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ABSTRACT OF THE THESIS 

 

Design and Simulation of Measurement Systems 

for Multiferroic Antennas 

 

by 

 

Amanda Maria Marotto 

 

Master of Science in Electrical and Computer Engineering 

University of California, Los Angeles, 2019 

Professor Robert N. Candler, Chair 

Antennas are fundamental elements of nearly all modern communication systems. As 

electronic devices become smaller, the antennas that operate within them must reduce in size as 

well. Traditional antennas radiate electromagnetic waves using a conducting electric current. As 

a result, their dimensions must ideally be on par with electromagnetic wavelength they transmit 

and receive, making it difficult to appreciably miniaturize antennas for mobile applications. 

Multiferroic antennas are offered as a possible solution to this problem. Coupling the physical 

properties of magnetostrictive and piezoelectric materials results in the conversion between 

magnetic flux and voltage. Because these antennas use an acoustic wave to generate radiation 
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instead of a conduction current, their resonant wavelength sees a reduction in characteristic 

length by 5 orders-of-magnitude for a given frequency. In this experiment, multiferroic 

cantilevers are tested in order to study their nonlinear behavior when wirelessly actuated and 

how it is affected by tuning a bias magnetic field. The multiferroic cantilever is measured in a 

vacuum chamber, and wirelessly actuated by coils driven by a function generator. Magnetic field 

strength is measured with a Hall effect sensor. Cantilever displacement and voltage generated for 

several drive powers is measured as a function of frequency by a laser Doppler vibrometer and 

spectrum analyzer. This data is then used to characterize the strength of linear and nonlinear 

wireless actuation of multiferroic cantilevers. 
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Introduction 

Antennas are crucial to nearly all modern communication devices. As technology 

advances and demand for smaller devices becomes greater, the antennas that operate inside the 

devices must also reduce in size. However, there are many design challenges associated with the 

miniaturization of antennas. These challenges are primarily due to the physical limitations of 

antennas.  

 Typical antennas rely on electromagnetic waves which are then converted into a current. 

Therefore, miniaturization of antennas is limited by the wavelength they transmit or receive. Due 

to the reliance on electromagnetic wave resonance, antennas are generally greater than 1/10th of 

the electromagnetic wavelength. This greatly limits the miniaturization of antennas at higher 

frequencies, particularly the very and ultra-high frequency ranges. 

 Strain powered antennas offer a solution to antenna miniaturization challenges. 

Particularly, strain-coupled heterostructures of magnetostrictive and piezoelectric materials have 

shown the most potential. Magnetostriction is a property displayed by some ferromagnetic 

materials that causes a change in shape when in the presence of an applied magnetic field. 

Additionally, certain ferroelectric materials exhibit piezoelectricity which is the production of a 

net electrical charge in response to mechanical stress. These two properties work in conjunction 

to produce electromagnetic radiation without a conducting current. 

 The following document describes the design of a measurement system for miniature 

multiferroic cantilevers. The cantilevers are measured in a vacuum chamber with a laser Doppler 

vibrometer, spectrum analyzer, and function generator. The cantilever is actuated by a magnetic 

field, which is generated by Maxwell coils. A Hall effect sensor is added to the measurement 
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system and placed directly below the cantilever in order to accurately measure magnetic field 

strength experienced by the cantilever. This measurement system will provide more accurate and 

reliable results for the further development of multiferroic antennas. The final system design 

consists of a PCB with a Hall effect sensor placed in the center of a four coil Maxwell 

configuration. 

Background 

Stress & Strain 

Stress is defined as force per unit area. It describes how the shape of a material changes 

as a function of applied force. The effect on shape when in the presence of a normal applied 

force is displayed in the figure below (Figure 1). 

 

Figure 1. Tensile force results in an increase in length while a compressive force decreases the 

length of the object. 

Tensile and compressive stress () are both normal to the plane. Tensile stress causes a 

material to increase in length, while compressive stress causes the material to shorten. The 

mathematical relationship between stress, force, and area is summarized in Equation 1. 

Equation 1. σ = 
𝐹𝑛𝑜𝑟𝑚𝑎𝑙

𝐴
 



3 
 

 Strain describes the deformation of a material as a result of stress. Normal strain () refers 

to either an elongation or contraction of the solid. Therefore, normal strain is a dimensionless 

quantity can be expressed as the ratio of the change in length (L) to the original length (L) 

(Equation 2). 

Equation 2. 𝜀 =
∆𝐿

𝐿
 

 Since stress and strain are closely related, Young’s Modulus (E) is commonly used to 

express the elongation or compression of a material when in the presence of a normal force 

(Equation 3). 

Equation 3. E =  
𝜎

𝜀
 

 

Ferromagnetics & Magnetostriction 

Ferromagnetism is one mechanism by which a material forms a permanent magnet or is 

attracted to a magnetic field. It is a property of both chemical composition and crystalline 

structure of the material. Ferromagnetism occurs in materials with unpaired spins within atoms. 

The unpaired spins interact with each other, thereby naturally aligning their magnetic moments. 

The alignment of magnetic moments causes the development of a permanent magnetic field. 

Ferromagnetic materials are diverse in that they can act as conductors, insulators, or 

semiconductors. 

Order is often used to express the structure of a crystal. More specifically, it refers to the 

arrangement of atoms and molecules. Long range order indicates the presence of a consistent 

pattern that is repeated periodically throughout the crystal. Long range ordering found in 



4 
 

ferromagnetic materials is responsible for many unique properties, most notably the formation of 

magnetic domains. 

Magnetic domains of ferromagnetic materials are regions of magnetic alignment that are 

the result of the ordering of electron spins. Individual domains are highly magnetized. However, 

in the absence of an applied magnetic field, the domains are often randomly oriented, thereby 

resulting in an overall unmagnetized material (Figure 2a). 

The application of a magnetic field on the material increases the alignment of the 

domains (Figure 2b). When domains align, the material becomes magnetized. Due to the shift in 

domains, some ferromagnetic materials have a mechanical response to the applied magnetic 

field. As a result, the material has a mechanical transformation, thereby forming a strain field. 

This is the concept of magnetostriction. 

 

Figure 2. Domains of a ferromagnetic material when (a) under no applied magnetic field and (b) 

in the presence of an external magnetic field. 

 

 Ferromagnetic materials are often characterized by their hysteresis curve. A hysteresis 

curve is a function of magnetic field strength (�⃗⃗� ) and magnetic flux density (�⃗� ). The curve 
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displays several important points. Points A and D in Figure 3 are the saturation points of the 

material. At saturation, all domains are aligned and an applied external magnetic field can no 

longer increase the magnetization of the material. 

 Point B on the hysteresis curve indicates the coercivity of the material. The coercive 

force is the magnetic field strength required to make the magnetic flux zero. The retentivity of a 

material corresponds to the point C in Figure 3. Retentivity describes the materials’ ability to 

maintain a magnetic field when removed from the magnetizing source.  

 

Figure 3. Hysteresis curve for magnetic materials. Points A and D indication saturation of the 

material. The coercivity of a material is given by point B and retentivity by point C. 

 The hysteresis curve also demonstrates the dependence on the history of the material. 

Ferromagnetic materials are dependent not only on the current applied magnetic field, but also 

past events (i.e., field applied previously to the material). 

Magnetostriction is defined as the change in shape of a ferromagnetic material in 

response to an applied magnetic field. The ability of magnetostrictive materials to couple both 
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electric and magnetic fields makes it useful in many applications, such as sensors, actuators, and 

transducers. 

The induced strain is due to the magnetocrystalline anisotropy of the ferromagnetic 

material. Magnetocrystalline anisotropy is an intrinsic property of the crystal and refers to the 

energy required to magnetize a material. This depends largely on the direction of the applied 

magnetic field in relation to the principal axis of the crystal. Certain directions in a crystal lattice 

require more energy than others and each direction has a different length (Figure 4). Therefore, a 

strain is induced and the dimension of the material changes when in the presence of an applied 

magnetic field. 

 

Figure 4. The effect of an applied magnetic field on a material largely depends on the direction 

of the field as well as the crystalline structure of the material. 

 

Positive magnetostriction occurs when the material increases in length. While the 

material is stretched, the width decreases so that it maintains a nearly constant volume. As a 

stronger magnetic field is applied, more domains of the ferromagnetic material become re-

oriented. Once all domains are oriented in the direction of the external magnetic field, the 

material is said to reach the saturation point.  
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There has also been evidence of shifting domain boundaries when a ferromagnetic 

material is under an applied magnetic field. Figure 5 shows how domains that are oriented in the 

same direction as the external magnetic field change shape. 

 

Figure 5. Domains of a material when (a) not in presence of an applied magnetic field and (b) 

when a magnetic field is applied in the positive x direction. 

Ferroelectrics & Piezoelectricity 

Ferroelectric materials are dielectrics that are capable of spontaneous electric polarization 

of material in the absence of an applied electric field. This effect can be reversed when the 

material is in the presence of an applied electric field. This reversal is demonstrated by the 

hysteresis loop, similar to that of ferromagnetic materials. The hysteresis loop is a result of the 

polarization dependence on the electric field as well as the history of the material. Ferroelectrics 

belong to the polar piezoelectric class, and therefore exhibit piezoelectric properties. 

Piezoelectric materials are unique in that they create electricity in response to mechanical 

stress. These materials also work in reverse, producing strain when an electric field is applied.  

A crystal is considered to be any solid with an orderly arrangement of atoms or molecules 

based on many repetitions of a unit cell. The piezoelectric effect is linear and can only be 
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observed in crystalline structures that lack inversion symmetry. In piezoelectric crystals, the unit 

cell is not symmetric but maintains an electrical balance. 

Due to the neutrality and asymmetry of piezoelectric crystals, any change in shape due to 

mechanical force results in a net electrical charge. Applied tensile or compressive stress creates 

electrical charge throughout the crystal, resulting in the formation of a voltage potential.  

The inverse piezoelectric effect occurs in a similar way; when a voltage potential is 

applied across a crystal, the atoms attempt to rebalance. This results in the deformation of 

crystals. 

The mathematical mechanisms of the piezoelectric effect are based on the 

electromechanical properties of piezoelectrics. When piezoelectric materials are mechanically 

strained, a voltage potential forms from the fixed charge that resides on the surface of the 

material. The relation between the charge density (d) and stress (T) is described by Equation 4. 

Equation 4. 𝑃𝑝𝑒 = 𝑑 × 𝑇 

 Where Ppe is the piezoelectric polarization vector. The inverse piezoelectric effect is 

defined by a similar equation for mechanical strain (Spe) and applied electric field (E) (Equation 

5). 

Equation 5. 𝑆𝑝𝑒 = 𝑑 × 𝐸 

 Alternatively, these can be in terms of the piezoelectric stress constant e (Equation 6 and 

Equation 7). 

Equation 6. 𝑃𝑝𝑒 = 𝑑 × 𝑇 = 𝑑 × 𝑐 × 𝑆 = 𝑒 × 𝑆 

Equation 7. 𝑇𝑝𝑒 = 𝑐 × 𝑆𝑝𝑒 = 𝑐 × 𝑑 × 𝐸 = 𝑒 × 𝐸 
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 The elastic constant c relates stress and applied strain (Equation 8). The compliance 

coefficient s describes the change in shape from applied stress (Equation 9).  

 

Equation 8. 𝑇 = 𝑐 × 𝑆 

Equation 9. 𝑆 = 𝑠 × 𝑇 

 Due to the complex nature of piezoelectric materials, their physical properties are often 

described by a tensor relating mechanical stress and strain as well as the electric field and electric 

displacement (Equation 10 and Equation 11). 

Equation 10. 𝑆𝑝 = 𝑠𝑝𝑞
𝐸 𝑇𝑞 + 𝑑𝑝𝑘𝐸𝑘  

Equation 11. 𝐷𝑖 =  𝑑𝑖𝑞𝑇𝑞 + 𝜀𝑖𝑘
𝑇 𝐸𝑘  

 In these equations, 𝑠𝑝𝑞
𝐸

  is the elastic compliance tensor, 𝜀𝑖𝑘
𝑇  is the dielectric constant 

tensor. The piezoelectric constant tensors are dkp and diq, the Sp described the mechanical strain 

in the p direction. The electric displacement in the i direction is Di and the mechanical stress in 

the q direction is Tq witch Ek being the electric field in the k direction. Figure 6 provides labeled 

directions for the tensor equations. 

 

Figure 6. Directions for the tensor relations of mechanical strain and electric displacement. 
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Magnetoelectric multiferroic materials are those that exhibit both ferroelectric and 

ferromagnetic properties. The physical properties of these materials allow for an electric field to 

induce magnetization or a magnetic field to induce polarization of a material. Multiferroics have 

recently been proposed as a possible solution to further miniaturize devices such as antennas. 

Electromagnetic Waves 

 Electromagnetic waves in a vacuum are described mathematically with Maxwell’s 

equations (Equation 12, Equation 13, Equation 14, Equation 15). 

Equation 12. ∇ ∙ 𝐸⃗⃗  ⃗ = 0 (Gauss’ Law) 

Equation 13. ∇ ∙ 𝐵⃗⃗  ⃗ = 0 

Equation 14. ∇ × �⃗� =  −
𝜕�⃗� 

𝜕𝑡
 (Faraday’s Law) 

Equation 15. ∇ × 𝐵⃗⃗  ⃗ =  𝜇0𝜀0
𝜕�⃗� 

𝜕𝑡
 (Ampere’s Law) 

 The Faraday and Ampere equations are responsible for electromagnetic radiation. The 

time variation is coupled to the spatial variation of the electric and magnetic fields through the 

curl operator. As the electric field travels, it changes as a function of space. This action produces 

a time varying magnetic field. When this magnetic field changes with time, it also varies as a 

function of space, creating a time varying electric field. This continuous interaction between 

electric and magnetic field create a wave equation. This is demonstrated by taking the curl of 

both Faraday and Ampere equations (Equation 16 and Equation 17). 

Equation 16. ∇ × (∇ × �⃗� ) =  𝛻 × (−
𝜕�⃗� 

𝜕𝑡
) 

Equation 17. ∇ × (∇ × 𝐵⃗⃗  ⃗) =  𝛻 × (𝜇0𝜀0
𝜕�⃗� 

𝜕𝑡
) 
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 The two equations can be further simplified using mathematical rules of calculus 

(Equation 18 and Equation 19).  

Equation 18. 𝛻2�⃗� =
𝜕

𝜕𝑡
(𝛻 × �⃗� ) 

Equation 19. 𝛻2�⃗� =  −𝜇0𝜀0
𝜕

𝜕𝑡
(𝛻 × �⃗� ) 

 Replacing the curl of the magnetic and electric fields with the results from the Maxwell 

equations yields Equation 20 and Equation 21. 

Equation 20. 𝛻2�⃗� =  𝜇0𝜀0
𝜕2

𝜕𝑡2 �⃗�  

Equation 21. 𝛻2�⃗� =  𝜇0𝜀0
𝜕2

𝜕𝑡2 �⃗�  

 These two equations expressed the decoupled magnetic and electric fields, each of which 

have solutions of an electromagnetic wave. Therefore, Maxwell’s equations confirm that 

electromagnetic waves exist as a consequence of coupled physical properties of electric and 

magnetic fields. 

Antenna Radiation 

 Antenna radiation typically requires a time-varying current or an acceleration of charge. 

The process of antenna radiation is best understood by examining a very thin wire. Assume a 

current (I) flows through the wire in the positive z direction. A charge per unit length of a wire, q 

(C/m), is distributed uniformly. The charge flows with a velocity v (m/s), also in the +z direction. 

The relationship between the three parameters is given by Equation 22. 

Equation 22. 𝐼𝑧 =  𝑞 ∙ 𝑣𝑧 

 Equation 23 shows the changes in Equation 22 when the current is assumed to be time-

varying. 
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Equation 23. 
𝑑𝐼𝑧

𝑑𝑡
=  

𝑑

𝑑𝑡
(𝑞𝑣𝑧) =  𝑞

𝑑𝑣𝑧

𝑑𝑡
= 𝑞𝑎𝑧 

 Where az is the acceleration of the charge (m/s2). A wire of length l changes the equation 

to Equation 24. 

Equation 24. l
𝑑𝐼𝑧

𝑑𝑡
= 𝑙𝑞

𝑑𝑣𝑧

𝑑𝑡
= 𝑙𝑞𝑎𝑧 

 The resulting equation confirms that a time-varying current or an acceleration of charge 

are required for radiation. Generally, currents are mentioned in time-harmonic situations while 

charge acceleration is referred to for transient applications. 

 A qualitative description of the radiation process as well as a visual aid (Figure 7) 

provides more physical details. Consider the wire in Figure 7a that is ½ the length of the signal 

wavelength. The free electrons in the wire become energized when a sinusoidal source is applied 

(Figure 7b). The result is a current that moves between the two ends of the wire. The first half of 

the signal wavelength moves the electrons to one side of the wire. This motion creates a 

fluctuating magnetic field (Figure 7c). When the electrons are stopped at the other end, the 

magnetic field collapses. Due to an excess of negative charge at one end, the antenna becomes 

polarized (Figure 7d). The same process happens in the second half of the wavelength. However, 

the current moves in the reverse direction and thereby causes the fluctuating magnetic field in the 

opposite direction (Figure 7e). The final result is a fluctuating magnetic field and a changing 

polarity that reverses direction at every half cycle of the signal frequency. This confirms the 

mathematical derivation that radiation requires the acceleration of charge.  
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Figure 7. Antenna radiation visualized. 

 

Antenna Characteristics 

 Antennas are characterized by several main parameters, most notably frequency 

bandwidth and quality factor. These parameters help to guide the design of the antenna.  

 The frequency bandwidth describes the range of frequencies for which the antenna can 

operate reliably. Antennas are often categorized by narrowband and wideband. Transmitting 

antennas must operate within the specified bandwidth, otherwise the transmitter could be 

severely damaged. Receiving antennas are less susceptible to damage from unwanted 

frequencies. However, the signal received could be distorted so it is ideal to adhere to bandwidth 

specifications. The quality factor (Q factor) of an antenna is closely related the bandwidth. It 

defines the relationship between the center frequency (fc) and the maximum (f2) and minimum 

(f1) of the bandwidth (Equation 25). 

Equation 25. 𝑄 = 
𝑓𝑐

𝑓2− 𝑓1
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 This equation concludes that antennas with a narrower bandwidth will have a higher Q, 

while a wider bandwidth results in a lower Q. Wideband antennas are typically used for wireless 

communication systems. 

Electrically Small Antennas 

 Electrically small antennas (ESAs) are those that are significantly shorter than the 

wavelength of the signal that is received or transmitted. ESAs are typically a tenth of the 

operating wavelength or smaller. Due to their miniature size, electrically small antennas are 

generally much less efficient than their quarter and half wave counterparts. Despite the many 

challenges of ESAs, they continue to be commonly used due to the growing demand for smaller 

devices at lower costs. Difficult impedance matching, insertion loss, and high Q factor are 

among the many design challenges of ESAs. 

 Chu’s limit is a common reference which describes size and performance limitations for 

ESAs. Chu suggests that ESAs have a minimum Q value, which is inversely proportional to the 

electrical size of the antenna. As a result, the impedance bandwidth is limited due to the size of 

the antenna. 

 In Chu’s limit calculation, the antenna is assumed to be contained in a sphere of the 

smallest possible radius (a). Outside of the sphere are spherical wave modes. The Q is derived 

for each of the modes and the minimum Q is determined by the lowest order mode. Chu’s 

conclusions are summarized by Equation 26 and Equation 27. 

Equation 26. 𝑄 ≥  
1

𝑘3𝑎3 + 
1

𝑘𝑎
 

Equation 27. 𝑘 =  
𝜆

2𝜋
 

 The Q value affects the impedance matching bandwidth according to Equation 28. 
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Equation 28. 𝑀𝑎𝑡𝑐ℎ𝑖𝑛𝑔 𝑉𝑆𝑊𝑅 𝐹𝐵𝑊 ≈  
2√𝛽

𝑄(𝜔0)
 

 Where β is defined by the amount of reflection tolerated in the bandwidth. These 

equations confirm that smaller antennas have higher Q factors, an undesirable trait in antenna 

design. 

Strain Powered Antennas 

 Strain-mediated multiferroic antennas use an electric or magnetic flux as a source of 

radiation. The primary focus is on coupled heterostructures of magnetostrictive and piezoelectric 

materials. When a magnetostrictive material is in the presence of an applied magnetic field, it 

changes shape. This change in shape causes a mechanical stress, which is transferred to the 

piezoelectric material (Figure 8). Stress on a piezoelectric material causes a voltage potential to 

form, resulting in electromagnetic radiation. 

 

Figure 8. Strain-coupled heterostructures of magnetostrictive and piezoelectric heterostructures 

when (a) no magnetic flux is present and (b) in the presence of an applied magnetic flux. 

Hall Effect Sensor 

 To understand the Hall effect, first consider a current flowing through a conductive metal 

strip such as Figure 9. In the absence of a magnetic field, the electrons will flow directly through 
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the strip. However, when an applied magnetic field is present, the electrons move to one side of 

the strip. This creates a voltage potential between the two sides of the metal strip. 

 

Figure 9. The Hall effect occurs when a current flowing is exposed to an applied magnetic field. 

Hall effect sensors are devices that measure the magnitude of a magnetic field. The 

output Hall voltage (VH) is proportional to the applied magnetic field strength, as shown in 

Equation 29. The Hall voltage is also dependent on the Hall coefficient (RH), current, and 

thickness (t) of the sensor.  

Equation 29. 𝑉𝐻 = 𝑅𝐻 (
𝐼

𝑡
× 𝐵) 

 Linear Hall effect sensors have an output voltage directly proportional to the magnetic 

field. Therefore, a strong magnetic field results in a high output voltage while a weaker field 

results in a small voltage. When the magnetic field exceed the maximum rating, the sensor 

reaches a saturation point so that the output no longer changes with magnetic field strength. 
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Four Coil Configuration 

 Maxwell coils are devices used to generate a highly uniform magnetic field. These are an 

improvement on the Helmholtz design, which consists of only two coils. The derivation of 

Maxwell coil dimensions in Maxwell’s Treatise on Electricity and Magnetism is done by first 

considering the coils as part of a Galvanometer. Therefore the device consists of coils as well as 

an apparatus. The four coils are assumed to be parallel circles within the same sphere. The coils 

are at the angles θ, φ, π -  φ, and π – θ with respect to the apparatus. The number of windings of 

the two outer coils is defined in Equation 30, while the number of windings of the two inner coils 

is defined according to Equation 31. 

Equation 30. 𝑁𝑜𝑢𝑡 = 𝑛 

Equation 31. 𝑁𝑖𝑛 = 𝑝 ∗ 𝑛 

 Maxwell defines several coefficients for the coils (G1, G2, G3, G4 and G5), noting that 

symmetry allows for coefficients of even order to be equal to zero. In the four coil configuration, 

setting G3 = 0 and G5 = 0 gives Equation 32 and Equation 33. 

Equation 32. 𝑛 𝑠𝑖𝑛2 𝜃 𝑄3
′ (𝜃) + 𝑝𝑛 𝑠𝑖𝑛2 𝜙𝑄3

′ (𝜙) = 0 

Equation 33. 𝑛 𝑠𝑖𝑛2 𝜃 𝑄5
′ (𝜃) + 𝑝𝑛 𝑠𝑖𝑛2 𝜙𝑄5

′ (𝜙) = 0 

 The equations are simplified by replacing the sine functions with variables. 

Equation 34. 𝑠𝑖𝑛2 𝜃 = 𝑥 

Equation 35. 𝑠𝑖𝑛2 𝜙 = 𝑦 

 Additionally, Maxwell defines 𝑄𝑖
′ as the current defined by Equation 36 and µ represents 

cosθ. 

Equation 36. 𝑄𝑖
′ = 

𝑑𝑄𝑖

𝑑𝜇
 

 Specifically, 𝑄3
′  and 𝑄5

′  are defined as Equation 37 and Equation 38. The symbol ν 

represents sinθ. 
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Equation 37. 𝑄3
′ = 

3

2
(5𝜇2 − 1) = 6(𝜇2 − 

1

4
𝑣2) 

Equation 38. 𝑄5
′ = 

15

8
(21𝜇4 − 14𝜇2 + 1) = 15(𝜇4 − 

3

2
𝜇2𝑣2 + 

1

8
𝑣4) 

 

 Replacing 𝑄3
′  and 𝑄5

′  in terms of Equation 32 and Equation 33 yields Equation 39 and 

Equation 40. 

Equation 39. 4𝑥 − 5𝑥2 + 4𝑝𝑦 − 5𝑝𝑦2 = 0 

Equation 40. 8𝑥 − 28𝑥2 + 21𝑥3 + 8𝑝𝑦 − 28𝑝𝑦2 + 21𝑝𝑦3 = 0 

Subtracting Equation 40 from two times Equation 39, then dividing by 3 gives Equation 

41. 

Equation 41. 6𝑥2 − 7𝑥3 + 6𝑝𝑦2 − 7𝑝𝑦3 = 0 

 Combining Equation 39 and Equation 41 yields: 

Equation 42. 𝑝 =  
𝑥

𝑦

5𝑥−4

4−5𝑦
= 

𝑥2

𝑦2

7𝑥−6

6−7𝑦
 

 Writing variables y and p in terms of x gives Equation 43 and Equation 44. 

Equation 43. 𝑦 =  
4

7

7𝑥−6

5𝑥−4
 

Equation 44. 𝑝 =  
32

49𝑥

7𝑥−6

(5𝑥−4)3
 

 Because x and y are related to sine functions, the angles must be between 0 and 1. The 

results for p, which determines the number of turns for the inner two coils, are summarized in 

Table 1. 

 

Table 1. The value of p depending on the angles of the Maxwell coils. 
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Measurement Set Up 

Experimental Set Up 

 The multiferroic cantilevers in this experiment consist of a 300 nm Nickel 

magnetostrictive material and a 400 nm Aluminum nitride piezoelectric material (Figure 10). 

The strain generated by the magnetostrictive material in the presence of a magnetic field causes 

the piezoelectric material to produce a voltage. 

 

Figure 10. Multiferroic cantilever with magnetostrictive Nickel layer and piezoelectric 

Aluminum Nitride. 

The cantilever is magnetically actuated by Maxwell coils driven by an Agilent 33120A 

function generator. Additionally, the Hall effect sensor is placed directly beneath the cantilever 

in order to measure the magnetic field generated by the coils. Cantilever displacement and 

voltage generated for several drive powers is measured as function of frequency with a laser 

Doppler vibrometer and spectrum analyzer. A summary of the measurement set up is shown in 

Figure 11. 
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Figure 11. Experiment set up consisting of the cantilever, Maxwell coils, and Hall effect sensor 

in a vacuum chamber. The laser Doppler vibrometer, spectrum analyzer, and function generator 

are used for measurements. 

System Overview 

 The two components added to the measurement system are the Hall effect sensor and the 

Maxwell coils. The Hall effect sensor serves to verify the magnetic field strength experienced by 

the cantilever while the Maxwell coils magnetically actuate the device.  

 In past experiments, Helmholtz coils were used to magnetically actuate the cantilever. 

While Helmholtz coils are simpler and require less material, the magnetic field lacks uniformity. 

In order to increase field uniformity, a new Maxwell coil design is utilized. Ideally, the Maxwell 

coils will produce a magnetic field strength of 300-500 G and have a consistent field uniformity 

in the center 10 mm area.  

 Additionally, past measurement systems did not include a magnetic field sensor. Though 

the actuating coils are designed and simulated to produce a specific magnetic field strength, they 
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will not always perform exactly as expected. In order to compensate for any variations, a Hall 

effect sensor is added to the measurement set up.   

 The primary limitation for the system is the size of the vacuum chamber the cantilever is 

measured in (Figure 12). The addition of two coils for a total of a four coil Maxwell 

configuration requires much more space than the Helmholtz coil design. Additionally, the 

Maxwell coil configuration must be designed so that the Hall effect sensor PCB can be placed in 

the center. 

 

Figure 12. Vacuum chamber dimensions. 

Design & Simulation 

Hall Effect Sensor Background 

A Hall effect sensor was chosen in order to measure the magnitude of the magnetic field 

generated by the Maxwell coils. For this application, the sensor was required to be able to fit in 

the 10 mm by 10 mm area at the center of the coils with a DC sensing field range of 0 to 2000 G.  

 The Micronas HAL2455 was found to fit all requirements. This linear Hall-effect sensor 

operates in the ±2000 G range and utilizes a pulse-width modulation output. Supply voltage for 

the sensor ranges from 4.5-5.5 V. The HAL2455 comes in an IC (SOIC8-1) and a transistor 
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standard UT (TO92UT-1/-2) package. For this experiment, the SOIC8-1 package was ideal. The 

HAL2455 is roughly 6 mm wide and 5 mm long with a height of 1.65 mm. The sensor is 

calibrated with a LabView based programming environment provided by the USB application kit 

available from Micronas. 

 The PWM output is proportional to the magnetic flux through the Hall plate. The external 

magnetic field generates a voltage which is then converted to a digital value. The value is then 

processed in the Digital Signal Processing Unit (DSP). The final signal is encoded in the duty 

cycle of the PWM output. The duty cycle is defined as the ratio of high time (s) to the period (d) 

of the PWM signal (Figure 13). The signal is updating at every rising edge. 

 

Figure 13. Pulse-width modulation signal output of the HAL2455. 

 Pins 1 and 4 are assigned to the voltage supply and output, respectively. Pin 2 is the 

designated ground of the device and the remaining pins are connected to the ground of the 

circuit. A full diagram is displayed in Figure 14. 
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Figure 14. HAL2455 pin diagram. 

Additionally, an application circuit was provided in the datasheet. The circuit includes a 

47 nF and a 180 pF capacitor, connected to voltage and output pins, respectively. The application 

circuit is displayed in Figure 15. 

 

Figure 15. Application circuit for the HAL2455 sensor. 

HAL2455 Schematic 

 The circuit schematic for the HAL2455 is largely determined by the application circuit 

provided in the datasheet. However, a low-dropout regulator (LDO) was included in the final 

circuit design in order to regulate voltage supplied to the sensor and prevent possible damage. 

The MAX603ESA+ from Micronas has a preselected output voltage of 5 V, which is ideal for 

the HAL2455 operating in the 4.5 to 5.5 V range. Additionally, this LDO is rated for the wide 

range of 2.7 to 11.5 V and comes in an SOIC8-1 package. 
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 The pin assignment for the LDO are defined in Figure 16. 

 

Figure 16. Pin assignment for the MAX603ESA+ low-dropout regulator. 

 As with the HAL2455, the MAX603ESA+ datasheet includes a recommended 

application circuit which includes two 10 µF capacitors (Figure 17). One capacitor is connected 

between the input pin and ground, and the other is connected between the output pin and ground.  

 

Figure 17. Application circuit for the MAX603ESA+. 

 Therefore, the final schematic includes HAL2455 and MAX603ESA+ as well as all 

capacitors required in the application circuits (Figure 18).  
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Figure 18. Schematic for the HAL2455 and MAX603ESA+ devices. 

Comsol View 

 The Maxwell coils were simulated in Comsol using a 2D revolved geometry. The four 

coils are represented by copper squares surrounded by an air rectangle, showing the cross section 

of ½ of the coil setup (Figure 19). The coils are positioned around the origin according to the 

assigned inner and outer radius. The width and length are defined for each coil and the distance 

between them is determined by d1 and d2. Each copper square is defined by the external current 

density J in the φ direction of the plane (Equation 45). The current density is a function of 

current and the width and length dimensions of the coil.  

Equation 45. 𝐽(𝜙) =  
𝐼

𝑊∙𝐿
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Figure 19. Coil geometry definitions in Comsol. 

In the Comsol Geometry tool, the components can be positioned in respect to the center 

or corner of the object. In order to keep objects from shifting inconsistently at different radius 

and distance values, all components were positioned with respect to the center of the square. To 

account for this additional length, the radii and distances between coils were defined according 

to Figure 20a and Figure 20b. This prevents unwanted designs such as overlap of the coils. 
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Figure 20. The Comsol geometry position tool measures from the center of each square. To 

account for this, the squares were positioned an additional (a) half width and (b) half length 

from the origin. 

 A sample of the 2D revolution geometry is displayed in Figure 21. The squares of copper 

are rotated around the z axis to form coils. Additionally, the coils are contained in an air cylinder 

as a result of the rectangle of air rotating around the axis as well. 
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Figure 21. Sample coil geometry from 2D revolution in Comsol. 

Measurement Notes 

 Magnetic field uniformity is calculated with the maximum, minimum, and average field 

strength according to Equation 46. The magnetic field variance is required to be less than 10% 

(Equation 46). These parameters were obtained using the Surface Average, Surface Minimum, 

and Surface Maximum tool from a 10 mm by 5 mm surface square in Comsol (Figure 22). This 

surface square is where the cantilever will be placed and serves as the boundary condition for 

magnetic field strength and uniformity calculations. 

Equation 46. 10% > 
�⃗� 𝑚𝑎𝑥− �⃗� 𝑚𝑖𝑛

�⃗� 𝑎𝑣𝑔
 ∙ 100 
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Figure 22. Comsol surface calculations in the boundary of the center rectangle. 

Inner and Outer Radius 

 The radii of the inner and outer coils were tested in order to determine the effects on 

uniformity and the average value of the magnetic field strength. Figure 23 is a diagram of the 

coils for reference. 
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Figure 23. Inner and outer radii of the coils are adjusted in order to observe effects on magnetic 

field uniformity and strength. 

 The coils were tested under a constant 300 A applied current with a width and length of 

1 mm. Distances d1 and d2 were both equal to 8 mm. The constant parameters of current, width, 

length, and distance in this simulation were chosen only in order to better observe obvious 

trends. They are not necessarily physically realistic values nor are they based on the final design 

criteria. 

 The values of Rin and Rout were varied, keeping Rin ≥ Rout. The center of the vacuum 

chamber is slightly larger in height. Therefore, the inner coils can have a larger radius than the 

outer coils. The inner radius value ranged from 5 mm to 15 mm in order to observe trends over 

many values. 

 From the data obtained in Comsol simulations, a large Rin results in a significantly lower 

magnetic field strength (Figure 24). Trends in the data also show that magnetic field uniformity 

increases as the inner radius becomes larger.  
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Figure 24. Average magnetic field strength decreases as the inner and outer radii become 

larger. 

 The uniformity of the field is shown in Figure 25 below. Most values of Rin and Rout fit 

the 10% criteria. A notable exception occurs for all values of Rin = 5 mm and some values for Rin 

= 6 mm, confirming that larger radii have better field uniformity. 
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Figure 25. The magnetic field becomes more uniform as the inner and out radii increase. 

Width and Length 

 Magnetic field uniformity and strength were tested for various width and length coil 

dimensions. The purpose of these simulations was to understand how length and width affect the 

magnetic field strength. Therefore, some parameters used are not accurate nor are they physically 

possible for operation in the vacuum chamber.  

The coils were tested in Comsol under a 300 A applied constant current with distances d1 

and d2 both equal to 8 mm. The radii Rin and Rout were set to 12 mm and 9 mm, respectively. The 

width and length were tested for various values and combinations. Relevant coil parameters are 

labeled in Figure 26.  
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Figure 26. Width and length parameters for the coils. 

 The initial simulations for the width and length parameters examined the effects on 

magnetic field strength and uniformity when the width was equal to or greater than the length 

(Figure 27).  

 

Figure 27. . Coils when tested for a width larger than length. 

The width was set to a fixed value while the length was gradually increased by 0.5 mm 

until it was equal to the width. It is observed in Figure 28 that average magnetic field strength 

decreases as the width and length increase. These observations are demonstrated by the graph 
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below (Figure 28). A notable peak occurs when the length is between 60-75% the size of the 

width. This is consistent with Maxwell’s 32
49⁄  ratio derived earlier. 

 

Figure 28. Average magnetic field strength measurements decrease as width and length become 

larger. 

 Most combinations of width and length met the 10% minimum criteria for field 

uniformity, with some exceptions in the 2 mm and 3 mm width values (Figure 29). 
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Figure 29. The simulated magnetic field strength meets the uniformity requirement for most 

width values. 

 Field strength and uniformity were also tested when the length was greater than or equal 

to the width of the coil (Figure 30). 
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Figure 30. Coils when tested for a length larger than width. 

As with earlier simulations, the length was kept at a constant value while the width was 

incremented by 0.5 mm until it was equal to the length. The resulting trends are very similar to 

those of W ≥ L simulations; magnetic field strength decreases as the length increases (Figure 31). 

The average magnetic field also reaches a peak when the width is between 60-75% the size of 

the length. Once again, this is expected from Maxwell’s derivation of p = 32
49⁄  . Additionally, 

maximum magnetic field is achieved at a majority of the same points in both W ≥ L and L ≥ W 

(Figure 32). 
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Figure 31. Average magnetic field strength decreases as width and length become larger. 
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Figure 32. Peak average magnetic field strength occurs at the same points for W ≥ L and L ≥ W. 

These values are also consistent with the Maxwell coil ratio. 

A notable difference between the two simulations is the value of the magnetic field 

strength. When L ≥ W, a higher magnetic field strength is achieved. Despite having the same 

area, simulations where the length was greater than the width had a much higher magnetic field 

strength. However, the magnetic field becomes less uniform under these conditions. This is 

confirmed by the results in Table 2.  
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Width (mm) Length (mm) Average Magnetic 

Field Strength (G) 
∆�⃗� 

�⃗� 𝑎𝑣𝑔
⁄  

7 5 301.58 4.25% 

5 7 338.58 6.34% 

6 4 289.68 5.37% 

4 6 364.15 6.81% 

5 2 158.42 5.50% 

2 5 261.21 12.19% 

4 3 344.27 11.58% 

3 4 394.08 10.60% 

Table 2. Width and length vary considerably despite having the same total area. 

The magnetic field uniformity for L ≥ W simulations is shown in Figure 33. The 

magnetic field for L ≥ W is notably less uniform than W ≥ L. Uniformity increases as length and 

width increase. 

 

Figure 33. The magnetic field becomes more uniform as the width and length increase. 
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Width and Length of Inner and Outer Coils 

 The capabilities of Comsol software allow for a fine-tuned simulation. Therefore, tests 

were done to examine the effects of having different widths and lengths for the inner and outer 

coils. Figure 34 below demonstrates the idea of having separate width and lengths of inner and 

outer coils. 

 

Figure 34. Maxwell coils with varying width and length for inner and outer coils. 

 In these simulations, the width and length of the outer coils were defined for various 

values while the inner width and length were calculated with Equation 47 and Equation 48.  

Equation 47. 𝑊𝑖𝑛 = 
49

32
𝑊𝑜𝑢𝑡  

Equation 48. 𝐿𝑖𝑛 = 
49

32
𝐿𝑜𝑢𝑡 

 These equations are based on the Maxwell coils turn number. From the derivation, the 

inner coil dimensions can either be 49
32⁄  or 32

49⁄   the size of the outer coils. The vacuum 

chamber used in testing has the most space in the center 30 mm diameter area. Therefore, it is 
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advantageous to design the inner coils to be 49
32⁄   the size of the outer coils and placed in the 

center area. As with the original simulation of length and width, these values were tested for two 

possible situations. The first being Wout ≥ Lout, and the second Lout ≥ Wout. 

 Coils were simulated with a 300 A applied constant current with Rin = 12 mm and Rout = 

9 mm. Additionally, the distances d1 and d2 were fixed at 8 mm. 

 The results differed only slightly from the initial simulations using the same length and 

width for both inner and outer coils. Both designs were identical in magnetic field strength and 

field uniformity trends. The primary advantage for the altered outer coil dimensions is the 

smaller size. Space is limited in the vacuum chamber, therefore any decrease in dimensions is 

advantageous.  

 

Figure 35. Maxwell coils with a larger width than length. 

 In the case where Wout ≥ Lout (Figure 35), an increase in length and width causes the 

magnetic field strength to decrease (Figure 36). As with earlier simulations, the average 

magnetic field strength peaks when the length is 60-75% the size of the width which is consistent 
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with Maxwell’s coil ratio. Magnetic field uniformity meets the 10% minimum requirement for 

most values of Win and Lin with the exception of some smaller values of Win (Figure 37). 

 

Figure 36. Average magnetic field strength decreases as width and length of the coils increase. 
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Figure 37. Magnetic field uniformity meets the 10% requirement for the majority of the points. 

 

Figure 38. Maxwell coils with a larger length than width. 

 The case where Lout ≥ Wout was also simulated (Figure 38). As with the previous 

simulations, average magnetic field strength decreases as width and length increase (Figure 39). 
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Again, peaks occur when the width is 60-75% the value of the length. As with past simulations, 

the peaks occur at the same points in both plots for Wout ≥ Lout and Lout ≥ Wout. It should also be 

noted that the peaks in the W ≥ L and L ≥ W magnetic field strength plots occur at the same 

points as those on the Wout ≥ Lout and Lout ≥ Wout plots (Figure 41). This consistency further 

demonstrates the reliability of Maxwell’s four coil ratio derivation. Additionally, the magnetic 

field remains relatively uniform (Figure 40). 

 

Figure 39. Average magnetic field decreases as the width and length of coils increase. 
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Figure 40. Magnetic field uniformity meets the 10% requirement for most values. 
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Figure 41. Peak magnetic field strength occurs at similar points for both Wout ≥ Lout and Lout ≥ 

Wout. 

Table 3 summarizes the results of all four coils having the same width and length as well 

as when the inner and outer coils have separate dimensions. The magnetic field strength is lower 

when inner and outer coils have different dimensions. Magnetic field uniformity are not 

significantly impacted by the change in outer coil width and length. However, a larger length 

than width leads to a substantial increase in magnetic field despite having the same area in all 

simulations. 
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Wout (mm) Lout (mm) Win (mm) Lin (mm) Average (G) ∆B/Bavg 

7 4.5 7 4.5 266.52 4.95% 

4.5 7 4.5 7 318.71 5.94% 

7 4.5 10.719 6.891 227.69 3.50% 

4.5 7 6.891 10.719 259.0 6.53% 

6 4 6 4 289.68 5.37% 

4 6 4 6 364.15 6.81% 

6 4 9.819 6.125 249.12 5.23% 

4 6 6.125 9.819 301.07 7.26% 

5 3.5 5 3.5 327.72 4.49% 

3.5 5 3.5 5 372.92 12.79% 

5 3.5 7.656 5.359 290.57 5.72% 

3.5 5 5.359 7.656 318.85 10.39% 

4 3 4 3 344,27 11.58% 

3 4 3 4 394.08 10.60% 

4 3 6.125 4.594 307.60 11.30% 

3 4 4.594 6.125 353.87 13.01% 

3 2 3 2 333.44 10.90% 

2 3 2 3 433.54 13.60% 

3 2 4.594 3.063 222.71 23.84% 

2 3 3.063 4.594 395.32 13.04% 

 

Table 3. Summary of different length and width simulations. 
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Distances 

 The distances between the coils are defined as d1 and d2. The variable d1 refers to the 

value between the origin and the inner coils and d2 is the distance between inner and outer coils. 

The coil parameter definitions are demonstrated in Figure 42. 

 

Figure 42. Diagram of coils with distance measurements labeled. 

 During the simulations, d2 was increased as d1 was kept constant for several values. Due 

to the physical properties of Maxwell coils and magnetic fields, it was found to be 

disadvantageous to place the coils any further apart since it resulted in a significantly smaller 

average magnetic field. The current was kept constant at 300 A for all measurements and the 

radii were set to Rin = 12 mm and Rout = 9 mm. Width and length of all four coils were both 1 

mm. These values for simulation are used only for observing general trends. 

 Large values of d1 and d2 lead to extremely non-uniform magnetic fields. For d1 = 8 mm 

and 9 mm, the field uniformity was well above the 10% limit for all d2 values. This suggests that 



49 
 

when the coils are placed closer together, higher magnetic field uniformity is achieved (Figure 

43).  

 

Figure 43. Magnetic field uniformity significantly increases as the coils are placed further apart. 

Additionally, as d1 increased and the inner coils were placed further apart, the average 

magnetic field strength decreased (Figure 44). Larger values of d2 also lead to lower average 

magnetic fields.  
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Figure 44. Average magnetic field strength decreases as the distance between coils increases. 

Final Design 

HAL2455 PCB Layout 

 The schematic for the Hall effect sensor and low-dropout regulator was converted to a PCB using 

DipTrace design tools. The primary constraint for the HAL2455 PCB layout is the coil radius. The PCB 

must be placed in within the coils with the Hall effect sensor centered to measure the magnetic field 

experienced by the cantilever. The PCB was made with the smallest possible width in order to maximize 

the space available for the coils. The smallest width attainable for the PCB was found to be 10.16 mm. 

The length of 43.18 mm for the PCB fit the dimension limits for the vacuum chamber. The Hall effect 

sensor HAL2455 is located in the center of the board (Figure 45). Pads were placed on the PCB in order 

to connect the circuit to the external voltage supply. The output of the circuit consists of three pads 

connected to the Hall effect sensors’ voltage supply, ground, and output voltage pins as required by the 
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Micronas USB application kit for the sensor. The total PCB thickness is approximately 1.6 mm. A copper 

pour was placed on the bottom layer to connect all ground pins (Figure 46).  

 

Figure 45. PCB layout for the Hall effect sensor and low-dropout regulator. The Hall effect sensor is placed near the center of 
the board and has three output pads, as specified in the application kit.  

 

Figure 46. Copper pour placed on the bottom layer of the PCB. 

 The HAL2455 sensor is calibrated and operated using a LabView programming environment 

provided by the USB application kit manufactured by Micronas.  

Coil Design 

 The Maxwell coils are fabricated from a 28 gauge Copper wire with a diameter of 0.4 

mm. The wire can withstand a maximum current of 0.5 A. Current density of the four coils was 

calculated with the diameter and current according to Equation 49. The coils will operate inside 

the vacuum chamber (Figure 47). Though the true dimensions are as shown in Figure 47a and 

Figure 47b, the actual space available for the coils are the dimensions in Figure 47c and Figure 

47d.  
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Equation 49. 𝐽 =  
0.5

(0.4)2
 

 

Figure 47. The vacuum chamber (a) height and (b) radii. The actual space available for each 

section of the vacuum chamber is shown in (c) and (d). 

 The space limitations of the vacuum chamber are better summarized by equations. In 

order for the two inner coils to fit in the 21.21 mm square, the length of the coils and the distance 

between them must be made smaller than 21.21 mm (Equation 50). While the total height in the 

center of the chamber is 30 mm, the height of the inner coils is limited to 21.21 mm as well due 

to their circular symmetry (Equation 51). The outer coil dimensions are limited similarly. The 

length of the outer coils as well as their distance from the inner coils are limited by the total 
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35.36 mm of the chamber. The inner coil length and distance must also be taken into account 

(Equation 52). The height of the outer coils is determined by that of the vacuum chamber 

(Equation 53). 

Equation 50. 2(𝐿𝑖𝑛) + 2(𝑑1) < 21.21 𝑚𝑚 

Equation 51. 2(𝑊𝑖𝑛) + 2(𝑅𝑖𝑛) < 21.21 𝑚𝑚 

Equation 52. 2(𝐿𝑜𝑢𝑡) + 2(𝑑2) + 2(𝐿𝑖𝑛) + 2(𝑑1)  < 35.36 𝑚𝑚 

Equation 53. 2(𝑊𝑜𝑢𝑡) + 2(𝑅𝑜𝑢𝑡) < 20 𝑚𝑚 

From the simulations performed earlier, it was found that smaller radii lead to a higher 

magnetic field strength. Therefore, the final design of the coils consisted of a 5.5 mm inner and 

outer coil radius. This was the smallest possible radius that was able to fit the 10.16 mm wide 

PCB in the center. Though a larger radius for the inner coils leads to higher magnetic field 

uniformity as indicated by earlier simulations, the increase is field uniformity was not significant 

enough to justify a smaller magnetic field strength. 

Additionally, earlier simulations indicate that smaller distances between coils increase the 

magnetic field strength. Therefore, the coils were placed 0.5 mm apart. Though the coils could 

theoretically be placed closer together, practical limitations prevent any further minimization of 

distance. 

The small radii and distances remained fixed in the simulations to determine the final coil 

design. Any increase in value of these parameters lead to significant losses in magnetic field 

strength. Therefore, further simulations for the final coil design varied only the length and width 

of the coils.  
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Using the data gathered from earlier simulations, 3.5 mm and 5 mm were chosen for the 

width and length of the outer coils. This decision is based on the peak magnetic field strength 

occurring at these values for multiple width and length simulations performed earlier. However, 

in order to fit in the vacuum chamber, the width of the outer coil was slightly decreased to 3.2 

mm with the outer length staying at 5 mm. Using Maxwell’s four coil configuration ratio of 

49
32⁄ , the inner coils had the width 4.9 mm and length 7.656 mm. This gave an average 

magnetic field of 125.1 G. While this result was consistent with all the spatial limitations of the 

vacuum chamber, a large portion of the vacuum chamber would be unused. More specifically, 

there was a significant amount of length available in the chamber with Equation 50 equal to only 

15.81 mm and Equation 52 equal to 26.81 mm. Additionally, the average magnetic field of 125.1 

G was much less than the 300 G target. Therefore, the lengths and widths of the inner and outer 

coils were altered will less regard for Maxwell’s coil ratio in an attempt to achieve a higher 

magnetic field strength. 

It was found that increasing the inner coil length caused a higher magnetic field strength 

at the 10 mm by 10 mm surface. This is consistent with expectations since outer coils have less 

influence on the center space field strength and have the primary function of maintaining field 

uniformity. The outer coil dimensions increased to a width of 4.25 mm and length of 6 mm, 

giving a ratio of 0.71. Therefore the outer coil parameters are close to the Maxwell ratio  32
49⁄ . 

Following the Maxwell ratio, the inner coils should have a width of 6.05 mm and length 9.19 

mm. However, the 6.05 mm width exceeds the vacuum chamber limits in Equation 51 and must 

be decreased. The 9.19 mm length meets vacuum chamber requirements (Equation 50 and 

Equation 52) by a considerable amount and could actually increase. 
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In the final design, the inner coils have a width of 4.85 mm and length of 10 mm, which 

greatly deviates from the Maxwell ratio. The inner coils are 0.5 mm apart from each other and 

0.5 mm apart from the outer coils. The final design dimensions are shown in Figure 48. The coils 

were simulated in 35 mm by 35 mm air rectangle in Comsol to imitate the conditions in the 

vacuum chamber.  

 

Figure 48. Final design of Maxwell coil geometry in Comsol. 



56 
 

 The coils have an average magnetic field strength of 134.24 G and a field uniformity of 

5.21%. Despite the deviation from Maxwell’s coil dimensions, the magnetic field remains 

uniform and increases by 7.31%. Magnetic field strength is further confirmed by Comsol 1D 

plots for several different Cut Line 2D points. Figure 49 displays the magnetic flux density of the 

coils in the middle 10 mm by 10 mm area. The graph shows a clear peak at the center of the area 

and the high degree of field uniformity in the ±5 mm z-direction. Magnetic flux density was also 

examined for the r-coordinate (Figure 50a) as defined by the Cut Line in Figure 50b. The 

magnetic field remains uniform in the 0 mm to 5 mm r-coordinate. 

 

Figure 49. (a)  Magnetic flux density for the ±5 z-coordinate of the center area as defined by (b) 

the cut line. 
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Figure 50. (a) Magnetic flux density for (b) ±5mm r-coordinate of the center area as determined 

by the cut plane. 

 

 Additionally, the magnetic flux density was plotted for the 0 to 5 mm r-coordinate at the 

positive 3 mm z-coordinate (Figure 51). This further confirms the uniformity of the magnetic 

field across all areas of the center 10 mm by 10 mm area.  
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Figure 51. (a) Magnetic flux density for the cut line shown in (b). 

 Magnetic flux density is also represented by the images in Figure 52. The color map 

indicates the magnetic flux density measured in Tesla in different parts of the coil geometry. The 

center of the coils has a significantly higher magnetic flux density. 
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Figure 52. Magnetic flux density displayed as color map measured in Tesla. 

 The ideal magnetic field strength of the Maxwell coils was 300-500 G. This was found to 

be unattainable due to the properties of the Copper wire and the limits of the vacuum chamber. 

The smallest possible coil configuration to obtain a magnetic field strength of 300 G with the 28-

gauge Copper wire would require a minimum width and length of approximately 9 to 12 mm for 

both inner and outer coils. These conditions exceed the current vacuum chamber dimensions. 

Expanding the vacuum chamber used for the experiment is an option if the 134 G magnetic field 

is not strong enough for accurate results.  

 Another option for increasing the magnetic field strength is to use a different wire. The 

28-gauge wire with a maximum current of 0.5 A is extremely limiting. Using a wire with a 

higher maximum current or a smaller diameter will increase the magnetic field strength.  



60 
 

Conclusion 

 A system for characterizing multiferroic antennas was designed, comprising Maxwell 

coils for generating uniform magnetic fields and a Hall effect sensor for verifying the field 

strength. The Hall effect sensor PCB was successfully designed to fit in the center of the 

Maxwell coils. The HAL2455 sensing range of ±2000 G is effective for this measurement 

system. The addition of the MAXESA603+ low-dropout regulator will ensure the voltage 

applied to the Hall effect sensor does not exceed maximum ratings. The 10.16 mm width of the 

PCB did not severely limit coil design. Additionally, it was confirmed that Maxwell’s four coil 

configuration produces a very uniform magnetic field for a variety of radius, width, and length 

dimensions. The magnetic field strength of the coils depends largely on width and length as well 

as the electrical properties of the wire. A preliminary full design of the coils followed Maxwell’s 

four coil configuration ratio and achieved an average magnetic field of 125.1 G. However, the 

final design of the coils obtained a slightly higher maximum magnetic field of approximately 134 

G but deviated from the Maxwell ratio. Though the final design had a modest increase in 

magnetic field strength, Maxwell’s ratio still provides a reliable and accurate template for the 

four coil configuration. The final design did not reach the goal of 300-500 G. This is due to the 

limited space inside the vacuum chamber and the restriction on the current of the wire which 

prevent any increase in magnetic field strength. Possible solutions to increase magnetic field 

strength are expanding the vacuum chamber dimensions and using a wire that can handle a 

higher current. Despite not obtaining a high enough magnetic field, it was demonstrated that 

Comsol is an effective tool for coil design and simulation. Additionally, it was confirmed that a 

Hall effect sensor and Maxwell coils can be designed together to produce a single measurement 

system. 
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