/2rr RfC; . Substituting this approximate fzr in Cr = lf2rrRtJf,rf,, 
yields the approximate design equation 

,-. /Ji;' vr= --
2rrRrfc 

for 'Pm = 45° when C; » Cr. 

From before, C, = Cv +Cid+Ci,m• Note that, at the begjnningofthe Cr 
design process, C, is known but Cr is not, and the C, » Cr 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. If this test fails, simply use the more exact equation 
derived later. 

The above result simplifies to an easily memorized relationship in 
which Ct be,comes the geometric mean of two circuit capacitances. This 
requires defining an artificial capacitance, Cc = 1/2,rRrf,, which re­
lates Rr to f,, just as Rr relates to C, in C; = 1/ZrrRtf.r. Both C, and C; 
then relate to Rr as capacitances that define response break frequen­
cies with that resistance. Substitution of the artificial Cc in the last 
Cr result produces the simpli.fied 

Cr= JC,Cc for t/>m = 45° when C, » C, 

where C, = Cv + C;d + C;c,n. C, = l/2rrRtfc. and /, is the unity-gain 
crossover frequency of the op amp. Thus, the phase compensation 
capacitor Cr equals the geometric mean of the capacitance of the input 
circuit and the capacitance representing fc. This result parallels the 
{; = Jf,.rfc expression in which{; expresses the geometric mean of the 
analogous frequencies. 

A second, more exact solution defines Cr for any value of photodiode 
capacitance but primarily serves cases where the C, » Cr approxima­
tion fails. Here, a simultaneous solution of two equations removes the 
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interaction but produces a more complex equation for C,. Solving the 
equations Cr = l / 2rrllt Jf,rfc and fzr = l /2rrRr(C; + Cr) for Cr yields 

Cr = (Cc/2) ( 1 + ✓ 1 + 4;,') for 1'm = 45° 

where Cc = lf2rrRrfc and C; = Cv + C;d + C;cm, Applications requiring 
this more exact Cr equation experience greater sensitivity to parasitic 
capacitances. There, parasitic effects remain significant compared to 
the smaller values of C; and Cr. These parasitics alter the optimum 
value of Cr in either direction depending on the parasitic conditions 
of a given application. Some board 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 phot:odiode 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 described before. Then, two othel· factors improve bandwidth 
further through the circuit's residual gain peaking and an improved 
gain-bandwidth relationship. 

As described above, the circuit's two-pole roll off produces gain peak­
ing, and phase compensation reduces the peaking to preserve stabil­
ity. Careful choice of this compensation permits bandwidth extension 
through the residual, compensated peaking. Figure 3.12 illustrates 
with an I-to-V response drawn to portray the ip., = 45° compensation 
case. There, the gain peaking surrounding f; pushes the response roll 
off to a slightly higher frequency than would occut with a single-pole 
roll off. This extends band,vidth beyond the circuit's(; pole frequency 
t:o the extent permitted by acceptable gain peaking. For the t raditional 
±3-dB bandwidth limit, examination of damping factots and corre­
sponding peaking responses3 shows a factor of 1.4 bandwidth increase 
for the 45° phase margin prescribed above. This margin restrains 
gain peaking to +3 dB followed by the final bandwidth limit at the 
-3-dB point of the response roll off. Thus, for the current-to-voltage 
conver tei: with Cr set to break with Rr at(; 

BW = 1.4{; = l.4 jf,rfc 

t 
1-To-v 
GAIN 

Bandwidth and StabHity 

BWe l .4fj 

fj=Nc 

t zt = 1 /2rrRr ( c; +c1) 

Cj =C o +C;d+ Cicm 

Figure 3.12 The Lwo.pole response of the J.t,o.V gain produces peaking 
that ext.ends bandwidth beyond Ii. and selecting phase compensat.i()n for 
t/>m = 45° ma.k,ei, BW e lA/i . 
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where f.r = l/2rrRr(C, + Cr), C,. = Cv + C;d + C,em, and fc is the unity­
gain crossover frequency of the op amp. 

This current-to-voltage converter bandwidth typically represents a 
dramatic i1'1'1j)rOvement over the voltage-mode photodiode circuit de­
scribed in Sec. 2.3. There, a single pole produces an overdamped re­
sponse, fixing the -3-dB band,vidth at the pole frequency. Further, 
this pole frequency is much reduced from that produced by the current­
to-voltagc converter. There, input circuit capacitances break dfrectly 
with the circuit load resistance, producing a bandwidth approximately 
equal to the f,.,- frequency of the above equation. The current-to-voltage 
converter largely isolates the load resistor from those capacitances, ex­
tending bandwidth to l.4J[;;T,,. Comparing the two bandwidth limits 
shows a factor of 1.4/fc/f,r improvement for the current-to-voltage 
converter. Thus, choosing an op amp with fc » f,r assures a signifi­
cant bandwidth improvement. 

The bandwidth of the current-to-voltage converter also benefits from 
a more favorable gain-bandwidth relationship that reduces the band­
width's sensitivity to gain in¢reases. Normally, the constant gain­
bandwidth product of an op amp produces a bandwidth reduction 
directly proportional Lo any gain increase. Also, the previous voltage­
mode circuit produces this same gain-bandwidth relationship. How­
ever, for pbotodiode applications, the current-to-voltage converter 
replaces this direct relationship with a square root function. Increas­
ing the Rr feedback resistance of the circuit still increases the 
circuit's gain, e./ip = Rr, in direct proportion. The corresponding 
bandwidth decreases as reflected through BW = l.4jf,.rf, where 
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f,r= l/2rrRr(C; +Cr). Here, f,r decreases in a direct proportion to the 
increased Rr- However, the bandwidth only decreases in proportion 
to,/& or Jlir. For the current-to-voltage converter, gain-bandwidth 
product is simply GBW = R,-(BW), and substituting BW from its equa­
tion above shows this product to be GBW = 1.4JRrf,/2rr (C; +Cr). 
Thus, the maximum gain-bandwidth product results from the maxi­
mum practical value of R,-. Above a certain Rr 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//3 
and Aot responses defines ti, the pole frequency fundamental to the 
BW = 1.4(, rcoponoc limit. As previously discussed, two curves r<'pre­
sent the 1//3 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 Rr moves f,r back in frequency with direct 
proportionality. This also shifts the 1//3 curve and its f, intercept fre­
qi:ency backward but not in direct proportion. The intercept recedes 
more gradually because the AoL curve rises as ti decreases, reducing 
the decrease in the f, bandwidth limit 

This favorable gain-bandwidth characteristic also permits optimiza­
tion through increased photodiode area. Increasing diode area in­
creases the overall circuit response to a light source at a rate greater 
than the accompanying decline in bandwidth. The photodiode output 
and the diode capacitance both increase in direct proportion to the 
diode area Ao. Increasing An 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 
Co, Thio mo.kee the gain-bandwidth product for the ov,?r~ll rircnit 
proportional to ./Ao. The maximum light-to-voltage gain-bandwidth 
product results in a photodiode area that spans as much of the area 
illwninated by the light source as is practical. 

To maximize bandwidth instead of gain-bandwidth product, choose 
R,· to utilize the full amplifier bandwidth. Making Rr smaller moves 
f,r and{, to the right in Fig. 3.11 up to the limit imposed by f,. Beyond 
fc, the amplifier lacks the band,vidth required for further extension of 
the current-to-voltage converter response. Then, for maximum band­
width, selecting Rr places the intercept frequency (; at the amplifier 
unity crossover f,. This moves the li/3 cw-ve fully to the right, com­
pressing its response ,ise to zero. Then, the three frequencies defining 
the circuit response coincide at fzr = Ii = f,. Given this condition, the 
expression for fzr sets the circuit's fee:lback resistor to 

for maximum bandwidth 
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where C; = Cn + C;d + C;,.,. Note that this expression does not contain 
Cr because the removal of lhe 1/ /3 tise also removes the need for phase 
compensation. Any further increase in band"~dth 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 th:s final 
unprovement, making the bandwidth increase proportional to ./Tc. 

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 thai affects the signal response from the noise gain peaking 
described in Chap. 5. Design equations developed earlier in thi• chap­
ter place the Cr compensation pole at the 1//3 intercept to first ensure 
45' of phase margin for circuit stability. This phase margin also limits 
signal gain peaking to 3 dB prior to the signal response roll off, opti­
mizing the ±3-dB bandwidth. Some applications require the reduced 
peaking provided by a more conservative C, selection. This section de­
velops a C, design equation directly Unked 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 Cr capacitance required to produce the specified peaking. 

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

3.5.1 The photodiode amplifier's 
second-order response 

To develop the more precise q- equation, the analysis below relies upon 
the well-known peaking c:-taracteristics 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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damping, and no peaking, but excessively limits bandwidth. This case 
represents the single-pole roll off case automatically produced by a 
first-order system. A second-order system, like the current-to-voltage 
converter, offers greater bandwidth under less conservative damping 
conditions. Also, examination of the figure's response curves reveals 
that reducing ~ increases bandwidth without introducing pealting up 
to a poinl. Later analysis defi nes the optimum as ~ = 0.707, a fa. 
miHar fraction, for maximum bandwidth from a second-order system 
without signal gain peaking. This damping ratio produces a critically 
damped response. The 3-d.B 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 charactetistics to the current-to-vol tage converter 
case. This comparison identifies the converter's damping ratio and 
natural frequency in terms of the converter's circuit components. Then, 
further analysis defines the relationship between the da mping rat io 
and the magnitude of signal gain peaking. Finally, a user-specified 
gain-peaki ng limit defines a damping ratio thal in turn defines a 
relationship between the converter's circuit components. This latter 
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relationship yields the value of phase compensation ,capacitor Cr re­
quired to limit gain peaking to that speci fied. 

Starting the process, analysis of Fig. 3.14 first defines the current­
to-voltage conver ter's signal response in terms of the circuit elements. 
This circuit follows from the model originally presented in Fig. 3. 7. As 
before, C, = Co + Cid + Cie,n represents the combined capacitances 
of the photodiod!l 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 
ipq, where Zr equals the impedance combination ofRr and Cr, Ampli­
fier gain enor subtracts from this ideal output through the amplified 
effect of error signal e0 /AoL, The finite open-loop gain AoL of the op 
amp requires this error signal between the op amp inputs to support 
the output signal e0 • The circuit amplifies e0 /AoL by the gain set by 
the impedances of the feedback and input circuits, l + Zr/Z;, where Z; 
equals the impedance of C; . Writing a loop equation for output signal 
e0 produces 

e0 = ipZf - ( 1 + i) (;~L) 
where Zr= Rrf(l +RrCrs) , Z; = 1/C;s, and C; =Co+ C;d + C;.m, 

Ct 

C; 

Ci= Co+ Cid+ C;cm -
Ct = (zc2 - 1 + 2c)c2 - 1 + * )cc 

where ( = (J1 + 1/Apn - J1 -1/Ap0 )12, 

Figure 3.14 For tht?. cun-ent-
1.0-voltage converter, a specified 
gaio peaking ratio APn defines 
the oorrospondi,-..g damping: ratio 
~ and the rcquirod phase. com­
peni;ation Ct . 



56 Chapter Three 

Over most of its useful frequency range, the open-loop gain AoL 
above follows a single-pole response approximated by AoL = % / S, 
where w, is the unity-gain crossover frequency of the op amp. This 
gain approximation produces good experimental agreement for photo­
diode amplrners because the amplifier's 1//J intercept virtually always 
occurs in this single-pole region. Substituting the above expressions 
for Zr, Zi, and AoL in the previous eo equation and solving for e. pro­
duces the final s plane response: 

ipRf 
eo = s2/w,rw, +s (1/wpr+ l /w,) +l 

where w,.,. = 1/Rr(C; + Cr) and <upr = 1/Rr C, . 
Examination of the above equations reveals several anticipatable 

characteristics. First, w,r and <upr represent the feedback zero and 
pole that previously shaped the circwt's 1//J respons,e. As described 
before, the circuit ampl ifies the e0/Aor. error signal by a gain equal 
to 1/ /3 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 e0 equation. 
Also, the s 2 denominator term of the equation shows that the photodi­
ode amplifkr produces a two-pole or second-order response, permjtting 
direct comparison with the standard second-order system results. 

3.5.2 Translating the second-order results 
to the photodiode amplifier 

Reducing fhe photodiode amplifier's response expression to the stan­
dard form of a second-order system transfers known results to thls 
case. Then, comparison of response expression terms defines the pho• 
todiode amplifier's fundamental response chamcteristics in terms of 
those results. For thls comparison, substituting s = j w in the above 
e. equation, and solving for Act = e0 /ip reduces the photodiode ampli­
fier's response to the standard form of the two-pole system 

ACLi Act = ---,,-----"'=-:---- .,--,-
1 - w2 /w,rw, + j w (1/wpr + 1/w,) 

where Acu = Rr is the ideal closed-loop gain. 
For the generalized two-pole system, standardized results define 

closed-loop grun as• 

Acu 
AcL = -----'=---

1 - w2/w';: + J2,w/w, 

where w, is the natural resonant frequency, and , is the damping ra­
tio of the AcL response. Comparison of the two AcL responses above 
lhen defines w, and , for the photodiode amplifier. First, w, = Jw.,rw, 
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or f, = Jf,dc repeats a familiar frequency for the photodiode ampli­
fier. From before, the amplifier's 1/ /3 curve intercepts the amplifter's 
AoL response at this same frequency f; = Jfzrfc, Thus, the circuit's 
natural resonant frequency equals the frequency of the 1/ {3 intercept, 
as expected from earlier resonance discussions. As described there, 
photodiode amplifiers frequently oscillate at f, = f, unless phase com­
pensatiQn degenerates the natural resonance of the two-pole system. 

A second compadson of the two Acr. expressions above defines the 
damping ratio to quantify the signal grun peaking. Equating the j 
terms of the AcL denominators above and solving for , yields 

1 + Wc/Wpf 1 + (,/(pf ,- - --~ 
- 2Jw,Jw.r - 2Jfc/f,r 

wherefµr = l /21f'RrCr,fzr = l/2;rl/r(C1 +Cr), and C1 =CD +Cid +C;cm 
from before. From these equations, note that increasfag phase com­
pensatio11 capacitance Cr reduces (pr to increase the damping ratio. 
Also, increasing the photoruode capacitance CD increases C;, reducing 
f,r and decreasing the damping. Thus, signal gain peaking decreases 
with an increased Cr and increases with an increased CD, 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 Acr. gain produces 

IA I - AcLi 
CL - Jl -w2/w; + 4,2,Jijw'f_ 

Differentiating this expression with respect to w and equating the 
result to zero defines the frequency of the IAcLI peak magnitude as 
cup = w,Jl - 2,2 • Then, substituting th is wp expression for win the 
above IAct l expression defines the peak gain magnitude as 

1• I Acr.1 
rcL P = 2,J1-2,2 

This result expresses the peak gain magnitude solely as a function of 
the ideal gain Acu 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 IAcLlp expression for ~ defines the damping ratio as a function of 
a specific IAcLlp• Then, dividing IAc1. lp by Acu normalizes the result 
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to a relative level, removing the Acu variable, and Ap0 = IAcLIP /Acr,; . 
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 

Jl + 1/APn - Jl - l/Ap0 

{= 2 

where Arn = IAcLlp /Act; is the normalized gain peak. Note that fo1· 
purposes of APn here, IAcLlp and Acu represent linear rather than 
logarithmic expressions of gain. For example, a 3-dB or 41 percent 
peak makes Ap0 = 1.41 and { = 0.384. 

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

1 + f,/(pf { = --==-
2Jfclf..r 

where {pr = l /2rrRrCr and fzr = lf2;cE/r(C; + Cr). Substituting the 
expressions for /pr and fzr and solving for Cr 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, = l/2rrRrfc indicates 
that value of capacitance that would result from a break frequency 
with Rr at the amplifiet's unity crossover frequency fc. 1'his break 
parallels those produced by other circuit capacitances with Rr. Then, 
solving for Cr yields 

Cr= (2,2
- 1+2,J{2 -1 +c,;c.) c,. 

where { = [ Jl + 1/APn - J l - 1/APn] /2. Arn = IAcL IP /AcLi. C, = CD+ 
C,d +C;e..,, and C, = l/2rcRrf, . To apply th is phase compensation equa­
tion, the desired value of normalized gain peaking first defines Ap0 . 

Then, Ap0 defines { for substitution in the above Cr equation. 
As expected, mol'e conservative damping also reduces bandwidth. In 

Sec. 3.3, the 45' phase margin guideline made two band,vidth limits 
coincident so that neither dominated the final result. The two lim­
its result from the 1/ P intercept at f; and the pole produced by Cr at 
fer- Increasing Cr to increase damping moves the fer pole to a lower 
frequency, making fer the dominant bandwidth limit. Typically, the 
f. limit still influences bandwidth through residual gain peaking, but 
neglecting this influence permits a simple first-order approximation 
to the result. Then, for <l>m > 45° or r > 0.384, BW "'fer = l/21tRrCr 
approximates the - 3-dB bandwidth. 

3.5.4 Realizing lhe precise phase 
compensation 
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Precise control of gain peaking sometimes requires a similar control 
over small values of Cr - There, large values of feedback resistance 
Rr reduce the optimum value of Cr to such low levels that parasitic 
capacitance variables significantly alter the phase compensation re­
sult. In other cases, the tolerance variations of circuit Cllpacitances 
make Cr tuning desirable for precise peaking control. However, the 
tuning process introduces parasitic mutual capacitances that further 
complicate the low-level Cr 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 sh ielding ground connection that 
removes mutual capacitance effects in the tuning operation. While 
providing these conveniences, tee networks also increase noise gain, 
but judicious design choices limit the increase. 

First, consider the effects of converting a large feedback resistance 
to a resistive tee network formed of lower-valued resistances. Sec­
tion 2.2.2 describes this alternative where the tee network reduces 
offset errol.'. For the mol'e general photodiode amplifier, the resis­
tor tee also permits larger capacitance values for C, as illustrated 
by Fig. 3.15. There, the R i!R2 voltage divider attenuates the 

Ct 

RtT 

Re=Rn 
Rfeq • (1 + R1/R2)RfT 

forRn>>R1 

Figure 3.15 Replacing the feedback resistor with a tee 
reduces resistance levels, permitting phase compensation 
with a larger capacitor having less sensiti\lity to parasitic 
capacitances. 
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feedback signal to effectively multiply the basic RrT feedback resis­
tance. For RrT » R1, this produces an equivalent feedback resistance 
of Rreq ss (1 + R,JR2)RrT- Then, e. = i.,,Rreq and the smaller RrT pro­
duces the same current-to-voltage gain as a larger Rr does in the basic 
circuit. The associated phase compensation bypass of the smaller Rrr 
resistance requires a larger and less parasitic-sensitive value of Cr for 
the same compensation result. As seen from Rreq "" (1 + RiJR2)RrT, 
the tee multiplies the effective value of RrT by a factor of 1 + R iJR2. 
For equivalent phase compensation results Cr 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 +RiJR2. 

Other aspects of the resi,tive feedback tee potentially alter the 
cw-rent-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 Rrr here, leaving the parallel combination of R1 and R2 to react 
with the circuit's input capacitance at higher frequencies. However, 
making R I and R2 small resistances easily moves this reaction beyond 
the response range of the op amp. 

Alternately, a capacitive foedback tee network bypasses a single re­
sistor Rr 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 Rr ,vith capacitor values 
much greater than that of a single capacitor bypass. To do so, the 
tee uses a capacitive divider, formed with C2 and C3 , to attenuate the 
bypass signal applied to C1 at the circuit input. With only a fraction of 
the output signal impressed upon C1, this capacitor supplies far less 
shunting current to the inpuc node, as would a much sma1ler feedback 
capacitor. In effect, the capacitor tee produces an equivalent feedback 
capacitance of 

This equivalent capacitance shunts Rr with a response pole at fer = 
l /2rrRrCrcq-

The capacitor tee also reduces tuning sensitivity to stray capacitance 
in two ways. First, the tunable capacitor shown, C3 , can now be a 

o, 

Rt 

C1 C2 
Cfeq = -,c-, -♦...,C-2_+_,,C-3 
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Figure 3.16 Replacing the feed­
back ca.ps.citor with a tee also l'C• 
duoos sensitivity to parasitic ca­
padt.ances through the increased 
capacitance values permitted by 
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 

4 
Wideband 

Photodiode Amplifiers 

Junction capacitance severely restricts the band"~dth 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 th rough signal isolation, photodiode bias, and photodiode 
bootstrap. 1.2 Signal isolation removes the signal voltage from the pho­
todiode through the op amp current-to-voltage converter as described 
in Chaps. 2 and 3. This circuit holds the diode voltage near zero while 
supplying the signal voltage at the op amp output. Section 3.4 quan­
tines the resulting bandwidth improvement. 

For even greater improvement, biasing or bootstrapping the pho­
todiode further reduces the effect of the diode's capacitance. A re­
verse bias voltage applied to the photodiode improves bandwidth by 
reducing the diode junction's capacitance. Bootstrap of the photodiode 
improves bandwidth in much the same way as the current-to-voltage 
converter by isolating the diode capacitance from the signal voltage. 
However, for small photodiodes, the bootstrap alternative acrueves 
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 
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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 amplifiet's input noise voltage. These added leakage and noise 
sow·ces produce offset and noise at the circuit output. Simple R-C fil. 
tering of the bias voltage removes much of the added noise. However, 
both the resistance and the capacitance of this filter must be selected 
with care to make this filtering effective. Alternately, converting to a 
differential-input circuit configuration lets the common-mode rejection 
(CMR) of the op amp attenuate both the offset and noise errors. There, 
a dummy photodiode couples canceling leakage and noise effects to the 
amplifier. 

4.1.1 The bias effect 

Reverse bias actually increases the speed of a photoreceiver in two 
ways. In addition to reducing diode capacitance, the bias increases 
the response speed of the photodiode as described in Chap. 1. The 
bias expands the width of the diode's internal depletion region to pro­
duce both elfects. First, the expanded depletion regions encompasses 
more of tbe diode's photo-generated carriers in this region of elec­
Lric field gradient. There, the field gradient accelerates the carriers, 
moving them Lo 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 tbe 
photodiode amplifier. The,·e, the capacitance of the photodiode reduces 
the amplifier bandwidth as described in Chap. 3. 

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

Co= Coo 
/1 + Vnf<f'B 

Here, Cno is the photodiode capacitance at zero bias, and <PB is the 
built-in voltage of the diode junction. Applying a reverse bias Vk re­
duces Co from its Coo ma,dmum through a comparative relationship 
with q,8 . For silicon photodiodes, <f'B "' 0.6 V and making Vn » <fJB 
produces the desired capacitance reduction. For example, making 
Vk = 10 V reduces the capacitance by a factor of 4.2 from its Coo 
value. 
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From Sec. 3.4, the basic photodiode amplifier's bandwidth responds 
to this capacitance reduction as expressed through 

BW = 1.4 f; = 1.4./T,;l; 

where f,r = l/2irRr(C, + Cr), C, =Co + Cid+ Cicm, and fc is the unity­
gain crossover frequency of the op amp. For large photodiode capac­
itances, C; "'Co and f.r"" l/2rrRrCo. Then, BW oc 1/./Cv and the 
4.2:1 reduction in Co produced by Vn = 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 en·or sources, but later circuit alternatives 
greatly reduce these. Figure 4.1 illustrates the basic photodiode bias 
with source Vo. There, the op amp input holds the anode of D1 at zero 
voltage, and de voltage source VB sets the reverse bias at Vn = Va. 
This reduces the diode capacitance, as described above but increases 
de offset and noise errors. Voltage source Vs induces a diode leak­
age currenL and introduces a noise current in the diode capacitance. 
Figure 4.2 models these effects with a diode leakage current h and a 
capacitive noise current inB. Flow of these error currents in feedback 
resistor Rr produces output errors that often dominate offset and noise 
performance. 

For the biased photodiode case, the Ii, leakage current typically over­
whehns 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 V8 = 0, the photodiode resides 

\ 
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Figure 4.1 The current-to-volt­
age converter's ,drtual-ground 

>-_....-0 •o input p$rmits simple oontrol or 
pbot.oruode bias for diode capac­
itance reduction. 
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Figure 4.2 The photodiode bias of Fig. 4.1 introduce& 
offset and noise errors through diode leakage current 
h l.md bias-source noise .,-oltage ens• 

across the op amp inputs with virtually no voltage to support a diode 
leakage current. Then, the amplifier input current la dominates the 
circuit's input en-or current and produces an output offset voltage of 
l 8 Rr. Choosing a FET-input op amp minimizes this error, but it re­
mains a major offset component for high-gain photodiode amplifiers. 
Adding oo this component, the input offset voltage of the op amp Vos 
produces a similar output offset. 

However, with a typical biased phooodiode and a FET-input op amp, 
IL» la. These amplifiers produce an Ia input current that also re­
sults from junction leakage. The h and la currents differ in mag­
nitude fo accordance with the associated junction voltages and the 
relative junction areas. A large physical area enhances the photodi­
ode sensitivity, favoring this bias in the phowdiode selcttion. How­
ever, leakage current increases in proportion to this area, making 
the circuit offset highly sensitive oo 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 li mit 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 re suiting offset error 
increases by a factor far greater than that of the bandwidth improve­
ment achieved. 

Noise also increases with phooodiode bias through two added noise 
sources. First, the noise component of the diode leakage current J2Qlo 
significantly increases the output noise component resulting from in­
put noise cwTent. Chapter 5 describes this component along with 
the others that contribute oo the net output noise signal. More sig­
nificantly, the VB bias source impresses its noise voltage component 
enn across the diode capacitance. In Fig. 4.2, ens produces a noise 
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current e0aCos in capacitance Co. This cw·rent flows through Rr, cre­
ating an out-put component of noise e0 aJ?rC0 s. Thus, en.B expeiiences 
a noise gain of An13 = RrCos with a response zero at 1(2,r RrCD, This 
zero produces a high level of higher-frequency gain to greatly amplify 
the en13 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 enn noise levels that easily surpass this 
amplifier noise, making the gain peaking effect even more serious. 
Then, biasing the phooodiode will typically increase output noise by 
as much as a factor of 100 unless other measures red uce this noise 
effect. 

4.2 Bias Improvements 

Two modifications to phooodiode 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 in.serted between bias source VB and the photodiode. While 
simple in structure, this filter produces s ubtle effects that direct its 
design through the two guidelines Rs « Rr and Ca » Co. Then, 
the filter supplies a de bias voltage Va' =:: V8 with little voltage loss 

I 
I 

\ 
I It 
L--i~--

Va ~ V9 e~a « enB 

1\ 
Co 

Figure 4.3 Simple R.C flllenng greatly altenuale$ tho noiae offectofthe 
Vs bias source when the filter"s resistance and ca.pa.cit.a.nee impedances 
rcmajn small compared to those of the circuit-
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while significantly attenuating the ac noise signal to ena' « e,,B- The 
selection of Rn assures the bias transfer, and the selection of Ca as­
sures the noise reduction. 

Making Ra « Rr ensures that VB' "' VB 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 Vn'. The leakage component of 
the diode current produces a de voltage drop on RB but typically re­
duces the transferred bias voltage by only a small amount. However, 
the signal component of the diode current produces an ac modulation 
of VB' , 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 R0 = RB, 
and produces ils greatest modulation of Vo ', Filter resistor Rn con­
ducts the same signal current as Rr and reproduces a portion of the 
output signal voltage across the diode. Making Ra « Rr limits the 
modulation voltage to a small fraction of the load voltage developed 
upon R,-. 

Similarly, making Cs » Co avoids the otherwise overriding noise 
effect of the bias source. Both a circu.it evaluation and a noise gain 
analysis suppor t this CB choice. In the circuit, the two capacitors 
shown effectively appear in parallel, due to the virtual ground return 
of Co at the amplifier's inverting input. Thus, the attenuated noise 
signal of the bias sow·ce, ens', drives the two capacitances equally. 
Resulting capacitive currents produce the voltage drop on Ru that re­
duces the original enll to the attenuated enll' • Increasing the value of 
C8 increases this current, and the resulting noise attenuation to re­
duce the residual e0 a' left to drive C0 . In effect, Ce and Co form a 
currenl divider, sharing the task of conducting noise currenl through 
RB to attenuate e0 s'. Capacitance CB diverts its current to ground, 
removing the associated noise effect. Capacitance Co, however, de­
livers its current to Rr, producing an output noise voltage. Making 
Ce » Co diverts the majority of the noise current to grow1d, mini­
mizing the noise effect of the original enn noise source. 

Noise gain analysis reinforces this conclusion and combines it with 
the earlier condition of RB « Rr. From the Fig. 4.2 discussion, the un­
filtered case presented a noise gain of Ans= RrCos t.o enn- Analyzing 
Fig. 4.3's transfer response to noise signal e.,8 produces the modified 
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noise gain 

Ana' = eonB = RrCds 
ens 1 + Ro(CB + Co)s 

where e0nB is the output noise resulting from the noise of the bias 
source e.,a. As desired, the presence of the RB and CB filter intro­
duces a response pole to this gain, counteracting the inherent zero 
produced by Rr and Co. That zero previously increased the high­
frequency noise gain, potentially dominating noise performance. At 
higher frequencies, with Cs » Co, the filtered noise gain hel'e be­
comes 

AneH' = RrCo 
ReCn 

The division ratio of this expression shows that the previous requ.ire­
ment of Rn « Rr tends to make this noise gain large. However, the 
circuit requ.ires this resistance condition to avoid signal modulation 
of the diode voltage. Counteracting this large gain tendency, making 
Ca » Co restores the filter's effectiveness in reducing the noise re­
sponse. Even greater noise reduction results from a combination of 
this filtering with the CMR described below. 

4.2.2 Common-mode rejection of the 
bias-Induced errors 

As described earlier , photodiode bias reduces diode capacitance, in­
creasing bandwidth, but introduces new noise and offset errors. The 
low-pass filtering described above attenuates, but does not remove, 
the new noise error. Further, the filtering described fails to address 
the de offset error introduced by the increased leakage current of the 
photodiode. Making use of the op amp's differential inputs gi·eatly re­
duces botl1 new errors through the amplifier's CMR. To activate this 
rejection , Fig. 4.4 adds a second matching photodiode and a second 
matching resisto,·. There, only the original photodiode D1 remains 
open to light input, and blocking D2 from the light source provides 
enor cancellation wilhout also producing signal cancellation. 

Then, only Di supplies a signal current, but both diodes supply leak­
age and noise currents to the op amp. Currents supplied by the two 
di.odes drive opposite-polarity amplifier inputs, and circu.it matching 
makes the diode error cmTents produce counteracting effects. First, 
component matching assures equal d;ode error currents and equal 
current-to-voltage conversion results. Next, the common de bias of 
lhe 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 3 du1!1my 
diode and a. second Rr rest.s-Lor 
produces a differential-input 
connection for CMR of the b1as-
iuduced errors. 

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 D1 includes the signal 
component ip to produce an uncanceled output signal -i,,Rr . The other 
current components produce canceling output effects through equal 
cu1Tent effects. The de component of the bias voltage Vo produces 
matching leakage currents h in the two diodes. Similarly, the noise 

ip +IL 

Figure 4.5 The differential-input connection of Fig. ~-4 results in 
rnatching I i and ;nS error currents t.ha.L produce canceling effe(;ts. 

Wideband Photodlode Amplifiers 71 

component of VB, enB, produces matching noise currents of enllCos in 
the diode capacitances. Flow of these matched currents in the two Rr 
resistors produces equal resistor voltages at opposite amplifier inputs. 
Simple analysis shows that these equal error voltages produce cancel­
ing effects in the circuit output voltage. With two photodiodes from the 
same manufacturing lot, this circuit's matching equalizes the leakage 
and noise errors to within about a 5 percent tolerance for a 20:1 er­
ror reduction. However, even with this circuit's CMR, photodiode bias 
still compromises errors when compared to the original zero-biased 
connection. Bootstrap alternatives frequently offer a better solution 
for improved bandwidth. 

4.3 Bootstrapping the Photodiode 

Bootstrap d1ive of a photodiode improves bandwidth over that achieved 
with the basic current-to-voltage converter. As described in Sec. 2.3, 
the basic current-to-voltage converter improves bandwjdth by remov­
ing load signal voltage from the capacitance of the photodiode source. 
This avoids capacitive currents that otherwise absorb the diode's sig­
nal current at higher frequencies. Bootstrap drive also removes load 
signal swing from a signal source as commonly applied in voltage­
mode circuits. Analogous bootstrap techniques address the current­
to-voltage mode of photodiode amplifiers. Then, the bootstrap circuit 
either replaces or works with the basic current-to-voltage converter. In 
both eases, bandwidth improves without the need for photodiode bias. 
Replacing the current-to-voltage converter with a bootstrap amplifier 
improves bandwidth for the case of small diode capacitance and adding 
bootstrap to the converter addresses the larger capacitance case. 

4.3.1 The basic bootstrap 
photodiode amplifier 

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

A comparison of voltage-mode and bootstrap photodiode connections 
reveals the bootstrap benefit. For comparison, Fig. 4.6 repeats the 
voltage-mode circuit originally described in Sec. 2.3. With this cir ­
cuit, the photodiode directly drives a res is t i ve load to produce the 
circuit's output signal voltage e0 • Unfortunately, that voltage also 
appears across the diode and its capacitance CD, developing a par­
asitic capacitive current i,. At higher frequencies, i0 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 
lhe diode capacitance and a restricted bandwidth. 

the diode current away from the load, and this produces a response 
pole at f = l/2rrRrCo . Typically the large values of Rr used with 
photodiodes make this pole frequency a severe bandwidth limit. Boot­
strap largely removes this limit with the circuit of Fig. 4.7. Funda­
mentally, only one difference separates this circuit from the previous 
one. Here, the anode of the diode returns to the amplifier output in­
stead of ground. This voltage follower amplifier monitors the signal 
voltage at the diode's cathode and drives the anode wi th the same 
signal. In the ideal amplifier case, zero voltage remains across the 
diode and its capacitance. Thus, the bootstrap amplifier removes load 
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Figure 4.7 Bootstrap drive of a photodiodo removes signal \•oltage from 
the diode capacitance much like the current-to-voltage converter. 
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voltage swing from the diode much as the current-to-voltage converter 
does. 

In practice, finite op amp gain again leaves a residual signal voltage 
on the diode capacitance, just as the earlier current-to-voltage con­
verter did. As before, this residual signal determines the bandwidth 
for the bootstrap circuit. To quantify this bandwidth, Fig. 4.S mod­
els the basic bootstrap circuit in the manner used previously. In the 
figure, the amplifie,'s gain error signal e0 /Aot again appears across 
the diode. This figure models the photodiode with a current source, 
shunted by capacitance Co, 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. P1-e­
viously, both C;d and C;cm remained across the photodiode, adding to 
its capacitive diversion of signal current. Here, C;.., lies across Rr 
instead, and this difference improves bandwidth, as described below. 
In return for this improvement, this bootstrap circuit imposes an ad­
ditional amplifier error source. Here, the bootstrap connection makes 
the load voltage across Rr 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 
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Figure 4.8 Unlike the current-to-vol~ge converter, the ba.,,ic booU!.tl'ap con­
ne<:tion make-s the amplifier's Ckm input cap:;acitance assist th6 Cr phase com­
pensation rather tha1\ oontdbute to the bandwidth limit. 
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converter avoids this error by isolating the amplifier inputs from the 
,load 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 band width limit reveals these 
similarities. The poles of trus circuit result from the amplifier's gain­
error signal e0 /AoL that falls across circuit capacitances. Resulting 
capacitive currents shunt a portion of ip away from the Rr load, lim­
iting bandv.idth. This action replicates that described earlier for the 
current-to-voltag-e converter except for one difference in the capaci­
tances that support the e0 /AoL signal. Here, this signal falls across 
CD and C;d- Previously, the cw·rent-to-voltage converter added C;,m 
to this capacitance combination, limiting bandwidth further. Instead, 
the bootstrap circuit here places C,cm in parallel with Cr to aid in the 
phase compensating bypass of Rr. 

Thus, the analysis results for the current-to-voltage converter ex­
trapolate to the Fig. 4.8 bootstrap circuit by accounting for this capac­
itor difference. First, replacing the sum Cn + C,d + C,cm of the Chap. 3 
results with CD + C,d removes C;cm from the net input capacitance C;. 
Then, replacing C, of the earlier results with C, + C,,m introduces the 
added phase compensation of C;cm, The two replacements leave the 
equation for the op amp's response Hmit unchanged at 

{pr= ✓f,rfc 

where f,r = l/2rrly(Cp + C,d + C,,m + C,J. However, for a given ap­
plication, the actual pole frequency increases for the bootstrap circuit. 
There, C,on supplements C,'s phase compensation, permitting a de­
crease in the value of C,. This increase f.r above which, in turn, 
increases the pole frequency {pr- For small values of ruode capac­
itance Co, 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, (pr represents 
the location of a double pole for the bootstrap circuit. The under­
lying roU off of the op amp gain produces an inductive characteris­
tic that reacts with circuit capacitances. As fr"<!uency increases, the 
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amplifier gain AoL falls and the s.ignal e0 /AoL increases across the 
circuit capacitances. Simultaneously, the capacitive impedances de­
cline. The combination of a rising signal across a falling impedance 
again forms the equivalent of an L-C tank. Without degeneration, 
this tank circuit produces oscillation or response ringing, depend­
ing upon the Q of the circuit. Degenerating the Q avoids such re­
sponse clisturbances through capacitive bypass of Rr. Together, the 
amplifier's C,em and the intentionally added C, bypass this resistor 
to roll off e0 • This also rolls off the associated e./Ao1. 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 Cr follows the Chap. 3 analysis of the 
current-to-voltage converter discussion with two exceptions. First, the 
bootstrap circuit employs both positive and negative feedback, requir­
ing a redetermination of the feedback factor for feedback analysis. 
Next, the phase compensation assistance provided by C;..,, requires 
adjusting the earlier C, result to account for the new C;cm role here. 
The discussion that follows briefly summarizes the current-to-voltage 
converter analysis to accommodate these two changes. Refer to the 
earlier analysis for greater detail. 

Feedback analysis again defines the phase compensation require­
ment and the resulting bandwidth through the circuit's AoL and 1//J 
responses. The bootstrap circwt here alters the circuit's feedback fac­
tor /J, changing the 1//J 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, {J_ = l, through short circuit feedback from the 
output to the amplifier's inverting input. Positive feedback adds to 
this through the CD and Cid connections from the output to the nonin­
verting input. Together, these capacitors form a voltage divider ,vith 
the load circuit, and the voltage divider fraction defines the positive 
feedback factor 

/J+ = ly(CD + C;d)S 
1 +flr(Co + C,d + C,,m + Cr)s 

The net feedback factor equals the difference between the negative 
and positive feedback factors,3 {J = fJ- - /J+, making 

/J = 1 + Rr(C,cm + Cr)s 
1 +ly(Co + C;d + C;cm + C,)s 
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Then, for the bootstrap connection, 

1 l+s/21rf.r 
l/ /3 "" /3- - f3+ = 1 + s /2rr fer 

where f,r = l/2rrRr(Co + C;0 + C;,m + C,) and fer= l/2rrRr<Cr + C,em)­
This expression almost repeats the earlier current-to-voltage converter 
result. As before, this 1/ {3 result expresses a zero at f,r formed by Rr 
with the total capacitance of the feedback network, Co +C;d +C,cm +Cr. 
However, the counteracting pole at fer now benefits from the inclusion 
of C;,m in the phase compensating action of Cr. 

Phase compensation requirements guide the Cr selection with the 
aid of the response curves of Fig. 4.9. There, a rising 1//3 curve ap­
proaches the AoL response for a potential 40 dB/decade rate of closure 
at their intercept. Phase compensation, produced by Cr and Clem, rolls 
off the 1//3 curve's rise, reducing the rate of closure and restoring sta­
bility. However, the Cr + C;,m bypass of the load resistor also rolls 
off bandwidth, discouraging excessive bypass. In compromise, plac­
ing the break frequency of the 1//3 roll off at the in_tercept of the_ two 
curves, fer = f., assures 45 of phase margin and opturuzes bandwidth. 
Then residual gain peaking extends this bandwidth beyond the f. pole 
frequ~ncy as illustrated by the I -to-V gain cw·ve of the figure. This 
pole placement sets the bandwidth at BW = 1.4(, == 1.4Jf,sf,, 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 Cr that increases f,s in this BW expression. 

I---, /AOL 

t 
1- TO-V 
GAIN 

1i·Nc 
f2 f =1/2rrR1(C;+Cf) 

Ci =Co+ cid+Cicm 

Figure 4.9 The combined C, + Cic:ro phase compensation of the booLStJ."3.p 
circuit rolls off the circuit's 1//J response,, as before, but the reduoed C, 
requirement increases (,.r t.o in turn inerea.se the/. 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//3 expres­
sion for the bootstrap circuit identifies the phase compensation pole 
as fer= l/2rrRr(C,+C1em). Previously, the current-to-voltage converter 
produced fcf = l/2rrRrCr. Phase compensation for both circuits places 
the fer pole at f. but through the reaction of different capacitances with 
Rr. As the fer equations show, the bootstrap circuit achieves the same 
compensation as the current-to-voltage converter with a Cr value re­
duced by an amount equal to C,em- Then, subtracting C;em from the 
earlier Cr design equation adapts it to the bootstrap case. Previously, 
a dist;nction 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, = l/2rrRrfe and C, = Co + C,0 + C;em- With its minus sign, 
this ie-qnat-ion l'"~n yield ne,g~tlvie- v~l11es for r., 'rh is r/\ntilt.lnn ~imply 
indicates that C;cm already provides sufficient phase compensation, 
removing the need for Cr. 

4.4 Combining Bootstrapping with the 
Current-to-Voltage Converter 

Even greater bandwidth improvement results from combining the cur­
t·ent-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 ofT the 
circuit response. However, effective bootstrapping here requires a sep­
arate bootstrap amplifier possessing several demanding characteris­
t ics. 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 uruty-gain buffer of the 
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Figure 4.10 Combining boot­
i;trap with t,he eun-ent•to-voltage 
converter provides a second de• 
gree of signaJ isolation from the 
diode capacitance t.hat even re­
moves the e0 /AoL residual of the 
current-to-voltage converter. 

bootstrap.4 This combination removes the bandwidth-limiting signal 
from the photodiode in two stages as seen from a briefrev;ew of earlier 
discussions. With no signal removal, a photodiode produces an output 
signal e0 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 conver ter consists 
of the op amp and its traditional feedback elements R,· and Cr . As 
described in Sec. 3.1.2, this basic converter reduces the signal at the 
cathode of the diode to the gain error signal of the op amp, e0 /AOL· In 
the basic case, returning the anode of the diode to ground impresses 
this attenuated signal across the photodiode. There, the large open­
loop gain AoL 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 e0 /AoL 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 v.~th a cw-rent source and capacitor 
and also includes the op amp noise voltage e01 with the e0 /AoL input 
error. 

Examining the buffer model elements reveals their importance to 
the bootstrap function . First , low buffer input capacitance Cm pre­
vents replacing one capacitance problem with another. The buffer 
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removes the error signal e0 /AoL from the diode, avoiding a capaci­
tive current in Co that other\vise shunts signal current ip away from 
feedback resistor Rr. However, capacitance at the buffer input C18 
now supports the e0 /AoL signal, producing a new shunting cuxrent. 
To significantly improve bandwidth, the buffer must display an input 
capacitance much smaller than the diode capacitance, C18 «Co . 

Similarly, low noise for the buffer avoids exchanging noise prob­
lems. Witb the basic current-to-voltage converter, the input noise 
voltage of the op amp oft.en dominates noise performance as devel­
oped in Chap. 5. This noise adds to the e0 /AoL signal as shown and 
drives circuit capacitances in the same way as desctibed above for 
eo/AoL- For the grounded diode return of the basic converter, input 
noise voltage e0 ; drops across the diode capacitance, producing a noise 
cur-rent e.;Cvs that adds to signal current i1, . The wtity gain of the 
buffer removes this noise effect by driving the normally grounded ter• 
minal of Co with the same e,,; noise voltage that appears at its other 
terminal. However, noise introduced by the buffer 's signal transmis­
sion ens now appears across Co, replacing the old noise current with 
a new one, e.aCos . To prevent noise degradation, the buffer must 
assure that e0 n ~ e0 1. 

A - I e- 1+jf/BW9 Rt 

Co 

'---{-•I---' 

ip -

Figure 4.11 Modeling the buffer of Fig. 4.10 di$ph1ys the buffer char::tcteristics that 
inHuenee its bootstrap ~(foctivenei;s.. 
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Wide bond width and low output impedance ror the buffer assure the 
accurate signal lransmi~sion required for improving the bandwidth of 
the 1-to-V gain. Ideally, the buffer transmits the e./AoL enor signal 
from input to output with no attenuation. Any difference between the 
input and output signals falls across the diode and its capacitance. 
As descri bed with the basic bootstrap circuit, the bootstrap amplifier 
produces a gain error signal or its own, and this en'Or signal increases 
with frequency as the buffer bandwidth rolls off. In the circuit model 
the l+jf 1BW8 denominator of the buffer gain As reflects the buffer's 
bandwidth effect. Buffer gain roll off due to BW a introduces an up­
per Limit for the bandv.~dth improvement of the bootstrapped I -to-V 
converter. Avoiding this new limit requires making the bandwidth of 
the buffer much greater than that of the op amp. 

Howe,•er, 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 curi-ent does not develop 
a significant voltage drop with R0a. Any such drop adds to the gain 
error signal of the buffer and falls across the diode. There, capacitive 
current flow in Co would impose yet another bandv.;dth limit. A buffer 
meeting a.II of the above requirements removes the diode capacitance 
as a source of bandwidth limitation. 

4.4.2 A practical butler solution 

Combined, the abo\'e 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 cun-ent­
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 
usefol frequency range of the cun ent-to-voltage converter. Thus, low 
open-loop gain, wide-band\\1dth circuits best serve the buffer runction 
by sacrificing gain and offset for bandwidth. 

The actual gain error and offset. requirements of the buffer remain 
loose compared t.o 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 bigh-rrcquency signal-shunting that previously produced a 
bandwidth limit. However, the small buffer signal e0 /AoL 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• 
mit.s a 10:l reduction in the bandwidth limitation imposed by diode 
capacilance. Similarly, the buffer function accommodates larger off­
set voltages than most op amp applications. The buffer transfers its 
offseL voltage to the photodiode where it could increase leakage cur­
rent. However, simple buffer circuits readily limit this offset to tens 
of millivolts that produce li ttle leakage inc,·ease. 

Figure 4.12 shows a bootstrapped I -to-V converter with a buffer 
that addresses the requirements and compromises of the bootstrap 
function. Basically, this buffer consists of a source follower J 2 bi­
ased from current source J3. The FETs used here limit the input 
current drawn by the buffer and permit simple realization of the bi ­
asing current source. Note that any buffer input currenL, from the 
J 2 gate terminal, flows through Rr, producing a component of out­
put offset voltage. The FET J2 also strongly affects all four of the 
buffer's critical characteristics: input capacitance, noise, band,~dth, 

V+ 

R, 
J1 

c, = Jcicc 
Rt Ct 

Cc= 1/2•~1•c 
01 

C1 = Cgd2+C;d+C1cm 
J2 

I p Rt ew I.◄~ 

Rz ~R1 ip t __ / lzt= l/2•RtC; 

0/P 

\ J3 

R3 -
v_ 

Figure 4.12 Simple buffor circuit& pr()\'ide the be-5L compromiae for the wide 
h.1ndwidth buL relaxtd gain error ond offset requirements of the boc.>tatrap l>illTll'r. 
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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 t ransconductance. With this circuit, the buffer's input 
capacitance becomes simply Cm ss Cgd2, where Cgd2 is the gate-drain 
capacitance of Jz. However, the other required buffer properties de­
pend upon the characteristics of multiple circuit elements. Noise and 
bandwidth for the buffer depend upon a large number of these, pre­
venting simple analysis and favoring evaluation by simulation. 

Still, a limited number of circuit elements define the buffer's out­
put impedance. To keep this impedance low, the addition of J 1 and 
Q, provide feedback and loop gain that reduce J2's normal source­
follower output impedance. Without Ji and Qi, the i,, current drawn 
by the diode would flow through R2 and the source of J2. Then, the re­
sulting output voltage variation define_; the buffer output resistance as 
R.a = R2 + l/gm2, wheregm2 is the transconductance of J2, 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 cw-rents that again shunt ip away from Rr 
at higher frequencies. Including J 1 and Q1 introduces feedback that 
counteracts cuJTent changes in R2 and Jz. With this feedback, load 
current drawn from the buffer output creates little change in output 
voltage, i.e., low output resistance. The loop gain driving the feed­
back starts with J 1. This FET acts as a current source load to the 
drain of J2, Any change in J2's drain current reacts with the high 
impedance of the J 1 cw-rent source to drive the base of Q1. This lat­
te~ transistor responds and supplies the current demanded from the 
buffer output. Essentially the only current change in R 2 and J 2 re­
sults from the change in Q,'s base current. Thus, the buffer output 
resistance drops by a factor approaclting the current gain /Ji of Q,, 
making Ros ss (R2 + l/gm2)//J1, 

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 de levels of the buffer input and output appears across 
the diode. Large junction arco.G make many photodiodes produce high 
leakage currents under any significant de bias, and such leakage flows 
through Rr, producing an output offset voltage as part of e0 • With the 
buffer shown, simple but compensating bias conditions minimize off­
set. Source-follower J2 controls the primary input-to-output signal 
transfer for the buffer. In this transfer , J 2 introduces an offset com­
ponent equal to this FET's gate-source voltage V cs2, a negative voltage 
for the n -channel JFET shown. Adding R2 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 tderance error, component matching equal­
izes the de bias drops of two FETs, Ji and Jz, and two resistors, R1 
to R 2 . In the circuit, J 1 and R1 combine as an offset-canceling current 
source that sets the bias current level for J2 and R2. As shown, the 
gate of J 1 connects to the bottom of R1, establishing a voltage on R, 
equal and opposite that of Vest - The J 1 current source also sets the 
drain current for J2 LhroUJ!lt tit~ Q, r~eJback desctibed before. From 
the drain, this current flows through h's source and R2, repro:lucing 
the canceling voltage drops described for J 1 and Ri- Here, the same 
current flows in J 1 and J 2, and making them matched devices pro­
duces Vcs, = Vcs2, Similarly, making R2 = R1 equalizes their voltage 
drops under the equal current condition described. Ideal com;,onent 
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 o1 
the combination 

As described above, bootstrap removes the infl uence of Cn from the 
curren.t-to-volto.gc 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, = Cgd2 + C,d -t- C;cm. Then, the cir­
cuit band,vidth fo]lows from the Sec. 3.4 current-to-voltage converter 
result.~ with C, replaced by this new expression. For the 45° phase 
margin underlying previous analyses, 

BW = l.4JT,,if. 

where{.,-= l /2rrRrC, and now C, = Cgd2+C,d+C;cm- Here, the reduced 
C; extends bandwidth by increasing the frequency f,r = l f2;rRrC,. For 
large photodiodes, this typically increases bandwidth by a factor of 5 to 
10. Note that the Cgd2 term of C; simply replaces the Co term of basic 
current-to-voltage converter results. Thu$, bo.ndwidth impro-_rement 
with this bootstrapped I -to-V converter requires that Cg<1.2 < Co. 

This requirement produces a noise-versus-bandwidth compromise 
in the selection of J2. The low noise requirement of the buffer encour­
ages the use of a larger FET to achieve a higher gm2 and lower associ­
ated noise voltage. However, larger FETs also produce larger values 
for Cg,12, limiting the practical fulfillment of the Cgd2 < Co require­
ment. As a result, the bootstrapped I -to-V converter best serve, larger 
photodiodes having larger values of Co. Smaller photodiode cases ben­
efit more from the basic bootstrap connection of Sec. 4.3. 
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For the bootstrapped I -to-V converter, the residual C; capacitance 
at the op amp input reacts with R,· 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 Cr bypass of Rr in Fig. 4.12. 
However, the reduced input capacitance here reduces the required 
Cr value. Figure 4 .13 guides the phase compensation selection with 
response curves that replicate those previously described in Sec. 3.3. 
The reaction of input capacitance "~th Rr again produces a 1ise in the 
1//J curve again starting at 

f,s = 1/ZrrRrC, 

but now C, = Cg<12 + C,d + C,em· The rising 1//J curve and the falling 
AoL curve potentially develop a 40-dB rate of closure at thei r intercept, 
f; = Jf,rf, , 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 Cr phase compensation. The Cr bypass of Rr rolls 
off the 1//3 rise, reducing the rate of closure or slope difference at the 
intercept of the two curves. Choosing Ct to roll off 1//3 right at the 
intercept restores 45° of phase margin and limits gain peaking to 3 dB 
as also dcsc,;bed in Sec. 3.3. 

Selecting Cr 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 CD with 

t 
1-TO- V l /fl 

GAIN "' 

1zt / 
tc1 = t,=fpt 

fi""Nc 

f2 t= 1/2"Rt(C;+C1) 

C; = Cgd2 + C[d + Clem 

Figure 4.13 Phase compensation of the bootstrapped <:UJ'l'ent-to-voltage con­
verter reproduces familiar response curves. but in practice, the reduced Cl 
capaeita.i1co significantly extends the r; b~ndwidth limit. 
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Cgd2 as described above. Next, the CD » Cll<i2 requirement restricts 
the benefit of this case to larger photodiodes. Thus, the large capaci­
tance ve,-sion of the previous Cr design equations applies here and for 
Fig. 4.12, 

Cr= /C;C, 

where C, = 1/ZrcRrf,, and C; = Cg<12 + C,d + C,,.,. 
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Chapter 

5 
Noise 

As a photodiode amplifier, the cu1Tent-to-voltage converter exhibits a 
complex noise behavior. Basic noise components result from the cir­
cuit's feedback resistor and the amplifier input's noise current and 
noise voltage. The resistor and current noise sources produce out­
put noise components that follow from intuition. However, the ampli­
fier's input noise voltage receives an unexpected high-frequency gain. 
This gain results from the circuit's combination of a high feedback 
resistance and the diode capacitance at the amplifier input. Para­
sitic capacitance around the feedback resistor and the characteristic 
1/f response of the noise voltage further complicate the circuit's final 
noise response. Multiple poles and zeros shape this response, posing a 
formidable noise analysis task. However, breaking the analysis into a 
series of frequency regions, separated by the poles and zeros, restores 
simplicity. This regional analysis also permits comparison of relative 
noise effects to identify circuit changes that optimi:ze performance. 
Following the individual analyses of these resistor, noise current, and 
noise voltage effects, a summarized listing of noise equations permits 
step-by-steep 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 
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Cs 

" r----f~--, 
I 1 1 I 
I I 
I Rr I 

Figure 5.1 At fi.rst. the simple 
sLructure of the photodfode 3.lll• 
plifier suggests simple noi!5e per­
fonnanco. 

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 Rr a high 
impedance, and photodiodes typically exhibit large shunt capacitances 
that roll off the diode impedance. This combination produces noise 
gain peaking at higher frequency and a complex response to the op 
amp's input noise voltage. In addition, the high R,- resistance increases 
the significances of that resistor's noise and the noise of the amplifier 
input current. For each of the circuit's noise sources, complete noise 
evaluation begins with identifying the corresponding spectral noise 
densities aod noise gains. Then, root mean square (rms) integration 
incorporates freq uency response effects for each of the three. 

5.1.1 Noise densities and noise gains 

The photocliode a mplifier's high-value feedback 1·esistor increases the 
circuit's noLse, both directly and ind irectly. 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-H.z bandwidlb at a given frequency, and this density 
may vary with frequency. RMS integration sums th,e 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, e.,0 ;, 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,,0 . As will be described, the enoR 

and enoi noise dens ities remain constant with frequency until a band-
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width limit truncates their effects. However, the e0 00 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, ip , Ro, and Co represent the photo­
diode. Capacitance C;. and noise sources iru and e0 ; represent the 
relevant characteristics of the amplifier input. Finally, noise source 
eon represents the noise voltage of the feedback resistor. The noise 
contributed directly by the feedback resistor has a spectral density ofl 
enR = j4KTRr. Here, K is Boltzman's constant, 1.38 x 10-23 Jl"K, 
and T is temperature in degrees Kelvin, °C + 273. This noise volt­
age transfers to the output of a current-to-voltage converter without 
amplification, making enoR = enR. increasing the size of Rr raises 
enoR = J4KTRr by a square root relationship but also increases the 
desired output signal ipRf by a direct proportionality. Thus, the re­
sulting signal-to-noise ratio, ipfxr / enoR = ipJRrt4KT, improves by the 
square root of the resistance R,-. This suggests maximizing Rr to 

enoR = j4KTRf enoi = RtJ2q1e -

Cs 

" r ----n ----7 
I # 1 I 
I I 
I Rf enR I 

(l+RfC;s) 

•no•= (1+R1Css} er; 

Cj =Co+ Cia , Cio =Cid+ C icm 

Figure 5 .. 2 The noise analysis modeJ of the basic photodiodc amplifier b~aks 
th~ photodiodc into its current and impedance components, separates capaci• 
tanc::es and J\Oise Sdurces from the amplifier inpuL, and adds the noise volUtge 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 Rr potentially decreases bandwidth. Dependmg 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 Rr improves the overall signal-to-noise ratio. 

Indirectly, the Rr feedback resistor also influences the current-to­
voltage conver ter's noise through interaction with the op amp's noise 
sources. In the model, in; and en; represent the amplifier's input noise 
cun·ent and input noise voltage. Noise current i,,; represents the shot 
noise of the input bias current Ia- and has a noise density of1 in, = 
J 2qI8 _, where q is the charge on an electron, 1.6 x 10- 19 C. This noise 
current flows directly through the feedback resistor, producing a noise 
voltage of enm = in,Rr = RrJ2qls-- Like the noise voltage of Rr itself, 
this new noise voltage transfers to the circuit output with unity gain 
and enoi = enRi• Choosing an op amp with an Ia - 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 amplifiet's input noise voltage en, 
receives an amplification characterized by a noise gain peaking. At 
first, it would seem that e0 ; should also transfer to the circuit output 
with low gain, but capacitances modify this gain. In the figure, CD, 
C;., and Cs represent the capacitances of the photodio,de, the amplifier 
input, and a stray capacitance, respectively. At de, the circuit presents 
a noise vol tage gain of Ane = 1 + Rr /RD to en,- There, the very large 
diode resistance RD keeps this voltage gain near unity. However, at 
higher frequencies, CD bypasses RD, shunting its high resistance and 
increasing Ane· Amplifier c,apacitance c,. appears in parallel with Co, 
adding to this effect. Here, Cia = Cid + Cicm, where C,d is the differ­
ential input capacitance between the amplifier inputs and C;em 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; =Co+ C,d + C;em- This capacitance shunts Ro, 
converting the noise gain received by en; to Ane = 1 +RrJ[Ro 11(1/C;s)]. 
At higher frequencies, this gain becomes Anc ss 1 + R,C;s and rises in 
direct proportion to frequency. Frequently, the demand for high signal 
gain makes both Co and Rr large, initiating this rising noise gain at 
fairly low frequencies. However, large Rr values also introduce a limit 
to the ac gain rise. There, stray capacitance shunting of Rr, shown by 
the dashed Cs, counteracts the gain rise produced by C;. 

Noise 
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Figure 5.3 High feedback resistance and the capacitance of tJ1e input circuit 
make the phot-Odiode amplifier$ noise gain Ane rise at higher frequency until 
leveled by at:ray capacitanoo a1\d finally rol1ed off by tho amplifie r open-loop re­
sponse. 
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Figure 6 .3 illustrates the various capacitance effects through the 
noise gain curve Ane, plotted with op amp gain-magnitude curve AoL­
Two other curves of the figure represent the circuit's current-to-voltage 
gain and 1//3 response. Prior to the 1//3 intercept with AoL, Ane = 
1//3 . The Ano curve begins with the unity gain first expected in the 
above circuit discussion and then experiences a response zero at f.,.r = 
1/2:rcRr(C; +Cs). There, feedback shunting due to the reaction of Rr 
and C1 initiates an Ane rise. Stray capacitance shunt ing of Rr termi• 
nates this rise with a pole at /pr = 1/2:rcRrCs, leveling the noise gain 
at a plateau level of 1 + C1 /Cs . With large-area photodiodes, a high­
value Co makes C, hundreds of picofarads, producing a gain plateau 
in the hundreds as weU. That gain continues to higher frequencies 
until rolled off by the op amp's Am, biindwidth limit. Within the AoL 
response boundary of the op amp, the A.,, resl)-Onse makes the output 
noise density due to en, 

l+R,-(C; +Cs)s 
enoe = 1 + R,-Css e.; 

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

The preceding discussions describe the spectral noise densities that 
three noise sources create at the current-to-voltage converter's out­
put. However, the above enoR, enoi, and e 000 represent individual noise 
contributions rather than the circuit's total noise. Combining these in­
dividual contributions requires rms rather than linear summation due 
to the uncorrelated nature of the noise sources. This rms summation 
defines the spectral noise density at the current-to-voltage converter's 
output as 

where enoR =J4KT}v, enoi = Rr/2qlB- , and e..,.=([l+ }v(C, + Cs)s]f 
(1 + RrCss ]le.,. Still, th is 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 ind ividual frequency effects over the 
bandwidth of the amplifier. Simple rms integration pe1forms this sum­
mation, yielding noise analysis equations for the photodiode amplifier. 
Gain and bandwidth affect the three fundamental n-0ise sources dif­
ferently a11d first requfre 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 CnoR 
and e,,01. A later examination defines the differences that extend this 
process to the third noise component Cnoe-

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 fu\1S noise 
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requires evaluating the integraIL2 

Here, e. represents an input-referred noise source, and An 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 a nd the amplifier's input current 
simpl ify the integration for these two noise sources. There, constant 
noise gains of A,, = l ideally transfer the effects of these two noise 
sources directly to the circuit output, developing the output noise den­
sities CnoH and enoi described before. However, the bandwidth limit of 
the circuit's transresistance BW, rolls off this ideal t.-ansfer response 
at some higher frequency. For high-gain current-to--voltage convert­
ers, this bandwidth limit occurs where the stray capacitance Cs breaks 
with Jy . In other cases, the addition of phase compensation capaci­
tance in parallel with Cs modifies this break frequency. In either case, 
this break frequency simultaneously rolls off the output signals devel­
oped by the phorodiode current, the resistor noise, and the amplifier's 
current noise. Then, An = 1/(l + jf /BW,) where BW, = 1/2rcRrCs, 
and this defines one variable of the above integral. The other variable, 
e,,, follows from the analyses of Sec. 5.1.1 for the resistor and current 
noise effects. There, CnR = /4KTRr and ena, = Rr/2qln- describe the 
constant noise densities produced by the feedback resistor and ampli­
fier input noise current. Evaluating the rms integral for these An and 
e. conditions defines the rms output noise contribut ions as 

EnoR = j2K7'RrrrBW, 

and 

Eno,= }v/qrrBW,In­

where BW, = 1/2rrRrCs. 
Above, the BW, expression assumes the high-gain photodiode ampli­

fier case where the bypass of stray capacitance automatically defines 
BW, = 1/2:n:RrCs. In other cases, wider bandwidth photodiode ampli­
fiers add a feedback bypass capacitor Cr to control stability and this 
capacitance adds to Cs in setting BW, . Then, the total feedback by­
pass capacitance Cr + Cs makes BW, = l/2rrRr(Cr +Cs ). With this 
modification, the capacitive shunting described and the noise results 
expressed by the EnoR and Enoi 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 eoR and enRi noise 
voltages above. The en, noise voltage, however, displays a variable 
noise density, experiences a frequency-dependent ampllification, and 
receives a greater noise bandwidth than enR and enR> · These differ­
ences require a more detailed description of e000 = A.0e ,,i before per­
forming the CQrresponding integration. First, an intuitive examination 
of these variables produces an expression for the circuit's output noise 
density resul ting from eni• This expression identifies response poles 
and zeroes that mark the endpoints of five distinct e.,0 regions. Con­
sidering each region separately greatly simplifies the required nus 
integration and produces five output noise components. A later ,·ms 
summation defines the net noise effect. 

5.2.1 An intuitive derivation of the enoe 
noise component 

Amplifier noise voltage en, exhibits a characteristic 1// response at 
lower frequencies Md the corresponding noise gain of the circuit A .. 
increases at higher frequencies. Also, the stray capacitance bypass 
of R1, which set bandwidth BW, above, levels but does not roll off 
Ane• Only the open-loop response of the op amp finally rolls off this 
noise gain. As a result, the e,,00 = Aneeni product of the rms integral 
becomes a complicated function of frequency. However, two intuitive 
modifications to the earlier e.,. result ease the derivat ion of the e • ., 
characteristic equation. First, the addition ofa response pole accounts 
for the roll off effect of the op amp, and then replacing e0 , with its 
characteristic equation adds the 1/f effect. 

For the fi rst modification, consider the frequency-dependent noise 
gain A00 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 +Rr(C, + Cs)s 
enoe = 1 + RrCss e,,, 

prior to the 1/f, intercept with Aot- This intercept modifies thee ... 
response, adding a pole at /i and making 

1 + Rt· (Ci + Cs )s 
e • ., = Aneeni = ( 1 + RrCss)(l + s f2,r Ii) eru 

Here, f; = f>Hfc, where f>H represents the high-frequen(:y value of the 
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Figure 5.4 Op amp iJ1put noise 
voltag~ e0 i displays a 1/f region 
at Jow frcqueuci,es followed by a. 
Misc floor level Cn,r beginning at 
the 1/{ corner frequency /j. 

circuit's feedback factor and fc represents the unity-gain crossover of 
the op amp. For the high-gain case, circuit capacitances make /3H = 
Cs /(C; +Cs) for f; = fcCs /(C; +Cs). 

Including the frequency dependence of eni in the above equation 
completes the e ... derivation. Figure 5.4 illustrates this dependence 
with the characteristic 1/f response at lower frequencies. There, the 
en1 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 e0 , declines in proportion to /fif. After 
the fi- corner, the eni response follows its constant floor level enif• The 
expression en, = e,,;r j(wr + s)/s, where wr = 2rrfr, describes th is noise­
density response. Reducing this expression to the magnitude response 
eni = enifv'l + (fr //)2 demonstrates the COtTespondence to the figure. 
For higher frequencies, where f » fr, this magnitude expression pro­
duces the noise-density floor level eni = enif• For lower frequencies, 
f « fr, this expression produces the expected /fif proportionality in 
e.; = enuJfrlf. Finally, at the co1-ner frequency the expression pro­
duces eni = e0wv'2. There, the power-1:Q-voltage conversion of the 1/f 
analysis produces the -12 term of a square rooted response zero. Sub­
stituting this e., expression into the preceding e,, .. equation yields 

-A _ (1 + Rr(C, + Cs)s]j(c.r + $)/$ . 
e • .., - nee,,, - (l+J?i-Css)(l+s/w;) e.,r 

5.2.2 Simplifying the Enoe analysis 
Converting the above noise density into an rms noise result again 
requires evaluating the integral 

Eno.2 = fo
00 

IAn,en112 df = fo
00 

lenoel
2df 
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Just examining the precedingenoe 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 dilferent 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 enoe and the analysis ap­
proximation regions. Due to the logarithmic scales of response plots, 
linear addition of the preceding Ane and e,,; curves of Figs. 5.3 and 5.4 
produces th e enoe = An,eni curve shown here. This summation repro­
duces previously identified response singularities at the boundaries of 
distinct response regions. Frequency fr marks the 1/f noise corner, f,f 
and (pf mark the zero and pole of the noise gain peaki ng, and{; marks 
the response roll off produced by the 1//3 intercept. Between each of 
these frequencies, enoe displays a fairly consistent response slope that 
eases the rms integration. For this integration, different straight-line 
approximations will represent enoe in each of the five regions shown. 
In each region, these approximations follow the region's predominate 
slope. 

' REGION 1 I REGION 2 
I 
I 

✓:•no•r •ni 

/ ------
Log(•n;1) 11 

i REGION 
I 
I 
I 
I 
I 

fpt = 1/2oR tCs 

Figure 5.5 Combining the Anc response of Fig. 5.3 with t.he em responso of Fig. 5.4 
produces the enQe = Aneeni response here with fiv0 distinct regions that separate the 
nns inLegration into simpler segments. 
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Variations in both A,,0 and eni contribute to the characteristic shape 
of the enoo ,curve, but fortunately, the two variations do not occur si­
multaneously in any given frequency region. In regions 1 and 2, e,,

00 
follows the e,,; response of Fig. 5.4. There, a constant Ane = 1 makes 
enoe = e,,;, transferring en, directly to the circuit output. Gain peaking 
interrupts this direct transfer beginning in region 3 and extending 
through region 5 . There, the Ane peaking response of Fig. 5.3 pro­
duces a similar peaking for en.,. in Fig. 5.5. However, in these last 
three regions, e,,; remains constant at its noise floor level of e,,;r, mak­
ing enoc = Anel!nif• 

5.2.3 The Enoe components 

Performing lhe rms integration for the five regions of Pig. 5.5 produces 
noise components Enoel through En..s for later rms combination into a 
net E noe result. This combination defines the total output noise E ,, .. , 
created at the photodiode amplifier's output by amplifier input noise 
voltage en,- In regions 1 and 2 of the figure, enoc replicates the amplifier 
input noise voltage eni• ln region 1, enoc follows the Jfl1 slope of the 
en, response up to the fr corner frequency. There, enoe = e., "'enif/1i7T, 
as described earlier in Sec. 5.2.1. Application of the rms integration 
to this enoe expression produces the rms noise expression 

2 ['i 
1
e.u21r I 2 fr 

Enoel = Jo -
1
- df = eruf fr ln 0 

This result displays the common dilemma of 1/( noise theory. The 0 
limit of the ;ntegi·al transfers to the denominator of the result, render­
ing the latter indeterminate. Indeed, a noise magnitude proportional 
to M approaches infinity as f approaches zero. This dilemma has 
yet to be resolved in the theoretical analysis of 1/f noise.• 

!n practice, replacing the O limit with a nonzero, low-frequency ( 1 
restores lhe analysis and delivers results in good agreement with mea­
surements. Typically, making /1 = 0.01 Hz instead of 0 H2. suffices 
and only neglects a very small portion of the frequency spectrum of 
integration . Then, 

E 2 r" lenif
2
fr I 2 fr ooet = l r, - 1- df = e,,;r ft· In ft 

making the rms noise expression for region 1 

Enoel = erurjfi 1n * 
where enif is lhe en; noise floor level and (1 "'0.01 Hz. 
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In region 2, the combination of constant noise gain and constant 
noise density simplifies the rms analysis. There, the circwt's unity 
feedback factor continues a noise gain of Ano = 1 from fr up to the f,r 
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 erur­
Then, for region 2 

and 

Eaoo2 = €nit) f.r - fr 

where (,1 = l/2.-iRr(C, +Cs), and C, = Co +Cid+ C;on, 
Regions 3 through 5 of Fig. 5.5 display the noise gain peaking that 

amplifies the op amp input noise voltage, e.;. In each of these regions, 
en; remains at its noise floor level of en; = enif. Region 3 begins the Aae 
gain peaking with the zero at f.r, making enoe rise with the 1:1 slope 
of a single-zero response. There, A.,0 increases from ,ts umty level m 
direct proportion to frequency, making Ane = f Jf.r and e.,., = Aneenif = 
en;rfj(,1. The rising e000 response of this region continues up to the 
frequency (pr, Thus, 

and 

E ••• i = r'"lenirfl2 df= (~)2 <ti-f,l> 
lr,, f,r f .r 3 

3 3 enif fvr -f,r 
Eo..s = f.r 3 

where(pr= l/2rrRrCs.f.r= l/2rrRr<C, +Cs), and C, = Co+C,d+C..,.. 
Following (pr, the e0 .,. response levels in a plateau whe~e stray ca­

pacitance limits the noise gain to Ane = 1 + C, /Cs. In this region 4, 
the amplifier's input noise voltage continues at en, = erur, making 
Aneeni = (1 + C;JCs )e.,,r. This region extends up to the ti intercept 
and 

• r" J(1+c,) 
1

2 
[(1+c,) ]

2 

E.oe-1· = lr., --c;- enif df= --c;- enif ([i -(pr) 

for 

EnoM = ( 1 ~SCi) e,,,rJ ([i - (pr) 

where ti = f,Cs /(C, +Cs) and (pr= 1/2rrRrCs from before. 
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Region 5 concludes the e0 .. response by following the AoL roll off 
from f; out to infinite frequency. This roll off follows a single-pole 
response up to the amplifier's w1ity-gain crossover frequency fc and 
there, Ane = l. Betwe€n f; andfc, the 1:1 slope of the amplifier's single­
pole response makes Ane = fc/f. Also in this region, the amplifier's 
input noise voltage continues at its constant floor level of e0 , = enif, 
making enoe = e0 ;rfc/f. After fc, other amplifier poles alter the roll off, 
but there, the low and declining level of e,.,. minimizes their effects 
upon the nns noise of the region. Neglecting these added poles, the 
region 5 rms noise integral becomes 

E 2 - £00 lerurf.12 df - (e.irfc)2 
noo5 - f - {,· 

f, I 

and 

5.3 Combining the Noise Effects 

RMS summations combine the seven noise components of the pre­
ceding sections to define the photocliode amplifier's net output noise. 
Evaluations of these summations de:ine two parameters of noise domi­
nance. The first evaluation examines frequency dependence and shows 
that the higher-frequency regions of the e000 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 E0,,. noise 
initially separated in the Sec. 5.2.3 analyses. The second combines 
the net E,... result with the EnoR and E00, components described in 
Sec. 5.1.3. At first, it might be expected that the E..,. noise compo­
nents, all from the same noise souree, should sum linearly to produce 
the net Enoe result. Also, the integration function ·of the preceding 
nns analyses suggests linear summation for combining the noise con­
tributions at different frequencies into an rms 1·esult. However, closer 
physical and mathematical examinations of these noise components 
indicate the need for nns summation instead. While the five com­
ponents result from the same noise source, nothing in the random 
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physical behavior of that source gives rise to correlation between the 
noise in one frequency band ,vith that in any other. Uncorrelated 
noise components such as these add in an rms fashion. Further, the 
linear summation of the rm.s integration 

Enoc 
2 

= la"° lenool
2 df 

operates upon the square of the noise voltage, and the final Eo10c 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,,00 in this manner defines the 
net rms noise produced by op amp input noise voltage at the cunent­
to-voltage converter output as 

/ 
2 2 2 2. 2 

Enoe = \ Enoel + Enoo2 + El'IOeS + En004 + EnooS 

For a given application, numerical evaluation of the Enoe expression 
reveals the relative significance's of E 0001 through E,,005. Different 
circuit facwrs such as emr, C,, and f, influence these noise voltage seg­
ments, Thus, breaking the rms integration into these five components 
provides insight into the circuit factors requiring attention for noise re­
duction . Typically, E,,004 and Enoer, dominate the Eaoe 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 logari thmic compression of the curves two axes. 

Rescaling these axes for linear rather than logarithmic represen ta­
t ion reveals the relative significance of each region in 1''ig. 5.6. While 
uncommon for frequency response plots, th.is linear scaling reexpands 
the magnitude and frequency axes, dramatically improving visual per­
ception of relative effects. For the five enoe 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 magn itude. Then, region 5 dominates the undercurve area 
with an expanse that covers most of graph's extent. Thus, to mi ni mize 
the noise effect of eni, generally focus upon circuit factors that affect 
regions 4 and 5. However, th.is generalization docs not necessarily 
hold for low-frequency applications of photodiodes. There, subsequent 
fi ltering of the photodiode amplifier output often removes the noise 
contribution of regions 4 and 5, returning the contributions of regions 
l through 3 to prominence. 

Combining the above Eno, result with the EnoR and Enoi results of 
Sec. 5.1.3 produces the total output noise Eno of the photocliode ampli-

4nif 

REGIONS 1-3 

JI REGION 4: 
I 

fj 

REGION 5 

NOTE: Groph oxes follow iineor rother thon Log scoles. 

Figure 5.6 Rescaling Fig. 5.5 with linear racher than logarithmic: axes 
pro,rides vis\La.l percept.ion of the true significance of each n9i&e r-egion 
through the relative areas e.ncl0$ed under the enoe curve. 
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tier . Once again, rms summation combines the noise components. To 
simplify computation of a specific Eno result, the listing below sum­
marizes the seven fundamental noise components described before. 
The equ ations below depend upon other expressions that define noise 
magnitudes, cutoff frequencies, aod capacitances. For simplicity, the 
listing defu1es these other expressions only at their first occurrence. 
Step-by-step calculation of E"° for the basic curren t-to-voltage con­
verter proceeds through the individual calculations: 

Enoel = en,rJ/r In lfr lf1), where e,,;r is the eru noise floor level, and fr 
is the 1/f noise corner frequency. As explained in Sec. 5.2.3, setting 
f1 ss 0.01 Hz avoids a theoretical contradiction and ensures good 
analytical accuracy. 

Enoe2 = enirJf,s- fr, where fzr = l/2rrRr(C, +Cs), and C; = Cn +Cid+ 
C;,., . For applications requiring the phase compensa tion element Cr, 
replace Cs wi th Cr +Cs here and in the steps that follow. Here and 
in the Euoo< analysis, numerical evaluation can produce the square 
root of a negative number. Then, substitute zero ror the result as 
explained below. 
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Eno,3 = (e,,,r!f,s>J<ri -fi)/3, where/pr= l/2:cRrCs, and Cs is the 
stray feedback capacitance. 

En004 = (1 + C; /Cs )en;rJ/i - (pr, where f, = fcCs /(C, +Cs). 

Enoe5 = (enu f,.) Jl/f, , where f,. is the op amp's unity-gain crossover 
frequency. 

E000 = )Enoe12 +E000l +E,,00a2 +E00042 +E,,005
2

, the total rms out­
put noise resulting from the noise voltage density e0 ; of the amplifier 
input. 

EnoR = J2KTRrrrBW,, where BW, = l/2rrRrCs. For applications 
that add a feedback capacitance C,, replace Cs with Cr +Cs. 

Enoi = Rr Jq rrBW,Is--

E1,o = / EnoR
2 +Enoi2 +En00

2
. 

Special cases potentially affect the E0002 and Enoe< results. These 
noise components cover flat response regions in Fig. 5.5 that certain 
circuit combinat.ions eliminate. In that figure, the condition f.r < fr 
eliminates region 2, and f, < (pr eliminates region 4. Very large Rr, 
Co 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 Enoe2 and Enoe◄ 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 lhis re­
sults for E ... ,, it signals the potential need for the phase compensation 
described in Chap. 3. 

5.3.2 Identifying the 
predominant noise effect 

For a given application, the numerical evaluation of E00, following 
the listing above, identifies the relative significances of the individual 
noise contributors. There, numeric comparison of terms in both the 
Enoo and E00 calculations reveals the actual factors that significantly 
affect noise performance. Without these comparisons, traditional in­
tuition alone leads to suboptimal design choices. For example, tra­
ditional intuition biases the op amp selection toward low input noise 
voltage. However, this bias risks unnecessari ly sacrificing other op 
amp characteristics. By itself, the amplifier's noise voltage only dom-
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inates noise performance in a portion of photodiode ampli.fier designs. 
In other cases, noise from the feedback resistor dominates, malting 
the amplifier noise secondary. In still other cases, the noise combi­
nation of Lhe amplifier noise and the feedback resistance dominates 
noise performance through noise gain peaking. The multidimensional 
aspects of this noise performance precludes fixed guidelines that would 
replace numerical evaluation and comparison. 

To illustrate this point, consider varying just the Rr variable while 
examining the Eno 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 PET-input op amp. This simplification reduces the net out-

put noise to Eno= jE00a2 +E ... 2. For this case, Fig. 5.7 shows the 
current-to-voltage converter's dominant noise effects for three chru.·­
acteristic ranges of feedback resistance. The curve there represents 
total output noise for the basic current-to-voltage converter of Fig. 5.1 
under lhe influence of the characteristic noise gain of Fig. 5.3. 
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Figure 5 .7 As the feedback resi&tance increases t.h& domi• 
nant noise &Ource of a eurrent,t;o..voltage converter chang~g 
from the op amp t.o the resistor and t.hen to the combination. 
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Different factors dominate the Eno curve for different ranges offeed­
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. 'l'here, noise gain peaking has not 
yet developed, and resistor noise remains in the background, so Eno 
remains small. This region typically covers the feedback resistance 
range of 0 to 10 krl. 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 initial ly displays the 
square root noise-versus-resistance relationship of a resistor. This re­
gion typi<:ally covers the feedback resistance range of 10 kQ to 1 MQ. 

Even h.igher resistances introduce noise gain pe-aking, increasing 
the upward slope of the Eno curve at the beginning of a range of com­
bined influence. There, the voltage noise of the amplifier, ampl ified 
by gain peaking, overrides the resistor noise to increase this slope. 
Eventual ly, stray capacitance bypass of the feedback resistance ter­
minates this rise, producing a level ending for the Eno curve. In this 
leveled region, the resistor and voltage noise effects, EnoR and Enoc of 
Eno, reduce to constants. EnoR becomes a constant because any fur­
ther increase in the Jy resistance produces a match ing decline in the 
associated bandwidth of the Rr, C.s combination, There, a resisLance 
increase 1·aises the resistor's noise density, e0n = ,ffK,rt; but reduces 
the associated noise bandwidth BW, = 1/2rrRrCs . The two changes 
produce canceling effects in the nus output E noR = /2KTRrrr B\V1, 
holding EnoR constant. 

Enoe becomes a constant because the presence of Cs limits the noise 
gain Ane to a plateau level in the previous Fig. 5.3. There, the stray 
capacitance limits the gain peaking to a final value of 1 + Ci/Cs, 
regardless of any further increase in the value of R1. This makes 
E,,.,. = An0e0 ,r = (1 + C;/Cs )en,r and holds Enoo constant at higher 
frequencies. Still, the continued increase of Jy does expand the fre­
quency span of the peak Ane level in Fig. 5.3. There, increasing Jy 
moves the f,r = l/2rrRr(C1 + Cs) starting point of the gain peaking 
to the left, expanding the span of A 00 peaking. However, this ex­
pansion produces diminishing returns as revealed by two numerical 
examples. For a peak Ano level starting at 200 kHz, doubling Rr re­
duces the starting point to 100 kHz, adding 100 kHz of span to the 
peak Ane level. Similarly, for a peak level starting at 2 kHz, dou­
bling Jy J"educes the starting point to 1 kHz, adding 1 kHz of span. 
Thus, the same doubling action produces only VlO0th the span in­
crease in the second example. The diminishing increase in noise 
bandwidth results in a nearly constant Eno• versus Rr response as 
Rr continues to increase in the final stage of Fig. 5.7. Together, the 
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constant E .noR and E ,,00 responses level the E no versus Jy response 
shown there. 

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

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

Some degree of trial and error characterizes the noise design of a 
photodiode amplifier due to the numerous variables involved. It would 
take a five-dimensional graph to display the direct and indirect noise 
effects of the resistor combined with those of the amplifier and the 
photodiode. The noise performance of a given application must be 
numerically evaluated to define the significance of each noise factor. 
Otherwise, a design focused upon one factor may suhoptimize over­
all performance, as described in the preceding examples. For a spe­
ci.6.c application, starting with an inmal design and iterating from 
there reduces the ranges of the numerous variables and eases the 
design optimization. For each iteration, numerical evaluation of Eno 

and comparison of its component terms identifies the opportunities 
for improving the performance of a given case. Wbere amplifier noise 
voltage remains a significant factor, a variety of circuit options min­
imize its predominant or compromising effect as described in later 
chapters. 
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Chapter 

6 
Noise Reduction 

Higher-gain photodiode amplifiers typically employ very large feed­
back resistances that make the noise gain peaking of Chap. 5 the 
circuit's dominant noise effect. For a given application, performing 
the noise analysis of Sec. 5.3.1 determines if this is the case through 
the relative magnitudes of the Enoe, EooR, and Eno; noise components. 
When the E noo result exceeds the other two, gain peaking dominates 
noise performance. As wj]) 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. 1 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 Enoe 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 th.e filtering ef­
fects of a common phase-compensation method. However, this simpli­
fied alternative requ.ires empirical determination of the circuit's phase 
compensation. 
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6.1 Noise Reduction with Feedback 
Capacitance q 

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 band width, but the 
reduced gain peaking decreases the high-frequency effect of the op 
amp's noise voltage. Also, the added Cr capacitor appears in parallel 
with the stray Cs considered in earlier noise analyses, permitting an 
easy adjustment of previous results for this case. However, adrung Cr 
also reduces signal bandwidth. Also, this approach reaches a point of 
diminishing returns because continued increase of C,· can only reduce 
the noise gain to unity. 

6.1.1 The noise gain reduction of Ct 
Figure 6.1 models this case with the equivalent circuit of a photodi­
ode connected to a current-to-voltage conve,ter. This figure models 
the photoruode with a current source ip and a shunt capacitance Co 
included in C,. Capacitance C, also includes the input capacitances 
C;d and C,cm of the op amp, malting the net capacitance of the input 

, , Cs 
r-- --u----, 
I II I 
I I 
I Cr I 

C; 

Figure 6.1 Adding feedback capacitance Cr increases the ca• 
pacit.iv~ &hunting of Rr to reduce the high.frequency noise 
gain pre~nted to .amplifier noise voltage eni • 
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circuit C; = CD + C;d + Clem· Op amp noise voltage em appeas across 
C;, producing a noise current that feedback forces through feedback 
resistor R,·. The resulting output noise voltage e,,00 underlies the noise 
gain peaking of the common photoruode amplifier. As described in 
Chap. 5, rms integration of enoe over its noise bandwidth produces the 
Enoe result of Sec. 5.3.1. For the high-gain case, stray capacitance Cs 
automatically bypasses R,· to limit this noise gain peaking at a level 
of 1 + C; /Cs. For greater noise reduction, adding capacitor c1 further 
restricts this gain peak to a level of 1 + C, /(Cr +Cs}. 

Fi!:U:r': 6.2 sh_ows the re_sulting response curves superimposed upon 
the ongmal noise analysis plot of Fig. 5.3. Once again, this figure 
displays the amplifier's open-loop gain A01., the I -to-V gain. and the 
noise gain Ane that amplifies the op amp's input noise voltage. The 
bold curves and the primed notati.ons represent the modifications in­
troduced by Cr. Adding Cr changes four characteristics of the noise 
gain respo11se Ane, converting it to the A • .' response shown. However, 
the general shape oftheAne' response remains unchanged, permitting 
extrapolation of the Chap. 5 noise results to this case. As desired, Cr 
lowers the peak level of the noise gain, removing the shaded area of 
the figure from the noise response. Io doing so, Cr alters three of the 

I+ C;/Cs 

1 + C;/(Cs + Ct} 

1- lo- V GAIN 

l>g i 

,;, = 1/[2•Rt(C;+Cs+c<i / / 

ew; = t~t = 1 /2•Rt (Cs+ c,) SW~ = ,; = tc(Cs +Ct )/(C; + Cs+C1} 

Figure 6.2 Noise reduction through the Cr bypass of Fig. 6.1 removes the 1h3ded 
:uea of 1loise gain but also reducea signal bandwidth from BW, to BW,'. 
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curve's c:,aracteristic frequencies, (pf, f;, and fzf. The first two frequen­
cies define the circuit's signal and noise bandwidths, originally BW, = 
(pf and BW, = {;. 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,' = (pr and BW.' = f/, reducing the first 
limit and increasing the second as shown. The BW, to BW,' conversion 
reduces signal bandwidth, making the bold I -to-V gain curve roll off 
earlier. The B\V, to BW,' conversion increases noise bandwidth, but 
this actually decreases rather than increases noise. Comparison of the 
Ane and An.' 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'.,· does 
reflect a noise increase but one of little consequence. This frequency 
marks the beginning of the Ano noise peak, and the addition o!' C, 
moves this frequency from f,f = l f2rrRr(C, +Cs) to f J = l/2rrRr(Ci + 
Cs + Cr). The An.' curve reflects this change through its earlier rise, 
and this increases the area under the noise gain curve. However, two 
factors limit the effect of this increase. The relative increase generally 
remains small and it occurs in the low-frequency portion of the gain 
peak. Generally, Cr « C; +Cs, making the shift in f,r a minor change. 
Further, the noise response increase occurs in a region of' reduced sig­
nificance, as displayed by the earlier comparison of Figs. 5.5 and 5.6. 
There, conversion from logarithmic to linear frequency scales showed 
th ;;t lowe1·-froquoncy rogions of the noise l'esponse add relatively little 
to the net circuit noise. Numeri cal analysis of the specific design case 
reveals the net noise reduction of the Cr bypass. 

6.1 .2 Noise analysis for the C, case 

One substitution, in multiple places, adapts the noise analysis sum­
mary of&c. 5.3.l to th.is added capacitance case. Because Cr connects 
in parallel with Cs, simply substituting Cr + Cs for Cs includes the 
added effect of Cr in the earlier analysis results. A modified summary 
follows, reflecting this substitution for noise analysis of the Fig. 6.1 
circuit. 'flus substitution changes EnoR, Eno;, and all of the E0 .. compo­
nents except Enool• EnoR and E00; change due to their new bandwidth 
limit BW,' = l /2rr Rr (Cs + Cr). Enoc2 through Enoe6 change due to 
the new region-defining frequencies /~r = l/2rr R[(C, + Cs + Cr>.f.( = 
l /2rr Rr<Cs +Cr) and f,' = {.(Cs +Cr)/(Ci +Cs +C,). E .... also changes 
due to the new peak gain level of l +C;/(Cr+Cs ). Otherwise, the noise 
analysis results remain the same in spite of the mathematical inte­
gration t:.nderlying the previous rms analyses. The integration results 
still hold because the addition of Cr does not change the characteristic 
shapes of the Ano 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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adj usting 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. 

Enoel = e.;r/filn(ff /fi). where en;r is the en; noise floor level, and 
ff is the 1/f noise corner frequency. As explained in Sec. 5.2.3, 
setting fi ""0.01 Hz avoids a theoretical contradiction and ensures 
analytica 1 accuracy. 

Enoe2 = en;rjf,r - ff, where f,r = l/2rrRr(C; +Cs+ Cr), and C; = 
Cn +C,d+ C;,.,. Here and in the En..., 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. 

Enoo.1 = (e.;rff,r}Jif.r'3 -f.{3)/3, where (pr'= 1/2rrR[(Cs + Cr) -

En..., = Cl+C;J(Cs +Cr)k,,;rjf,' - fpr, where{;' =fc(Cs +Cr)/(C, + 
Cs+ Cr), 

Enoe5 = (e,,,rfc)J l Jf; ', where fc is the op amp's unity-gain crossover 
f1·equcncy. 

Enoo = jrE-.-.. -,-2 _+_E_• .-.. -2_2_+_E-.-•• -a2- +_E_• n_oe4_2_+_E_no_e_s2, the total rms out­

put noise resulting from the spectral noise voltage e,,; of the amplifier 
input. 

EnoR = j2KTRr1r BW,', where BW,' = lJ2rrRr(Cs + Cr)­

Enoi = RrJqrrBW,'Io -

J •) 2 •) Eno =EnoR- + Enoi + En(Jc - . 

The BW,' modification above reveals the fundamental dra·.vback of 
the added bypass of Cr . While tllis capacitance reduces the noise 
gain peak, it also shunts the circuit's signal current, redu:ing 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 Ane but does not effectively restrict noise band­
width. Like Ane, the modified A 0 e' response cont inues until rolled off 
by the amplifier's AoL response. Restricting noise bandwidth instead 
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provides greater noise reduction through greater ci rcuit complexity as 
described below. 

6.2 Noise Bandwidth versus 
Signal Bandwidth 

A more effective noise reduction results from restricting noise band­
width without s ignificantly reducing signal bandwidth. Unlike most 
op amp circuit's, the high-gain photodiode amplifier produces a band­
v.<idth distinction for signal and noise. This distinction permits selec­
tive refaction 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 l -to-V gain. Another limit, BW,, governs the roll of 
the no:se gain Ane that amplifies input noise voltage e,,;. Comparison 
of the 1-to-V and A,,. curves reveals a noise gain continuation long 
after the signal gain rolls off. There, noise gain Ane continues until 
interrupted by the op amp's Aot 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 remaini ng filtering alternatives below remove this restriction 
and produce the ideal, coincident signal and noise bandwidths lim­
its. One uses a filtering composite amplifier, and the other uses a 
decoupling phase compensation. 

6.3 Noise Reduction with a 
Composite Amplifier 

The second filtedng 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 ampl ifier permits 
the roll off of the higher-frequency open-loop gain that otherwise only 
supports noise bandwidth. Design equations guide the design of this 
composite amplifier to optimize noise reduction while preserving fre­
quency stability. Once again, extrapolation of earlier noise results 
permits simplified noise performance analysis here. 

6.3.1 The noise bandwidth reduction of the 
composite amplifier 

A composite amplifier configuration equalizes the noise and signal 
bandwidths by adding a second op amp for noise bandwidth control. 
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Shown in Fig. 6.3, this configuration still permits selection .3f amplifier 
A 1 for low mput current and low noise without regard for an exter­
nal phase-compensation provision. Amplifier A2 and its local feed­
back substitute for this provision by modifying the composite circuit's 
open-loop response. Adding A2 and its local feedback produces higher­
fre_quency a~enuation, removing the gain that otherwise only supports 
noise bandwidth. Note that the two op amps in series here requires 
:eturn of _the Rr_ feedback to A1's noninverting rather tha:1 inverting 
~nput. _This_ modified return avoids enclosing the two amplifiers' phase 
inversions m the same feedback loop, retaining negative feedback. 

Here, A 2 varies from an amplifier to an integrator and then to an 
attenuator as frequency varies. At low frequencies C1 blocks A.'s 
local feedback,_ and this amplifier contributes its fuli open-loop gain 
to the composite feedback. There, the increased gain reduces low­
frequency error. At intermediate frequencies, the integrator feedback 
formed by R 1 and C 1 reduces the A2 gain support in a transition to 
the attenuator mode. At high frequencies, C1 becomes a short circuit 
relinquishing A2's gain control to the closed-loop effects of an R 1, R; 
feedback. There, AcL2= - R2/R 1, and making R2 < R1 produces the 

Re 

Cs 

" r---~~---, 
I 

1 1 I 
I I 
I Rt I 

R2 Cs+ Ci 

R, = 2•RfC~ fcl 

Cj = Co + C;d + Cicm 

Figure _6.3 Addi.ng a modi~ed integrator within the feedback loop oft.he 
Ph?todmde amp~fier- p~rt'n1ts roll off of the hjgher-frequency open-loop 
gam that OLherwu,e only supporLS noise bandwidth. 
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desired high-frequency attenuation. The composite amplifier struc­
ture leaves other characteristics of the current-to-voltage converter 
virtually unchanged. Adding A2 introduces no addit ional noise or off­
set because the high gain of .41 isolates the composite circuit input 
from A2 's input errors. 

Figure 6.4 shows the effect of the composite amplifier upon the ci r­
cuit's r.et open-loop gain and bandwidth. There, the Aou curve of 
A1 follows the normal open-loop response, and the AcL2 curve of A2 
follows a modified integrator response. As described previously, AcL2 
produces an integrator characteristic at intermediate frequencies until 
interrupted by a response zero at f,2 = l/2ir R2C,. There, the inclu­
sion of R2 in the A2 local feedback converts the Ac1..2 curve to the flat 
response of a voltage amplifier. That voltage amplifier produces a 
gain magnitude of R2/R,, and making R2JR1 < 1 places this magni­
tude below the unity-gain or 0-dB axis. With a gain magnitude Jess 
than unity, AcL2 produces signal attenuation in the higher-frequency 
range cf the AcL2 response. This attenuation transfers to the circuit's 
composite response due to the series connection of the two amplifiers. 

IAI 

' 
\ - COMPOSITE AO Le = Aou •cL2 

-Aot1 

-------- ----~,--,.._ ___ _ t fee= (R2/Ri}fe1 

t,z= 1/(2•R2C1) 

Figure 6.4 Th~ composite amplifier of Flg. 6.3 replaces the Aou re,. 
spouse CX the basic photocliode amplifier with AoJ..c, removing high• 
frequenc-1 open•loop gain, 
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Combined, the two amplifiers produce the Ao1c: = AouAc1,2 response 
shown in bold. 

The composite's attenuation drops the Ao1c: response below the AoLi 
curve of a single amplifier solution, reducing the high-frequency open­
loop gain. This gain reduction equals the R2/R1 attenuation factor of 
AcL2 and produces an equal reduction in high-frequency bandwidth. 
This equality results from the single-pole roll offs of Aor~ and AoL1 
following f,2- Single-pole roll offs follow a 1:1 slope, so a given ver• 
tical move of the response cw·ve produces an equal horizontal move. 
Thus, the R2/R1 drop in gain magnitude produces an equal decrease 
in unity-gain crossover frequency, moving the crossover from fc, to the 
composite f .. = (R2/R,>fc, . 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 bandv.~dth had been reduced. Thus, tl:e compos­
ite amplifier replaces the external phase compensation option of the 
single-amplifier solution. In addition, the composite amplifier boosts 
low-frequency open-loop gain for increased response accuracy there. 

6.3.2 The noise gain reduction of the 
composite amplifier 

Figure 6.5 demonstrates the composite's noise reduction by comparing 
its response with that of the basic current-to-voltage convert.Ar. ThP.m, 
Lhe bold curves and c subscripts denote the modifications produced by 
the composite. This figure combines the composite amplifier response 
of Fig. 6.4 with the photodiode amplifie1's basic response curves from 
Fig. 5.3. As desired, the reduced gain-bandwidth product ofA01.c rolls 
off noise gain An, at a reduced intercept frequency /i,. Note that the 
new Ane roll off also drives this gain below the unity-gain or 0-dB axis. 
This avoids the continuedAne = 1 minin111m encountered with the pre­
vious Cr alternative. Also, the signal or l-to-V response here retains 
its original bandwidth limit at the frequency f,,r. As long as f;. ?: (pr, 
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 compr~sses. Ac­
tually, the resulting noise reduction gi·eatly exceeds the visual percep­
tion because most of the amplifier's bandwidth lies compressed in this 
upper end of the logarithmic response curve. For better appreciation 
of the relative noise reduction, comparison of the earlier Figs. 5.5 and 
5.6 reveals the dominance of high-frequency effects upon the noise re­
sult. For another comparison, consider moving the roll-off frequency 
of the noise gain (i back a decade in frequency to the {;, shown here. 
This move typically extends the shaded area of the figure over a minor 
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1-to-VGAIN 

OdB 
/ log I 

foe= (R2/R1 )let 

Figure 6.5 The reduced high-frequency gain of Fig. 6.4 removei; the s~ad• 
ed area from t.he A11,. noise response without altering the l •to-V bandwidth 
limit at f11r, 

porlion of the A.,. response shown. However, this decade move reduces 
the output noise produced by A1 by about a factor of 3. In many cases, 
a reduction of this magnitude eliminates the significar.ce of lhe am­
plifier noise. 

Removing the shaded area under the A.,. curve leaves the general 
shape of the curve unchanged, and the E,,00 results of the basic pho­
todiode amplifier still apply. However, two frequency variables ex­
pressed in those results change for this case. In the iigure, fee and 
fi, define Aor,. intercepts that were previously marked by /, and f; 
with AoLI• Defining these two new frequencies in terms of the known, 
crossover frequency f, 1 translates the Sec. 5.3.1 noise results to this 
,:omposite case. As desc,ibed with Fig. 6.4, fee = <R2IR1)f,1 due to 
the R2JR1 attenuation provided by A2 at hlgher frequencies. This 
attenuation factor also relates {;, to {; due to the Fig. 6.5 p8.1.·allel­
ogram marked by{;, and{; in coajunction with fee and /,,. There, 
frequencies{;, and{; mark one side of this parallelogram, opposite the 
side marked by ,-.,_ and t~,. The parallelogram makes two sides have 
equal length and, accounting for the logarithmic sea ling of response 
plots, Log({;) - Log(/i,) = Log(/,i) - Log(/cc), Then, f;/{;, = {,tffcc, 
and solving for fie produces f,, = <fcc!f., ){; = (R2/R1)/;. Here, {; 
represents the intercept frequency of the original Aoll response and 
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the circuit's 1//3 curve. The typical single-pole AoL, roll off makes 
Ii = /3n fc, for fie = (R2JR1)/3n fct, Here, f3H is the high-frequency value 
for the feedback factor fl and from before, flH = Cs/(C, + Cs). Thus, 
(;, = fcc/<l + C; /Cs), tl~uniug (;,. 

6.3.3 Optimizing 1he composite 
noise-versus•band'Nidth compromise 

The {;0 and fee expressions developed above define the modification 
of the A.., response produced by the ,:omposite amplifier. Both ex­
pressions define response frequencies in terms of specific circuit ele­
ments and parameters. However, the R2JR1 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 
R2/R1 fact.or produces a compromise between noise and signal band­
widths through placement of the modified intercept frequency(;,. In 
Fig. 6.5, decreasing R2JR, moves{;, to the left, expanding the shaded 
area removed from the noise response. However, thls move also ~rings 
a new signal bandwidth limit into significance. Frequency fie repre­
sents the crossing of the gain demand curve of 1//3 and the available 
gain curve of Ao1.c. Both fie and {pf impose band,vidtb limits with the 
lower of the two controlling the actual result. In compromise, setting 
/i, = {pr makes tlte two limits <:aincident for the maximum possible 
noise reduction without a major reduction of signal band,vidth. For 
this <:ampromise, the two coincident poles at {pr reduce the -3-dB sig­
nal bandwidth from /pr to 0.64/pf• 

The /;c = {pr compromise and a phase compensation requirement 
define the design equations for the ,:omposite amplifier. First, analysis 
of the compromise defines the R2JR1 attenuation ratio. Then, choosing 
a convenient R2 value determines the R1 value as well. Finally, an 
examination of phase compensation requirements defines the design 
equation for C1, also a function of the initial R2 choice. Equaling 
Ii, = /pf defines R2/R I through prior equations for the two frequencies. 
From Chap. 5, /,r = l/2rr RrCs represents the basic feedback pole 
produced by stray capacitance bypass of Rr. Frequency{;, represents 
the shifted 1//3 ir.tercept of the composite circuit as shown in Fig. 6.5. 
From Sec. 6.3.2, fie= {ee/(1 + C;/Cs) = flH{ee, where fcc = (R2/R,)f,1, 
malting {;, = f3u IE.2/R 1)/c1. Equating the {;, and /pr expressions and 
solving for the R2JR, attenuation ratio yields 

n 2 (pr 
R1 = f3Hf,t 

where {pr = 1/2rr RrCs, f3H = Cs /(Cs + C, ), and /,, is the unity­
gain crossover frequency of A,. Then choosing R2 for a convenient 
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resistance level defines R1 through 

Next, the circuit's phase compensation requirement defines the C1 
value requi red to stabilize the circuit. The composite amplifie,'s in­
herent two-pole Ao1,c response corresponds to 180' of feedback phase 
shift and potentially produces oscillation. Phase compensation pre­
serves stability by reducing this slope where the AoLc curve intercepts 
the circuit's 1/P response in Fig. 6.5. Two- to single-pole slope conver­
sion resu:ts from theAoLc zero, at/, 2. Selection ofC1 defines this zero 
at the break frequency of C1 with R2, producing /z2 = l /2rr R2C1. Ini­
tiating this slope conversion well before the 1/ P intercept at {;0 avoids 
any significant stability degradation. This reduces the Ao1.c phase 
shift at{;, to that normally encountered with single-amplifier circuits. 
In practice, making f, 2 = (;cfl 0 virtually removes the added phase 
shift of be composite amplifier. Combining th is frequency relation­
ship with the earlier(;, = {pr compromise produces fz2 = (pr/10, where 
f, 2 = 1/2nR2C1 and f.r = 1/2rrRrCs . Finally, combining these last 
three relationships and solving for C I yields the design equation 

6.3.4 Noise analysis for the 
composi te case 

C, = l~~f Cs 

The(;, = (pr choice for the composite photodiode ampli fier reduces four 
of the seven noise components of the basic photodiode amplifier. The 
components Enoe< , Enoe5, EnoR, and Enoi of the Sec. 5.3.1 summary all 
decrease due to modified frequency roll ofTs for their underlying noise 
sources. The composite alternative reduces the roll off frequency for 
the En..,. and E000s components and adds a second pole to the 1·011 offs 
of EnoR and E,,oi• 

Enoe< and Enoe5 decrease due to the reduced frequency response of 
noise gain Anc 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 Ane roll off back in frequency, reducing the previous noise 
contributions of regions 4 and 5 to Enoe• For region 4, the pre,~ous 
analysis defined the noise component Eno,,1 = (1 + C; /Cs )e,,;rJf;c - {pr• 
Here, making f., = {pr places the starting and ending points ofregion 4 
at the same frequency, eliminating the region, and Enoo4 = 0. Thjs 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 fc , and f; to the composite's f« and flc of Fig. 6.5. This 
makes Enoo5 = (e .. ;r{.,),.ffiif;, where fee represents the reduced unity­
gain crossover frequency of the composite as described in Sec. 6.3.2. 
There, the circuit's attenuation factor R2/R1 reduces this crossover to 
f« = (R2/R1)fc1 . Making f.c = {pr for the above noise-versus-bandwidth 
compromise simplifies the result by removing the {;0 variable. Then, 
Enoos = (e.,rfc,)Jl/(pr, where {pr = l/2rrRrCs . 

The reduction of the other two noise components, EnoR and E 00., 
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 
f,,r rolled off these noise components through stray capacitance bypass 
or the feedback resistor. The composite's {;, = {pr compromise adds the 
roll off of the 1/ /1 intercept at{;,, producing a two-pole roll off for these 
noise components. The added pole changes the noise response shape, 
requiring reevaluation of the Sec. 5.1.3 rms integral 

Tins integi:al expresses the rms output noise Eno resulting from a noise 
source e., in the presence of a noise gain A.. The feedback resistor 
produces the noise source enR = j4.KTRr by itself and enm = RrJ2qT8 _ 
in conjunction wi th the amplifier1s inpu t oo ise ..:u.r.n;;,u t.. A'ci <l~::s.crilJ~d 
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 (;,= {pr• Together, the initial unity gain 
and the two-pole roll off make A., = 1/ (1 + jf Jf,,r)2 for the EnoR and 
Eno, rms analyses. Performing the two rms integrations procuces 

EnoR = /I<Tlyrrfpr and 

These results indicate a J2 reduction in EnoR and Enoi as compared 
with the basic photodiode amplifier of Sec. 5.1.3. 

Modifying the Sec. 5.3.1 summary ,vith 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. 

Enocl = en;rjfrln(fr /fi), where en;r is the en; noise floor l~vel, and 
fr is the 1/f noise corner frequency. As explained in Sec. 5.2.3, 
setting Ii "" 0.01 Hz avoids a theoretical contradiction and ensures 
analytical accuracy. 
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E0002 = e0 ;rJf,r-fr, where f.r = 1/2,rRr(C; + Cs), and Ci= Cn + 
C;d + C;cm. Here and in the Enoo4 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. 

Enoc3 = (erur/f,r) (fi - r.l) /3, where {pr= 1/2,r RrCs . 

E.004 = 0. 

Enoe5 = (enufcc)Jl/{pr, where fee= (R2/R,)fc1. and /~1 is the unity­
gain crossover frequency of A1. 

E0 ,,. = ✓E • .,12 +Enoe22 +Enoe32 +E0 .. 0
2, the total rms oulputnoise 

resulting from the spectral noise voltage e0 ; of the amplifier input. 

EnoR = JKTR[n-t;,r. 

Enoi =R[Jqn-{prlo -/2. 

EM= JEI\OR
2 +Enoi2 +Enoe2, 

6.3.5 A comparison with the active 
filter alternative 

The noise reduction of the composite amplifier above decreases ampli­
fier banC.width to 1·emove that portion that serves noiae 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 basic 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 addit ion of multiple poles for steeper roll ofT of noise bandwidth. 
However, unlike the composite solution, this filter alternative adds the 
input e1ror effects of the added amplifier directly in the signal path. 
Such a filter resides outside the current-to-voltage converter's feed­
back loop, removing one of the composite amplifier's primary benefits. 
The common feedback loop of the composite's two amplifiers removes 
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Fig~re 6.6 SimpJy adding a 6lter ~mpJj.fier after the photodiode amplifier 
agaul removes h1ghcr4 frequency no1.sc w1tb an added op amp but. sacrifioes 
the composite amplifieJ·'s attcnuat.ion of the e1d2 error components. 
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the input error efl'ects 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 A2 follows the current­
to-voltage converter formed with A1. This configuration adds the e;d2 
error signal of A2 directly in the signal path. This error signal repre­
sents the combined input en-ors of A2 due to offset voltage and noise 
plus the error signals resulting from finite open-loop gain and power­
supply rejection ratio (PSRR). }'rom the figure, e02 = A,(t01 - e;di) 

reflects the e;d2 error influence upon the circuit'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 efl'ects of a common phase-compensatfon mc;hod. De­
coupling phase compensation reduces the noise gain of a photodiode 
amplifier by adding a passive tilter ,vithin 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 allernative, 
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 original.es in the phase 
compensation technique commonly used to accommodate capacitance 
loads. 2 Applied to the photodiode case, this phase compensation pro­
duces a filtering photodiode amplifier. In the figure, an intentionally 
added capacitance load CL combines with resistor Re and amplifier 
output resistance R0 to form a low-pass filter. This filter resides be­
tween the outputs of the amplifier and the overall circuit, ru1d 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 Cr shunts feedback noise currents 
but ret:i.ins a minimum gain of unity for the amplifier's noise voltage. 

Cs 

" ,-- -----i► ----- --, 
I 1 1 I 
I I 
I I 
I Rt I 

Cc 

Cc...., Cs (Tuning required} 

figure 6.7 Addilion of a low.pass filter in series with the 
amplifier out.put. restricts noise bandwidth by using a dccou~ 
piing ph1s~ compensation norn1ally applied to contend with 
capacitance Loading. 
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That un ity-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 circuit, 
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 filtel'ing action remains 
within the feedback loop of the op amp, avoiding the added e;d2 error 
described for the active filter alternative above. 

Normally, adding a low-pass filter in the feedback path of an op 
amp compromises frequency 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 Cc restores stability by 
decoupling the amplifier from the filter. At higher frequencies, Cc by­
passes the ove1·all feedback but does not diminish the noise reduction 
of the low-pass filter. For this bypass, Cc provides a lower-impedance 
feedback path at hjgher frequencies that replaces the primary path of 
Re and Rr. Then, at higher frequencies, the op amp operates with a 
simple short-circuit feedback through Cc . Thus, the Cc bypass phase 
compensates the circuit as long as the amplifier exhibits unity-gain 
stability. Independent of this bypass, the low-pass filter components 
Re and CL continue to attenuate higher-frequency noise at the circuit's 
output. 'fhe circuit's phase compensation requirement combines with 
a noise-versus-bandwidth compromise to determine design equations 
fol' the circuit componen tt. 

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 band"idth 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 reoults from 
the usual parasitic bypass of the converte,'s feedback, and the second 
results from the feedback bypass introduced by Cc . Fre~uency re­
sponse plots guide the development of design equations that a lign the 
two limits while preserving frequency stability. 

The combined stability and bandwidth requirements align the three 
pole frequencies produced by CL, Cc, and Cs. Alignment cf the first 
two ensures circuit stability and the third alignment optimizes 
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bandwidth. For the associated analy;es, Pig. 6.8 shows the photodi­
ode amplifier's basic and modified AoL response curves. There, the 
shaded area between the two represents the noise response removed 
by thP phase compensation circuit. Lead capacitance CL produces the 
response modification by adding a second Aot pole at {pL = l/2rr (Ro + 
Re )CL, where R0 is the output resistance of the op amp. The modified 
AoL' response truncates noise gain A,,., shifting two charactedstic fre­
quencies of the Ane noise response. As shown, intercept frequency f; 
and crossover frequency f, shift to the:r filtered counterparts at f;' and 
//. Continued increase of CL moves the latter frequencies to ever lower 
levels, for greater noise reduction, but also with a potential bandwidth 
consequence. 

Indirectly, the pole added at {pL ir.troduces the second bandwidth 
limit through a phase compensation requirement. Tb.is requirement 
leads to a compromise satisfied by a first pole-frequency alignment. 
Stable phase compensation requires that the Cc bypass take feedback 
control before the modified Aot' response fully develops its two-pole 

IAI 

_. fpL= tiit= fpc 

I 
1-10-V GAIN I 

lp1=1/(2•R1Cs) 

---------

Log f 

~H = cs/(cs + c,) 

Figure 6.8 The added filter of Fig. 6.7 rem•ves the shaded area_ ~f 
noise gain with a more aggressive, two-pole roll off but must initi­
ate Lhe roU off a.t a higher frequency to avoid a restric:tioo of signal 
bandwidth. 
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roll off. Caution suggests increasing Cc to place the associated bypass 
frequency /pc well before {pL, but this would wmecessarily restrict sig­
nal bandwidth. Normally, the feedback pole at {pr 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 Cc also shunts the circuit's input current, producing a second 
band1.vidth limit. In compromise, setting {pc = {pL sufficiently coun­
teracts the {pL phase effects by retaining a 45• phase margin. 

A third pole aHgnment defines the f.c = {pl. frequency described 
above. Aligning the new bandwidth limit at f pC with the original limit 
at {pr optimizes the noise-versus-bandwidth compromise. Making the 
circuit's two bandwidth limits coincident, fr,; = {pr, only reduces sig­
nal bandwidth from {pr to BW, = 0.64/pr- Then, increasing Ci until 
{pL = f,,c maximizes the filtering noise reduction without compromis­
ing frequency stability. Thus, the {pL = {pc = {pr alignment retains 
stability, maximizes noise reduction, and avoids excessive bandwidth 
restriction. 

The above three-frequency alignment defines design equations thaL 
aid the selection of circuit components. These equations provide the 
analytical starting point for the values of CL and Cc given the practi­
cal constraints of R0 and Re. First, the selection of Re and Ci defines 
the filter's pole frequency, {pL = l/2rr(R0 + Rc)CL, with attention to 
output swing requirements. Resistor Re must be large enough to 
decouple the amplifier from capacitance load CL but not so large as 
to significantly limit output voltage swing under load cun-ent condi­
tions. Typically, making Re ,:; R0 meets these requirements, where 
R0 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 R0 value, but sim­
ply assuming R0 "' 50 Q typically suffices here. Later empirical tun­
ing of Cc adjusts for the approximation error of this choice. Then, 
given the value for Re = R0 , the value of Ci follows from equating 
{pL = l/2rr(Ro + Re )CL ={pr= l/2rr R,Cs. Solving for CL produces 

where Cs is the stray capacitance bypassing Rr. Typically, Cs s:; 

0.5 pF. Next, the f..c = for alignment, where foe= l/2rr(Rr +Rc)Cc 
and fvr = l /2rr R,Cs, produces 

Cc = Rr Cs "'Cs 
Rf +Re 
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The above equation for Cc represents the starting point for this 
element's design value. Empirical tuning yields the final result, as 
required by the uncertainties of R0 and Cs . The amplifier output 
impedance, roughly modeled by R0 , and the variable stray capacitance 
Cs 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 observing the output response 
reveals the circuit's step response characteristic. Then, adjusting the 
value of Cc removes any oscillation, moderates ringing, and limits 
overshoot without unnecessarily restricting signal bandwidth. 

6.4.3 Noise analysis for the 
decoupling case 

Evaluation of the result ing noise 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 EnoR, Enoi, Enoc4, and Enooo components of the output 
noise. Once again, EnoR and Enoi 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 (pc = (pr places the circuit'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 

and 

The other two components affected, Enoe4 and En..s, decrease both due 
to the steeper roll off and the reduced frequency range of the A •• noise 
gain. These differences alter the Enoe4 and Enoe6 results developed for 
noise regions 4 and 5 of the original Fig. 5.5 analysis. Here, the 1/f/ 
intercepc of Fig. 6.8 now terminates the Ane plateau of the original 
region 4 at(;' 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
metric evaluation of the response curves defines(;' in terms of known 
quantities for the case where (pL = (pr• Note the right t1iangles formed 
by the dashed (pr indicator line with the A0 1, and Aor.' responses. Com-
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parison of these triangles defines a new crossover frequency r: that 
later reflects back to(;'. For the original AoL response, a single-pole 
roll off drops this response to the unity-gain axis at fc, defining an 
endpoint for the associated triangle base. Similarly, the two-pole roll 
off of the Aor: response defi nes fc' as the corresponding endpoint. With 
twice the slope, the AoL' response produces a triangle base with one­
half the length. Then, given the logarithmic frequency scale of the 
plot, Log((,,') - Log(/pr) = 0.5[Log(f,.) - Log(f,,r)] . Solving for f,' yields 
fc' = /{prfc . Further examination of the AoL' response translates this 
fc' result into the desired f; '. In its two-pole roll off region, this re­
sponse approximates AoL' s:: f, 12 /(2 . At the f;' intercept, the AoL' and 
1/f/u curves cross, making AoL' = f/2 /(; ll = 1/fJH, and solving ror f,' 
yields 

where flu = Cs /(C; +Cs). Substituting this value off;' for /: in the 
previous noise result for Enoe4 adjusts that result for the reduced noise 
bandwidth imposed by(;'. 

The En..s result requires greater adjustment to account for the two­
pole roll off of the modified AoL' response. This accelerated roll off 
dramatically reduces the noise cont1ibution of this highly significant 
region. Following the Sec. 5.2.3 discussion, the rms noise content of 
region 5 is desc1ibed by 

2 [ "" 2 Enoo6 = IAneeni I df r,. 

This region represents the circuit's noise cont1ibution from(;' upward 
in Fig. 6.8. There, A,,. follows the AoL' response, making Anc = AoL' "' 
fc ll /( 2, where fc' = /{prfc as described above. Then, Ane "'fvrfdf2. 
Also in this region, eni follows its floor level for en, = e0;r. Substituting 
these Ane and eni results in the Enoe5 integral produces 

where(;'= /flHfpr/c from above. Solving for Enoe6 yields 

where/pr= I j2rrRrCs , and fJH = Cs/(Cs +C;) . 
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Substituting the above E,w,R, Enoh En,.., and Enoe5 results adjusts 
the noise analysis results of Sec. 5.3.1 for this filtering approach to 
noise reduction. Then, for Fig. 6. 7: 

Enocl = en1r/fr ln(fr/f1), where en1r is the en, noise floor level, and 
fr is the 1/f noise comer frequency. As explained in Sec. 5.2.3, 
setting fi "' 0.01 Hz avoids a theoretical contradiction and ensw·es 
analytical accuracy. 
Enoe2 = e0;r/f,.r - fr, where f,s = 1/2:tR,(C, +Cs), and C1 =Co + 
C;d +C;cm. Here and in the Enoe• 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. 

Enoes = (en;r/{,s) (t/ - fi) /3, where {pr = 1/2,r RrCs, and Cs is 

the stray feedback capacitance. 

E • .., = (1 + C, /Cs)e.;rJt, ' - f.r, where f,' = //JH{prf., and fJH = 
Cs /(C; +Cs), 

E,,005 = ([prf.)1i4e0 ;r/ ../3(/JH )314 , wh~re fc is the op amp's unity-gain 
crossover frequency. 

Enoe = jE ... , 2 +E ... 2
2 +Enoes2 +E • ..,2 +E • ..,52

, the total rms out­
put noise resulting from the spectral noise voltage e,,; of the amplifier 
input. 
E,,0 R = jKTRr1rfpr, where {pr= 1;21rRrCs. For applications that 
add a feedback capacitance Cr, rep:ace Cs with Cr + Cs. 

E..,, = R,Jq,rf.rls- /2. 

Eno= JE._R2
+Enoi

2 +Eno.2-
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Chapter 

7 
High-Gain Photodiode Amplifiers 

For the basic photodiode amplitier, 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 
,vith a tee network, as previously described in Sec. 2.2.2. Here, noise 
analysis of this alternative reveals thaljudicious design lru·gely avoids 
the noise increase commonly encountered ,vith the feedback tee. 

[ncreased 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 follo,ving the 
C-Onventional cu1Tenl-lo-voltage C-Onverter. A second reduces the cir­
cuit complexity by malting one op amp serve both the cun-ent-to­
voltage and voltage-gain functicns. rn 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 cu1Tent gain. There, a bootstrap connec­
tion avoids the oscillation encountered with straightforward appl ica­
tion of an op amp cw·rent amplifier. For each of the tee and supple­
mental gain alternatives, optimization of a noise compromise guides 
component selection for the cirC'.lit. 

Performance optimization with each also requires attention to the 
amplifier's physical construction. There, selecting a low-capacitance 

129 
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Substituting the above En<>R, E00;, E., ... , and Enoes results adjusts 
the noise analysis results of See. 5.3.1 for this filtering approach to 
noise reduction. Then, for Fig. 6.7: 

Enoet = e.,rJfr ln(fr /fi), where enif is the eni noise floor level, and 
fr is the 1/f noise comer frequency: As explaine_d in See. 5.2.3, 
setting fi "' 0.01 Hz avoids a theoretical contradiction and ensures 
analytical accuracy. 
E 0 .,.2 = e0 ;rJf,r - fr, where f,r = l/2rr Rr(C1 +Cs), and C, = Co + 
C;d +C;,m. Here and in the Enoc< analysis, numerical evaluation can 
produce the square root of a negative number. Tben, substitute zero 
for the result as explained in Sec. 5.3.1. 

Eooea = (enif/ful j ([pr3 - fu3) /3, where {pr = l/2rr R(Cs, and Cs is 

the stray feedback capacitance. 

E0.,.. = (1 + C1 /Cs)enirJn ' -f0r, where(; ' = Jf3Hfprfe. and f3H = 
Cs /(C, +Cs). 

Eooes = (fprf,)1i4e0;r/../3({38 ) 314, where f, is the op amp's unity-gain 
crossover frequency. 

Enoe = jE ... 1
2 + Enoe22 +E0.,.3

2 +Enoc<_2 +E...s2
, the total rms out­

put noise resulting from the spectral noise voltage en; of the ampllii.er 
input. 
E008 = JE:I'Rrrrf,,r, where f,,r = l /2rrRrCs. For applications that 
add a feedback capacitance C,, replace Cs with Cr+ Cs. 

E00, = RrJqrr(prla - /2-

Eno = jE •• n2 +Enoi2 + Enoe
2

-
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Chapter 

7 
High-Gain Photodiode Amplifiers 

For the basic photodiode amplifier, just malting 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 ,v;th 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 a nd voltage-gain functions. In this case, a bootstrap connec­
tion for the photodiode removes the signal s,v;ng from the photodiode, 
permitting this dual function without sacrificing other performance. 
CWTent output along with increased band,vidth 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 cWTent ampllii.er. For each of the tee and supple­
mental gain alternatives, optimization of a noise compromise guides 
component selection for the circuit. 

Performance optimization ,vith each also requires attention to the 
amplifier's physical const.-uclion. There, selecting a low-eapacitance 
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convers:on resistor and using low-capacitance assembly methods min­
imize the bandwidth-limiting parasitic capacitance. With printed cir­
cuit board assemblies, removing the board'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 
cun-ent-to-voltage converters, as described in Sec. 2.2.2. There, re­
placing the high-value feedback resistor with a tee, composed oflowcr• 
resistance elements, permits the offset reduction of a compensation 
resistance without simultaneously increasing offset through increased 
photodfode leakage current. However, the tee also amplifies the op 
amp's input offset voltage, producing the Sec. 2.2.2 design limit 

R1 <Is-- In++hR _ 1 
R2 - lOVos rec, 

CiJ:cuit noise imposes two other limits for thisRi/R2 selection. Feed­
back tee networks have a reputation for high noise gain, suggesting 
tee avoidance for the characteristically noise-stressed phot-Odiode am­
plifier. However, closer examination of the tee alternative reveals 
that op~iinizing its design avoids noise degradation for those photodi­
ode amplifiers serving large-area diodes. 1 There, the diode capacitance 
makes noise gain peaking and the amplifier noise voltage the domi­
nant ncise 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 in itial gain peaking domfaance. These equations fi rst limit the 
increase in the voltage noise to the less-significant, lower-frequency 
range. Next, the equations prevent resistance noise from becoming 
the dor.1 inant effect. Then, the tee network produces the desired re­
duction in de offset for only a small increase in net noise. 

7.1.1 The gain and noise produced by 
a feedback tee 

Figu1·e 7 .1 models the tee-feedback photodiode amplifier for analysis. 
There, a current source 4, and a capacitance C; account for the effects 
of the photodiode. Capacitance C; also includes the differential and 
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Cs ~o.spr 

" r- ------- ◄•--------, 
I 11 I 
I enR I 
I Rrr R1 I 

,---,----j.-'V,J,.,........{ 

C; 

>------'--O •o 

Figure 7 .. 1 RepJacin~ the foodback resistor with a tee network increases 
the low-frequency gain for noise sources e11; and e,."R, but judic.ion~ r-.om­
ponent s~le<:L1on prevent..<; a gain increase in the dominant high-frequency 
range. 
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common-mod': input capacitances of the op amp, making C; = Cv + 
C;d +Cicm• Noise sources eru and enR represent the noise voltages of the 
amphfier and the feedback resistor. For current-to-voltage conversion. 
the tee network acts as an equivalent feedback resistance of • 

Rreq =R1+ (1+ ;:)RrTss (1+ ~;)Rr, for the high-gain case 

Here,_ the fe_edback attenuation of the R1, R2 divider multiplies the 
effective resistance of RrT by the inverse of the divider ratio. This in­
verse rat10, l +Rt!R2, characterizes the feedback action of the tee and 
reappears nume:ous times in the performance analyses that follow. 
In response to diode current ip, this equivalent resistance makes the 
signal output e. = ipRr.0 = i;,(l + Ri/R2)RrT• 

Noise adds to t~is ideal output signal and, true to its reputation, the 
feedback tee amplifies the eru and enR 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.­
in" a1:iplifies en, at higher frequencies and, where peaking dominates 
noise performance, the tee alternative can reduce offset without mate­
rially degrading noise performance. The noise gain An, charactedzes 
this ~aking, and Sec. 5.1.2 defines this gain for the basic photodiode 
amplifier as 

l+Rr(C; +Cs)s 
An, = 1 + R,Css 

This gain begins at unity at low frequencies and then experiences a 
response zero at f,r = l/2rr Rr (C; + Cs) followed by a pole at fvr = 
l/2rr R,Cs. Together, f,c and {pr produce an Anc plateau level of 1 + 
C;/Cs. 

An,;lysis of Fig. 7.1 defines the corresponding noise gain for the tee 
alternative. At low frequencies, where the circuit capacitances have 
no inlluence, the tee amplifies the noise signals e,,; and CnR_ with the 
same gain. Neglecting ip for noise analysis, a de loop evaluation shows 
that feedback produces lhe combined noise voltage e., +enR across R2. 
To do so, the feedback action develops an output noise voltage eno = 
(1 +R,/R2)(e0 ; +e.u). This reflects a low-frequency noise gain for the 
teo of 1 + Ri!Rz os compared with the uruty gain of the basic r.orrl'nt­
to-voltage converter. For enR this noise gain simply continues until 
rolled off by the feedback bypass capacitance. However, e., again re­
acts with Ci to produce noise gain peaking, and the added 1 + R1/R2 
gain of the tee potentially increases this effect. Separate ~nalys_es ~or 
the two noise sources produce design guidelines that avoid a s,gn,fi­
cant noise increase due to the added noise gain. 

First consider the overall noise effect of eni• Figure 7.2 displays the 
Ane mise gain response and the tee's range of Auer alternatives that 
limit the noise increase. There, the dashed Ane curve portrays the 
noise gain response of the basic photodiode amplifier with its charac­
teristic zero at f,r and pole {pf• The solid AneT curve displays the upper 
limit that potentially permits offset reduction without significantly in­
creas:ng noise. At higher frequencies, this solid AneT curve overlaps 
and follows the original Anc in the peaking region that dominates the 
e., ncise effect. Under this condition, the tee does not increase high­
frequency noise gain. At lower frequencies, a dotted response portrays 
an intermediate AocT result to illustrate the effect of the tee upon the 
response zero /,r. For consistency, all three of the noise gain responses 
represent the same current-to-voltage gain with Rreq of the tee exam­
ples equal to Rr of the basic case. 
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Figure 7.2 'The Fig. 7.1 tee increases noise gain fromA1,-e toAn4T, butcar«Ul design 
limits t.he incrua:;e to the leas-15ignificant low 0 frcquc11cy range of the circuit response. 

In the figure, the feedback tee increases the low-frequency level of 
Ane but. al::;v muve:s it:s n:i.:sJJuu.se rero 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, f ,:r, 
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 Rr to the amplifier's input circuit, producing the response 
zero f,r = l/2irRr(C, +Cs). With the tee, the noise gainA0 , 1 begins its 
frequency response at a level of 1 + R1/R2 , rather than the unity level 
of the basic case. This increases the voltage noise effect, but careful 
design restdcts this increase to the less-significant, lower-frequency 
range of the An, response. 

Counteracting this low-frequency increase, the tee of Fig. 7.1 
presents a far lower resistance to the input circuit, resdting in a 
higher-frequency AneT zero at f,T- For a given current-to-voltage gain, 
the tee produces an equivalent feedback resistance, Rres = R,-, 
but this Rreq resistance does not react with the circuit's input 
capacitance to produce fzf'T. Seen from the amplifier's inverting in­
put, the feedback network presents a resistance of RIT + R1IIR2 ""RIT 
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to this capacitance. Here, the return of R1 to the low i'."pe_d~ce of the 
amplifier output effectively connects it to ground, placmg ,t_m parallel 
with R

2
. This input-referred feedback resistance breaks w1th_ the cir­

cuit's capacitances at /zrT = 1/2,r RCT(Ci + Cs). Comparmg this result 
with the above f,r expression shows that the tee moves the onset of 
gain peaking to a higher frequency, as determined by Rrr rather_ than 
Rr. Following (tIT, capacitance bypass of the feedback _path agai~ re­
acts with the net resistance of the current-to-voltage gain, producing a 
pole at {prT = 1/2,r RreqCs = (pr, Summarizing these effects, the noise 
gain for the tee alternative becomes 

( 
R1) l +Rrr(Ci + Cs )s 

AneT = l + R
2 

l + RreqCss 

Here different resistances control the zero and pole of AneT, adding 
an e~tra degree of design freedom. For the basic current-to-voltage 
converter before, the same resistance Rr 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 the opportunity 
presented by the tee's added degree of freedom. For a given Rreq, in­
creasing the l + R1/R2 multiplier of the tee redu~es t~e required value 
of Rrr and the resulting de offset error as descnbed m Sec. 2.2.~. In­
creasing this multiplier raises AneT in the lower-frequency region of 
the response but also moves f,r to a higher-frequency f.rr and l~a~es 
the pole at f,r unchanged. Thus, increasing the l + Ri!Rz multiplier 
simply walks the dotted AneT curve up the das_hed Ane curve. This 
change only increases noise gain in the less-s1~ficant,_ low-frequency 
range as long as this dotted response remains w1th1n the bounds 
of the solid AneT response. Then, the tee produces no Ane change 
above the frequency (pr that marks the beginning of the peak Ane 
level. . 

The higher-frequency range of the gain peak spans the donunant 
spectrum of the circuit's frequency response and largely determmes 
the circuit's response to the eni noise source. At fi rst, V1Sual evalua­
tion of relative areas under the noise gain curves fails to convey this 
noise dominance. At lower frequencies, the large area added by the 
A to A T conversion would seem to greatly affect the noise result. 

ne ne - 'f • ti However , the logarithmic nature of the curves requency aXls grea Y 
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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 l +R1/R2 gain potentially 
increases the higher-frequency noise gain as well. The solidAneT 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 
An• curve, but no more. Any further increase would increase noise 
gain in the dominant high-frequency region, significantly degrading 
noise performance. To define this boundary, the selection of the l + 
R,!R2 multiplier produces pole-zero cancellation for the noise gain 
response. Then, the tee moves thef,rr zero up theAne response until it 
cancels the pole at f,r, as represented by the solid AncT curve. Further 
examination of the previous AneT equat ion 

A -(l R1)l + RCT(C;+ Cs)s 
neT- +- C R2 l+Rreq ss 

shows that pole-zero cancellation produces a constant noise gain of 
AneT = 1 + R1/R2, 

This cancellation requires that RCT(C, + Cs) = RreqCs, where Rreq = 
( 1 + R1/R2)RrT- Mathematical manipulation of this requirement re­
duces it to the simple expression R1/R2 = CifCs, defining an upper 
limit for the R1/R2 ratio. Thus, limiting the noise increase due to the 
tee's amplification of e0 , requires that 

where C, = CD + Cid + C;.;m- 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 
Cs remains a function of the actual application conditions. Typically, 
Cs ""0.5 pf. 

7.1.3 Optimizing the tee's resistance 
noise response 

The tee network also amplifies the resistor noise enR, This noise am­
plification potentially overrides the controlled noise increase described 
above, but in,posing a third limit to the tee's amplification prevents 
the oven i de. For a given application requirement, a trial design of 
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the basic photodiode amplifier solution fu-st determines whe~her or 
not e • initially dominates noise performance. There, companson of n, . 
the net rms noise effects reveals the dominant source for a given ap­
plication. Wbere en, 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 em, i0 ., and eua noise effects into therms o~t,. 
put noi;e components Enoe, E00,, and EnoR· These fundamental no~se 
components result from the amplifier's input voltage and current n01se 
sow-ces and from the resistor's noise. Together, these components 
combine to form the total output noise 

Selecting an FET input amplifier normally makes the Enoi component 
negligible in the above summation. Then, as long as E,,.,., ::: 3E,,.R, E,, •• 
effectively dominates the Eno noise summation. This rms summation 
squares its componeft results J:>efore adding the~, _and there Eno• ::: 
3E,,01t produces E000 :::. 9E,,.R . When tlus condition exists for the 
basic circuit, resistor noise adds little to the final result, allowmg for 
an EnoR increase in the conversion to a tee feedbac_k. 

Analysis defines the resislance noise increase ot _the tee by '7xtrap­
olating the E»oR result of the basic case. As descnbed w1th F,g. 7 .1, 
the tee amplifies the enR noise voltage by a gain of 1 + R 1/R2 mstead 
of the unity gain of the basic case. Modi fying the basic EnoR result 
of Sec. 5.3.1 for the tee produces EnoRT = (1 +R1/R2)J'l,KTRmrBW,, 
where BW, = 1/2,r RreqCs. This result assumes the lypical case where 
RIT » R1 or R2, making the noise of RfT the dominant noise source 
for the resistors of the tee. The tee's added gain makes EnoRT larger 
than the od ginal E008, but the accompanying replacement of Rr with 
a smaller RrT limits the increase. For a given Rreq = (1 +R1/R2)Rrr, 
solving for RrT = Rreq/(1 + Ri!R2) shows that increasing the tee's 
(1 + R1/R2 ) gain permits an equal reduction in RfT. However, the 
EnoRT noise varies in direct proportion to the (1 +R1/R2) gam but only 
in square root proportion to RfT. Substituting Rr·r = Rr..,/(1 + R1/R2) 
in the EnollT expression produces EnoRT = jl + R1/R2 j2K'I'Rreqrc BW, · 
Thus, for a given Rreo = Rr, replacing Rr ,vith the tee increases Enon 
by the factor j l + R 1/R2 to Enom' = jl + Ri/R2EnoR• 

This jl + R 1/R2 factor and the Enoe::: 3EnoR guidel ine produce the 
third limit equation for the tee's gain. Depending upon the E • .,.,/Eno~ 
ratio of the earlier trial design, the cil-cuit may or may not pernut 
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conversion to a tee without a significant noise increase. Where E000 > 
3EnoR for the basic case, the increased EnoRT can be accepted up to a 
point as guided by the specific E000/E00a ratio of the trial design. A 
ratio of E000/EnoR :5 3 indicates a lack of or marginal Enoe dominance, 
and replacing Rr ,vith the tee would significantly increase noise. How­
ever, E000/E»oR > 3 indicates a surplus noise dominance, permitting 
the tee replacement of Rr. Then, adding the tee and increasing EnoR 
until Enoe/EnoRT = 3 optimizes the offset-reduction-versus-noise com­
promise. Substituling the Eno!IT = jl + Ri{R2Enoll expres,ion into 
this condition and solving for R1/R2 produces 

• R, < ( E 000 ) . _ l 
R2 - 3EnoR 

where E000 and EnoR represent the numerical noise values sesulting 
from the trial design of the basic case. This is the third limit equation 
for lhe tee-feedback current-to-voltage converter used with large-area 
photodiodes. 

Combined evaluation of the tee's three R 1/R2 gain Umit equations 
defines the tee design for a given case. The three equation.<; prevent 
an offset increase due to Vos, limit the increase in E 000, and prevent 
noise dominance by EnoR• Evaluation of the limit equations pl'Oduces 
three steps for the tee design. First, the li mit. P.CJn~tion j11.sl. •bove 
must produce a positive value for R 1/R2, indicating a surplus E0 ., 

dominance and an opportw1ity for offset reduction without signifi­
cantly increasing the effect of EnoR• Next, this positive value must 
satisfy the previous condition R t!R2 :5 Ci/Cs to avoid significantly 
increasing E000• Finally, the R 1/R2 ratio must meet the conclilion 
R,/R2 :5 (h + ls- - lu-lRr.q/lOVos - 1 to limit the Vos effect upon 
offset. Section 2.2.2 develops this offset limit equation. For a given 
application, the smallestR1/R2 result from the three equations defines 
the offset-versus-noise optimum. 

After detel'lnining R 1/R2, choose R 1 for a convenient resistance value 
that does not excessively load the amplifier output. This choiee simul­
taneously defines R2 through the R 1/R2 ratio selected. Given R1 and 
R2, the value of RrT follows from the application's required gain as set 
by Rr,q "'(1 + Ri!R2)Rrr. Solving for RM' 

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

Replacing Rr with the tee produces numerous changes to the noise 
analysis results for the photodiode amplifier. Changes occur in all 
three of the fundamental nns output noise results Eno,, E noR, and 
E 00,. These represent the effects of the amplifier input noise voltage 
em, the primary feedback resistor Rrr, and the amplifier input current 
noise iru, respectively. The last subscript character of the nns labels 
identifies the effects with the corresponding sources. In spite of the 
great change, simple modifications adapt the previous noise results 
to this tee case, avoiding the repeat of a lengthy analysis. These 
modifications only require inclusion of the tee's low-frequency noise 
gain, 1 + RiJR2, and a change in one frequency limit for the E,... 
analysis. 

The simplest changes occur in the EnoR and Enoi results, where 
adding the new low-frequency noise gain and replacing Rr with Rrr 
adjusts the earlier results to the tee feedback case. As described 
above, the tee increases the low-frequency noise gain from unity to 
1 + R1/R2. However, the tee also substitutes the much smaller RrT 
for Rr for the circuit's dominant resistance, reducing noise. For the 
resistance noise, the preceding section shows that these changes make 
EnoR = (1 +Ri!R2)✓2K2'Rrr1rBW1 where BW, = l/21rRrcqCs . Simi­
larly, the current noise component Enoi results from a noise voltage 
developed on Rrr that receives the same gain. Adding this gain and 
replacing Rr with Rrr converts the Sec. 5.3.1 noise result to Enoi = (1 + 
R1/R2 )RrTJ2qrrBW1ls -· Noting that Rn- = Rr/(l+R1/R2) and substi­
tuting this expression reveals the actual changes in noise performance 
for E noR and En0 ; . Then, E noR = J( l + R1/R2)('lKTRerBW,J and Enoi = 
RrJqrrBW,Ia-· From these expressions, the added noise gain of the 
tee increases E .. a by jl + R i!Rz and leaves E00, unchanged. 

The tee's low-frequency noise gain also alters Enoe through the mod­
ified Ane amplification of the amplifier's input noise voltage e0 ;. Pre• 
viously, Fig. 5.5 illustrated the basic enoe noise density curve that 
produces Enoe from the A 0 .e0 ; combination. Conversion to the tee 
feedback leaves the general shape of this curve unchanged, as shown 
in Fig. 7.3. There, the enoe curve repeats the five regions that seg­
ment the rms noise analysis for simplified development of the total 
Enoe noise result. Region 1 still displays the 1/f noise influence of 
e0 ; 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 v.~th 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(•noel = Log(AneT•nl} 

RtGION 1 : REGION 2 REGION 5 
I 

•noe = (1+R1/R2l•n; 

/ i i 
,, 1zfT f; Log f 

12,r= 1/2•Rn(C,+Cs) 1, = fcCs/(C;+Cs) 

Figure 7.3 The tee network raises the base le\'els of the noise response for region.s 1 
and 2 of the original Fig. 5.5 noise response. 
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I +Ri!R2. In region 3, a new starting point at the level (l+R1/R2)e
0
;r 

rather than en;r begins the noise gain rise at f,f'T' rather than /,r. Oth­
erwise, the curve remains the same as for the basic case, and simple 
modifications easily translate the basic results to this tee case. 
. 1'.he 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: 

Enoel = (1 + R1/R2)en;rJfr lnifrf(i), where en,r is the en; noise floor 
level, and fr is the 1/f noise corner frequency. As explained in 
Sec. 5.2.3, setting f, "" 0.01 Hz avoids a theoretical contradiction 
while retaining analytical accuracy. 

Enoe2 = (1 + Ri!R2)e.,rJfzrr -fr, where fzrr = l/2rrRrr(C; + Cs), 
and C, '.'° Co +C,d + C;cm. Here and in the E ..... analysis, numerical 
evaluation can produce the square root of a negative number. Then, 
substitute zero for the result as explained in Sec. 5.3.1. 

Enne3 = (1 + Rt!R2l<erur//zrT)✓ (ri - h.f'T'3) /3, where (pr = 

lf2,r RrcqCs, Rreq = (1 + R1/R2)RrT, and Cs is the stray feedback 
capacitance. 
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E .... = (1 + C,!Cs )e.;rJf, - (pr, where f, = f, Cs/(C; + Cs ), and fc is 
the unity-gain crossover frequency of the op amp. 

Eaoo5 = (e.,rf,hM-

E,,,e = JE • .,1
2 +E,,..,22 +E0 oe52 , the Lota! rms output noise result­

ing from the spectral noise voltage e0 ; of the amplifier input. 

EnoR = (1 +R1/R2)✓2KTRrrrrBW,, where BW, = 1/2rrRreqCs. For 
applications that add a feedback capacitance Cr, replace Cs with 
Cr +Cs . 

Enoi = ( 1 +Ri!R2)RrT/q1rBW,[g_ 

Eno = ✓ E noR
2 + Enoi

2 + Enoe 
2 

As described before, special cases potentially deliver the square root 
of a negative number in the calculation of the E 0 002 and E noo< compo­
nents. These components cover flat regions that certain circuit condi­
tions eliminate in Fig. 7.3. The condition f,n ::: fr eliminates region 2, 
and(; ::: (pr eliminates region 4. Very large RrCv 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 E,,00 analysis must include the potential region 2 
and r8-~on 4 noise contributions. Nwnerical evaluations of the Euu~2 

and E,,04 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 pernuts 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 altcmatives 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 
converter itself. The first alternative, desclibed here, offers a greater 

Cs 

" ,- - -t~ -- , 
I ' 1 I 

: Rt' : 

High-Gain Photodiode Ampllflers 

Rr = AvoR1'= ( I + Rz/R1)Rj' 

BW1 = 0.6<fpf 1 = 0.64/2•R1'C5 

R2 

Figure 7.4 Adding a volt.age amplifier aft.or Lhe current-to•voltage con­
verter ~roduces a net t.r~nsrcsistance Rr with a sinalfor Rr that is less 
susceptible to the bandwidth shunting of Cs. 
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bandwidth improvement, and the second offers a simpler circuit. 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--0utput trans­
resistance Rr. Here, Rr = AuoRr', where A.~ = 1 + R2 /R1 is the 
lower-frequency value of the gain Au supplied by A2. Then, for a 
given value of Rr, this option reduces Rr' by a fac!.or equal to Auo­
For high values of Rr, this resistance reduction decreases :he 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. 1'he 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. 

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

While an obvious alternative, the two-op-amp solution's ovei·all 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 circuit 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 Ai.0 with the BW, 
and E 00 curves. These curves represent the net transimpedance band­
width and the net output noise voltage resulting for the two-amplifier 
case. For tuitously, the bandwidth limit of A2 makes the BW, and Eno 
curves peak at the same optimum value of Av0o- Above Av0o, this band­
width limit rolls off both signal and noise, equalizing their bandwidths, 
as sought in Chap. 6. As described there, the basic cw-rent-to-voltage 
converter often provides greater bandwidth for the ampl ifier voltage 
noise than for the photodiode signal. The two-amplifier circuit here 
removes that difference, using A2's bandwidth limit as a noise filter. 

The coincident peaks at A,00 present a performance optimum due to 
the different slopes of the BW, and Eno curves. Examination of these 
slopes reveals the bandwidth-versus-noise optimum. Prior to Av00 , 

both BW, and E00 lise with increasing ALO, suggesting a stalemate 
in the bandwidth-versus-noise compromise. However, closer exami­
nation of the BW, and E00 origins shows differing rates of increase. 
Below Av00 , the BW, curve ,ises with a greater slope than Eno, increas­
ing the ratio BW, /$00 up to the Av0o optimum. The slope difference 
results from the differing BW, and E.., sensitivities to A,o- Increasing 
ALO permits a proportionate decrease in Rr', directly increasing BW, = 
l/21rRr'Cs = ALOJ21rR1·Cs. This direct proportionality, BW, °' 

BANDWIDTH - VERSUS· NOISE OPTIMUM 

\ 
o. 1/AvQ 

:.no 

\ I 
• 1 

AvOo 

Figure 7.5 Increasing the voltage g3in Ao0 in Fig. 7.-1 increases band· 
width at a great.er rate lhan il increases noise up to an optimum value of 
AvOo, 
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A,o, defines the BW, -,•ersus-A,o slope up to the Av0o optimum. Beyond 
Av00 , continued decrease in R/ further reduces the 1/2,rR/Cs limit, 
but there the finite gain-bandwidth product of A2 takes control of the 
circuit's bandwidth. As analyzed later, this limit makes B'W, = f,2/A,;o, 
where f,2 is the unity-gain crossover frequency of A2. This rolls off the 
BW, curve, reversing its slope from BW, <X Ai.0 to BW, °' l/Ai.0 at the 
Av00 optimum. 

Sim;Jar analyses of the E00 curve defines its varying slope. Below 
Av0o, increasing A,<l also increases E00, but more gradually than BW,. 
In this region, first noise gain peaking and then resistor noise control 
the slope of the E.,. curve. The peaking characteristically controls the 
slope at the low end of the A.o axis. There, the amplification of ampli­
fier input noise voltage dominates Eno• Increasing Ai.0 reduces Rr', and 
the resulting noise gain peaking, but further amplifies the noise sig­
nal appealing at the A1 output. The net result of these counteracting 
effects produces a slight, initial upward slope in the E0 ,-versus-Ai.0 
curve. At somewhat higher A.o levels, the corresponding reduction 
in Rr' removes the gain peaking dominance but replaces it with the 
combined effect of R/ and A,0 . There, the increase in Ai<> decreases 
R/ in direct prop0rtion through the relationship R/ = Rr JA,0. This 

decreases the resistor's noise voltage, as described by enn = / 4KTR/ , 

and would make E,,0 <X ,/ii? for E,,0 <X 1//A:o. However, the A,;0 in­
crease also amplifies the enn noise voltage In direct proportion, making 
Eno °' Ai.0/ ,/A;;, = /A:o. This final proportionality becomes the slope 
of the Eno curve preceding the Av0o optimum. 

Beyond th is point, the Eno curve flattens due to the counteracting 
effects of the increasing gain versus the declining Rr' and bandwidth. 
The increasing gain tends to make Eno °' Ai.0, but the declining re­
sistance and bandwidth cancel this effect. The rms noise of the re­
sistor, Enll = /4KTR,-'BW,, exhibits square root dependencies upon 
both Rr' and BW,. Above Av0o, both Rr = Rr JA.o and BW, = f,2/A,,o 
clisplay inverse proportionalities to A,0 . The combined effects make 

Eno°' A,o!/(A,o)
2 = l. Thus, above A"o.' Eno becomes a constant ,vith 

zero slope. 
Compa,ing the slopes of the BW, and Eno curves confirms the band­

,vidth-versus-noise optimum at A,-oo - Below this gain, the BW, <X A,;0 
and the E00 oc ,/7C;, proportionalities make BW,/Eno <X ,/A;;i, and in­
creasing A,o improves the comprorrtise. Above A,.00 , the BW, <X l /Ai.0 
and the Eno°' 1 proportionalities make BW, /Eno <X 1/A.,o, and increas­
ing A.o degrades the compromise. Thus, the value Av00 that produces 
the coincident peaks of the BW, and E00 curves also optimizes the 
circuit's bandwidth-versus-noise compromise. 
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7.2.2 Designing tor the 
bandwidth-versus-noise optimum 

To quantify this A,,00 value, consider the bandwidth curve BW, and the 
conditions that optimize this characteristic. As A'° increases, band­
width initially increases in direct proportion due to the corresponding 
decrease in R/. There, the decreasing R/ increases the frequency of 
the A1 response roll off produced by stray capacitance. However, the 
added demands of the voltage gain on A2 eventually make this ampli­
fier's bandwidth the controlling factor, rolling off the BW, -versus-A.o 
curve. For a given value of Rr, an optimum value A_.o., produces a 
peak bandwidth like that shown. That peak occm-s when the parasitic­
limited bandwidth ofA1 and the gain-limited bandwidth of Az coincide. 
Parasitic or stray feedback capacitance Cs sets theA1 bandwidth limit 
at fvn = 1/2rr R,-'Cs. Further analysis defines the A2 limit. 

Feedback conditions similar to those described in Chap. 3 set the 
A2 bandwidth at /;2, the intercept frequency of this amplifier's 1/P 
cm-ve wifa its AoL response. Figure 7.6 illustrates this intercept at 
the crossi:lg point of the l /P2 and Aoi:.a curves. There, 1/ p2 represents 
the feedback demand for gain, and Aor.2 represents the amplifier gain 
available to supply this demand. At frequencies below the {;2 inter• 
cept, the available gain exceeds the feedback demand, and the excess 
or loop gain makes the closed-loop Au cUl'Ve follow the ideal level of its 
de value. A,o. At freQuencies above the intercept, the demand exceeds 
the supply, forcing a response roll off and defining a bandwidth limit 
at /;2. At. this intercept frequency, the l /P2 and AoL2 curves occupy 
the same point, making l/P2 = Ao,.2. 

A 

Figure 7.6 The A2 amplifier of Fig. 7 .5 introduces 
a second bandwidth Jimit defined by this amplifier's 
intercept orit.s 1//J eurve and A01. response zit f;2, 
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This equality defines the /;2 bandwidth limit of A2 when known 
quantities replace the above P2 and AoL2 terms. First, the voltage am­
plifier formed with A2 produces a feedback factor of P2 ""R 1/(P. 1 + Rz), 
making l/P2 = 1 + R2JR1 = A,o. Next, the constant gain-bandwidth 
product of most op amps defines AoLz at the intercept as guided by 
Fig. 7 .6. There, Ao1..2 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 Aoi:.a 
response, and an increase in closed-loop gain A'° produces a propor­
tionate decrease in the /i2 bandwidth limit. In this single-pole range, 
AoL2 = fc2/f. where fc2 is the unity-gain crossover frequency of A2 . At 
the 1/ P2 intercept., Ao1,2 = A'° and f = fiz, making A..o = {<2/{iz. Solv­
ing for /,2 defines the bandwidth limit for A2 at. /,2 = fcz/A,0 . Tben, 
equating the two amplifier bandwidth limits, (;2 = fvn, and solving for 
Rr' defines the value of this resistance for the bandwidth-versus-noise 
op~mum. For a given value of net transresistance Rr, the O?timum 
Rr is 

Rr' = JRT /2rr fc2Cs 

After solving for R/ above, the closed-loop gain setting of the second 
amplifier becomes Av0o = Rr JR/. 

Two performance changes, produced by the added gain, control the 
resulting bandwidth improvement. First. the added gain reduces the 
converter's feedback resistance from R1 to R/ = Rr /Avo., Flr com­
parison, consider the same circuit gain for the basic and two-amplifier 
solutions. Then, Rr = Rr, making Rr' = Rr /Avoo• This replaces the 
original bandwidth limit of {pr= 1/2rrRrCs with {pn = l/2rrR/Cs = 
A,-o./2rr R,Cs, increasing this bandwidth limit by a factor equal toAvoo, 
However, this difference in the fvr limit does not improve the circuit's 
bandwidth by exactly the same facLor due to a second effect. The added 
gain of the circwt also replaces the normal single-pole ,·oil off with 
t.hat of a double pole. This double pole results from the optimization 
desc,ibed above, which increases Au0 until the two bandwidth limits 
coincide with {p11 = {;2• The two-pole roll off makes the circuit's -3-dB 
bandwidth BW, = 0.64/vn "" 0.64/2rr R/Cs, reducing the bar.dwidth 
improvement factor from A,-00 to 0.64 Av00 . 

Further manipulation of preceding results produces a simple indi­
cator of the potenLial bandwidth improvement for a given applica­
tion. Numerical evaluation of this indicator identifies those specific 
;ipplications that would benefit from conversion to the two-amplifier 
solution. First, substituting the previous Rr' = JRr /2rr fc2Cs in the 
Av0o = Rr /Rr' result produces an alternate design equation 

Av00 = J21rRrCsfc2 
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This expression defines Av00 directly without first determining R/. 
More importantly, the variables of this expression also relate Av00 
to the original bandwidth limit (pr and the crossover frequency fc2 of 
the added amplifier. From before, the basic circuit produces (pr = 
1/2,, RrCs and, for the same net gain, the circuit here makes Rr = Rr, 
Thus, for comparison purposes, (pr= l/2rr RrCs and 2rr RrCs = 1/fpf• 
Substitution then yields 

This defines the optimum A.o value in terms of the original ba~d­
width li mit and the crossover frequency of A2. Then, the preceding 
bandwidth improvement factor of 0.64 A,-oo defines the improvement 
available for a given application. Bandwidth improves with the two­
amplifier solution whenever the above equation yields A,oo > 1/0.64 = 
1.56. 

7.2.3 Noise 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, Enoh and Enoe- A listing at the end of 
this section summari zes these modified components and vanous sub­
components for step-by-step calculation of a given circ~it's. ~utput 
noise. The three fundamental component.s represenL the ci rcuits rms 
output noise created by resistance, noise curren~, and noise voltage 
as originally analyzed in Chap. 5. Here, the resistance and cwTent 
noise effects, EnoR and E 00,, increase due to the added voltage ga,n 
and the increased bandwidth. However, they also decrease due to the 
reductior. in Rr and this circuit'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 Enoo 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, EnoR and Eno;, the 
high-value feedback resistor Rr' continues to domin~te related noise 
effects. The noise sources behind EnoR and E,,., remain the same, but 
the two-amplifier solution alters both the noise gain and_its freq~ency 
response. By itself, resistor Rr' produces a constant no,se density of 

enR = j 4KTRr' that in tw·n produces therms output noise component 
EnoR• Similarly, the amplifier's input bias current Is - produces co~­
ponent Eno, through a constant noise density of in, = / 2qls - - This 
noise current flows through Rr', developing a noise voltage of density 
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enru = i0 ,R/. Previously, the basic current-to-voltage converter trans­
ferred these resistance and current noise densities to the circuit out­
put with unity gain at lower frequencies. Then, at higher frequencies, 
the single-pole bandwidth limit, BW, of the circuit's transresistance, 
rolled off this gain. This combination made the corresponding noise 
gain A .. = 1/(1 + jf JBW, ), where BW, =/'pr= l /2rr RrCs. 

In this two-amplifier case, the circuit instead transfers these noise 
densities to the ci rcuit output with a gain of A,,o at lower frequencies. 
Then, at higher frequencies, a two-pole bandwidth limit rolls off A,,,o 
at (pn, making An = A.o/(1 + jf /(pn)2. Using th.is modified A, result, 
evaluation of the rms noise integ,·al 

Eno 
2 = lo°" IAnen 1

2 
df 

defines the EnoR and Enoi components for the two-amplifier case. In 
the first case, e. of the above integral becomes enR and, in the second 
case, i01R/. For the two-amplifier solution of Fig. 7.4 this integration 
produces 

E noR =A.ojKTR/rrfpll and Enoi =AvoRr'jqrrfpnlB- /2 

where (pn = l/2rr R/Cs, and A.o = 1 + R2/Rt, 
Comparing these new noise results with earlier ones reveals the 

relative incroasa.s in Enon. and Enol produced by thi:s two-amplifieJ: :so­
lution. For this comparison, two translations produce equivalent con­
ditions. The first translates the resistance and bandwidth factors of 
the two-amplifier EnoR and Enoi results above. The Ai,0 gain added 
here modifies the circuit's conversion resistance from R,· to Rr' and 
the bandwidth limit from (pr to (pn- Relating these modified charac­
teristics to the originals produces a common ground for comparison 
of noise results. For a given transresistance, Rr = Rr, but the two­
amplifier solution also makes Rr = A,;iR/. Solving for Rr' relates it 
to Rr through R/ = Rr /A00 • The two-amplifier solution also increases 
the fundamental (pr bandwidth limit to fvn = A,;,(pf. Substituting 
these Rr' and fvn expressions in the above EnoR and En,,; equations 
produces E noR = Auo/KTRr,rfpr and Enoi = Rr/qrrA.ofprlo-/2. This 
expresses the modified EnoR and Enoi results in terms of the funda­
mental Rr and (pr characteristics. A second translation converts the 
results of the basic circuit to the same common-ground form. Pre­
viously, analysis of the basic current-to-voltage converter produced 
EnoR = /2KTRrnBW, and Eno; = Rr Jq1rBW,Io- - There, BW, = 
(pr, making EnoR = /2KTRrrrfpr and Enoi = Rr/qrrfprls- the equiv­
alent noise results for comparison purposes. Comparing the trans­
lated results for the two-amplifier and basic circuits shows bat the 
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two-amplifier solution increases Enon by a factor of A.-0/ ./2 and Enoi 
by a factor of JA..,/2. 

Amplifier noise voltages produce the third fundamental noise compo­
nent, Enoo, but with the effects of two amplifiers in this case. Amplifier 
A1 produces the noise gain peaking analyzed in Sec. 5.2.3, and then, A2 
amplifies the gain peaking result. Further, amplifier A 2 adds its own 
noise voltage to the net output noise result. Adding the subscripts l 
and 2 differentiates the A1 and A2 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 
e0 ., into approximation regions simplifies the rms noise integration. 
Separate analysis of each region produces the rms noise components 
E ... , through En4':6 for later combination into a net Enoe result. The 
enoe 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 A2 raises the magnitude of the e0 ., curve by a factor of A,0 , as 
reflected by the increased noise floor level A,,oe01n . Next, making the 
circuit's two bandwidth limits coincident, (pn = f;z, extends the span 

' REGION 1 I REGION 2 REGION 3 REGIO~ 5 
I 
I 

/: •noe' Avo•ni1 

Av0 8 nif1 -------i 

Figure 7.7 Amplifier At of Fig. 7.4 produces an output noise density elevated by 
the gain Al,o of A2 .ind missing the old region 4 plateau. Making the circuit's two 
bandwidth limits coincident removes that plateau. 
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of region 2 by moving fzrt and /pn to the right. Substitution of fzrt 
and (pn for the old /,.r and (pr adjusts for this difference. Finally, the 
{pn = f.2 alignment eliminates the old region 4 plateau by placing the 
plateau's beginning and ending points at the same frequency, making 
En..,, =0. 

ln addition to the above changes, adding A2 inserts this amplifier's 
noise into the final result. The input noise voltage of this amplifier, 
eru2, receives the same A. gain as the output signal of the circuit's A1 
current-to-voltage converter. Noise voltage e0 ; 2 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 I almost always reduce this re­
gion's added effect to insignificance. For simplicity, consider the input 
noise voltage of A2 as just the ampliner's noise floor level en,r2. Then, 
this constant noise density receives the gain, A. = A.-0/(l + j//{;2). 
Together, the A2 noise voltage and voltage gain produce a new compo­
nent of output noise, EnoA2- RMS evaluation of this component results 
from the integral 

This produces Eno.'2 = Au0en,r2J1rf,2/2, where A,,o = (1 + R2/Ri), fi 2 = 
f,2/A,o, :'°d f,2 is the unity-gain crossover frequency of A2. Combining 
EnoA2 with the EnoAI result of the cw-rent-ro-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 
com~o°:ents and the resulting total output noise. For simplification, 
the hsling defines Au0 and the various limit frequencies of the results 
on ly upon their first occun·ences. 

Eno•J =A..oe,,;nJfr1 ln(/n//1), whereA,;i = l+R2/R, . Also, e0 ;n is the 
enil noise floor level, and fr, is the 1// noise corner frequency of A,. 
As explained in Sec. 5.2.3, setting / 1 "' 0.01 Hz avoids a theoretical 
contradiction and ensures analytical accuracy. 

E ... 2 = A,,¢,,;nJf.n -fr,, where f,n = l/2rrR/(C, + Cs), and C, = 
Co +Cid +Ci<m. For applications requiring feedback compensation Cr, 
replace Cs with Cr+Cs 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. 




