
 

Charts of spatial noise distribution in planer resistors with finite
contacts
Citation for published version (APA):
Kuijper, de, A. H., & Vandamme, L. K. J. (1979). Charts of spatial noise distribution in planer resistors with finite
contacts. (EUT report. E, Fac. of Electrical Engineering; Vol. 79-E-094). Technische Hogeschool Eindhoven.

Document status and date:
Published: 01/01/1979

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 23. Aug. 2022

https://research.tue.nl/en/publications/07f8da6d-a3d7-44fb-a19e-bcc05761e59f


CHARTS OF SPATIAL NOISE 

DISTRIBUTION IN PLANAR RESISTORS 

WITH FINITE CONTACTS 

by 

A.H. de KUijper and L.K.J. Vandamme 



E I N D H 0 V E NUN I V E R SIT Y 0 F T E C H N 0 LOG Y 

Department of Electrical Engineering 

Eindhoven The Netherlands 

CHARTS OF SPATIAL NOISE DISTRIBUTION 

IN PLANAR RESISTORS WITH FINITE CONTACTS 

by 

A.H. de Kuijper 

and 

L.K.J. Vandamme 

TH-Report 79-E-94 

ISBN 90-6144-094-7 

Eindhoven 

January 1979 



CHARTS OF SPATIAL NOISE DISTRIBUTION IN PLANAR RESISTORS WITH FINITE CONTACTS 

A.H. de Kuijper and L.K.J. Vandamme, 

Eindhoven University of Technology, 

Department of Electrical Engineering, 

Eindhoven, Netherlands. 

Abstract 

Calculations and experimental results are presented of the voltage and the 

voltage fluctuations across a pair of sensor electrodes on a planar resistor. 

A constant current is passed through another pair of driver electrodes. Three 

types of geometry are considered all of which are invariant for rotations of 

90 degrees. Areas of low and high contributions to the voltage fluctuations 

are calculated assuming homogeneous conductivity fluctuations. Sixty-six 

spatial noise distribution charts are presented. The noise parameter of 

conductance fluctuations in films can be calculated from experimental results 

under different measuring conditions and for different geometries. 

The calculation method rests on the sensitivity theorem in electrical network. 

Calculations are in agreement with experimental results. 
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Introduction 

A general expression has been derived for~the spectral noise density of the 

voltage fluctuations between two arbitrarily shaped sensor electrodes placed 

arbitrarily on a two-dimensional conductor for the case that a constant 

current is applied to another pair of arbitrarily shaped and positioned 

driver electrodes [1.2]. 

The current is assumed to be noise-free. The voltage fluctuations across 

the sensor electrodes are caused by homogeneous resistivity fluctuations. 

This report comprises calculations with regard to the noise and the noise 

distribution in two-dimensional conductors with a geometry as shown in Figs. 

la. lb and lc. 
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All figures: IIIII ideal contacts 

Fig. la: Cross-shaped planar resistor with 4 contacts. 

Fig. lb: Square-shaped planar resistor with 4 corner contacts. 

Fig. 1c: Square-shaped planar resistor with 4 side contacts. 

/ 

; 

-

, 

The samples are invariant for rotations of 90 degrees. We calculated the 

noise power at the senSOr electrodes and the spatial noise distribution for 

various 2l/L ratios and various connections of the current source and sensor 

to the contacts. The noise consists of a thermal noise term and a conduction 

noise term. The thermal noise is proportional to the resistance between the 

sensor electrodes. When a constant current is passed through the sample. the 

conductivity fluctuations cause electric field fluctuations, which can be 

observed either on the sensor electrodes, the driver electrodes or across one 

driver and one sensor electrode. The conduction noise term is proportional 
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to the square of the current I passed through the sample. 

Here we consider noise due to conductivity fluctuations. 

1. Calculation of the noise power density Sv' 

We assume the material to be homogeneous. The statistical properties of the 

conductivity fluctuations are also assumed to be homogeneous. The driver and 

sensor electrodes are assumed to be ideally conducting. The calculations have 

been developed from a purely macroscopic point of view without any reference 

to the origin and particular proFerties of the spectrum of the conductance 

fluctuations. 

To obtain numerical results we carried out calculations on a network that 

simulated a two-dimensional conductor. This network consists of horizontal 

and vertical resistors, all having the same value, a current source and 

resistors to simulate the contacts. The current source was connected to a 

pair of driver electrodes D, and the voltage fluctuations were calculated on 

a pair of sensor electrodes Q. The first order sensitivity OVQ/OR was 

calculated by using the adjoint network [3,4J. In our case the adjoint 

network was obtained only by changing sensor and driver electrodes. 

The sensitivity of the voltage changes across the sensors in the original 

network due to a small change in a resistor R at an arbitrary place in the 

network is then given by the first order sensitivity 

oV -
----2. = ii 

oR I 
(1) 

-where i is the current through that resistor in the original network, i is 

the current through the same resistor in the adjoint network and I is lA. We 

shall only consider the first-order sensitivities given by (1). OVQ/OR is 

proportional to I, because i and i are proportional to I. 

To calculate the total squared average voltage fluctuations «6V
Q

)2>, we 

devides the network in equal squares, each having the same properties in the 

x and y directions. Fig. 2 gives some possibilities of connecting the 

resistors inside such squares. 

The possibilities denoted by 2 and 3 inside the dotted line in fig. 2 have the 

drawbacks that they strongly increase the number of nodes and the number of 

resistors. Therefore, we chose the representation denoted by 1 and called it 

the "L-form" square of unit area. In ref. [1J it is demonstrated that the 

total average of the squared voltage fluctuations «oV )2> is 
Q 
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Fig. 2: The lumped network model of a planar resistor showing three 

possible representations of a unit area A by resistors. 

L 
all 

squares 

(2) 

where i Ii and i ,i are the currents 
x x y Y 2 

and adjoints currents through Rand 
x 

Ry of an "L-forml! area. < (l'lR) > stands for the variance of the resistance 

fluctuations in Rand R . The S')ID in (2) must be taken over all squares of 
x y 

the network. Since the network is purely resistive, the method applies to 

frequency as well as time domain calculations. The spectral noise power 

density SQ is the variance of the filtered fluctuations at frequency f per 

Hz bandwidth. 

L 
all 
squares 

[i i +i :1' ]2 
x x y y 

(3) 

Now «6V
Q

)2>and «6R)2> stands for the variance of the filtered fluctuations 

at frequency f in a bandwidth 6f. The simulation computer program we used 

provides a d.c. analysis and a first order sensitivity analysis of each 

network elemenet with respect to a selected pair of nodes Q. We then denote 

the added and squared sensitivity L inside on "L-shape ll as 
s 

L 
s 

- - 2 = (i .i +i .i )/r 
x x y y 

(4) 

because, owing to the homogeneous statistical noise properties, ~(6.R)2> is 

th f 11 . th d t dS 1 «'R)2>("L)/'f. e same or a squares 1n e con uc or, an Q equa SO" S 0 
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2. Spatial noise distribution 

oV 
As the simulation program provides the sensitivity c~ of each resistor, it 

gives us the opportunity to study the noise distribution in the conductor. 

Therefore, we divided the value of L of each ilL-form" area into four 
s 

classes. 

class 1 : L < M/S 
s 

class 2: L < 
s 

M/2 

class 3: L > 2*M 
s 

class 4: L > S*M 
s 

where M is the average value of Ls. In order to find the areas with a large 

or a small contribution to the noise at the sensors, we programmed the 

computer to plot the "L-form" areas if their representing L values fall in 
s 

one of the classes 1 and 4. This gives a picture of the spatial noise 

distribution. Three examples of such pictures are given in fig. 3, fig. 4 

and fig. 5. The total of the L values belonging to class 1 is smaller than 
s 

that of class 2, and the total of the L values belonging to class 4 is 
s 

smaller that that of class 3. 

For instance, the horizontally hatched areas around the contacts D, Q in 

fig. 3 are together about S·per cent of the total surface while their 

contribution to the total noise 

hatched area, however, is about 

power SQ is 82 per cent. The vertically 

65 per cent of the total surface and its 

contribution to SQ is only 2 per cent. 

When sensor and current electrodes coincide as in fig. 3, we see that, 

because SQ ~ L(i
2
+i

2
)2, areas with a high current density give the largest 

x y 

contribution to·the total noise power. As can be seen in fig. 3, such areas 

are around the current carrying electrodes. 

Fig. 4 shows a three probe and fig. 5 a four-probe problem. Next to these 

figures are denoted the percentages of the total noise contributed by each 

class. Fig. 5 is a good example to demonstrate that neither i nor T is 

~ ~ 

dominant for the total noise but the dot product (i .i +i .i ) is. At the 
x x y y 

contacts D
1

, D2 the adjoint current density is almost zero, and at Ql' Q
2 

~ 

the current density is almost zero. In the centre of the cross, i and i are 

large, but i.I is negligibly small due to the fact that i is almost 

perpendicular to i. 
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total area contribution~ 
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Fig. 4: Spatial noise distribution in a three-contact arrangement 

each L 
s 

total area contribution 

class 1 < 0.2 M 2 % 

class 2 < 0.5 M 3 % 

class 3 > 2 M 92 % 

class 4 > 5 M 87 % 
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A survey of the spatial noise distribution of 2, 3 and 4-point situations 

for various 2l/L ratios of the geometries in Figs.la and lb is given in 

Appendix B. 

3. Comparison between experimental results and calculations 

We calculated the noise power in the situations given in fig. 1 and checked 

some of them with 11f noise on carbon sheet resistors. The geometry of the 

samples of fig. 1 was varied from 2l/L = 0.1 to 2l/L 0.9. For 11f 

conductivity fluctuations across a square with sheet resistance R (Q) and a 
o 

surface A corresponding to the area of the "L-form" (representing a square 

of unit area) and submitted to a homogeneous field, we use [6J 

M 
C f = 

C 
us I1f 

A f 

where C and C are the relative 11f noise power density at 1 Hz for the 
us 

( 5) 

whole conductor and for a unit square respectively, I1f is the bandwidth of the 
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filter at frequency f. OWing to a discretisation of 20 or 18 resistors for a 

length L, A equals L2/K in our computer simulation. K is the number of "L-shape" 

areas in a square with. side L. For fig. 1a and fig. lc K equals 340, for fig. 

1b K equals 420. 

Using (3), (4) and (6) we find 

K 

L: (ii+ii)2 
x x Y Y 

LL 
s 

(6) 

and, in case 

R
2

C 

all 
squares 

sensor and driver electrodes coincide, 

R
2

C K 

L: (i2+i2) 2 c~y S = 
o us o us LL = 

D r2fA x y " 
(7) 

s 
all f L~ 

squares 

The L are presented in table 1 (p.1S to 21. incl.). 
s 

We compared the calculated ratio SQ/SD with the experimental SQ/SD ratio 

found on carbon paper. The results of measured and calculated ratios as a 

function of the 21/L ratio for the various four-probe situations are plotted 

in figs. 6 to 9. The results show good agreement. 

To compare the absolute values of S we have to standardize the L values 
s 

which have been calculated for r = 1A to experimental current r Various 
e 

results are presented in table 1 in Appendix A. The difference in calculated 

and experimental results is mainly due to anisotropy and spreading in the 

carbon sheet resistivity. Calculations for anisotropic conductors are discussed 

in chapter 4 and in tables 2 and 3 of Appendix A. 

The experimentally obtained results of SQ on a sample geometry of fig. 1 can 

be analyzed in terms of C . Knowing 1, L, and 
us 

a certain frequency f, the value of C 
us 

can be 

r and measuring 
e 

calculated using 

RO and SQ at 

eq. (6) or 

( 7) and the calculated sum of L 
s 

presented in table 1 in Appendix A. There 

the LL are presented 
s 

for two- three- and four-probe arrangements on samples 

with a geometry given by fig. 1. 

It is our experience that a sample can be considered to be two-dimensional, if 

the thickness 6 of the film (such as the epitaxial layer or the diffused or 

implanted impurity layer) is below L/20. For non-granular samples, C equals 
uS 

-2 
a/N

r
, with N

r 
the surface concentration (m ) 

the sample, and a a dimensionless constant of 

of the free charge carriers 

-3 
the order of 10 [S]. 

in 

For granular structures such as used in thick-film resistors C is dominated 
us 

by the noise at the contacts between grains [6]. 
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4. Ani sotropy 

In some cases in table 1 in Appendix A there is a difference between 

calculated and observed 5
Q 

values. Part of these differences is caused by 

an anisotropy of the carbon sheet resistor of about 25 per cent. Another part 

is due to some inhomogeneities in the sheet resistor characteristics such as 

RO and C . To investigate this anisotropy numerically, we replaced all 
us 

vertical resistors of the network by resistors of 1.25Q instead of 1Q. 

The effect was losses of symmetry.The samples no longer are invariant for 

rotation of 90
0 

degrees. 

Table 2 of Appendix A shows calculated results for the geometry of fig. 1b 

with the current source connected to contacts (1, 2) and to contacts (1, 3). 

If there is no anisotropy, there is no difference between the columns D12 and 

D
13 

and the results are equal to the results presented in table 1. Table 2 

shows difference when the anisotropy is 25 per cent. Further we compared 

situations with anisotropy with their corresponding situations without 

anisotropy. 

Table 3 of Appendix A shows the results. As can be seen, differences of 

factor two are possible. So the anisotropy is a reas~nable explanation of 

differences between observed and calculated results in table 1 of Appendix A. 

Note that the influence of anisotropy strongly depends on terminal shape 

and geometry. 

5. Discretisation error 

If the discretisation is smaller, the number of resistors increases and the 

currents i and 1 become smaller, while EL also becomes smaller. However, 
s 

the ratio (IL )/A remains about constant if the discretisation is small 
s 

enough. 

In order to investigate the discretisation error we modelled fig. lc twice. 

1. The total length L simulated by 12 resistors. 

2. The total length L simulated bv 18 resistors. 

We choose fig. lc because this is the most sensitive geometry to discretisation 

errors.Since the noise is inversely proportional to the "L-form" area A and 

proportional to L , the value of L was stadardized for the small network 
s s 

(larger A values) by the factor 0.466 wich is the ratio of the small to the 

large A values. 
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Fig. 10 shows the results. The difference between the dotted and solid lines 

gives an idea of the discretisation error. When L is simulated by 20 

resistors there is almost no difference in the results compared with 18 

resistors. We concluded that with respect to practical problems the simulation 

of L by 20 resistors is acceptable. 
-1 

10 

L LS 

-2 

10 
\ 

\ OUTPUT (1,3) 
\ 

\ 

, , 

_] OUTPUT (2,4) 
10 

o Q2 04 

- - -- -- ....... --

0.6 0.8 
2l/L -

Fig. 10: The comparison EL IA for a discretisation with 18 resistors 
s 

(solid lines) and by 12 resistors (dotted line). The results are 

given in arbitrary units. The results with 20 resistors are about 

the same as with 18 resistors. 

6. Discussion 

Contact noise is notorious in llf noise investigations. 

To avoid a contribution of the noise at the contacts, a sample geometry with 

four probes must be chosen. Among these four-probe situations, those with 

areas of low noise contributions around the contacts are in favour. Such a 

selection can be made by the aid of the spatial noise distribution charts. 

If the experimentally observed ratio SQ/SD is much smaller than the values 

presented in the figures 6 to 9 for corresponding geometries, the experimental 

results are affected by a contact noise. This is due to the fact that in 

two-probe arrangements the contact noise fully contributes. 

In other investigations, this method of calculation will also apply, for 



- 13-

instance in the calculation of the change in noise with the change of the 

trim cut in a thick-film resistor by using eq. (2) or eq. (5). For a two-

probe arrangement the sensor and driver electrodes coincide, 

i = i in the planar conductor. The computer program easily 
y y 

~ 

and ix ix and 

produces the 

increase in resistance and noise values with increasing trim cut. 

For more complex geometries (with many edges and holes) the discretisation 

error arises. Choosing more ilL-forms" leads to long computer process time. 

Therefore, we are limited in choosing the geometry and discretisation. 

However, for most practical geometries this method of calculation will apply. 
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Appendix A Numerical and experimental results 

Let us first code the geometry terminal shape and 2l/L ratio using the 

following key consisting of 5 sets of parameters. 

- A, B or C denotes the geometry of fig. la, lb or lc respectively. 

- 2, 3, 4 denotes a two, three or four probe situation. 

- N or 0 denotes whether the drivers are connected to contacts next to 

- n or 0 

each other or opposite to each other. 

denotes whether the sensors are connected next to each other or 

opposite to each other. 

-1.1,3.3, ... ,8.8 

denoted the 2l/L ratio multiplied by 10. 

So A 4 0 0 6.6 denotes a cross shaped sample, considering a 4 terminal 

situation, with the driver contacts opposite to each other, the sensor 

contacts also opposite to each other and the 2Z/L ratio is 0.66. 

After each situation code the following information is denoted in six 

collIDlIls 

- LL 
s 

- V 
Q 

This column denotes the sum of· the added and squared 

sensitivities in all L-shapes according to the sum in 

the R.H.S. of eq. (3) or eq. (4). 

Denotes the d.c. voltage between the sensor electrodes 

when a current of lA is passed through the driver 

electrodes and the sheet resistance is In. For four-probe 

a~rangements, when the driver and sensor electrodes are 

next to each other and the contact length is small in 

comparison with the hole length of the boundary of the 
ln2 

sheet, we can expect V
Q 
~ -TI-- = 0.22 following van der 

Pauw's result [7J. Using the following expression 
V 

RO = ~ . A(2Z/L) 
e 

we can calculate the sheet tesistivity. In the 

calculations RO = In 

obtained from table 

calculate the sheet 

same geometry. 

and I = lA, sO (2l/L) equals l/V
Q 

1. Measuring V and I , we can 
e e 

resistance RO of any sample with the 
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This column denotes the contribution per cent of the 

classes 1 to 4 incl. in this sequence with respect to 

the total given in the first column. 

When the percentages of all classes are low, it means 

that the noise is homogeneously distributed. The 

percentages for geometry C have not been calculated. 

Owing to the accuracy of the calculation all percentages 

are rounded off to integers. 

If there is a corresponding experimental result (same 

geometry in the next column, this column gives the 

calculated SQ using eg. (6) and the following data: 

All situations: f = 1 Hz 

I 
cal 

= 1 Amp. 

RO = 4k5 

C = 5x 10-
10 

(cm
2
). 

us 

A4 and A3 situations: I = 90 ~A 
e 

L = 10.4 cm 

Number of ilL-form" areas K 340 

A=0.32cm 
2 

A2 situations: I 55 ~A 
e 

L = 13.6cm 

Number of ilL-form" areas K 340 

A = 0.54 cm
2 

B situations: I = 55 ~A 
e 

L 15 cm 

Number of "L-form"areas K = 340 

A 

C situations: I 
e 

= 0.54 

90 ~A 

L 12 cm 

2 
cm 

Number of ilL-form" areas K 340 

A = 0.42 cm2 
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The experimentally observed results of SQ measured 

under conditions as described in the foregoing column. 

This column gives the number of the page where a - spatial distribution 
chart on page 

chart of the spatial noise distribution of this situation 

is shown. 



- 18 -

TABLE 1 

Situation l:L V Percentages Cal. SQ Exp. SQ Distr. Plot 
s Q 

code' . (V) . Page: 

A4 90 1.1 3.2X10-
3 

0 1,3,90',90 B.2Xl0-
13 

2.0 x10-
12 

25 

A4 00 3.3 2.6; 10-3 
0 2,5,83,57 6.8x 10-

13 1.8 xl0-
12 

25 

A4 00 5.5 3.5X10-
3 

0 2,5,70,52 9.1x 10-
13 

4.5 X10-
12 

26 

A400 6.6 5.0x 10-
3 

0 2,6,81,64 1.3X10-
12 

3.5 xl0-
12 

26 

A4 00 7.7 9.1 x l0-
3 

0 2,5,84,78 2.4x l0-
12 

8.1 X10-
12 

27 

A4 00 8.8. 2.2Xl0- 2 .' Q 
... 

0;4,96,84 5.7x l0-
12 

4.0 xl0-
11 

27 

A4 Nn 1.1 9. Ox 10-
4 

0.12 2,3,94,87 2.3X10-
13 

5.9xl0-
13 

28 

A4 Nn 3.3 7.2x lO-
4 

0.18 3,9,80,63 1.9x l0-
13 

5.2 xl0-
13 

28 

A4 Nn 5.5 1.1Xl0-3 
0.21 2,7,60,43 2.9Xl0-

13 1. 2 Xl 0 -12 29 

A4 Nn 6.6 1.6x l0-
3 

0.22 2,7,63,45 4.2x l0-
13 1.2xl0-12 

29 

A4 Nn 7.7 3.ox lO-
3 

0.22 1,5,81,49 7 .8x 10-
13 

2.3 xl0-
12 

30 

A4 Nn 8.8 7.5XlO- 3 
0.22 1,2,85,62 1.9x 10-

12 
1. 2 xl0-11 

30 

A3 Nn 1.1 1.4x 10-3 
0.15 2,4,92,86 3.6x 10- 13 1.1X10-

12 
31 

A3 Nn 3.3 2.3Xl0-
3 

0.52 3,5,87,65 6.0Xl0-
13 

1.1 xl0- 12 
31 

A3 Nn 5.5 8.3x l0-
3 

0.65 3,4/92/82 2 .2x 10-
12 

3.7 xlO-
12 

32 

A3 Nn 6.6 2.0x l0-
2 

0.94 2/3,92/86 5.2x l0-
12 

7.0 xlO-
12 

32 

A3 Nn 7.7 5.9Xl0-
2 

1.47 1/2/96/89 1. 5x 10-
11 

2.6 xlO-
ll 

33 

A3 Nn 8.8 3 .Ox 10- 1 
2.70 1,1,98/95 7.8XlO- 11 

1.6xl0-
1O 

33 

A3 No 1.1 2.7Xl0-
3 

0.26 2,4/92,86 7.0 x lO-
13 

1.6xl0-
12 

34 

A3 No 3.3 3.3x l0-
3 

0.52 2,5,83,61 8.6 X10-
13 

1.5 x l0-
12 

34 

A3 No 5.5 9.8Xl0-
3 

0.87 2/5,87,72 2.6 x lO-
12 

3.5 xlO- 12 
35 

A3 No 6.6 2.2Xl0-
2 

1.16 2,3/92/83 5.6xl0- 12 
7.5 x l0-

12 
35 

A3 No 7.7 6.3x l0-
2 

1.68 1,2,93/89 1.6 xl0-
l1 

2.6xl0-
11 

36 

A3 No 8.8 3. !Xl0-
1 

2.91 0,1/96/90 8.1Xl0-
11 1.8X10-

IO 
36 
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TABLE 1 (continued) 

Situation LL 
s . 

V 
Q 

Percen't::ages. Cal. S 
Q 

Exp. SQ Distr. Plot 

code· . . (vl Page: 

A2 Nn 1.1 5.1x 10-3 
0.42 2,3,95,91 2.9xl0-

13 
6.0x10-

13 
37 

A2 Nn 3.3 6.3x l0-
3 

0.86 2,4,83,70 3.6x l0- 13 1.1xl0-
12 

37 

A2 Nn 5.5 1.9x l0-2 
1.52 1,2,89,51 1.1Xl0-

12 2.9Xl0-
12 

38 

A2 Nn 6.6 4.3x l0-
2 

2.10 1,2,92,36 2.5Xl0-
12 

38 

A2 Nn 7.7 1.3x l0-
1 

3.15 1,1,93,21 7.4xl0-
12 4.5Xl0-11 

39 

A2 Nn 8.8 6.2><10-
1 

5;60 0,1,97,10. 3. 6xtO-
ll 

. 39 

A2 00 1.1 3.3x l0- 3 
0.53 3,6,87,85 1.8x l0- 13 4.2 xl0-

13 
40 

4.9x l0- 3 2.8Xl0-
13 1.1 xl0-

12 • 
A2 00 3.3 1.04 1,4,74,44 40 

A2 00 5.5 1. 7x l0- 2 
1. 73 1,2,82,13 9.7Xl0-

13 
2.4Xl0-

12 
41 

A2 00 6.6 4.1Xl0-
2 

2.32 1,1,87, 8 2.3Xl0- 12 
41 

A2 00 7.7 1.2x l0- 1 
3.37 0,1,92, 8 6.8x lO- 12 4.2XlO- 11 

not presented 

A2 00 8.8 6.2x l0-
1 

5.81 0,0,96, 0 3. 5x 10 -11 42 

B4 00 1 1.6xl0-3 
0 1,2,85,16 9.1xlO- 14 

43 

B4 00 2 1.6x l0-3 
0 1,2,85, 0 9.1x lO-14 1.5xl0-

13 
43 

B4 00 4 1.6xl0- 3 
0 1,2,86, 0 9.1x l0-

14 
1.9xl0-

13 
44 

B4 00 6 1.4xl0-3 
0 0,2,86, 0 8.0x lO-

14 
2.0xl0-

13 
44 

B4 00 8 7. 8x l0-
4 

0 0,1,80, 0 4.5x l0-
14 

8.5xl0-
14 

45 

B4 Nn 1 8.6xl0-4 
0.22 1,4, 0, 0 4.9X10-

14 
46 

B4 Nn 2 8.4xl0-
4 

0.22 1 ,4, 0, 0 4.8x lO-14 l.OX10- 13 
46 

B4 Nn 4 7.3x l0-
4 

0.20 1 , 3 I 0, 0 4.2X10- 14 9.0xlO-
14 

47 

B4 Nn 6 5.2xl0-4 
0.16 1,5 , 2, 0 3.0x l0-

14 
5.2xl0- 14 

47 

B4 Nn 8 2.7x 10-
4 

0.09 1,1,14, 0 1.5X10-
14 

4.0xl0-
14 

, 
48 ! 
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TABLE 1 (continued) 

Situation l:L V Percentages Cal. S Exp. SQ Distr. Plot 
.. .s . Q Q .. 

Code (V) page: 

B3 Nn 1 2.8x lO-
2 

1.16 2,3,91,85 1.6x l0-12 
49 

B3 Nn 2 1. 1Xl0-2 
0.85 2,4,88,78 6.3"10-

13 2. 2X 10-
12 

49 

B3 Nn 4 3.1Xl0-
3 

0.48 2,5,79,57 1.8x lO-
13 

4.5x lO-
l3 

50 

B3 Nn 6 1.2.x 10-3 
0.26 4,6,68,31 6.8x lO-14 l.P 10-

13 
50 

B3 8 3.7 X lb-4 
b.l1 

.. .. 
6,7,33,15 

...... -14 . 
4 5X 10-

14 
51 Nn 2.1x l0 ... ... 

B3 on 1 2.9X l0-
2 

1. 37 3,5,90,85 1.7X 10-12 52 I 

B3 On 2 1.2X lO- 2 
1.06 3,6,84,76 6.8X IO-

13 1.5X lO-
12 

52 

B3 On 4 4.F10-
3 

0.68 3,8,79,57 2.3X 10-13 7.5 X lO-13 53 

B3 On 6 1.9X 10-3 
0.42 1,8,75,49 1.1Xl0-

13 2.0><10- 13 53 

B3 On 8 7.6x 10-
4 

0.20 0,7,74,55 4.3X 10-
14 

9.5x 10-
l4 54 

I 

B2 00 1 5.7Xl0-
2 

2.74 3,5,89,81 3.JX10-
12 

55 

I B2 00 2 2.2 X 10-
2 

2.12 4,8,84,71 1.3XlO-
12 

2.0X lO-
12 

55 

B2 4 6.5X 10-
3 

1. 37 3,9,74,47 3.7X 10-
13 1.F10-12 56 

I 
00 I 

B2 00 6 2.8x lO-3 
0.84 1,6,58,28 1.6x lO-

13 
3.8X lO-

13 
56 I 

B2 00 7 1.8x lO-3 
0.61 1,3,42,23 1.0x lO-13 

not presente1 

B2 00 8 1.1 X l0-3 
0.40 0,2,27,15 6.3x 10-

14 
1.3X 10-

13 
57 , 

I 

B2 Nn 1 5.9X10-
2 

2.52 2,5,85,73 3.4x 10-
12 

58 I 
B2 Nn 2 2.4 x 10-

2 
1.90 1,4,79,61 1.4x l0- l2 

3.2x 10-
12 

58 

B2 Nn 4 8.0 X lO-3 
1.16 2,5,80,41 4.6x l0- 13 1.0x 10-

12 
59 

B2 Nn 6 3.6x 10-
3 

0.68 4,6,86,23 2.1 x 10-
13 

5.0x I0-
13 

59 

B2 Nn 8 1.4x 10-3 
0.31 3,4,94, 8 8.0x lO-

14 
1.6x 10-13 

60 
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TABLE 1 (continued) 

Situation EL V
Q 

Cal. SQ Exp. SQ 
5 

code (v) 

c4 00 1.1 2. 5x 10 
-3 

o V 5xl0-
13 

3.4xlO-
12 

C4 00 2.2 2.3x I0-
3 

o V 4.6x10-
13 

2.8x10-
12 

C4 00 3.3 2.2x I0-
3 

o V 4.4x10-
13 

3.5x10-
12 

C4 00 6.6 1.7x I0-
3 

o V 3.4x10-
13 

2.0x10-
12 

.. 
C4 00 8.8 1.9><10-

3 o V 
...... -13 
3.8 x10 2.:1 X10-

12 

C4 Nn 1.1 7. 4x 10 
-4 

0.22 1.5x10-
13 

9.2XI0-
13 

C4 Nn 2.2 
. -4 

6. 6x 10 0.21 1.3x10-13 8.0xlO-
13 

C4 Nn 3.3 6. 3x 10 
-4 

0.20 1.3xl0-
13 

8.0X10-
13 

C4 Nn 6.6 4.9x10 
-4 

0.15 9.8xlO-
14 

5.5XI0-
13 

-4 
1.2xlO-13 . 7.4x10-

13 
C4 Nn 8.8 6. Ox 10 0.10 

C3 Nn 1.1 1.1xl0 
-2 

0.63 2.2xl0-
12 

2.940- 11 

C3 Nn 2.2 5.2xl0 
-3 

0.50 1. 0 xl0 -12 5.3 Xl0-
12 

C3 Nn 3.3 3. Ox 10 
-3 

0.40 6.0 xl0-
13 

2.840-
12 

C3 Nn 6.6 1. Ox 10 
-3 

0.22 2.0 xl0-
13 

9.0xI0-
13 

C3 Nn 8.8 9.0xl0 
-4 

0.12 1.8xl0-
13 

1.040-12 

C3 No 1.1 1 . 3x 10 
-2 

0.85 2.6 xl0-
12 

3.1 x 10- 11 

C3 No 2.2 6. 2x 10 
-3 

0.70 1.2 xl0-
12 

5.7xI0-
12 

C3 No 3.3 3. 9x 10 
-3 

0.60 7.8x10-
12 

3.8xl0-
12 

C3 No 6.6 1. 7x 10 
-3 

0.37 3.4xl0-
13 1.4xI0-12 

C3 No 8.8 1. 7x 10 
-3 

0.21 3.4xl0-
13 

2.4xI0-
12 

c2 00 1.1 2.2xl0 
-2 

1. 70 4.4 xlO-
12 

1.9 XI0- 1O 

C2 00 2.2 1.1x 10 
-2 

1. 41 2.2 xlO-
12 

3.2 X10-
11 

C2 00 3.3 6.5xl0 
-3 

1. 20 1. 3 xlO -12 2.6xI0-
11 

C2 00 6.6 2. 3x 10 
-3 

0.73 4.6 xlO-
13 

4.1xl0-
12 

C2 00 8.8 2. Ox 10 
-3 

0.43 4.0 xlO-
13 

3.8 xlO-
12 

C2 Nn 1.1 2.5 x l0 
-2 

1.50 5.0 x l0-
12 

1.3 xI0-
1O 

C2 Nn 2.2 1 • 2x 10 
-2 

1.20 2.4 x I0-
12 

2.6 xl0-
11 

C2 Nn 3.3 7.5xl0 
-3 

1.00 1.5 x I0-
12 

1.8xI0-
11 

C2 Nn 6.6 3.3x10 
-3 

0.58 6.6xl0-
13 

4.0 xl0-
12 

C2 Nn B.8. 3 ;3><10-3 
0.33 

.... ··-13 
6> 6 X10 

..... -12 
6.4xI0 
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TABLE 2 

°12 Dl 

... S~t~ati6ri·· 
.. 

IL 
.. 

V
Q 

IL5 
s . V

Q 

B4 Nn 1 6.8 xlO-
4 

0.18 1.9 x10-
3 

0.34 
" .. 

B4 Nn 2 6.6x l0-4 
O. Hl 

... : ... ·-3 
1.8x10 

.. 
0.34 

B3 Nn 1 4.6xl0-
2 

1.28 4.6xl0 
-2 

1.28 

B3 Nn 2 ······-2 
1.2x10 . 

.. 
0.93 1.2xl0-

2 
0.93 

B3 On 1 
. -2 

4.7xl0 1.45 4.7x10 
-2 

1.62 
.. ... . .... -2 .. 

.B3 On 2 1.3xl0-
2 

1.11 1.3x10 . L27 

B2 Nn 1 9.7x10 
-2 

2.73 9.8xl0 
-2 

2.90 

B2 Nn 2· 2.1xlO-2 
2.04 

.. ··-2· 
3.0x10 ... 2.21 

. 

Table 2: Columns denoted by D12 give ELs and the corresponding d.c. voltage V, 

when the current source is connected to (1, 2). Column denoted 

by D
13 

given 

connected to 

IL 
s 

( 1 , 

and V
Q 

but now with the current source is 

3). See the figure below. The sample of fig. 

lb is simulated by a resistor network with all row resistors 

having a value of 1.25~ . So table 2 shows the effect of loss 

of symmetry. Note ~hat in the special case of B3 Nn there is 

no difference in the results because in that situation we are 

applying the reciprocity principle and the reciprocity 

principle holds for this simple linear passive network. 

The arrow in the fig. indicates the "easy 

direction" of the resistivity. In the 

direction perpendicular to the arrow the 

sheet resistance and C is 25% higher 
us 

than in the arrow direction. 

1 

) 

.~ 

2. 

it 
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TABLE 3 

I .. isotropic anisotropic 

Situation LL V EL V 
s Q s Q 

code 

B4 00 1 1.6xl0-3 
0 2.4 xl0 

-3 
0.17 

B4 00 2 1 • 6x 1 0 
-3 

0 2.4 xl0 
-3 

0.16 

B4 Nn 1 8.6xl0 
-4 

0.22 6.8 xl0 
-4 

0.18 

B4 Nn 2 8.4xl0-
4 

0.22 6.6xl0 
-4 

0.18 

B3 Nn 1 2.8X l0-
2 

1.16 4.640 
-2 

1.28 

B3 Nn 2 1.1 X l0-
2 

O.BS 1.2 xl0 
-2 

0.93 

B3 On 1 2.9x l0-
2 

1. 37 4.7 xl0 
-2 

1.45 

B3 On 2 1.2Xl0-2 
1.06 1. 3 xl0 

-2 
1.11 

B2 00 1 5.7 x l0-2 
2.74 8.8 xlO 

-2 
3.08 

B2 00 2 2.2 x l0 
-2 

3.6 xl0 
-2 

2.38 
. 2 -2 

B2 Nn 1 5.9Xl0-~ 9.7xl0 L2.73 
-2 -2 

B2 Nn 2 2.4xl0 1.90 2.7xl0 2.04 

. --

Table 3: Columns denoted "isotropic" give ELs of output Ql,Q2 

corresponding d.c. (the EL 
s 

column in table 1) and the 

voltage V
Q 

when the planar resistor of fig. lb, is simulated 

by a network with all resistors having the same value. The 

columns denoted "anisotropic" gi~le corresponding results 

when the vertical resistors are 1.2SQ and the horizontal 

resistors are 10.. The isotropic and anisotropic results deal 

with exactly the same situations, which means that not only 

the configuration is the same but also the terminals D and Q 

are connected to contacts with the same numbers. 
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Appendix B Spa.tial noise distribution 

This appendix "ontains charts of all spatial noise distributions of the A 

and B situations given in Appendix A, table 1. 

In the plots the conductor boundaries are represented by dotted lines. Areas 

with a low and high noise contribution are bordered by solid lines. When such 

an area is indicated by the letter "L" for low contribution, it means that all 

squares of unit ilL-form" areas inside that area fall in class 1; when indicated 

by "H" for high contribution, the unit areas bordered by the solid line fall 

in class 4. For the exact information of each plot see Appendix A, table 1. 

In all plots D1 and D2 are the driver electrodes, Q
1 

and Q
2 

the sensor 

electrodes. 
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