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E,- = A.IJ(e0 ;n/{.n) j (fpn3 - (,n3) /3, where (pn = l/2rr Rr'Cs, and 

Cs is the stray feedback capacitance. 

Enoe4 = 0. 
E.,.,.5 = A..<1(erun/c2JJl/f.2, where /c2 is the unity-gain crossover fre­
quency ofA2, andf.2 =fpn = l/2rrR(Cs. 

E 000 = Enoei + Enoe2 + Enoe3 + Enoo5 , t e tola nns outpu noise ✓ 2 2 2 2h J t • 

resulting from the spectral noise voltage e.,, of A,. 

EnoR =A,ojK:l'R(rrfpn, where (pn = l/2rrR(Cs. 

E00; = A.oRr' Jq rrfpnls-/2-

E
00

A, = jE
00

ri.2 + E00,
2 + Enoe 2, the total output noise due to the A, 

cutTent-to-voltage converter. 
EnoA2 = Au0en;r-zJrrf;2/2, the output noise due to the A2 voltage am­
plifier. Here, (. 2 = f,2/A.o and f,2 is the unity-gain crossover fre­
quency of Az. ~-----
E .. = J EnnAt 2 + EnoAz2, the total nns oulput noise of the two-op-
amp photodiode amplifier. 

7.3 Adding Voltage Gain 

For many photodiode applications, the two op amps per photodetector 
above represents a significant drawback. Large anays of photodetec­
tors sometimes require hundreds of photodiode amplifiers. For such 
cases, one op amp provides both the current-to-voltage conversion and 
the voltage gain with somewhat less bandwidth improvement. The 
obvious circuit for this solution introduces nonlinearity and degrades 
rather than improves bandwidth. However, a bootstrap modification 
to thls circuit avoids the nonlinearity and restores much of the band• 
width improvement of the two-amplifier solution. 

7.3.1 Voltage gain alternatives 
Evaluating the obvious circuit first illustrates the limitations later re­
moved by the bootstrap. To provide both current-to-voltage conversion 
and voltage gain, this circuit first moves the conversion resistance Rr' 
to the noninvertinginput of the op amp as in Fig. 7.8. There, the signal 
current supplied by D1 still flows through R/ and again produces the 
desired signal voltage i,R,'. Moving Rr' also makes available the am­
plifier's normal feedback path for the addition of voltage gain. There, 
the addition of R1 and R2 sets this gain, converting the op amp to 
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Figure 7.8 Using one op amp, the straightforward combination or cur• 
rent-to-voltage converi;ion and voltage gain impresses signal voltage on 
the diode, producing nonlinearity and restricting bandwidth. 
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a noninverting voltage amplifier. This amplifier provides the voltage 
gain (l+R2/R1) to the ipRr' signal developed across R,'. However, this 
signal voltage also falls across the photodiode, reintroducing two per­
formance limitations desc1ibcd in Chap. 2. Thls voltage-mode photodi­
ode operation produces response nonlinearity, and the signal voltage 
develops a current in the photodiode capacitance that shunts the pho­
todiode output. The shunting bypass of R/ produces a response pole 
at l/2rr R/CD and, for most applications, dran1atically reduces band­
width when compared with the basic current-to-voltage converter. 

Avoiding these limitations, Fig. 7.9 bootstraps the photodiode by 
connecting it directly between the op amp's inputs. This connection 
removes the primary signal swing i.Rr' from the diode, restodng the 
linear response and most of the bandwidth improvement. Here, the 
circuit's resistors perform generally the same functions as in the pre• 
ceding circuit. Current from the photodiode still flows through Rr', 
developing the same signal voltage, but that voltage no longer appears 
across the photodiode. The op amp feedback action reduces the volt­
age between the amplifier's inputs, and across the photodiode, to near 
zero. The bootstrap connection also supplies the diode current to the 
R1, Rz feedback network, altering the signal gain. However, the low 
resistances of this network produce little signal voltage in comparison 
with that produced by R,'. Ignoring this added effect, the circuit again 
amplifies the voltage developed upon R,', increasing the output signal 
to eo = Cl+ R2/R1)i,R,' = A.ili.,,R,' = i.,,Rr. Here, Rr = (1 + R2/R1)R/ 
represents the equivalent transresistance of the circuit. 
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Figure 7.9 Bootat.rnpping t.he photodiode between the op amp inputs removes 
signal swing from the diod1; while retaining the i;igna.1 gain of Fig. 7 .8. 

7.3.2 Optimizing the single•amplifier 
bandwidlh•versus•noise compromise 
This single•amplifier connection develops t11e same net transresistance 
as the preceding two•amplifier solution. Howe,•er, the bandwidth im• 
provement realized decreases here. A modified bandwidth limit re• 
suits due to the move of the high•value conversion resistance R,'. That 
resistor now connects to the noninverting input of the op amp where 
the common•mode input capacitance of the op amp Crcm also shunts 
R(. Previously, only the smaller stray capacitance, Cs of the two• 
ampl ifier circuit, shunted this resistor in its feedback connection. The 
increased shunting here rolls off bandwidth at f,, r = 1/2,r R/(Cs +C;,m) 
rather than the preceding (pn = 1/2,r Rr'Cs. Thus, compared with the 
two•amplifier case, the single•amplifier solution degrades the band• 
width improvement by the factor l + Crcm/Cs. 

For a given transresistance, Rr = A.oRr', and increasing Au0 again 
reducEs the required R(, moving this modified bandwidth limit to a 
higher frequency. However, increasing Au0 also reduces the frequency 
of the separate band,vidth limit imposed by the op amp. The am• 
plifier imposes a bandwidth limit again marked by its 1/{J intercept 
with the AoL response. As described with the two•amplifier analyses, 
this limiL occurs at r; = {Jf, where fJ and f, are the feedback factor 
and the unity.gain crossover frequency of the op amp. Increasing At<1 
decreases /J, reducing the frequency of the r; bandwidth limit. In 

Hlgh•Galn Photodiode Amplifiers 153 

compromise, increasing Au0 until the circuit's two bandwidth limits 
coincide, {pr = f. = {Jf,, maximizes the final circuit bandwidth with 
neither limit imposing a dominant constraint. This choice also opti­
mizes the circuit's noise-versus•band"~dth compromise as detailed in 
the discussion of Sec. 7 .2.1. 

Analysis quantifies the potential bandwidth improven:ent of the 
single•amplifier solution through comparison with the basic current• 
to•voltage converter . Adding voltage gain to reduce the basic Rr to 
R/ initially increases bandwidth by reducing the sensithity to par• 
asitic capacitance. However, two effects described above limit this 
increase in the single•ampl ifier case. First, setting r; = (pr produces 
a double rather than single.pole roll off for signal bandwidth, just 
as described for the two•ampUfier case. This reduces signal band• 
width from BW, = {pr to BW, = 0.64fpr- Next, the added shunting 
of the amplifier's input capacitance tends to reduce the (pr pole fre• 
quency, as seen by comparing the basic (pr= 1/2rr RrCs \\~th the new 
(pr= l/2rr R/(Cs + C,,ml- Noting that Rr' = Rr/Au0, the new band• 
width limit becomes BW, = 0.64A,o/2,rRT(Cs + Ci«nl, where Rr rep­
resents the net transresistance of the circu.it. For the same transre­
sistance, the current•to•voltage converter alone requ.ires a feedback 
resistance of Rr = Rr, malting its BW, = 1/2,r RT Cs for compari• 
son purposes. Dividing this BW, e>:pression into the preceding one 
shows that bandwidLh changes by a factor of 0.64Au0/(l + C;cm/Cs ). 
ln cases where A,0 > 1.56(1 + C;em/Cs ), the single•amplifier solu• 
tion improves bandwidth over that of the basic current-to•voltage con• 
verter. 

1'o quantify A,,o the preceding (pr= r; = {Jf, optimum lint requires 
defining the circuit's feedback factor {3. However, moving the pho• 
todiode to its bootstrap position complicates this task. Positioned 
between the amplifier inputs, the diode provides an added, positive 
feedback path between the amplifier's output and noninverting in• 
put. Figure 7.10 models this connection for feedback analysis with 
C, = Co + C;d combining the diode capacitance ,vith the differential• 
input capacitance of the op amp. Through Lhe feedback network, C, 
couples a portion of output signal e0 to Rr' and the amplifier's nonin• 
verting input. This added coupling results in one feedback network 
that supplies feedback signals to both op amp inputs. 

Normally, separate analyses of negative and positive feedback fac• 
tors, fJ_ and /3~, yields individual results for detenninatior. of the net 
feedback factor fJ = {)_ - /3+- However, the single feedback network 
here simplifies the analysis given a reexamination of the feedback 
factor definition. Fundamentally, feedback factor is the fraction of 
the output signal fed back to the ampl ifier input. With two inputs, 
an op amp departs somewhat from this fundamental definition. The 



154 Chapter Seven 

Rz 

>---".._-O•o 

Cs+ Cicm 

Figure 7.10 Th• photodiooe boot,;trap of Fig. 7.9 odds ca­
pacitance between the op amp inputs, coupling a positive 
feedback s:ignal to Rr, One fe~back fact.or analysis com· 
bfoes the circuit.'s negative and positive feedback effects by 
aolving for /3 • <!id/e-0. 

differential nature of the two inputs subtracts Lhe feedback signals 
supplied to the two, resulting in a net differential feedback signal e,d­
Tht;:o, l!id/e.0 = /J I and one analysia combinco the .separate /3- and /J..­
analyses that otherwise produce more complex intermediate results. 
In this analysis, the approximation R 1 « Z/ further simplifies the 
result, where Zr' represents the parallel impedance combination of 
Cs + C; • ., and R/. The low value of Cs + C;cm and the high value 
of Rr' s•ipport this approximation for high-gain photodiode amplifiers. 
Tiien, analyzing Fig. 7.10 for e,d/e. = P produces 

where fJo = R,J<R, +R2) = l/A..-0 = R/ JRr . 
Manipulation of this fj result and application of the {pr = f. = fjfc 

condition defines R,' and A<.-0 for the optimum. First, f, = /3{. de­
fines the frequency of the 1//3 intercept, and this occurs at a higher 
frequency where fj equals its high-frequency value, /3H. There, the cir­
cuit's capacitances central the feedback and the preceding /3 expression 
reduces to 
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Substituting /3o = Rr'JRr, reduces this to 

fJH = Rr' Cs + C;cm 
Rr C; + Cs + C;cm 
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Then, equating/i,r= l/2rrR,'(Cs +C;cml and{;= f31tfc yields the key 
design equation for the single-amplifier solution 

R/ = JRr(C, +Cs+ C;cm) 
(Cs + C;cml J<ii; 

where%= l/2rrf,. 
Application of this equation defines the optimum A..o and circuit 

resistances for a given application. First, the specific application de• 
fines the value of Rr required to produce the desired transresistance. 
Then, the equation defines the value of Rr' that optimizes the circuit's 
bandwidth-versus-noise compromise. Given Rr and Rr', the relation­
ship A<.-0 = Rr JRr' defines A,o- Next, the relationship A..-0 = 1 + R2/R1 
defines the ratio R2JR1 = Rr/R( - 1. A second consideration converts 
this ratio into the final values for R1 and R2. Together, these resis­
tors present a load resistance of R,_ = R1 + R2 to the op amp output. 
Picking a convenient resistance value for this load defines the indi­
vidual resistors as R, = (Rr' JRr )Ri and R2 = (1 - R/ JR1, )R,_. These 
design choices for R,,-',R,, and R2 produce a single-ampli fie:· combina­
tion of current-to-voltage conversion and voltage gain with optimum 
bandwidth and minimized noise increase. 

7.3.3 Noise analysis for the 
single-amplifier case 

The noise performance of the single-amplifier solution of Fig. 7 .8 re­
peats that of the preceding two-ampl ifier case with only a few changes. 
The added voltage gain again amplifies all noise components, and the 
f; = {pf setting results in an e000 curve identical in shape to the ear­
lier Fig. 7.7. Adding the effects of the C;,m bypass adapts the earlier 
results to this case. 

At first, it might seem that the bootstrap circuit removes the gain 
peaking effect upon the amplifier input noise voltage. Previously, this 
noise voltage produced a noise current ,vi.th the diode's capacitance, 
and that current flowed through the large feedback resistance, pro­
ducing the noise gain peaking. The bootstrap circuit here removes the 
large resistance from the feedback path but replaces it with the resis­
tor R/ at the amplifier's noninverting input. Noise current generated 
in C;, by the noise voltage between the op amp inputs, st:11 flows in 
the reconnected R/, producing much the same noise peaking effect. To 
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quantify this effect, consider the feedback factor e:'1>ression /J devel­
oped above. The op amp amplifies its input noise voltage by a gain of 
1//J up to the gain roll off imposed by the amplifier'sA01., decline. From 
the previous /J analysis, the bootstrap photodiode amplifier produces 
the noise gain 

l+R,'(C, +Cs +Ci,m)s 
l //J = A«i 1 + R,-'(Cs + C;.,.)s 

where A,AJ = 1//Jo = 1 + R2/R1. Thus, the noise gain displays the 
response zero, f,r = 1/2tr R/(C, + Cs + C;.m), and the response pole, 
(pr = l/2rr R/(Cs + C,cml, that characterize noise gain peaking. To­
gether, the added voltage gain A,0 and the gain peaking effect repro• 
duce the Fig. 7. 7 e000 curve with just the f,r and (pr differences here 
noted in the listing below. Then, calculation of the noise result for the 
Fig. 7.9 bootstrap amplifier follows the step-by-step procedure: 

Eno•1 = A.oen;rJfr ln(fr/(1), where A<AJ = 1 + R2/R1. Also, enif is the 
e0 ; noise floor level, and fr is the 1/f noise corner frequency of the 
op amp. As explained in Sec. 5.2.3, setting (1 "' 0.01 Hz avoids a 
theoretical contradiction and ensw·es analytical accuracy. 

Enoe2 = A..<>€nuJf,r - fr, where f,r = 1/2rr R/(C, + Cs + C,,m), where 
C, = Co+ C;d, Cs is lhe stray capacitance, and C;,m is the common­
mode input capacitance of the op amp. 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. 

Enooa = A«iCen;r/fzr) (rP,3 -f,r3) /3, where (pr= 1/2rr R/(Cs + C;c,n). 

E0..,.. = 0. 

E0005 = A<AJ(e.,rf.2JM, where f. is the unit.y-gain crossover fre­
quency of the amplifier. 

En .. = JE0001
2 + E.,.22 + E nocs2 + E • .._~2, the total nus output noise 

resulting from the spectral noise voltage eru of the amplifier input. 

Enon =A«iJKTR/tr(pr, 

Enoi =A«iR/Jqtrfprln-/2. 

E.0 = JE .. n2 + E00;
2 +E ... 2, the total rms output noise of the boot­

strap photodiode amplifier. 

Compared with the two-amplifier case, the above results eliminate 
EnoeA2 and display changes in C, . f.,.r, and (pr• Noise voltage EnoeA2, 
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the n~ise of A2. in the previous results, no longer exists for this single­
~plifie,_- solution. Capacitance C, becomes C, = CD +C;d, in this case, 
ehmmatmg the previous Cr,m component. For this circuit, the role of 
C;,m transfers to the bypass R/s signal voltage. This bypass alters f,r 
and (pr as described in the 1//J analysis where fzr = l/2rr R,'(C· +Cs+ 
C;cm) and (pr= 1/2rr R,-'(Cs + C1c,n). ' 

7.4 Adding Current Gain 

Adding current rather than voltage gain presents another bandwidth­
impro"."ng alternative to high-gain photodiode amplifiers. This al­
ternative best serves applications requiring a current output and 
there, c~·rent gain replaces transimpedance as the amplifier's gai~ 
mechanism. However, for photodiode sources, direct application of 
the_ op. amp c~rrent amplifier produces nonlinearity, latching, and 
oscillabons. fake the single-amplifier case above, bootstrapping the 
photodiode avoids these problems by removing signal swing from the 
photodio~~- Then, judicious component selection again optimizes 
1.he ctrcUit s no1se-versus-bandwtdth compromise. A simple feedback 
analysis transforms previous noise results to this current-gain case. 

7.4.1 Current gain altematlves 

~p amp circui~ readily produce current rather than voltage gain,2 and 
direct application of the basic, op amp current amplifier to photodiodes 
produces Fig. 7.11. Analysis of this circuit's performance first defines 

Figure 7.11 Connecting a pho­
todiode directly to an op-amp 
current amplifier adds current 
gain but impresses signal volt­
age eL across the diode, produc­
ing nonlinearity and latching. 
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the problems of the basic current-gain case, and then analysis of the 
bootstrap alternative illustrates the solution. In the figure, negative 
and positive feedback combine to deliver a current gain controlled by 
two resistors, Rr and R 1. This circuit actually performs a current-to­
voltage conversion with Rr followed by the inverse function with R1, 
adding gain in the process. The added gain again permits reducing 
Rr to increase bandwidth, and the circuit's single-amplifier structure 
avoids the noise of a second amplifier. Fw1:her, the circuit's dual 
function provides an extra degree of design freedom thaL again permits 
optimization of the noise-versus-bandwidth compromise. 

Temporarily neglecting capacitance effects illustrates this dual func­
tion to define the circuit's low-frequency cu1Tent gain A;o. At lower 
frequencies, signal CUtTent ip from the photodiode flows through Rr, 
producing the input to output voltage drop i,Rr . Feedback repli• 
cates this voltage across R 1 to retain zero voltage between the op 
amp inputs. In doing this, the feedback action supplies the current 
i0 = ipl/r /R I through R 1 and to the load RL . Thus, the circuit's cur• 
rent gain i0 / ip is A;o = RrfR, at low frequencies. This added gain 
permits the bandwidth-improving reduction of Rr, as described for the 
two preceding circuits. 

However, this direct application of the basic current amplifier pro­
duces th ree severe problems for the photodiode amplifier.3 Each of 
these problems results from impressing the load voltage across the 
photodiodc. In the fit-ot, nonlinearity develops from the inherent vari­
ation ofphotodiode responsivity with the diode's voltage. In Fig. 7.11, 
feedback replicates Lhe load's signal voltage e i directly across the 
diode, modulating the diode's responsivily. In a second problem, thjs 
signal condition produces a latch state when a larger e1, causes for• 
ward bias of the photodiode. Normally, the output signal current i0 

develops an e1, voltage polarity that holds the diode in a reverse-biased 
state. However, the transient condition of circuit turn on can momen­
tarily produce a forward bias. Then, the diode shorts the negative 
feedbac:< of Rr to ground, leaving the positive feedback of R, in con­
trol of the circuit. This positive feedback dominance latches the circuit 
in this forward-biased state. Limiting the load impedance Rr, reduces 
the possibil ity of the larger e1, required to produce this latch state. 
However, the uncertainty of transient conditions during circuit turn 
on make the circuit unreliable. 

In a third problem condition, impressing e,, across the photodiode 
capacitance promotes oscillation as illustrated by Fig. 7.12. Voltage 
e1, results from a positive feedback connection and its drop across ca­
pacitance Co produces a positive feedback current. This current flows 
to Rr, transferring a positive feedback signal to the negative feed­
back path, inviting oscillation. From another perspective, capacitance 
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Figure 7.12 The e 1,,. drop across the photodiode capacitance 
also promotes oseiUation with lhe Fig. 7.11 oonnection. 
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Co rolls off the negative feedback of Rr, making it possible for the 
ei,·cnil?s positive feedback to dominate through R 1 . In fact, this feed­
back combination inadvertently converts the circuit to the basic op 
amp square-wave generator.4 For this generator, the op amp acts as a 
comparator, producing a square wave output in response 1:<l triangle• 
and square-wave signals at the ampl ifier's two inputs. These input 
signals result from an integrating negative feedback and a hysteresis• 
producing positive feedback. Here, Rr and Cv integrate tt.e square• 
wave output signal, producing a triangle wave at the amplifie1's in­
verting input. Meanwhile, R1 and Rt transfer a square wave to the 
amplifier's noninverting input, shifting the threshold for the ensu­
ing comparator action of the amplifier. Each time the t,;angle wave 
at the inverting input reaches the level of the square wave at the 
noninverting input, the circuit switches comparator states. To pre­
vent this oscillation, a dominant roll off must be added to the posi• 
tive feedback path through the load bypass of C9. This requires a 
bypass capacitance C9 > A;oC/J = R,Cv/R1 and devastates signal 
bandwidth. 

Bootstrapping the photodiode avoids all three of the above prob­
lems by removing the load's s4,'Ual voltage from the photodiode. Fig­
ure 7.13 shows this solution with the previously grounded end of the 
diode returned to the top of load R1,. Then, signal voltage ei no 
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Figure 7.13 Bootstrapping thee pl:i,otodiode remov_es e!. fl"Qm the 
diode, av,)iding tho problems of F,g. 7. U and dehvenng the de­
sired cu1·re1,t gain A1-0 = i<>/lp = Rr /Ri • 

longer drops across the diode, avoiding the nonlinearity, latching, and 
oscillation of the preceding ci rcuit. Here, thee,. signal drives the op 
amp's noninverting input, and feedback virtually d~plicates this sig­
nal at the amplifier's inverting input. Thus, the positive feedback sig­
nal becomes a common-mode signal at the amplifier's two inputs, and 
common-mode rejection virtually removes the signal from the diode. 
Only the small input error signal of the op amp, e,d, ~-emains acr~ss 
the photodiode. This very small signal leaves the diode respons,v­
ity essentially unchanged and avoids the forward-biased diode state 
that produced latching. Also, removing the signal voltage from the 
diode's capacitance avoids the coupling of a positive feedback current 
into the negative feedback path. The negative feedback network ~ow 
rides atop the positive feedback signal, preventmg rnteractton. Given 
these cures, the bootstrapped currenl amplifier reliably produces the 
current gain A;o = i0 /ip = RrfR1 as originally intended for the pre­
vious circuit. The bootstrap connection actually 111creases tlus gam 
slightly due to the added flow of i,, from the diode's a~ode ?irectly to 
RL- However, high-gain applications typically produce'• » ip, making 
this ad:led gain negligible. 

7.4.2 Optimizing the current-gain 
bandwidth-versus-noise compromise 
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This compromise parallels that of the two-amplifier solution previ­
ously described in Sec. 7.2.l. There and here, both the bandwidth 
and noise performance of the circuit exhibi t peaks in their relation­
ships with the added gain. The two peaks occur at the same gain 
value, and the optimum bandwidth-versus-noise performance occurs 
at this peak value. The earlier discussion defines the origins of this 
opt imum. As before, a specific A,0 value here optimizes bandwidth 
and the bandwidth-versus-noise compromise simultaneously. Thus, 
an analysis focus upon bandwidth versus A;o automatically includes 
the noise compromise as well. 

The bootstrapped current ampliJier returns bandwidth control to 
the limits normally imposed upon photodiode amplifiers. Bootstrap 
removes the posil;ve feedback coupling that previously required the 
Ca bypass of the load in Fig. 7.12. That bypass dramatically reduced 
signal bandwidtl1 as described before. Removing this bypass, the boot­
strap alternative returns band,vidth cont rol to the limits imposed by 
capacitive bypass of Rt and the Aor. roll off of the op amp. In high­
gain cases, the parasitic Cs bypass of Rr sets a bandwidth limit at 
the pole frequency (pr = 1/2rr R,Cs . As before, adding circuit gain per­
mits reduction of Rr and increases this (pr limit. However, the second 
band,vidth limit, produced by the amplifiees ,½r_ roll off, ultimately 
restricts the degree of improvement. This roll off results from the am­
pJiJie1's limited gain-band,vidth product beyond which the ampLifier 
lacks the loop gain required lo support the circuit's ideal response, 
A;o = i0 / i,, . The intercept of the circuit's 1/{J curve and the ,½r, re­
sponse defines the maximum frequency for which Aot supports the 
gain demand of the feedback. As described with the earlier Fig. 7 .6, 
this intercept imposes a bandwidth limit at, f; = fJHf., where /J1-1 is 
the high-frequency value of the circuit's feedback factor {J, and f. 
is the unity-gain crossover frequency of ,½r.. Making the /~r and f; 
bandwidth limits coincident optimizes bandwidth and defines design 
equations for the bootstrapped current amplifier. Aligning f; with 
(pr again produces a two-pole roll off for the signal response, making 
BW, = 0.64(pr, wherefpr= l /2rrR,-Cs. 

Equating the expressions for {pr and f; defines optimum-bandwidth 
design equations fo1· Rr and Rt in terms of known circuit quantities. 
However, the combined negative and positive feedback paths compli­
cate the determination off; = fJHfc- This requires knowledge of the 
circuil's feedback factor {J, and the two feedback patb.s both a'Tect this 
factor. Still, the combined effect of the two develops a single differen­
tial input signal e ;d between the op amp's inputs. This signal defines 
the fraclion of the output fed back to the amplifie1's differential input 
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or the feedback factor. Analyzing the circuit for e;d/eo == /3 produces a 
comple,c result, but practical conditions reduce it to a simple equation. 
Jn practice, Zr» R1, where Zr is the paralleled combination of Rr and 
Cs. The low value of Cs and, for high-gain cases, the high value of Rr 
make Zr» R, over the useful range of the op amp bandwidth. Given 
this appro,cimation, the circuit's feedback factor becomes 

R, 1 +RrCss 
/3 == R, +Ri l +Rr(C; + Cs)s 

where C; == Co+Cid• Here, Co is the photodiode capacitance, and C,d is 
the differential-input capacitance of the op amp. At high frequencies, 
the cil'cuit capacitances dominate, reducing this feedback factor to 

( 
R, ) ( Cs ) /3 Cs 

f3H == R , + Ri C; + Cs == ° C, + Cs 

Given tltis e,cpression, {; == f3Hfc defines f, for the coincident band­
width limit of the f,,r == f,_ bandwidth optimization. However, equat­
ing f,r and {; and solving for the required Rt· yields another com­
ple,c rnsult. A practical consideration agam offers a sunpltficat1on 
through an appro,cimation for /3o, the low-frequency value of /3. Here, 
f3o == R i!(R , + RL), and output compliance considerations favor the 
condition R1 « Ri, making /3o "' R i!Ri . Output compliance rang~, ~r 
Lht: voltage limit across R1.,1 rccults from the saturation volbtgA hm1t 
<>f the op amp output. For linear response, the amplifier output volt­
age e, must support the voltage drops across both R , and RL without 
encounteri ng this saturat ion limit. These two resistances conduct the 
same current i and making R1 « RL reserves most of the amplifier's 
voltage range f~r the voltage across RL. Then, /3o "'R,/RL, making 
/3H = (R 1/RL)Cs/(C; + Cs) and{; == /3nfc == (R1/R1,l(cCs/(C, + _Cs). 
Equating this{; e,cpression to {pf== l/2rr RrCs and solvmg for Rr )'lelds 
the design equation 

JA;oRL(C; + Cs) 
Rr= Csfo; 

where C, == Co + C;d and We == 1/2rrfc. In this equation, condi­
tions of the specific circuit define all of the variables except A;o . This 
last variable depends upon the cu1-rent gain requirement of the spe­
cific application, as chosen by the user. Choosing a value foi- A;o for 
the :equircment then defines Rr- Next, the design value for R 1 fol­
lows from R1 = Rr /Arn. Together, the design equations of this para­
graph define the circuit conditions that ~ptimize the circuit's gain­
bandwidth comprontise. These equations s,multaneously opturuze the 
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circuit's bandwidth-vel'sus-noise comprontise as described earlier in 
tltis section. 

7.4.3 Noise analysis tor the 
current gain case 

Noise analysis for the bootstrapped cw·rent amplifier requires two 
steps. First, the conventional E 0 0 analysis defines the rms noise volt­
age at the amplifier output. Then, a conversion analysis relates the 
Eno result to the output noise current 100, As before, E00 results from 
the noise components EnoR, Enoi, and E0 00 . These componen~s repre­
sent the l'lllS output noise resulting from circuit resistance and from 
the input cun-ent and voltage noises of the amplifier. Gain and band­
width differences distinguish the noise results here from tho,e of the 
basic current-to-voltage converter. First, the circuit's posit:vc feed­
back amplifies lhe basic noise effect for each noise component by a 
factor of 1//30- Here, /3o == R ,/(R1 + RL) is the low-frequency value of 
the circuil's feedback factor as developed before. Next, the circuit's 
Lwo-pole roll off, resulting from the f, == {pr alignment, reduces the 
effect of each noise component through a steeper response roll off. 

The amplified, two-pole results parallel those of the single-amplifier 
solution described in Sec. 7.3.2. Converting those earlier results to 
this case replaces the previous gain A,o with 1//30 here. Previously, the 
noise results reflected the performanca of the eimilarly boototroppcd 
amplifier of Fig. 7 .9. One other difference separates the two cases 
because of the change in the capacitance bypassing the Rr resistance. 
Here, stray capacitance Cs bypasses this resistance rather than the 
Cs + Cicm before. Thus, replacing A.;> with 1//30 and Cs + C;,m with 
Cs translates the Sec. 7.3.3 noise results for application to this case. 
Then, for the Fig. 7.13 current amplifier the noise voltage at the am­
plifier output follows from the analysis steps below: 

Enoel == (e..,r/fJo)/frlnifr/fi), where 1//30 == 1 +RL/R1. Herc, enif is 
the eni noise floor level, and fr is the 1/f noise corner frequency of 
the op amp. As explained in Sec. 5.2.3, setting fi as 0.01 Hz avoids 
a theoretical contradiction and ensures analytical accuracy. 

Enoe2 = (enir//3o)Jf,r-fr, where f,r == 1/21rRr(C; + Cs), and C; == 
Co + C,d- Nwnerical evaluation here can produce the square root of 
a negative number. Then, substitute zero for the result as explained 
in Sec. 5.3.1. 

Enoe3 == (en;r//3of,r) (ti - fzr3) /3, where {pr== l/2;r l/rCs . 

Enoe4 == 0. 
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Enoe,; = (en;r/c2/ /Jo) / 1//i, where fc is the unity-gain crossover fre­
quency of the amplifier, and Ii = f,,r = l /2rr R,Cs. 

Enoe = )Enoe,2 +E0 .. 2
2 + Enoe32 +E0 oe5

2
, the total rms output noise 

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

EnoR = (1//Jo) jkTRrrrfpr 

Eno; = (/?r //Jo) Jq tr{prlB-/2 

✓E 2 2E2 Eno = noR + Enoi + noe , the total rms noise at the op amp 
output. 

Havbg calculated Eno, the actual noise of interest l,,0 follows from a 
simple zonversion. In Fig. 7.13, the positive feedback to the amplifier's 
noninverting input delivers a portion of e0, including a portion of E,,0, 
to the load RL, This portion, or fraction of the output fed back to the 
noninverting input, equals the circuit's positive feedback factor /J+­
Thus, the portion of Eno noise voltage delivered to R1, equals (/3+lEno, 
making ! 00 = <fJ+lEno/R1,. Two feedback paths contribute to /J+ with 
the primary path through R1. A secondary path develops through 
Rr, Cs. and C,, but this path contributes much Jess feedback signal. 
For high-gain photod.iode amplifiers, the parallel impedance of Rr and 
Cs greatly exceeds that of R, over the useful frequency range of the 
amplifier. Neglecting the secondary path, /J+ = RL/(R1 + Rr,), making 
the output noise current of J<'ig. 7. l:.l 
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Chapter 

8 
Reducing Power-Supply 

Noise Coupling 

Noise on the power-supply lines couples into the signal path of the pho­
todiode amplifier through the finite PSRR of the op amp. T:-us noise 
most often results from the line impedance interaction with currents 
drawn by the amplifier and other circuitry powered from the same sup­
ply hnes. Supply cu1Tent flows through these impedances, producing 
voltage drops th:!lt represent noise at the amplifier eupp1y conncctionc. 
This power-supply noise couples through the ampliner's PSRR to re• 
produce a portion of the noise signal at the op amp inputs. T:~ere, the 
coupled noise combines with the amplifier's normal input noise to be 
amplified _by the noise gain peaking of the photodiode amplifier. This 
gam peaking effect makes supply noise reduction especially important 
for the photodiode amplifier. The gain peaking also makes the photodi­
ode amphfie: more vulnerable to oscillation. That portion of the supply 
noise ~esultmg from the amplifier itself constitutes a parasitic feed• 
back signal, capable of producing this self-genera Led noise ccndition. 

Numero1:1s techniques commonly reduce this parasitic coupling 
through w1de supply buss traces, min.imized buss lengths, star con­
nect1ons, and supply bypass. The first two techniques, buss width and 
length control, reduce supply-line resistance and inductance. Star con­
nections provide sepa'.a_te supply runs to sensitive and noisy circuitry, 
such as analog and digital, to minimize device interaction. However 
most importantly, capacitive bypass of the power-supply line, great}; 
attenuates the noise interference and ensures frequency stability as 
well. To be successful, the bypass selection requires close attention to 
the frequency-dependent impedances of both the supply line; and the 
bypass capacitors. Initial intuition suggests simply placing the bypass 
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E .... ~ = (en,r/<2//30),/1/i':. where fc is the unity-gain crossover fre­
quency of the amplifier, and f, = f.r = l/2rr Iii-Cs. 

Enoe = JE ... 1
2 +E.002

2 +E ... s2 +E • ..,5
2

, the total rms output noise 
resulting from the spectral noise voltage en, ~f the amplifier input. 

EnoR = (1/Po) JKTRrrrfpr 

Enoi = (Rr!Po)jqrr{prh1-/2 

E00 = j EnoR 2 + E00,Z + E00.2, the total rms noise at the op amp 
output. 

Having calculated E00, the actual noise of interest f 00 follows from a 
simple conversion. In Fig. 7.13, the positive feedback to the amplifier's 
noninverting input delivers a portion of e0 , including a por tion of E00, 

to the load Ri, This portion, or fraction of the output fed back to the 
noninverting input, equals the circuit's positive feedback factor /3+. 
Thus, the portion of E00 noise voltage delivered to Ri equals <P+>E00, 

making Ino = (/J+)E.,0 /Rt, 'I\vo feedback paths contribute to /3+ with 
the primary path through R1. A secondary µath develops through 
Rr, Cs, and C;, bui this path contributes much less feedback signal. 
For high-gain photodiode amplifiers, the parallel impedance of Rr and 
Cs greatly exceeds that of R1 over the useful frequency range of the 
amplifier, Neglecting the secondary path, P+ = Rt/(R1 + RL), making 
the output noise current of Fig. 7.13 
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Chapter 

8 
Reducing Power-Supply 

Noise Coupling 

Noi.se on the power-supply lines couples into the signal path of the pho­
tod1ode amplifier through the finite PSRR of the op amp. This noise 
most often results from the line impedance interaction with currents 
dra"".'1 by the amplifier and other circuitry powered from the same sup­
ply Imes. Supply current .flows through these impedances, producing 
voltage drops that represent noise at the amplifier supply connections. 
This power-supply noise couples through the amplifier's PSRR to re­
produce a portion of the noise signal at the op amp inputs, There, the 
coupled noise combines ,vith the amplifier's normal input noise to be 
amplified by the noise gain peaking of the photodiode amplifier. This 
gain peaking effect makes supply noise reduction especially important 
for the photodiode amplifier. The gain peaking also makes the photodi­
od~ amphfie~· more vulnerable to oscillation. That portion of the supply 
no,se resulong from the amplifier itself constitutes a parasitic feed­
back signal, capable of producing thjs self-generated noise condition, 

Numerous techniques commonly reduce this parasitic coupling 
through wide supply buss traces, minimized buss lengths, star con­
nections, and supply bypass. The first two techniques, buss width ond 
length control, reduce supply-line resistance and inductance. Star con­
nections provide separate supply runs to sensitive and noisy circuitry, 
such ~s analog and dig;tal, to minimize device interaction. However, 
most importantly, capacitive bypass of the power-supply lines greatly 
attenuates the noise interference and ensures frequency stability as 
welL To be successful, the bypass selection requires close attention to 
the frequency-dependent impedances of both the supply lines and the 
bypass capacitors. Initial intuition suggests simply placing the bypass 
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capacitors right at the amplifier's power-supply terminals and making 
the capacitors large. 

Hera, the first intuitive assumption works but the second fails. 
Close placement minimizes the interconnect length and the associ­
ated inductance between the amplifier and the capacitors. For best 
results, the byp~~s capacitors should be surface-mount types mounted 
right between the amplifier's power-supply pins and a g1·ow1d plane. 
However, practical layout considerations often prevent this ideal con­
dition, and in any case, amplifier lead impedance remains unbypassed. 
The second intuitive assumption, making the capacitors large, fails be­
cause of the parasitic impedances of such capacitors. Large capacitor 
values do minimize the bypassed line impedances at lower frequencies 
where the capacitors remain purely capacitive. However, the internal 
construction of larger capacitors produces a significant parasitic in­
ductance, interrupting the bypass effectiveness at higher frequencies. 
In compromise, the primary bypass capacitance value should be made 
large enough to sufficiently limit line impedance but no larger. 

Where necessary, adding a smaller capacitor in parallel with the 
fi rst cammonly bypasses the inductance of the first. However, the sec­
ondary capacitor has inductance of its own, producing another bypass 
compromise at a somewhat higher frequency. Further, the secondary 
capacitor reacts with the inductance of the first, producing a reso­
nant increase in the supply-line impedance. Careful selection of these 
capacioors produces a compromise solution LhaL r~tai,ls low bypass 
impedance throughout the amplifier's significant frequency range. For 
this selection, analysis of the net bypass impedance produces two sim­
ple design equations that guide the capacitor selection. For the more 
severe coupli ng cases, a resistive detuning of the bypass impedance 
prese,ves stability, or the addition of series line impedance forms de­
coupl:ng filters. For both of these special cases addit ional design equa­
tions again guide the component selection. 

8.1 The Power-Supply Bypass Requirement 

Noise on the power-supply lines of an op amp circuit couples to the 
circuit's output with a maguitude controlled by the supply-line im· 
pedaJJce, the amplifie1's PSRR, and the circuit's noise gain. Typically, 
the inductive portion of the line impedance produces the most serious 
coupling due to the associated impedance rise with increasing fre­
quency. Simultaneous with this rise, the amplifier's PSRR declines, 
increasing the parasitic coupling further. For photodiode amplifiers, 
yet a third increase results from the characteristic noise gain peak­
ing. Bypass capacitors convert the line impedance rise to a decline to 
rest rain this coupling increase. In addition, these capacitors must pre-
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serve frequency stability by sufficiently reducing the line inpedance 
at higher frequencies. Part of the supply-line noise signal results from 
the amplifier itself and establishes a parasitic feedback loop capable 
of producing oscillation. 

8.1.1 The noise-coupling mechanism 

Fig1l'l'e 8.1 illustrates the fundamental need for power-supply bypass. 
There, positive and negative power supplies V + and V _ st.pply the 
corresponding bias terminals of the amplifier with the voltages V p 

and V,v . Ideally, Vp = V+ a nd VN = V_ but intervening, supply-line 
inductances L,, react with the signal cun ent is , producing voltage dif­
ferences. Here, the signal current is results from the combined supply 
currents drawn by the op amp and other circuitry powered from the 
same supply lines. The Lp inductances result from an inherent para­
sitic effect of the connecting li nes between the power supplies and the 
amplifier. A typical plinted circuit board trace introduces about 15 nH 
of parasitic inductance per inch of trace and wire introduces a similar 
value.1 While seemingly small, complex board and v.~ring connections 
produce inductances in the hundreds of nanohenrys. The resulting 
supply-line impedances can seriously degi·ade noise performance and 
frequency stabi lity. Adding the CIJ bypass capacitors shown rolls off 
these impedances to attenuate the supply coupling effects. 

The circuit model shown intentiowdly oversimplifies the actual con­
ditions of a practical circuit to provide more intuitive insight into the 
bypass requirement. First, the model omits the input signal to permit 

Rr 

Yp =V+ - isZL 

VN =V- 1- isZt 

Figu_r.e 8.1 Bypass ea.pacico~ Ca suppress supply voltsge cltanges produced by the 
reacti.on of supply current drain is with power•supply line inductances Lp . 
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focus upon only those signals relating to the line impedance and its 
bypass. Next, the model simplifies the line conditions. In practice, 
the V+ and v_ supplies add output impedances and noise sources of 
their own, different circuits draw signal currents at different points 
upon the supply lines, and the supply-line resistance adds to the volt­
age drops produced with is. However, the bypass practices developed 
with •;his simplified model also contend with these other effects. 

Intuitive evaluation of the model provides a first insight into the by­
pass benefit. Fundamentally, the C8 bypass capacitors shunt the line 
impedances to reduce the supply-line voltage drops produced by is . 
However, from another perspective, the capacitors Sel-ve as local reser­
voirs for the immediate supply of higher-frequency current demands. 
Otherwise, such currents encounter significant time delays in theu­
travel from the power supplies and through the line inductances tO 
the op amp. This delay produces phase shift in the amplifier response 
and, for a given time delay, the corresponding phase shift increases 
with :requency. To counteract this, the charge stored on the bypass ca­
paciwrs supplies much of the high-frequency cunent demand locally, 
decreasing the time delay and the corresponding phase shift. 

Circuit analysis quantifies the bypass benefit. The bypass capacitors 
reduce but do not eliminate the power-supply coupling effects. Voltage 
differences still develop v.~th the residual impedance of the Lp, Co 
combinations . The net line impedance ZL reacts with signal current 
i,;, reducing the voltage magnitudco at both Vr and VN by tho amount 
isZL, Then, Vp = V+-isZL and V.,, = V _ +isZ1,, so the total supply 
voltage delivered to the op amp, Vp - VN = V+- V_ -2isZL, decreases 
by the amount 2is Zl. This reacts with the PSRR of the op amp, 
producing an amplifier input error of e;dS = 2is Zi/PSRR. The circuit 
amplifies this error signal with the same A,,. gain that amplifies the 
op amp's input noise voltage to produce an output noise component 

2AneisZL 
enos = PSRR 

Here, e,,05 represents the output noise produced by supply-line cou­
pling and for the generali,..ed configuration of Fig. 8.1, Ane = 1 +R2/R1. 

8. 1 .2 The noise-coupling 
frequency response 
Examination of the above expression reveals the photodiode ampli• 
tier's power-supply sensitivity and its frequency dependencies. The 
supply-coupled noise enoS depends upon the line impedance Zi, the 
amp:ifier's PSRR, and the noise gain Ao•· In the ,mbypassed state, 
each characteristic varies in a manner that increase e,,.s as frequency 
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increases. Comparison of unbypassed and bypassed cases reveals that 
supply bypass reduces the resulting enos response from a triple zero to 
the single zero normally expected with the photodiode amplifier. Un­
bypassed, a rising A 0 , gain., a declining PSRR, and a rising Zi each 
introduce zeroes in the enoS response. Bypassed, a declining PSRR 
and a declining Zi produce canceling effects and leave the single zero 
of the rising A., •. Examination of these effects adds insight into po­
tential noise origins for troubleshooting a circuit, especially in light of 
the practical bypass deficiencies described later. 

As described before, the response zero of the A,,. noise gain results 
from the amplifier input error signal across the photodiode capaci­
tance. This parallels the amplifier input noise voltage drop described 
in Sec. 5.1.2. In the figure, the e;ds = 2isZi/PSRR error voltage drops 
across the photodiode and its capacitance. The resulting capacitive 
current e;dsCvs flows through feedback resistor Rr, producing the am­
plified output noise voltage, enoS = e;dSCvsRr = 2isZiCvsP'ffPSRR. 
As frequency increases, this error rises due to the numerator-based 
s term here. From a circuit perspective, this rise reflects the falling 
capacitive impedance and lhe increasing capacitive error current that 
results. The resulting output noise would simply follow the normal 
gain peaking effects of the Sec. 5.1.2 noise voltage analysis, but the 
other two response zeros increase the noise response further. 

The second response zero results from the declining PSRR of the 
op amp. This decline increases the e1ds = 21sZi/PSRJ:t input error 
signal to in turn increase eno5 = AneeidS· An approxi.maticn to the 
PSRR frequency response simplifies the mathematical expression of 
this effect. Over most of the amplifier's useful frequency range, PSRR 
typically rolls off with a single-pole response as shown in Fig. 8.2. In 
this single-pole span, the response drops with a 1:1 slope, muting the 
PSRR decline in direct proportion to the increasing frequency. This 
declining cw·,,e crosses the unity gain, or 0-dB axis, at a crossover 
frequency {cp, marking a reference point. Together, f,p and the curve's 
1:1 slope define PSRR"' f,p/( = wcr,/ s in this dominant si:lgle-pole 
range. Substituting this PSRR approximation in the preceding e noS 

equation produces enoS = 2isZLCos2Rrfw<P. This expression displays 
the numerator-based s2 term of a double-zero response, ir.creasing 
high-frequency noise further. 

Without bypass, a third response zero results from the inductances 
of the power-supply lines. Then, the line inductances make the line 
impedances ZL = Lps, and substituting this expression in the last 
e,,.s equation produces enos = 2isLpCos 3Rrfw,p, This expre~sion dis­
plays the numerator-based s3 factor of a triple-zero response. At 
higher frequencies, such a response produces a very large gain ·eor the 
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PSR 

PSRR ~ fcp/f 

/ 

PSR = 20LOG(PSRR) 

Figure 8.2 Op amp power-supply ~~tion dh,playi; a frequc111cy re• 
sponse approximated by PSRR ~ {q,/{, where f,. is the wlity-gain 
crossover or PSRR. 

power-supply noise signal. Reducing this gain requires decreasing Lp 

a.nd/or increasing wcp. Decreasing Lp reduces the supply-line noise sig­
nal, and increasing <v,p improves the PSRR ability to reject Lhis noise. 
These noise reduction options combine with power-supply bypass in 
the control of power-supply noise coupling. 

Adding the C8 bypass capacitors of Fig. 8.1 dramatically reduces 
this noise coupling by removing two of the three zeroes in the enos 
response. Ideally, capacitive bypass dominates the higher-frequency 
line impedances, converting them from Zi = Lps to Zi = 1/CBS­
This ~emoves a zero and adds a pole. Making this ZL = 1/CBS 
substitution in the enos = 2isZ1,Cos2Rr/w,0 equation produces enoS = 
2isCosRrfCsw,0 . Here, a simples factor in the numerator replaces 
the previous s3, reflecting a single rather than triple zero for the e0.s 
response. Then, the power-supply noise produced by signal current is, 
and olupled to the amplifier input through PSRR, only receives the 
same amplification as the amplifier's input noise voltage. However, 
lhis bypass must also ensure frequency stability, and bypass deficien• 
cies still requiJ:e attention to the noise reduction options involving 
reduced Lp and increased <v,0 as desc,;bed above. 

8.1.3 Power-supply coupling and 
frequency stability 

In addition to noise reduction, the power-supply bypass must serve a 
second and generally more prevailing purpose, the preservation of fre-
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quency stability. Lack of stability or oscillation produces the ultimate 
noise signal, independently sustainmg itself and easily dominating the 
circuit's response error. As a result, the bypass selection generally fo­
cuses first upon stability and then upon improvements that further 
reduce noise coupling. Stability preservation requires bypass control 
of the parasitic feedback loop established by the supply-line in:pedance 
and the amplifier's PSRR coupling. Analysis of this feedback loop pro­
vides insight into the loop's origin and control and produces a mathe­
matical expl·ession of the condition required for oscillat ion. 

As described with Fig. 8.1, this loop originates in the power-supply 
noise signal 2isZL that couples to the amplifier input in the error 
signal e,dS = 2is Zi/PSRR. From there, the amplifier produces an 
output signal and a corresponding feedback error signal that actu­
ally supports e,dS· Figure 8.3 illustrates this feedback relationship 
with a modified version of the Fig. 8.1 circuit. As before, the circuit 
here neglects the input signal to focus the analysis upon signals re• 
lated to the PSRR error. Modifications here alter the power-supply 
connection and the input error signal. For the supply connection 
the amplifier load current ii replaces the previous is, and the V; 
connection alone illustt·ates the supply coupling effect. Only the am­
pli fier's ii portion of is influences stability because only this portion 
produces a feedback relationship with the amplifier. Also, the cou­
pling effects described here for the V+ connection apply to those that 
occur with the V_ path o.s well. Next, a. change in the input error 
signal shown reflects the effect of amplifier gain error. In the fig­
ure, the e0/A gain error term appears in the more general input error 

C;I 

+ Vp -=- v"+ 

l 

~igu!e 8.3 Load current ii , CU;·awn by the op amp, reacts wi th the su.ppty­
hne inductance to produce an input error signal that in turn produces an 
output voltage and potential oscillation. 
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signal e;d, instead of the previous e,as, to include the parasitic feedback 
mechanjsm. 

8.1.4 The oscillation condition 

Tracing a signal through the parasitic feedback loop illustrates both 
the feedback mechanism and its potential for oscillation. An intuitive 
evalu3.tion illust1·ates the mechanism, and then a quantitative analy­
sis defines the oscillation condition. In the figure, an e0 output voltage 
from the amplifier supplies a load current ii to resistor R1,. The ampli­
fier draws this current from V+ and through the Zi impedance of its 
supply line. The rnsulting line voltage drop produces a component of 
the e,d e1TOr signal, -ii,Zi/PSRR, through the amplifier's finite PSRR. 
Then, the circuit amplifies this component by the amplifier noise gain 
Ane, producing an e0 output response. That response reflects back 
to the amplifier inputs through the amplifier's open-loop gain A, pro­
ducing the e0JA component of the e,d shown. Thus, the power-supply 
coupling produces an input signal, which in turn produces an output 
signal that then produces an input signal. This simple link describes 
the full circle of a feedback loop capable of sustaining oscillation. 

Quantifying this analysis produces two equations that describe 
the amplifie1's feedback response and express the fundamental con­
ditioD required for oscillation. First, the direct and secondary ef­
fects of power-supply coupling produce the input error signal e;d = 
-ii,Z;,/PSRR + e0/A as described above. Substituting iL = e. Jl:li re­
moves the iL variable for 

( 
ZL 1) 

e,d =. RLPSRR + A e. 

To sustain oscillation, e,d must independently support eo through a 
second relationship. An op amp circuit amplifies its input error as 
expressed by2 

where An, = A/(1 + A/3) is the circuit's noise gain. The last two equa­
tions describe first the e,d dependence upon e0 and then a converse 
relationship. Oscillation result., when the two signals support each 
other with no additional assistance. Combining the equations for the 
two produces the oscillation defining condition 

Zi,A - RLPSRR 
eo = eo (l + A{J)RiPSRR 

While too complex for intuitive evaluation, this last equation quickly 
yields two simplified results. With e0 on both sides of the equation, 
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only two solutions satisfy the equality expressed. First, e. = 0 bal­
ances the equation, indicating the stable state with no self-sLStaining 
oscillation signal. Second, dividing both sides of the equation by e0 
and solving for Z1, defines the line impedance required to produce the 
oscillation state 

z = RLPSSR "' RLPSRR 
L A/(2 + A/l) A00 

Preventing oscillation requires avoiding conditions that balance this 
new equality. Keeping Z1, low avoids oscillation as long as 

This last ZL equation offers several insights into the bypass require­
ment and the related parameters that control stability. Variations in 
three parameters of the equation influence the ZL requirement. At 
lower frequencies, bypass capacitors fail to reduce ZL, increasing the 
value of the left side of the equation. However, at these low frequen­
cies, PSRR remains high, increasing the right side and preserving 
the equation's < condition. At higher frequencies, PSRR declines, de­
creasing the value of the right side. However, bypass capacitors then 
reduce ZL to retain the stability condition. At all frequencies, the 
value of load resistance R1., influcances stability. As expressed above, 
lower values of Ri require C01Tespondingly lower values of Zi. There, 
lower RL values produce greater supply-current drains that increase 
the supply-voltage drop developed on the Zi impedance. 

The above analysis provides intuitive but simplified guidel ines to 
stability preservation through control oft.he line impedance's magui­
tude. In practice, phase sh ifts also influence stability, and complex 
phase conditions actually accompany the ZL magnitude requirement 
above. The PSRR roll off adds a 90° phase shift, and the bypassed Zi 
impedance displays multiple resonances that potentially produce 180° 
phase transitions. These transitions compromise stability in a manner 
not evident from cursory examinat ion of the above Zi equation. The 
complexity of the overall result presents a formidable analysis task 
again best avoided by design practices intuitively co=w1icated by 
that Zi equation. Then, examination of the Z L resonances produces 
simple design equations that ensure stability. 

8.2 Selecting the Primary Bypass Capacitor 

As described above, supply bypass that maintains low line impedance 
limits supply noise coupling and preserves frequency stabil:ty. This 
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suggests malting the bypass capacitance large to minimize the tesult­
ing Zi = 1/Css impedance. However, power-supply bypass does not 
simply replace the ZL = L,,s impedance with Zi = 1/CBs as previ­
ously approximated. This approximation fails due to a variety of reso­
nances formed with parasitic inductances. The basic power-supply by­
pass produces two such L-C resonances. Just the line inductance and 
the basic bypass capacitor produce the first, and the capacitor itself 
produces the second. The first one must be placed within the useful 
frequeucy range of the op amp in order to realize the bypass bene­
fit. However, the second one can often be placed outside this range 
by avoiding an excessively large capacitance value. Larger capacitors 
have greater internal inductances that move this second resonance to 
lower frequencies. A compromise solution produces a design equation 
that adequately reduces Une impedance but keeps this second reso­
nance at a higher frequency. Later, the addition of a secondary bypass 
capacitor contends with the second resonance for higher-frequency am­
plifiers that cannot escape it. 

8.2.1 Bypass resonances 

The first results from the reaction of' Cs withLp and occurs well within 
the frEquency range of the amplifier. In Fig. 8.3, CB effectively appears 
in parallel with the Lp supply-line inductance. There, the ideal zero 
impedance of V + returns L,, to ac ground, completing this parallel 
connection. Then, c8 and Lp form the classic L·C tank circuit with 
an impedance of 

Z 
_ Lµs 

L- LC • 1 + v os-

At low frequencies, ZL = Lps, and at high frequencies, ZL = l/CIJS 
as previously approximated. However, at an intermediate frequency, 
this inpedance displays a resonance maximum at the frequency frL = 
lf2rr JLpCB . There, the Zi line impedance approaches infinity, to­
tally counter lo the impedance reduction intended by the power-supply 
bypass. 

Fortunately, a parasitic line resistance Rp and the amplifier's PSRR 
contend with this resonance. The Rp resistance dissipates the reso­
nant energy of the L-C tank, detuning it to dramatically restrain the 
resulting impedance rise. A typical printed circuit trace introduces a 
parasitic 12 mQ per inch in its connection between the power supply 
and the amplifier. In addition, choosing CR to place this resonance 
at a lower frequency where PSRR remains high lets the amplifier 
attenuate the associated coupling effect. Figure 8.4 illustrates the 
frequency response of this Zi impedance along with the impedance's 

AOL 

R(SISTIV( 

/Lp(R~ Ca +Lp) 

CAPACITIVE 

ZL = I/C9s 

/ 
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Figure 8.4 Together, the power-sup1>ly Jine inductance :;md a bypass capaci­
ta11ce form uo L-C Lank circuit. with a resonant impedance detuned only by 1,be 
presence of parasitic line resistance Rp. 
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circuit model. Superimposed on the figure, the amplifier's AoL re• 
sponse provides a relative frequency comparison. In the model, bypass 
capacito1· CB shunts the series combination of the parasitic line induc­
tance Lp and the parasitic line resistance Rp. This model assumes the 
zero output impedance of an ideal power supply and returns the L,,, 
Rp combination to ground. Then, the circuit model represent, the Zr, 
line impedance seen from the V p terminal of the amplifier's positive 
supply connection. 

As shown by the ZL response plot, the line impedance varies from in­
ductive to resistive to capacitive as frequency increases. At lcwer fre­
quencies, line inductance L p controls Zi, producing a rising impedance 
curve. At higher frequencies, bypass capacitor CB takes control, pro­
ducing the declining Zi curve desired. Between these two frequency 
ranges, the inductive and capacitive response curves cross at their 
resonant frequency f,.. There, ZL rises to a peak value and actually 
increases because of the presence of bypass capacitor Cs. Fortunately, 
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the presence of resistance Rp limits this rise by detuning the tank cir­
cuit. 

8 .. 2.2 An intuitive evaluation 
of bypass resonance 

Multiple supply-line resonances potentially affect an op amp circuit. 
An ir.tuitive evaluation of the underlying L-C resonance adds insight 
into their cause and control. For this evaluation, consider the com­
ponent curves that define the Fig. 8.4 Z1, response. As mentioned, 
indultive and capacitive influences largely shape this response with 
one or the other dominant at frequencies separated from the reso­
nance at f,. However, in the v'icinity off,., the magnitude and phase 
relationships of the inductive and capacitive components combine to 
increase the ZL line impedance. The effect of this combination paral­
lels tile magnitude/phase relationship of the basic stability issue de­
scribed in Chap. 3. There and here, the crossing of two magnitude 
response curves marks the frequency of magnjtude equality since the 
two curves then occupy the same point on a graph. In the figure, 
dashed line extensions of the inductive and capacitive impedance re­
sponses mark this point where the Z1, = L,,s and Zr, = 1/Css lines 
cross at f,. 

At this crossing, the slopes of the two lines reflect their associated 
phase shifts and the slope difference, or rate of closure, reflects the 
corre.;ponding phase difference. At f,, this phase rufference turns 
this equal magnitude point into a resonance. The single-zero ris­
ing response of the Lps component reflects a 90° phase lead, and the 
single-pole declining response of the J/Cos component reflects a 90' 
phase lag. This combination produces a 180' phase difference be­
tween the impedances of the circuit model's Lp and Ce components. 
For the ideal L-C tank circuit, this magnitude and phase combina­
tion produces an infinite impedance, and any supply of energy to the 
tank produces oscillation. Simply turning on the power supply pro­
vides this energy through the transient current drawn from the sup­
ply. After that, the ideal tank's infinite impedance successfully sus­
tains an oscillation signal even after termination of energy input to 
the c:rcuit. 

Irutially neglecting Rp of the Fig. 8.4 circuit model illustrates the 
resonant condition. Then, the parallel connected Lp and Ce support 
the same voltage drop. At the resonance, the equal impedance mag­
rutudes of Lp and Co develop currents of equal magnitudes from their 
common voltage drop. Yet, the 180° phase difference for the two 
impedances makes the two currents out of phase or of opposite po­
larit)". This produces the circulating resonant current i, shown with 
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no need for additional energy input, i.e., oscillation. Current i, flows 
through C8 in one direction and th rough L. in the other, yet the 
two flows develop the same voltage drop, as required by the parallel 
connection of these elements. Thus, a self-sustaining i, loJp results 
in which energy transfers from the inductor to the capacitor and 
back, developing a sinusoidal voltage signal on Z1, at the resonant 
frequency f,. 

Fortunately, the presence of parasitic resistance Rp intt-.;duces en­
ergy dissipation to reduce the resonant impedance and stop the os­
cillation. Analysis of the figure's simple R-L-C combinat:on shows 
that the line impedance peaks at the resonance frequency fr. There, 
z,. displays the 0" phase shift of resistive impedance and a resonant 
magnitude of 

Examjnation of this equation confirms anticipated effects. ZL,· re­
quires nonzero values for both Ca and R" to prevent an infinite peak 
impedance. Also, making Ce large decreases this impedance and re­
duces its resonant impedance equation to Z Lc = JLµ /Co. 

8.2.3 The bypass selection 

Control of the above resonance and an empirical guideline produce the 
first two design equations for the bypass selection. The firs; equation 
places the resonance at a frequency where a higher-amplifier PSRR 
better contends with the associated impedance rise. The second equa­
tion sets the magnitude of the bypassed line impedance with a Ce 
design equation. Later, conb·ol of other l·esooances completes the pro­
cess with secondary bypass capacitor selection. 

At first, the impedance increase of the Ztr resonant condition would 
suggest moving f , r. to a frequency above the normal operating fre­
quency range of the op amp, f,. Here, fc represents the uruty-gain 
crossover frequency of the op amp in Fig. 8.4 and generally represents 
the upper limit of the amplifier's useful frequency range. Above f,,, 
the lack of amplifier gain restricts the parasitic feedback resulting 
from the resonance. However, mahlng f,.1, > f,, would entirely sacri­
fice the benefit of the supply bypass. Preceding f,L in Fig. 8.4, the 
Zi impedance rises with frequency, unaffected by the bypass. The 
z,, impedance only reflects lhe desired decline after the f,.1, resonance 
where the capacitive roll off dominates ZL. Thus, the frL resonance 
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must be endured within the op amp's operating frequency range in 
order to benefit from the higher-frequency effects of the bypass. 

Moving this bypass resonance to a frequency f,L « fc actually pro­
vides the best compromise. This places the resonance at a frequency 
where the amplifier retains sufficient PSRR to attenuate the coupling 
effect of the resonance. Further, the f,L « fc placement moves the 
C8 roll off of the line impedance back into the amplifier's useful fre­
quency range. Then, for f,L = 1/2,r ;r;;c; « f, the Ca capacitance 
value must satisfy the limit equation 

1 
Cs» 2 

4Lp (;cf,) 

For a typical case, Lp "' 300 nH and f, "' 2 MHz, producing CB » 
0.02 µ,F. Generally, the line impedance control described ne>.1; auto• 
matically satisfies this Cs condition. 

Making fr1• « f, also reduces the analysis of other bypass conditions 
to the impedance of the capacitor alone. Without bypass, the line 
impedance actually includes a complex combination of inductances and 
resistances introduced by wire, printed circujt traces, and connectors. 
All of these affect the lower-frequency response of the Z1. impedance, 
discouraging any detailed analys1S. However, malang f,L « f, reduces 
the Z1. impedance to just that of the capacitor in the critical higher­
frequency range. There, a declining PSRR most requires a low Z1. to 
limit supply-line coupling. Above the f,L resonance Zi then becomes 
Zi = Zcs = 1/Cas independent of the preceding line impedance com­
plexity. 

Then, for most op amps, simply reducing the Cs impedance to about 
1 Q well before fc effectively counteracts the line impedance effects. 
This reduces the previous stability conrution to Zi = Zcs = l < 
R1,PSRR/A0 • or A •• < R1,PSRR. Here, a noise gain as large as 1000 
and a load resistance as small as 1 kn permit a PSRR as low as unity 
before oscillation results. Rarely would such a low PSRR occur where 
the noise gain remained this high, so the Zc8 = 1 Q guideline assw·es 
stability for virtually every case. Setting Zee = 1/2rrf CB = 1 Q pro­
duces CB = 1/2,rf. Then, setting f = fc / 100 for this 1-Q condition 
produces a general design equation for Ca 

50 
Ca=-

rrfc 

For a general-purpose op amp with fc :,: 2 MHz, this equation defines 
a capacitance value of C8 :,: 7.5 µ,F. Retaining this 1-Q impedance 
up to and beyond f, requires additional bypass attention as described 
below. 

8.3 Selecting a Secondary 
Bypass Capacitor 
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Capacitor self-resonance potential[y compromises the bypass described 
above, requiring the addition of secondary bypass capacitors. For 
general-purpose op amps, the above bypass selection generally places 
this self-resonance at a frequency beyond the amplifier's response 
range. Higher-frequency amplifiers encompass this frequency and 
may require the additional bypass. Still, even those capacitors ex­
hibit self-resonances and require careful selection through a compro­
mise that again produces simple design equations. 

8.3.1 Bypass capacitor self-resonance 

The inherent parasitic inductances and resistances of capacitors also 
affect the bypass effectiveness. The inductances introduce new res­
onances, and the resistances limit the line impedance reduction. A 
first new 1·esonance results just from the capacitance and inductance 
of the primai·y bypass capacitor in a self-resonance condition. At this 
resonance, the bypass impedance would drop to zero except for the 
presence of the parasitic resistance. Above that frequency, the capac­
itor's parasitic inductance overrides lhe intended capacitance in the 
control of the bypass impedance. 

Making f,t « f, in Sec. 8.2 above typically requires a fairly large 
capacitance value in the multiple microfai·ad range. Capacilors Lhfa 
large introduce a new resonance condition that compromises the by­
pass effectiveness at frequencies typically within the amplifier's re­
sponse range. Such cases sometimes require the adrution of a 
secondary, smaller bypass capacitor as described later. The new reso­
nance results from the parasitic inductance Lap of the bypass capacitor 
reacting with the intended capacitance. Thls resonance reverses the 
Zcs response slope as shown in Fig. 8.5. All capacitors possess this in­
ternal inductance, ,vith a value corresponding largely to the lengths of 
the capacitor's external and internal connecl;ng paths. Minimizing the 
total connecting length minimizes the parasitic inductance and max­
imfaes lhe frequency of the self-resonance. First, ju.st minimi7,ing the 
capacitor lead length, including that of associated circuit board traces, 
addresses the e>.1;emal path length. Then, capacitor selection mini­
mizes the internal path component as primarily determined by the 
capacitor's construction material. For a given capacitance value, ca­
pacitor materials with higher capacitance densities reduce this length. 
Tantalum, NPO ceramic, and mica capacitors offer the lower induc­
tance alternatives for high, medium, and low capacitance values, re­
spectively. 
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Figure 8.5 The intol\ded impedimce decline of a bypass capacit~r re~ 
verses when the capacitor's internal inducta1ice takes control at Jugher 
fTcquenties. 

r.fore detailed examination of the bypass capacitor's actual imped­
ance e,mponents provides insight inLo its nonideal behavior and into 
the means to control the bypass result. As modeled in Fig. 8.5, the 
capacitor's parasitic inductance appears in series with the intended 
capacitance along with a parasitic resistance. There, Lap produces the 
self-resonance with C8 's ideal capacitance, CB,- Parasitic resistance 
Rap sets the capacitor's impedance at the resonance. This resistance 
results from the same connecting path that produces the capacitor's 
inductance. Supply-current drain is develops voltages across each cf 
the model's impedances with the capacitive and inductive impedances 
producing canceling effects at their resonance. Current is produces 
the voltage ,it-ops ec = is /Ca,s across Ca,, and eL = is Laps across Lap­
At the resonance, s = s,a = .i <v,a = j / jLapCa;. Substituting this result 
for s h the preceding voltage drop equations yields ec, = -j ,/Lap/Cs; 
and e1,. = j jLap/Ca; . Thus, at the resonance, ec,. = -eL, and Lhe 
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two voltage drops cancel. Except for the presence of Rnp, this voltage 
cancellation would produce zero voltage drop in response lo the is 
current at the resonant frequency, indicating the ideal zera bypass 
impedance at the resonance. 

However, parasitic resistance Rap produces a third voltage frop with 
is and limits the impedance decline to the level of this resistance. At 
first, this limit would seem undesirable, but the parasitic resistance 
also detunes the Ce;, Lep resonance, taming a dramatic phru;e transi­
tion in the line impedance. That transition presents a broad range of 
phase conditions that could degrade stability. In general, this effect 
rarely produces a significant stability disturbance because it occurs at 
a frequency where amplifier PSRR remains relatively high. However, 
the impedance rise following the resonance may well degrade stabil­
ity and require dual bypass. For the general case, the beneficial effect 
of the capacitor's parasitic resistance provides adequate stability as­
surance and eases the capacitor selection. Aecepting a capacitor with 
higher parasitic resistance actually smootbes the phase trar.sition of 
the resonance. 

This resistance benefits performance as long as it detunes the res­
onance but does not raise the line impedance above the 1-Q guideline 
level. For minimum detuning, the impedances of the R, L, and C com­
ponents of the tank circuit should be equal at the resonant frequency. 
At this frequency, the impedance magnitudes of Ca; andLsp automati­
cally equate as shown in Fig. 8.5. There, dashed-line extensions of the 
two impedance curves identify equal magnitudes at their f,a •~rossing. 
At this crossing, Zea;= 1/2rrf,sCa;, wheref.-a = 1/2rr jLapCe; Setting 
Rap equal to the Zea; impedance and solving produces the minimum 
resistance required for detuning, Rap = jLBp/Cn;. Combining this 
minimum ,vith the 1-Q maximum produces the design limit equation 

For the typical case, Lap = 15 nH and Cs; = 7.5 ,,F, making ~he limit 
condition an easily met 0.04 :5 Rap :5 l. Later, dual bypass conditions 
raise this resistance limit to counter yet another resonance. 

Op amps having lesser signal bandwidths generally assure this de­
tw1ed condition in the bypass capacitor selection. Such amplifiers 
require larger Cs values for the previous Cs design equation, direct­
ing the capacitor selection to tantalum types. Such capacitors dis­
play larger Rsp values that flatten the Fig. 8.5 transition between its 
capacitive and inductive slopes. However, for higher-frequency am­
plifiers tlus guideline would permit use of ceramic capacitors which 
display much lower Rap values. Then, replacing an initial ceramic 
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choice with tantalum could solve occasional, unexpected stability prob• 
lems. Later, a resistive detuning evaluation explores this option 
further. 

Following the f,8 resonance, the Zea impedance curve rises in 
Fig. 8.5, again threatening stability. However, the CB selection guide­
lines described above typically control the effect of this rise for general­
purpose op amps. There, the avoidance of excessively large capaci­
tance values and the limited amplifier bandwidths reduce circuit 
susceptbility to the impedance increase. Choosing Co = 50/rr fc as­
sures acequate line impedance control at lower frequencies without 
introducing the excess inductance of a larger capacitor. With this 
compromise the Zee impedance rise remains within the 1-!1 limit over 
the usefol bandwidth of general-purpose amplifiers. Success here also 
depends upon minimizing the connection length between the capacitor 
and the amplifier. 

8.3.2 Dual bypass capacitors 

The sin:ple, single-capacitor bypass that serves general-purpose op 
amps fails "~th higher-frequency op amps. At higher frequencies, in­
ductive effects become far more serious, requiring greater attention 
to Crequmcy stability and supply noise coupling. The parasitic induc• 
tance of the larger-value. single bypass capacitor defeats the bypass 
purpose at higher frequencies, requiring the addition of a smaller sec­
ondary capacitor. Even general-purpose ampliners may require dual 
bypass if PSRR is low. 

In Fi6. 8.5, the parasitic Le,, inductance controls the bypass imped­
ance Zes at frequencies above the capacitot's self-resonance. At higher 
frequencies, the rising Laps portion of Zei; increases the bypass imped­
ance, reducing the bypass effectiveness. This rise generally begins 
within :he amplifier response range and, there, a decl ining PSRR 
makes lhe ampliner more vulnerable to the line impedance. For all 
but the highest-frequency applications, just adding a secondary bypass 
capacitor in parallel with the first restores a low bypass impedance for 
the full amplifier response range. This produces a net CB = CB , +CB2, 
and making C82 « Ca, generally assures that the CB2 self-resonance 
occurs outside the amplifiet's response range. Both the lower capaci• 
tance value of C82 and the accompanying lower parasitic inductance 
produce this higher resonant frequency. For even higher-frequency 
applications, yeL a third capacitor may be required. In either case, 
examination of the dual bypass case here illustrates the impedance 
characteristics that guide the bypass selection process. 

Adding secondary bypass capacitors restores the declining frequency 
response of the Zea bypass impedance but with new complications. 
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This solution introduces two additional resonances: one fron: the self­
resonance of the secondary capacitor and the other from the reaction 
of the second capacitance with the inductance of the fi rst. Figure 8.6 
illustrates the first new resonance with a circuit model and the corre­
sponding impedance responses. In the model, both capacitors display 
parasitic inductances and resistances and all of these parasitics affect 
the response curves. In the graph, two curves of the figure display the 
resulting capacitor impedances as Zee, and Zcs2 . At lower frequen­
cies, a declining Zcs1 provides the lower impedance bypass shunt. 
However, Zcs1 later resonates and begins to rise at f,a1. At higher 
frequencies, Zcs2 bypasses this rise and initially restores a declining 
bypass impedance. Later, the self-resonance of C1J2 at f,n2 again pro­
duces a rise but at a lower impedance level than provided by the Ze81 

cu1·ve. While the resonances remain inevitable, their careful place­
ment optimizes the o,•erall bypass effect. To aid this placement, a 
third curve of the graph shows the amplifier's open-loop gain response 
AoL- Comparison of the graph's tlu·ee responses guides the secondary 
capacitor selection in a manner that ensures the amplifie,'s frequency 
stability. 

8.3.3 Dual bypass selection 

Selection o(ihe primary Ce1 capacitor indirectly defines the Ce2 capac­
itance value through impedance interaction. The fundamental bypass 
requirement defines CB Las described before for the single bypass case: 
Co, = 50/rrfc. This selection reduces the line impedance Lo 1 Q at a 
frequency well within the amplifier's response range. The1:, the ad­
dition of Ca2 bypasses the higher-frequency impedance rise produced 
by the Lap1 inductance of Cs 1. Selecting CB2 to limit this rise to the 
same 1-!1 guideline level defines this secondary capacitor's value. 

In Fig. 8.6, the net bypass impedance of the C81, C1n parallel com­
bination peaks at the fm intercept of the rising Zcs1 curve and the 
falling Ze02- For higher-frequency amplifiers this peak w~uld typ­
ically occur within the amplifier's response range. Selecting a value 
for Cn2 that limits th is peak to 1-!1 continues tbe stability preservation 
described before for the C8 1 selection. At their f.e intercept, Lhe two 
Zen curves occupy the same point on the graph, malting ZcEz = Ze81. 
There, inducLance controls ZeBJ = 2rrf.nLBpl and capacitance controls 
Zenz = 1/2,r f.aCBi2• Equating the two impedance expressions defines 
the intercept frequency as 

frn = 1/2,r /Lnp1Cs,2 

Thus, the parasitic inductance ofCo1 and the ideal capacitance ofCs2 
combine to define the frequency of the bypass impedance peak. 
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Figure 8.6 Adding a second bypai;.s eopacitor of i;mallcr value mils off the 
inductiv-! impedance rise of the first. 

Translating this fiB expression into a Cs2 design equation requires 
one further step. At /is, the Zc82 curve follows its capacitive roll off 
as expressed by Zcn2 = l/2rr f Co2- Setting Zce2 = 1 Q and f = fm in 
this expression produces fill = 1/2,r C82 . Equating this result with the 
above fm expression yields lhe Co2 design equation 

Cn2 = Lap1 

Thus, simply making the magnitude of the C82 capacitance equal to 
that of C81's parasitic inductance transfers line impedance control 
from Zea, to Zcs2 at the 1-Q level. In practice a resonance described 
later ~aises the peak impedance above 1 Q at f;s, but temporarily 
ignoliog this effect yields the best starting point for the bypass se­
lection. As described later, resistive detuning of this resonance or an 
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alternate capacitor type soh>es any related problem without altering 
the above design equation. Using this equation, a typical 1.5 nH of 
Ce, inductance prescribes a secondary bypass of CB2 = 1.5 nF. 

The above Cs2 equation requires knowing Lsp1, and impedance mea­
surement pro,•ides the most reliable determination of this inductance. 
Capacitor data sheets rarely specify this parasitic. Some data sheets 
communicate this inductance through an impedance-versus-frequency 
curve. There, the higher-frequency, rising portion of this cu,.ve yields 
the parasitic inductance through the simple calculation Lp = Zc /21r f . 
Unfortunate[y, even these curves can fail to communicate he actual 
inductance condition of p1·actical applications. For packaged capaci­
tors, this resonance includes the parasitic inductance of package leads 
that are largely removed upon installation. Chip capacitors avoid this 
lead effect, but their response curves still do not include the effect of 
the circuit board traces that connect the capacitor. Fortunately, to­
day's impedance analyzers accurately measure the frequency response 
of a given capacitor and its approximated connection length. From 
such measu1·ements, the ,~sing portion of the impedance curve then 
accurately defines the actual inductance through the L,, = Zc /2,rf 
relationship. 

8.4 Bypass Alternatives 

The preceding secLions outline the bypass selection that adequately 
serves most applications. However, three special conditions may re­
quire additional attention to supply-line coupling. For these condi­
tions, a third bypass capacitor, filtering, or resistive detuning 
further reduce the coupling effects. The third capacitor alternative ex­
tends the frequency range of bypass control for even higher-frequency 
amplifiers. There, the amplifier's AoL response can encompass the 
self-resonances of both Cs1 and Cs2- Then, adding a third, and even 
smaller, bypass capacitor rolls off the inductive impedance ofCB2, just 
as CB2 did for Cs 1. Amplifiers with bandwidths exceeding 30 MHz may 
require this third capacitor. 

A second alternative, filtering, removes supply-coupled signals out­
side the useful PSRR range of the amplifier. There, coresident 
circuitry may introduce high-frequency supply-line signals that cou­
ple through the amplifier with little PSRR attenuation. Beyond the 
PSRR's unity-gain crossover, such signals typically couple straight 
through the amplifier to its output. However, this PSRR crossover 
typically resides near the amplifier's AoL crossover, presenting a fil­
teling opportunity. Tbe AoL crossover marks the endpoint of the am­
plifier's useful frequency range. Thus, low-pass filteling, applied after 
the amplifier, can often remove the effect of high-frequency PSRR cou-
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piing without restricting the useful bandwidth of the application. Still, 
intermJdulation effects can circumvent the filtering as described later. 

Resistive detuning ofthe bypass impedance offers a third alternative 
for the reduction of supply coupling effects. The dual bypass configura­
tion potentially produces a cri tical resonance that degrades stability 
at surprising frequencies. This may occur at a frequency below or 
above ,;he amplifier's response crossover at fc. Below fc, the C82 se­
lected above restores a line impedance below the 1-11 guideline level, 
presumably preserving stable operation. However, the Co2 resonance 
with Lap1 can raise the net line impedance well above this level, pro­
ducing oscillation. In other cases, the resonance can even produce 
oscillation at frequencies above fc. There, diminished amplifier gain 
Hmits the parasitic feedback loop and would seem to prevent instabil­
ity. However, the resonant impedance rise can counteract this limit. 
'When necessary, resisth•e degeneration detunes this new resonance, 
and an appropriate capacitor selection generally provides this through 
parasitic resistance. 

8.4.1 Detuning the dual bypass resonance 

An interaction between the two capacitors of the dual bypass configu­
ration develops this new resonance. There, the secondary capacitance 
reacts with the inductance of the primary in another L-C tank config­
uration. Fii,.-ure 8.7 illuetrate$ thi$ effect with the bold Z<:tt response 
curve representing the net impedance of the paraDel-connected by­
pass capacitors. There, Zea first follows the Zea, cul've of CB, at 
lower frequencies and latel' follows the Zen2 curve of Co2 , The tran­
sition between the two occurs at their (;a intercept where the bypass 
combiJlation produces a resonance of its own. This resonance increases 
the Zea magnitude as shown and produces a 180" transition in the 
phase of Zen- The magnitudes and phases of the amplifier's PSRR 
and AoL responses combine with these Zea characteristics to produce 
a complex parasitic feedback condition. 

Some combinations of application conditions make the magnitude 
and/or phase of this resonance degrade stability. In such cases, at­
tention to the more conventional stability determinant, the ampli­
fier's 1/f, intercept, fails to identify the problem. Similarly, adding 
a third bypass capacitor produces no improvement. The third ca­
pacitor only reduces the line impedance at frequencies above this in­
teraction resonance. For such cases, bypass degeneration moderates 
the PSRR error signal by reducing both the magnitude and phase 
shi ll of the supply-line impedance. Careful selection of the degener­
ation resistance improves stability without increasing the supply-line 
impedance in the critical higher-frequency ranges. 
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Figure 8.7 Dual bypass capacitors introduce a n~w reaon~nce 3t t.heir fin 
intercept where Cm2 reacts with Lupi, increasing the: net Zen imped~noe. 
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Graphical evaluation of this fra resonance reveals its underlying 
causes aud displays the cure prov;ded by the resistive degeneration. 
The resonance results from the reaction of C81's parasitic inductance 
,vith Co2's capacitance. At /m in Fig. 8.7, Zeni follows a rising imped­
ance l'esponse as controlled by Lsµ1, and Zc82 follows a declining re­
sponse as contl'olled by Cm2- At the crossing of the two responses, 
resonance results due to the equal magnitudes and opposite :>hases of 
the ZeB1 and Zcs2 impedances. This crossing or intercept or the two 
curves marks the point of equal impedance magnitudes since both 
curves occupy the same point in the graph. There, neither impedance 
dominates the parallel combination, in contrast to the impedance con­
ditions at points separated from /is- At this intercept, the equal 
magnitudes of Zcs1 and Zce2 contribute equally to the combined Zea 
impedance, making the phase shifts of the two also equally significant. 
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The single-zero rise of the Zcs1 curve corresponds to a 90' phase lead 
and the single-pole decline of Zce2 co,Tesponds to a 90° phase lag'. 
The 180 phase difference and equal impedance magnitudes inher­
ently produces a resonance like that described earlier in Sec. 8.2.2. 

Adding a small resistance in series with C81 detunes this resonance 
to ensure stability. In pract.ice, just choosing a different capacitor 
type for Cs 1 often serves this purpose through the capacitot's parasitic 
resistance. This added resistance does increase the Ze8 magnitude 
in a lower-frequency range, but it then decreases Zea in the higher 
more critical frequency range of fm. Figure 8.8 illustrates the bypas~ 
optimum with degeneration resistance Ro 1 added in series with the 
other impedance elements of C81. As in Fig. 8.7, the bold Zen curve 
begins by following Zeni and ends by following Zee2- Unlike Fig. 8.7, 
the Zes curve now makes a gradual rather than resonant transition 
between Zes1 and Zea2 at their {;a intercept. 

The addition of Ro 1 actually detunes two resonances, first the self­
resonance of CB, and then the interactive resonance of CBI and C82. 

Comparison of Fig. 8.8 with Fig. 8.7 reveals the overall effect of this 
resistance. Previously, the self-resonance of C81, at f,81 in Fig. 8.7, 
produced a resonant impedance drop to the level of parasitic resistance 
Rep, . In Fig. 8.8, the addition of RI)! removes lhis drop and raises th is 
level to Ro 1 + R8 p1. This actually raises the bypass impedance in the 
region of the previous f,B1 resonance. However, the amplifier generally 
retains a high PSRR in this frequency range for sufficient attenuation 
of supply-line effects. Further, the Zc8 curve now makes a smooth 
rather than resonant transit.ion to this new limit level. There, the re­
duced Zcs response slope indicates a greatly reduced phase transition 
at the frequency of the previous f,e1 resonance. This reduces the po­
tential phase combinations with amplifier gain and PSRR effects that 
eould degrade stability. Accepting this temporary Zee increase allows 
Roi to detune the more critical resonance at. f.e- There, the Zee cw·ve 
no longer displays a resonant peak, indicating a greatly reduced Zee 
magnitude and phase transition at f,8 . 

8.4.2 Selecting the detuning resistance 

Detuning resistance Ro, should be large enough to prevent the reso­
nant impedance rise at f,8 but not so large as to unnecessarily raise 
the Zee impedance at lower frequencies. Graphical analysis of Fig. 8.8 
reveals this optimum condition and defines an Ro I design equation. 
The curves of the figure identify thls optimum through the magnitudes 
and slopes of the impedance responses. 

Detuning the Fig. 8. 7 resonance at fm requires reducing the slope 
difference, or rate of closure, of the Zce1 and Zce2 curves at their f.a in-

Reducing Power•Supply Noise Coupling 

Zce--
Vp 0-- -,----. 

Zc 

' INDUCTIVE 

"" ' Zee =Zce2 

f,s2 = i/2,JLsp2 Cs;2 

1,02 
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tercept. This rate-of-dosure criteria follows from the Chap. 3 stability 
analysis where the slopes of intersecting response curves reflect phase 
differences and the potential for circuit oscillation. Here, the slopes of 
the Zes1 and Zee2 curves similarly reflect phase differences and the 
potential for resonance. Adding Ro I decreases this slope difference at 
the f.n intercept of Fig. 8.8, detuning the resonance. This added resis­
tor produces the level zero-slope portion of the Zce1 response, and this 
slope reflects zero phase shift. At the f;e intercept, Ze82 still follows 
its single-pole roll off, reflecting a 90' phase lag for a net 90' phase 
difference at the intercept. This greatly reduces the phase difference 
from the 180° required for resonance and would absolutely remove the 
resonant reaction of Zee, and Zce2. 
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However, bypass optimization produces a compromise favo1ing a 
somewhat greater phase difference at fm, The RD , + R891 resistance, 
wlrich produces the level region of the Zea1 response, eventually looses 
control, returning the response curve to a single-zero rise. In the 
Fig. 8.8 example, the LBpl impedance overrides that of Rm just at the 
fm intercept. Phase shift accompanies the following rise, and intuition 
first suggests increasing the Roi resistance to move the Ze81 rise, and 
its phase slrift, well beyond the fni intercept. However, such a choice 
would unnecessarily increase the impedance magnitude of ZCB'S new 
level region at Roi+ Rapt• There, a continued increase of R01 would 
eventually increase rather than decrease the impedance at ffB. In 
compromise, setting the Ro1 + Rapt level at the intercept magnitude 
still detunes the resonance while restraining the impedai1ce increase 
of the level region. 

As illustrated, this optimum level places the zero of the Zen, rise at 
the /iB intercept. Then, Ze81 introduces 45° rather than the ideal o• 
of phase shift at the intercept. This increases the net phase difference 
withZcs2 from 90° lo 135° but still avoids the 180' that produced the 
resonance before. For this compromise, Roi +Rap1 = Zcs2 at fin- Then, 
Roi + Rs,,1 = l /wmC2, where w;s = 2,rfm = 1/ JL0p1Ce, - Combining 
these expressions and solving for R01 yields Ro,= JLnp1/Co2 - RBpl • 
From before, the 1-Q impedance guideline defines Coz = Lnpi, and 
substitution yields the design equation 

Roi = 1-Rspl 

Expressed differently, this equation prescribes Ro1 + Rspi = l Q for a 
total 1-Q resistance in the Co1 path. Tlris repeats the 1-Q guideline 
underlying bypass selection. 

T_ypically, the above Rm equation prescribes difficult resistance val­
ues of a fraction of an ohm. Such resistors exist but can be expensive 
and more difficult to acquire. However, when requit-ed, only this solu­
tion removes the effects of the f;a bypass resonance. Fortunately, just 
choosing a different capacitor for C81 generally provides an adequate 
detw1ing resistance. Choosing a Cn1' withRsp1' ,:::: 1 Q detunes thefiB 
resonance but still avoids exceeding the 1-Q guideline. Fortunately, 
this resistance does not have to be precise to provide sufficient detW1-
ing of the fiB resonance. Often, just switching C8 1 from a ceramic type 
to tantalum serves this purpose. 

Note that this Ce1 switch also requires changing the secondary by­
pass value C82- A tantalum CB 1' substitutes an increased Lap1' for 
Lsp1, requiring recomputation of the corresponding Co2' = Lap1'. In­
crea;ing Co2 here theoretically increases its inductance and would de­
grade higher-frequency stability. However, practical limitations gen-
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erally leave the net inductance condition unchanged. In practice, some 
minimum lead length and inductance always accompany a capacit0r 
construction and installation. Just the lead length from an ampli­
fier package pin to the internal chip will be about 0.05 in and in­
troduce about 0.8 nH. Chip capacitors serving the seconda,-y bypass 
function typically display similar inductances, independent of the ca­
pacitor value. Thus, increasing C82 to accommodate the Ca1 change 
does not materially degrade stability. 

8.5 Power-Supply Decoupling 

Power-supply bypass provides the best first defense against supply­
coupled noise and related instability. However, sometimes the bypass 
that preserves stability does not sufficiently reduce the noise coupled 
from other circuitry. Then, supply decoupling filters may be required. 
This typically occurs when the supply-line noise contains frequencies 
above the amplifier's useful PSRR range. There, the lack of PSRR 
often couples supply-line noise straight through the amplifier to its 
output. Subsequent filtering would remove this noise except for the 
intermodulation effect of this higher-frequency noise. As described 
before, the filtering effectively removes the direct effect of this higher­
frequency error signal without restricting signal bandwidth. However, 
this filtering cannot similarly remove noise components that inter­
modulation distortion down shifts into the amplifier's useful frequency 
range. There, the lrigher-frequency supply noise reacts witl1 the am­
plifier's signal and distortion sources, producing error signals in the 
lower-frequency range of the amplifier. 

8.5.1 Decoupling alternatives 

Then, prevention supersedes cure in the reduction of supp:y-coupled 
noise. Power-supply decoupling filters prevent the higher-frequency 
signals from even reaching the amplifier. The simplest decoupling al­
ternatives include R -C, L-C, or R-L-C low-pass filters as illustrated 
in Fig. 8.9. There, three low-pass filter configurations repsesent de­
coupling circuits placed between a power-supply source V • and the 
ainplifier's positive supply pin Vp. W11ile shown as a single capacitor, 
the C8 there represents the combined capacitance of all ~apacitors 
used for the supply bypass of Vp. In practice, the negative supply line 
would have an identical filter, but the positive supply case shown here 
serves to illustrate the decoupling principles. 

Each of the three filter alternatives adds a series impedance in the 
supply line to combine ,vith the bypass capacitance C8 , forming a 
low-pass filter. Then, the !ugh-frequency noise contained in V + drops 
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Figure 8.9 Power-supply decoupUng inL-roducM series imped~noo 
between the V+ output of the power su1>ply and the op :;amp's Vp 
t.enni.nal to intercept high-frequency supply transients inlroduced 
by other circu)try. 

across the series impedance rather than transferring to the Vp supply 
pin of the op amp. The series impedance added does not have to 
be mounted close to the ampli fier to provide the desired decoupling. 
How~ver, this impedance should be placed so that it does not conduct 
the supply-current drain of circuitry other than the amplifier. 

The type of impedance added determines the relative cost and de­
coupling effectiveness. This effectiveness depends both upon the fil­
ter response and the line impedance presented to the ampliJier. The 
R-C ,olution of Fig. 8.9a offers the lowest cost and still produces ap­
preciable decoupling results. With this circuit, decoupling resistance 
RD absorbs and dissipates the higher-frequency, transient energy, 
transferring a more stable voltage to the CR capacitance. Analysis 
of the decoupling circuit expresses ihis action in the classic R-C filter 
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response 

Vp = V+ 
l+RDCes 

This response rolls off the supply-line noise with a single-pole at 
1/2rcRDCe. 

However, at lower frequencies, this simpleR-C decoupling increases 
the supply-line impedance, potentially increasing the PSRR error. 1'o 
define this impedance effect, assume that the V + power supply presents 
its ideal zero output impedance, placing RD effectively in parallel 
with Cs. This makes the decoupling impedance seen from the Vp 
terminal 

Rv 
Zo,= - -=~~-

l + RDC/3S 

Thus, at low frequencies the R-C fi lter increases line impedance by 
the amount RD, To limit this effect , the Rv resistance must be kept 
low, and a later discussion describes its value selection. 

Alternately, L-C filtering removes th is impedance increase and pro­
duces a double- rather than single-pole roll off of supply-li:ie noise. 
However, this altemat ive introduces another impedance increase 
through a supply-line resonance. Figure 8.9b illustrates this case with 
inductor Lo simply replacing the previous resistor RD. Then, the L -C 
filter presents the low impedance of the inductor to lower-frequency 
Cl.lrrent demands from the v_ power supply. The filtering response 
of this altemative rolls off supply-line noise with a double pole at 
f = 1/2,r .;r;;-t:;; as described by 

Vp = V+ 
l + LDC13s2 

Compared with the R-C filter, the L -C filler reduces the supply-line 
impedance but only at lower frequencies. The impedance saen from 
the V1, terminal becomes 

LDS 
Zob = • 1 + LoCns· 

At lower frequencies, the s term of the Zob numerator assures low 
impedance, but this same term tends to increase Zob at higher fre­
quencies. Counteracting this increase, the s 2 term of the demminato,· 
returns the net impedance response to a single-pole roll off like that 
attained ,vith the R-C filter . 

Thus, the L-C filter offers two-pole roll off of supply-line noise and 
reduced low-frequency li ne impedance. However, at an intermediate 
frequency, the Zob impedance increases due to a new L-C resonance. 
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From an energy perspective, the Lo inductor stores rather than dissi­
pates the transient energy of supply-line noise, giving rise to thls res­
onance. At most frequencies, the inductor simply releases its stored 
energy to the bypass capacitance and the amplifier in a more grad­
ual manner than initially presented by a supply-noise transient. This 
smoothing of the energy release protects the amplifier from supply-line 
noise by reducing the associated frequency content to a range where 
amplifier PSRR remains high. However, at the inevitable L-C reso­
nance the Zob impedance ,;ses and the filtering fails. As indicated by 
the Znb denominator, 1 +L0 C8 s2 , the Lo-Cs combination produces a 
double pole and a resonance at f,Db = l/21r .;r;;c;;. Thls resonance 
increases rather than decreases the line impedance in the vicinity of 
frDb, 

This resonance makes the simple L-C decoupling filter an uncer­
tain alternative for op amp circuits having high noise gains like the 
photodiode amplifier. At resonance, energy stored in the inductor by 
supply-line transients circulates between the capacitor and inductor 
until dissipated by some energy drain. In the ideal L-C case, this 
circulation continues indefinitely, sustaining an oscillation signal. In 
prnctice, parasitic resistances and the amplifier help absorb that cir­
culating energy, but the amplifier's PSRR error and gain offer replen­
ishment to support this oscillation. There, supply-voltage transients 
or noise containing frequency components in the range of the frob res­
onance can initiate this condition. 

Adding a detuning resistor removes the resonance and the oscilla­
tion unce,tainty but reduces the noise rol1 off. Shown in Fig. 8.9c, this 
alternative combines the RD and Lo series impedances of the preced­
ing two cases. The combination provides both the energy absorption 
of the R-C filter and lhe reduced low-frequency impedance of the L-C 
filter. For this R-L-C combination the filtering response becomes 

V ll+(LD/RD)sJV+ 
P = 1 + (Lo/Ro )s + LoCss2 

Here, the s 2 term of the denominator initially continues the two-pole 
roll off advantage of the basic L-C case. However, the s term of the 
numerator indicates a response zero that returns this roll off to single 
pole. Thus, adding Ro to the L-C filter reduces the filter attenuation. 

Still, Ro improves decoupling effectiveness by detuning the line 
impedance resonance that otherwise adds gain to the parasitic PSRR 
feedback loop. Analysis of the Zo. impedance, as seen from the Vp 

terminal, yields 

Z 
Los 

D<: -
- 1 + (Lo/Rv)s +LDCBs2 
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This expression repeats that of the previous Zob except for the 
(Lo /Ro )s term of the denominator. Tbat term separates the circuit's 
two poles to detune the characteristic L-C resonance and remove the 
associated impedance rise. 

8.5.2 Selecting the decoupling components 

Two compromises guide the selection of the decoupling filter compo­
nents. The first repeats the bypass capacitance selection described 
before, optimizing the value of C8 to maintain frequency stability. 
Design equations developed earlier guide this selection. The second 
compromise guides the selection of the series impedance to limit noise 
coupling without significantly degrading other performance. 

The series impedance, RD or the Ro and Lo combination, must 
be large enough to intercept high-frequency line transients but not 
so large as to compromise the circuit's lower-frequency PSRR error 
signal. The power-supply decoupling reduces the supply-line noise 
produced by other circuitry but can increase the parasitic feedback 
produced by the amplifier itself. At lower frequencies, tl1e bypass 
capacitors fail to roll off the line impedance, and adding the series 
impedance increases the supply-line impedance seen by the amplifier. 
The discussion of Sec. 8.1 describes the noise-coupling effect of this 
impedance. The net effect upon circuit performance remains a func­
tion of multiple variables and discourages analysis. However, follow­
ing the previous bypass capacitor selection guidelines and then setting 
Ro ~ 5 Q serves most amplifiers that supply output currents in the 
10-mA range. This 5-Q guideline, combined with the 1-Q guideline for 
Cs, produces a filter with at least a 6:1 i·eduction of higher-frequency 
noise. Also, adding just 5 Q generally retains lower-frequency line 
in1pedance at an acceptable level. Amplifiers supplying greater out­
put current require correspondingly lower values for Ro. For R-C 
filters, this Ro selection completes the decoupling design. 

For R-L-C filters, the Lo selection remains. Adding the Lo induc­
tor of Fig. 8.9c benefits performance as long as the inductance chosen 
forms a detuned resonant circuit with the C8 and Ro chosen above. 
Making Lo larger minimizes the line impedance at lower frequencies 
but potentially increases it at the L-C resonance. For optimum detun­
ing of this resonance, the Lo impedance should equal Ro at the fre. 
quency of the potential resonance. From the Fig. 8.9b discussion, the 
undamped resonance would occur at the frequency f,Db = l/21r ~­
There the impedance of Lo equals ZLD = 21rLof, = /Lo/C8 , and set­
ting this equal l:-0 Ro yields 
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Here, capacitance C8 represents the combined v~lue of the bypass 
capacitors connected to the associated supply ternunal. 
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Chapter 

9 
Reducing External Noise Effects 

Diminishing returns eventually limit the noise reduction achieved 
through measures focused upon the photodiode amplifier itself. Ex­
ternal noise sources impose a background noise floor that requires at­
tention to the amplifier's environment rather than the amplifier. This 
background noise typicaUy results from the parasitic noise coupling of 
external electrostatic and magnetic sources. These sources can dom­
inate noise peiformance, ovei·riding any effort to further reduce the 
direct noise effects of the amplifier. 

Liw.iUug t-lu:! ~rrt,.;t.::; of lh~::it: e:x.Ltffual uui::st: ::iow't.:e::> n:quit·t!s au.ea• 
tion to amplifier location, shielding, the circuit structure, and the 
physical arrangement of circuit components.1.2•3 Electrostatic and mag­
netic noise signals enter the amplifier circuit through parasitic mech­
anisms. Between these sources and the amplifier, parasitic mutual 
capacitances couple electrostatic interference, and parasitic mutual 
inductances couple magnetic interference. For both sources, maximiz­
ing the physical separation of the amplifier from the source produces 
the greatest coupling reduction. Shielding provides the next greatest 
reduction but with different shield material requirements for electro­
static and magnetic coupling. Reduction of electrostatic coupling sim· 
ply requires a shield material having high electrical conductivity to 
shunt capacitively coupled currents to ground. Reduction of magnetic 
coupling requires a shield matedal having high magnetic permeability 
or significant thickness to attenuate the magnetic field that can oth­
erwise couple through a simple conductive shield. Fortunately, the 
higher frequencies that make magnetic coupling most effective also 
make simpler shield materials more effective. 

Differential circuit structures and loop-minimizing component ar­
rangements provide further reduction of coupled noise. Converting the 
photodiode amplifier to a differential-input form activates the CMR of 
the op amp for rejection of both electrostatic and magnetic coupling 
effects. However, limited amplifier response range limits this solution 
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Here, capacitance C8 represents the combined value of the bypass 
capacitors connected t.o the associated supply terminal. 
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9 
Reducing External Noise Effects 

Diminishing returns eventually limit the noise reduction achieved 
lhrough measures focused upon the photodiode amplifier itself. Ex­
temal ooise sources impose a background noise floor that requires at­
tention to the amplifier's environment rather than the amplifier. This 
background noise typically results f:rom the parasitic noise coupling of 
external electrostatic and magnetic sources. These sources can dom­
inate noise performance, overriding any effort to further reduce the 
direct noise effects of the amplifier. 

Limiting the effects of these external noise sources requires atten­
tion to amplifier location, shielding, the circuit structure, and the 
physical arrangement of circuit components.1.2•3 Electrostatic and mag­
netic noise signals enter the ampliner circuit through parasitic mech­
anisms. Between these sources and the amplifier, parasitic mutual 
capacitances couple electrostatic interference, and parasitic mutual 
inductances couple magnetic interference. For both sources, maximiz­
ing the physical separation of the amplifier from the source produces 
the greatest coupling reduction. Shielding provides the next greatest 
reduction but with different shield material requirements for electro­
static and magnetic coupling. Reduction of electrostatic coupling sim­
ply requires a shield material having high electrical conductivity to 
shunt capacitively coupled currents to ground. Reduction of magnetic 
coupling requires a shield material having high magnetic permeability 
or significant thickness to attenuate the magnetic field thaL can oth­
erwise couple through a simple conductive shield. Fortunately, the 
higher frequencies that make magnetic coupling most effective also 
make simpler shield materials more effective. 

Differential circuit stmctures and loop-minimizing component ar­
rangements provide further reduction of coupled noise. Converting the 
pholodiode amplifier to a differential-input form activates the CMR of 
the op amp for rejection of both electrostatic and magnetic coupling 
effects. However, limited ampliner response range limits this solution 
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to lower frequencies. Component arrangements that min imize loop ar­
eas reduce magnetic coupling by minimizing the mutual inductances 
that couple the noise. Similarly, coaxial power-supply and load con­
nections minimize higher current loops that could generate significant 
magnetic fields. 

9.1 Red ucing Electrostatic Coupling 

Electric field coupling, such as from the power lli1e, suppl ies noise 
signals th rough the mutual capacitances that exist belween any two 
objects. The two objects serve as the capacitor's plates, and the in­
tervening air or other material acts as the capacitor's dielectric layer. 
AC voltage differences between the objects drive these mutual capac­
itances, coupling noise currents from one to the other. Electrostatic 
sh ielding intercepts this noise current and shunts it to ground. Alter­
nately, differential-input phot.odiode configurations turn the coupled 
signal into common-mode signals for removal by the op amp's CMR. 
In the simplest case, one op amp performs this dift'erential function 
by utilizing the opposite polarity currents of the photodiode's two ter­
minals. However, this configuration may limit bandwidth. A three­
op-amp solution removes this limit and actually increases bandwidth 
over that achieved with the basic photodiode ampl ifier . 

9.1 .1 Electrostatic shielding 

Shield material and g,·011nrl ing rl P.t.P.1·minP. t.hP. shiP.ld effediveness. 
Making the shield with a material of high electrical conductivity en­
sures that the coupled currents produce little voltage drop across the 
shield Then, little of the original field continues within the shield 
boundaries. 1'o be effective, the sh ield's ground must be earth ground 
because only this remains a common reference for the separate ob­
jects involved in the coupling. Further, the shield should be connected 
to the system ground to minimize the effects of the parasitic capac­
itances introduced. All shield enclosures form parasitic capacitances 
with each component shielded. When left ungrounded, the shleld de­
velops a signal voltage determined primarily by the circuit's larger 
signals through parasitic capacitance coupling. Then, the shield sig­
nal couples back into the circuit through other parasitic capacitances. 
Returning the shield connection to the system common removes the 
shield signal and the associated coupling. Then, shield-conducted ca­
paciti·,c currents from the output of a current-to-voltage converter 
shunt to gi·ound rather than to the circuit's input. This avoids a band­
width restriction otherwise imposed by the associated parasitic bypass 
of the ci,·cuit's feedback resistor . However, the shield then produces 
a capacitance from the circuit's input to ground, adding to the noise 
gain peaking described in Sec. 5.1.2. 

9.1.2 The differential-input 
current-to-voltage converter 
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Most electrostatic noise coupling results from the ac power line and 
couples to all points of a circuit nearly equally. The equal coupling 
makes this mterference a natural candidate for removal b} CMR, and 
op amp CMR readily removes signals at the power-line frequency. 
However, the basic cmTent-to-voltage converter fails to utilize the am­
pli fi e1's CMR capability. There, the single-ended input connection of 
the circuit disables th.is feature. Switching to a differential-input con­
nection activates CMR for reduced noise sensitivity and reduced de 
error as well. However, as will be described, this connection does re­
duce bandwidth. Also, op amp CMR does not totally replace shielding 
because the electrostatic coupling to the two amplifier inputs will not 
be e~actly the ~ame. Ofte~, CMR serves as a backup to shielding by re­
movmg the residual coupling that passes through shield imperfections. 

Both the op amp and the photodiode possess differential qualities 
that combine to reject noise coupling effects. The opposite polarity 
mputs of the op amp separate any differentially applied signal from 
common-mode signals. The photodiode produces a differential signal 
m the form of opposite polarity currents, as seen f-rom the two-diode 
terminals . Current flowing into one photodiode terminal flows out of 
the other, producing a differential current signal. Applying this signal 
to the amplifier's two inputs produces the differential-input current­
to-vollage converter of Fig. 9.1. There, a second current-to-voltage 

i=:igure 9.1 Adding a second cun·ent-to-voltage conversion re­
SJS~l' R2 3X!-d b?otst.rapping t.he photodiod~ produces a differen­
t1al-mput circuit for rejection of external noise. coupling. 
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conversion resistance R2 and a bootstrap connection for the photodiode 
differentiate this circuit from the basic case. These simple differences 
produce easily anticipated changes in circuit gain and de offset but 
less obvious changes in noise performance. 

First, the circuit changes increase the current-to-voltage gain and 
automatically provide for de offset reduction. In the figure, the added 
resistor R2 develops a second signal voltage from the anode currenL of 
the diode. This signal ipRz adds to the normal signal ipR 1 increasing 
the output signal to e0 = ip(R1 + R2). Resistor R2 also occupies the 
positior, of the offset compensation resistance described in Sec. 2.2.1. 
As described there, making the circuit's two resistances equal pro­
duces canceling offset effects ,vith the amplifier's two input currents. 
As will be seen, making R2 = R, also balances the circuit for opti­
mum rejection of noise inter ference. The differential connection here 
reduces offset error even further through two other features. First, 
connecting the diode's anode to the top of R2 bootstraps the diode on 
that resistor's voltage. Then, the de compensation voltage developed 
across R2 no longer drops across the diode, avoiding the associated 
diode leakage error. The second feature permits a reduction of re­
sistance values. With equal resistances, this differential connection 
doubles the current-to-voltage gain through e0/ ip = 2R 1. Then, cut­
ting the resistance values in hal f maintaius the same gain as before 
Min ,-.,dnr.P_s t.hP. circuit's offaet sensitivity to amplifier input currents. 

This differential-input connection also provides the desired CMR 
of cou~led noise as shown in Fig. 9.2. There, setting the photocli­
ode current to 1,ero permits a focus upon the electrostatic coupling 
effects alone. Electrostatic noise source e, represents any ac voltage 
source that creates an electric field in the vicinity of the photodiode 
amplifier. This source couples noise currents i0e through mutual ca­
pacita1:ces CM to the amplifier's two inputs. It might first seem that 
the coupling effects to the two would differ because of greatly different 
impedances at those inputs. At the amplifier's non inverting input, the 
circuit presents an impedance equal to R2. In contrast, feedback pro­
duces a virtual ground at the amplifier's in vetting input. There, feed­
back absorbs any current injected without producing a corresponding 
voltagE change, indicating zero impedance. 

In spite of this impedance difference, feedback also equalizes the 
coupling effects at the two inputs by equalizing the signal voltages 
impressed upon the two C.,, capacitances. Feedback forces the volt­
age at the amplifier's inverting input to track that at the noninvert­
ing input, removing any signal voltage imbalance across the two CM 
components. With equal signal voltages, the two capacitances couple 
equal i.,. noise currents to the circuit's two inputs. There, the two ine 
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Figure 9.2 The differentfal input circuit of 1-"ig. 9.1 a.ccepta equal noise currents 
i,! from an clcet.rosuuie source to produce two equal e00 noise effecti; that the O'> 
amp's CMR r,tiects. • 
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CuTTcnt.:s develop equal and cvuutt;n1i.:Ut1}!. ene = ineR1 noi!')e voltages on 
the circuit's two resistors. Making R2 = R1 as shown ideally produces 
a zeroed output response, enoe "'0, from the electrostatic coupling. 

The accuracy of the above noise cancellation depends upon the 
matching of mutual capacitances, resistors, and parasitic capacitances. 
For a given noise source, locating the two circuit inputs equidistant 
from the source largely matches the associated mutual capacitances. 
Then, matching the values for the two circuit resistors assures ac­
curate cancellation of the ine signal effects, until higher freq·iencies 
a re reached. There, differences in parasitic capacitive shunting im­
balance the net impedances that react with the ine currents. Typi­
cally, only about 0.5 pF of stray capacitance shunts R1 , but the signif­
icantly larger, common-mode input capacitance of the op amp shunts 
R2. This difference removes the benefit of CMR at higher frequencies, 
but the rejection typically remains high at the troublesome power-line 
frequency. 

This capacitance imbalance also imposes different bandwidth limits 
for the circuit's two signal paths. A signal current driving R2 encoun­
ters the shunting of the larger C;cm capacitance before Cs significantly 
shunts the current driving R ,. This dHference produces a frequency 
response characterized by two gain plateaus that are separated by 
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6 dB. The earlier roll off produced by R2 and C;,m often limits the 
circuit's useful bandwidth to a frequency significantly lower than that 
achieved with the basic current-to-voltage converter. 

9. 1 .3 Other noise effects of the 
dlfferentlal-lnpul connection 

This connection also alters the noise resulting from the photodiode 
ampliner itself. However, simple adjustments to the earlier Sec. 5.3.1 
noise results adapt them to this case. Here, the added resistor and 
the bootstrap connection alter each of the fundamental EnoR, Eno;, and 
Enoe nlise components of the photodiode amplifier. These components 
represent the RMS output noise voltages resulting from the circuit's 
resistance and the amplifie1's input noise current and voltage. Fig­
ure 9.3 models the differential-input case of Fig. 9.2 with the circuit's 
noise sources and capacitances separated from the ampl ifier and the 

C· 
' 

Cs 

R1 
lni- = J2q15 -

Figure 9.3 TI1e differenti~l·input oonnection of Fig._ 9.~ adds 
thee noise effects of R2 d1rect1y through enR2 and mdirectly 
throogh the int.craction ol i,11+ and eni with this r~i,istance. 
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resistors. There, C; represents the net capacitance of the input cir­
cuit, C; = Co + Cid, where Cv is the diode capacitance, and Cid is the 
differential-input capacitance of the amplifier. Superposition analysis 
sets the photodiode current to zero in this model to permit a focus on 
the noise effects alone. The noise sources shown represent spectral 
noise densities and require separate analyses to determine the RMS 
output noise resulting from each source. 

The addition ofR2 for this differential-input circuit affects noise both 
directly and indirectly. Directly, the presence of R2 introdt.ces an ad­
ditional noise source to E,,.R and, indirectly, this resistance increases 
Enoi and E000• First, the noise voltage of R2 increases the output noise 
component EnoR produced by the circuit resistances. This added noise 
source, enR2 = J41J.1'R2, drives the amplifier's non.inverting input and 
the shunting Ci,m capacitance. Superp-0sition analysis defines the re­
sulting ou~'])ut noise effects by first considering all other signal and 
noise sources set to zero. Then, at lower frequencies, enR2 effectively 
d,;ves a voltage follower, transferring directly to the circuit output 
with a noise gain AnR2 = 1. At higher frequencies, Cicm absorbs the 
noise energy of R2 , shorting out the enR2 source. The intervening pole 
at /'p2 = 1/2,r R2C1tm rolls off the corresponding noise gain as expressed 
by Ann2 = 1/(1 + jf /f,,z). As described in Sec. 5.1.3, applying the RMS 
noise integral to the product of the e0 a2 noise density and the Ann2 
noise gain defines the resulting RMS output noise voltage. Then, 

and EnoR2 = J2K"l'R21rf,,2, wheref,,2 = l /21rR2C;c,n, 
The noise density of R,, enoRl, produces a second RMS resistor 

noise component. As with the basic photodiode amplifier, the enoR, = 
J4KTR1 noise also transfers to the circuit output with unity gain w1-

ti.l rolled off by a pole at{pr = l/2rcR1Cs. The resulting noise gain, 
AnR1 = 1/(1 + jf /{pr), and the noise density enoRl produce an RMS 
output noise analogous to that above, EnoR1 = j2KTR1ir(pr• An RMS 
summation of EnoRl with E,,.R2 defines the circuit's net output noise 
EnoR, produced by the circuit's resistors. For the typical R2 = R1 case 
this combination produces 

EnoR = /Enoa12 +EnoR22 = j2K"l'1rR,if,,r+f,,2) 
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Compared with the basic current-to-voltage converter, where EnoR = 
/ZKT;rRrfpr, the above noise component typically decreases. Compar­
ing the R1 (fpr + f,,2) and Rrfpr products of the two EnoR equations reveals 
this decrease. For equal gains in the two cases R, = Rr /2, making 
R 1(fpr + f,,2) = (Rr/2)ifi,r + f,,2). Then, only the condition of f,,2 = {pr 
would make R, ({pr+/i,2) = J/i·fpr to equalize the two EooR results. How­
ever, in almost all cases, f,,2 < {pr by a significant amow1t, making 
R1((pr + f,,2) < R,f,,r and producing a lower EnoR for the differential 
input case. Note, however, that this noise reduction actually results 
from the decreased bandwidth f,,2 of the differential-input circuit. 

The addition of R2 indirectly introduces another noise component 
Lhrough this resistor's reaction with the amplifier's input noise cur­
rent. With the basic photodiode amplifier, the noise current of the 
amplifier's inverting input, in,- of Fig. 9.3 produces an output noise 
voltage by flowing through the feedback resistance. That also occurs 
here and produces a noise voltage with R1 of e,,ru_ = (i., .. )R1, where 
in;- = J2qls- and ls - is the input bias currenL of the amplifier's in­
verting input. Being across R1, this noise voltage appears in series 
wiLh enRl, and the amplifier supplies the same noise gain to the two 
noise voltages. From before, AnR1 = 1/(1 + jf /(pr), and applying the 
RMS integral to the product of enm- and AoRl yields the RMS output 
noise voltage produced by in,-, Eooi- =R1/qrrfprls - -

With the differential case here, the noise current of the noninvert-
ing input i,,1_ a.loo producco a.n output noiee voltage. An analogous 

analysis defines its effect. Here, i., .. = J2qln+, where Is .. is the 
input bias current of the amplifier's noninverting input. Noise cur­
rent in;+ flows through the R2 resistance, producing the noise voltage 
enRi+ = (i,,;+)R2 across R2. There, enru+ appears in series with enR2, and 
the preYious AnR2 = 1/(1 + jf /f,,2) noise gain applies to enR,~ as well. 
This eruu+, AnR2 combination produces an RMS output noise compo­
nent of E.,0;+ = R2Jq Irf,,z/u,.. An RMS combination of Eno1-. and Enoi­
produces the net RMS output noise due to amplifier input currents. 
Assuming the typical conditions of R2 = R1 and In .. = lo -, 

Enoi = R1Jq;rlo-<fpr + f,,2) 

where (pr= l/2ir R1Cs, and {p2 = l /2rr R2Ci,m• Compared with the ba­
sic current-to-voltage conver ter, where Enoi = E/rJqirfvrlo - , the above 
noise component increases due to the added {p2 term but decreases 
for a gain-equivalent choice of R, = Rr /2. Typically, the combined 
increase and decrease effects produces a net decrease in noise but, 
again, only due to the reduced bandwidth imposed by fi,z. 

The third and final noise effect of the R 2 addition increases the 
E.,_. effect of the amplifier input noise voltage e.,. Evaluation of the 
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net e0 ; effect requires RMS integration of the product Anee.,, , where 
A .. is the noise-gain response presented by the circuit toe.;. How­
ever, the multiple capacitances of the differential-input photodiode 
amplifier produce a complex Ano response, making direct mathemat­
ical a nalysis cwnbersome. For noise analysis purposes, an intuitive 
examination of the circuit produces a simpler and adequate approxi­
mation of the Ane response. For this examination consider all signal 
sow·ces except for eni set to zero in Fig. 9.3. Then, only en; produces an 
output signal, and at lower frequencies, the circuit capacitances have 
no effect. For this combination, a loop equation shows that e0 = e .. in 
response to a low-frequency noise gain of AnoL = 1. At higher frequen­
cies, the presence of en, across C, develops a noise current e .. C; s that 
flows through both R1 and R2. The resulting noise voltages on these 
resistors produce an Ano gain rise, marked by a feedback zero at ap­
proximately f,J = l/2ir(R1 + R2)C;. For the typical R2 = R1 case, this 
zero becomes f,r = 1/4;r R I C;. At even higher frequencies, C,,., and Cs 
bypass R2 and R 1, limiting the effect of the noise current developed in 
C, . There, the circuit's capacitances control the response to e • ., and a 
loop equation defines a high-frequency noise gain for en; approximated 
by 

A _ 1 C· C;,m + Cs 
ncH - +'C· C 

1cm S 

Figure 9.4 dioployo the rcoulting Cooe - AneCnt output noise-density 
response. This result closely resembles the original enoe response of 
Sec. 5.2.3, making the earlier results applicable here with just a few 
modifications. As before, five regions separate the A,,,e.; response of 
the figure to simplify an otherwise complex integi-ation. Here, changes 
inf.r, f; and the shape of region 3 response differentiate this case Crom 
the earlier result. In regions 1 and 2 of Fig. 9.4, the low-frequency 
noise gain AneL = 1 makes thee ... response again follow thee., noise 
response of the amplifier. Then in region 3, the e,, .. response rises 
due Lo the Ane response zero at f.r = l /47fR1C;, as identified above. 
The resulting response rise continues with a constant slope in region 3 
unL;l temporarily interrupted by the Cicm bypass of R2. This bypass 
cuts the noise gain in half and introduces a dip in the cw-ve. However, 
this dip occurs late in the region 3 span, and ignoring it produces little 
error. Thus, assuming a st raight line response between f.r and f,,r 
adequately approximates the region 3 response and extends previous 
results to this case. 

The C;cm capacitance also affects regions 4 and 5 of the curve where 
the intercept frequency f; defines a boundary for the two. This fre­
quency marks the crossing of the circuit's 1/P cw·ve and the AoL re­
sponse. There, f; = Pnfc, where f:JH is the high-frequency value of 
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Log(en0 e) = Log(Ane•n;) 

' REGION 1 I REGION 2 
I 
I 

,1•noei•n; 

/ ------

Enoe = 
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I 
I 
I 
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fpf Log f 

le 
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Cicm+ Cs 

1 + Ci 
Cicm CS 

Figure 9.4 . 'T'he diff~rential-input m_odc1 of Fig. 9.3 modifies the frequency response of 
t.he phol0d1ode: 9.mphfier'a. o\1tput noise density with a negJigible dip in region 3 and a 
change in the/; boundary between regions 4 and 5. 

feedback factor andfc is the amplifier's unity-gain crossover frequency. 
The factor PH follows from the Fig. 9.3 derivation of the high-frequency 
noise gain AncH through the relationshjp PH = 1/AncH• Then, substi­
tuting the previous AncH result in(; = PHfc = fc/A,,,H produces 

fi - fc 
' - 1 + C, (Cicm + Cs )/CicmCs 

Making the preceding changes to EnoR, Eno;, fzr, and fi adapts the 
original noise analysis of Sec. 5.3.1 to this rufferential-input case. This 
analysis covers only the noise produced by the photodiode amplifier 
components and not the noise introduced by external sources. Then, 
the analysis of self-induced noise for the Fig. 9.2 follows the steps 
listed below: 

Enoel = e,,irJfr ln(ff //1), where enif is the e0 ; noise floor level and 
fr is the 1/f noise corner frequency. As explained in Sec. 5.2.3, 
setting f1 "'0.01 Hz avoids a theoretical contradiction and ensures 
analytical accuracy. 
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Enoe2 = en;rJf,r - fr, where fzr = l/4n:R1C,, and C1 =CD+ C;d- Here 
and in the Enoe4 analysis, numerical evaluation can produce the 
square root of a negative number. Tb.en, substitute zero for the 
result as explained in Sec. 5.3.1. 

Enoe3 = (en;r/fzr) j (ri - t.l) /3, where /pr = l/2rr RrCs, and Cs is 

the stray feedback capacitance. 

Eno..i = (l+C;/Cs )en;rJ(; - fvr, where{; = fc/[l+C; (C;cm+Cs )/C;cmCs ]. 

Eo1oc5 = (e.;rfc)Jfi1':, where fc is the op amp's unity-gain crossover 
frequency. 

E,,.0 = jE,,,,.,2 +Enoe22 +E000a2 + E0 oe4
2 + E.oe52

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

EnoR = J'l.KT11:R1(fpr+ fp2), where (pr = l/2n:R1Cs, and f,,2 = 
1/2,r R2C;cm. 

Eno;= R1Jqn:la- ifpr+ f,,2) . 

E IE 2 2 2 
no= \ noH +Enoi +Enoe- , 

9.1.4 An alternate differential-input 
photodiode amplifier 

The preceding photodiode amplifier reduces sensitivity to electrostatic 
coupling but sacrifices signal bandwidth. There, the C;cm bypass of 
R2 imposes a new bandwidth limit at a frequency lower than the nor• 
ma! limit imposed by the Cs bypass of R1. An alternative circuit 
restores bandwidth by removing signal swing from C;cm, Shown in 
Fig. 9.5, this differential-input circuit connects the photodiode between 
the inputs of two current-to-voltage converters and subtracts the two 
converter output signals with a difference amplifier. The resulting 
circuit becomes the common three-op-amp instrumentation amplifier 
with the photodiode replacing the normal gain-setting resistor. With 
this connection, grounded noninverting inputs for A 1 and A2 assure 
zero signal swing across the op amps' Cicm capacitances to avoid the 
preceding bandwidth limit. Then, the band,vidth limit returns to the 
stray capacitance bypass of the converter feedback resistors R 1 and 
R2. Making R2 = R , sets this limit at l/2n:R1Cs for both converters 
and balances the circuit for optimum rejection of electrostatic coupling. 
Compared with the basic photodiode amplifier, bandwidth actually im­
pro,•es here due to the dual gain setting resistors. For a given gain 
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Figure 9.5 Connecting the photodiode to a gi·ounded-input inso,.uncnta.tion am­
plifier remover; the common-mode swing of Fig. 9.1, a,•oiding t.he bandwidth limit. 
imposed there by common-mode input capacitance. 

level, dual resistors permit a 2:1 resistance reduction, reducing band­
width sensitivity to stray capacitance by the same factor. 

As with the preceding circujt, the mfferential inputs of this alter­
native circuit separate the electrostatic interference for rejection by 
CMR while amplifying the desired signal. Mutual capacitances CM 
again couple equal electrostatic interference cw-rents i,,, to R, and R2. 

For R2 = R 1, the equal currents produce equal and in-phase voltages 
- i 0 .,R1 at the outputs of A1 and A2. 'fhls makes the -i.,R, signals a 
common-mode signal at the input of the As difference amplifier. From 
there, the subtracting action of this amplifier rejects these identical 
signals. In contrast, the differenlial natw·e of the photodiode current 
ip produces opposite-phase voltages at the outputs of A1 and A2 . Thls 
cw·rent flows into one diode termmal and out of the other, producing 
ipR, at the output of A1 and -ipR1 at the output of A2 . '!'hen, the sub­
tracting action of the As difference amplifier delive,·s an output voltage 
of e0 = - 2ipR1. This separation of differential and common-mode sig­
nals depends upon the CMR of A3, and this rejection decreases v.<ith 
increasing frequency. However, the rejection generally remains high 
at the power-line frequency most often involved in electrostatic noise 
coupling. 

9.1.5 Other noise effects of the 
differential-input alternative 
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While it does reduce electrostatic noise, the Fig. 9.5 alternative adds 
the noise effects of several circuit components. Instead of one ampli­
fier and one resistor, this alternati,•e includes three amplifiers and 
six resistors. Fortunately, A3 and the four resistors of its difference 
amplifier enter the signal path after the signal gain provided by A , 
and A2. Thls placement makes the noise effects negligible for the 
five components of the A3 difference amplifier. Then, the noise in­
troduced by A1, A 2 , R 1, and R2 represents the noise contribution of 
Lhe photoruodc amplifier. These cil-cuit components form two match­
ing current-to-voltage converters that each introduce the noise com­
ponents previously summarized in Sec. 5.3.1. Simple RMS addition 
of the two converter's noise effects produces the net result for this 
case. For matched converter components, this adrution of two equal 

noise components, .,/ En 2 + En 2 , simply produces E,. J2, introducing a 
--12 multiplier to the circuit's noise components. Adrung this multiplier 
to the results of the earlier Sec. 5.3.1 results adapts those results to 
this case. This addition modifies EnoR, Enoi, and Enoel through Enoe5, 
which represent the noise effects of the circuit's resistance noise, cur­
rent noise, and the five subcomponents of voltage noise. Making these 
changes to the Sec. 5.3.1 summary produces the equivalent noise anal­
ysis summary for the ditl'erentlal-!nput alternative of Fig. 9.5. 

E,,00, = erurJ2fr ln(li /(1), where en;r is the en1 noise noor level, and 
fr is the 1/f noise corner frequency. As explained in Sec. 5.2.3, 
setting ft "' 0.01 Hz avoids a theoretical contraruction and ensures 
analytical accuracy. 

Enoc2 = e,,;rJ2ifzr - fr), where f zr = l /2;r R, (C; + Cs), and C, = Cn + 
C;d + C;cm, For applications requiring feedback compensation Cr, 
replace Cs ,vith Cr+ Cs here and in the steps that follow. Here and 
in the Enoc,1 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. 

E,,.03 = (e0;r/f..r)j2(fof1 - fzr3)/3, where (pr= l/21rR1Cs, and Cs is 
the stray feedback capacitance. 

Enoe1 = (1 + C;/Cs )e,,;rJ2({; - f.r), where f, = f,Cs/(C; + Cs). 

Enoe5 = (e01tf,)J2/{;, where f. is the op amp's unity-gain crossover 
frequency. 
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E ••• = jE ... 12 +Enoe22 +Enoel +En.,.. 2 +Enoes2
, the total RMS out­

put noise resulting from the spectral noise voltage en; of the amplifier 
inputs. 

EooR = 2JK'l'R1rrBW1, where BW, = lj2rrR1Cs, For applications 
that add a feedback capacitance Cr, replace Cs with Cr + Cs. 

Enoi =R1✓2qrrBW,I8- · 

I 2 2 2 
Eno=\ EnoR +Enoi + E ... , 

9.2 Reducing Magnetic and RFI Coupling 

Magnetic noise coupling and radio-frequency interference (RFI) intro­
duce circuit noise through a common coupling mechanism, mutual 
inductance. There, the interference source acts like the primary of a 
transformer, and circuit loops resemble secondary windings. \Vhile of­
ten considered separately, RFI simply repl'esents the higher-frequency 
form of parasitic magnetic coupling. However, in shielding, this fre­
quency disti11ction suggests the separation. The frequency of the mag­
netic source greatly influences the effectiveness of magnetic shielding 
materials. At lower frequencies, only the magnetic property of ferrous 
metals permits practical shield thickness. However, at higher frequen­
cies, decreases in both the magnetic response and in the slrield thick­
ness requirement make copper a good alternative materia l. There, 
even the copper layer of a ground plain becomes effective. In addi­
tion to shielding, careful choosing of the amplifier's physical and elec­
trical configurations reduces magnetic coupling effects. l\,fin imizing 
the physical areas of circuit loops reduces the coupling efficiency, and 
usmg a differential-input structure makes CMR reduce the residual 
effect. 

9.2.1 Magnetic shielding 

A comparison of magnetic coupling with electrostatic coupling and a 
transformer analogy illustrate the added shielding requirement of the 
magnetic case. The electrostatic shielding described before simply re­
quires a shield material of hjgh electrical conductivity. There, the 
high conductivity shorts the currents transmitted through mutual ca­
pacitances to ground. As long as these currents develop little volt­
age across the shield, no sign ificant field continues ,vithin the shield 
boundaries. However, magnetic fields couple through mutual i11duc­
tances, rather than capacitances, and produce voltage rather than cur­
rent signals. The coupled signals develop in all circuit loops within 
the field and have relative magnitudes determmed by loop areas. For 
the magnetic field, a high-conductivity electrostatic shield only forces 
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an equipotential condition at the shield boundaries. Groundmg this 
slrield does not terminate the magnetic field and may just simply es­
tablish a zero voltage reference. By analogy, grounding the center tap 
of a transformeis secondary winding establishes a reference voltage 
but does not terminate the transformeis coupling. Thus, an elec­
trostatic shield distorts the magnetic field but does not necessarily 
remove the field energy. Some portion of the field's energy continues 
the field within the shield boundalies. 

Fortunately for noise reduction, some of the magnetic field energy 
dissipates in eddy currents and ohmic absorption within the shield. 
Shield material selection optimizes this dissipation with different re­
sults for low and high frequencies. To effectively reduce magnetic 
coupling, the shield must absorb the field energy as the field trav­
els through the shield's walls. A combination of lrigh conductivity 
and high magnetic permeability produces the greatest field absorption. 
High electrical conductivity ensures that the induced shield currents 
produce little voltage drop across the shield, preventing continuation 
of the field through electrostatic coupling with.in. High magnetic per­
meability ensures efficient absorption of the magnetic field moving 
through the shield. At the power-li ne frequency, common to the most 
serious magnetic coupling effects, the magnetic permeability of fer­
rous materials reduces magnetic coupling an order of magnitude bet­
ter than other shield materials.2 For s uch materials, the realigrunent 
of magnetic dipoles in the fe1Tous material consumes magnetic field 
energy in the form of eddy currents. This improvement occurs even 
though the electrical conductivity of steel is about an order of magni­
tude lower than that of copper. Also, at power-line frequencies, the 
shield tlrickness required for a copper shield becomes prohibitive due 
to the great skin depth of this material. 

At radfo frequencies (RF), copper becomes a more reasonable, but 
never superior, alternative shield material. There, both the magnetic 
permeability of ferrous metals and the skin depths of all metals drop 
dramatically. Above 10 kHz, the magnetic permeability of ferrous met­
als drops due to the finite time required to realign the material's mag­
netic dipoles. The shorter periods of high-frequency signals preclude 
the realignment and the conversion of field energy to eddy currents. 
Then, a shield must remove magnetic field energy through ohmic ab­
sorption as reflected by skin depth. Skin depth indicates the thickness 
of a given sh ield material required to attenuate a magnetic field by a 
factor of e = 2. 73. Fortunately, skin depth also decreases at higher 
frequencies, due to the shorte,· wavelength of the signal. Thus, at high 
frequencies, the decreased permeability of ferrous materials reduces 
their relative advantage o,,er copper, and the reduced skin depths 
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make the required copper thickness more practical. However, for a 
given shield thickness, steel still retains about a factor of 3 absorption 
advantage. 

9.2.2 Circuit reductions of 
magnetic coupling 

As described above, physically separating and shielding the photodi­
ode amplifier from a magnetic noise source offers the best protection 
against magnetic noise coupling. However, the amplifier's physical 
and electrical configurations also offer powerful alternatives. Con­
figuring the amplifier layout for minimum physical loop areas and 
designing for Cl.VIR also reduce magnetic noise coupling. Minimizing 
the areas of the circuit's loops minimizes the mutual inductances that 
couple the magnetic noise signal. Careful component layout achieves 
this by placing the photodiode amplifier's components close to the op 
amp. Simply minimizing the lengths of component interconnections 
generally produces the desired area reductions. Finally, for lower­
frequency noise, an op amp's Cl\,fR reduces coupling effects when using 
a di!Terential-input configuration for the photodiode amplifier. Then, 
by matching loop areas and distances from a noise source the ampli­
fier's CMR rejects lhe resulting, equal noise coupling effects. 

For photodiode amplifiers, the most confusing task in magnetic cou­
pling reduction can be the identification of the receptor loopo. The 
physical arrangement of the circuit's components form these loops in 
several ways, and Fig. 9.6 shows the loops produced by the differential­
input photodiode amplifier of Fig. 9.1. Here, three loops illustrate 
those commonly formed with photodiode amplifiers through the cir­
cuit connections of the photodiode, the feedback, and the load. The 
op amp would seem to break these loops, but as will be seen, the 
amplifier's feedback action continues them. 

Differing amplifier responses and a grounding connection differen­
tiate the three loops shown. First, the photodiode's connection to the 
op amp inputs forms loop L3 that develops magnetic coupling signal 
e,,,3. In this loop, it would seem that the amplifier's very high input 
impedance would break the loop by interrupting an otherwise contin­
uous conductive path. However, feedback forces the voltage between 
the amplifier inputs to zero, just as if a short-circuit connected them. 
This completes the L3 loop in spite of the high input impedance. The 
equivalent short circuit of this case parallels the condition of a shorted 
transformer se<:ondary. There, the transformer continues its magnetic 
coupling and simply delivers its short-circuit output current. Here, the 
L3 loop acts as the receptor or secondary side of a parasitic transformer 
and similarly delivers its short-circuit cun-ent i,,. This current can-
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Figure. 9.6 . Photodiod~ a~pli.fiel"'$ form magnet.ic recept.or 
loops! m spite of the hJgb~1mpcdanoe interruption of the op 
a.mp 1~puts, due to the amplifier's output response to signals 
at its mputs. 
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not flow into the amplifier inputs because of their high impedances. 
Instead, feedback suppUes this current through R1 and forces the re­
turn current into R2. To do so, the amplifier develops an output volt­
age supporting the resulting voltage drops on the two resistors. This 
~ondition maintains the necessary zero voltage between the amplifier 
mputs and retains a short-circuit appearance to the La loop. 

The above feedback action and the photodiode capacitance make 
the L3 loop a serious noise source for the photodiode amplifler. The 
out~ut voltage developed by feedback above is actually an amplified 
replica of the _em3 noise. To determine the corresponding noise gain, 
let superpos1t1on set em, and e.,2 to zero and consider is, to be only 
that current produced by e.,3. This current develops a voltage across 
the photodiode that counteracts e,.3 in the La loop and retains zero 
voltage between the op amp inputs. Generally small, e.,3 does not 
prod~ce a forw_ard bias condition for the photodiode but keeps the diode 
J~c~1on D:ear its off state. At lower frequencies, the off impedance of 
this Junction equals the photodiode's very large dark resistance, Rv. 
Together, _e.,3 and RD produce a very small current of; •• = ems/Ro. 
The c,rcwt conducts this current from R1 and to R2 , producing an 
output voltage of e. = is,(R, + R2) = 2i8,R1. Combining the last two 
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equations shows the low-frequency noise gain to be A,,L = e.Jem3 = 
2RifRn. Typically, the very lal·ge value of Ro makes this gain less 
than lmity, and the amplifier actually attenuates low-frequency em3 

signals. However, at higher frequencies, the diode's capacitance Cn 
shunts the diode impedance, replacing Ro with 1/Cos in the noise 
gain equation. Then, A nH = 2R1Cos, and this noise gain displays a 
response zero at 1/4rrR1C0 . For large values of R1 and Co, this zero 
makes the high-frequency noise gain rise into the hundreds much like 
the noise gain peaking described in Sec. 5.1.2. This noise gain makes 
the L3 loop particularly troublesome for photodiode amplifiers. 

Next, consider the L2 loop and its coupled signal e .. 2. Less obvious, 
this loop results from connecting R2 and RL together at the circuit's 
ground return and from a signal path through the amplifier. The 
ground connection here does not disable the loop reception, just as a 
grounded tap on a transformer secondary does not disable the trans­
former's magnetic coupling. Nor does the amplifier interrupt the loop, 
as seen by a superposition analysis with e., , = e.,3 = iss = 0. Then, 
emz <hives the input ofa voltage follower, and feedback makes the am­
plifier output follow emz, just as if a short circuit connected e.,z to RL­
This equivalent short circuit completes the L2 loop through the am­
pli fier. Due to the follower response of this case, the cil·cuit presents 
a noise gain of An = 1 to em2-

1'he L2 loop demonstrates another benefit of the differential-input 
photodiode amplifier of the figure. There, the circuit's bootstrap con­
nection isolates the diode capacitance from the emz signal, reducing 
noise gain. Returning the anode of the diode to the amplifier's nonin­
verting input bootstraps the diode on the e,,, 2 signa 1 at that input. In 
contrast, common photodiode amplifiers connect the anode to ground, 
impressing em2 across tbe diode. Then, em2 reacts with the di.ode ca­
pacitance, increasing high-frequency noise gain, just as e,.3 did oofore. 

The final circuit loop L1 depends upon the equivalent short.circuits 
described for L~ and L3. As described, feedback action produces these 
equivalents from the amplifier's noninverting input to both the invert­
ing input and the output. Visual examination of Fig. 9.3 shows that 
making the two equivalent connections completes the L, loop. Super­
position analysis again determines the corresponding noise gain but 
using em2 = em3 = i,. = 0 in this case. Under these conditions, one 
side of the em I source connects to the virtual ground that feedback 
produces at the amplifier's inverting input. The other side connects 
to the output through R1 and, with i,. = 0, no cw·,·ent flows in this 
resistor. Thus, e0 = - em 1 for a noise gain of An = - 1. 

Minimizing the preceding loops reduces but does not eliminate the 
noise from magnetic coupling. Some finite loop areas and coupling 
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always remain . However, the differential-input photodiode ampliner 
offers further noise reduction through op amp CMR. The circuit of 
Fig. 9.6 rejects magnetic coupling much as it did electrostatic coupling 
in Fig. 9.1. Previously, matching R1 and R2 resistances activated the 
amplifier's C.MR. Here, matching the L1 and L2 loops produces simi­
lar results. These loops produce the em, and e,,.2 signals at opposite 
amplifier inputs and superposition analysis with ema = i., = 0 defines 
an output voltage ofe0 = e.,z-e,,, , . Thus, makinge0,2 = em 1 produces 
noise cancellation of these two effects at the circuit output. 

This requires matching the physical areas of the L I and L2 loops, 
their distances from an interfering magnetic source, and their orien­
tations relative to that source. Matching these three features equal­
izes em, and e,.2, making their net effect a common-mode signal at 
the amplifier's inputs. Matching loop areas and distances equalizes 
the magnitudes of e.,2 and e,,, 1, and the matching distances also pro­
duces a first-order phase equalizat ion. Accurate phase matching, as 
required for high common-mode cancellation, also requires matched 
loop orientations relative to the magnetic source. Then, the subtrac­
tion performed by the amplifier's differential inputs produces opti­
mum rejection of magnetic noise coupling. Most often, this noise re­
duction opportunity aids in the rejection of low-frequency local noise 
sources such as power transformer interference. At higher frequen­
cies, the amplificr~e. ClvIR dcclinco, 1·cducing jts benefit to noise reduc• 
tion. 

There, RF! filtering somewhat replaces Cl.vffi to counteract the ac­
companying increase in magnetic coupling efficiency. This increase 
potentially dominates noise perfon-nance, often due to the RFI of cores­
ident digital circuitry. However, the bandwidth limitation of the am­
plifier permits a filtering solution. The limited band,v;dth of the op 
amp typically restricts the photodiode amplifier's response to frequen­
cies well below the RF range. This permits fi ltei· removal of RFI sig­
nals at the amplifier output without restricting the circuit's useful 
bandwidth. 

Still, output filte1ing does not necessarily remove the effects of high­
er-level RFI. The input circuit of an op amp can act like an RF detector, 
separating a lower frequency envelope from a carrier.• There, larger 
RF signals dl·ive the emit ter-base junctions of bipolar input transis­
tors to produce a rectifying action. Then, the t ransistor's junction 
capacitances store the envelope level of the RF signal at the amplifier 
input. If not disabled by this interference, the amplifier transmits an 
amplified replica of the envelope to the circuit output. FET input op 
amps signincantly reduce the likelihood of this effect due to the larger 
voltage s,v;ng required to produce a rectifying action. Fortunately, 
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the lower input bias currents of FET amplifiers also make them the 
predominate choice for photodiode applications. 

9.3 Reducing Multiple 
Coupled-Noise Effects 

Coupled noise seldom provides clear clues to its origin, and successful 
reduction of this noise requires a modified, troubleshooting approach. 
In a given application, any one of the preceding noise reduction tech­
niques may offer the best solution, or the application may require 
a combination of two or more. Without definitive clues, trial-and­
error application of the noise reduction practices prevails. However, 
the combinational possibility requires a modification to this approach. 
Traditionally, when a given trial implementation fails to solve the 
problem, you remove this implementation and proceed to the next. 
However, with the potential for combinational effects, effective noise 
coupling reduction requires a delay in this removal. \Vhen the trial 
of a first noise reduction technique fails to solve the problem, do not 
remove it before applying the next technique. The effect of the first 
may be masked by the requirement for a second, and removing the 
first at this point may suboptimize the final solution. Instead, pro­
ceed through the series of noise reduction practices described above, 
leaving all implementations in place until the end. Then, with the 
coupling reduction optimized, begin to remove those implementations 
which originally appeared to have no effect. In the reduced noise 
background of the optimized condition, the actual noise effects of the 
individual implementations become apparent. Remove the ineffective 
ones at this point but not before. 

9.4 Minimizing Magnetic Field Generation 

1'he preceding discussions focus upon the photodiode amplifier's sen­
sitivity to coupled noise, overlooking this amplifier's potential for pro­
ducing such noise. Simple current flow in a conductor produces a 
magnetic field capable of coupling noise back into the amplifier or to 
other circuitry. Current flows associated with a photodiode amplifier 
typically lack the magnitude needed to produce a significant field, ex­
cept at the amplifier output. There, the load current supplied by the 
amplifier potentially produces a magnetic noise source, but attention 
to coaxial returns minimizes this potential. 

As illustrated in Fig. 9.7, the photodiode amplifier supplies the load 
current ir, to load resistance Ri, often producing a significant cur­
rent flow in connecting conductors. Closer examination of this cur­
rent's path reveals cwTent flow in a field-generating loop. For the 
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Figur~ 9.7 Load eu.n-eot SUJ)pl.ied by the amplifier actually 
flows m a loop area capable of producing magnetic interfer• 
ence. 

217 

case _shown, the amplifier produces a positive output voltage e. by 
drav.'lllg tbe load current ii, from the V + positive supply and deliv­
ering it to R1,. Then, Rr,'s ground connection returns the cw-rent to 
V +, completing the loop. A similar current conduction loop results for 
negative e. values through the amplifier's negative power supply. In 
each case, the magnitude and frequency content of h and the physical 
area of the conduction loop determine the strength of the magnetic 
field generated. Application requirements dictate the characteristics 
of ir,, but physical layout options permit minimizing the loop area to 
greatly reduce the resulting field strength. 

Coaxial conduction of the supply and return of the ir, current min­
~izes this loop area. For the simplest illustration of this principle, 
Fig. 9.8 shows this current conduction ,vith a coaxial cable. Other, 
more practical options generally suffice, and later discussion presents 
these options using the principles illustrated here. In the figure, the 
cable's center conductor supplies the cu1Tent to the amplifier, and the 
cable shield returns it to the power-supply common. Just the appear­
ance of the resulting figure communicates the reduced area of the con­
duction loop, supplying an intuitive sign of magnetic field reduction. 
In practice, the relative area reduction far exceeds that presented by 
the short cable length of tl1e illustration. 

The significance of this area reduction becomes apparent when con­
sidering the magnetic fields produced by the supply and return con­
ductors. To minimize loop area, the supply and return conductors 
must follow essentially the same physical path. These conductors 
carry the ir, cu1Tent in opposite directions along this common path, 
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Figure 9.8 Coaxial return. of the Joad current minimizea loop area and 
the ~ssociated magnetic interference. 

producing equal magnetic fields of opposite orientation. These fields 
cancel, neutralizing the net magnetic field. The coaxial cable opti­
mizes this canceling ,effect by producing a common centroid or axis for 
the two current flows. While difficult to illustrate, the return current 
conducted in the cable shield of Fig. 9.8 distributes throughout the 
shield, enveloping the center conductor. Averaged around the circu­
lar shield, the net magnetic field produced has a centroid coincident 
with the center conductor. Thus, the supply and return conductors of 
the coaxial cable permit precise magnetic field neutralization. How­
ever, coaxial cable connections represent an impractical solution to the 
multitude of current conduction loops found on a typical ci rcuit board. 

Fortunately, adjacent board traces or a ground plane provide nearly 
coaxial perfonnance for the practical case. Adjacent circujt board 
traces illustrate this solution, but the ground plane best supplies it. 
Conceptually adjacenL traces, supplying and returning a given CU1Tent, 
approximate the coaxial condition. This configuration again minimizes 
loop area and only slightly compromises the ideal coaxial conduction 
of the cable above. With adjacent traces, the space separating the two 
differentiates the central axes of the two magnetic fields produced, 
slightly reducing the magnetic field cancellation. Still, the adjacen t 
trace solution also remains impractical for all but the simplest of cir­
cuit boards. Layout implementation of a return trace adjacent to each 
signal trace soon becomes a product of conflicting demands. 

In practice, a ground plane avoids the adjacent trace complication 
and provides simila,· coaxial perfo1mance. There, serendipity assures 
the coaxial return at the higher frequencies where magnetic coupling 
becomes increasingly significant.5 A return current delivered to the 
ground plane follows the path of least impedance back to the power­
supply common. At lower frequencies, the ground plane resistance 
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controls this impedance, and the return current typically follows the 
shortest path to the supply common. This does not establish a coaxial 
return, but the signal's lower frequency prevents the production of 
a noise-significant magnetic field. At higher frequencies, th e gmund 
plane inductance controls this retUln impedance and automatically 
assures a coaxial return. There, the loop area of the conduction path 
corresponds to inductance, and the loop's magnetic field controls the 
direction of current flow. Seeking the path of least impedance, the 
return current follows a path paralleling that of the s upply current, 
minimizing the inductance and the associated magnetic field. The 
physical separation between the supply trace and the ground plane 
still differentiates the axes of the two conduction paths but only by 
the thickness of the circuit board. 
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Chapter 

10 
Position-Sensing 

Photodiode Amplifiers 

Pbotodiodes sense the position of a light beam tlu·ough the diodes' 
photo responses, but several variables potent ially degrade se:1Sing ac­
curacy. These variables introduce offset and gain errors in the light­
to-voltage conversion process. A single photodiode provides scme mea­
sure of a light beam's position tlu·ough the magnitude of the diode's 
output signal. However, background light conditions also influence 
this 111agnitude and could require calibrated and oft.en impractical 
measurement conditions. Fortunately, background light only adds 
an offset to the diode output , and differential measurement removes 
its effect. Adding a second, matching photodiode and monitoring the 
difference between the two diode outputs removes the equal offsets 
produced by the two. The differential-input nature of op amps readily 
extracts this difference signal through several circuit configurations.1 

There, two photodiodes provide one axis of position information, and 
replicating the two-d iode solution provides multiaxis information. 

Still, these position-sensing solutions remain vulnerable to varia­
tions in the light source intensity and the photodiode's resionsivity. 
Both variables affect the gain of the position measw·ement, and simple 
differential monitoring does not remove gain error effects. Once again, 
calibrated measurement conditions can temporarily remove these ef­
fects, but light sources age and the photodiode responsivity displays a 
strong temperature sensitivity. Signal normalization provides a more 
permanent solution by dividing the diodes' difference signal by their 
mean signal. There, gain variations affect the mean and difference 
signals equally, making their no,malized quotient immune to gain 
changes. An analog divider extracts this normalized signal with the 
greatest accuracy, but analog multiplier replacements for the divider 

22, 
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simplif:r the circuitry. Alternately, linear photodiode an·ays remove 
the need for normalization by providing a digital indication of posi­
tion. 'There, the diodes of the array need only indicate which diode 
resides closest to the incident beam as resolved by evaluating their 
relative rather than absolute signal magnitudes. 
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10.1 Direct-Displacement 
Monitor Amplifiers >-~-O •o 

In the simplest case, two photodiodes directly indicate a beam posi­
tion thl'ough the difference in their output signals. Four circuits below 
produce the desired difference signal with varying degrees of circuit 
complexity and performance. Using three op amps, a differentia l­
photodiode amplifier provides the best overall performance and of­
fers simplified noise filtering. Alternately, connecting the photodiodes 
differentially reduces the amplifier requirement to Lhe basic current­
to-volt~ge converter. However, this simpler cil·cuit compromises accu­
racy, offset, and noise. Modifying this simpler circuit bootstraps the 
photodiodes to restore offset and noise performance, but this modifica­
tion potentially reduces bandwidth. These first three circuits provide 
single-ax.is monitori ng with lwo photodiodes. A fourth circuit extends 
the monitoring to two axes using four photodiodes. 

10.1.1 Single-axis monitoring with a 
differential-photodiode amplifier 

Wltile somewhat complex, the differential-photodiode amplifier of 
Fig. 10.l develops the photodiode difTerence signal with the gi_·eat­
est accuracy. This circuit first converts the two photodiode currents 
into volta.ges and then subtracts those voltages. In the figure, A 1 and 
A2 perform as traditional current-to-voltage converters, and A3 per­
forms as a difference ampliJier. Fundamentally, the circuit becomes 
the common th ree-op-amp instrumentation amplifier2 with the gain 
set resistor removed and photodiodes connected to the gain set points. 
'I'he output voltages of A1 and A2 contain both difference and common­
mode signals. A3 separates the two, delivering the difference signal 
to the cil'cuit output as e0 = (ip1 - ip2)R[ . 

Thls difference signal reflects the displacement information desired 
throug\ the difference in the two photodiode currents. Note that equal 
illumination of the two photodiodes makes ;.1 = ip2 and e0 = 0, indi­
cating a beam centered between the two diodes. Sunilarly, greater 
illumir.ation of D1 makes ip 1 > ip2 and e0 > 0, indicating a displace­
ment in the D1 direction, and the converse conditions result for greater 
illumir.ation of Dz. Currents ip 1 and ip2 respond linearly to illumi-
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Figure 10.1 The dif.fo.rential-phot..odiode amplifi~r resolv0s the position of 
a light source relative to two photodiodes as t-eprescntcd by th~ difference 
in diode out"p1.1t cun·ents. 

nation Intensity and make the magnitude of e0 a direct maasure of 
displacement. 

Evaluation of the e0 equation confirms the cil'cuit's removal of back­
ground light source effects. A photodiode pxoduces an output current 
of ip = r,</Je, where r,, is the diode's flux responsivity and <f>e is the ra­
diant flux il1 watts.3 The combination of signal and background light 
sources makes </>, = <Pe. + <l>eB and ip = r ,(<I> .. + </Jes) . Applying tl,js 
ip expression to eo = (ip1 - ip2)Rr produces e. = [(r.1</>es1 - r 02 ef>es2) + 
(r,1 - r..,2)</!eaJ.Rr. Here, the term (r,1 - r92)</!eaRr describes the resid­
ual offset produced by the background flux </Jes that illumhates the 
two diodes equally. Simply matching the photodiode respmsivities, 
r, , = r . 2, reduces this offset to zero, leavi nge0 = (r91<f> .. , - r, 2</Je,2)R1. 

Circuit mismatches produce error in the actual e0 signal, but resis­
tor adjustments produce compensating effects. Specifically, the two 
photodiodes will not have identical responsivities, and the high value 
of the Rr resistors makes their matching difficult. Both effects produce 
gain unbalance in the circuit's two sig11al channels, and this disturbs 
the circuit's difference function. Adjusting the Rr resistors wmtld com­
pensate for both effects, but again, the high resistance value makes 
such adjustment difficult . Instead, adjusting the more reasonable 
R resistors of the difference amplifier produces a compensating gain 
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imbalmce. Also, the Fig. 10.1 configuration facilitates lower initial 
mismatch tb.l'ough the use of monolithic dual photodiodes. Such duals 
typically have common cathodes as accommodated by the grounded 
cathode configuration of the differential amplifier. 

Dual op amps also benefit this amplifier configuration by reducing 
offset voltage. For a current-to-voltage converter, an offset etTor re­
sults from the flow of op amp input current into the high feedback 
resistance. Normally, adding a matching resistance in series with 
the op amp's noninverting input produces a compensating offset volt­
age. However, that compensating voltage drops across the photodiode, 
producing a leakage cu1Tent that often overrides the compensation re­
sistor's benefit. The circuit here removes the need for that resistor 
by automatically providing offset voltage compensation through CMR. 
There, placing the matched amplifiers of a dual in the A 1 and A2 
positions delivers matched amplifier input currents to the two Rr re­
sistors. The resulting, equal offsets voltages produced at the outputs 
of A 1 and A2 present a common-mode signal for rejection by the A3 
difference amplifier. 

10.1 .. 2 Noise reduction with the 
differential-photodiode amplifier 

This amplifier permits reducing the noise effects of both internal and 
external noise sources. Simplified filtering reduces the effects of the 
ampluier's noise svurc"s, aud CMR reduce,; the effects of noise coupled 
from external sources. For a different application, Secs. 9.1.4 and 9.J..5 
develop detailed noise analyses for both noise effects of the differential 
amplifier, and those analyses apply to this application as well. 

The simplified filtering opportunity results from a diffel'ence in sig­
nal and noise bandwidths. As described in Chap. 6, the current-to­
voltage converter oft.en delivers a greater bandwidth to inte.rnal noise 
sources than to the signal, but filtering can restrict both bandwidths 
to the same frequency and remove noise without affecting signal. The 
previous discussion also presents several such filtering methods for 
the basic current-to-voltage converter. Any of these methods could 
be applied to the two CU1Tent-to-voltage converters of thjs circuit; 
however, this circuit's third op amp offers a simpler solution. As 
shown with dashed lines, simple capacitance bypass of two resistors 
of the difference amplifier produces the desired filtering. This adapts 
the difference amplifier to also serve as a low-pass filter and avoids 
the added complexity of pre'rious solutions. 

Suet. bypass can disturb the circuit balance that produces the dif. 
ference amplifier's CMR, and ideally, matching bypass responses are 
required. However, two factors make this matching less critical here. 
First, the dominant noise sources of the circuit do not present a com-
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mon-mode signal to the difference amplifier. There, the output noise 
signals of the two current-to-voltage converters result from different 
amplifiers and remain uncorrelated rather than common. Thus, the 
subtraction operation of the A3 difference amplifier cannot make the 
two noise effects cancel, and the circuit's CJ.\,IR offers no benefit here. 
Instead, the uncorrelated noise components of e01 and e02, enol and 
eno2, pass through the difference amplifier ,-rith unity gain and are 
added in RMS fashion to produce a final output noise component 

Introducing the CB capacitors produces a pole in the unity-gain re­
sponses to Cno1 and e.02, making 

I 2 2 
\ enol + eno2 

eno3 = 1 +RCss 

A second factor reducing the bypass balance requirement results from 
the frequency of the bypass. Setting the bypass break frequency at 
the signal bandwidth limit moves the primary effect of the bypass to 
frequencies beyond the range of interest. Still, the circuit depends 
upon CMR for accurate development of the difference signal, and the 
effect of bypass imbalance should be evaluated when using this option. 

Note that another obvioue filtering option does not yield an equiv­
alent result. Capacitive bypass of the Rr conversion resistance would 
also reduce noise bandwidth. However, as described in Sec. 6.1.1, this 
bypass simultaneously reduces signal band,'ridth by the same factor, 
leaving the ratio of the two bandwidths unchanged. Then, signal band­
width declines, and noise still retains the bandwidth advantage. 

The differential-photodiode amplifier also aids in the reduction of 
noise coupling from external sources. Electrostatic and magnetic cou­
pling can be significant noise contributors especially because of the 
small signals typically developed by photodiodes. The differential na­
ture of this circuit converts those coupling effects into common-mode 
signals for rejection by the difference amplifier. Chapter 9 describes 
this noise reduction in detai l. Note that this reduction depends upon 
the common-mode nature of the coupled signals and the circuit's CMR. 
Thus, the filtering described above potentially compromises the reduc­
tion of coupled noise effects as well. 

10.1 .3 Connecting the 
photodiodes differentially 

With their voltages held to zero by op amp inputs, photodiodes become 
two-terminal current sources, and current signals sum or subtract 
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easily. This perm.its a simpler monitor circuit but introduces some 
performance compromises. Simply connecting two photoc:liodes in_ par­
allel and with opposite orientations in Fig. 10.2 produces the differ­
ential output current ipi - ip2. Common-mode current merely ~ircu­
lates in the diode loop resulting in no signal output. Then, the simple 
current-to-voltage converter again serves as the photoc:liode amplifier. 
This circuit produces the same e0 = (ip 1 - ip2)Rr as the preceding 
differential-photodiode amplifier. 

However, this simpler circuit also degrades response accuracy, off­
set, and the rejection of coupled noise. Response accuracy degrades 
due to fae different cathode connections of the diodes. Previously, the 
grounded cathodes of the two photodiodes permitted the use of mono­
lithic devices that ensure matched responsivities for the two. Offset 
degtades because the offset compensation resistor Re now develops a 
voltage across the photodiodes. That resistor produces a de offset volt­
age witl1 the amplifier's noni.nverting input current to compensate for 
the voltage developed by the inverting input current with the feedback 
resistor. However, the voltage on the compensation resistor also ap­
pears across the photodiodes, inducing diode leakage currents. The~e 
leakages flow through the feedback resistor and produce an output off­
set. Previously, the differential amplifier held both diode voltages at 
zero and achieved offset compensation through CMR without the need 
for co1mensation resistors. Rejection of coupled noise also degrades, 
again due to the lack of CMR that the previous circuit us~u tu r~111uv~ 
this noise effect. 

ip1-ip2 
Rt 

lp l i lp2 t 
~ 0~ 02 

e0 =(ip1- ip:z)R1 

Re= Rt 

Figure 10.2 Connecting two photodiode~ in P3!"811e~ and with O.Ppositc 
ori~ntations automatically produces a d1fferential ~1gnal, reducing the 
photodiodc amplifier to the ba$ic current-to-voltag~converter. 
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10.1.4 An altemate 
dlfferential-photodiode connection 
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A simple modification to the Fig. 10.2 circuit restores the ?revious 
offset and noise rejection performance at the expense of bandwidth. 
Shown in Fig. 10.3, the photodiodes now return to the op arr.p's non­
inverting input rather than ground. Previously, Sec. 9.1.2 introduced 
this circuit for a single-diode application. The accompanying noise 
analysis of Sec. 9.1.3 applies to this case as well. Here, the modified 
diode return again bootstraps the diodes upon the voltage developed 
across the compensation resistor Re. Now, the diodes connect directly 
across the zero voltage of the op amp's differential inputs, r~moving 
diode leakage and the associated offset result. This modified circuit 
also removes the Fig. 10.2 bypass capacitor that rolled off the noise of 
Re there. Then, Re participates in the current-to-voltage conversion 
and restores CMR. The ip 1 -i,,2 return current of the diodes now flows 
through Re, producing a second componentofoutputsignale0 • For its 
compensation purpose, Re = Rr, and the added e0 component doubles 
the circuit's current-to-voltage gain. Also, the balanced impedances 
now connected to the op amp's inputs restore CMR of coupled noise. 
Electrostatic no1se currents coupled to the amplifier's two inputs pro­
duce equal and canceling voltages on the circuit's two resistors. Sec­
tion 9.1.2 describes this noise cancellation in detail. 

However, this alternate differential-photodiode circuit potentially 
reduces bandwidth. Two factors affect bandwidth here, with the first 

t + 

(lp1-1p2lR1 Rc =R1 

\ _ 
Figure 10.3 Bootstrapping the photodiodes removes Fig. 10.2's major 
perfonnance compromises but potentially reduces bandwidth. 
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producing an increase but with the second producing a greater de­
crease. Bandwidth tends to increase due to the doubled curl'ent-to­
voltage gain 2Rr described above. This permits reducing Rr a factor 
of 2 kl produce the same gain as the preceding circuits. Then, pal'• 
asitic capacitance bypass of the Rr resistances presents a bandwidth 
limit at twice the frequency experienced before. However, this al­
ternative connection also adds another bypass capacitance across the 
comp~nsation resistance as shown in Fig. 10.4. There, the inevitable 
Cs stray capacitances bypass both resistors, but the op amp adds its 
common-mode input capacitance C1,m to the bypass of Re. Typically, 
C;,m "" 6Cs, and the combined bypass of Re rolls off its gain contribu• 
tion at about one-seventh the frequency of the Cs bypass of Rr. The 
latter bypass often determines the bandwidth of the photodiode am• 
pli.6.er, so the C,,m effect here potentially l'educes bandwidth a factor 
of 7. Combined, the two bandwidth effects potentially produce about 
a 3.5:1 bandwidth reduction for the alternative clifferential-photodiode 
circuit. 

The actual frequency response of this circuit exhibits two gain 
plateaus instead of the customary single plateau. For the typical 
Re = Rr case, Fig. 10.5 iUustrates this response starting with a low­
frequency 1-to-V gain plateau at 2R,. At an intermediate frequency, 
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Figure 10.4 The bootstrap connection of Fig. 10.3 makes 
the amplifier's common-mode input capacitance part of the 
bandwidth-limiting bypaS6 of current~to-voltng,e conversion 
resistance. 

Position-Sensing Pholo<liode Amplifiers 229 

Ho-V GAIN 

fpc = 1 /2,rRf(Cicm + Cs) 

2Rr 1-----c✓ fpf = l/2rrRtCs 

Rf --------~-/ 
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Figure 10.5 Tho acided.Cien:i by­
paaa of Fig. 10.4 introduces a. sec,. 
ond response pole at (pe that po,. 
tentially dominates the circuit-'s 
bandwidth. 

Cicm shunts Re = Rr and produces a response pole at {pc = l/2rr Rr 
(Cicm + Cs). This shunt totally removes the gain contribution of Re 
but that of Rr remains, interrupting the first gain roll off with a sec­
ond plateau at a level equal to R1. At a higher frequency, the stray 
Cs shunts Rr, producing tbe second roll off at {pr= 1/2,r RrCs. Tech­
nically, the second plateau extends the frequency response, but this 
extension typically serves little practical purpose. For most applica­
tions, the roll off at {pc marks tbe useful bandwidth limit as set by 
resistor bypass. 

However, this limit alone does not necessarily define the final band­
width. As described in Chap. a, other limits potentially set the ac• 
tual bandwidth of the photodiode amplifier. A second limit occurs at 
the 1//3 intercept with the AoL response at the frequency f;. Then, 
{; competes with {pc in setting the bandwidth, and different circuit 
conditions make one or the other prevail. High-gain photodiode am­
plifiers employ very large Rr resistance values that make f r,e < f., 
and frc dominates the bandwidth limitations. Then, the alternate 
clifferential-photodiode circuit above reduces bandwidth as described. 
However, lower-gain applications make frc > (;, removing the signifi­
cance of resistor bypass from the bandwidth result. Then, this alter­
nate circuit provides the performance advantages described without 
penalty. 

10.1.5 Two-axis monitoring 

For multiple-axis position sensing, two pbotodiodes sense along the 
line of each axis. Any of the preceding single-axis monitoring circuits 
of this section sel·ve this purpose with the single-axis circuit simply 
replicated for each new a.xis. Figure 10.6 demonstrates this extension 
for two-axis monitoring using the Fig. 10.1 differential-pbot<,diode am­
plifier. There, the graphical representation of the diodes depicts their 
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physical placements along X and Y axes. Two diode pairs develop 
indepencient output signals representing position relative to the two 
axes, e0x = (ix1 - i,2)Rr and eoy = (i.y1 - iy2)Rr . These signals serve 
as indicators of X and Y coordinates or directly effect servo position 
control. 

Two-axis monitoring changes the photodiode performance require­
ments in two V<<ays. Matching requirements increase, but for some 
applications, responsh,ity tolerance requir~ments relax. As before, 
the two diodes of an axis pair must match to p'i-oduce an accurate dis­
placement indication in the e0 difference signal of the axis. However, 
two-axis monitoring also requires matching one pair to the other for 
vector angle measurement. Resoh,ing this angle depends upon the 
ratio of the X and Y signals, and interpair mismatch produces angu­
lar error. However, this ratio remains immune to the highly variable 
diode responsivity, potentially relaxing a requirement there. Respon­
sivity variations due to manufacturing tolerances and temperatw·e 
changes do not disturb this ratio as long as all diodes experience the 
same variation. This eases the diode requirements for applications 
requiring only angular information. 

Monolithic photodiode a rrays best serve the more stringent match­
ing requirement of this case. As described before, the Fig. 10.1 differ­
ential-photodiode amplliier facilitates its use through the grounded 
connection of the diode cathodes. With both cathodes connected to the 
earoe po:nt, that circuit accommodates the common-cathode structure 
of monolithic photodiodes. Using the Fig. 10.1 amplifter, Fig. 10.6 ex-

jx1~ -

Figure 10,6 Four phot.odiodcs pro,•id.e two-axia displacem~nl moni~ring, and the 
differenLiaJ.pbotodiode amplifier perm1ta the common.caLhode connection of a mono­
lithic array. 
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tends this feature to four photodiodes as shown. Any number of axes 
can be instrumented in this way mth all photodiodes on the same 
monolithic chip. 

10.2 Normalized Monitor Amplifiers 

For many applications, the preceding circuits require signal normal­
ization to provide an accw·ate indication of position. These ~ircuits 
produce output signals of the form e0 = (ip 1 - ip2)l/r, where a dif­
ference in diode output signals should directly reflect a light beam's 
position. However, two other variables typically affect this difference 
signal by introducing gain error in the light-to-voltage conversion pro­
cess. Variations in both the light intensity received and the photodiode 
responsivity to light also affect the magnitudes of the ip1 and ip2 cur­
rents. Received light intensity varies due to changes in the light source 
and in the medium separating the source from the diodes. Photodiode 
responsivity varies ,vith manufacturing tolerances and temperature 
changes. The resulting magnitude variations of ip 1 and ip2 also alter 
the ip L - ip2 difference of the e0 equation, confounding the position 
sensing. This potentially reduces the e0 difference signal to a relative 
rather than absolute indication, where e0 only reflects which diode is 
closest to the sow·ce. 

To quantify these effects, consider the e0 = (ip , - ip2)l/r equation 
exp1·essed lo tenns of th~ light iu(,~u:sity aucl n~:spuu::5ivil.y variables. 
The Sec. 10.1.1 discussion reduced this equation to e0 = (r; 1,p.,1 -

r ~2 <1> •• 2)Rr, wbere r ~ represents photodiode diode flux responsivity and 
</), represents radiant time Consider the case of matched photJdiodes 
where r ~1 = r«2 = r,,, making e0 = (,J,.,1 -</>,82)r~Rr- Clearly, a variation 
in responsivity r,, alters gain and changes e0 • Similarly, a variation 
in light source intensity alters ¢••• and tf>e,2 by the same proportion to 
also change gain. Thus, both variables potentially make e0 an inaccu­
rate indicator of absolute position. Calibration can remove the effects 
of these extra variables, but light source aging and diode responsiv­
ity changes with temperature make calibration a temporary condition. 
Some tracking applications only require relative position information 
because servo adjustments only need to reduce the difference signal to 
a null. However, the added variables in this signal then require slow­
ing the servo response to prevent the overshoot and ringing otherV<'lSe 
produced by gain increases. 

Alternately, signal normalization automatically removes the effects 
of the added variables to reestablish absolute rather than relative 
position indication. Normalizing the difference signal against the 
mean signal,4 (ip1 - ip2)J(ip1 + ip2), divides the difference signal by 
a signal having equal sensitivity to the added variables. Then, 
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variaticns in the light intensity or photodiode responsivity change 
the ipt and ip2 variables in both the numerator and denominator of 
the n01malized expression for a net zero result. For example, dou­
bling the responsivity of the diodes replaces an original ip, and i•2 
with Zip 1 and 2ip2, and the change produces cancelin,g effects in the 
normal:zed expression above. Three circuits below produce the nor­
malized output ,vith differing degrees of precision and circwt com­
plexity. The first provides the best performance using four op amps 
and a dedicated analog divider. Next, substituting the less accurate 
but more common multiplier for the divider eases component selec­
tion without increasing circwt complexity. Finally, capitalizing upon 
circuit summing capabilities reduces the circuit to two op amps and a 
multiplier. However, this simpler circwt further compromises perfor­
mance. 

10.2.1 Normalizing the 
dlfferenlial-photodiode amplifier 
The st:aightforward and most accurate approach to normalization 
combines the differential-photodiode amplifier ,vith an analog divider 
as in Fig. 10.7. There, A1 through A.a and their associated resistors 
form the differential amplifier discussed with Fig. 10.1, and A• serves 
as an inverting summer. Together, the amplifier and summer drive 
the divider's N and D numerator and denominator inputs, and the 
divider responds with an output response of !ON /D . The differen­
tial amplifier supplies the required difference signal (i,,1 - ip2)Rr di­
rectly from the output of A3. To derive the mean signal, the summer 
adds and inverts the signals at the outputs of A1 and A2, producing 
(ipt + ip2)Rr- Then, the divider produces the normalized output 

As an additional benefit, that the divider introduces a gain of 10 to 
this result . 

Evaluation of the e0 equation confirms the circuit's removal of the 
effects of variations in light source and photodiode responsivity. As 
descl"ibed in Sec. 10.l.l, a photodiode produces an output current of 
ip = r •"'•, where r,. is the diode's flux responsivity and¢, is the radiant 
flux. Applying this ip expression to the above e0 produces 
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R1 R 1 

.......... (ip1 + lpz)Rr 
R1 

0 

o, N 

R2 - R2 

Rr /_ ........._ Op1 - •p2)Rr 
-iplRf 

-/ 
lp1! .___,._......,V..-+--l----'IM..--..---'W'v--t 

-ip2Rr 

Rr \ 
R2 R2 

-
ip1 - ip2 

e0 = 10. . 
'p l+ 1p2 

Figure 10.7 Adding an ai1alog divider and a summing amplifi~r to the difforentiaJ. 
photod.iode amplifier produces a dillCrentiaJ output signal uonnalizcd agJ.inst the. 
mean signal. 

Then, assuming responsivity matching for the two diodes, r 9 1 = r ,.2, 

removes the effects of responsivity manufacturing tolerance and tem­
perature va1iation in 

- 10 (4>.i - 1/J,2) 
eo - (¢,1 + 1/J,2) 

There, any change in light source intensity alters I/Jet and <>,2 by the 
same propor tion and adds the same multiplier factor to the ntLmerator 
and denominator of the above expression for a net :zero change. For 
example, doubling the light intensity replaces ¢,1 and 1/J,2 with 2¢,1 
and 2¢,2 but leaves e0 above unchanged. 

However, the divider added for normalization degrades the circuit's 
linearity, noise, and olTset performance, restticting the dynamic range 
of the normalized response. Typically, the divider's high noise and 
offset become dominate error sources, and their effects increase as 
the denominator signal magnitude decreases. There, a denominator 
decrease raises the divider's gain of lON/D , and the divider's input 
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noise and offset receive greater amplification. This effect typically 
limits the divider's useful dynamic range to around 40:1. Maintaining 
a higher-level mean signal (ip1 + ip2)Rr minimizes the performance 
degradation. 

10.2.2 Easing the normalization 
Replacing the analog divider with a multiplier equivalent eases the 
normalization through expanded selection options. Analog multipliers 
appear in far greater variety and typically cost less than dividers. 
In addition, making this replacement in the preceding circuit does 
not increase overall circuit complexity. However, a divider-connected 
multiplier does produce greater errors than a dedicated analog divider. 

Multipliers perform the division function when connected in the 
feedback loop of an op amp3 as in Fig. 10.8. There, the feedback 
inverts the function of the multiplier as revealed by separate analyses 
of the circuit's response to the N and D input signals. First, consider 
a fixed D signal and examine the effect of the N signal. The N sig­
nal develops a current N/R 1 at the op amp input. In response, the 
amplifier produces output signal e0 to drive the multiplier's Y input 
and force that device to supply the N/R 1 current through R2. Then, 
increasing the signal N increases e0 to similarly increase the multi­
plier output signal eom• This relationship between N and e0 describes 
that of a numerator respowse. Next, consider a -fixed N signal and 
examine the effect of the D signal. A fixed N signal requires a fixed 
e0m output from the multiplier as seen from the preceding discussion. 
In response to the D signal, the multiplier produces an output voltage 

00------------

N O-_...,..,__--JL--1 

Figure 10.8 Connecting an analog multiplier in the feedback 
loop of an op amp pt"Qduces a divider respon~ for replacement 
of the Fig. 10.7 divider with a more commonly available com~ 
ponent. 

Posllfon•Senslng Photodiodc Amplifiers 235 

eom = D(e0 / l0), and the multiplier acts as a voltage-controlled ampli­
fier with an input signal of e0 / l0 and a gain controlled by D. Then, 
increasing the D signal decreases the e0 signal required I:() supply a 
fixed eom• This relationship between D and e0 describes that of a de­
nominator response. Combining the two signal responses described 
quantifies the net circuit response. From the figure, e0m = D (e0 / l O) 
must supply the current N JR 1 through R2 with the currer.t polarity 
shown. Then, e0 m/R2 = D(e0 / l0R2) = -N/R1, and solving fore0 yields 

Successful implementation of this equivalent circuit requires atten­
tion to the relative bandwidths of the op amp and the multiplier. Each 
produces a response roll off, and the two appear in a common feed­
back loop. The combined roll off potentially produces oscillation un ­
less one of the two bandwidths significantly exceeds the other.5 Here, 
stability conditions vary with signal due to the voltage-controlled am­
plifier function of the multiplier. As described above, feedback gain 
varies with the signal at the circuit's D input since that multiplies 
the signal fed back around the amplifier from e0 as indicaLed by the 
e0m = D(e0 / l0) expression. When the D signal reaches its full-scale 
level, typically 10 V, the gain to the e0 signal reaches its maximum of 
unity and fr<>qu0ncy stability 1·eaches its greatest vulnerability. Sta­
bility should be evaluated under this condition. Typically, multipliers 
achieve greater bandwidths than op amps, and choosing a multiplier 
with a bandwidth well beyond the fc crossover of the op amp assures 
a single, dominant pole for all levels of feedback gain provided by the 
multiplier. 

Above, the divider-connected multiplier produces the response e0 = 
-(R2 /R1)10N/D. Note the gain inversion provided by the r.iinus sign 
and the added degree of gain control provided by the R2/R1 ratio. Both 
features simplify the divider replacement in the normalized differ­
ential-photodfode amplifier. As described·abov-e, the multiplier equiva­
lent of the analog divider requires placing the multiplier in the 
feedback loop of an op amp. This would seem to add an lP amp to 
a circuit, but the added gain inversion and gain control avc,id this for 
the differential amplifier. 

Shown in Fig. 10.9, the modified circuit still uses just four op amps 
because the circuit no longer requires the previous inverting sum­
ming amplifier. Previously, that amplifier developed the mean signal 
(ip1 + ip2)Rr from the outputs of A 1 and A2 and supplied the divider's 
denominator input. Here, the combination of the multiplier A4 and 
the R3, 2R3 resistances form the multiplier equivalent of the previous 
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R1 
-(;p 1 + I pz)Rt/2----.._ 

R1 

Oz 

0 

Figure 10.9 Replaeing the Fig. 10. 7 analog divi.dC'r with a. mu.ltjplier adds the Ai 
focdbad: amplifier but eliminates the previous summing amp)ifier, leaving circuit 
oorup)exity unchanged. 

divider and summer. The equivalent denominator input D senses the 
center tap of the R 1 voltage divider and that tap produces the signal 
-(i.1 - ip2 )Rr/2- This signal differs from the desired mean through 
a minus sign and a factor of 2 divisor. However, the gain inversion 
of the multiplier equivalent neutralizes the minus sign, and the R3 , 

2R3 resistor network cancels the factor of 2. As a result, the Fig. 10.9 
circuit repeats the previous result and delivers the normalized output 

_ l O (ip l - ip2) 
eo - (ipl + ip2) 

However, the factor of 2 divisor of D = - (ip 1 + ip2)R,/2 does decrease 
the de:1ominator signal, increasing noise and offset effects as described 
at the beginning of this section. 
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10.2.3 Simplifying the normalized 
differential-photodiode amplifier 
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Two circuit summation opportunities greatly simplify this amplifier at 
the expense of some pelformance characteristics. Shown in Fig. 10.10, 
this option requires only two op amps instead of the four of the preced­
ing circuits. Both. pb.otodiodes again connect directly across the inputs 
of op amps for the preferred zero diode bias. This circuit also retains 
canceling effects for de offsets and coupled noise through the matching 
Rr conversion resistors connected to the two amplifier inputs. There, 
amplifier input currents and electrostatically coupled noise currents 
produce canceling error effects. However, the photodiodes no longer 
share the common-cathode connection that previously permitted use 
of matched, monolithic dual devices. Also, as will be seen, ~his circuit 
further reduces the D denominator signal, degrading noise and offset 
performance even more. 

2Rt 

•om= (ip2- i p1)R1 

R1 t ip 1-ip2 

N 

ip1 - ip2 
•o = -30. I 

1p1 + p2 

Figure 10.1 O Connecting the photodiodes together and adding the 
R1, 2R1 voltage divider eliminates two <1f the ci~uit's four op ampa 
through unique swnming- opportunities. 
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Circuit combinations simplify the summations required to generate 
the difference and mean signals required for normalization. Simply a 
diode interconnection and a voltage divider provide these summations. 
In the figure, the multiplier A2 and the lower Rr resistor again produce 
the divider function but without the customary numerator input resis­
tor. That resistor would normally be connected between the inverting 
input of A2 and the circuit's difference signal voltage. However, cur­
rent drive removes the need for that resistor here. Connecting the 
anode of D, to the cathode of D2 results in current summation at their 
junction. The resulting current, ip , -ip2, supplies the numerator input 
N with the difference signal. 

Next, the circuit's mean signal must be developed to drive the de­
nominator inputD. The R i, 2R1 voltage divider derives this signal by 
summing components of the multiplier and A1 output signals e0m and 
e01 . The multiplier output signal results from the flow of the ip 1 -i.2 
current in the lower Rr resistor and e0., = (ip2 - ip 1)R1 . Amplifier A1 
performs as a current-to-voltage conver ter monjtoring the current of 
D, and produces e0 1 = ip1Rr- From these two signals, the voltage di­
vide1· produces the denominator input signal eto = 2e0 if3 + e0.,/3 = 
(i,1 + ip2)Rrf3. Here, the 3 divisor makes the em signal depart from 
the actual mean signal. For the normalization function here, thfa just 
introdi:.ces a scaling factor, and the (i• J + i,2) term of eto still contains 
the mean signal information. The 3 denominator term does, however, 
indicate an attenuated denominator signal, and Sec. 10.2.2 describes 
how this increases noise and offset errors. 

The above signal conditions define the final circwt output voltage 
through the multiplie1's response. As before, the multiplier's XY/ 10 
response produces e0 m = etoe./ 10. Equating this to the previous 
eom = (i,,2 - ip ,)Rr and substituting eto = (ip1 + ip2)R,/ 3 yields the 
final normalized response for Fig. 10. 10 

e = _30 (ipt - ip2) 
• c· • l Lp t + Lp2 

Here, a -30 fact.or replaces the previous 10, and the mjnus sign re­
flects the inherent phase inversion of the divider-connected multiplier 
circuit. The increased magnitude reflects the added gain required from 
the multiplier by the attenuated denominator signal. 

Note that the presence of the voltage divider in this circuit intro­
duces the potential for a latch condition. This voltage divider sup­
pUes the em denomjnator signal, and that signal must not become a 
negative voltage for feedback polarity reasons. Positive em values as­
sure a positive gain through the multiplier's e0 m = eme0 / l0 response, 
a nd this retains a net negative feedback around the op amp. How• 
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ever, negative values of e;o reverse the polarity of the multiplier's 
gain, producing positive feedback and the latch condition. In nor­
mal operation, the em = (ip1 + ipz)Rr/ 3 assures positive ,,oJtages be­
cause ip1 and ip2 can only be positive values. The positive voltage 
delivered to the voltage divider by A1 and the voltage divider's ratio 
assure this normal condition. However, transient conditions during 
turn on potentially produce a momentary negative voltage at the D 
input. This does not significantly affect the preceding normalized cir­
cuits because the low impedances of op amp outputs drive that in­
put and restore the D signal after the transient. However, in this 
case, the resistance of the voltage di,,;der may permit a condition in 
which a negative multiplier output voltage sustains a negative em 
voltage. Should this occur, capacitively coupling an initialization volt­
age from the positive power supply to the D input prevent, the latch 
condition. 

10.3 A Digital Alternative to Normalization 

The analog normalization applied in the preceding section removes the 
effects of variations in light source intensity and phot.odiode respon­
sivity. Without normalization, those variables reduce the position­
sensing ability of a diode pair to a relative rather than absolute mea­
sw·e. Then, a diode pair can only distinguish which diode resides 
closer relative to an incomjng light beam. This relative indication ex­
presses a digital conrution that diode arrays exploit to produce an ab­
solute position indication without the need for normalization. There, 
many phot.odiodes in a linear array detect position just by identifying 
which diode resides closest to the received light beam. Such arrays 
contain photodiodes fabricated side by side in a strip and detect re­
ceived light differences along the length of the strip. As long as the 
diode responsivities match, the diode producing the largest output de­
fines the position of the light source relative to the at-ray. For these 
arrays, monolithic construction assures this matching. 

10.3.1 Processing the array signals 

To identify the closest diode, a maximum selector circuit6 compares 
the output signals of the photodiodes and identifies the largest signal 
of the group. Normally, maximum selector circuits deliver th is signal 
as the final output, but that is not informative here. Only the identity 
of the photodiode producing this signal commumcates the position in­
formation. Modifying the traditional maximum selector produces th is 
indication as shown in Fig. 10.11. There, separate monitor ampli­
fiers receive the output voltages of the individual phot.odiodes, and the 
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Dp1 •tb 
•01 / 

•02 

Re 

v_ 

Figure 10.1 1 A modified mnxi­
mwn selector monitors a photo• 
diode array, producing a series 
of djgital output signals that in­
dicate a light beam's position on 
the array by the diode producing 
the high output state. 

amplifiers control separate output signals, labeled e.1 through eon. All 
of the photodiodes have grounded cathodes, and this common return 
permits the use of the common-cathode configuration characteristic of 
monolithic arrays. 

Also, all of the op amps have their inverting inputs connected to 
a common feedback-sensing line. This common connection produces 
the signal magnitude discrimination. To this line, each amplifier acts 
as a voltage follower that would make the line's signal elb track that 
amplifier's photodiode voltage. Each amplifier would require this to 
maintain zero voltage between its own inputs. However, the pho­
todiode voltages will differ, and only one amplifier can achfove this 
feedback control, as determined by the signal diodes connected in 
series with the amplifier outputs. Those diodes form a gating net-
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work that lets the largest amplifier output take control. Bias resis­
tor Rs connects to the negative supply and would pull en, to that 
level except for the counteracting in current supplied by an ampli­
fier output. Any of the amplifiers can supply such current to raise 
the en, voltage but none can reduce it. To raise this voltage an am­
plifier supplies a positive i9 current to RB through the correspond­
ing output diode. Reducing efb from this level would require a neg­
ative amplifier output current and the output diodes D1 through Dn 
block such currents. Thus, the amplifier demanding the highest en, 
level prevails and sets the voltage of the feedback sensing line. That 
makes en, greater than the levels that would satisfy feedback for the 
other amplifiers. Then, the high open-loop gains of those amplifiers 
drive their outputs negative, reverse biasing the corresponding output 
diodes. Then, only the dominant amplifier retains a positive output 
voltage. 

10.3.2 Defining the logic output levels 

For this digital application, the circuit's other components translate 
the amplifier output signals into digital signal levels at thee01 through 
•m• output terminals. These terminals assume low and lrigh digital 
output levels as determined by a diode voltage drop and a voltage di­
vider. Figure 10.12 illustrates these levels with a two-amplifier sim­
plification of the circuit. For this example, assume ep2 > ep 1 as shown. 
Then, amplifier A2 prevails in the control of en,, producing e1b = ep2 , 

This makes elb > ep1 and produces the voltage ep2 - ep, between the 
inputs of A,. A1 responds, driving its output voltage negative and re­
verse biasing D1 . With D 1 in the off state, A1 operates open-loop, and 
the high open-loop gain drives this amplifier's output to its negative 
saturation level near V_. Also with D1 off, the current in R1 is zero, 
and e01 = ep2 "' 0.6 V, representing a low logic level. In contrast, 
the prevailing amplifier A2 supplies the current lo = (ep2 - V _)/Rs 
through R2 and produces a high logic level at its corresponding output 
terminal 

Thus, a voltage difference of (RH/RB )(ep2- V _) separates the two logic 
levels. Note that V_ here ,viii be a negative value, and its presence 
in these equations increases rather than decreases the voltages ex­
pressed. The operation of the complete Fig. 10.11 circuit parallels 
that described for the two-amplifier example here. The amplifier hav­
ing the largest input voltage will control elb and produce a high logic 
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-0 

v_ 
Figure 10.12 1n a two-amplifier simplificalion of the 
Fig. 10.U circuit.. a larger diode signal ••i overrides a smaller 
one ep1 to produce a high output stGte at e-,1 and a low state 
at e.c, 1. 

level at its corresponding e0 output terminal. All other amplifiers will 
produce low logic levels. 

Diode matching and the amplifiers' offset and gain errors determine 
the accuracy of this digital position sensor. Together, they produce 
a net input error voltage V,, . Diode responsivity mismatches make 
the light-to-voltage conversions differ for the diodes of an array, and 
for a given illumination condition, this produces a voltage mismatch 
error A VP. Amplifier input offset voltage Vos appears between the op 
amp inputs and adds directly to the diode error voltage. Similarly, 
amplifier gain error e0 /AoL appears between an op amp's inputs, and 
the net input error voltage becomes 

where e0 is the output voltage of the op amp and not that of the max­
imum selector. 
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Glossary 

avalanche photodiode A photodiode intended to be operated on the verge of 
avalanche breakdown so that impact ionization produces carrier mu ltiplica­
tion and cw-rent gain. 

bootstrap A circuit technique that removes signal voltage swing from a 
sow·ce by driving the source's conunon return v-~th the signal appearing a t 
the source's output terminal. 

built-in voltage 'PB The potential barrier of a semiconductor junction as es­
tablished by diffusion of carriers act·•)SS the j unction under zero bias. 

common-mode input capacitance Cicm The effective capacitance beLween 
either input of a differential amplifier and common ground. 

common-mode input resistance Ricm The effecti ve resistance between ei­
ther input of a differential amplifier and common ground. 

common-mode rejection (CMR) The logarithmic form of common-mode re­
jection ratio (CMRR) as expressed by CMR = 20 log (CMRR). 

common-mode rejection ratio (CMRR) The ratio of the differential gain or 
an amplifier to its common-mode gain. 

common-mode voltage The average of the two voltages applied t.o differen­
tial amplifier inputs. 

compensation resistor A resistor added in series .... ~th the noninverting in­
put of an op amp circuit to develop an offset voltage component with the 
input current there that compensa~s for the olfseL component generated by 
the current of che noninverting input. 

composite amplifier An op amp circuit enclosing two or more op amps within 
a common feedback loop. 

current-to-voltage converter The op amp circuit configuration consisting of 
the op amp and a single, negative feedback resistor for converting an input 
cw·rent signal into an output voltage signal. 

245 
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damping ratio ( A figure-of-merit representation of the response damping 
characteristic of a second-order system. 

dark current lo The reverse saturation current of a photodiode or that cur­
rent which flows through the diode under reverse bias and in the absence of 
illumination. 

decoupling phase compensation A phase compensation technique that de­
couples an op amp from a capacitive load through an isolating resistor and a 
feedback bypass capacitor. 

difference amplifier An op amp with a feedback configw·ation that results 
in an output voltage proportional to the difference of two input voltages. 

differential input amplifier An amplifier having two inputs of opposite gain 
polarity with respect to the output 

differential input capacitance C;d The effective capacitance between the two 
inputs of a differential amplifier. 

differential input resistance Rid The effective resistance between t.he two 
inputs of a differential amplifier. 

duo-lateral photodiode A lateral photodiode having two curront-dividing re­
sistive surfaces for two-dimensional position detection. 

electromagnetic noise coupling The parasitic signal coupling from a mag­
netic source through mutual inductances. 

electrostatic noise coupling The parasitic signal coupling by an electric field 
through mutual capacitances. 

feedback factor {:J The fraction of an output signal fed back to the input in 
a feedback system. 

flux ef>e 'l.'he radiant llux energy of a Ugbt sow·ce in watts. 

gain error signal The differentia: signal voltage developed between the two 
inputs of an op amp and equal to th e output signal voltage divided by the 
amplifier's open-loop gain. 

1-to-V gain Current-to-voltage gain. 

impact ionization Tbe generation of free carriers through can·ier collisions 
with semiconductor atoms. 

input bias current 18 The de biasing current drawn by both inputs of an 
op amp. 

input capacitance See Common-mode input capacitance and Differential in­
put capacitance. 

input noise current ;01 The noise current drawn by both inputs of an op amp. 

input noise voltage e0 ; The input-referred equivalen t noise voltsge of an _op 
amp that would reproduce the noise at the output produced by mternal no,se 
sources. 
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Input offset current los The differen,:e between the two input bias cw·rents 
of an op amp. 

input offset voltage Vos The de ,•olt.age impressed between the inputs of an 
op amp that produce$ zero output voltage. 

input resistance See Common-mode input resistance and Differential input 
resistance. 

Instrumentation amplifier A differential input amplifier with internal feed­
back committed for voltage gain. 

integrator An op amp with a feedback configw·ation that results in an output 
signal proportional to the time integral of the input signal. 

intercept frequency t1 That frequency at which an op amp circuit's 1/P re­
sponse intercepts the op amp's AoL response, marking the highest frequency 
for which the circuit's available gain Silpplies the feedback gain demand. 

intrinsic layer A semiconductor layer containing no P or N doped atoms. 

junction capacitance An equivalent capacitance that models the chat·ge stor­
age of a semiconductor junction. 

lateral photodiode A position-sensing photodiode with a resistive surface 
path that divides the diode's output ci:rrent into multiple portions according 
to the position of a light beam on the diode's s urface. 

loop gain A/3 Tbe excess gain availai>le to s upply increasing feedback gain 
demand. 

maximum selector A device which selects the largest of a set of input signals 
and connects the selected signal to the circuit output. 

noise See Input current noise and Inµut voltage noise. 

noise density 'l'he sp<;ctral noise contained in a 1-Hz bandwidth at a given 
frequency. 

noise gain peaking A noise gain phenomena common to photodiode ampli­
fiers in which the gain supplied to the op amp's input noise voltage rises and 
peaks at high frequencies. 

open-loop gain The ratio of an op amp's output signal magnitude to the 
signal magnitude a ppearing between the amplifier's inputs. 

phase compensation Frequency response tailoring for the stability of a feed­
back system th.rough the addition of response poles and zeroes that reduce 
high-frequency phase shift. 

phase margin ef>m The margin separating the phase shift a,·ound a feedback 
loop from 360' at the frequency where loop gain equals unity. 

photoconductlve Tbe current-output operating mode of a photodiode. 

photodiode A semiconductor junction that converts the photon energy of 
light into an electrical signal. 
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photovoltaic The voltage-output operating mode of a photodiode. 

PIN photodiode A photodiode formed with an intrinsfo layer between the 
normal P. and N layers to expand the diode's depletion region and increase 
s pectral band"~dth. 

radio-frequency interference (RFI) The higher-frequency form of electromag­
netic noise coupling. 

rate of closure The difference in slopes of the 1//3 and AoL responses at thefr 
crossing as expressed in decibels. 

responsivity ' ¢ The light-to-current gain of a photodiode as expressed by 
r ¢ = ip /¢,, where ¢, is the radiant flux energy of the light in watts. 

slewing rate S, The maximum rate of change of output voltage. 

tetra-lateral photodiode A lateral photodiode having two orthogonal sets of 
output electrodes on one cw·rentrdividing resistive surface for two-dimensional 
position detection. 

unity-gain crossover fc The frequency at which the open-loop gain of an op 
amp crosses unity. 

virtual ground A groundlike characteristic of the feedback input of an op 
amp at which feedback absorbs iajected cun·ent without developing a voltage. 

voltage follower The short-circuit feedback connection of an op amp which 
results in an output signal that follows the signal at the amplifier 's norun­
verting input. 

Assembly precautions, 129, 166, 197, 
198, 212 

Avalanche photodiode, 9, 245 

Bandwidth, photodiode amplifier, 28 
advantage, 50 
with bias, 63 
wiith boot.skap, 71, 77 
improvement, 63, 140, 150, 157 
op amp limit, 33 

Bandwidth-versus-noise: 
with cun·ent gain, 161 
with a voltage amplifier, 141, 144 
with voltage gain, 152 

Bias, photodiode, 2, 5, 63 
v.'lth a current-to-voltage 

converter, 65 
filtering of, 67 
improvements to, 67, 69 
leakage produced by, 65 
noise produced by, 65 

Bootstrap, photodiode, 71, 77, 245 
amplifier, 71, 161 
bandwidth of, 74, 83 
buffer for, 78, 80 
in combination with the 

cw-rent-to-voltage converter, 
77 

Bypass, power supply, 165 
detuning of, 186, 188 
the requirement for, 166 
selecting, primary, 173, 177 
selecting, secondary, 179, 182, 183 

Characteristic curves, photodiode, 5 
CMR (see Common-mode rejection) 
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Coa,dal returns, 217 
with a ground plane, 218 

Common-mode: 
input capacitance, 245 
input resistance, 245 

Common-mode rejection , 245 
of bias errors, 69 
of electrostatic coupling, 199 
of magnetic coupling, 212 

Common-mode 1·ejcction ratio, 245 
Common-mode voltage, 245 
Compensation resistor, offset, 24, 

245 
Composite amplifier, 112, 245 
Contact resistance, photodiode, 14 
Coupling, parasitic: 

electromagnetic, 210 
electrostatic, 198 
power supply noise, 166 

Current amplifier, 157 
Cun·ent gain: 

avalanche photodiode, 9 
photodiode amplifier, 157 

Current-to-voltage converter, 23, 30, 
77,245 

bandwidth of, 33 
differential-input, 199, 207 
response of, 31 

Damping factor, 53, 246 
Dark cunent, 6, 246 
Decoupling, phase compensation, 

121, 123,246 
Decoupling, power supply, 191 

alternatives, 191 
selecting, 195 

249 
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Detuning: 
L-C resonance, 36, 75, 175 
power supply bypass, 186, 188 

Difference amplifier, 246 
Differential-input: 

capacitance, 246 
resistance, 24G 

Differential-input amplifier, 246 
basic, 199 
filtering with, 224 
improved, 207 
position sensing with, 227 

Digital position sensing, 239 
setting logic levels for, 241 
signal processing for, 239 

Duo-lateral photodiode, 15, 246 

Electromagnetic coupling, 210, 246 
Electrostatic coupling, 198, 246 

Feedback, 38 
analysis, 38 
demand, 39 
factor, 38, 246 
net factor, 75 

Filtering: 
active, 120 
of bias source, 67 
with Ci· bypass, 108 
with a composite amplifier, 112 
with decoupling, 121 
with a differential amplifier, 224 
passive, 121 
with a voltage amplifier, 142 

Flux, 3,246 

Gain, added: 
current, 157 
with a current amplifier, 157 
optimum value of, 142, 145, 15e, 

161 
with a tee network, 141 
voltage, 150 
with a voltage amplifier, 140 

Gain-bandwidth-prod•1ct, op amp, 51 
Gain error: 

in position sensing, 222, 231 

Gain error (Cont.): 
signal, 33, 246 

Gain peaking: 
noise,90,97, 107,165 
signal, 50, 53 

High-gain amplifiers, 129 

1-to-V gain, 246 
Impact ionization, 10, 246 
Input, op amp: 

bias cun-ent, 24, 246 
noise current, 89, 246 
noise voltage, 89, 246 
offset cun·ent, 24, 247 
offset voltage, 27, 247 

Instrumentation amplifier, 207, 247 
Integrat.or, 247 
lntercept frequency, 40, 247 

Junction, semiconductor. 1 
avalanche, 9 
capacitance of, 5, 247 
depletion region of, 1 
phot.o response of, 3 
PIN, 7 
(See also Photodiode) 

Lateral photodiode, 11, 247 
L-C tank: 

amplifier equivalent, 36, 75 
power supply line, 176 

Leakage current, 6, 25, 65 
Linearity, 21 
Loop gain, op amp, 40, 24 7 

Magnetic coupling, 210 
Magnetic field generation, 216 
Magnetic loop, 212 

identifying, 212 
matching of, 215 

Maxin,um selector, 239, 247 
Model, photodiode: 

basic, 4 
duo-lateral, 16 
lateral, 13 
tetra-lateral, 18 

Mutual capacitance, 198 
Mutual inductance, 210 

Noise, 87 
l/f, 95 
current, 90, 93 
density, 88, 24 7 
floor, 95 
power supply, 166 
region, 96 
resist.or, 89, 93 
rms, 92 
nns integral, 93 
signal-to-noise ratio, 89 
t.otal output, 100 

Noise analysis, photodiode amplifier: 
with Cr bypass, 110 
with a composite amplifier, 118 
with current gain, 163 
with a decoupling filter, 126 
with a differential amplifier, 202, 

209 
with differential inputs, 202, 209 
simplified, 95 
summary, 99 
with a tee network, 138 
with a voltage amplifier, 146 
voltage component, 97 
with voltage gain, 155 

Noise bandwidth: 
with Cr bypass, 110 
with a composite amplifier, 112 
with a decoupling filter, 121 
versus signal bandwidth, 112 

Noise effects: 
combining, 99 
general, 87 
op amp, 94 
predominant, 102 

Noise, external, 197 
electrostatic coupling, 198 
magnetic coupling, 210 

Noise gain, 67, 88 
with Cr bypass, 108 
with a composite amplifier, 115 
with a decou piing filter, 122 
peaking, 90, 97,247 
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Noise gain (Cont.): 
with a tee network, 130, 134 

Noise, power-supply coupling, 166 
frequency response of, 168 
and frequency stability, 170 
mechanism, 167 
reduction, 165 

Noise reduction, 107 
with Cr bypass, 108 
with a composite amplifier, 112 
with a decoupling fl.lter, 121 
with a differential amplifier, 199, 

207,224 
with electrostatic shielding, 198 
of magnetic field generation, 216 
with magnetic loop reduction, 212 
with magnetic shielding, 210 
in the presence of multiple effects, 

216 
trial-and-en·or approach t.o, 216 

Noise-versus-bandwidth 
optimization: 

with a composite amplifier, 117 
with a decoupling fi lter, 123 

Normalization, 231 
digital alternative t.o, 239 
with a divider, 232 
dynamic range of, 233 
with a multiplier, 234 
simplified, 237 

Offset, 24 
in position sensing, 221 
reduction, 24, 25, 130 

One-dimensional sensing, 222 
Oscillation, 31, 41, 157, 172 

Pan1sitic: 
capacitance, 32 
feedback loop, 171 
inductance, 166, 167 
resistance, 17 4, 179 

Peaking (see Gain peaking) 
Permeability, 211 
Phase compensation, 247 

alternatives, 53, 55 
with a composite amplifier, 117 
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Phase compensation (Co111.): 
decoupling, 121, 124 
effect of, 42 
realfaing smaU values of, 59 
requirement for, 36, 75, 84 
selection of, 49, 57, 77, 84 

Phase margin, 24 7 
Phase lllfil·gi.n analysis, 47 
Phowconductive, 7, 247 
Photodiode, 1,247 

avalanche, 9 
capacitance, 51 64 
characteristic curves. 5 
contact resistance. 14 
dark current, 25 
duo-lateral, 15 
lateral, 11 
leakage current, 25, 65 
multiple-element, 10 
PIN, 7,248 
step response of, 3 
tetra-lateral, 17 
time constant of, 3 

Photodiode model: 
basic, 4 
duo-lateral, 16 
lateral, 13 
tetra-lateral, 18 

Photovoltaic, 7, 248 
PIN photodiodc, 7, 248 
Position sensing, 10, 221 

differential, 225, 227 
diodes, 10 
direct-displacement, 222 
gain error of, 221, 231 
normalized, 231 
offset error of, 221 
single-axis, 222 
two-axis, 229 

Positioning distance, 13 
Positioning resistance, 13 
Power-supply bypass, 165 

detuning, 186,188 
the requirement for, 166 
selecting, primary, 173, 177 
selecting, secondary, 179, 182, 183 

Power-supply decoupling, 191 

Power-supply decoupling (Cont.): 
alternatives, 191 
selection, 195 

Power-supply noise coupling, 166 
frequency response of, 168 
and frequency stability, 170 
mechanism, 167 
reduction of, 165 

Power-supply sensitivity, 168 
Primary-supply bypass, 173, 177 

Rate-of-closure, 41, 248 
Resonance, 37, 174 

amplifi.er, 39 
bypass capacitor, 179 
detuning of, 37, 186, 188 
du.al bypass capacitor, 186 
intuitive evaluation of, 176 
power-supply line, 173 

Responsivity, photodiode, 3, 248 
RF detector, parasitic, 215 
RFI coupling, 210, 215, 248 

Second-order response, 63 
Secondary bypass, 179, 182, 183 
Shielding: 

electrostatic, 198 
magnetic, 210 

Slewing rate, 248 
Stability, 42, 171 

Tee network, 25, 59, 130 
design, 137 
noise gain, 130, 134 
optimization, 134, 135 
resistance noise of, I 35 
signal gain, 130 
voltage noise gain, 134 

Tetra-lateral photodiode, 17, 248 
Transimpedance amplifier (see 

Current-to-voltage converter) 
Two-dimensional sensing, 229 

Virtual ground, 33, 248 
Voltage gain, 140, 150 

Wideband amplifiers, 63 
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