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1. Introduction
This report is an analysis of a capacitive displacement sensor for the TMT (Thirty Meter Telescope) using the Maxwell 3D software from Ansoft Corporation.  Using the Maxwell 3D electrostatic simulator we have analyzed two geometries: the ‘baseline’ geometry, composed of one sense pad and two drive pads; and a ‘full geometry’, composed of the baseline geometry plus the coupling capacitors to allow all of the electrical connections to be placed on one side. The sensors will be mounted on mirrors as shown in Figures 1 and 2. For both geometries we have calculated the sensitivity in six directions (3 displacements and 3 rotations) and the interference among three sensors at a vertex of the hexagonal array of mirrors (Figure 2).  
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Figure 1 – One mirror with the sensor and actuator positions.
[image: image3.png]



Figure 2 – Example of the hexagonal array of mirrors.
2. Base Line Geometry
2.1. Model Description
The baseline geometry of the TMT sensor consists of one sense pad mounted on the edge of one mirror element and two drive pads mounted on the edge of the adjacent mirror element.   The geometry is described in Table 1 and it is shown in Figure 3.  The coordinated system is chosen such that the z axis is perpendicular to the mirror surface, the y axis is perpendicular to the edge surface and the x axis runs parallel to the gap between the lens elements (Figure 4). A simplified schematic version of the baseline sensor and the electronic circuit necessary to measure the charge is in Figure 5.
Table 1 – Baseline Description.

	Object
	Size (mm)
	Material
	Conductivity (Siemens/ meter)
	Dielectric constant

	Drive A
	50 x 0.01 x 15
	Copper
	4.1 x 107
	1

	Drive B
	50 x 0.01 x 15
	Copper
	4.1 x 107
	1

	Sense
	30 x 0.01 x 20
	Copper
	4.1 x 107
	1

	Mirror A
	600 x 100 x 40
	Glass
	1
	5.5

	Mirror B
	600 x 100 x 40
	Glass
	1
	5.5

	Background
	8000 x 8000 x 8000
	Vacuum
	0
	1
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Figure 3 – (a) Mirrors geometry. (b) Base Line geometry.
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Figure 4 – Coordinate system of the mirror edges.
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Figure 5 – Simplified schematic diagram of the baseline geometry.

2.2. Sensitivity Analysis: One sensor
The sensors described in this report should be as sensitive as possible to a displacement in the Z direction (delta Z) and to rotations about the X axis (theta X) and they should be insensitive to displacements in all other directions (delta Y, delta X, theta Y and theta Z). All of these displacements and rotations were simulated and the results are shown in Figures 6 to 9. The numerical error for all the simulations was set to two percent if not mentioned.

Figure 6 shows the absolute values of the capacitances between Drive 1 and Sense (CD1S) and Drive 2 and Sense (CD2S) for a displacement in the Z direction (delta Z).
[image: image9.emf]Capacitance vs. Delta Z

0

0.5

1

1.5

2

2.5

3

3.5

-4 -3.5 -3 -2.5 -2 -1.5 -1 -0.5 0

DeltaZ (mm)

Capacitance (pF)

CD1Sense

CD2Sense


Figure 6 – Capacitance as a function of Delta Z (CD1Sense means capacitance between Drive 1 and Sense pads).


The electronics circuits that will follow these sensors will measure the difference between CD1S and CD2S (called in this document 
[image: image10.wmf]C

D

). This difference is shown in Figure 7. Figure 7 also shows the theoretical capacitance difference between these two capacitors. The theoretical values were calculated using the parallel plate capacitors equations, as follows:
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(1)
where L1 is 8 mm L2 is 30 mm (Figure 3) and gap is 2 mm.  L1 is the overlap between the sense plate and the drive plate in the y direction and L2 is the width of the sense plate in the x direction (see Fig. 3).
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Figure 7 – (C (CD1S-CD2S) calculated by the model and by the theoretical equations.

The other movement that the sensor is designed to measure is the rotation around the X axis (theta X). The sensitivity for the baseline sensor geometry is shown in Figure 8.  The values of the sensitivities at the central position are listed in Table 2.
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Figure 8 – (C (CD1S-CD2S) for a rotation around the X axis.


In this geometry, the change in (C (CD1S-CD2S) for the other two displacements and two rotations (delta Y, delta X, theta Y and theta Z) are zero by symmetry (for the center position) . Figure 9 shows the change in (C (CD1S-CD2S) as determined by the simulation for changes in delta X and the non zero values reflect the accuracy of the calculation. These measurements were made with Maxwell 3D with the accuracy parameter set to 2 percent. As shown in Figure 9 this results in fluctuations in the calculated capacitance that have a standard deviation of 1.5fF. If it is necessary to make the calculations more precisely the accuracy parameter can be reduced but the time required for the simulation will increase significantly. Table 2 summarizes the sensitivities for the baseline geometry.
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Figure 9 – (C (CD1S-CD2S) for a displacement along the X axis.

Table 2 – Sensitivity of the baseline geometry 
	
	DeltaZ (aF/nm)*
	ThetaX (aF/udegree)
	DeltaX (aF/nm)
	DeltaY (aF/nm)
	ThetaZ (aF/udegree)
	ThetaY (aF/udegree)

	Sensitivity
	0.2736
	0.1888
	0
	0
	0
	0


* Where aF means atto (10-18) Farads. 
2.3. Sensitivity Analysis: Three sensors in the edge

The plan is to put two sensors on each edge of each hexagonal mirror segment.  Therefore there will be three sensors in close proximity at each vertex. In order to calculate the interference between them we simulated three sensors as shown in Figure 10. The resulting capacitance matrix between the nine pads is shown in Table 3.    
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Figure 10 – Model of three sensors on the corner.

Table 3 – Capacitance matrix for the three sensors on the corner (capacitances are in pF).
	
	Drive1A
	Drive2A
	SenseA
	Drive1B
	Drive2B
	SenseB
	Drive1C
	Drive2C
	SenseC

	Drive1A
	-7.306
	2.475
	2.776
	0.123
	0.122
	0.063
	0.121
	0.120
	0.101

	Drive2A
	2.475
	-7.305
	2.776
	0.122
	0.123
	0.063
	0.120
	0.121
	0.102

	SenseA
	2.776
	2.776
	-6.884
	0.103
	0.103
	0.047
	0.062
	0.062
	0.046

	Drive1B
	0.123
	0.122
	0.103
	-7.312
	2.493
	2.780
	0.123
	0.122
	0.063

	Drive2B
	0.122
	0.123
	0.103
	2.493
	-7.312
	2.776
	0.123
	0.123
	0.063

	SenseB
	0.063
	0.063
	0.047
	2.780
	2.776
	--6.881
	0.103
	0.103
	0.047

	Drive1C
	0.121
	0.120
	0.062
	0.123
	0.123
	0.103
	-7.331
	2.485
	2.782

	Drive2C
	0.120
	0.121
	0.062
	0.122
	0.123
	0.103
	2.485
	-7.323
	2.779

	SenseC
	0.101
	0.102
	0.046
	0.063
	0.063
	0.047
	2.782
	2.779
	-6.910


2.3.1. Spice model for three base line sensors


The capacitances calculated for the three sensors were used as input for a Spice model of this situation. The desired result for the analysis is the charge on sensors A, B and C as a function of the drive voltages. Noting that the charge is measured by a charge integrating amplifier that is a virtual ground at the sense pads, these charges can be calculated directly from the matrix, given by: 
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For instance, the charge on sense pad A is given by:
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(3)
where the capacitances are measured in pF, voltage in volts and charge in pC (picocoulombs). This equations shows that the charge QA will be affected by the others sensors.
3. Full Geometry

3.1. Model Description

The full model of the TMT project consists in one sense pad and two drive pads (like the baseline) plus two coupling capacitors (one to each drive pad). The objective of this geometry is to eliminate the cables that cross the mirrors to drive the sensors. The geometry properties of this sensor are described in Table 4 and it is shown in Figure 11. A simplified schematic diagram of the full sensor geometry is in Figure 12.
Table 4 – Full Sensor Description.

	Object
	Size (mm)
	Material
	Conductivity (Siemens/ meter)
	Dielectric constant

	Drive A
	15 x 50 x 0.01
	Copper
	4.1 x 107
	1

	Drive B
	15 x 50 x 0.01
	Copper
	4.1 x 107
	1

	Sense
	20 x 30 x 0.01
	Copper
	4.1 x 107
	1

	Coupling Sensor A
	40 x 40 x 0.01
	Copper
	4.1 x 107
	1

	Coupling Sensor B
	20 x 20 x 0.01
	Copper
	4.1 x 107
	1

	Connection
	20 x 1 x 0.01
	Copper
	4.1 x 107
	1

	Mirror A
	40 x 600 x 100
	Glass
	1
	5.5

	Mirror B
	40 x 600 x 100
	Glass
	1
	5.5

	Background
	8000 x 8000 x 8000
	Vacuum
	0
	1
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Figure 11 – Full sensor geometry.
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Figure 12 – Simplified schematic diagram of the full sensor geometry.

3.2. Sensitivity Analysis: One full sensor

The full sensor geometry should behave like the baseline geometry. In order to verify this we are going to do the sensitivity analysis for the six directions (3 displacement and 3 rotations) as we did before. 

The Maxwell 3D simulator was used to calculate the change in (C for the same six motions as in Section 1.  The displacement in the Z direction is shown in Figure 13. There are two main features that show up in this graph: 
(1) There is a loss of sensitivity of 6.65 times relative to the baseline geometry (Figure 14); 
(2) The off-set is larger than the one for the base line geometry. The off-set is due to the lack of symmetry in the electric fields for this geometry and it is not an issue because it can be corrected electronically.  
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Figure 14 – Full sensor sensitivity for a displacement along the Z axis.
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Figure 15 – Full sensor sensitivity for a displacement along the Z axis.

The reduced sensitivity is due to two factors.  When the coupling capacitors are connected to the drive capacitors there will be a loss of sensitivity due to the series connection as shown in the following equation,
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 are the capacitances measured by the electronic circuits and 
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 is the attenuation factor that cause the loss of sensitivity. This accounts for a factor of 1.7. This is different from the factor of 6.65 we measured in the simulation. As can be seen from the capacitance matrix (Table 6), the remaining factor of 3.9 is due to the large stray capacitance between the Drive 1 and Drive 2 pads represented by capacitance CD1D2 in Figure 15. Clearly, reducing this capacitance and increasing the ratio of CC1D1 to CD1S and CC2D2 to CD2S will improve the performance of this geometry.
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Figure 13 - Schematic diagram of the full sensor geometry.

The second motion that this sensor must measure is the rotation around the X axis. This is shown in Figure 16. In this measurement we also notice a loss of sensitivity and a larger off-set compared to the baseline geometry.
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Figure 16 – Full sensor sensitivity for a rotation around the X axis.

The sensor should have minimum sensitivity to all other motions. Figure 17 shows the sensitivity of the full sensor for a displacement in the X direction.  The ratio of the sensitivity to a change in x to that of a change in z (which was zero in the baseline geometry) is 0.026.  This is probably too large considering the need to measure z at the nanometer level.  This ratio can be reduced by increasing the symmetry of the design. Figure 18 shows the same effect but now for a larger displacement.
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Figure 17 – Full sensor sensitivity for a displacement along the X axis.
[image: image28.emf]Capacitance vs. Delta X

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

0.5

-30 -20 -10 0 10 20 30

Delta X (mm)

Capacitance (pF)

CD1S-CD2S

Cc1S-Cc2S Model


Figure 18 – Full sensor sensitivity for a displacement along the X axis and for (C (CD1S-CD2S).

For the displacement in the Y direction, the absolute values of the capacitances show the same behavior as we saw for the baseline measurement (Figure 19). For the difference of the capacitances (Figure 20) we now see some sensitivity that we didn’t see for the baseline geometry. This effect requires further investigation. For example, it could be caused by the numerical error of Maxwell 3D (now set to 2%) or even by distortion of the electrical fields close to the mirror corner.
[image: image29.emf]Capacitance vs. Delta Y

0

1

2

3

4

5

6

7

8

9

10

-2 -1 0 1 2

Delta Y (mm)

Capacitance (pF)

CG1S

CG2S


Figure 19 – Absolute values for the full sensor for a displacement along the Y axis.
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Figure 20 – Full sensor sensitivity for a displacement along the Y axis.
Figure 21 shows the sensitivity of the full sensor for a rotation around the Z axis. In this geometry there is a greater sensitivity to this rotation because of the coupling capacitors. In this rotation the gap of one of the capacitors gets smaller while the other gets larger.   The corresponding difference in capacitance is responsible for this sensitivity. Table 5 summarizes the sensitivities for the full sensor geometry.
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Figure 21 – Full sensor sensitivity for a rotation around the X axis.
Table 5 – Sensitivity of the full sensor geometry 
	
	DeltaZ (aF/nm)
	ThetaX (aF/udegree)
	DeltaX (aF/nm)
	DeltaY (aF/nm)
	ThetaZ (aF/udegree)
	ThetaY (aF/udegree)

	Sensitivity
	0.0426
	0.0263
	0.0011
	0.009
	0.7637
	0


3.3. Sensitivity Analysis: Three sensors in the edge

              Fig. 20 shows three sensors mounted on the edges which form a vertex in the hexagonal array.  The stray capacitance between the elements of the sensors will generate interference between the sensors.   Table 6 contains the capacitance matrix obtained by solving this geometry with Maxwell 3D.  There is a large coupling between the drive pads of the three sensors that needs to be studied in detail using Spice simulators (differently than equation (3)).
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Figure 22 - Model of the 3 sensor on the corner for the full sensor geometry.

Table 6 – Capacitance (pF) for the three sensors on the corner. 
	
	Drive1A
	Drive2A
	SenseA
	CouplingCap1A
	CouplingCap2A
	Drive1B
	Drive1C
	Drive2B
	Drive2C
	CouplingCap1B
	CouplingCap2B
	CouplingCap1C
	CouplingCap2C
	SenseB
	SenseC

	Drive1A
	-16.023
	3.9423
	2.9292
	3.966
	0.1707
	1.0969
	1.0958
	0.2560
	0.29574
	0.094824
	0.46095
	0.02572
	0.05684
	0.0466
	0.1581

	Drive2A
	3.9423
	-15.134
	3.002
	0.1522
	4.1565
	0.2948
	0.2568
	0.2419
	0.24272
	0.024256
	0.08262
	0.02814
	0.05441
	0.0344
	0.09213

	SenseA
	2.9292
	3.002
	-6.988
	0.117
	0.134
	0.1574
	0.0465
	0.0916
	0.03444
	0.00812
	0.01195
	0.00792
	0.0066
	0.0110
	0.01114

	CouplingCap1A
	3.966
	0.1522
	0.117
	-5.187
	0.0187
	0.4609
	0.0947
	0.0823
	0.0243
	0.0211
	0.0211
	0.0578
	0.00384
	0.0119
	0.00817

	CouplingCap2A
	0.1707
	4.1565
	0.134
	0.0187
	-5.14
	0.0565
	0.0257
	0.05419
	0.02822
	0.003825
	0.00581
	0.0578
	0.00581
	0.00658
	0.00796

	Drive1B
	1.0969
	0.2948
	0.1574
	0.4609
	0.0565
	-16.012
	1.0955
	3.9256
	0.25643
	3.9666
	0.09503
	0.1703
	0.0258
	2.935
	0.04657

	Drive1C
	1.0958
	0.2568
	0.0465
	0.0947
	0.0257
	1.0955
	-16.021
	0.29519
	3.9372
	0.4610
	3.9676
	0.05675
	0.17124
	0.15815
	2.9316

	Drive2B
	0.2560
	0.2419
	0.0916
	0.0823
	0.05419
	3.9256
	0.29519
	-15.12
	0.2427
	0.1519
	0.02432
	4.1575
	0.028299
	3.0005
	0.03444

	Drive2C
	0.29574
	0.24272
	0.03444
	0.0243
	0.02822
	0.25643
	3.9372
	0.2427
	-15.10
	0.08250
	0.15265
	0.05452
	4.1475
	0.09222
	2.9918

	CouplingCap1B
	0.094824
	0.024256
	0.00812
	0.0211
	0.003825
	3.9666
	0.4610
	0.1519
	0.08250
	-5.18
	0.02116
	0.0187
	0.00581
	0.1175
	0.01195

	CouplingCap2B
	0.46095
	0.08262
	0.01195
	0.0211
	0.00581
	0.09503
	3.9676
	0.02432
	0.15265
	0.02116
	-5.19
	0.00384
	0.01885
	0.00818
	0.1175

	CouplingCap1C
	0.02572
	0.02814
	0.00792
	0.00578
	0.0578
	0.1703
	0.05675
	4.1575
	0.05452
	0.0187
	0.0384
	-5.1452
	0.00583
	0.1343
	0.0066

	CouplingCap2C
	0.05684
	0.05441
	0.0066
	0.00384
	0.0581
	0.0258
	0.17124
	0.028299
	4.1475
	0.00581
	0.01885
	0.00583
	-5.1337
	0.00799
	0.1338

	SenseB
	0.0466
	0.0344
	0.0110
	0.0119
	0.0658
	2.935
	0.15815
	3.00005
	0.09222
	0.1175
	0.00818
	0.1343
	0.00799
	-6.9947
	0.01112

	SenseC
	0.1581
	0.09213
	0.01114
	0.00817
	0.0796
	0.04657
	2.9316
	0.03444
	2.9918
	0.01195
	0.1175
	0.0066
	0.1338
	0.01112
	-6.9801


4. CONCLUSION
In this report we have calculated the sensitivity of the baseline model and of the full sensor geometry to six motions using the Ansoft Maxwell 3D software. At this point there are good indications that the baseline model can perform adequately.  

The full sensor geometry has the advantage that no cables cross from one mirror to the other. However, two main behaviors for this geometry were reported: 
(1) There is a loss of sensitivity of about a factor of seven. The Spice model shows that this is due to the coupling capacitors and due to the stray capacitance between drive1 and drive2. 
(2) There is a sensitivity to the X displacement due to the lack of symmetry. 
This two behaviors show that this geometry requires further design. The Maxwell modeling can guide us on design choices in order to have higher signal sensitivity in the Z displacement and X rotation. We also can reduce the sensitivity in the X displacement by making the model more symmetric.


We have found that the Maxwell 3D software is a very useful tool for the calculation of the inter-element capacitances and made it possible to calculate the sensitivity of the sensors with precision. The accuracy of the calculations with the ‘accuracy parameter’ set to two percent is adequate to characterize all of the motions investigated.
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