
SENSOR AND METHOD OF CONTROLLING THE SAME 

Cross-Reference To Related Application 

5 [0001] This application claims the benefit of priority of Singapore patent application 

No. 201208160-0, filed 5 November 2012, the content of it being hereby incorporated by 

reference in its entirety for all purposes. 

Technical Field 

IO 

[0002] Various embodiments relate to a sensor and a method of controlling the sensor. 

Background 

15 [0003] Inertial navigation sensors play a very important role in today's technology. Three 

axis gyroscopes and accelerometers are widely used for tracking the movement or 

velocity of any subject, such as an object, vehicle or person. On top of these sensors (e.g. 

one or more 3-axis gyroscopes and one or more 3-axis accelerometers), initial position of 

the subject is also acquired from the Global Positioning System (GPS) to find and track 

20 the subject around the Earth. However, the initial orientation of the sensor is required for 

tracking the position of the subject and this information can be obtained by a three axis 

magnetometer sensor. By measuring the strength and direction of the Earth's magnetic 

field, a magnetometer system can detect its orientation with respect to the Earth. 

Therefore, magnetometers are indispensable elements for tracking systems. 

25 [0004] In addition to sensing orientation with respect to the Earth, magnetometers have 

wide range of usage. These application areas can be listed as automotive sensors, non­

destructive material testing, secmity systems, structural stability, medical sensors, and 

military instruments, for example. To meet the requirements of all these different 

applications, there are many different magnetic field sensors available. Some of the 

30 magnetic field sensors can be listed as Superconducting Quantum Interference 

Device (SQUID), Hall Effect Magnetometers, search coils, Fluxgate Magnetometers, 



Anisotropic Magnetoresistive (AMR), Giant Magnetoresistive (GMR), Fiber Optic 

sensors and MEMS (Micro-Electro-Mechanical-System) Magnetometers. 

[0005] FIG. IA compares the resolution and maximum range of different magnetic field 

measuring technologies. Based on FIG. IA, search coil and SQUID sensors have the 

5 largest measurement range to resolution ratio. However, search coils can only measure 

varying magnetic fields which is not suitable for measuring the Earth's magnetic field, 

while SQUID sensors need special operation environment (e.g. liquid Helium supply, 

electromagnetic shielding) and have a power consumption of several watts. MEMS 

magnetometers also have a large measurement range to resolution ratio, but their real 

10 advantage is having a small size and low power consumption. They do not need any 

specific magnetic material to operate and they are suitable for many application areas. 

FIG. IB shows the measurement range requirement for magnetometers for different 

application areas. 

[0006] There are different MEMS capacitive magnetometers available, including a lateral 

15 axis magnetometer with a see-saw structure, and vertical axis magnetometers with 

capacitive comb finger sensing. Capacitive MEMS magnetometers basically carry a 

sinusoidal current orthogonal to their sensitive axis. An externally applied magnetic field 

generates a force proportional to both the magnitude of the current and the length of the 

current carrying beam and the direction of the force is in the direction of the cross 

20 product of the current and magnetic field, which is the sensitive axis of the 

magnetometer. 

[0007] Generally, a cmTent is applied to a magnetometer so that with an external 

magnetic field, a Lorentz force is generated on the magnetometer. In conventional 

magnetometers, these structures drive the current through the suspended structure to 

25 generate the Lorentz Force when there is an applied magnetic field. The current is very 

inefficiently used as the current passes through the structure just once. Further, the 

suspended structure itself is a high resistivity current path. 
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Summary 

[0008] According to an embodiment, a sensor is provided. The sensor may include a 

substrate, a beam suspended from the substrate, and a plurality of conductive lines 

5 arranged on the beam, wherein the beam is adapted to be displaced in response to a 

current flowing through the plurality of conductive lines, and a magnetic field interacting 

with the beam, and wherein the sensor is configured to determine a property of the 

magnetic field based on the displacement of the beam. 

[0009] According to an embodiment, a method of controlling a sensor is provided. The 

IO method may include positioning a sensor in a magnetic field, applying a current to a 

plurality of conductive lines arranged on a beam of the sensor, the beam being suspended 

from a substrate of the sensor, wherein the beam is displaced in response to the current 

flowing through the plurality of conductive lines, and the magnetic field interacting with 

the beam, and determining a prope1ty of the magnetic field based on the displacement of 

15 the beam. 

Brief Description of the Drawings 

[0010] In the drawings, like reference characters generally refer to like parts throughout 

20 the different views. The drawings are not necessarily to scale, emphasis instead generally 

being placed upon illustrating the principles of the invention. In the following 

description, various embodiments of the invention are described with reference to the 

following drawings, in which: 

[0011] FIG. IA shows the comparison of the resolution and maximum range of different 

25 magnetic field measuring technologies. 

[0012] FIG. IB shows the measurement range requirement for magnetometers for 

different application areas. 

[0013] FIG. 2A shows schematic cross-sectional views of a sensor, according to various 

embodiments. 

30 [0014] FIG. 2B shows a flow chart illustrating a method of controlling a sensor, 

according to various embodiments. 
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[0015] FIG. 3 shows a schematic top view of a magnetometer. 

[0016] FIGS. 4A and 4B show a schematic top view and a schematic cross-sectional 

view, respectively, of a sensor, according to various embodiments. 

[0017] FIG. 5 shows a plot of the displacement of the sensor beam as a function of the 

5 applied current for different numbers of conductive lines, according to various 

embodiments. 

[0018] FIG. 6 shows a plot of the thermal noise of the sensor as a function of the applied 

current for different numbers of conductive lines, according to various embodiments. 

[0019] FIG. 7 shows a plot of the sensitivity improvement of the sensor of various 

IO embodiments as a function of the number of parallel conductive lines as compared to a 

conventional sensor with the current flowing through the bulk silicon, under the same 

power consumption criteria. 

15 

Detailed Description 

[0020] The following detailed description refers to the accompanying drawings that 

show, by way of illustration, specific details and embodiments in which the invention 

may be practiced. These embodiments are desc1ibed in sufficient detail to enable those 

skilled in the art to practice the invention. Other embodiments may be utilized and 

20 stmctural, logical, and electrical changes may be made without departing from the scope 

of the invention. The various embodiments are not necessarily mutually exclusive, as 

some embodiments can be combined with one or more other embodiments to form new 

embodiments. 

[0021] Embodiments described in the context of one of the methods or devices are 

25 analogously valid for the other method or device. Similarly, embodiments described in 

the context of a method are analogously valid for a device, and vice versa. 

[0022] Features that are described in the context of an embodiment may correspondingly 

be applicable to the same or similar features in the other embodiments. Features that are 

described in the context of an embodiment may correspondingly be applicable to the 

30 other embodiments, even if not explicitly described in these other embodiments. 

Furthermore, additions and/or combinations and/or alternatives as described for a feature 
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in the context of an embodiment may correspondingly be applicable to the same or 

similar feature in the other embodiments. 

[0023] In the context of various embodiments, the articles "a", "an" and "the" as used 

with regard to a feature or element includes a reference to one or more of the features or 

5 elements. 

[0024] In the context of various embodiments, the phrase "at least substantially" may 

include "exactly'' and a reasonable variance. 

[0025] In the context of various embodiments, the term "about" or "approximately" as 

applied to a numeric value encompasses the exact value and a reasonable variance. 

10 [0026] As used herein, the term "and/or" includes any and all combinations of one or 

more of the associated listed items. 

[0027] As used herein, the phrase of the form of "at least one of A or B" may include A 

or B or both A and B. Correspondingly, the phrase of the form of "at least one of A or B 

or C", or including further listed items, may include any and all combinations of one or 

15 more of the associated listed items. 

[0028] Various embodiments may relate to a capacitive magnetometer and/or a 

resonating magnetometer. 

[0029] Various embodiments may provide a current driving structure for a vertical axis 

Lorentz force MEMS magnetometer. 

20 [0030] Various embodiments may provide a magnetometer (e.g. capacitive 

magnetometer) with a current reuse architecture. The magnetometer may be a MEMS 

vertical axis magnetometer, for example a MEMS vertical axis capacitive magnetometer 

with a current reuse architecture. In various embodiments, a current may be applied to the 

magnetometer so that with an external magnetic field, a Lorentz force may be generated 

25 on the magnetometer. This applied current may be used more effectively and with less 

power loss in the structure of the magnetometer of various embodiments. For example, 

the applied current may pass through one or more conductive (e.g. metal) lines, acting as 

current paths, provided on the magnetometer. Further, the applied current may pass 

through the structure of the magnetometer more than once, meaning that the current may 

30 be reused. 
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[0031] In various embodiments, a current reuse architecture may be employed for a 

vertical axis magnetometer sensor of various embodiments. A vertical axis capacitive 

magnetometer detects a magnetic field using the Lorentz force principle. An external 

magnetic field may generate a force orthogonal to the current flow direction on the 

5 suspended magnetometer mass and the magnitude of this force may be proportional to 

both the amplitude of the sinusoidal current applied to the magnetometer and the length 

of the conductive beam of the magnetometer carrying this cmTent. In various 

embodiments, a method or approach may be provided in the magnetometer to reuse this 

current several times to multiply the sensitivity of a MEMS magnetometer. 

10 [0032] Various embodiments may provide a current reuse architecture for a vertical axis 

magnetometer or sensor which may include serially connected parallel conductive lines 

(e.g. metal lines) deposited on a suspended mass or beam of the magnetometer. The 

conductive lines (e.g. metal lines) may conduct an applied current (e.g. an applied AC 

current) in the same direction, and accordingly, the resulting Lorentz force due to any 

15 applied magnetic field may be a summation of forces. In various embodiments, multiple 

layers may be used to create or form the parallel conductive lines (e.g. metal lines) which 

may further improve the sensitivity of the sensor. 

[0033] In various embodiments, instead of directly applying the current to the 

magnetometer body, an insulating layer may first be deposited over the magnetometer 

20 body, for example over an active area or mass of the magnetometer, which may act as a 

sensing portion to detect the external magnetic field. A conductive line (e.g. metal line) 

may be fabricated on top of the mass, over the insulating layer, or a plurality of 

conductive lines (e.g. metal lines) which are serially connected to each other may be 

fabricated on top of the mass, over the insulating layer, by winding the conductive lines 

25 (e.g. metal lines) around the structure or body of the magnetometer. At the mass portion, 

the conductive lines (e.g. metal lines) may be arranged spaced apart from each other. At 

the mass portion, the conductive lines (e.g. metal lines) may be arranged at least 

substantially parallel to each other. It should be appreciated that the conductive lines (e.g. 

metal lines) may be part of a single continuous line arranged to wind around the structure 

30 of the magnetometer so that a plurality of conductive line (e.g. metal line) portions are 

arranged over the mass to define conductive lines (e.g. conductive metal lines). By using 
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the conductive line(s) (e.g. metal line(s)) as current path(s), sensitivity and noise 

performance of the system or magnetometer may be improved while the power 

dissipation may be decreased. 

[0034] In various embodiments, the structure employed may increase the sensitivity of 

5 the MEMS Lorentz Force magnetometer while decreasing its noise floor. With this 

structural improvement, the magnetometer may be driven with the same amount of 

current as for conventional devices, but with a lower power consumption. 

[0035] Various embodiments may provide a sensor (e.g. a magnetometer) that may be 

cost-effective, with easy implementation. The sensor may have enhanced sensitivity and 

IO resolution. 

[0036] Various embodiments may also provide a method of forming a sensor (e.g. a 

magnetometer). A suspended structure or beam may be formed over a substrate. A layer 

of insulating material may be deposited on top of the suspended structure. Metal lines that 

may conduct an alternating cmTent (AC) may be deposited on top of the insulating 

15 material. Multiple parallel metal lines may be deposited, where the metal lines may be 

connected in series by creating windings around the magnetometer structure. 

[0037] FIG. 2A shows schematic cross-sectional views of a sensor 200, according to 

various embodiments. The sensor 200 includes a substrate 202, a beam 204 suspended 

from the substrate 202, and a plurality of conductive lines 206 arranged on the beam 204, 

20 wherein the beam 204 is adapted to be displaced in response to a current flowing through 

the plurality of conductive lines 206, and a magnetic field interacting with the beam 204, 

and wherein the sensor 200 is configured to determine a property of the magnetic field 

based on the displacement of the beam 204. 

[0038] In other words, a sensor (e.g. a magnetic field sensor or a magnetometer) 200 may 

25 be provided. The sensor 200 may include a substrate 202 and a beam 204. At least a 

portion of the beam 204 may be spaced apart from the substrate 202 so as to enable the 

beam 204 to be suspended from the substrate 202. The beam 204 may be electrically 

isolated from the substrate 202. A plurality of conductive lines 206 may be formed or 

fabricated over the beam 204, for example on top of the beam 204. In operation, the 

30 sensor 200 may be positioned in a magnetic field, B, for example the sensor 200 may be 

placed in a vicinity of an external magnetic field for determining a property of the 

7 



external magnetic field. The magnetic field may interact with or act on the beam 204. A 

current, I, may be applied to the plurality of conductive lines 206, to flow through the 

plurality of conductive lines 206. A combination of the flow of the current through the 

plurality of conductive lines 206, and the interaction of the magnetic field with the 

5 beam 204 may cause displacement of the beam 204, and the sensor 200 may determine a 

property of the magnetic field based on this beam displacement. 

[0039] The beam 204 may be an elongate structure, and having a longitudinal axis. In the 

context of various embodiments, the beam 204 may have a length of about 100 µm's to 

few mm's (e.g. 4- 5 mm), for example between about 100 µm and about 5 mm, between 

10 about 100 µm and about 4 mm, between about 100 µm and about 1.6 mm, between about 

500 µm and about 5 mm, between about 1000 µm (1 mm) and about 5 mm, between 

about 1 mm and about 4 mm, between about 1 mm and about 2 mm, or between about 1 

mm and about 1.6 mm, e.g. about 1.6 mm. 

[0040] In various embodiments, the beam 204 may be displaced from an equilibrium 

15 position. The beam 204 may be displaced from the equilibrium position bi-directionally. 

[0041] In various embodiments, the beam 204 may be displaced laterally, e.g. in a 

sideward motion. The direction of the displacement may be at least substantially 

transverse to the longitudinal axis of the beam 204. 

[0042] In various embodiments, the beam 204 may be integrated with the substrate 202. 

20 In various embodiments, the beam 204 may be a part of the substrate 202. For example, a 

portion of the substrate 202 may be formed to be suspended from a base portion of the 

substrate 202, such that the suspended portion defines the beam 204. 

[0043] In various embodiments, the plurality of conductive lines 206 may be electrically 

isolated from each other. As a non-limiting example, the plurality of the conductive 

25 lines 206 may be arranged in contact with a non-conductive plane or surface to 

electrically isolate the plurality of conductive lines 206 from each other. 

[0044] In various embodiments, the plurality of conductive lines 206 may be spaced apart 

from each other. The plurality of conductive lines 206 may be arranged along a length of 

the beam 204, e.g. at least substantially parallel to the length or longitudinal axis of the 

30 beam 204. Therefore, the current flowing through the plurality of conductive lines 206 

may flow in a direction along the length of the beam 204. In various embodiments, the 
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plurality of conductive lines 206 may be arranged along the entire length of the 

beam204. 

[0045] In various embodiments, the plurality of conductive lines 206 may be connected 

to each other. The plurality of conductive lines 206 may be electrically coupled to each 

5 other. 

[0046] In the context of various embodiments, each conductive line 206 may provide a 

current carrying path. For example, each conductive line 206 may be a low resistivity 

current path. By using the plurality of conductive lines as current paths, the sensitivity 

and noise performance of the sensor 200 may be improved, and the power dissipation of 

IO the sensor 200 may be decreased. 

[0047] In the context of various embodiments, the plurality of conductive lines 206 may 

be separate individual conductive lines. The individual conductive lines 206 may be 

electrically coupled to respective common contact pads or electrodes on opposite ends of 

the plurality of conductive lines 206, for application of a current. 

15 [0048] In various embodiments, the beam 204 may be displaced as a result of a force 

(e.g. Lorentz force) acting on the beam 204, where the force may be induced or generated 

as a result of the current flow through the plurality of conductive lines 206, and the 

interaction of the magnetic field with the beam 204. In various embodiments, the plurality 

of conductive lines 206 may collectively generate a net force (e.g. Lorentz force) in a 

20 sensitive direction of the sensor 200 under an externally applied magnetic field. The 

magnitude of the force may be proportional to the amplitude of the current and the length 

of the beam 204. Further, the magnitude of the force may be proportional to the number 

of the plurality of conductive lines 206. This may mean that the magnitude of the force, 

and hence the amount of displacement of the beam 204, may scale with the number of the 

25 plurality of conductive lines 206. 

[0049] In various embodiments, the beam 204 may be displaced in a direction at least 

substantially perpendicular or orthogonal to the direction of the current flow and the 

direction of the magnetic field. Referring to FIG. 2A, as a non-limiting example, the 

current, I, may flow in the direction as represented by the arrow 210, while the magnetic 

30 field, B, may be in one of two directions represented by the double-headed arrow 212, at 

least substantially orthogonal to the direction of the current. A force, F, may be 
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generated, which may be in one of two directions represented by the double-headed 

arrow 214, depending on the direction of the magnetic field, B. The direction of the force 

may be at least substantially orthogonal to the direction of the current and the direction of 

the magnetic field. In various embodiments, the direction of the magnetic field, B, may 

5 be at least substantially transverse to the longitudinal axis of the beam 204. 

[0050] In various embodiments, the current, I, flowing through the plurality of 

conductive lines 206 may be an alternating ·current (AC). The current, I, may be a 

sinusoidal current. 

[0051] In various embodiments, the current, I, flowing through the plurality of 

IO conductive lines 206 may have a frequency. The current, I, may have a frequency that is 

at least substantially equal to a resonant frequency of the beam 204 or the sensor 200. 

This may result in the frequency of the force generated on the beam 204 to be at least 

substantially equal to the resonant frequency of the beam 204 or the sensor 200. In this 

way, the sensitivity of the sensor 200 may be enhanced by its quality factor (Q). This may 

15 mean that the amount of the displacement of the beam 204 may scale with the quality 

factor (Q) of the sensor 200, and a larger displacement may therefore be achieved. 

[0052] In the context of various embodiments, the property of the magnetic field may 

include at least one of a magnitude or amplitude of the magnetic field, or a direction of 

the magnetic field. As a non-limiting example, the magnitude of the magnetic field may 

20 be dete1mined based on the amount of displacement of the beam 204. The amount or 

amplitude of the displacement of the beam 204 may be proportional to the magnitude of 

the magnetic field. As a further non-limiting example, the direction of the magnetic field 

maybe determined based on the direction of the displacement of the beam 204. 

[0053] In the context of various embodiments, the beam 204 may include or may be 

25 made of a non-conductive material. In this way, the plurality of conductive lines 206 

arranged on the non-conductive beam may be electrically isolated from each other. 

[0054] In the context of various embodiments, at least one of the substrate 202 or the 

beam 204 may include silicon (Si). In other words, the material of at least one of the 

substrate 202 or the beam 204 may include a Si-based material. 

30 [0055] In various embodiments, a number or some of the conductive lines of the plurality 

of conductive lines 206 may be arranged to conduct or flow the current in the same 
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direction, so as to generate a net force (eg. Lorentz force) in a particular direction, e.g. a 

sensitive direction of the sensor 200. For example, this may mean that some of the 

conductive lines may be arranged to conduct the current in one direction to generate a 

first force (e.g. Lorentz force) in a first sensitive direction, while the remaining 

5 conductive lines may be arranged to conduct the current in another direction (e.g. 

opposite direction) to generate a second force (e.g. Lorentz force) in a second sensitive 

direction, such that overall, a net or effective force may still be generated in either the 

first sensitive direction or the second sensitive direction, depending on the respective 

magnitudes and directions of the first force and the second force. 

10 [0056] In various embodiments, the plurality of conductive lines 206 may be arranged to 

conduct or flow the current in the same direction. In other words, the current may flow 

through the plurality of conductive lines 206 unidirectionally. This may mean that the 

current flowing through all of the plurality of conductive lines 206 may flow in a single 

direction along the beam 204. In this way, the net force generated may be an additive sum 

15 of the respective forces due to each conductive line of the plurality of conductive 

lines 206 in the same direction, e.g. a sensitive direction of the sensor 200. 

(0057] In various embodiments, the plurality of conductive lines 206 may be arranged to 

conduct the current in series. This may mean that the plurality of conductive lines 206 

may be serially connected or electrically coupled in series to each other. Therefore, the 

20 the plurality of conductive lines 206 may be connected to each other one after the other. 

In various embodiments, such a series connection of the plurality of conductive lines 206 

may enable a current reuse scheme to be employed in the sensor 200. This may enable the 

current to be used more than once. This may mean that the current flowing through the 

plurality of conductive lines 206 may pass through the beam 204 more than once. 

25 (0058] In various embodiments, the plurality of conductive lines 206 may be arranged at 

least substantially parallel to each other on the beam 204. However, it should be 

appreciated that the plurality of conductive lines 206 may not be arranged parallel to each 

other on the beam 304, as long as a net force (e.g. Lorentz force) may be generated in the 

same direction or a particular direction, e.g. a sensitive direction of the sensor 200. 

30 (0059] In various embodiments, the plurality of conductive lines 206 may form part of a 

single line arrangement. For example, the plurality of conductive lines 206 may be 
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portions of a single conductive line. The plurality of conductive lines 206 may be 

arranged in series within the single line arrangement. 

[0060] In various embodiments, the substrate 202 may include a first edge portion 

(e.g. Si portion) and a second edge portion (e.g. Si portion), wherein the first edge portion 

5 and the second edge portion may be arranged adjacent opposite sides of the beam 204, 

and wherein the plurality of conductive lines 206 may form part of a continuous line 

arrangement wound around the beam 204, the first edge portion and the second edge 

portion. Therefore, there may be windings of the continuous line arrangement on the 

sensor 200. 

IO [0061] In various embodiments, the sensor 200 may further include an insulator material 

or a dielectric material between the plurality of conductive lines 206 and the beam 204. 

The insulator material may electrically isolate the plurality of conductive lines 206 from 

the beam 204. This may be helpful in embodiments where the beam 204 may be 

conductive. The insulator material may electrically isolate the plurality of conductive 

15 lines 206 from each other. In the context of various embodiments, the insulator material 

may include but not limited to silicon oxide (SiO,) or silicon nitride (Si,Ny)· 

[0062] In various embodiments, the sensor 200 may further include at least one sensing 

element configured to determine the displacement of the beam 204. There may be one, 

two, three, four, five or any higher number of sensing elements provided on the 

20 sensor 200. The at least one sensing element may be employed to determine at least one 

of a magnitude or a direction of the displacement of the beam 204. 

[0063] In various embodiments, the at least one sensing element may include a 

piezoelectric material or a piezoresistive material. 

[0064] In various embodiments, the at least one sensing element may include an optical 

25 sensing element. This may mean that the displacement of the beam 204 may be sensed 

using an optical sensing method. 

[0065] In various embodiments where the at least one sensing element may include a 

piezoelectric material or a piezoresistive material or an optical sensing element, the 

beam 204 may be a non-conductive beam, meaning that the beam 204 may include or 

30 may be made of a non-conductive material. 
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[0066] In various embodiments, the at least one sensing element may be a capacitive 

sensing element, e.g. the at least one sensing element may be configured to change its 

capacitance corresponding to the displacement of the beam 204. In other words, a change 

in the capacitance of the at least one sensing element may provide a measure of the 

5 amount or amplitude of the displacement, which may be proportional to the magnitude of 

the magnetic field whose property is to be determined. In various embodiments where the 

at least one sensing element may include a capacitive sensing element, the beam 204 may 

be a conductive beam, meaning that the beam 204 may include or may be made of a 

conductive material. 

10 [0067] In various embodiments, the at least one sensing element may be arranged at any 

position suitable for determining the displacement of the beam 204. In vanous 

embodiments, the at least one sensing element may be coupled to the beam 204. 

[0068] In the context of various embodiments, the at least one sensing element may 

include a pair of electrodes movable relative to each other. Each electrode may be 

15 arranged at least substantially parallel to the beam 204 or the longitudinal axis of the 

beam 204. The pair of electrodes may define a capacitor. The pair of electrodes may be 

arranged at least substantially parallel to each other to define parallel plates. 

[0069] In vmious embodiments, an electrode of the pair of electrodes of the at least one 

sensing element may be connected to the beam 204. The electrode connected to the 

20 beam 204 may be movable in consequence of the displacement of the beam 204. The 

other electrode may be fixed (stationary). This may mean that the at least one sensing 

element may be defined by a movable electrode and a fixed electrode. The movable 

electrode may move in sync with the displacement of the beam 204, relative to the fixed 

electrode. As the relative spacing between the movable electrode and the fixed electrode 

25 changes, the associated capacitance changes. The change in the capacitance may be used 

to dete1mine the displacement of the beam 204, and consequently a property of the 

magnetic field. In embodiments where the amount of the displacement of the beam 204 

may scale with the quality factor (Q) of the sensor, larger capacitance changes may be 

achieved. 

30 [0070] In various embodiments, each electrode of the pair of electrodes may include a 

plurality of fingers. This may mean that each electrode may have a comb-shaped 
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arrangement. The respective plurality of fingers of the pair of electrodes may be arranged 

at least substantially parallel to the beam 204 or the longitudinal axis of the beam 204. In 

various embodiments, the pair of electrodes may be arranged in an interdigitated pattern. 

This may mean that respective fingers of the pair of electrodes may be alternately 

5 arranged. 

[0071] In various embodiments, the sensor 200 may include at least one first sensing 

element arranged on a first side of the beam 204, and at least one second sensing element 

arranged on a second side of the beam 204 opposite to the first side. In various 

embodiments, the at least one first sensing element and the at least one second sensing 

10 element may be arranged symmetrically about the beam 204. There may be one, two, 

three, four, five or any higher number of the first sensing elements provided on the 

sensor 200. There may be one, two, three, four, five or any higher number of the second 

sensing elements provided on the sensor 200. In various embodiments, there may be 

equal numbers of the first sensing element(s) and the second sensing element(s). 

15 [0072] In various embodiments, for determining the displacement of the beam 204, each 

of the at least one first sensing element and the at least one second sensing element may 

change its respective associated property (e.g. capacitance). Each of the at least one first 

sensing element and the at least one second sensing element may change its respective 

associated property asymmetrically. As a non-limiting example, when the displacement 

20 of the beam 204 is in a particular direction (or in a reverse direction), the capacitance of 

the at least one first sensing element may increase (or decrease), while the capacitance of 

the at least one second sensing element may decrease (or increase). 

[0073] The sensor 200 may further include at least one resilient element coupled to the 

beam 204 for suspending the beam 204 from the substrate 202. For example, a first 

25 resilient element may be coupled to a first end region of the beam 204 and a second 

resilient element may be coupled to a second end region of the beam 204. The first end 

region and the second end region of the beam 204 may be opposite end regions. In 

various embodiments, each resilient element may be a spring. 

[0074] The sensor 200 may further include a processing circuit configured to determine 

30 the property of the magnetic field, based on the displacement of the beam 204. The 

processing circuit may be electrically coupled to the at least one sensing element for 
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determining the property of the magnetic field based on the displacement of the beam 204 

determined by the at least one sensing element. In various embodiments, the processing 

circuit may include demodulation readout electronics. 

[0075) Each conductive line of the plurality of conductive lines 206 may include or may 

5 be made of any conductive material. In the context of various embodiments, each 

conductive line of the plurality of conductive lines 206 may include or may be made of a 

metal. For example, the plurality of conductive lines 206 may be metal lines. Each metal 

line may provide a low resistivity current path. In the context of various embodiments, 

the metal may include but not limited to aluminium (Al), gold (Au), copper (Cu), 

IO nickel (Ni), platinum (Pt), or titanium (Ti). Other process-able and good quality 

conductive metals may also be used. 

[0076) In the context of various embodiments, each conductive line of the plurality of 

conductive lines 206 may include or may be made of a conductive poly-silicon, e.g. a 

highly doped poly-silicon material. 

15 [0077) In the context of various embodiments, each conductive line may have a 

resistivity of between about I.5x 10·8 nm and about 2x 10·5 nm, for example between 

about I.5x 10·8 nm and about 1x10·5 nm, between about I.5x 10·8 nm and about 

1xl0'6 nm, between about I.5xl0'8 nm and about 1x10·7 nm, between about 1x10·1 nm 

and about 1x10·5 nm, or between about 1x10·8 nm and about 1x10·1 nm. For example, 

20 each conductive line may have the following material with the associated resistivity value 

(in brackets): silicon (Ix 10·5 nm - 2x 10·5 nm), copper (1.68x 10·8 nm), aluminium 

(2.82xl0'8 nm), nickel (6.99X]0'8 nm), platinum (l.06xl0'7 nm) or titanium 

(4.20x10·7 nm). However, it should be appreciated that other resistivity values may be 

_ possible depending on the material (e.g. metal) used, as resistivity is a material property 

25 which is fixed. 

[0078) In the context of various embodiments, the plurality of conductive lines 206 may 

provide a total or overall resistance of about 100 n to any high resistance value, 

depending on the number of the plurality of conductive lines (e.g. parallel metal lines) 

used and/or the material of each conductive line, which may be up to 50 - 100 kn. As 

30 non-limiting examples, the overall resistance of the plurality of conductive lines 206 may 

be between about JOO n and about 100 kn, for example between about 100 n and about 
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50 kn, between about 100 n and about 10 kn, between about 100 n and about 1 kn, 

between about 1 kQ and about 100 kQ, between about 1 kQ and about 50 kn, or between 

about 10 kQ and about 100 kn. In various embodiments, the overall resistance of the 

plurality of conductive lines 206 may be between about 700 n and about 900 n. 
5 [0079] In the context of various embodiments, the number of conductive lines in the 

plurality of conductive lines 206 may be in a range of between 2 and 100, for example 

between 2 and 50, between 2 and 20, between 2 and 10, between 20 and 100, between 50 

and 100, or between 20 and 50. However, it should be appreciated that any number of 

conductive lines, including more than 100 conductive lines, may be provided, for 

10 example there may be 1000 conductive lines. In various embodiments, the number of 

conductive lines may depend on sensor design and/or sensor requirement. 

[0080] In the context of various embodiments, the sensor 200 may be a magnetometer, 

for example a vertical axis magnetometer sensor. The sensor 200 may operate based on 

the Lorentz force principle, which may mean that the sensor 200 may be a Lorentz force 

15 sensor (e.g. a Lorentz force magnetometer). 

[0081] In various embodiments, by providing a plurality of conductive lines 206, 

multiple current paths may be provided on the beam 204, which as a result may enhance 

the sensitivity of the sensor 200, while reducing the noise level of the sensor 200. 

[0082] Various embodiments of the sensor 200 may employ a current reuse architecture 

20 where the current may flow along the beam a plurality of times through the plurality of 

conductive lines 206. As a result, the sensitivity of the sensor 200 may be increased and 

the noise level of the sensor 200 may be decreased. 

[0083] FIG. 2B shows a flow chart 220 illustrating a method of controlling a sensor, 

according to various embodiments. 

25 [0084] At 222, a sensor is positioned in a magnetic field. The magnetic field may be an 

external magnetic field whose property is to be determined. 

[0085] At 224, a current is applied to a plurality of conductive lines arranged on a beam 

of the sensor, the beam being suspended from a substrate of the sensor, wherein the beam 

is displaced in response to the current flowing through the plurality of conductive lines, 

30 and the magnetic field interacting with the beam. 
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[0086] At 226, a property of the magnetic field is determined based on the displacement 

of the beam. 

[0087] In various embodiments, at 224, the current that is applied may have a frequency 

that is at least substantially equal to a resonant frequency of the beam. 

5 [0088] In various embodiments, at 224, the current that is applied may flow through the 

plurality of conductive lines in the same direction. 

[0089] FIG. 3 shows a schematic top view of a magnetometer (or sensor) 300. The 

magnetometer 300 may be a vertical axis magnetometer. The magnetometer 300 may 

include a suspended beam 302, which may act as a current conducting path. An end 

10 region 304a of the beam 302 may be coupled via springs 306a, 306b on opposite sides of 

the beam 302 to respective contact pads 308a, 308b. An opposite end region 304b of the 

beam 302 may be coupled via springs 310a, 310b on opposite sides of the beam 302 to 

respective contact pads 312a, 312b. The springs 306a, 306b, 310a, 310b may facilitate 

movement or displacement of the beam 302. The contact pads 308a, 308b, 312a, 312b 

15 may be used for application of a current, I, to the beam 302. 

[0090] The magnetometer 300 may include side portions 314a, 314b extending laterally 

on opposite sides of the beam 302. An end region 316 of the side portion 314a may be 

coupled via springs 318a, 318b on opposite sides of the side portion 314a to respective 

contact pads 320a, 320b. An end region 322 of the side portion 314b may be coupled via 

20 springs 324a, 324b on opposite sides of the side portion 314b to respective contact 

pads 326a, 326b. The springs 318a, 318b, 324a, 324b may facilitate movement or 

displacement of the side portions 314a, 314b, and therefore also the beam 302 connected 

to the side portions 314a, 314b. 

[0091] The magnetometer 300 may include four capacitive sensing elements: two 

25 capacitive sensing elements 322a, 322b arranged on one side of the beam 302 and on 

opposite sides of the side portion 314a, and two capacitive sensing elements 324a, 324b 

arranged on the opposite side of the beam 302 and on opposite sides of the side 

portion 314b. Each capacitive sensing element 322a, 322b, 324a, 324b may include a pair 

of electrodes, where each electrode has a plurality of fingers. Each pair of electrodes may 

30 be arranged in an interdigitated pattern. 
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[0092] Using the capacitive sensing element 322a as a non-limiting example, a plurality 

of fingers, as represented by 326 for two fingers, as part of an electrode, may be coupled 

to the beam 302. The plurality of fingers 326 may be movable as a result of the 

displacement of the beam 302. Therefore, the plurality of fingers 326 may form part of a 

5 movable electrode. The capacitive sensing element 322a may include a second 

electrode 328 having a plurality of fingers, as represented by 330 for two fingers. The 

electrode 328 may be stationary and thus may form a fixed electrode. The plurality of 

fingers 326, 330 may be arranged at least substantially parallel to each other to define 

capacitors. The plurality of fingers 326, 330 may be interdigitated, meaning that the 

IO plurality of fingers 326, 330 may be arranged alternately. Similarly, the capacitive 

sensing element 322b may include a movable electrode having a plurality of fingers 332 

and a fixed electrode 334 having a plurality of fingers 336, the capacitive sensing 

element 324a may include a movable electrode having a plurality of fingers 338 and a 

fixed electrode 340 having a plurality of fingers 342, while the capacitive sensing 

15 element 324b may include a movable electrode having a plurality of fingers 344 and a 

fixed electrode 346 having a plurality of fingers 348. 

[0093] As shown in FIG. 3, a current, I, as represented by the arrow 350, may be applied 

to the beam 302 to flow through the beam 302 in the (+x)-direction, such that the 

current 350 may flow from the end region 304a of the beam 302 towards the opposite end 

20 region 304b. The current 350 may be applied via the contact pads 308a, 308b and the 

springs 306a, 306b. The current 350 may be an alternating current (e.g. a sinusoidal 

current) having a frequency that is at least substantially equal to the resonating frequency 

of the sensing mode (or sensitive mode) of the mechanical sensor or magnetometer 300, 

where the sensing mode may be, for example, the primary mode, the second mode, the 

25 third mode or any other higher mode. Therefore, the frequency of the current 350 may be 

precisely adjusted or controlled to at least substantially correspond to the resonant 

frequency of the sensing mode of the magnetometer 300 so that the mechanical 

sensitivity of the magnetometer 300 may be enhanced with its Quality factor (Q). This 

may mean that the sensitivity of the magnetometer 300 may be improved by a factor 

30 corresponding to Q. 
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[0094] When an external magnetic field, B, is applied to the sensor 300, in the vertical 

direction (along the z-direction), the beam 302 may start to oscillate along they-direction 

at its resonance frequency. As a non-limiting example, the magnetic field, B, as 

represented by the circular symbol 352, may interact with the beam 302, where the 

5 magnetic field 352 may be in the (-z)-direction (i.e. pointing into the page). The 

current 350 and the magnetic field 352 may act to generate a force (e.g. a Lorentz force, 

FLocen1z), as represented by the arrow 354, in the (+y)-direction, thereby causing the 

beam 302, as well as the side portions 314a, 314b, to displace or deflect in the (+y)­

direction. The oscillation or displacement may be picked up by the parallel plate 

10 capacitances of at least one of the capacitive sensing elements 322a, 322b, 324a, 324b, 

and the magnetic field information may be extracted using demodulation readout 

electronics. 

[0095] The Lorentz force, FLocentz, (e.g. 354) acting on the magnetometer 300 may be 

determined using Equation (I) below: 

15 Fr.,.,.,, =(Bx I).L (Equation I), 

where I is the current (e.g. 350) flowing on a conductive material (e.g. beam 302), B is 

the magnetic field (e.g. 352) acting on this conductive material, and Lis the length of the 

conductor (e.g. beam 302) carrying this current. For the magnetometer 300, the length of 

the conductor or beam 302 carrying the current 350 is Lmass as shown in FIG. 3. 

20 [0096] Referring to FIG. 3, when the Lorentz force, FLorentz, 354 acts on the suspended 

mass or beam 302, the force, FLorentz, 354 causes the suspended mass 302 to deflect along 

the (+y)-direction, from its original or equilibrium position, and as a result, the 

capacitances c01Tesponding to the respective capacitive sensing elements 322a, 322b, 

324a, 324b may be changed. This is because the deflection may cause the positions of the 

25 movable electrode fingers 326, 332, 338, 344 relative to the corresponding stationary 

electrode fingers 330, 336, 342, 348 to be changed, causing the distance between adjacent 

electrode fingers (e.g. the spacing between a movable electrode finger and an adjacent 

stationary electrode finger) to change, thus varying the capacitance. 

[0097] In order to increase or maximize the capacitance change, the frequency of the 

30 applied force, FLocentz, 354 may be matched to the natural resonating frequency, f,0,, of the 

mechanical structure of the magnetometer 3 00. This may be achieved by matching the 
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frequency of the current, I, 350 to the mechanical resonant frequency, fre., of the 

magnetometer 300. 

[0098] When a sinusoidal current, I, (e.g. 350) having a frequency that is at least 

substantially equal to the mechanical resonant frequency, f,.,, of a magnetometer 

5 (e.g. 300) is applied, the deflection, x, of the suspended mass (e.g. 302) under a magnetic 

field, B, (e.g. 352) may be determined by: 

X = FLorentz Q 
k 

x (Bxl)LQ 
k 

(Equation 2), 

(Equation 3), 

where Q is the overall Quality factor of the mechanical sensor (i.e. magnetometer 300) 

10 and k is its spring constant. 

15 

[0099] Two other performance parameters for a magnetometer (e.g. 300) include the 

Brownian Noise, Nsrown;an, and the bandwidth, BW, which may respectively be 

determined using Equations ( 4) and (5): 

NBrow11ia11 = 4k T ..jk;;; _I_ 
b Q I.L 

(Equation 4), 

BW=-1 {k .!_ 
2n ~-;;:; Q 

(Equation 5), 

where kb is the Boltzmann's constant, T is the ambient temperature and m is the effective 

mass of the suspended beam (e.g. 302), and including the mass contribution from the 

associated springs (e.g. 306a, 306b, 3 !0a, 3 !0b, 318a, 318b, 324a, 324b) and the plurality 

of fingers (e.g. 326, 332, 338, 344) coupled to the suspended beam. 

20 [0100] According to Equations (3) and (4), increasing the quality factor, Q, may increase 

the sensitivity of the magnetometer, and decrease the noise resolution of the 

magnetometer. However, an increased Q also decreases the bandwidth, BW, of the 

structure according to Equation (5). Therefore, there is a need for a method or approach 

to improve both the sensitivity and the Brownian Noise, and at the same time, not lose 

25 from the bandwidth. 

[0101] Conventional vertical axis magnetometers use their silicon mass as the current 

carrying path to convert a magnetic field into a Lorentz force. Although this technique is 
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successful, it has several drawbacks. The first drawback of this technique is the high 

resistivity of silicon. Due to this high resistivity, the voltage that is required to drive the 

current into the conventional magnetometers is also high, which usually draw a lot of 

power from the system. The second drawback is the inefficient use of this current. 

5 [0102] In contrast, various embodiments employ a current reuse method to increase the 

sensitivity and decrease the Brownian noise level for vertical axis magnetometers. 

FIG. 4A shows a schematic top view of a sensor 400, according to various embodiments, 

illustrating a vertical axis current reuse magnetometer structure. FIG. 4B show a 

schematic cross-sectional view of the sensor 400, taken along the line A-A' indicated in 

10 FIG. 4A. The sensor 400 may be used for determining a property of a magnetic field. 

[0103] The sensor or vertical axis magnetometer 400 includes a silicon (Si) substrate 402 

or a base portion 402 of a Si substrate, and a beam 404 suspended from the substrate 402. 

Therefore, the beam 404 may form a suspended mass over the substrate 402. The 

beam 404 may be spaced apart from the substrate 402 by a gap (e.g. an air gap) 

15 represented as 403. The beam 404 may be an elongate structure extending along the 

length of the sensor 400. The beam 404 may be movable, for example the beam 404 may 

be displaced in a direction along an axis of motion as represented by the double-headed 

arrow 405. In various embodiments, the beam 404 may be conductive. 

[0104] The sensor 400 may include a first Si edge portion 406a on one side of the 

20 beam 404 and a second Si edge portion 406b on an opposite side of the beam 404. The 

sensor 400 may further include a first Si intermediate portion 408a in between the 

beam 404 and the first Si edge portion 406a, and a second Si intermediate portion 408b in 

between the beam 404 and the second Si edge portion 406b. The first Si edge 

portion 406a and the first Si intermediate portion 408a may be connected or fixed to a 

25 first portion of the substrate 402, while the second Si edge portion 406b and the second Si 

intermediate portion 408b may be connected or fixed to a second portion of the 

substrate 402, as illustrated in FIG. 4B. Each of the first Si intermediate portion 408a and 

the second Si intermediate portion 408b may be spaced apart from the beam 404. The 

first Si edge portion 406a may be spaced apart from the first Si intermediate portion 408a, 

30 while the second Si edge portion 406b may be spaced apart from the second Si 

intermediate portion 408b. The first Si edge portion 406a, the first Si intermediate 
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portion 408a, the beam 404, the second Si intermediate portion 408b and the second Si 

edge portion 406b may be at least substantially coplanar relative to each other. 

[0105] The sensor 400 may include a layer 41 Oa of insulating material between the first 

portion of the substrate 402 overlapping with the first Si edge portion 406a and a portion 

5 of the first Si intermediate portion 408a, and a layer 41 Ob of insulating material between 

the second portion of the substrate 402 overlapping with the second Si edge portion 406b 

and a portion of the second Si intermediate portion 408b. The sensor 400 may further 

include a layer 41 Oc of insulating material on top of each of the first Si edge 

portion 406a, the first Si intermediate portion 408a, the beam 404, the second Si 

IO intermediate portion 408b and the second Si edge portion 406b. The insulating material 

of each of the layers 410a, 410b, 410c may be silicon oxide (SiO,) or silicon 

nitride (Si,Ny)· 

[0106] A plurality of conductive lines (e.g. metal lines) 412 may be fonned on the 

beam 404, over the insulating layer 41 Oc. The insulating layer 41 Oc deposited on the 

15 beam 404, which may be conductive, may isolate, including electrically isolate, the 

plurality of conductive lines 412 from each other. The plurality of conductive lines 412 

may be arranged at least substantially parallel to each other. The plurality of conductive 

lines 412 may be part of a continuous line arrangement (e.g. a single conductive line 

arrangement), represented as 414, wound around the structure of the sensor 400. As a 

20 non-limiting example, the continuous line arrangement 414 may be wound around the 

beam 404, the first Si edge portion 406a and the second Si edge portion 406b, thereby 

forming a plurality of conductive windings on the sensor 400. Therefore, the plurality of 

conductive lines 412 may be connected in series, thereby allowing a current to flow 

through the plurality of conductive lines 412 in series. The plurality of conductive 

25 lines 412 may be arranged to conduct the current in the same direction. Respective ends 

of the continuous line arrangement 414 may be electrically coupled to respective contact 

pads 416a, 416b, for application of a current. The contact pads 416a, 416b may be 

provided on the first Si edge portion 406a and the second Si edge portion 406b 

respectively. 

30 [0107] The sensor 400 may include two first resilient elements (e.g. springs) 418 coupled 

to an end region of the beam 404, on opposite sides of the beam 404. The sensor 400 may 
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further include two second resilient elements (e.g. springs) 420 coupled to an opposite 

end region of the beam 404, on opposite sides of the beam 404. The two first resilient 

elements 418 and the two second resilient elements 420 may enable the beam 404 to be 

suspended from the substrate 402. The two first resilient elements 418 and the two second 

5 resilient elements 420 may facilitate movement or displacement of the beam 404. The 

continuous line arrangement 414 may be arranged around the two first resilient 

elements 418 and the two second resilient elements 420. 

[0108] The beam 404 may include first side portions 422a and second side portions 422b 

extending laterally on opposite sides. The first Si intermediate portion 408a may include 

IO protrusions 424a that may be arranged alternately with the first side portions 422a of the 

beam 404. The second Si intermediate portion 408b may include protrusions 424b that 

may be arranged alternately with the second side portions 422b of the beam 404. 

[0109] The sensor 400 may further include a plurality of sensing elements (e.g. 

capacitive elements). As a non-limiting example, six first sensing elements, as 

15 represented by 430a for two first sensing elements, may be disposed on one side of the 

beam 404, and six second sensing elements, as represented by 430b for one second 

sensing element, may be disposed on the opposite side of the beam 404. The first sensing 

elements 430a and the second sensing elements 430b may be arranged symmetrically 

about the beam 404. 

20 [0110] Each of the first sensing elements 430a and the second sensing elements 430b 

may include a set of two electrodes (a pair of electrodes), where each electrode may have 

a plurality of fingers (e.g. capacitive sensing fingers). The pair of electrodes of each first 

sensing element 430a and each second sensing element 430b may be arranged in an 

interdigitated configuration. 

25 [0111] Each first sensing element 430a may have a plurality of first fingers, as 

represented by 434 for three first fingers, that are coupled or connected to the beam 404, 

via the first side portions 422a. As the beam 404 is displaced, the plurality of first 

fingers 434 may also be displaced. This means that the plurality of first fingers 434 may 

be movable, and therefore define a movable electrode. Each first sensing element 430a 

30 may have a plurality of second fingers, as represented by 438 for one second finger, that 

are coupled or connected to the first Si intermediate portion 408a, via the 
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protrusions 424a. As the first Si intermediate portion 408a is stationary, the plurality of 

second fingers 438 may be fixed, and therefore define a fixed electrode. 

[0112] The plurality of first fingers 434 and the plurality of second fingers 438 may be 

spaced apart from each other and arranged at least substantially parallel to each other to 

5 define parallel plates. The plurality of first fingers 434 and the plurality of second 

fingers 438 may be arranged at least substantially parallel to the beam 404. The plurality 

of first fingers 434 and the plurality of second fingers 438 may be arranged alternately in 

an interdigitated pattern. As the beam 404 is displaced, the plurality of first fingers 434 

may be displaced relative to the plurality of second fingers 438, thereby changing the 

10 associated capacitances. 

[0113] Each second sensing element 430b may have a plurality of first fingers, as 

represented by 444 for four first fingers, that are coupled or connected to the beam 404, 

via the second side portions 422b. As the beam 404 is displaced, the plurality of first 

fingers 444 may also be displaced. This means that the plurality of first fingers 444 may 

15 be movable, and therefore define a movable electrode. Each second sensing element 430b 

may have a plurality of second fingers, as represented by 448 for one second finger, that 

are coupled or connected to the second Si intermediate portion 408b, via the 

protrnsions 424b. As the second Si intermediate portion 408b is stationary, the plurality 

of second fingers 448 may be fixed, and therefore define a fixed electrode. 

20 [0114] The plurality of first fingers 444 and the plurality of second fingers 448 may be 

spaced apart from each other and arranged at least substantially parallel to each other to 

define parallel plates. The plurality of first fingers 444 and the plurality of second 

fingers 448 may be arranged at least substantially parallel to the beam 404. The plurality 

of first fingers 444 and the plurality of second fingers 448 may be arranged alternately in 

25 an interdigitated pattern. As the beam 404 is displaced, the plurality of first fingers 444 

may be displaced relative to the plurality of second fingers 448, thereby changing the 

associated capacitances. 

[0115] In various embodiments as described above, having a beam 404 that may be 

conductive may be helpful for the sensor 400 employing capacitive sensing by means of 

30 the first sensing elements 430a and the second sensing elements 430b, for measuring the 

respective capacitances between the beam 404 and the first Si intermediate portion 408a 
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and between the beam 404 and the second Si intermediate portion 408b. The insulating 

layer 410c may enable the plurality of conductive lines 412 to be electrically isolated 

from each other, while being arranged on the beam 404. 

[0116] In operation, the sensor 400 may be positioned m a vicinity of an external 

5 magnetic field, B, whose associated property is to be determined. The magnetic field may 

interact with the beam 404. As a non-limiting example, the magnetic field may be in a 

direction pointing downwardly, towards the substrate 402, as represented by the 

arrow 460 in FIG. 4B. A current, I, as represented by the arrow 462, may be applied to 

the plurality of conductive lines 412, by means of the contact pads 416a, 416b, to flow 

JO through the plurality of conductive lines 412. Therefore, instead of applying a current to 

the mass of the magnetometer as employed in conventional magnetometers, the 

current 462 is applied to the plurality of conductive lines 412 which are fabricated on top 

of the mass or beam 404 of the sensor 400. 

[0117] In various embodiments, the current 462 may flow through the plurality of 

15 conductive lines 412 in series, via windings formed in the continuous line 

arrangement 414, so that the current 462 may flow along the beam a plurality of times. 

Power may be saved by using the current multiple times, instead of increasing the amount 

of power to achieve the same amount of sensitivity. 

[0118] The current 462 may flow through the plurality of conductive lines 412 in the 

20 same current flow direction, from one end region of the beam 404 towards an opposite 

end region of the beam 404. The current 462 may be an alternating current (e.g. a 

sinusoidal current). The magnetic field 460 and the current 462 may cause a Lorentz 

force, F Lorentz, as represented by the arrow 464, to be generated, in accordance with 

Equation 1. The direction of FLorentz 464 may be towards the first Si intermediate 

25 portion 408a, thereby causing the beam 404 to be displaced towards the first Si 

intermediate portion 408a. The direction of FLorentz 464 may be in the sensitive direction 

of the sensor 400. Similarly, the first side portions 422a and the second side 

portions 422b may be displaced towards the first Si intermediate portion 408a. 

Consequently, the plurality of first fingers 434 of the first sensing elements 430a and the 

30 plurality of first fingers 444 of the second sensing elements 430b may also be displaced 

towards the first Si intermediate portion 408a. For the first sensing elements 430a, as 
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each first finger 434 is displaced towards a corresponding second finger 438, the 

separation therebetween is decreased, causing an increase in capacitance. For the second 

sensing elements 430b, as each first finger 444 is displaced away from a corresponding 

second finger 448, the separation therebetween is increased, causing a decrease in 

5 capacitance. This may mean that the first sensing elements 430a and the second sensing 

elements 430b may change its respective associated capacitances asymmetrically. In 

order to achieve larger capacitance changes, the frequency of the current 462 may be at 

least substantially matched to the resonant frequency of the beam 404, so as to enhance 

the displacement of the beam 404. 

10 [0119] While not shown, the sensor 400 may include circuitry or electronic components, 

for example a processing circuit that may be employed to quantify the changes in 

capacitances of at least one first sensing element 430a and/or at least one second sensing 

element 430b, so as to quantify the displacement of the beam 404, in terms of magnitude 

and/or direction of the displacement, for determining a property of the magnetic field 460 

15 acting on the beam 404. 

[0120] As described above, instead of using the whole silicon body as the conducting 

medium as in conventional sensors, conductive lines or metal lines 412 deposited on top 

of the suspended mass or beam 404 of the sensor 400 may be used for conducting the 

current 462. As a non-limiting example for fabricating the sensor 400, an insulator may 

20 first be deposited on top of the whole structure, e.g. to form the layer 410c of insulating 

material, and metal lines may then be deposited on this insulating layer 41 Oc to form the 

plurality of conductive lines 412. This may enable the fab1ication of multiple parallel 

metal lines 412 which may conduct the current 462 in the same direction. These multiple 

metal lines 412 may be serially connected to each other by carrying the current 462 over 

25 the springs 418, 420 and the first Si edge portion 406a and the second Si edge 

portion 406b. 

[0121] Referring to FIGS. 4A and 4B, there may be five parallel conductive lines 412 

which may be connected to each other seiially by winding them around the structure and 

all five conductive lines 412 may conduct the current 462 in the same direction. It should 

30 be appreciated that any number of the plurality of conductive lines 412 may be connected 

in seiies so that the applied current 462 may be used several times and the resulting 
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Lorentz force may be multiplied by the number of the serially connected conductive 

lines 412. Therefore, the resulting force on the sensor mass or beam 404 may be N times 

larger where N is the number of the current conducting metal lines 412 on the suspended 

mass 404. This may mean that the sensitivity of the sensor or magnetometer 400 may be 

5 proportionally increased with the number of the conductive lines 412. 

[0122] In addition to enhancing the sensitivity of the system, as the metal lines 412 are 

used instead of the bulk silicon body as the current conducting media, the resistivity of 

the current path may further be reduced. Assuming that the system is limited with a 

certain power budget, this decrease in resistance may allow applications of more current 

IO to the magnetometer or sensor 400 which may further increase the sensitivity of the 

sensor 400. 

[0123] Simulation results for the sensor or magnetometer of various embodiments will 

now be described by way of the following non-limiting examples for illustrating the 

improvement in the sensitivity and thermal noise. 

15 [0124] FIG. 5 shows a plot 500 of the displacement of the sensor beam as a function of 

the applied current for different numbers, N, of conductive lines on the suspended beam, 

according to various embodiments, illustrating the displacement of the suspended 

magnetometer mass with respect to the current applied to the plurality of current lines. 

[0125] Plot 500 shows result 502 for a single conductive line, result 504 for two 

20 conductive lines, result 506 for three conductive lines, result 508 for four conductive lines 

and result 510 for five conductive lines. As may be observed in FIG. 5, when the applied 

current is increased, the displacement of the beam of the magnetometer is also increased, 

in accordance with Equation 3. Plot 500 also shows that the slope of the displacement 

curves 502, 504, 506, 508, 510 increases with increasing number of the current carrying 

25 metal lines. 

[0126] FIG. 6 shows a plot 600 of the thermal noise of the sensor as a function of the 

applied cmTent for different numbers, N, of conductive lines on the suspended beam of 

the sensor, according to various embodiments, illustrating the thermal noise of the 

magnetometer with respect to the current applied to the plurality of current lines. 

30 [0127] Plot 600 shows result 602 for a single conductive line, result 604 for two 

conductive lines, result 606 for three conductive lines, result 608 for four conductive lines 
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and result 610 for five conductive lines, illustrating changes in the thermal noise. As may 

be observed in FIG. 6, the thermal noise is decreased with increasing current, in 

accordance with Equation 4. Similar to the results shown in FIG. 5, increasing the 

number of the current carrying metal lines improves the thermal noise performance of the 

5 magnetometer. 

[0128] As the total resistance of the current carrying path is decreased in the sensor of 

various embodiments, the amount of power required to drive the magnetometer may 

decrease. FIG. 7 shows a plot 700 of the sensitivity improvement of the sensor of various 

embodiments as a function of the number of parallel conductive lines as compared to a 

IO conventional sensor with the current flowing through the bulk silicon, under the same 

power consumption criteria. In other words, plot 700 illustrates the comparison of the 

sensitivity values between the sensor of various embodiments and the conventional 

sensor, assuming that the amount of power used to drive the respective circuits or sensors 

is at least substantially constant. 

15 [0129] As may be observed from plot 700, with the same amount of power that is used to 

drive the conventional magnetometer from its bulk silicon, the performance of the 

magnetometer of various embodiments may be improved approximately 7 times for 

embodiments employing 5 parallel current carrying lines. This shows that a lot of power 

may also be saved using the sensor of various embodiments employing the current reuse 

20 method. 

[0130] As described above, various embodiments may provide a method for improving 

the sensitivity and noise resolution of the magnetometer or sensor. Conventional 

magnetometers use the body of the magnetometer as their current carrying medium to 

generate the Lorentz Force, which is a very inefficient technique. In contrast, in the 

25 sensor of various embodiments, parallel metal lines may be placed on the mass or beam 

of the magnetometer with an insulating layer in between, where the parallel metal lines 

may be serially connected together. The applied current may travel through these serially 

connected metal lines, which, as a result, may improve the sensitivity and thermal noise 

of the magnetic field measuring sensor by the number of the serially connected windings 

30 on the sensor. Further, instead of using the highly resistive silicon body, the deposited 

metal lines may provide a very low resistive path which may save a lot of power during 
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the operation of the sensor of various embodiments. These improvements in the 

magnetometer performance are illustrated in the simulation results as described above. 

[0131] While the invention has been particularly shown and described with reference to 

specific embodiments, it should be understood by those skilled in the art that various 

5 changes in form and detail may be made therein without departing from the spirit and 

scope of the invention as defined by the appended claims. The scope of the invention is 

thus indicated by the appended claims and all changes which come within the meaning 

and range of equivalency of the claims are therefore intended to be embraced. 

29 



5 

CLAIMS 

!. A sensor for determining a property of a magnetic field, the sensor comprising: 

a substrate; 

a beam suspended from the substrate; and 

a plurality of conductive lines arranged on the beam, 

wherein the beam is adapted to be displaced in response to a current flowing 

through the plurality of conductive lines, and a magnetic field interacting with the beam, 

and 

I 0 wherein the sensor is configured to determine a property of the magnetic field 

based on the displacement of the beam. 

2. The sensor as claimed in claim I, wherein the plurality of conductive lines are 

arranged to conduct the current in the same direction. 

15 

3. The sensor as claimed in claim I, wherein the plurality of conductive lines are 

arranged to conduct the current in series. 

4. The sensor as claimed in claim I, wherein the plurality of conductive lines are 

20 arranged at least substantially parallel to each other on the beam. 

25 

30 

5. The sensor as claimed in claim I, wherein the plurality of conductive lines forms 

part of a single line arrangement. 

6. The sensor as claimed in claim I, wherein the substrate comprises a first edge 

portion and a second edge portion, the first edge portion and the second edge portion 

arranged adjacent opposite sides of the beam, and wherein the plurality of conductive 

lines forms part of a continuous line arrangement wound around the beam, the first edge 

portion and the second edge po11ion. 

30 



7. The sensor as claimed in claim 1, further comprising an insulator material 

between the plurality of conductive lines and the beam. 

8. The sensor as claimed in claim 1, further comprising at least one sensing element 

5 configured to determine the displacement of the beam. 

10 

15 

20 

9. The sensor as claimed in claim 8, wherein the at least one sensmg element 

comprises a pair of electrodes movable relative to each other. 

10. The sensor as claimed in claim 9, wherein an electrode of the pair of electrodes is 

connected to the beam. 

11. The sensor as claimed in claim 9, wherein each electrode of the pair of electrodes 

comprises a plurality of fingers. 

12. The sensor as claimed in claim 11, wherein the pair of electrodes is ananged in an 

interdigitated pattern. 

13. The sensor as claimed in claim 8, comprising: 

at least one first sensing element ananged on a first side of the beam; and 

at least one second sensing element ananged on a second side of the beam 

opposite to the first side. 

14. The sensor as claimed in claim 1, further comprising at least one resilient element 

25 coupled to the beam for suspending the beam from the substrate. 

15. The sensor as claimed in claim 1, further compnsmg a processmg circuit 

configured to determine the property of the magnetic field. 

30 16. The sensor as claimed in claim 1, wherein each conductive line of the plurality of 

conductive lines comprises a metal or a conductive poly-silicon. 
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17. The sensor as claimed in claim 16, wherein the metal is selected from the group 

consisting of aluminium, gold, copper, nickel, platinum, and titanium. 

18. A method of controlling a sensor, the method comprising: 

positioning a sensor in a magnetic field; 

applying a current to a plurality of conductive lines arranged on a beam of the 

sensor, the beam being suspended from a substrate of the sensor, wherein the beam is 

displaced in response to the current flowing through the plurality of conductive lines, and 

I 0 the magnetic field interacting with the beam; and 

determining a property of the magnetic field based on the displacement of the 

beam. 

19. The method as claimed in claim 18, wherein applying a current to a plurality of 

15 conductive lines comprises applying a current having a frequency that is at least 

substantially equal to a resonant frequency of the beam. 

20. The method as claimed in claim 18, wherein applying a current to a plurality of 

conductive lines comprises applying a current to flow through the plurality of conductive 

20 lines in the same direction. 
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