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Chapter 3

DETECTION LIMIT
DUE TO OFFSET

* What is the definition of offset?

* How is offset represented?

* How are the equivalent input sources of offset calculated?

* How is offset in sensors dealt with?

* How does offset in sensor read-out affect the detection limit?

3.1 Introduction

As is shown in Section 1.5, it is not the achievable system gain, but rather the
equivalent parasitic signal level at the input that determines the minimum meas-
urable input signal and thus the detection limit. There are several types of para-
sitic signals (= sources of uncertainty/source of error) that should be considered.
The four different types discussed here are, respectively:

1. Source loading,

2. A (quasi)-DC level,
3. A common-mode signal in a differential measurement and
4. A wideband AC signal.

Source loading in the electrical domain is discussed in section 2.4. A DC para-
sitic signal is a problem in a low-frequency measurement. A differential meas-
urement set-up should be sensitive only to the differential signal. A parasitic
wideband signal is usually referred to as noise and is the most general source of
uncertainty. The parasitic signal often acts on the instrument at several nodes.
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Due to additive errors acting on the system, finding the detection limit in a par-
ticular application involves four steps:

1. Identification of the dominant source of error.

2. Estimation of the magnitudes of the various sources of error, which are dis-
tributed throughout the system and contribute to that particular type of error.

3. Calculation of the equivalent input error sources representing the combined
effect of those distributed sources of error on the output.

4. Calculation of the minimum measurable signal from (3), while also consider-
ing the inaccuracy or SNR specifications.

In a typical design of a read-out circuit or measurement set-up this procedure is
carried out several times. The system is adapted (re-designed) in order to achieve
the lowest possible detection limit.

In electrical measurements the sources of equivalent input error are voltage and
current sources. The equivalent input error sources should be specified in terms
of the non-electrical source of error in the case of an instrument used for a non-
electrical quantity, to enable the direct comparison between the desired and error
signals in the fourth step. In e.g. an accelerometer this error is an equivalent
acceleration.

In this chapter offset is discussed as the main detection-limiting mechanism in
the case of a DC-operated system. Offset is a deterministic sources of error and,
therefore, the approach for finding the equivalent input error sources as a func-
tion of the distributed sources using the rules for error propagation is discussed
first.

3.2 Calculation of equivalent input sources of error

3.2.1 General input sources of error

Figure 3.1 shows the approach used to calculate the equivalent input-referred
error voltage as a function of distributed deterministic additive errors. Error sig-
nals are generated at many nodes throughout the system as shown schematically
in Fig. 3.1a. The approach is explained for the read-out of an input voltage
source without source impedance using a voltage amplifier with gain G, but is
generally applicable. The output voltage, U,, is non-zero, despite the fact that
U;= 0, which is due to the additional error signals, U, ; that are generated.

The convention that is generally used for indicating a non-ideal component or
system is to apply a hatched patch or a grey-scale to the inner area of the circuit
symbol. As shown in Fig. 3.1, the grey-scale approach is used here. The compo-
nent or system is made free of noise by removing the grey-scale and imposing
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this to the signal source that represents the non-ideality. In this chapter this
approach is used to analyse offset and in chapter 5 to analyse noise.

The transfer functions from the different nodes in the system to the input are con-
sidered linear. As a consequence the equivalent deterministic sources of deter-
ministic additive error at the input, Uy ., is the linear superposition of the effects
of all the distributed sources, back-tracked to the input by calculation, as shown

in Fig. 3.1b:
U,=G(U,+U,,,) with U, = éZGiUN., (3-1)
i=1

where G; denotes the gain for deterministic error signal, Ug, to the output, U,;

Ug eq 18 the equivalent error input signal; and G= U,y/U; is the overall system
gain.
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Figure 3.1, System with (a) distributed sources of error, (b) error represented by
equivalent input error voltage and (c¢) compensating for error.

So far the approach applies to any type of error signal. In the case of a determin-
istic error, such as offset and finite common-mode rejection, for which the value
of the signal is predictable at any moment in time, provided that the signal is
fully specified, the error can be compensated for by adding the inverse of the
equivalent input error to the input circuit, as shown in Fig. 3.1c.

The compensation scheme shown in Fig. 3.1c can be used for actually measuring
the deterministic error. Inserting a voltage source and tuning the amplitude until

Uy=0 yields U ¢
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For stochastic error signals, such as noise and interference, only the statistical
parameters can be included in the specification. This makes the prediction of any
momentary amplitude impossible and, therefore, such a compensation is not pos-
sible.

It should be emphasised that Fig. 3.1. shows a highly simplified system. Firstly,
it is assumed that the voltage source connected to the input is ideal (no source
impedance). Secondly, the system transfer function is considered fully character-
ised by one factor: the linear voltage gain, G. Both assumptions are basically
incorrect. A practical signal source exhibits a source impedance. Moreover, the
relevant signals at the input and output of an electronic system are voltage and
current, and the transfer function is described by a 2x2 matrix. Similar consider-
ations apply when reading-out a current source with a current amplifier.

Nevertheless, in the case of a properly designed voltage read-out, the source
impedance is much smaller than the input impedance of the voltage amplifier
(see Section 2.4.1) and the specification of the transfer function in terms of a
simple gain factor is adequate. Moreover, an equivalent input-referred error sig-
nal can be described by only one source that is of the same type as the input sig-
nal source (i.e. any equivalent input error current source in Fig. 3.1. would be
short-circuited by the input voltage source). However, in general:

The equivalent input error of an electronic system should in general
be specified using two sources: an equivalent input voltage source
plus an equivalent input current source.

3.2.2 Calculation of the equivalent input sources of offset
The source of error discussed in this chapter is offset.

Offset is characterised by a non-zero steady-state (DC) output of a
system at a zero steady-state (DC) input level.

In the case of offset in the voltage amplifier shown in Fig. 3.2a, the output volt-
age is non-zero for a zero input level (short-circuited input).

The equivalent input sources of offset are: the offset voltage, Uy o4,
plus the bias current, Iy, oq-

These sources are fictitious, yet do include the effect of all distributed sources of
offset within the system. The main practical cause for the offset voltage is the
asymmetry of the electronic components in the differential input stage of the sys-
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Figure 3.2, System with offset: (a) distributed sources of offset, (b) equivalent
input sources of offset with an offset-free system and (c) nulling of U,

tem (such as an opamp). The bias current originates from the fact that active
electronic components need to be biased for proper operation. Passive compo-
nents do generally not show offset. Figure 3.2b is equivalent to Fig. 3.2a with the
distributed sources of offset represented by the input-referred sources of offset,
and the system is considered free of offset.

Figure 3.2c¢ is similar to Fig. 3.1c and refers to the approach used to measure off-
set. The voltage source within the input circuit (the equivalent input offset of
opposite polarity) is required to trim the output to zero at short-circuited
input. A bias current source in parallel to each of the input terminals is required
to supply the current that flows into that input terminal.

Calculating the two equivalent input sources of offset requires two independent
expressions. Moreover, the equivalence should necessarily apply to all possible
input circuits. This condition can be used to derive two expressions using two
extreme conditions, viz.:

* Short-circuited input and

* Open- circuited input.

A short-circuited input closes the loop that includes the input circuit with the
input resistance and offset voltage source, while short-circuiting the bias current
parallel to the input nodes. This short-circuit prevents the bias current from gen-
erating a voltage across the input terminals. Consequently, the bias current is
eliminated as a variable, which results in an expression in terms of the offset
voltage only.
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Alternatively, leaving the input circuit open prevents the offset voltage at the
input from generating a current into the input circuit, thus eliminating this offset
voltage as a variable and resulting in an expression in terms of equivalent input
bias current only.
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Figure 3.3, Model used for the calculation of the equivalent input offset sources
in a cascaded system.

This approach can be applied to calculate the equivalent input offset source in a
voltage amplifier that is composed of a cascaded system with two gain stages,
each with a well-specified equivalent input offset voltage and bias current, as is
shown in Fig. 3.3. The first stage has a gain Gy, an equivalent input offset volt-
age U, and a bias current /i,;,4. The second stage has a gain G,, an equivalent
input offset voltage U, and a bias current /j,;,>.

Given the distributed system shown in Fig. 3.3a, the equivalent system in Fig.
3.3b should, by definition, give the same output voltage in all possible operating
conditions. The two operating condition extremes mentioned are used to derive
expressions for the equivalent sources in terms of the distributed sources. Open

input yields:
Uso = 1o R G, + 1o R, + U (3-2)
Uzb = ]bias,eqRiGl ’
and U,,= U,y results in:
U, ,+1, R
[bias,eq = Ibiasl + mz—b"”“. (3_3)

GR,
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Short-circuiting of the input terminals yields:

U2a = U Gl + ]hia.&'ZRn + Uos2

osl
(3-4)
UZ}J = Un.&',qul ’
and U,,= Uy, results in:
U = U + & + Ibill.¥2Ro (3_5)

0s,eq osl C;1 C;1

The above example indicates that a large gain, G, in the first stage is beneficial,
since it reduces the effect of the second stage. This observation is of general
validity for both deterministic and random errors. The design effort in a low-
offset amplifier should be directed to the first stage, which should be low-
offset and high-gain. If these two requirements are met, the cascaded sections
have little effect on offset performance.

Example 3.1

A voltage amplifier is constructed using a trans-conductance, g.,;, and a
current-to-voltage converter (trans-resistance), R,», as shown in Fig. 3.4.
Both sub-circuits exhibit offset.

Uos1 Uos2
& S ==
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Im1Ui1 Rmalz|  Ro2 o
s Ri1 Ro1 Ri2
Ibias1 Ibias2
U
' (a)
Uos,eq
O Ui1 Ii2 I
U
Im1Yit Rmal2|  Ro2 02
p Ri1 Ro1 Ri2
= U Ibias,eq
' (b)

Figure 3.4, Voltage amplifier using a trans-conductance circuit in series
with a trans-resistance circuit both (a) with equivalent input sources of
offset specified and (b) with equivalent sources of offset at the input.

The equivalent input offset sources are specified as: Uy = ImV, U= 10
Il’l\], Ibiaslz 1 nA and IbiaSZZ 100 nA.
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In a first attempt to calculate the equivalent input offset sources of the cas-
caded sub-circuits, the following assumptions are made: R;;= R,; — « and
Rip= Ry = 100 © g, 1= 100 mA/V and R ,,= 1000 V/A. Calculate the
equivalent input offset sources, Uy oq and iz oq-

Solution:
The overall transfer function is a voltage gain of G,= 100 mA/Vx1000 V/
A=10. Open input yields:

U Ibtais gml x RUI x Rm2 +Ib[asZ XL X Rmz + ljusz_ X Rm2
Ri+k, Rk SRR
U02 = Ibias,eqli'l Xgml XRm2’
Rz
and U,;= U, results in:
Uu.,+1, ,R
Ibiase = Ibiasl +M. (3_7)
“ gmlRilRol

Short-circuiting of the input terminals yields:

R U
U Uosl gml X KnZ bzasZ o XRmz + = XRmz
Rul +R2 Ral +1§’2 Ral +1§’2 (3_8)
R,
U,=U_ xg X xR ,
02 0s.eq gml R01 +R,.2 Izm2
and U, ;= U, results in:
Uos’eq — (JOS1 + U0S2 + [bzaSZR (3_9)
gmlRol

In the case of R;j= Ry;— «:
Uos,eq: Uos1 T Ibias2/€m1= 1.001 mV and Ibias,eq: lpias1= 1 DA,

In a more practical assessment of the circuit, the equivalent input offset
sources and impedances of the trans-impedance amplifier remain

unchanged (Uy1= ImV, Uyo= 10 mV, Ipj1= 1 nA, Ij.o= 100 nA, Rjp=
R =100 & gml 10 mA/V and R »= 10 Q); however, R;;= 100 kQ and
=10kQ

Calculate the equivalent input offset sources, Uy oq and Iy oq-
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Solution:

Applying R;;= 100 k2 and R ;= 10 kQ to equations 3.7 and 3.9 yields:

Uoseq= 1.01 mV and fy; o= 1.11 nA.
The calculation can be significantly simplified for the read-out of an ideal volt-
age source, since any equivalent input bias current would be short-circuited.
Only the equivalent input voltage source needs to be calculated. Similarly, the
read-out of an ideal current source is equivalent to the open input circuit, and any
equivalent input offset voltage is insignificant.

Offset is an issue in both the sensor and the read-out circuit. Offset in read-out
circuits is discussed in Section 3.3, while the effect of offset on sensor perform-
ance is discussed in Section 3.4.

33 Offset in read-out circuits

3.3.1 Offset in read-out circuits with a differential input

Analog circuits for sensor read-out are usually equipped with a differential input
(with U, as the non-inverting input, U_ as the inverting input and U,= G(U,-U.
)), which enables the measurement of differential signals (see Chapter 4). This
feature requires modifying of the representation of offset in terms of equivalent
input sources of offset, as discussed in the previous section, and results in Fig.
3.5a.

i U#0 U°}-e\ U#0
N\
Ri Ro R
e Ig
N G(Ui+-Ui-) bias1 T
T Ug=0 Ibia
(a)
. U,=0 %.S)'eq U,#0
Lo | s
- |bias,e
G(U;,-Ur) T
U,=0

L1

(d)

Figure 3.5, Input referred offset in a system with a differential input: (a) non-
ideal system with distributed sources of offset, (b) ideal system with external
equivalent input sources of offset, (c) system with bias current and offset current,
and (d) compensating offset.
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The offset of both inputs should be represented by an offset voltage and bias cur-
rent. The two offset voltages can be combined into one, as shown in Fig. 3.5b.
The bias current flowing into the non-inverting input is not equal to that flowing
into the inverting input. In practice a system with a differential input is specified
using:

* One offset voltage, U,

* A common bias current, which is the average of I, and lpjaer: Tpias™
([biasl+1biasz)/ 2, and

» The offset current, which is the difference: /,;= (Jp;as2-Tpias1)/2, as shown in
Fig. 3.5¢ (Iyjas1= Ibias~ Los A0 Thiaso= Tiast Los)-

Finally, the system can be made free of offset (U,= 0) when applying the offset
voltage and current source of inverse polarity to the input circuit, as is shown in
Fig. 3d.

It should be noted that the offset current is sometimes specified as: ;= Ip;,q0-
Liias1- Of course, this is not fundamentally different from the definition on page
66. However, the definitions of /;;,; and the value of the current sources in Fig.
3.5 would have to be adjusted for consistency.

3.3.2 The effect of source impedance on offset

So far the equivalent input offset sources have been discussed without consider-
ing the effect of source resistance Ry. This is a fundamental issue. Since offset is
a property of the system (read-out circuit), offset has to be specified inde-
pendently from the source used to drive that system.

Rg | Ugs,c I Uos,eq Rg

c
1l

Figure 3.6, Increased offset due to source impedance.

Therefore, the calculation of the equivalent offset voltage and the bias current
can be carried out using the technique presented in the previous section. How-
ever the short-circuiting of the input should include the source impedance. This
is demonstrated by considering the voltage amplifier in Fig. 3.6a. The amplifier
with voltage gain G, has the equivalent input offset sources, which are specified
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as: Uy g and lyjas g The effect of R, can be calculated by making this resistor
part of the read-out circuit, as shown in Fig. 3.6b, and calculating the equivalent
input offset sources, Uy G and /iy i Of this extended circuit.

In the case of open input terminals, the output voltage is expressed as:

(a) Uo = GvIb[as GRi
’ bias,eq = Ihias G (3' 1 0)
(b) Uo = Gv]b[as,eqR[ ' '
The case of short-circuited input terminals yields:
— G Ri
((1) Uo - v(Uos,G + Ibias,GRg)}eiTRg
R- - Uos,eq = UoS,G + ]bia.v,GRg (3-1 1)
(b) UO = GVU[)S' €4 :
"R +R,

The offset voltage dominates in the case of read-out of a voltage source with a
relatively small Ry, thus requiring a read-out circuit with a low equivalent input
offset voltage. The bias current is relatively unimportant, which could be an
advantage when selecting the most suitable amplifier.

Although the source impedance is not considered in the calculation of the
equivalent input offset sources, the practical source impedance does adversely
affect the detection limit due to offset. In the case of the read-out of a voltage
with a relatively large source resistance, Ry, the voltage drop across this resistor
due to the bias current (/,;,5R,) becomes comparable to Uy and the offset per-
formance is reduced. A similar result can be obtained or read-out of a current
source with finite source impedance using a current amplifier or trans-impedance
circuit with offset.

3.3.3 Offset in opamp-based circuits

Any commercially available operational amplifier has the input offset sources
specified. When used in a feedback circuit the equivalent input offset sources of
the entire circuit can be derived. Figure 3.7a shows a non-inverting amplifier
with nominal voltage gain G,y ,,= (RgtRp)/R (A(0)— ).

The trans-impedance transfer function of the ideal open-loop opamp can be con-
sidered as: Uy/[;— «. Hence, lyiss oq™ Ibias2> and the transfer for short-circuited
input results in the following expression for U o4:
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N

RS+Rf Rst RS+Rf
Uol = ‘ Uos | *hiasl m T

s s (3-12)

R +R, RR,
U02 = TS 0s,eq Uol = UoZ - Uas,eq = Uos _Ibiasl m

Note that this derivation benefits from the output voltage U,= 0 when the appro-
priate equivalent input offset voltage and bias current are applied by considering
R to be in parallel to Ry between the inverting input node and ground. Moreover,
any voltage directly in series with the inverting input can be ‘shifted’ through the

opamp input towards the non-inverting input with inversion of polarity.

For I;a61= Ipiaso= Ibias the equivalent input offset voltage is as follows: Uos,eq™
Uos TpiasRsR/ (Rt Ry). For Gom> 1 (Re> R;) the equivalent input offset voltage
can be approximated by: Uy oq= Ups~ IpiasRs- Although the circuit is a voltage
amplifier, the opamp input bias current also contributes to the equivalent input

offset voltage, which is due to the feedback components.

_ﬁ:_}?

Rs
il Ibias1| A(w) LU,
+
U
UI 0s \
Ibias2
(a) (b)
Rs
—
—_— Ry
Ui r@ -
bias1| A(w) — U

|
+
UOS \
Ibias2

A
(c) (d)

Figure 3.7, Non-inverting amplifier with (a) distributed offset voltage and bias
current sources and (b) equivalent input offset voltage and bias current.
Inverting amplifier with (c) distributed offset voltage and bias current sources
and (d) equivalent input offset voltage and bias current.

Figure 3.7c shows the inverting amplifier with distributed offset and bias
sources. This amplifier with equivalent offset voltage and bias current is shown
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in Fig. 3.7d. There is a subtle, yet essential, difference between the equivalent
input offset voltage in the circuit of the non-inverting amplifier (Fig. 3.7b) and
that in the inverting amplifier (Fig. 3.7d). As a general rule the equivalent input
offset voltage should be in series with the signal source to result in the detection
limit. Consequently, the offset voltage is in series with the non-inverting input in
case of the non-inverting amplifier (Fig. 3.7b), whereas this voltage is in series
with the inverting input in the case of the inverting amplifier (Fig. 3.7d). Note,
again, that the polarity of the offset voltage is not specified.

Calculating the equivalent input offset voltage and bias current of the inverting
amplifier is similar to the case of the non-inverting amplifier:

R +R; RR, \R,+R,
Uo os | “biasl .

R, R +R R,
s S A S (3 -1 3)
U02 =——Upeq Uol = U02 - Uos,eq == Uos +Ibiaiss
R, Ry

Note that /y,;,, is short-circuited and iy oq= Ipias1 1 10ading the input voltage
source, which affects the offset voltage. For G,,,,> 1 (Rg> R,), the equivalent
input offset voltage can be approximated by: Uy oq= -Upst IpiasRs- Since the
polarity of the offset voltage is not specified, the offset behaviour of the inverting
amplifier is very similar to that of the non-inverting amplifier.

A few issues should be mentioned:

» The offset voltage of a practical opamp can be calibrated to zero. However,
an offset drift in time and with temperature remains and should be considered
a source of stochastic error.

* Equation 3.12 suggests that the offset voltage can be compensated by the bias
current. However, the polarity of offset is not determined (basically the speci-
fication should list: U ¢= =+ value). Therefore, such a compensation is not pos-
sible.

* The bias currents are of the same polarity. Therefore, compensation is possi-
ble.

* High offset performance is usually not combined with high bandwidth. Com-
ponent selection, therefore, strongly depends on the specifications demanded
by the application.

Recommendations for minimising offset are:
+ Select an opamp with low values for U, and /.
» Compensate the bias current.
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Figure 3.8, Non-inverting amplifier: (a) for read-out of voltage source with
source resistance and (b) with bias current compensation using separable gain
setting and bias current compensation.

Unlike the offset voltage, the bias current can be compensated in the opamp cir-
cuit using a resistor in series to the signal source. As is shown in Chapter 5, add-
ing a resistor to the input circuit is not a good solution for maximising noise
performance. However, a practical voltage source has a source resistance, Rg, as
shown in Fig. 3.8a. In this case the equivalent input offset voltage of the non-
inverting amplifier results in:

R +R RR, R +R,
Uol = R L Uos _[]biasl ﬁ-’-]biaﬂRg]%
: <+ . (3-14)
R+R, RR,
= —U, u,=U0,-U,,=U -1, ———+1,. R
02 Rs os,eq ol 02 os,eq os bias1 RS 4 Rf bias2* g

Since, the bias current sources /p;,5; and Ip,;,¢, are of the same polarity, compen-
sating the bias currents is possible. Bias current compensation in the non-invert-
ing amplifier involves selecting values for Ry and Ry such that R¢/R, gives the
required gain and simultaneously (R Ry)/(RstRy) is equal to the source resistance,
R,. The remaining offset is determined by the opamp offset voltage and the dif-
ference between the bias currents (= the offset current, see Fig. 3.5¢)

However, the value of R, is dictated by the sensor used and cannot be changed
by the designer of the read-out circuit. The modified non-inverting amplifier
shown in Fig. 3.8b is a solution that separates the gain setting from the bias cur-
rent compensation. For Ry «R¢t+Ry the result is:

Grom= [(R1TR)/R{IX[(RsTRp)/R], while (RR¢)/(Rs+Ry) should be dimensioned
to be equal to R, to enable bias current compensation.
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Example 3.2

Figure 3.9 shows an opamp circuit for the read-out of a Pt-100 resistive
temperature sensor. R(7)= R,(1+ aT+ BTZ), with R;= 100 Q at 0 °C, T is
the resistor temperature in °C, a= 3.9x10~ K! and B=-5.8x10"7 K2, The
resistance of the connecting wires is indicated as 7, and U= 6.40 V is a
reference voltage source connected to resistor R;= 1 k€. Unless otherwise
indicated:

1. The opamp can be considered ideal (no equivalent input offset or noise
sources and infinitely large open-loop gain) and

2. The sensor can be considered perfectly linear (= 0).

R(T)

Uo

Figure 3.9, Resistive temperature sensor with lead resistor and opamp with
offset.

Questions:

1. Show that the nominal sensitivity of the system (i.e. for » = 0 and the
given component values) is equal to -2.5 mV/K.

2. Calculate the maximum acceptable connecting wire resistance, 7, for an
uncertainty specification AT= 0.1 °C.

3. Calculate the maximum acceptable equivalent input offset voltage, U,
of the opamp (/,;,= 0) for an inaccuracy specification AT= 0.1 °C at T, ,=
0 °C, due to offset only.

4. Calculate the required absolute inaccuracy specification of U,s for a
temperature uncertainty of A7= 0.1 °C at T, = 0 °C, due to this reference
voltage source only.

Solutions:
1. Inverting amplifier: U,= -R(T)U,of R= -[R(1+aT)/R U e
09U /0T= -aR jU, /R = -3.9% 1079 102x6.4/103= -2.496 mV/K.
2. Change in resistance due to temperature: AR(7T)= oR AT
Change in resistance due to »: AR=2r
> Fopgx= ORAT 01 /2= 3.9x1073% 10%x 0.1/2= 19.5 mQ.
3. AU,= (0U/0T)AT+ (0U/dU,)U = 0
oU,/0T=-2.5 mV/K.
Uy/Uy= (R(T)+R)/Ry — U /0U = (R(T)+R,)/R
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> 11U max- 2-5%107= 0. Hence, Uyg pax= 227 pV.
4. AU = (0U /oT)AT+ (80U /0U o) AU, o= 0

oU,/oT=-2.5 mV/K.

Uy/Uei= -R(T)/Rg — 3U /U o= -R(T)/R

5 -0.1AU ef max- 2.5%107%= 0. Hence, AUpeg pax= 2.5 mV.

Offset in an amplifier sets the detection limit for DC read-out. In other circuits
offset could be even more disruptive.

Iblas | Uo(t)
- L

Figure 3.10, Offset in an integrator.

In the integrator shown in Fig. 3.10, care should be taken to avoid the output
from saturation at the power supply level resulting from the charging of the feed-
back capacitor by the bias current. The transfer function for U, =0 and /;,;~0
and without R is described by:

U_=U, =0

1= U, (1)
| R, (3-15)

t)dt

1
{jo(r) = _(—f_j‘(.s' (f)df = RC
by Cr

The initial charge on Cy can be included by addition of the term U (¢,)=-0(t,)/Cy.
However, when including the offset components the output voltage is described

by:
U—:Uos
]S (l) — Ui(zie_ Uos
s (3-16)
1 1
Uatt) == U0~ o )t == = [ (U~ U = Rol )

L, cannot be distinguished from / (in the case of a DC source) and the virtual
ground changes with offset voltage. Therefore, at U,(f)= 0 the output voltage
increases linearly in time and can be expressed as: Uy(£)= [[pjastUos/Rs)(#-1,)/ Cy,
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until the output saturates at the power supply voltage level. This effect can be
circumvented by connecting a (large-value) resistor Ry in parallel to this feed-
back capacitor or by a periodic short-circuiting (discharging) of the feedback
capacitor using a switch across Cy.

Example 3.3

The integrator shown in Fig. 3.10 is designed for R,C= 1 s and is fabricated
using an opamp with the offset specifications: U = 1 mV and /;,i= 10 nA.
At time ¢, the feedback capacitor Cris discharged. Analyse the effect of the
offset components on the output voltage, U,,.

Solution:
Selecting R.= 100 kQ and C¢= 10 pF yields:
Uy (1) = (1078+1073/10%)/107(-1,.)= 2x 1073 x(#-1,).

Assume a maximum output voltage at 5 V results in saturation after 2500 s.
This effect is circumvented using a resistor Ry connected in parallel to Cy.
For R= 10 MQ the maximum output voltage due to offset is equal to:

Uy = (RAR)U, /Rt Relpyias= 201 mV.

The lower limit in the frequency range where this circuit actually performs
integration of the input signal is set to o, = (R;Cp)™'= 10 rad/s.

34 Offset in sensor read-out

3.4.1 Offset in Hall plates

The most-popular magnetic field sensor is based on the Hall effect. This effect
describes the build-up of an electric field in a direction perpendicular to the flow
direction of charged particles and the direction of the magnetic field. Figure 3.11
shows such a Hall plate with a current source, /.., applied to the current con-
tacts and a Hall voltage, Uy, measured across the voltage contacts.

A charged particle moving through a magnetic field experiences a Lorentz force.
If the velocity vector v, and the magnetic field vector, B, are orthogonal, as
depicted in the figure, the Lorentz force is described by the product of their mag-
nitude and the unit charge: F; = -gvB. The Lorentz force causes a deflection of
the particle and thus a charge gradient in the direction perpendicular to the veloc-
ity vector. This charge gradient creates a Hall field with such a polarity that it
counteracts the Lorentz force. In the steady state, which is reached within femto-
seconds, the force due to the Hall field equalises the Lorentz force: Ey= F/q=
vB.
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B~ | . T T T 7 w
/ EHT < o | Uy
+++++++ 4+

Uexc +

exc

Figure 3.11, Operating principle of the Hall sensor.

In a simplified model it is assumed that due to the Lorentz force electron accu-
mulation initially takes place at the negative Hall voltage contact. The average
electron drift velocity is coupled to the current density, J= I, ./(dw), via the defi-
nition of current density, which is the amount of charge passing through a certain
cross sectional area per unit time: J= 80/t= -ng/v"'= -nqv, where n denotes the
electron density [m'3]. Therefore, v= -J/ng and Ey= vB= -JB/(nq). Introducing
the actual dimensions of a Hall plate as shown in the figure yields:

JB I B 117 1
Uy=-E; w=—w=——w=——B=R;;—B, -
" " ng dw ngq ngd T (3-17)

where Ry denotes a material-dependent Hall constant (0.8< Ry< 1.2). The deri-
vation of expression 3-17 in the solid state is complicated by lattice interaction.
Nevertheless, it yields the same expression and the complications are included in
the Hall constant.

The most important conclusion to be drawn from expression 3-17 is that the Hall
voltage is linearly dependent on both the magnetic field and the current fed
through the Hall plate. A consequence is that variations in this excitation current
(i.e. bias current) directly affect the measurement result and thus add to the
uncertainty. Very stable current sources are available, so this effect usually does
not determine the detection limit.

The main problem of the Hall sensor is the offset, which results from two practi-
cal constraints:
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* The placement of the contacts is critical. Special care must be taken to have
the voltage and current contacts exactly opposite each other. Misalignment of
the voltage contacts is a cause of offset.

* Any stress gradient in the resistive layer that forms the Hall plate results in
offset due to the piezo-resistive effect.

Iexc

S

Uo= UH+Uos

(a) (b)

Figure 3.12, (a) The Hall plate represented by a balanced symmetric Wheatstone
bridge and (b) modelling of a stress gradient in the material.

These effects result because the Hall plate is actually a Wheatstone bridge. The
Hall voltage is measured across the voltage contacts, which are located halfway
between the current contacts and perpendicular to the current direction. The ideal
Hall plate can, therefore, be considered a fully symmetric Wheatstone bridge
with current excitation and voltage read-out, as shown in Fig. 3.12a. For B=0 T
the bridge is balanced (i.e. there is a resistor R, between every node).

A practical Hall plate, however, usually suffers from an initial imbalance due to
contact misalignment and/or gradient in the built-in residual mechanical stress,
c. As a result the nominal values for B= 0 T are not equal, thus yielding the
asymmetric Wheatstone bridge. Figure 3.12b shows the circuit assuming a stress
gradient from the upper-left corner to lower right corner. It should be noted that a
constant residual stress level does not impose a problem, since all four resistors
change by the same amount.

In this simplified model only one of the bridge resistors is assumed to depend on
mechanical stress via the resulting strain and its piezo-resistivity:
R(o)= R, (1+AR/R,)= R (1+k AL/L)= R (1+kso/E), where E denotes the Young’s
modulus of the material and L is the length of the resistive layer. In the case of
perfect alignment and only a stress gradient in the material, the output voltage of
the Hall plate results as a function of the bridge imbalance:
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2R +AR
]l ZZTI@CC
12:2R0_AR]exL
4R,
3-18)
2R —AR)(R +AR)—(2R +AR)R (
Ugm:I2(R0+AR)_[1R0:( 0 )( 0 ) ( 0 ) Olexc_)
- 4R,
2 2
Uoos __R,[ AR __ﬁ[kamj
1,. 4\ R, 4 E

Combining equations (3-17) and (3-18) yields the expression for U,= Uyt
U,in terms of the magnetic field, B, and the stress gradient, Ac, which can be
used to calculate the detection limit.

3.4.2 Temperature measurement using thermocouples
Some sensors intrinsically lack offset. An example is the thermocouple used for

measuring temperature differences. The operation is based on the Seebeck
effect.

The Seebeck effect is observed when making physical contact
between two different (semi)conductor materials, while the two points
of contact (the junctions) are at different temperatures and results in
a voltage difference proportional to the temperature difference: the
Seebeck voltage.

The Seebeck voltage is in fact the difference in contact potential at the junctions
and is basically due to the temperature-dependent alignment of the different
Fermi levels in the different (semi)conductors. The potential difference is solely
dependant on the choice of the two materials and, for instance, not on the contact
area. The temperature dependence of the contact potential at a junction is a mate-
rial property and is referred to as the Seebeck coefficient of the material, o,

1 dEg

— X

Xpar = q dT (3- 1 9)

Typical values are in the +£10 uwV/K range. However, this property cannot be
directly measured using a Volt meter, since the electrical circuit would have to be
closed. As shown in Fig. 3.13a, this would introduce a second material, therefore
resulting in a second junction between the same materials at the meter. In the
second junction the same potential difference is generated, which is, however, of



Section 3.4 |79
Offset in sensor read-out

opposite polarity. Thus resulting in an overall voltage of zero. Therefore, two
different materials with significantly different values for the Seebeck coefficient
have to be used, as shown in Fig. 3.13b.

<«— Material a

<— Material b

<— Material b U,

N
S
_‘
N

<— Material a
(a) (b)

Figure 3.13, Thermocouple formed by the interconnection of two different
metals with different Seebeck coefficients.

<— Material a

The output voltage of the thermocouple is described by:

Uap = (T, = T1) (3-20)

a

with Uy, as the Seebeck voltage. A non-zero Seebeck voltage results only if the
junctions are at different temperatures. The junction at the lower temperature is
usually referred to as the cold junction and the junction at a high temperature as
the hot junction. The advantage of the thermocouple is its suitability for high-
temperature measurement (up to 1500 °C). The non-linearity of the Seebeck
effect is incorporated into the temperature dependence of the Seebeck coeffi-
cient.

Although the thermocouple lacks offset when measuring a temperature differ-
ence, there are two complications:

* Most applications require an absolute temperature measurement, which can
be achieved by establishing a zero-reference at the cold junction (using a
beaker with melting ice or, more practically, by measuring the temperature at
that junction using a Pt-100 probe). The uncertainty in the temperature meas-
urement at the cold junction results in an offset in the thermal domain.

» The voltage generated is very small and the equivalent input offset voltage of
the read-out dominates the performance.

The detection limit of a thermocouple with a sensitivity of a,,,= 50 uV/K is at 10
K if'a voltage amplifier is used with an equivalent input offset voltage at 0.5 mV.
The temperature sensitivity is enhanced by placing several thermocouples elec-
trically in series and across the same temperature difference in a thermopile, as
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shown in Fig. 3.14. Consequently, the effect of the equivalent input offset volt-
age of the read-out is reduced.

Figure 3.14, Thermopile structure using several thermocouples electrically in
series across a temperature difference.

A thermopile composed of n thermocouples generates n-times the Seebeck volt-
age of one thermocouple. However, the source impedance is also n-times as
large, which results in n-times the noise power. In addition, the multiple leads
between the hot and the cold junction increase the thermal leak and thus results
in loading of the measurand, which may not be acceptable in some applications.
These issues are addressed in more detail in Chapters 5 and 8, respectively.

3.4.3 Detection limit in the Wheatstone bridge due to offset

Figure 3.15 shows the circuit used to read-out a Wheatstone bridge using a dif-
ferential amplifier, as discussed in the next chapter.

At this stage it is important to analyse the detectivity due to DC excitation. Since
DC signals cannot be distinguished from offset, the effect of offset has to be con-
sidered. Assume that the offset of the differential amplifier is specified by the
equivalent input offset voltage, U, and the bias by two bias current sources,
Ipias1 and Iy;,60. The differential voltage at the input of the amplifier results in:
AR RR, RyR,

Uexc R] +R4 bias2 — R2 ¥ R3 Ibiasl + Uos =

&Uexc " Um " [(Ro - AR)(RO + AR)](Ibiaﬂ - Ibiasl) _ (3_21)
R ‘ (R,—AR)+(R, +AR)

AR R? - AR?
R_Uexc +Uos =

4 0

Uy =U,,+U

i o o0s,eq R
0

0

(Ibias2 - Ibiasl )

Assuming an inaccuracy specification at € results in a detection limit set by off-
set at U,4=0:
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.| R¥R y R-A6+Ibias1 + — I
—|Yow - ifferentia
QU i Yol “Amplifier [}
exc Ry Rs lbiasz ~ T °
R-AR R+AR
Figure 3.15, Offset in the read-out of a Wheatstone bridge.
[EJ _1Yoey  Up + Ryl (3-22)
Ro det 3 Uexc gUexc

For Uy =5V, AR=0.0002xR,, R,= 1 kQ, U,y =0.5mV, I, .= 1 nA and &= 1%,
the result is: Ujg= Uyw+t Ups eq= 1 1V+ 501 uV and (AR/R,) ge= 1072,
3.5 Exercises

3.1 The specified offset voltage of a voltage source is equal to 3 mV. A Volt
meter with an equivalent input offset voltage equal to 1 mV is used for DC volt-
age measurement. Calculate the total offset of the measurement.

Solution: Linear addition of offset voltages: 3mV+ ImV =4mV.

A voltage-to-current converter (trans-conductance), g,,,1, is cascaded with a cur-
rent amplifier, as shown in Fig. 3.16, to give an overall trans-conductance equal
to: Gpy=gm1* G-

Uosl UOSZ

) AR
U/

O lo
Om1 G
p Riy Ro1 Ri2 Ro2
y; Ibiasal Ibias2

Figure 3.16, Trans-conductance circuit.
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The specifications of the equivalent input offset sources of the sub-systems are:
* Upsi= Upso= 1 mV, Lip1= Iyiaso= 10 pA.

* Rj=Ry =Ry >, Rp= 0,

* gmi= 100 mA/V and Gj= 10.

3.2 Calculate the equivalent input offset sources, U,

0s,eq and Ibias,eq'

Solution:

Since R,; — « and R;p= 0, U, has no effect. The equivalent input offset voltage
due to Iy, results from: Zi;,00/gm1 = 10 pA/100 mA/V= 0.1 mV. This offset
voltage source is in series with Ug;. Hence: U, Up1t 0.1 mV = 1.1 mV.
Similarly, Ibias,eq = Ibiasl=10 MA

s,eq

3.3 The system transfer function and the specifications of the equivalent input
offset voltage sources of the sub-systems in Fig. 3.16 remain unchanged:

* gm1= 100 mA/V and G;jp= 10,
Uos1= Upsp= 1 mV.
However, more realistic values for the bias currents and input and output imped-
ances are used:
Tpias1= 1 nA, Iyjpn=1 pA,
® Ri1:R01:R02: IMQ Ri2: 100 Q.

Calculate the equivalent input offset sources, U,

0s,eq and Ibias,eq'

Solution:
This is the more general case of the problem presented in the previous question.

Uos,eq: Uosl+ UOSZ/[gm1R01]+ IbiasZ/gml and Ibias,eq: Ibiasl+ UosZ/[gmlRi1R01]+
Liaso/[€m1Ri1]. For Rjj= Ry1= IMQ: U, 1.01 mV and Jpjpq o= 1.01 nA.

s,eq



