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for practical application, opening the path for widespread adoption afid current noise sourég are referred back to the input terminals. Fig.
the clock-gating technique in low-power design of custom IC's. 1(b) is commonly adopted when the positive terminal is grounded. To
simplify calculation, in some models ondy, is adopted and, is ne-
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514-520. that the method can give only an approximate solution, and cannot give
an accurate solution.

To solve this problem, a more complete op amp noise model is pre-
sented in this paper, based on Fig. 1(c), which considers the correla-
tion betweere,, andi,, for each input terminal and then the formula
of equivalent input noise power spectrum density for the inverting and

A Complete Operational Amplifier Noise Model: Analysis  noninverting input terminals can be derived. With different source re-

and Measurement of Correlation Coefficient sistors, the noise model parameters of an op amp have been measured
. ] . by means of a low-frequency noise measuring system and the noise
Jiansheng Xu, Yisong Dai, and Derek Abbott model parameters, including the spectral correlation coefficient, are
presented.

Abstract—n contrast to the general operational amplifier (op amp)
noise model widely used, we propose a more complete and applicable noise
model, which considers the correlation between equivalent input voltage II. A ComPLETE NOISE MODEL AND ITS EQUIVALENT INPUT NOISE
noise sourcee,, and current noise sourcez,,. Based on the super-posi- POWER SPECTRUM
tion theorem and equivalent circuit noise theory, our formulae for the . o ) .
equivalent input noise spectrum density of an op amp noise are applied  In order to improve precision of the noise model, based on Fig. 1(a)
to both the inverting and noninverting input terminals. By measurement, and (b), we use one equivalent voltage noise source and one equiva-
we demonstrate that the new expressions are significantly more accurate. |ent current noise source at each op amp input terminal in our model.

In addition, details of the measurement method for our noise model . . .
parameters are given. A commercial operational amplifier (Burr—Brown Second, it should be pointed out that the correlation betwgeand

OPA37A) is measured by means of a low-frequency noise power spectrum ‘» at €ach input terminal should be considered f.0|.’ completenes_,s. Let
measuring system and the measured results of its noise model parameters,y = ~1 + jv2 be the spectral correlation coefficient (SCC), given

including the spectral correlation coefficient (SCC), are finally given. by v = Sei(f)/+/Se(f)S:(f), in whichS.(f), S;(f) are the power
Index Terms—Noise models, operational amplifiers, spectral correlation SPectral densities of the voltage noiseand current noisé,, respec-
coefficient. tively, andS.;(f) is the cross-spectral density [8] betwegn and:.,: .

Also lety’ = ~{ + j~4 be the SCC between,» andi,», in whichi,
andi,,» are current noises at two input terminals of an op amp. Thus, it
can be concluded that there is no correlation between them. Fig. 1(c) is
Recently, integrated operational amplifiers (op amps) have been usecbmplete op amp noise model including eight parametersei.g..,
in more and more practical applications. With the continual improvén:, v = 1 + j7z2, en2, in2, andy’ = 71 + j¥3, each of which varies
ment of their noise characteristics, they have been commonly foundaith frequency. It is obvious that all these parameters cannot be calcu-
the design of preamplifier circuits. For this reason, the calculation lsfted by use of internal noise sources of an op amp, for noise sources
the circuit noise of an op amp and its low-noise design are paid marean op amp are so many that it is very difficult to calculate them sep-
attention than ever. At present, the noise models [1]-[3] of the ovearately and accurately. However, they can be calculated by measuring
whelming majority of op amps are illustrated as in Fig. 1(a) and (b).equivalent input noise power spectrum with different source resistors.
The commonly accepted two-port noise model is in Fig. 1(a). The &fow the relation between the eight parameters and equivalent input
amp is considered noiseless and the equivalent voltage noise squrcaoise power spectrum can be derived as follows.
LetZ: = R: +jX1, Z> = Ro +JX2 andZ_f = Rf + j_X_[,

2 2 .2 2 2
o1 = 4rT 25 = 4kT Ry, i3 = 4:T /Ry >
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Fig. 1. Equivalent noise models for an op amp.
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Fig. 2. (a) Inverting input op amp circuit. (b) The equivalent noise circuit of the inverting input op amp.

spectrum. Therefore, from Fig. 2(b), the contribution of invertinghe equivalent noise power spectrum of noninverting input terminal is

input terminal noise sources to the output noise can be expressed as S e
p L= o S @+ 122
SL(f)y=el|ZL] et + (2 +iD) 121/ /2 Zr il
(f) =ei 7 {ledy + (o +i7) 120/ 12| 14 7 1+Zf
. 7 + 2en1in1 Re[Y(Z1//Z6)"
FreminRelzzo 1+ 2] @ R0
Z 4+ {ens + ina | Z2]” + e5 + 2en2inaRely Z5]}. (5)

The contribution of noninverting input terminal noise sources to the Now let us discuss (4) and (5). If the correlation betwegn and
output noise could be expressed as in1, €n2, andi,. is neglected, then (4) can be simplified as
S+(f = {CILQ +]n'7|Z2| +ﬁ2 +2()n37712R(‘[')’Z;]}

Z/ Z
- () + Cn + pn + e 1 + 7
1+ == 7, (2) S_(f)=el +{em 2 3) Z;
Therefore, the total output noises contributed by the two input ter- . 212 2 112 Z
minals are + (i + i) 121 +ina | 2o |1 + Zr (6)
So(f) = S_(f)+ SL(f). (3)  WhenZ = Ry, Z = Ry, Z; = Ry, (6) is equal to [7, p. 59,

. . . N 3-17)], which means that (4) is more general. Under the same condi-
The expressions of total output noise referred to inverting input t

ons, (5) can be simplified as
minal and noninverting input terminal can be expressed as follows. The ©) P
equivalent noise power spectrum of inverting input terminal is

Solf) _ Self) = — (2 4t
+ = n n2 2
S-(f) = - 2 1+{6n1+(n1+lf |Zl//Zf| Z 2 1
ol 1+Z—
7
Z ol ‘
2 Ving | 2o + (iny + i) 120/ /2 ). 7)

T 2emsimBRelr(Z2//20)]) ‘1+ Z

According to the same conditions, (7) is equal to [7, p. 60, (3-18)],
+ {en + ina| Zaf which means that (5) is also more general.
2 In addition, from (4) and (5) it can be theoretically concluded that

+ ¢34 2enzinaRely 23]} ‘1 Tz ) the equivalent voltage noise sourees ande,» cannot be calculated
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Fig. 3. The measurement system block diagram.
separately. Therefore, for calculation convenience, it is supposed that TABLE |
e.1 is equal in magnitude to,». Hence, let? = e2, +¢2,. Then (4 THE VALUES OF Ry, R, AND THE
! q 9 2 " n1tenz “) SPECTRAL DENSITY

and (5) can be changed to

R(Q) | R, k) | S,

S—(f)y=ci+{en+ (im+i|24//12° 200 2 S.()
+ V2eniniRe[v(Z1//Z5)"] 150 3 5,(f)
o s . . zZ |? 100 2
+ 25,0 |ZQ|2 + 6; + \/56777'112R6[A/'/Z2]} ‘1 + Z_l SS(f)
f
8
® TABLE 1l
THE VALUES OF Ry, R2, Ry, AND THE SPECTRAL DENSITY
2 R(Q) | Ry(Q) | R,&kQ) | SO
Self) = g teh + i+ i) |2/ /2 100|100 2| S.h)
‘1 + Z—} 100 200 2 S,(f)
+ 'ﬁcnirle(\[A/’/( Zl//Zf )*]
+ina | Za)? + €3 + V2enin2Re[y' Z3]. (9)  Simultaneously, in this measurement system 512 spectral averages are

performed to maintain the high precision of spectrum estimation. The
It should be noted thak (f) and.S_(f) are different because the measured results have shown that the accuracy of measuring system

two input terminal voltage gains are different. is superior to 4% [9].
The measuring method is as follows. According to (4) and (5), itis
IIl. M EASUREMENT SYSTEM AND MEASUREMENT METHOD seen that the equivalent noise power spectrum of inverting or nonin-

verting input terminals can be measured by varying source impedances

Fig. 3 is the measurement system block diagram. In order to refgfq hen the noise model parameters can be calculated accurately. The
the measured output noise to the input terminals, itis necessary to hay¥R ,1ation formulae are derived as follows.

measured the frequency responsgf) of the op amp and measuring
system. Therefore switchi is at A first. Then the switctt is at B to
measure the output noise power spectrum of an op amp. : } .

We measure the output noise power spectSirtf) by means of 1) LetX1 =Xz = X; =0, R, =0, then (8) changes into
an FFT spectrum analyzer (model: CF-920), then the equivalent input

A. Inverting Input Terminal

noise power spectrum is given by S_(f) =t 4 e <1 N gl )2 @24 z’f:)Rf
J R,
. So(f) ) R,
; = 2 ntn Y 1 -
Si(f) A2(f) + V2enin v1 Rq +Rf (10)

where A(f) is the gain of measurement system, including the gain ~ The values of three different resistas and iy are shown in

A, (f) of amplifier measured and the measuring system daify), Table |. The equivalent input noise power spectra of three source
namely,A(f) = Ai(f)A2(F). In this system the cross-spectrum es- resistances are measured, respectively, and the results are as follows
timation method is used to reduce preamplifier noise contribution be- (Wherell = Ry/R1):

cause the noise of the two preamplifiers are uncorrelated (powered by

different batteries) and their cross-spectrum value is very small and, i, = 1

as a consequence, a small noise valwE/y/Hz) can be measured. RiR; — R Rt

The cross-spectrum estimation is measured in the frequency range of . [Sl(f)Rz = S:(f)Ry  Sa(f)Rs — Ss(f)RZ}

1 Hz-100 kHz. The measuring process and data processing are auto- Ry - R> Ry — R3

mated by computer. The measurement software is chiefly made up of (11)

two parts: 1) the IEEE-488 interface to control the CF-920 and 2) the
data processing parameter calculation from the measured results and
display programs.
In order to accurately measure equivalent input noise spectrum, 2 Si(f)R2 — S2(f) Ry 1\’
A(#) is obtained by measuring the swept sine wave response. “» = {""IR‘ Ry - R, — R }/ <1+ K) 12)
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Fig.4. The measured results of an op amp. (a) Equivalent input voltagesnoisesus frequency. (b) Equivalent input current néjseand: .. versus frequency.
(c) Real part of SCG, and~; versus frequency. (d) Imaginary part of SG€and~, versus frequency.

TABLE I
COMPARISON BETWEEN OUR MEASUREDVALUES AND TYPICAL DATASHEET
VALUES AT 3 SPOT FREQUENCIES(nV/+v/ Hz)

3)

Forthecase ok = Xy = Xy =0, R, = 100 Q, Ry = 2k Q,
then it leads to

p p Rl .2 .2 2
S_(f :ez+ef,,<1+—> + (ip1 +i5)R
Voltage noise 10Hz 30Hz 1 kHz (f)=e Ry (s +i7) By
Typical value 3.1 29 2.7 ) R
Measured value 2.5 24 2.4 +V2enim Rim <1 + R—l)
Error 24% 20.8% 12.5% f ,
5 . R
+ [iigRé +e5+ \/Eenzanwq] <1 + R—l) . (16)
f
1 Let
Y= R
i 1 S(f)=S_(f)—el—e2 (14 =
Vewini B (1 . [—) (F)=5-(f) =i = e ( +
R
1 : y - “ntn e .

(13)
2) LetXo =Xy =R.=0,R; =2k Q,Cy =4 pF, R, =100 €,
the corresponding equivalent input noise power can be measured
and the expression is obtained as
[XT + (Bi + Ry)*]
erz +( (2%51 +Lj)(Bl +X1)
+V2enin1 1B (B ;ﬁf) + X1]

S _(f)=4kTR, +

+ /\/5(«)77 in] A)"QX1 .
Then,~- can be calculated as

[Xi 4 (R1 + Ry)?

7
}/\/_enZn]AYl .

(15)

(14)
4)

Yo = {S(f) —4xTR; —
TR+ XT)

€y — (l:fl +1
_ o, i, BB+ By) )+ X7]
ntn R;

When source resistandg,; varies with Table IlI, the equivalent

input noise power spectra can be measured, respectively, and then
we can obtain

S4(f)Rs — S5(f)Ra
n2 — 2
<1 + %) RiRs(Ri — Rs)

.2
1

(18)

_ 1 Sa(f)
\/§€n7.'712]?4 <1 + L)Z
K

For the case ok,

—i2,R? — 4xTR,4 (19)

= Xy = 0, then we have

Ry

1+R—f> + (i%y + %)
14+ =

. Rf + \/5677%21121’7’1 < )
Ry
+[i2a(R* + X?) + 46T R + V2enins

/ . R
(R + X < .

S (f)=c 4 e (

Ry

14+ 24

w)

(20)
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TABLE IV than that of high-frequency region. If the correlation is neglected, then

COMPARISONSBETWEEN OUR MEASUREDVALUE AND TYPICAL DATASHEET the errors in the low-frequency region become bigger. In addition, the
VALUES AT THREE SPOT FREQUENCIES(p A/ v'HY) results also show that the noise model and measurement method pro-
posed in this paper can improve measurement and calculation precision

Current noise 10Hz 30 Hz 1 kHz ! . N .
Typical value 17 10 04 in low-noise circuit design.
Measured value 1.4 0.85 0.35
Error 21.4% 17.6% 14.3% V. CONCULSION
According to the analysis and measured results, the following con-
where clusions can be reached.
R, =100 1) In contrast to the noise model commonly used at present, a com-
Ry = 2kQ; plete noise model and its measurement method for an op amp are
' proposed in the paper. Because contributions of all noise sources
Ry = 100 & to output noise and the correlation betwegnandiy, ez, and
Ca = 4 pF; in2 are considered adequately, the noise model parameters can
R — Ry ‘ be obtained accurately through this way.
1+ wlb’%Cf 2) The formulae of complete equivalent noise power spectra for
e _ wR3Cy inverting input and noninverting input terminals are derived, in
) 1+ w2RIC2’ which the contributions of all noise sources to output terminal
According to the noise power spectrum of the measured equivalent  and correlative coefficients between them are included.
input S—(f), then we can have 3) The main advantage of this method is that all internal parameters
1 of an op amp do not need to be known in advance for noise model
vy = parameter calculations. And the experimental results are in good
V2enina X i agreement with theoretical analysis.
2 2 R\ .2 )
{ S—(f) —ei—en <1 + R,,c) (G +7) ACKNOWLEDGMENT
2 . Ry R\’ The authors wish to thank the associated editor and reviewers for a
C B = VaenimBim <1 + R—f)} / <1 + R_f) number of suggestions.

_ [Liz(BZ + X2) +4xTR + \/ieninngi] .
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Fig. 4.

From Fig. 4(a) and (b) it can be seen that when the correlations be-
tweene, andi,1, e,»2, andi,» are neglected, then the measured re-
sults of bothe,, andi,, are larger than the values when the correlation
are considered. Thus, an overestimate results when the widely used
method to measure, and:,, is carried out, where correlation is ne-
glected and only noise contributions of a small source resistance and
a large source resistance are considered in the course of noise model
parameter calculation. Our measured results also show that the corre-
lation betweere,,; andi, 1, e,.2, andi,» do exist, especially in low
frequency. When / f noise dominates, the correlation coefficients be-
tweene, andi,1, e,2, andi,» become bigger. From Table Il and
IV (typical values can be found in the Burr—Brown datasheet) it can
be seen that in low-frequency region the errors are bigger than those
in the high-frequency region, which in another way demonstrates that
the correlation does exist in the low frequency region and is stronger




