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NOISE ANALYSIS FOR HIGH SPEED OP AMPS

by Michael Steffes

As system bandwidths have increased, an accurate estimataoise power density at low frequencies. This is often called
of the noise contribution for each element in the signal the 1/f region since the noise power density will often
channel has become increasingly important. Many design-increase as the inverse of frequency. “Popcorn” noise is a
ers are not, however, particularly comfortable with the random long term shift in voltage or current (that sounds like
calculations required to predict the total noise for an op popcorn if fed into an audio speaker). This phenomena
amp, or in the conversions between the different descrip-doesn't fit well into a frequency domain description and is
tions of noise. Considerable inconsistency between manubest observed over time.

facturers in describing noise and, in some cases, incompleter analyze noise in the frequency domain, equivalent noise
specifications, have contributed to this confusion. A thor- yqjtage or current generators are introduced into the circuit
ough description of the op amp noise model will be devel-that represent the noise density over frequency for that
oped here with a detailed discussion of the key differencessjement. These voltages or currents are the square root of the
between current and voltage feedback amplifiers. The con-ngise power densities. We work with voltages and current in
versions between several different measures for noise usegger to avail ourselves of standard circuit analysis tech-
in the industry will also be described. Broadband effects will nigques. One key caveat to using noise voltages and currents
be covered for both low frequencies (the 1/f region) and highig that they do not add algebraically. Each individual noise

frequencies (noise power bandwidth). source has a random phase to any other (with the exception
of correlated sources). This means that, although we can use
FUNDAMENTALS OF NOISE ANALYSIS superposition to get the contribution of each noise term to a

Random electrical noise (either a current or a voltage) isparticular point in the circuit, the voltages or currents them-
present in almost every type of component used in a circuit.selves cannot simply be added at that point. It is the powers
This noise may be considered as either a frequency domairthat are added to get to a total noise power.

phenomena or something that occurs over time. The most

common models approach noise from the frequency domainOP AMP NOISE MODEL

first then convert to the time domain using the shape of thegigyre 1 shows the analysis circuit that will act as a starting
noise density curve combined with a noise power bandwidthpoim for the subsequent noise analysis. This schematic
analysis. This is the approach that will be used here. includes the three equivalent input noise terms for the op
Another useful view of op amp noise is to consider the inputamp and the three resistor noise terms that must always be
voltage and current noises to be the time varying componentonsidered for a complete op amp noise analysis. Any
of the input offset voltage and bias currents respectively. particular op amp application circuit can typically be re-
Working from the frequency domain to the time domain, as duced to that of Figure 1 by shorting any input voltage
will be done here, develops the required tools to predict thesources and/or opening any input current sources that might
amplitude of this time varying component. Only the random be driving the circuit and reducing the remaining imped-
electrical noise generated by the components themselvesnces to the three elements shown in Figure 1. Reactive
will be considered. Other sources of “noise” that wilt be elements (capacitors, inductors, transformers) are normally
considered here, (but are nevertheless of interest to theonsidered to be noiseless. They can, however, strongly
system designer), include conducted noise through the poweinfluence the frequency response for the noise generators in
supplies that appear at the output due to finite PSRR, various circuit. Examples of this will be shown later. At this point
sources of radiated emission pickup (EMI), micro-phonic consider the elements around the op amp to be purely
effects due to system vibration, and high narrowband noiseresistive. Remember that the Johnson noise of the resistor
that is in fact a parasitic oscillation. may be represented as either a current or a voltage. The

The starting point for a frequency domain analysis of noise analysis circuit of Figure 1 uses both forms (current noise for
is the noise density. This is the noise power normalized toRcand voltage noise fordRto simplify later computations.
1Hz bandwidth (at a particular center frequency) and is Most of the discrepancies between different noise analysis
sometimes called the “spot” noise. “White” noise has a flat come from neglecting as insignificant some of the noise
(or constant) noise power over frequency. Most amplifiers sources in Figure 1. In general, there will in fact be a
and resistors show a flat noise region that extends over mangominant noise source for a particular op amp in a particular
frequency decades. Most, however, also show an increasingpplication circuit. However, to maintain the required gen-
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4KT =16E-20J- 5 , T is the Temperature in Kelvin

Ey = Op Amp Input Noise Voltage
Ien = Op Amp Non-Inverting Input Noise Current
Ig; = Op Amp Inverting Noise Current

Ers = Source Resistor Noise Voltage = \3‘4kTRS

Egrr = Feedback Resistor Noise Voltage = \/4kTRF

L akT

Irg = Gain Setting Resistor Noise Current = \J“R_
G

FIGURE 1. Op Amp Noise Analysis Circuit.

erality to handle any op amp in any configuration, all terms
will initially be considered, then dropped later where appro-

priate.
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FIGURE 3. Example Input Noise Density Plot for a FET
Input Op Amp (OPAB55).

an increasing noise at higher frequencies. Figure 2 shows an
example input noise density plot for a high speed bipolar
input op amp while Figure 3 shows an example for a high
speed FET input op amp. Note that Figure 2 shows separate
traces for the two input current noise terms while Figure 3
shows a single trace implying that the two are equal (which
is normally true for a voltage feedback op amp). One key
difference between high speed current feedback op amps
(such as the OPA658) and voltage feedback op amps (such
as the OPAB55) are that the two inputs for the current
feedback topology show unequal bias and noise currents.
These three input noise terms are intended to model all of
the actual internal noise sources of the device. By using an
input referred model, the total output noise under any

The noise voltage and current sources shown in Figure 1 aréonfiguration may be calculated.

treated as spot sources that may have a frequency respong¢ormally, the resistor noise terms are considered to have a
of their own. In particular, the op amp input voltage noise, constant noise voltage (or current) density over frequency.
Eni, will typically increase at low frequencies due to 1/f Along with this Johnson noise, there is also a low frequency
noise effects. The two op amp input current noise terms will increase in resistor noise (called “excess” noise) that is
also show increasing noise at low frequencies for bipolar dependent on the DC voltage across the resistor. Carbon
input stages. FET input stages have a very low and constantomposition resistors show the highest excess noise with
spot input noise currents going to low frequencies, but showmetal film showing a negligible increase in noise at low
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frequencies (Ref.1, page 171). Wirewound resistor show the
lowest excess noise but should never be used in the signal
path for high frequency op amps due to their inductive
impedance. For this discussion, resistor noise density will be
considered flat over frequency (white noise).

CALCULATING THE TOTAL OP AMP OUTPUT
SPOT NOISE

As a starting point, calculate the total output spot noise
voltage (k) of Figure 1. Each term at the output is simply
the value of each source at a particular frequency taken to
the output by its gain at that frequency. For now, treat all
sources as white noise and neglect any frequency response
effects for the gain terms in Figure 1. If all of the noise
voltage and current sources are uncorrelated (the most
common assumption), their powers will add algebraically at
the output. This means that the total output spot noise power

FIGURE 2. Example Input Noise Density Plot for a Bipolar s the sum of the noise power contributed by each term. Take

Input Op Amp (OPAG58).
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the square root of this power to get the total output spot noisdLooking at Equation 2, once\E lg, and G are set, the
voltage. output noise can always be reduced by decreasing the value
Compute the total output noise assuming: for RFh_(an)d 'EI'_Le” Band %:10_ gﬁ‘t t_heddESirﬁd gain anddslourdc'e
_ — N o . matching). That approach is limited by the increased loading
(1+R'JRG)._ GN. Nqse ga'f‘ (identically equal to the op presented by the feedback network, and, in the case of a
amp non-inverting signal gain) . . .

o ) current feedback op amp, by stability considerations. The
First find the gain to the output for each voltage or current 51,e for R controls the compensation for a current feed-

noise term by superposition: back op amp. Reducing it too much can cause excessive
Noise Term Gain frequency response peaking and possibly oscillations.

Eni Gy

Isn R<Gy CALCULATING THE OP AMP’S TOTAL

Ers Gy EQUIVALENT INPUT SPOT NOISE VOLTAGE

gy Re Equation 1b gives us an expression for a noise that can be
Err 1 physically measured. Connecting this output into a spectrum
lre Re analyzer and converting the measured power at a particular

Now, substitute in for the resistor noises (Figure 1), multiply frequency (and resolution bandwidth) into spot noise volt-
each noise term by its gain, square each term (to get to @ge will give the value predicted by Equation 1b. Often,
power), sum them all, and take the square root of that sundesigners would prefer to compare a total equivalent input
to develop the total output spot noise expression. spot noise voltage to their input signal. This input noise is
Equation 1a: not the same thing as the input spot voltage noise of the op
amp itself. It is instead an abstraction derived by “input
Eo= /(EMGN)Z+(IBNRSGN)2+4I<TRSGN2+(IB|RF)2+4kTRp+£RF2 referring” the total output spot noise expression (Equation
\ Re 1b). To “input refer” the total spot output noise, divide it by
Combining terms at the non-inverting input and recognizing the gain from the desired signal input point to the output.
that: The “input” can in fact be anywhere in the system. It could
4kT _, be to an inverting input signal—or, to the input of a prior
4KTRg +R_GR F=4KTRe* Gy stage (where it would be combined with the input referred
noise of that stage to see how much is being added by this
will give the total output spot noise voltage for any op amp 2nd stage). Most often, the input referred spot noise voltage

at a selected frequency. is taken to be the total input referred noise at the non-
Equation 1b: inverting input, . Dividing Equation 1b by Gwill “input
refer” to the non-inverting input.
Eo = \/(ENF +(IgnRs)’ +4kTRS)GN2 +(1g1Re)? + 4kTR Gy, Equation 3a:
To consider the frequency response effects for any of the O.R 7 AKTR
gain terms in Equation 1b, substitute in the magnitude of the E =, |E,,? +(|BN Rs)2 +4KkTRg + EM + 22 RF
gain (for R, Gy, and/or R) at the frequency of interest. Gy Gy

Parasitic, or intentional, capacitances across the resistors Ca@quation 3a explicitly shows an-Rn the last two terms
F .

Etron?_ly |riftl)uegce the spot tn.o'li’e. gain _for tthe terms of Since R is relatively fixed for a current feedback op amp,
quation 1b. DUne common ick (N an INVerting op amp ;s gpows clearly that the input referred contribution of the

configuration is to source match .W't@ Bet to get DCT b_|as noise terms that are physically on the inverting side of the
currenF error cancellathn (by sett|ngRRF|| RG)' To limit circuit will decrease with increasing gain. An equivalent
the noise added by _th|s DC matching resistor, addAa Iargeexpression, that is more common for voltage feedback am-
capacqor acrossfo fllterthe.4kTI%-GN ar)d (En*Rs* G2 plifiers, substitutes Gy, = Re Il Rg to get:

terms in the output spot noise expression.

L . . Equation 3b:
Several simplifications of Equation 1b are possible. For q
example, R is often set to = RIl R; to get bias current
cancellation when using a voltage feedback op amp. This is

seldom done for current feedback op amps since their inpuimposing the source matching condition;(RR: Il Rg) and

bias currents do not match. Assuming the two input noiseassuming thatgl, = I, on Equation 3b will allow a further
currents are equal in the voltage feedback casesimplification to—

(Ign = lg = Ig), and making the substitution forgRuill
reduce Equation 1b to:

Equation 2:

Ey = \;EN,Z +{1anRs)’ +4KTRs + (15, (Re[Ro)) + 4kT(Re|R)

Equation 4:

| £ =B+ 2o RelRe)) +2(4kT)(RelRo)
Eo = En2Gr? + 2(1gRe)? +2(4kTR:Gy)



CONVERTING SPOT INPUT OR response that each term has separately to the output may
OUTPUT NOISE TO A POWER be neglected and the frequency response of this last filter

Most frequency domain oriented applications deal only in ~ Will be the limiting factor.

powers. Either the input or output spot noise expressions Most designers consider a frequency response from a
may be converted to dBm. Equation 5 shows this for the gain and phase standpoint for the V/V transfer function.
output spot noise voltage. For noise, it is really the power gain that is important
since we can only add noise powers directly. This means

Equation 5:
a ) that whatever V/V transfer function we have, it must be
U E g squared prior to noise integration. There are a couple of
Py =10- lo o) =|13+20log(E, )[dBm q P 9 - P
N g%00(0.001)% [ g( O)] simple conversions between standard low pass transfer

functions and their equivalent NPB. For a first order low
Again, this is the noise power in a 1Hz bandwidth across Pass filter, the —3dB bandwidth_ggg) is related to the

500s. A good point of reference here is that 5@sistor noise power bandwidth by:
at 290°K will have a spot noise power of —168dBm. Equation 6:
T !
CONVERTING SPOT NOISE TO NPB ==+ F_gu HZ (Single Pole Low—Pass)

INTEGRATED NOISE

. . For a 2nd order low pass, the NPB may also be related to the
The spot noise over frequency is a useful means of compar; . : -
. . . - V/V transfer function (in W and Q terms) by:
ing devices and interpreting spectrum analyzer measure- . .
ments. It is also the most fundamentally useful starting point Equation 7:
for noise analysis. However, very few systems actually have
a signal that is defined in 1Hz bandwidths and a conversion NPB = I Fo* QHz (2nd Order Low-Pass)
from spot noise to the noise over some bandwidth is re- 2

quired. Computing the “integrated noise” is that process of ~ Where:

summing all of the noise power over the frequency band of ‘J |
interest. Again, since noise really only adds algebraically as F =F | 10 1 of 1H

) A . . s = Fo BT ozH VH T 502H TP
a power, the integration is first done using noise voltages \ 2Q \ 20Q

squared, then converted back to voltage by taking the square W
root. Considering first the output integrated noise, there are Fo=—2Hz
really two frequency dependent parts to this calculation. 2m
First, the frequency response of the input spot noise termBoth of these are calculating the equivalent brick wall
itself and then the frequency response of the gain for thatbandwidth that will integrate the same “power” as the
term to the output. Even assuming these are known, there areriginal V/V transfer function. Wy and Q may be estimated
a couple of interesting nuances here: in several ways from the measured 2nd order frequency
1. Starting at Frequency = 0 will not work. First of all, 1/f "€SPonse. As one example, a maximally flat Butterworth 2nd
models go to infinite noise density at F = 0 and secondly, Oder response has a Q = 0.707 and @& F_34g yielding
at zero frequency—we must be talking about the begin-2 NPB = 1.11<Fyqs The results of Equation 7 show that the

ning of time—so at T = 0 we have infinite noise (big bang equivalent NPB increases linearly with Q. This is saying that
theory). an increasingly peaked frequency response has the same

. - effect as a broader NPB. Physically, for a flat input spot
2
2. What high frequency limit shqqld .be u;ed. Often the noise, this peaked response is giving more noise gain (in the
frequency response of the amplifier itself is used (or more

salv. the f ¢ ht in E peaked region). This can be equivalently accounted for by
precisety, e frequency response for each term in q!Ja'increasing the NPB. All this effort to get a single number for
tion 1b). This can be pretty painful (from an analysis

standpoint) if the separate frequency response shapes fc)NPB allows a simple calculation for integrated noise. If the
por P - req y resp P épot output noise is considered flat, the integrated noise is
each noise term are meticulously applied. Most actual

S S . simply:
systems that care about noise impose a bandlimit that is Py

set just prior to the detection stage. It is this bandlimit, Equation 8:
either an IF filter for frequency domain applications or a Erus = Eo* VNPB
passive low pass for time domain, that sets the system

Noise Power Bandwidth (NPB). This is converting from a frequency domain noise descrip-
The NPB is often set so that the output spot noise is flattjon to a time domain. Multiplying the square root of the

over that frequency (i.e., none of the individual noise measurement channel's noise power bandwidth times the
sources are allowed to self limit). In an IF chain, the last spot noise (assumed flat) will give the RMS noise voltage in
IF or baseband filter is much lower bandwidth than any that bandwidth. One final conversion that is often of interest
of the preceding stages. In a pulse domain application,js to take this RMS noise voltage to a peak voltage number.

this last low pass filter is lower bandwidth than the The most common “crest” factor to convert RMS tﬁb“s
preceding amplifier stages. In these cases, the frequency

4



that for a sinusoid (e.@V2 = 2.8). Noise is distinctly not
sinusoidal. Using 6+Vrms will give apy limit rarely ex-
ceeded.

Considering noise power bandwidth in a frequency domain
application is slightly different. Most IF filters are multiple
pole so that their NPB approach theigfg bandwidths. To
convert to integrated noise power, simple add 10<log (NPB)
to the spot noise power of Equation 5 where the NPB is
usually the same as thezfz bandwidth.

/1+ Fap | 0F,0
F, \" F-F OR
1kHz 6.9
10kHz 2.8
100kHz 1.4
1MHz 1.06
10MHz 1.006

TABLE I.

As Table 1 shows, when, K= NPB) far exceeds the 1/f

Now consider the frequency response for the input noisenoise corner frequency, the effects of this increasing noise at
terms themselves. If the bandwidth of interest for the systemlow frequency may be safely neglected. When this is not the

includes the low frequency 1/f noise region, a significant

case, each of the three input noise terms for the op amp

increase in integrated noise is possible due to this increasegdhould be recomputed using Equation 10c to include the
spot noise at lower frequencies. Equation 9 shows the spointegrated effects of low frequency noise. These results are

noise equation for 1/f noise.
Equation 9:

—_—

L F .
Er=Ey° \1+% spot noisevoltageover frequency

where:

E\ = Flatband Spot Noise Voltage

Fae = Frequency Where Total Spot Noise Power Has Doubled

F = Frequency
Squaring Equation 9 and taking the integral from some
arbitrarily low frequency up to the NPB will give the total
power contributed over that band. Dividing by the frequency

band of integration and taking the square root will give us an
equivalent white noise that will integrate to the same power

then placed into the total output spot noise expression of
Equation 1b. This result may then be multiplied by the

VNPB to arrive at an integrated noise voltage that correctly
includes the low frequency effects.

COMPUTING NOISE FIGURE

Noise figure is a common description of noise effects for RF
and IF amplifiers. It is defined as 10e¢log (Signal/Noise at the
input divided by the Signal/Noise at the output). All terms
are spot powers (noise and signal). The input noise power is
defined as the noise power delivered from some source
impedance to the input—often a matching impedance termi-
nation. This is somewhat complicated for an op amp since
the input termination is set by the user where it is often fixed
at a matching value for an RF or IF amplifier. Figure 4

as the gctual source described py Equation 9. The integral ignhows a non-inverting op amp with an arbitrary input termi-
set up in Equation 10a, solved in 10b, and taken back to atation (R) showing the noise sources and definition points

equivalent spot input voltage noise in Equation 10c.
Equation 10a:
1 R 2% Fam gd
E + 3 df
F —FljFl N F
where:

F, — Lower Frequency Limit

EEQ

F, - NPB
Equation 10b:
Ep? OF, 0 F F,O
Eeg’ = @Fz‘ﬂ +Faglng? :ENZHJ“inB In—25
@ Fo-Fy ) Hl?l% 0 -k RO

Equation 10c:

—_—

| F F . . .
Eeg = Ey, [1+ —3%B_In—2, equivalent whitenoisevoltage
1

VR

As the maximum frequency of interest far exceeds the 1/f
noise corner (§g), Equation 10c approacheg.E

To illustrate this, let Fbe an arbitrarily low 10Hz (remem-
ber we can’t use /= 0 here) with k5 = 10kHz and sweep

F, to yield the following result for the radical in Equation
10c.

for noise figure analysis

Source  Amplifier

Ere

FIGURE 4. Non-Inverting Op Amp Noise Figure Analysis
Circuit.



Letting Ry remain an arbitrary input termination yields a The noise figure for an op amp operated in the inverting
very general noise figure expression for the non-inverting mode is considerably more complicated. Figure 5 shows the
op amp configuration (Nff shown in Equation 11 (where noise figure analysis circuit for the inverting op amp topol-

Rp = R; Il Ry). ogy. This circuit includes a resistor to ground on the non-
Equation 11: inverting input, R, which should be set to a relatively low

value for the lowest noise. It also includes a matching

NF* :1o|og%+&+& Eni DZ+(|BN)2+D|B|RF Eﬁ 4KTRg % resistor to ground at the input to allow the input impedance

H Rr 4T Re O HReGyH " GuRy? HH to be set separately from the signal gain. The input imped-

Two special cases forRgreatly simplify Equation 11. ance looking i_nto_this inverting op amp configuration is the
Letting Ry = Rs to get an input impedance match will Parallel combination of Il Ry.

produce Equation 12. Since the input impedance cannot be infinite, the main
Equation 12: application for this circuit would be providing an input
impedance matched to;Rf Ry, is constrained (given angR
0o g Relf, OigRe T, 4kTR. I d to qi input i d tched tg B
X wPrden 0 tge, Bt 6y o an I%) o give an input impedance matched tg B&n
NF :1°'°9%* KTR< 0 inverting op amp noise figure expression {NEan be
=i = derived as shown in Equation 14.
with Rs =Ry Equation 14:
Letting Ry = infinity will not provide an input match, but ED . (EN,2+(IBNRT)2+4kTRT)A$+§|B(';jg+4|gRZFé
will provide a lower noise figure as shown by Equation 13. NF'=10I09%EZ’;—‘:—15+ KRS ' (©) 0
Equation 13: H H
2 OgR.O  4kTR. O 14,0 Re O
EN|2+(IBNR5) +EBGI7NF +TNFE Where ATE#ZRGH:non—inveninggain
|

NF* =10log +

Since R, has been constrained by the values fgaRd R,
it does not appear in the noise figure expression. Using the
same amplifier with a fixed [Rin either a non-inverting or
with Ry =0 inverting configuration will typically yield a NF> NF* at
Generally speaking, anything that will reduce the input low gains with the inverting noise figure dropping below the
referred voltage noise of the op amp (Equation 3a) will non-inverting noise figure at higher gains. The non-inverting
decrease the noise figure (an ideal noise figure = 0dB whemoise figure vs. gain asymptotically approaches a limit set by
the output SNR = input SNR). Changing Rill trade off the noise terms that are physically on the non-inverting
the effects of source resistor noise and op amp producednput. Those same noise terms are actually attenuated at
noise. It is sometimes suggested to operate at an optimunhigher inverting gains when input referred to the inverting
source resistance where the noise figure is minimized. Thisinput. Taking a simple example: legkR R; = 50Q with
is effective when using reactive impedance transformationsRg = 200 (and R, = infinity). Looking just at the op-amp’s
(such as a transformer) but is not really helping the noise ifnon-inverting input noise voltage, it will have a gain to the
the increased source resistance is a real (noisy) resistooutput that is (1 + 400/100) = 5. The magnitude of the
(Ref.2).

4KTRg

MOGO OO

O
O
H

where:

Eni lgns I = Op Amp Noise Sources
and Egry — Resistor Voltage Noise Sources

and G, = Rg/Rg Inverting Gain

FIGURE 5. Inverting Op Amp Noise Figure Analysis Circuit.
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inverting gain from the input reference point of Figure 3 is To input refer this voltage noise, simple divide by the
400/50 = 8. Input referring the non-inverting input noise voltage gain to get 23nV/6.32 = 3.64r¥4z. To convert
voltage to the inverting input yields a gain of 5/8 = 0.625 in this spot input noise voltage to a spot noise power, use
this case. This effect gives a lower achievable noise figure inEquation 5 to get —156dBm. To get a noise floor for signal
the inverting configuration than in the non-inverting for a detection at the input, add 10-log ((50-5)MHz) to this to get

matched input impedance case at higher gains.

EXAMPLE NOISE CALCULATIONS
To show how the analysis described here can be applie

—79dBm. Normally, to compute a minimum detectable sig-

nal, RF engineers add 3dB to this number. Notice that it was

the system defining noise power bandwidth that is physi-
dg:ally after this stage that is used for this calculation. The last

let's consider two widely different applications using the cOmMmon measure of noise used in an IF application would
OPA658 and OPAG55 noise characteristics shown in FigureP€ the Noise Figure. Substituting into Equation 12 we can
2 and 3 respectively. First, apply the wideband current €OMpute that:

feedback OPAG58 to an IF amplifier application where 1/O Equation 16:

impedances are matched tab@nd a gain of 10dB to the
load over a frequency band from 5 to 50MHz is desired. A

0 2.0
over a frequel _ 0!  des NF" =10logr2 + (364nV)" S 15 38
non-inverting circuit that achieves this is shown in Figure 6. (

4E-21)+50H

Notice that the noise term used in this calculation is simply
the total input referred voltage noise calculated earlier using
a source impedance equal tg/R How would this noise
figure change for the inverting configuration? Holding
Rg = 500, and increasing Rto 3182 to get the same gain
magnitude, and holding{R= 252 on the non-inverting input

5 to 50MHz

0
I

15968

500 Bancbass Po will yield an inverting noise figure equal to (using Equation
50Q 14)
Equation 17:
D ) =/1v D
7 (3‘2nv)z+(12.6pA-25(2)2+16E-21-25Q][.66)2+[BZDA 0L -2 i
NF =1 32-1 Dex 0 Gy g
(4€- 20800 H
0

FIGURE 6. | Amplifier Example Circuit.

which is slightly less than the non-inverting configuration
Since we are only interested in a frequency band well abovenoise figure.

_the _1/f corner frequencies for any of the noise terms shownyow consider a DC coupled time domain example using the
in Figure 2, those low frequency effects may be neglected.opags5 FET input op amp. In this case, a very good pulse

The OPAG58 is operating at a voltage gain of 6.32 to get the,egponse is desired with minimal integrated noise over the

dgsired 10dB gain to.the matched load. At this gain (andy,nqyidth necessary to achieve the pulse settling times. Set
with the feedback resistor reduced from the recommendeqhe OPA655 up for a gain of +5 (using ap R10K2) and

4022 to 2682) the OPAG58 will have over 200MHz band-  ¢5)16,y it by a 5MHz cutoff 2nd order Butterworth filter.
width. The IF filter will therefore set the noise power Figure 7 shows this application.

bandwidth independently of the amplifiers frequency re-

sponse.

The first step will be to compute the total output spot noise
using Equation 1b. Note that the source resistor should be set
to 25Q for this calculation. Using the flatband numbers from
Figure 2, Equation 15 shows this calculation of total output
spot noise voltage (at the output pin of the amplifier).

Equation 15:

Eo = [(3:2nv)? +(12.6pA « 250)° +16E - 21 250](6.32)" + (32pA - 266Q)° +16E - 21+ 2660+ 6.32

=23nV/VHz



The resistor values were chosen here to add an almost equal

2nd Order noise power at the output as the op amp’s input noise

Butterworth Filter voltage. The total integrated noise at the output of the filter
Vi + is then:
SMHz  |—0V, Equation 20:

Integrated Eq, = (40nV/\Hz ) /5.55MHz = 94pV 1

And finally, the peak-peak noise excursion will almost
always be less than 649¢ = 0.56mV due to the noise
added by this stage to the original source.

SUMMARY

Once the complete output spot noise equation for an op amp
is developed (Equation 1b), all other descriptions or simpli-
fications may be derived. This equation is also important in
This voltage feedback op amp has a gain bandwidth productipat it describes what is actually being measured in any
of 240MHz. At a non-inverting signal gain of +5, we will  ngise measurement. Other numbers that may be reported are
achieve > 48MHz single pole bandwidth to the output of the gimply computations from this measurement. A pedantic
op amp. The system bandwidth will be set by the low pass gytput noise computation would also include the individual
Butterworth filter following this stage. First calculate the frequency responses to the output for each noise source. In
noise power bandwidth for this filter. Using Equation 7 (and many cases, these can be ignored if the stage in question is
a Q = 0.707 andd~= F-3dB = 5MHz): followed by a bandlimiting filter. Low frequency 1/f effects
NPB = 1.11*5MHz = 5.55MHz can be handled by computing an equivalent white noise
Now include 1/f effect by computing the equivalent flatband Source that will integrate to the same power over the band
noise for the non-inverting input noise voltage density Of interest (Equation 10c). This increasing low frequency

FIGURE 7. Low Frequency Pulse Amplifier.

shown in Figure 3. Using Equation 10c withyf= 2kHz, noise makes a negligible contribution to integrated noise
F, = 10Hz, and k= 5.55MHz, and | = 5.6nVAHz yields when the high frequency bandlimit is 100X the 1/f noise

an equivalent constant input voltage noise : corner frequency. The noise figure for an op amp may be
Equation 18: predicted using the equations developed here (Equation 11

to 14). Resistively source matching for optimum noise

5 2kHz 5MHz figure will lose the signal to noise ratio battle. Shifting the
Eeg :5.6nv\§1+ 5 55MHz—10Hz|n 0 =5.613nV source impedance reactively can, however, effectively im-

) prove the noise figure. The inverting op amp configuration
can provide a lower noise figure at higher gains. In general,
start a noise analysis including every term, then drop those
that are clearly contributing negligible noise in the applica-
tion.

Even at this relatively limited frequency band, the contribu-
tion of the noise in the 1/f region is negligible. Figure 3
shows the bias current noise increasing with frequency.
Multiplying the 10MHz value of 0.1pA times the feedback
resistor will still only yleld a 1nV contribution at the outpu_t REFERENCES
well out of band. As is normally the case, the current noise ) ) ] )
contribution to the total noise may be neglected for this FET 1-Low Noise Electronic DesigiMotchenbacher & Fitchen,
input op amp. Equation 19 computes the total output spot Wiley 1973.

noise considering only the voltage and resistor noise terms.2. National Semiconductor Application Note AN104-1.

Equation 19:

Eo =1(5.6nV + 5)° +16E-21+10kQ+5 =40nV/\/Hz
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