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Abstract

A noise analysis of a three opamp instrumentation amplifier is presented. The results, although
not surprising, do give a theoretical basis for designing low noise instrumentation amplifiers. Using
MAPLE, a symbolic computation package, known sources and loads are connected to the amplifier
and the outputs are determined. These outputs are then passed to MAPLE subroutines which have
been developed to determine the amplifier noise characteristics by manipulating the sources and
loads. Experimental measurements to confirm the analysis and recommendations to minimize the
noise are also provided.
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1 Introduction

The signals generated by multi-turn coils and electrode pairs for the measurement of magnetic
and electric fields must be amplified before they can be digitally recorded and analysed. The
most common preamplifier configuration for this task is the three opamp instrumentation amplifier
shown in Figure 1. This preamplifier consists of two stages, a differential input-differential output
(DIDO) stage followed by a differential input-single ended output (DISO) stage. A thorough
literature search eg. [1-8], revealed no reference that provided a theoretical noise analysis of the
instrumentation amplifier. Section 2 presents the models required for the analysis, which are then
used to create MAPLE procedures that perform the necessary algebraic manipulations. The results
from the MAPLE worksheets, which are provided in the Appendix, are summarized in Section 3.
Measurements to verify the analysis and to show the contribution of each noise source are given in
Section 4.
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Figure 1: The Three Opamp Instrumentation Amplifier
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2 Noise Models

This section presents the tools to perform the noise analysis of an instrumentation amplifier.
First a brief review of the response of linear systems to noise signals is given. Then the thermal
noise of a resistor and the equivalent noise of a complex valued impedance are discussed. Next
a Power Spectral Density (PSD) model for the noise of an opamp is developed based on the
manufacturer’s noise specifications. Finally the DISO and DIDO noise models along with the
mathematical techniques to determine their parameters are given.

2.1 Response of Linear Systems to Noise Signals

To determine the response of a linear system when the inputs are noise signals, consider the following
two input case. The Laplace transform input/output relationship can be represented as

Vo(s) = G (s) Vi (s) + H (s) V2 (s) (1)

where V; (s) and V; (s) are input voltages, and G (s) and H (s) are transfer functions. The PSD of
Vo (5) can be shown to be

Py, (@) = |G (jw)|* Py, (w) + |H (jw)|® Py, (w) + 2G (jw) H (jw) Py, (w) (2)

where Py, (w) and Py, (w) are the PSDs of the inputs and Py,y, (w) is their cross power spectral
density [9]. For this work all noise sources are assumed independent so their cross spectral density
is zero and

Py, (w) = |G (jw)|* Py, () + |H (jw)f Py, (), 3)

which can be extended to any number of inputs.

A MAPLE routine to perform this calculation processes each input in turn, first computing
the transfer function with respect to the current input and then creating a running sum of the
product of the transfer function squared and a new variable which is the concatenation of the
letter P with the current input (see the MAPLE routine NOISESUM found in Listing A.4). As an
example if the output is given as Vo = G*V1 + H*V2 and the input list is vars = {V1 V2} then
NOISESUM(Vo,vars) = G"2%PV1 + H"2#PV2. (Note that MAPLE is performing symbolic algebra).

Function arguments are omitted henceforth. Thus the spectral density Py, (w) is written as Py,
the Laplace transform of a signal V, (s) is represented as V,, and the transfer function G (jw) is
represented as G. In addition, the circuit diagrams show the Laplace transform of all noise sources
and impedances. And, since the square root of PSDs are often quoted, all quantities that represent

the root spectral density will be identified as 1\3 (thus I\')V,,: \/PV,,)-

2.2 Impedance Noise Model

Every resistor has an associated thermal noise, which, when expressed in terms of its PSD can be
written as '

Py, = 4kTR (V?/Hz) (4)
where

k — Boltzmann’s Constant in Joules per Kelvin (1.38  10-2J/K)
T - Absolute Temperature in Kelvin (K)
R - Resistance in ohms (Q2)




Table 1: Typical voltage and current noise specifications for the OP10 and OP227 opamps, with
the maximum expected values in parentheses.

0OP10 OP227
f IVJVJ(, IV’IN b Iv’v;, I\SIN
(Hz) | (nV/VEZ) | (p4/VEZ) | (Hz2) | (vV/VEZ) | (p4/VEZ)
10| 10.3 (18.0) | 0.32(0.80) | 10| 3.5(5.5) 1.7 (4.0)
100 | 10.0 (13.0) | 0.14(0.23) | 30| 3.1 (4.5) 1.0 (2.3)
1000 | 9.6 (11.0) | 0.12(0.17) | 1000 | 3.0(3.8) | 0.4 (0.6)

Note that this expression is independent of frequency and is therefore considered a white noise
source. The noise model of a resistor is then just the series connection of an ideal (noiseless) resistor
and a voltage noise source which is represented as Vi on circuit diagrams. At room temperature
(T = 290K), the root spectral density of the thermal noise of a resistor with resistance in kQ2 can

be written as .
Pvg ( nV )
—= =40 | ——=—= 5

VR VER (5)

which provides a useful rule of thumb for computing the thermal noise of resistors. For complex
valued impedances the thermal noise is given as

Py, = 4kT R{Z} (6)

where R {Z} is the real part of the impedance Z. This result can also be obtained by representing
each resistor in the impedance by its noise model and then computing the Thévenin equivalent
circuit.

2.3 Opamp Noise Model

For these analyses the opamps are assumed to be ideal with infinite gain, infinite input impedance,
zero output impedance and no 1/f noise. To account for the noise, a voltage and current source
is connected to each input. Opamp manufacturers quote the combined or sum of the voltage noise
sources, while the current noise sources are assumed equal and a single value for both is given. The
specifications from [10] for PMI's OP10 and OP227 dual opamps are listed in Table 1. The OP10
is the industry standard in terms of noise specifications, and as evident from the OP227 data a
lower voltage noise will usually be at the expense of higher current noise. Unfortunately opamp
manufacturers only provide data at a few selected frequencies and usually do not give parameters
that can be used to model the noise over all frequencies.

A simple 1/f noise model requires the corner frequency and the minimum value of the noise.
For example if the corner frequency is fy- and the minimum value is V;,, the spectral density of the
noise can be written as

fv

Py, =va? (1+Z) (7)

To determine the parameters of this nonlinear model requires an imaginative approach because the
standard nonlinear least squares method produces poor fits. Satisfactory results can be obtained if
the errors are weighted by their corresponding frequency. Intuitively this makes sense because the
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Figure 2: Voltage and current noise of the OP10 and OP227; the shaded regions represent the

spread between the typical and maximum noise values. The manufacturers specifications, which
are the basis for the curves, are shown as circles.

data at higher frequencies is given more emphasis. Applying the weighted nonlinear least squares
approach to the OP10 data yields

Vi, = 9.60 (11.0) nV/VHz fv =2.03 (18.7) Hz
Im =0.12 (0.14) pA/VHz fr = 65.3 (290) Hz
and for the OP227
V,, = 2.99 (3.78) nV/VHz fv =3.30 (11.51) Hz
Im =0.36 (0.45) pA/VHz fr = 206.0 (781.0) Hz

Note the lower voltage noise, higher current noise and greater corner frequencies of the OP227.
Graphs of 1\S for the voltage and current noise of both the OP10 and OP227, along with the
manufacturers specifications are shown in Figure 2. Clearly the weighted nonlinear least squares
has provided acceptable resulits.
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Figure 3: DISO noise model with differential source and single-ended load.

2.4 DISO Amplifier Noise Model

The most common noise model for an amplifier is to represent all the noise of the amplifier by
voltage and current sources connected to the amplifier’s input. Most references [1, 3] deal with the
single input, single output case. No reference was found that treated the case where the amplifier
has a differential input and/or differential output. As mentioned, the instrumentation amplifier
can be considered a DISO amplifier or the cascade connection of a DIDO amplifier and a DISO
amplifier. Thus noise models for both the DISO and DIDO amplifiers are needed.

The noise model for the DISO amplifier shown in Figure 3 consists of the following parameters

Z, - output impedance
Ay, As — gains

Py, , Pyy, — voltage noise
Pry,, P1y, — current noise

Note that like the opamp the input impedance is assumed infinite or more precisely much greater
than the output impedance of the previous stage.

To develop procedures to calculate the DISO model parameters a known differential source and
a known load are connected to the DISO model as shown in Figure 3. The source consists of two
input signals V) and V3, source impedances Z, and Z,3, and their thermal noise Vz,, and Vz,,.
The single-ended load is just an impedance represented by Z;;. Once the output is determined, the
sources and load can be algebraically manipulated and the model parameters can be found. The
required manipulations form the basis for the procedure to calculate the parameters for any DISO
amplifier. Thus, from the circuit the following equations are deduced

Vi-Vni—Vz, - W
Zsl

= I | (8)

1A general model for the input impedance of a differential input ampliﬁef, does not exist. In fact for the four
resistor differential amplifier which composes the second stage of the instrumentation amplifier, the input impedance
can be shown to be vary with the applied inputs [11].




Vie—VNe=Vz, -V,

ZsZ B IN2 (9)
Voo — A1V —AVis  Vy
Zar Za (10)
which on solving for the output yields
VA
Vor = —Z:—-:—ZT {4 (Vi + Vi + ZoIny + Vz,, ) + A2 (Va + Viva + ZgpIyg + Vz.)} (11)

To generalize this result to include the possibility of a finite input impedance the system gains K,
and K are introduced such that

Voo =K1 (Vi +Vn1 + ZaIny + Vz,) + K2 (Va + Vg + ZeaIng + Vz.2) (12)
These system gains take into account the loading effect of the output impedance, the loading effect
of the input impedance? and the amplifier gains.
2.4.1 Output Impedance

To determine the output impedance allow the load impedance to increase to infinity and define the
output

Voo = lim V, (13)
Zy —oo
= limit {V:,l} {le — OO} (14)

Then the output voltage can be written as

le ']
Vo1 = Z_u:Z_olV"l (15)
which can be easily rearranged to yield
!
-V
Zo1 = ZHZQIT/.I—OL (16)

The assumption of infinite input impedance (no loading between stages) means that the output
impedance does not affect the overall gain. However, it interacts with with the current noise present
in the next amplifier stage. The above operations can easily be performed by MAPLE (Note the
introduction of a simpler notation for the limit operation).

2.4.2 Amplifier Gains

To calculate the gains, a coefficient function is defined, such that coeff{az + by} {z} = a. This
allows the system gains then to be determined as

K, = coeff{Vi1}{Vi} (17)
K; = coeff{V,}{V2} (18)

*The noise model assumes infinite input impedance, however the amplifiers analyzed could have a finite input
impedance.




The amplifier gains A; and A; are calculated from the system gains by removing the effects of the
source and load impedances, thus

Al = limit {Kl}{Z,1 — 0,Z_,2 — O,le — OO} (19)
A2 = limit {Kz} {Zsl — 0, Z,z — 0, Z[l s OO} (20)

2.4.3 Equivalent Input Noise
Without loss of generality the input signals to DISO amplifier can be defined as

V.
Vi = o4V (21)
V.
V, = __21 +V.. (22)
Rearranging these expressions gives
Vi = ViV (23)
V
v, = AtV £, (24)

where V; is the difference between the inputs (the part of interest) and V; is the common mode or
average of the inputs. Substituting these definitions into Equation 12, and for convenience renaming
the output from V,, to V.4, the output difference voltage is given by

Voa = KgVy + K Ve + K1 (Vi + Za1 Int + Vz,,) + K2 (Vve + Zs2Ina + Vz,,) (25)

where K, the system difference gain, is given as
_ K1 - K,

K4 5 — T (26)
and K, the system common mode gain, is
K.=K; + K,. (27)
Equation 25 can be referred to the input by dividing by the system difference gain creating
K K K.
Vig = Va+ —=Vot == (Vi + ZaIni + Vz,) + = (Ve + Za2Ing + Vz,,) - (28)
Ky Kd Ky

All terms in this expression except the input signal V; are noise and as a result the signal to noise
ratio can be easily determined at this point. The equivalent input noise is found by setting the
difference and common mode inputs® to zero, thus

Vin = limit{V;}{Vz—0,V. — 0} (29)
K K

= =2 (Vi + Zaln +Vz,) + 22 (Vg + ZszInz + Vz,,) (30)
Kd Kd

The terms of interest are V,4 from Equation 25, V;4 from Equation 28 and V;, from Equation 30.
Their PSDs can be computed using Equation 3.

3In practise the common mode rejection ratio (that is K./Ku) should eliminate the common mode input vbltage.
However if the common mode rejection ratio is 107® a common mode signal of 103 would result in a noise term of
10™° which is of the same order of magnitude of other sources of noise.




2.4.4 Voltage and Current Noise

To compute the voltage and current noise terms start with V,4 from Equation 25 and create
7, = limit {Vod}{Va—0,V, = 0,2Z;; — oo, Vz,, —0,Vz,, — 0} (31)
= K (VN1 + ZaIn1) + K5 (Vs + ZeoIns) (32)

where K| and K are the system gains with the loading effect of the load impedance removed, that
is

K{ = limit {Kl} {Zu — oo} (33)
Ké = limit {Kz} {Z”_ - oo} (34)
From the single expression in Equation 32 it is not possible to solve for the four terms representing
the voltage and current noise. However if conditions are known that set K} = —~K} (the usual case
for a DISO amplifier) and if Z,y = Z, then
Voo = K1 {VN1 — Vo + Za1 (In1 — Ina)}, (35)
which when referred to the input gives
!
- od
id K{
= VN1~ VN2 + Zs (In1 — Ina). (36)

From this expression the sum of the voltage noise sources known as the combined voltage noise can
be determined as

Ve = Vni— Vs (37)
= limit {V,f,} {Zsy — 0}, (38)
and the combined current noise

Iyt = Iny— Iy (39)

f

!
limit{ ;’“ }{zg,1 — oo} (40)
51

Note that the voltage noise is calculated when the source impedance is zero and the current noise
is calculated when the source impedance is large. This is analogous to the actual techniques used
when making noise measurements on the bench. The PSD for the combined voltage noise from
Equation 37 is

Pvyr = Pyy, + Pyy,- (41)

The quantity usually quoted for a DISO amplifier is the square root of this, IV’vN, . For the current
noise it is usual to assume that the noise sources at each input are equal, that is Pr,, = Py, = Py, .
Hence

1
PIN = ?PIN’ (42)
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Figure 4: DIDO noise model with differential source and differential load.

where 1\51,,, is specified by manufacturers.

The MAPLE subroutine to compute the model parameters of the DISO amplifier is DISOMOD,
found in Listing A.4. This routine requires the output voltage of the amplifier with the known
sources and load connected, the conditions that equate K| and —K}, and a list of the sources
within the amplifier, so that computation of PSDs can be performed.

2.5 DIDO Amplifier Noise Model

The DIDO noise model is similar to that of the DISO amplifier. However it must provide a
differential output as shown in Figure 4. The same parameters are required as for the DISO
amplifier, except two output impedances and four gains must be determined.

The following circuit equations can be written

Vai-Vvi—Vz, - W1

= 4
Zsl INI ( 3)
‘/iz - VNZZ—' VZ,,z - If? _ IN2 (44)
52
Vor — A1 Vip — Aa1Vio Vo1
Zo1 Zn (45)
Voz — A12Vii — A22Vip Vo2
Zo2 Zya (46)
which, on solving for the output voltages yields
7 .
Voi Zl—fz—l {At N1+ Vi + Zalni +Vz,) + An (Va+ Vive + ZaaIna + Vz,,)} (47)
[+]
Z
Voo = ZzlezZ'z {A2(Vi + VN1 + Zyy Iny + Vz,,) + A2 (Vo + Vive + ZaaIna + V3z,,)} (48) i




Once again the outputs can be generalized to include the effect of an input impedance by introducing
system gains, thus

Voo = Knn(Vi+Vni+ Zalni+Vz,,)+ Kn (Va+ Ve + ZsoIne + Vz,,) (49)
Voo = Kias(Vi+Vni+ ZaIni+Vz,)+ Ko (Va+ Ve + ZeaIna + Vz,,) (50)
The model parameters are determined by manipulating the sources and loads in these expressions
similar to the DISO amplifier procedures.
2.5.1 Output Impedances

For the output impedances the procedure is repeated for both outputs. For example at the second
output the effect of the load impedance can be removed to produce

‘/:)’2 = limit {%2} {Z[g - OO} (51)
and then
Voz = Vo2

(52)

2.5.2 Amplifier Gains

First the system gains are determined as

Ky = coeff{Vy}{Vi} (53)
Kn = coeff{Vu}{V} (54)
Ky = coeff{V,2} {V1} (55)
Ky = coeff{Vi,} {3} (56)

Removing the effects of the source and load impedances yields the amplifier gains as

Ay = limit{K;1}{Zs — 0,Z,, — 0,Z;; — oo} (57)
Ay = limit{Ky}{Z; — 0,Z,;, — 0,2Z;; — oo} (58)
A2 = limit{K;3}{Z; — 0,Z,5 — 0,Z; — oo} (59)
Ay = limit{K3}{Z,; — 0,2Z,; — 0,23 — oo} (60)

2.5.3 Output Difference Voltage

The signal of interest at the output of the DIDO amplifier is the difference of the two output
voltages, which is

Voa = Vor— Vor (61)

= Ki(Vi +Vni+ Zalni +Vz,) + K2 (Vo + VN2 + Zs2Ine + Vz,,), (62)

10
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where the system gains K; and K are defined as
K, = Ki—Kp (63)
K; = K3 — K. (64)

If the input voltages are again represented in terms of the difference and common mode voltages
of the inputs, the output difference voltage becomes

Vod = KgVa+ KVe + K1 (VN1 + Zaadni + Vz,,) + K2 (V2 + Zs2Ina + Vz,,) (65)

where K; and K, are defined in terms of K; and K, as before. The expression in Equation 65 is
the same as Equation 25 and thus the procedures previously used to determine the DISO amplifier
noise model parameters can be repeated here.

The MAPLE subroutine DIDOMOD found in Listing A.4, computes the DIDO noise parameters
when passed the output voltages, the conditions that satisfy K] = —K3, and a list of the sources
within the amplifier.

11
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Figure 5: Second Stage of the Instrumentation Amplifier with Noise Sources

3 Noise Analysis of the Instrumentation Amplifier

The noise analysis of the three opamp instrumentation amplifier is divided into three parts, the
DISO second stage, the DIDO first stage and then the entire instrumentation amplifier, which is
the cascade connection of these two stages.

3.1 Second Stage of the Instrumentation Amplifier

The second stage of the instrumentation amplifier, shown in Figure 5, is known as a four resistor
differential amplifier. With the same sources and load as were used for the DISO model, the defining
circuit equations are

Vis = Vas — Vg, = V1 — V3, + Vis — Vas + Vz, — Vs

Zg+ 24 Zs T (66)

Vis ~Vag = Vg, — V2 - V3, Vis = Vas + Vz,
L = . 67
Zss + Z¢ + Zq n8 (67)

Solving for the output voltage yields

Zs .
Vez = — ————
03 Zo + 2 (Vl + VZ,.l + VZ4)

+ Zr(Zg + Z4 + Zs)
(Zsa+ Z6 + Z7) (Zyy + 24

] (Va+ Vz,, + Vz,)

12




Zy+ 24+ Zs (Zs2 + Z6) (251 + Z4 + Z5)
Ve — Va ILeZy -V,
Zy + Z4 (Vas 5) + (Zs2 + Z6 + Z7) (251 + Z4) (s Z1 = Vzi)
—InsZ5 + V. (68)

This output voltage is of the same form as Equation 25 and the procedures for determining the

DISO amplifier noise parameters can be applied. The MAPLE procedure DISOMOD requires the
above output voltage, the conditions that set K| = —Kj (which are Zg = Z; and Z7 = Z;) and a
list of the noise sources within the amplifier.

The results of the analysis can be simplified if the normal operating conditions of the amplifier
are substituted into the results. These conditions are

Zﬁ = Z43 Z7 = Z5’ ZJZ = Zs],,

PVZS = PVZ4’ 'PVZ7 = PV25) PVznz = PVan I
1

PVns = PVﬂ.G = EP‘IT:S’ PInG = P1u5'

Now from the MAPLE output in Listing A.1 the voltage and current noise for the second stage are

Py Py,
P, = P + ns 5 69
N *o21zs)? |25 (69)
Zy+ Z5 |2 Zy |?
PVI(J = 425 5 PV,:5 + 2 IZ4|2 P1n5 + 2PVz4 +2 —Z—:' PV25 . (70)

When the differential gain of this stage is large, Z5s > Z4 and the voltage noise can be approximated
as
Pyi = Py +2|Z4 P +2Py,,. (71)

A similar analysis of this amplifier stage is available in [2].

3.2 First Stage of the Instrumentation Amplifier

The first stage of the instrumentation amplifier, complete with noise sources, is shown in Figure 6.
With the sources and loads connected to this stage the four defining equations for the circuit are

Vi-Vu -V -Vz,

Zsl - (72)
Vﬂ—Vnz'Z*‘VZz_%l+Vi1_v"2—‘;zl+v”4_%2= n2 (73)
) !
V — ¥n3 — -
2=V 3Z sz Vw _ g, (74)
Vi — — 2 = — Vi
2 — Vo ;—3st Vo2 n Vie — Voa + VZZII + Va2 — Vi =TI, (75)

Solving for the output voltages, from these four equations, gives

Zy+ 2,

Vo1 =
ol Zl

(I/I + v;xl - Vn2 + Inlzsl + VZ,l)

13
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Figure 6: First Stage of the Instrumentation Amplifier with Noise Sources

N

Z.
- 7: (Va4+Vas = Vau + InsZys + Vz,,) — InaZz + Vz, (76)
I+ Z
Voz = —'lrs(% + Vs — Vaa + InsZsy + VZ,'g)
Z
- 7:: (‘fl + Vo1 —Vas + I Zs + VZ“) — I 425 + VZ:;' (77)

The necessary condition to equate the system gains is Z3 = Z,. The results from DIDOMOD can
be greatly simplified if the following normal operating conditions are substituted into the results.

Zy =123, Zg=2,,

PV23 =PV227 -F)Vz”2 ::PVZ“’

14




1
Py=Py, =Py, =Pv,=5Py, Pr,=FL,=F.,=P,.

With these substitutions the voltage and current noise from Listing A.2 are

Py, = Py, (78)
and (79)
2,7, | Z 2 VA 2
PVIlV = 2I’V,I‘1 +2 m P[nl +4 Z, + 22, PVZ1 +2 m PV22 (80)
If the differential gain is large, Z; > Z; and the voltage noise can be approximated as
1
Py, ~ 2Py, + |2, Py, + Py, . (81)

Note that with a large gain the equivalent thermal noise of the feed back impedance Z; can be
neglected. ,

3.3 Full Instrumentation Amplifier

The instrumentation amplifier as seen in Figure 7 is a DISO amplifier and is analyzed as such
in Listing A.3. From the analysis the combined voltage and current noise of the instrumentation
amplifier are

P, =P, (82)
Z,Z, |? Z, |? z, |?
Py = 2Py, 2 — 4| 2 —_—
N Va4 I 2z, 1 Pro+4| 72357, | et 2 252z, | P
Z, 2 (1 24+ 25 |2 2 Zy |2
' P; k.
+‘ 7.7 27, ( A Pyi +2|Z4|" Pr,s + 2Py, +2 7 Py, (83)

Inspection of Equation 83 reveals the well known result [2] that the total combined voltage noise
of the two cascaded stages is the noise of the first stage plus the noise of the second stage divided
by the difference gain of the first stage squared.

Assuming that the gain of the first stage is large means the noise of the second stage can be
ignored. Thus, the voltage noise can be approximated as

1
Py, = 2Py + & |2,* Pr,,, + Py, - (84)

Equation 84 is the primary result of this report. Care must be taken when applying this approx-
imation to all frequencies because the impedances and gains of the instrumentation amplifier are
frequency dependent. The accuracy of this approximation is considered in the next section.
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Figure 7: The Instrumentation Amplifier with Noise Sources
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4 Measurements

To verify the noise analyses an instrumentation amplifier was constructed using the following
values for the impedances:

Z, — series combination of R; = 10k and C; = 20upF

Zy = Z3 — parallel combination of Ry = 500kQ2 and C; = 390pF
Zy=2g — Ry = 2KQ

Zys = Zy — parallel combination of Ry = 200kQ2 and Cs = 2.2nF.

With these selections the difference gain of both stages is 100. The Z; combination provides ac
coupling at 0.8 Hz, the Z; combination provides roll off at 800H z, and the Z; combination rolls off
at 400H z.

To determine the noise performance of the OP10 and the OP227 each was used as a dual opamp
in the first stage of the instrumentation amplifier. For the second stage an OP05 opamp (which
has the same noise specifications as an OP10) was employed. To reveal the current noise of the
two opamps source resistances of 0k, 1k, 10k and 100kQ2 were connected to the inputs of the
instrumentation amplifier. For each source resistance and opamp the output signals V;;, Vo2 and
V,3 were digitally recorded. Further amplification of the noise signals was provided by custom built
DREP post amplifiers, which include antialiasing filters at 390H 2. During the recording of these
results proper grounding practices for low noise measurements must be followed [3] and the system
must be adequately shielded from external electromagnetic radiation. Working at a remote site
where the background radiation is small and a solid electrical ground exists is advantageous. For
each measurement 20 minutes of data were collected at a sampling rate of 1000 samples per second.
To compute the PSD of the signals, the data were split into 100 second intervals (providing 10~2Hz
frequency resolution) with 50% overlap. For each interval the data were padded to 219 = 524288
points and the PSD computed and averaged. The results were displayed using a logarithmic
frequency axis. To limit the number of data points the PSD was logarithmically subsampled
at high frequencies (see Figures 8 and 9). For each graph are plotted

IVDV,,3 — measured and modelled root spectral density of the output V3,
1\-/"/” , — measured and modelled root spectral density of the difference of V,; and Vo2,
and I;V,-n — modelled root spectral density of the noise referred to the input.

The modelled results are plotted as shaded regions representing the typical to maximum expected
values of the noise. Note that it is not possible to measure the voltage and current noise directly.

From these results observe that for small source impedances and frequencies above 10Hz, the
OP227 is quieter. However, when the source resistances are increased and the frequencies of interest
are below 10Hz, the OP10 is quieter. In addition, from the graphs with the OP227 the measured
results at low frequencies tend to suggest that the voltage and current noise of the OP227 may be
better modelled using a 1/f* noise model with a > 1.

In keeping with the method of quoting noise used by opamp manufacturers, Table 2 lists the
modelled combined voltage noise of the opamps (based on the manufacturer’s specifications) and
the combined voltage noise of the instrumentation amplifier using the two opamp types. As a single
opamp the OP227 is about a factor of three quieter than the OP10. However when used in the
instrumentation amplifier configuration this improvement is not realized. To shed light on why, and
to further understand the results, a more detailed look at Equation 83 is required. The equation
is composed of eight terms that are dependent on Py: , Pr..y Pvgys Pygyy Py, y Pr.s, Pv,, and Py,,.
In Figure 10 these components are numbered from - 8 respectively. The “first four components
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Figure 8: Noise Measurements — modelled and measured noise at the first and second stage outputs
along with the modelled equivalent input noise for an OP10 and OP227 front end with source
impedances of 052 and 1kQ2.
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Figure 9: Noise Measurements — modelled and measured noise at the first and second stage outputs

along with the modelled equivalent input noise for an OP10 and OP227 front end with source
impedances of 10kQ2 and 100kS2.
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Table 2: Combined voltage noise comparisons of a single OP10 and OP227 opamp with the instru-

mentation amplifier with an OP10 and OP227 front end.

Combined Voltage Noise f’v& (nV/ \/ﬁ;)

Single Opamp Instrumentation Amplifier

f(Hz) OP10 OoP227 OP10 OP227
0.1 44.3(151) | 184 (474) || 17.4 (40.7) 915 (2230)
1] 16.7(48.7) | 28.2 (73.3) | 6.2 (13.4) 48.8 (115)
10 || 10.5 (18.6) | 19.6 (29.7) 3.5 (1 5.5) 17.9 (31.8)
100 | 9.7 (11.9) | 18.7 (21.2) || 3.0 ( 4.0) 14.0 (16.7)
1000 | 9.6 (11.1) | 18.5 (20.2) 3.0 (3.8) 13.6 (14.3)

are from the first stage and are drawn with dash-dot lines, the last four components are from the
second stage and are plotted with dotted lines. The noise from the second stage is the same for
both graphs. Also plotted are the overall combined voltage using a solid line and the approximation
of Equation 84 with a dash line. First note that the accuracy of the approximation is frequency
dependent. At low frequencies (< 107?Hz) and high frequencies (> 10*Hz), Z; is no longer much
greater than Z;. Also the terms due to Pv,:l, Pr., and Py, , that is lines 1,2 and 3, are the major
contributors to the total result, consistent with the approximation. It can also be seen that Py,
dominates at low frequencies (< 1Hz for the OP10 and < 10Hz for the OP227). And in this region
the voltage noise is proportional to 1/f% because of the ac coupling provided by Z;. This effect is
removed at the outputs by the transfer function of the first stage. Lastly these plots reveal that the
OP227 does not achieve the expected noise performance because the thermal noise of Z; dominates
in the region from 10% — 10*Hz.
To achieve the minimum noise, that is

PVI,V = 2PV,I‘1, (85)
the impedance of Z; must be lowered so that both its equivalent thermal noise and product with
the opamp current noise are negligible in comparison to the opamp voltage noise. This could be
achieved by decreasing all the resistors by a common factor. However to keep the same bandwidth
the capacitors would have to be increased by the same factor. Naturally there are limitations
to both these changes because the resistor values will become too small and the physical size of
capacitors becomes a problem as their value is increased. For example, for the OP227 configuration
a factor of 100 would be required to reduce the current noise term at 10~2Hz to the same level
as the voltage noise. This would shrink R; to 1002 and increase C) to 2000pF, an exceptionally
large capacitance. Compromising by using a factor of 10 would still require C; to be 200uF.
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Figure 10: Breakdown of the combined voltage noise of the instrumentation amplifier with an OP10
and OP227 used in the first stage. The solid line is the combined voltage, the dashed line is the
approximation, the dash-dot lines numbered 1-4 are the noise from the first stage and the dotted
lines numbered 5-8 are the noise from the second stage. -
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5 Summary

A noise analysis of an instrumentation amplifier has been presented and measurements to verify
the analysis given. MAPLE routines that determine the noise parameters of DISO and DIDO
amplifiers have also been developed. From the analysis a simple and concise expression for the
voltage noise of the instrumentation amplifier has been found which can be used when designing a
low noise instrumentation amplifier. Trade-offs between satisfying the gain and bandwidth using
practical components must be balanced against noise performance.
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A Maple Listings

This appendix provides Maple listings for the noise analysis of the instrumentation amplifier.
Maple provides the means to perform difficult algebraic manipulations, with computer efficiency.
The worksheets shown are for the first and second stage of the instrumentation amplifier and the
cascade connection of the two stages. The last listing is of the macros that were developed to
compute the noise models’ parameters as described in Section 2.
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Listing A.1: STAGE2.MS

Second Stage of Instrumentation Amplifier

> restart; read ‘/noise/noiselib.mpl®;

> eql := (Vi3 - Vnb - VZ4 - Vi - VIs1)/(Zsl + 24) + (Vi3 - Vn5 + VZI5 - V03)/Z5 = In5;
oot o VIS = V05 — V4 — VI - VZsl VS — Vu5 + V25 — VoS
= Zsl + 74 75

=In§

> eq2 := (Vi3 - Vn6 - VZ6 - V2 - VZs2)/(Zs2 + Z6) + (Vi3 - Vné + VZ7)/Z7 = In6;
pop o VIS = V6 — VZ6 — V8- VZsg  Vi$— Vn6+VIT _ |
9 = 732 + 26 Z7 =

> soln := solve({eql,eq2},{Vo3,Vi3}): assign(soln):
> vars := [V1.V2,Vd,Ve,Vnb,Vn6,In5,In6,VZs1,VZs2,VZ4,VZ5,VZ6,V27]:
> Pvars := PPvars(vars):
> Vo3 := £f(Vo3,vars);
VoS i — Z5 V1 Z7(25+2s1+24) Ve  (Z5+2s1+2{)Vns
T Zsi+Z4  (Z7+2s8+26)(2s1+24) Zs1 + Z4
(25 +2s1 +24) Va6 _ . ZT(Z8+26)(Z5 + Zs1 + 24 ) Inf
Zsl + 724 (27+2s2+26)(2s1 +24)

25 VZsl Z7(25 + Zs1 + 24 ) VZs2 75 V24

“Zal+ 2 (27422 +26) (21 +24) Tl v zd T 20

ZV(Z5+ 351 +24) VI6  (Zs2+26) (55 + Zsl + B4 ) VIT
(Z7+ 22+ 26)(Zs1 + 24) (ZT+ 232+ 26)(2s1 +24)

-+

conditions := [Z6=2Z4,Z7=Z5]:

DIFFERTAB := disomod(’Vo3’,vars,conditions):

conditions := [conditions[],PVn5=PVn5_/2,PVn6=PVn5_/2,PIn6=PIn5,PVZ6=PVZ4,PVZ7=PVZ5,Z
82=251,PVZs2=PVZsi]:

DIFFERTAB := ggtab(subs(conditions,eval (DIFFERTAB)),Pvars);

DIFFERTAB := table(]

viv v |Vv |V

z5
Kd = - Zs1 + 24
1 PVn5._ PVZ5
TV | PIng 4+ 222
2 (257 125)*
z5 | 25+ 2s1 + 24 |
—_ gy a9 T L3 T L4 2
PVod_lzal+24 PVd+‘ o l PVn5_+2 |25 Pns
+2]=28 " vzt 2|25 ’ PVZ{ +2PVZ5
751 + 74 7ol + 74
PVid—PVd-i—I L 741 +—1-Z4r PIns
- zZ5 2
+2PVZsl +2PVZ +2 |21
2 24}
PVN. —l—_—-—-— PIns +2PVZ4 +2!Z—
75
Ar=-2
Z4
25
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Z5
AZ—EI
Zol =0

D

> DIFFERTAB := ggtab(subs(Z4+25=Z5,Zs1+24+25=25,281+Z4=24,eval (DIFFERTAB)),Pvars);
DIFFERTAB := table([

25
1 PVn5_ PVZ5
PIN = - ——= 4 PIn§ + ——s-
295 T T zap
Pvod = |22 ’ pvi+|Z ’ PVn5_+2 25 PIn5 +2 Z5 ’ PV2Zst
T 124 Z4 - Z4
z5|°
+2 || PVZ4+2PVZs

2
PVid = PVd + PVn5_+8 '%Zsl +%Z4 PIns5 +2PVZst +2PVZ}

2

24
+2 lz_5 PVZ5

2
PVN_=PVn5_+2 |Z4|° PIn5 + 2 PVZ{ +2 |§—§| PVZ5

Z5

Al =->7 ' o
Z5

A2—-Z-Z

Zol =0

26




Listing A.2: STAGE1.MS

Front End of Instrumentation Amplifer

> restart; read ‘/noise/noiselib.mpl‘;

(Vi1 - Vnl - Vi - VZs1)/Zsi = Ini;

_ Vil = Vnl - VI - VZsl
- Zs1 -

"
'

> eql :

eql : Inl

> eq2 := (Vil - Vn2 + VZ2 - Vo1)/22 + (Vi1 - Vn2 - VZ1 + Vn4 - Vi2)/Z1 = In2;
Vil — Vn2 + VZ2 — Vol Vil — Vn2 — VZ1 4 Vnf — Vi2
z8 + Z1

= [n2

eg? :=

V2 - VZs82)/Zs2 = In3;
Vig — Vn8 — V2 — VZs2 _
Zs2 -

> eq3 := (Vi2 - Vn3
In8

egd :=

> eq4 := (Vi2 - Vn4 - VI3 - Vo2)/Z3 + (Vi2 - Vnd + VZ1 + Vn2 - Vi1)/Z1 = Ind;
Vig — Vnd — VZ8 — Vo2  Vi® — Vnd + V21 + Vng — Vit
73 + 71 ' = In{

egf =

soln := solve(feqi,eq2,eq3,eq4},{Vo1,V02,Vi1,Vi2}): assign(soln):
[Vl,VZ,Vd,Vc,Vni,er3,Vn4,In1,In2,In3,In4,VZsl,VZSZ,VZl,VZ2,V23] :
Pvars := PPvars(vars):
Vol := £f(Vol,vars);
_(Z1+28)VI _22Ve (Z1+728)Vnl (Z1+28)Vng 78 Vng

Z1 Z1 Z1 Z1 Z1

28 Vnd  Zs1 (21 +22)Int 28258 In8 (21 +28) VZsl
ter Z1 22Ing - —r—+ 71

vars

Viv v i]v

Vol :

_Z8VZise Z2VZl
a1 Z1

> Vo2 := f£f(Vo2,vars);
Z8VI  (Z3+21)Ve 23Vl  Z3Vng  (Z3+21)VnS

+ VZ2

Vo2 :=-— 71 71 71 71
(284 21)Vn{ 28ZsiInl _Zs2(28 + Z1)In3 23 VZs1
71 7 71 33 Ind 71
(28 +21)VZs2 23 Vil
+ zz + = - vas
conditions:={73=727]:

INAMPFTAB := didomod(’Vol’,’Vo2’,vars,conditions):
conditions:=[conditions[],PVn1=PVnl_/2,PVn2=PVni_/2,PVn3=PVni_/2,PVn4=PVni_/2,PIn2=PI
ni,PIn3=PIni,PIn4=PInl,PVZ3=PVZ2,6Z3=72,PVZs2=PVZs1,252=Z81]:
INAMPFTAB := ggtab(subs(conditions,eval (INAMPFTAB)),Pvars);

INAMPFTAB := table([

ViV Vv iv

2ol =0
PIN = PInt
2 2
PVod = 2 lw PVnl_+2PVZ8 +2 ’w PVZsi
71 71
2 2
+ (2 1222 + 2 Mﬂmﬁ—”—) ) Plnt +4 |-§§ PVZ1
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2

71 +222 PVd

Z1

2 .
PVZ2 +2PV2Zsl

. Z1

2231 |? ) 78
+(2 FIe37E +2|ZaI|)PIn1+4.m PV31 + PVd
PVN_=2PVni _,_2‘%2}%1 +4|———Zf——2pvzz "
-= -vé\Zr 1228 71 +222
Z1 2
+2|zz+2zg pvzz
71 +228
Kdd = ===
208 =0
21 + 22
AII__—ZI—
78
Azt =-= .
72
Alg=-22
21 + 72
A22_—Zi—_

)

> INAMPFTAB := ggtab(subs(Z142%Z2=2%72,721+22=Z2,eval (INAMPFTAB)),Pvars);
INAMPFTAB := table([

Zol =0 .
PIN = PInl '
722 7212
PVod_s|71- PVni_+2PV22 +8|Z PVZst
+ (2128 +8 | ZL22]"N prus +4I-Z—22PVZI +4~|-23|2 PVd
71 71 71
i 11212 1 2 2
PVid=2PVnl_+3 | 75| PVZ2+2PVZst + (5 121? +2 |Zs1] ) Pint
+ PVZ1 + PVd
1 2 1212
PVN_=2PVnl_+3 PInt |31 + PVZL + 5 | = | PVZ2
78
Kdd = 2 — - -
71
Zo2 =0 i
)
All =5 .
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72

A%l =~ 71

Z2

Al2 = — 77
Z2
A22 = —
71
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Listing A.3: INAMP.MS

Instrumentation Amplifer

> restart; read ‘/noise/noiselib.mpl‘;
> eql := (Vil - Vn1 - V1 - VZs1)/Zsl = Ini;
eal = Vil — Vnl — VI — VZsl _
4t = Zsl -

Int

> eq2 := (Vit - Vn2 + VZ2 - Vo1)/Z2 + (Vil - Vn2 - VZ1 + Vn4 - Vi2)/Z1 = In2;
Vil — Vn2 + VZ2 — Vol Vil — Vn2 — VZ1 4+ Vnf — Vi2
72 + 7 = In2

eqf :=

> eq3 := (Vi2 - Vn3 - V2 - VZs2)/Zs2 = In3;
_ Vig - Vn3 — V8- VZsg _

eqs : 7e8 Ing
> eq4 := (Vi2 ~ Vn4 + VZ3 - Vo2)/23 + (Vi2 - Vné + VZ1 + Vn2 - Vi1)/Z1 = In4;
eqd 1= Vig — Vnf + VZ8 — Vo2 + Vig — Vnd + VZ1 + Vng - Vil = Ing
Z3 Z1
> eq5 := (Vi3 - Vn5 - VZI6 - Vo2)/Z6 + (Vi3 - Vn5 + VZ7)/Z7 = In5;
ea5 1= Vi8 — Vn§ — VZ6 — Vo2 + Vis8 — Va5 + VZ7 = In5
9= 76 77 =
> eqb := (Vi3 - Vn6 - VZ4 - Vo1)/Z4 + (Vi3 - Vn6 + VZ5 - Vo3)/Z5 = In6;

Vi§ — Vnb6 — VZ4{ — Vol + Vi8 — Vnb + VZ5 — Vo3

7 75 = In6

eqf =

vars:=[Vi,V2,Vd,Vc,Vn1,Vn2,Vn3,Vn4,Vn5,Vn6,In1,In2,In3,In4,In5,In6,VZ2s1,VZs2,VZ1,VZ2,VZ3,V
24 ,VZ5,VZ6,VZ7]:

Pvars := PPvars(vars):

soln := solve({eql,eq2,eq3,eqs,eq5,eq6},{Vol,V02,V03,Vi1,Vi2,Vi3}): assign(soln):

Vo3 := ff(Vo3,vars);

_ %2 V1 %1 Ve B %2 Vni
2124 (27+26) ' 2124 (27+426) Z2124(27+26)

VIV IV ]IV Vv

Vo3 :=

%2 Vng o %L Va3 _ %1 Vnd
Z1Z4(27+26) ' Z124(27+26) 2124 (27 +26)

+(Z5+ZJ)Vn5_(Z5+Z4)Vn6_ 231 %21In1 +Z5ZBIn2
7 77 7124 (27 + 26) 7

Zse%1Ing  Z723(25+24)Ind | 26 37(Z5 + 34)Ins
7124 (27 +26) 74 (27 + 26) 74 (27+26)

%2 VZsl1 %1 VZs2

+(Z4 2723 +252723 + 2625228 +272528)VZl  Z5VZe

71 74 (27 + 26) 7
Z7(25+24) VIS _B5VE4 .. B7(35+24) VIS
74 (27+26) Z4 74 (27 + 26)

_ Z6(Z5+24)VZT
Z4(27+26)

RBl:=27212{+Z4Z728+252721 +Z52Z728 + 262522+ 272522
%2:=242723+252728+262521 +262522 + 272522+ 2527 21
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conditions := [Z3=22,26=Z4,Z7=25]:

INAMPTAB := disomod(’Ve3’,vars,conditions):

conditions := [conditions[],2s2=Zs1,PVZs2=PVZsi,PVni=PVni_/2,PVn2=PVni_/2,PVn3=PVni_
/2,PVn4=PVni_/2,PVn5=PVn5_/2,PVn6=PVn5_/2,PIn2=PIni,PIn3=PIni,PIn4=PIn1,PIn6=PIn5,PV
7Z3=PVZ2,PVZ6=PVZ4,PVZ7=PV25]:

INAMPTAB := ggtab(subs(conditions,eval(INAMPTAB)),Pvars);

INAMPTAB := table(|

VIV VvV VIV |V

2

(25 +24) 21 \ 28
PVnS-+4 |50 71

2
(272+21)25 pvzi

PVid = 2PVni_+

2

Z1 74 l Z1 z
+2'25(2ze+21) PVI5+2 575+ 21| TV
7221 2 2124 |*

+2 I—ZI——IQ PVZ4{ + PVd
2722 + 21

_(222+721)35

Al = 74 Z1
_(228+21)25
A2 = Z4 21 i
_ _(222+121)25
Kd = 74 21
2 2 -
o |(222+21)25 25 + 74
PVod =2 _—-Z4 71 PVnil_+ ——24 PVné_
75 22 |° 75 ’
+4‘22—Z7 PVZI+2PVZ5+2|74- PVZe
2 2
25 22 (228 + 21) 25 Zs1 .
+(2l % 2‘ BT )PIn1+2|Z5[ PIn5
2 2 2
(222 + 21) 25 z5 (222 +21)25
g (1222 T 47050 pyz 29 74 +|(N2Z2 T 270290 pyg
+ Tz 51 + 2 7 PVZ{ + 77
PIN = PIn1
Zol =0
2
(25 +24)21 l 78 71 r
PVN_= T B s 0 Ll . 2247 | pInt
V. 2PVnl.+ (228 +21)25 PVas_+2 278+ 71 n
Z1zi I 72 2 ‘ 1t 2
+2|222+zz Pln5 +4 \goe—77| PVE +2 3757 71| PV22 .

2174

2
zmaasn|

Y .
228 + 71

D

2
PVZ{+2 ’
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> INAMPTAB := ggtab(subs(Z1+2%22=2%Z2,6Z4+25=25, eval(INAMPTABQ) ,Pvars);
INAMPTAB := table(|

. 1121 12124
d = JRS S - Bl Rl
PVid =2PVnl_+ 7 |35 PVnS_+ PVl +5 | 25| PVZSs
1121 1 2 2 112124
+§|z—2| PVZ2+(§ 111" +2 |21 ") PInt + 1 ZAL P +2 PVt
14212
+35 |7g| PVZ+PVd
75 72
AI‘"2Z4 Z1
25 79
AR =220 4%
=277
25 78
Kd=~25
2572 z5|? 2522’
z5|° 2578 | 29725 Zs1 |’
2
+2|Z4 PVZ£+(2‘ 7 ‘+s’ 7 )PIn1+2|Z5| PIns
72572 |° 25| 2578
+s(—_2”1‘ PVZsI+2lﬂ PVZ4+4!—Z4ZI PVd
PIN = PIni
Zol =0
1212 1 2 1121241
PVN.=2PVnl_+ ¢ |5o| PVnS_+ 2 |21 PInt + 5 | =% | Plns
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Listing A.4: NOISELIB.MPL
disomod := proc(Vol,vars,conditions)
local reserved,required,unknowns,limits,Vod,Vid,Pvars,K1,K2,temp,conds,IN,VE_;
global V1,v2,VZs1,VZs2,Vc,Vd,ZL1,281,Z82,dis0tab,Z01,A1,A2,Kd,PVod,PVid,PVN_,PIN;
# Check Inputs
if nargs=0 then ERROR(‘No arguments ¢) fi;
if nargs<>3 then ERROR(‘Three arguments required °) fi;
unknowns := indets(eval(Vol));
unassign(’Zol’,’A1’,’A2?,7Kd’, 'PVod?, *PVid’, 'PVE_?, *PIN’);
reserved := {Zol,A1,A2,Kd,PVod,PVid,PVE_,PIN};
if evalb(nops(reserved intersect unknowns)<>0) then
print(reserved intersect unknowns);
ERROR(‘Vol is a function of reserved variables see 7disomodel ¢);
£i;
required := {V1,V2,Zs1,282,VIs1,VZs2};
if evalb(nops(required intersect unknowns)<>nops(required)) then
print(required intersect unknowns);
ERROR(‘Vol must be function of required variables see ?disomodel °)
£i;
# Output Impedance
limits := {ZLi=infinity};
temp := simplify(limit(eval(Vol),limits));
Zol := simplify(ZL1#(temp-eval(Vol))/eval(Vo1));
# Amplifier Gains
K1 := simplify(coeff(collect(eval(Vol),Vi,recursive,simplify),Vi));
K2 := simplify(coeff(collect(eval(Vol),V2,recursive,simplify),v2));
limits := {Zs1=0,Zs82=0,ZL1=infinity,ZL2=infinity};

Al := simplify(limit(X1,limits));
A2 := simplify(limit(K2,limits));
#

Kd := simplify((K1-K2)/2);
Vod := f£(subs(Vi=Vd/2+Vc,V2=-Vd/24Vc,eval(Vol)),vars);
Vid := ff(Vod/Kd,vars);
Pvars := PPvars(vars); # create list of PSD vars used by gg
PVod := gg(noisesum(Vod,vars),Pvars);
PVid := gg(noisesum(Vid,vars),Pvars);
*
# Voltage and Current Noise
limits := {ZLi=infinity};
conds := [conditions[],Zs2=Zs1];
K1 := limit(K1,limits);
K2 := limit(K2,limits);
K1 := simplify(subs(conds,K1));
K2 := simplify(subs(conds,K2));
# check that conds equate K1 = -XK2
if evalb(K1<>~K2) then
print(‘K1 = ¢,K1);
print (‘K2 = ¢,K2);
ERROR(‘Conditions given do not set K1 = -K2 see ?didomod ¢);
£i;
limits := {Vd=0,Vc=0,VZs1=0,VZ82=0,ZL1=infinity,ZL2=infinity};
Vod := ff(limit(Vod,limits),vars);
Vid := ff(subs(conds,Vod)/K1,vars);
VE_ := £f£f(limit(Vid,2s1=0),vars);
PVN_ := gg(noisesum(VN_,vars),Pvars);
IF := ££(1limit(Vid/Zs1,Zs1=infinity),vars);
PIN := gg(noisesum(IN,vars)/2,Pvars);
# Create table for output
disotadb := table();
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disotabf’Zo1’] := Zol;
disotab{?A1°] := Al;
disotab[’A2°] := A2;
disotab[’Kd’] := Kd;
disotab[’PIK’] := PIRK;
disotab[’PVN_’] := PVE_;
digotab[’PVid’] := PVid;
disotab[’PVod’] := PVod;
nnassign(’Zol’,’Ll’,’A2’,’Kd’,’PVod’,’PVid’,’PVN_’,’PIH’);
eval(disotab); +
end:
‘help/text/disomod‘ := TEXT(
‘HELP FOR: disomod ¢,
‘CALLIEG SEQUENCE: disotab := disomod(’Vol’,vars,conditions) ¢,
¢ Determines the noise parameters of a diff input - single output amplifier‘,
¢ ERROR if Vo is a function of Zol,A1,A2,PVN_,PIE®,
¢ ERROR if Vo is not a of V1,V2,Zs1,Zs82,VZs1,VZs2°,
¢ returns Zoi,Al1,A2,Kd,PVod,PVid,PVN_,PIN‘,
¢ conditions -~ conditions for which A1l = -A2¢
):
#*
didomod := proc(Vol,Vo2,vars,conditions)

local reserved,required,unknowns,limits,Vod,Vid,Pvars,

K1,K2,K11,K21,K12,K22,temp,conds ,A1,A2,IN,VN_;
global V1,V2,VZs1,VZs2,Vc¢,Vd,2L1,2L2,281,282,
didotab,Zo1,Z202,A11,A21,A12,A22,Kdd,PVod,PVid,PVK_,PIN;

# Check Inputs
if nargs=0 then ERROR(‘No arguments ‘) fij;
if nargs<>4 then ERROR(‘Four arguments required °) fi;
unknowns := indets(eval(Vol)) union indets(eval(Vo2));
unassign(’Zol’,’Zo2’,’111’,’A21’,’A12’,’A22’,’Kdd’,’PVod’,’PVid’,’PVH_’,’PIH’);
reserved := {Zol,Zo2,A11,A21,A12,A22,Kdd,PVod,PVid,PVE_,PIN};
if evalb(nops(reserved intersect unknowns)<>0) then

print(reserved intersect unknowns);

ERROR(‘Vol or Vo2 are a function of reserved variables see ?didomodel ¢);
fi; ~
required := {V1,V2,Zs1,2s2,VZs1,VZis2};
if evalb(nops(required intersect unknowns)<>nops(required)) then

print(required intersect unknowns);

ERROR(‘Vol and Vo2 must be function of required variables see 7didomodel °)
£i;
# Output Impedances
limits := {ZLi=infinity};
temp := simplify(limit(eval(Vol),limits));
Zol := simplify(ZL1*(temp-eval(Voi))/eval(Voi));
limits := {ZL2=infirnity};
temp := simplify(limit(eval(Vo2),limits));
Zo2 := simplify(ZL2+(temp-eval(Vo2))/eval(Vo2))};
# Anplifier Gains
K11 := simplify(coeff(collect(eval(Vol),V1,recursive,simplify),Vi));
K21 := simplify(coeff(collect(eval(Vol),V2,recursive,sinplify),V2));
K12 := simplify(coeff(collect(eval(Vo2),Vi,recursive,simplify),V1));
K22 := simplify(coeff(collect(eval(Vo2),V2,recursive,simplify),V2));
limits := {Zs1=0,Zs2=0,ZL1=infinity,ZL2=infinity};
A1l := simplify(limit(K11,limits));
A21 := simplify(limit(K21,limits));
A12 := simplify(limit(K21,limits));
422 := simplify(limit(K22,limits)); -
#
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K1 := simplify(K11-K12);
K2 := simplify(K21-K22);
Kdd := simplify((K1-K2)/2);
Vod := ff(subs(V1=Vd/2+Vc,V2=-Vd/2+Vc,eval(Vol)-eval(Vo2)),vars);
Vid := ff(Vod/Kdd,vars);
Pvars := PPvars(vars); # create list of PSD vars used by gg
PVod := gg(noisesum(Vod,vars),Pvars);
PVid := gg(noisesum(Vid,vars),Pvars);
*
# Voltage and Current Noise
limits := {ZL1=infinity,ZL2=infinity};
conds := [conditions[],Zs2=Zs1,ZL2=ZL1];
K1 := 1limit(K1,limits);
K2 := limit(K2,limits);
K1 := gimplify(subs(conds,K1));
K2 := simplify(subs(conds,K2));
# check that conds equate K1 = -K2
if evalb(K1<>-K2) then
print(‘K1 = ¢,K1);
print(‘K2 = °,K2);
ERROR(‘Conditions given do not set K1 = -K2 see 7didomod ¢);
fi;
limits := {Vd=0,Vc=0,VZsl=O,VZs2=0,ZL1=infinity,ZL2=in£inity};
Vod := £f£f(limit(Vod,limits),vars);
Vid := ff(subs(conds,Vod)/K1,vars);
VE_ := ££(limit(Vid,Zs1=0),vars);
PVN_ := gg(noisesum(VN_,vars),Pvars);
IN := ££(1imit(Vid/Zs1,Zsi=infinity),vars);
PIN := gg(noisesum(IN,vars)/2,Pvars);
# Create table for output
didotab := table();

didotab[’Zo1’] := Zoi;
didotab[’Z02’] := Zo2;
didotab[’A11°] := A11;
didotab[’A21°] := A21;
didotab[’412°] := A12;

didotab[’A22°] := A22;

didotab[’Kdd’] := Kad;

didotab[’PIN’] := PIK;

didotab[’PVN_’] := PVN_;

didotab[’PVid’] := PVid;

didotab[’PVod’] := PVod;
unassign(’Zol’,’Z02°,’A117,°A217 74127 ,°A227 ,°Kdd’, *PVod?, ’PVid’, >PVE_’, ’PIN’);
eval(didotab);

end:

‘help/text/didomod* := TEXT(

‘HELP FDOR: didomod ¢,

‘CALLING SEQUENCE: didotab := didomod(’Vol’,’'Vo2’,vars) ¢,

¢ Determines the noise parameters of a diff in - diff output amplifier®,
¢ ERROR if Vol and Vo2 are functions of Zoi,Zo2,A11,A12,A21,A22,PIN,PVN_,PVid,PVod®,
¢ ERROR if Vol and Vo2 are not a function of V1,v2,2s81,Z82,VZs1,VZs2¢,

¢ returns Zo1,Zo2,A11,A12,A21,A22,PIN,PVN_,PVid,PVod*

):

#

ff := (x,vars) -> collect(simplify(x),vars,distributed,factor):

#

gg := (x,Pvars) -> collect(simplify(x),Pvars,distributed,factor):

#

ggtab := proc(tabl,Pvars)
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local ind,ent,i,ggtable; # apply gg to a table
ind := indices(tabl);
ent := entries(tabl);
ggtable := table({seq(op(1,ind[i])=gg(op(1,ent[il),Pvars),i=1..nops({ind}))});
end:
* -
noisesum := proc(V,vars) local dV,nvars,PP,i; # Compute PSD of V
nvars := nops(vars);
PP := 0;
for i to nvars do
dv := diff(V,vars[il);
dV := simplify(dV/sign(dV));
PP := PP + abs(dV)-2*cat(’P’,vars[i]);
od;
end:
#*
PPvars := proc(vars)
local i,Pvars; # Compute PSD variables from input variables
Pvars := []1;
for i to nops(vars) do
Pvars := [Pvars{],cat(’P’,op(i,vars))l;
od;
end:

36




P151078.PDF [Page: 53 of 56]

Distribution

Report Number: DREP Technical Memorandum 94-153

Title: Noise Analysis of an Instrumentation Amplifier
Author: T.C. Richards

Date: March 1995

Security Grading: UNCLASSIFIED

Initial Distribution

5 — DSIS

1 — DREP/Mr. T.C. Richards

1 — DREP/HEM

1 — DREP/Dr. P. Holtham

1 — DREP/Dr. H. Wilson

1 — DREP/Mzr. G. Schattschneider
1 — DREP/Mr. J. Perkins

1 — DREP/Mr. B. Dunstan

1 — DREP/Mr. D. Schneider

37




’ ___UNCLASSIFIED

: . SECURITY CLASSIFICATION OF FORM
} . {highest ‘classification of Title, Abstract, Keywords) : o

i DOCUMENT CONTROL DATA
! {Security classification of title, body of abstrect snd indexing annotation must be entared whan the ovarall documant is classified)
' 1. ORIGINATOR {the name and address of.the organization prepering the cocumg 2. SECURITY CLASSIFICATION
! Drgammuons ‘for whom the document was prepered. é.g. Establishment sponsoring ! {overall security ciassification of the document
! & contractor’s report, or tasking agency,. are entered in section 8.) ) including special warning terms if applicabie}
X DREP . . j , ‘ UNCLASSIFIED
‘J' ' 1 ' : i
i . %
N 3. TITLE ({the complete document titie as mducmd on the title page. Its classification shouid be mdlcned by the lpproprme
o apbrevistion (SC or U} in parentheses mer the mle.) . _ :
" ) -.' o :..' Aiar o4
Noise Analysis of an Instrumentation Amplifier
4  AUTHORS  (Last name, first name, middle initial}
Richards, Troy, C
AL PIR : :
E DATE OF PUBLICATION “{month and yw'igf;pubii‘;;.'uén- :5:;[ ... . |6a NO. OF PAGES ftotal  |6b. NO. OF REFS {total cited in
document! - Ly L v containing information. Incl)ude document)
b | Annexes, endxces. ete) .- ' : .
 March29957 5" ey ST 7 e B t I
kY [ ‘; i : ‘- ;i 3 LA i i : ;
7. DESCRIPTIVE NOTES {the catego\‘y of the: ducumem e.g. tcchmnl report technical note or: memormdum it approprme, enter the type of
repory iedg. interim.’ progréss.’ summary, annual m‘ fmnl Gwe the inclusive dates when a specmc repomng penoa is coverad) ,
Technical Memorandum
: 8. SPONSORING ACTIVITY (the jnlme of the depmmem project ofﬁce or Ilbomory spnnsormg the research lnd devalnpmem. include the
: address) : i i
| : | . .
. Defence Research Establishment Paciﬁq, FMO Victoria, BC V0S lBO
Sa. PROJECT OR GRANT NO.. bf appropriste, the, applicable research | Sb. CONTRACT NO. (if appropriate, the lpphcable number under
and development oroject of grant, humber under which the document | . which the document was written)
. was written. Piease specify whether project or grant)
10a. ORIGINATOR'S DOCUMENT NUMBER (the off:qu! document 10b. OTHER DOCUMENT NOS. {Any other snumbers which may
aumber by’ which the document:'is identified by the: originating be assigned this document either by the ongmnor or by the
activity This number must be unique to this" do;:ument) : sncnsor) . .
Technical Memorandum 94—153 . . '
| R S PR L R
! A DOVUM‘:NT AVA!LABILITY fan’ ilmnmlons on further dissemination. of the document, other ‘than those imposed by sedurity classmcnnon)
' « X} Unlimted distribution » ' oo ‘
' { ) Distribution limited to defence departments and defence contractors; further distribution only as approved
! i "} Distribiition nmued to ‘defence departments and Canadisn defence contracters: further (distribution onlv s lpproved
L} . sttnbutnon lumted 1 government depmems ‘and agencies; further distribution only as approved ° ‘ .
¢ ) Distribution irnited 1o defence departments; further distribution on!v | approved )
{ 1 Other (please specifyl
i B .
}, 12. DOCUMENT ANNOUNCEMENT. = {any mitation to the bibliographic announcement of this document. This, will normally correspond to
{ the Document Availpbilty' (11} However, where further ‘distribution (beyend the audnence speclfled in 11} is possible, @ wuder
i . ! announcement thence(mav be selected) : . .
.

Cq

.. . . UNCLASSIFIED

SECURITY‘ CLASSIFICATION OF FORM
' OCDO03  2/06/87



UNCLASSIFIED

SECURITY CLASSIFICA‘FION‘OF FORM

13. ABSTRACT ( a briéf and factual summary of the documem. it ‘may also appedr elsewhere in thé" body 61 "the documert itself. It is hughh
desirable that the sbstract of classified documents be dnclassified. Each paragraph-of the sbstract shall begin with an indication of the
security ciassification of the information in the-paragraph (unless the document iselt 1s unclassified) representeu as (S}, (C) or (U)
it is not necessary to mclude here ahstracts i both vfflca’r Imgulgcs unless the text 1§ blhnuual) aee

- L. - e -

Same as document ' o ‘

14. KEYWORDS, DESCRIPTORS or IDENTIFIERS (technically mesningtul terms or short phrases that characterize 3 documeny and could be.
heipful in catsloguing the document They should be selected so that no security classification is required. Identifiers, such as eouipment
model designation, trade name, military project code name, geographic iocation may aiso be included. {f possiole keywords should be seiscted

trom a published thessurus. e.g. Thessurus of Engineering and Scientific Terms (TEST) and that thesaurus-identified. If 1t is nct possibie to
select indexing terms which are Unclassified, the classification of each should be indicated as with the titie.

=" Instrumentation Amplifier -~ - )
Noise
Maple

 UNCLASSIFIED

SECURITY CLASSIFICATION OF FORM '




_#IS1078

NO. oF COPIES
NOMBRE DE Ccopieg

COPY NO,
COPIE No

lNFORMATlON SCIENTIST'S INITIALS
INITIALE DE L'AGENT D’NFORMATION
SCIENTIF!QUE

AQUISITION Route
FOURNI pAR

DsIs ACCESSION N, >
NUMERO pgrg

el poiona Pitongts
PLEASE ReTyRy

THIS DocumenT PRIERE pg RETOURNE,
O THE FOLLOwing ADDRESg; A

R CE DocumenT =
L'ADRESSE SUIVANTE:
DIRECTOR DIRECTEYR
SCIENTIEIC INFORMATION SERvVICES SERVICES D’INFORMATION SCIENTIFIQUES
NATIONAL DEFENCE QUARTIER GENERAL
HEADQUARTERS DE LA DEFEN
OTTAWA, ONT. . CANADA K14 0K2

SE NATIONALE = N
OTTAWA, ONT. - CANADA Ak oK2 — e

A -
—




