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ABSTRACT 

Communications are currently progressing toward higher frequency ranges. 

Devices like transmitters and receivers, which make use of components like inductors, 

are the foundation of communications. Inductance plays a critical role 

in the performance of these devices and material characterization is crucial to 

optimally design the novel components for the devices needed for the evolving 

communications field. Therefore, a high-frequency magnetic permeability 

measurement system is presented. By making use of a lock-in amplifier, the system 

introduces a modulating waveform to distinguish minute signal changes due to 

perturbations induced by the presence of a magnetic material. As a result, by 

exploiting the lock-in amplifier’s ability to discern its contributions to the final 

signal produced by the system, magnetic permeability calculations due to observed 

changes in power are vastly improved by disregarding additional noise 

the system will inevitably encounter.
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BACKGROUND AND OVERVIEW 

Communications are currently progressing toward higher frequency ranges. In 

particular, advancements are on course to push communications away from the Radio 

and toward the Microwave range of the electromagnetic spectrum and beyond. Such 

improvements yield increased bandwidth capabilities and thus lead to not only 

inherently faster data transmission but also less congestion and interference across 

networks. 

Devices like transmitters and receivers are the foundation of communications. 

Such devices contain elements like inductors. These inductors often take up large 

amounts of area in these devices, a massive drawback when it comes to the need for 

coveted chip real estate in ever decreasing Integrated Circuit dimensions. Inductance 

plays a critical role in the performance of these devices. Furthermore, relative 

permeability of a material ranges widely up to values in the tens of thousands. Since 

the inductance of a solenoid is given by 𝐿 = 𝜇!𝜇"𝑁#𝐴/𝑙, if permeability is exploited, 

desired inductance values can be achieved even with large reductions in area. These 

large reductions in area can primarily be accomplished by utilizing novel materials to 

create thin films.  

However, in order to successfully integrate such materials into inductive loads, 

characterization must be carried out in order to verify that properties, like 

permeability, are optimized for communication devices. Therefore, the need for a 

system that measures magnetic permeability would be beneficial. 

Historically, two techniques for magnetic permeability measurement systems 

that are broadly utilized are frequency and a time domain approaches [3]. Often, the 

time domain approach makes use of excitations to create time varying magnetization 

that is then detected through something like an oscilloscope [5]. On the other hand, 
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frequency domain approaches usually involve detecting the response through an 

analyzer of a magnetic field perturbed by the presence of a magnetic material [3]. 

As a result, a magnetic measurement system based off ferromagnetic resonance 

with heightened sensitivity is presented. The system makes use of a lock-in amplifier 

to provide a modulation signal by which increased measurement sensitivity is able to 

be achieved. Such interplay allows the lock-in amplifier to ultimately distinguish from 

noise the variations in power attributed to the presence of a magnetic material and it's 

permeability. 

This permeameter utilizes the HP 83640B as a power source to provide high-

frequency signals for the system capable of sweeping 10MHz-40GHz. A coplanar 

waveguide (CPW) was designed to match the 50W output impedance of the signal 

generator in order to minimize power loss. Additionally, the system employs an 

envelope/diode detector to transmit the envelope of the resulting waveform produced 

by the presence of a magnetic material on the waveguide to the lock-in amplifier. The 

lock-in amplifier used is the SR 830. The lock-in amplifier is subsequently capable of 

retrieving some proportion of the original modulation signal. Effectively, after 

accounting for intrinsic losses from the system, the change in power the modulation 

signal experiences can be directly attributed to the permeability of the magnetic 

material.  

A current amplifier is introduced to drive the coils that create the modulation 

field. Finally, the DC field used to bias the material is provided by the GMW 3480. 

FERROMAGNETIC RESONANCE IN MAGNETIC MATERIALS 

The permeability of a magnetic material can be obtained from its interaction 

with a biasing field [1]. The gyromagnetic ratio of a particle is the ratio of the 

magnetic moment to its angular momentum. 

𝛾 = −
𝒎
𝒔

(1) 
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In the presence of a biasing field, HDC, the magnetic particle will experience torque. 
𝝉 = 𝒎× 𝜇𝟎𝑯𝑫𝑪 (2) 

Furthermore, torque is equal to the rate of change of angular momentum. 

𝝉 =
𝑑𝒔
𝑑𝑡

(3) 
𝑑𝒔
𝑑𝑡

=
𝑑
𝑑𝑡 6

𝒎
𝛾 7

=
−1
𝛾
𝑑𝒎
𝑑𝑡

(4) 

𝝉 =
−1
𝛾
𝑑𝒎
𝑑𝑡

(5) 

−1
𝛾
𝑑𝒎
𝑑𝑡

= 𝒎× 𝜇𝟎𝑯𝑫𝑪 (6) 

 

As a result, 
𝑑𝒎
𝑑𝑡

= −𝒎× 𝛾𝜇!𝑯'( (7) 

Writing Equation 7 in terms of its vector components produces, 
𝑑𝑚)

𝑑𝑡
= −𝜇!𝛾𝑚*𝐻'( (8) 

𝑑𝑚*

𝑑𝑡 = −𝜇!𝛾𝑚)𝐻'( (9) 
𝑑𝑚+

𝑑𝑡
= 0 (10) 

And so for mx and my, 
𝑑#𝑚)

𝑑𝑡
+ 𝜔!#𝑚) = 0 (11) 

𝑑#𝑦
𝑑𝑡

+ 𝜔!#𝑚* = 0 (12) 

Where 𝜔 = 𝜇!𝛾𝐻'( . Thus, an external magnetic field exerts torque on a particle, 

resulting in the precession of the particle's magnetic moment at the above frequency. 

Lumping all the particles together results in overall magnetization M. 

Equation 7 now becomes, 
𝑑𝑴
𝑑𝑡

= −𝑴× 𝛾𝜇!𝑯'( (13) 
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Now, if the biasing field is sufficiently increased, saturation magnetization, Ms, 

occurs. As a result, all magnetic moments align with the biasing field. If an additional 

small excitation field is also applied, HAC, then M = Ms + MAC and HDC is no longer 

the only magnetic field interacting with the particles, HAC is too. Thus, 𝑯	 = 	𝑯'( +

𝑯,( . So Equation 13 becomes, 
𝑑𝑴
𝑑𝑡

= −(𝑴- +𝑴,() × 𝛾𝜇!(𝑯'( +𝑯,() (14) 

Since 𝑴´	𝑯 = 	 (𝑀*𝐻+ −𝑀+𝐻*)𝚤̂ + (𝑀+𝐻) −𝑀)𝐻+)𝚥̂ + (𝑀)𝐻* −𝑀*𝐻))𝑘K , the 

vector components of Equation 14 are, 
𝑑𝑀)

𝑑𝑡
= −𝛾𝜇!L𝑀*(𝐻'( + 𝐻,() − (𝑀- +𝑀,()𝐻*M (15) 

𝑑𝑀*

𝑑𝑡 = −𝛾𝜇![(𝑀- +𝑀,()𝐻) −𝑀)(𝐻'( + 𝐻,()] (16) 
𝑑𝑀+

𝑑𝑡
= −𝛾𝜇!L𝑀)𝐻* −𝑀*𝐻)M (17) 

Since 𝐻,( ≪ 𝐻'(  and 𝑀,( ≪ 𝑀-, the vector components reduce to,  
𝑑𝑀)

𝑑𝑡
= −𝛾𝜇!L𝑀*𝐻'( −𝑀-𝐻*M (18) 

𝑑𝑀*

𝑑𝑡 = −𝛾𝜇![𝑀-𝐻) −𝑀)𝐻'(] (19) 
𝑑𝑀+

𝑑𝑡
= 0 (20) 

Making 𝜔! = 𝜇!𝛾𝐻'(  and 𝜔. = 𝜇!𝛾𝑀- makes the vector components be, 
𝑑𝑀)

𝑑𝑡
= −𝜔!𝑀* + 𝜔.𝐻* (21) 

𝑑𝑀*

𝑑𝑡 = −𝜔.𝐻) + 𝜔.𝑀) (22) 
𝑑𝑀+

𝑑𝑡
= 0 (23) 

Solving for Mx and My yields, 
𝑑#𝑀)

𝑑𝑡#
+ 𝜔!#𝑀) = 𝜔.

𝑑𝐻*
𝑑𝑡

+ 𝜔.𝜔!𝐻) (24) 

𝑑#𝑀*

𝑑𝑡# + 𝜔!#𝑀* = −𝜔.
𝑑𝐻)
𝑑𝑡 + 𝜔.𝜔!𝐻* (25) 

Using phasor notation, the above equations in steady state can be represented as,  
(−𝜔# + 𝜔!#)𝑀) = 𝑗𝜔.𝜔𝐻* + 𝜔.𝜔!𝐻) (26) 
(−𝜔# + 𝜔!#)𝑀* = −𝑗𝜔.𝜔𝐻) + 𝜔.𝜔!𝐻* (27) 
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Equation 26 and 27 can be expressed with a susceptibility tensor 𝑴 = [𝜒]𝑯 in which 

the elements of [𝜒] are, 

𝜒)) = 𝜒** =
𝜔.𝜔!
𝜔!# − 𝜔# (28) 

𝜒)* = −𝜒*) =
𝑗𝜔.𝜔!
𝜔!# − 𝜔# (29) 

Since complex frequency accounts for loss, 𝜔! = 𝜔! + 𝑗𝛼𝜔, where a represents 

damping/loss, 
𝜒)) = 𝜒))/ − 𝑗𝜒))// (30) 
𝜒)* = 𝜒)*// − 𝑗𝜒)*/ (31) 

and, 

𝜒))/ =
𝜔.𝜔!(𝜔!# − 𝜔#) + 𝜔.𝜔!𝜔#𝛼#

[𝜔!# − 𝜔#(1 + 𝛼#)]# + 4𝜔!#𝜔#𝛼#
(32) 

𝜒))// =
𝛼𝜔.𝜔[𝜔!# + 𝜔#(1 + 𝛼#)]

[𝜔!# − 𝜔#(1 + 𝛼#)]# + 4𝜔!#𝜔#𝛼#
(33) 

𝜒)*/ =
𝜔.𝜔[𝜔!# − 𝜔#(1 + 𝛼#)]

[𝜔!# − 𝜔#(1 + 𝛼#)]# + 4𝜔!#𝜔#𝛼#
(34) 

𝜒)*// =
2𝜔.𝜔!𝜔#𝛼

[𝜔!# − 𝜔#(1 + 𝛼#)]# + 4𝜔!#𝜔#𝛼#
(35) 

Thus, focusing on the x-direction, the theoretical susceptibility is, 

𝜒01.234) =
𝜔.𝜔!(𝜔!# − 𝜔#) + 𝜔.𝜔!𝜔#𝛼#

[𝜔!# − 𝜔#(1 + 𝛼#)]# + 4𝜔!#𝜔#𝛼#
− 𝑗 T

𝛼𝜔.𝜔[𝜔!# + 𝜔#(1 + 𝛼#)]
[𝜔!# − 𝜔#(1 + 𝛼#)]# + 4𝜔!#𝜔#𝛼#

U (36) 

Furthermore, imaginary susceptibility can also be defined as [3], 

𝜒// = 𝐶W
𝑑𝑃
𝑑𝐻

𝑑𝐻
𝑑𝑓 𝑑𝑓

(37) 

where C is the normalization constant given by 𝜒 = 𝑀 𝐻⁄ . 𝑑𝐻 𝑑𝑓⁄  can be obtained 

from Kittel’s equation. Kittel’s equation in Gaussian units is [3], 

𝑓 = 𝛾[(𝐻" + 𝐻5)(𝐻" + 𝐻5 + 4𝜋𝑀-) (38) 

where Hr is the resonance field, Hk is the anisotropy field, and Ms is the saturation 

magnetization. 𝑑𝑃 𝑑𝐻⁄ 	can be obtained experimentally. 

Thus, imaginary susceptibility can be calculated based off experimental results. 

Moreover, the Kramers-Kronig relationship, given below in Equations 39 and 40, can 
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derive real susceptibility from imaginary susceptibility. Here, P is the Cauchy 

principal value [4]. 

𝜒/(𝜔) =
1
𝜋 𝑃W

𝜒//(𝜔/)
𝜔/ − 𝜔 𝑑𝜔

/
6

76
(39) 

𝜒//(𝜔) = −
1
𝜋 𝑃W

𝜒/(𝜔/)
𝜔/ − 𝜔𝑑𝜔

/
6

76
(40) 

In the end, an experimental value for imaginary susceptibility can be calculated 

from Equation 37. The Kramers-Kronig relationship then allows retrieval of the real 

portion of susceptibility, resulting in an experimental value for complex susceptibility.  

Finally, this value is compared to the theoretical complex susceptibility given by 

Equation 36. Therefore, permeability can be derived from susceptibility since 

𝜇01.234) = 1 + 𝜒01.234) . 

MAGNETIC MEASUREMENT SYSTEM BASED OFF FERROMAGNETIC 

RESONANCE 

Based off Equation 37, change in power observed as magnetic field applied is 

varied, 𝑑𝑃 𝑑𝐻⁄ , can effectively help yield a value for the permeability of a magnetic 

material. 

A material's magnetic permeability influences the magnetic fields it resides in. 

Furthermore, the characteristic impedance of a medium can be described by 

𝑍! = _𝐿
𝐶
= _𝐸

𝐵
(41) 

Thus, since µ is intrinsically related to electric field, the magnetic permeability 

of a material has an effect on the characteristic impedance of the medium it occupies. 

As a result, if a waveguide is introduced and the magnetic material is placed on it, the 

material's permeability will affect the waveguide's characteristic impedance. 

Moreover, for transmission lines, characteristic impedance can be defined by 

𝑍! =
𝑉8
𝐼8
=
𝑉7
𝐼7

(42) 
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where V+ and I+ represents a forward propagating waveform and V- and I- represents a 

reverse propagating signal.  

Therefore, characteristic impedance directly affects the magnitude of a signal's 

power as it propagates down the line. This is because a line’s transmission coefficient 

is defined as 

Γ9":;-.<--<1; = 1 +
𝑉"4=34094>
𝑉<;0<>4;9

(43) 

Thus, the amount of signal power being transmitted through a waveguide is 

affected by the transmission line's characteristic impedance and by extension a 

material's magnetic permeability. As a result, a materials magnetic permeability can 

affect the propagation of the waveguide's signal's power (𝑑𝑃 𝑑𝐻⁄ ), and thus 

permeability can be calculated using Equation 37. 

When it comes to the setup, in order to experimentally compare permeability 

measurements with the complex susceptibility outlined in Equation 36, resonance 

occurs. Again, this happens when the material is biased. Thus, the biasing fields are 

incorporated. 

Moreover, the change in power induced by magnetic permeability is often 

small and clouded in noise. Thus, introducing a lock-in amplifier that is able to 

effectively lock into the desired changes in power the propagating signal experiences 

is key to being able to develop an effective measurement system. The lock in is able to 

produce a signal, provided by the excitation coils, that it is familiar with. Thus, any 

changes this signal experiences can be easily caught by the lock-in when compared to 

the original signal.  

As a result, the lock in provides a modulation field that modulates the signal 

being fed into the waveguide to provide a manner in which the changes in power 

induced by a material's magnetic permeability can be detected with more ease and 

accuracy. Thus, the envelope of the waveguide's output is fed into the lock-in which 
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then performs phase sensitive detection to yield the modulating signal whose power 

has now been scaled by permeability. 

EXPERIMENTAL SETUP 

For the system power source, the HP 83640B with a frequency range of 

10MHz-40GHz and power range of +10 dBm for frequencies less than 26.5GHz and a 

power range of +6dBm for frequencies greater to or equal 26.5GHz was chosen. This 

signal generator will effectively provide the permeameter with the carrier signal 

needed for modulation to be performed. 

Furthermore, a coplanar waveguide (CPW) was created in order to have the 

magnetic material optimally interact with propagating electromagnetic fields. A non-

conductor back, finite ground width configuration for the CPW was chosen. The 

dimensions of the signal and ground planes were selected to produce a 50W 

characteristic impedance of the lines. 

The characteristic impedance of the line is given by [2]. 

𝑍! =
[𝜇"𝜇!30𝜋𝐾(𝑘)

[𝜀4==𝐾(𝑘/)
(44) 

𝜀4== = 1 +
1
2
(𝜀" − 1)

𝐾(𝑘)𝐾(𝑘?/ )
𝐾(𝑘/)𝐾(𝑘?)

(45) 

𝑘 =
𝑐
𝑏
_𝑏

# − 𝑎#

𝑐# − 𝑎#
	 (46) 

𝑘/ = [1 − 𝑘# (47) 

𝑘? =
𝑠𝑖𝑛ℎ(𝜋𝑐2ℎ)

𝑠𝑖𝑛ℎ(𝜋𝑏2ℎ)
_
𝑠𝑖𝑛ℎ#(𝜋𝑏 2ℎ⁄ ) − 𝑠𝑖𝑛ℎ#(𝜋𝑎 2ℎ⁄ )
𝑠𝑖𝑛ℎ#(𝜋𝑐 2ℎ⁄ ) − 𝑠𝑖𝑛ℎ#(𝜋𝑎 2ℎ⁄ )

(48) 

𝑘?/ = n1 − 𝑘?# (49) 

Here, h is the heigh of the dielectric, K(k) is the complete elliptical integral of the first 

kind, and a, b, and c are depicted below in Figure 1.  
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As seen from Equation 44, the dimensions for a, b, and c determine the 

characteristic impedance. Like mentioned before, the 50W characteristic impedance 

was chosen to help with the elimination of reflections from both the source, Zs, and the 

load impedance, ZL, by matching the impedances interacting with the transmission 

line, Z0, as depicted in Figure 2. As a result, power transmission is optimized. 

Moreover, the fields for a cross section of the CPW are shown in Figure 3. 

Figure 1: Transmission Line's Dimensions 

Figure 2: Impedances Interacting with Transmission Line 

Figure 1: Transmission Line's Cross Section B-Field and E-Field 



 
 

 
 

10 

A biasing field in order to saturate the magnetic material is provided by the 

GMW 3480. Since the width of the CPW is 1cm, at a 10mm pole gap, the magnet 

provides a 0-2T central field swing. This corresponds to a 0-20,000 Oe possible swing 

for magnetic field sweep measurements. 

Additionally, an envelope/diode detector was added to the system to aid the 

lock-in amplifier detection. By extracting the envelope of the signal produced by the 

CPW, the lock-in amplifier effectively receives a modified/refined version of the 

modulation signal. At this point, the modulation signal has been attenuated in some 

fashion due to the presence of the magnetic material. Therefore, to aid this retrieval 

process, the modulation frequency is chosen to be a frequency that the lock-in can 

safely attribute to the modulation signal and not a frequency that is provided by the 

signal generator. 

As a result, the modulation frequency should be well below the signal 

generator's starting frequency of 10MHz to avoid incorporating information that is not 

specifically provided by the modulating waveform. 

A modulation frequency in the KHz range would assure that the high 

frequencies associated with the carrier signal are eliminated. The modulation 

frequency, which serves as the cutoff frequency for the low pass filter that eliminates 

these high frequency components, is given by 

𝑓0 =
1

2𝜋𝑅𝐶
(50) 

An envelope/diode detector composed of a resistor and capacitor value were 

chosen to provide a cutoff frequency in the kHz range. This circuit can be seen in 

Figure 4. A resistance of 1000W and capacitance 8200pF are specifically used to 

provide a cutoff frequency of 19409.14Hz or 19.4kHz. The corresponding bode 

diagram depicting this cutoff frequency is shown in Figure 5. A final render of the 

CPW and diode detector is in Figure 6. 
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The SR830 was used for the lock-in amplifier. It has a reference channel 

frequency of 1mHz-102.4kHz, a reference channel amplitude of 4mV-5V rms, and 

reference channel maximum current of 50mA.  

Furthermore, the magnetic field from the modulation coils is much smaller 

than the magnetic field from the DC magnet. Since at a 10mm spacing, the DC magnet 

provides a maximum field of 2T, if the modulation field is 100th of the DC field, the 

maximum modulation field needed would be .02T. To achieve this, 

Figure 4: Envelope/Diode Detector Circuit 

Figure 5: Envelope/Diode Detector Bode Plot 

Figure 6: CPW and Envelope/Diode Detector Views 
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𝐻 =
𝐵
𝜇!
=

. 02
4𝜋 × 107@

= 15915.49𝐴 𝑚⁄ (51) 

The H field for a single coil is given below 

𝐻 =
𝑁𝐼

2𝑤	 + 	2𝑡
(52) 

where w is the width of the coil and t is the thickness of it, as seen in Figure 7. 

As a result, for 100 turns, current is equal to 

𝐼 =
𝐻(2𝑤 + 2𝑡)

𝑁
=
15915.49(. 01 + .01)

100
= 3.18𝐴 (53) 

So in order to provide .02T, a single coil would need 3.18A of current. 

Superimposing two coils, to produce the same field, each coil would need 1.59A of 

current. However, the modulation field is provided by the lock-in amplifier via its 

reference channel. Unfortunately, the channel's maximum current of 50mA is not 

sufficient to drive the modulation coils. Thus, a current amplifier is needed. 

Now, for detecting the above modulation signal, the lock-in amplifier employs 

dual phase sensitive detection to single out the desired signal at a specific reference 

frequency and phase by rejecting all other components. The retrieved signal is a scaled 

version of the original modulation signal. This attenuation can directly be attributed to 

the presence of the magnetic material as it interacts with the E/B fields of the CPW, 

affecting the characteristic impedance of the line and in turn power transmission as 

well. 

Figure 7: AC Coil Dimensions 
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Finally, LabVIEW reads the lock-in amplifier data. This data is then given to 

MATLAB in which the experimental susceptibility calculation from Equation 37 is 

performed using the 𝑑𝑃 𝑑𝐻⁄  value retrieved from the lock-in amplifier. This results in 

a value for 𝜒′′ for a specific biasing field and frequency. Using Kramers-Kronig, the 

real part of susceptibility is then calculated, allowing for the experimental complex 

susceptibility to be compared to the theoretical complex susceptibility for validation. 

As a result, permeability can then be calculated from susceptibility, thus validating the 

permeameter. 

RESULTS 

The construction and performance of the CPW was validated via HFSS 

simulation. Not only was a 50W characteristic impedance of the line verified but the 

electromagnetic fields were also validated through HFSS simulation, as shown in 

Figure 8. 

The performance of the envelope/diode detector was verified experimentally 

by showing that it could indeed filter out high frequency components of a rectified 

Figure 8: Transmission Line's Cross Section B-Field and E-Field in HFSS 
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signal. Successful experimental retrieval of the envelope of a modulated signal can be 

seen in Figure 9. 

Now a successful current amplifier provides an AC current with zero bias, 

centered about zero, that can drive at least 1.5A. However, like previously noted, the 

lock-in amplifier is only capable of supplying 50mA. Therefore, a current amplifier 

was designed with the above criteria in mind. 

The design for the current amplifier was based off a Class B amplifier 

configuration in which a positively biased BJT transistor amplifies during the positive 

portion of the AC waveform and a negatively biased BJT transistor conducts during 

the negative portion of the AC waveform. Initially, the current amplifier was modeled 

on LTSpice. Voltage biasing using a resistor and diode was added to improve 

crossover distortion. A capacitor was also included for smoothing purposes and the 

modulating coils are modeled via inductance. This circuit can be seen in Figure 10. 

However, this configuration had numerous problems. To begin with, the 

resistors were ill balanced. While on LTSpice, the transistors worked well in tandem, 

the BD139 NPN transistor continously outperformed its counterpart, the BD140 PNP 

Figure 9: Experimental Validation of Envelope/Diode Detector 
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transistor. Inherent differences in manufacturing led to the transistors having different 

characteristics. Efforts were made to find a balanced pair but the results were 

unsatisfactory. As a result, a uniform AC waveform proved difficult to achieve. 

Furthermore, heating problems drastically reduced current output and often led to 

circuit failure. Heat sinks were incorporated into the circuit to help alleviate heating 

issues and while the circuit's failure rate significantly reduced, current output still was 

limited. Additionally, there was heavy crossover distortion despite the additional 

voltage biasing added to the circuit. 

As a result, the current amplifier circuit was improved upon to yield the circuit 

showcased in Figure 11. This updated current amplifier circuit did actually 

Figure 10: Initial Current Amplifier 

Figure 11: Final Current Amplifier 
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successfully drive the desired 1.5A of current. However, current simulation of it fails 

to successfully produce such a current output. 

In fact, the discrepancy between simulation and experiments when it came to 

the current amplifier was a considerable issue. Even the use of LTSpice models 

provided by manufacturers, the circuit still suffered from the issues previously 

discussed like heating, transistor matching, etc. If transistors are to be pursued, the use 

of higher quality transistors would be needed. Furthermore, LTSpice simulation may 

be a good starting point for initial planning but further verification on efficacy would 

need to be done experimentally. A better alternative may be to outright purchase a 

current amplifier that already has been vetted by manufacturers. The LM675 Power 

Operational Amplifier from Texas Instruments seems to suit the application needs. 

Moreover, interactions between the magnetic material and the CPW should be 

modeled on HFSS for best representation. While the CPW was modeled on HFSS for 

verification purposes, incorporating a simple ferromagnetic material into the 

simulation would have illustrated the affects of magnetic permeability on signal 

transmission beyond mathematical arguments. 

CONCLUSION 

The basis for a measurement system based off ferromagnetic resonance that 

measures magnetic permeability is discussed. The system makes use of a lock-in 

amplifier to augment the signal to noise ratio of the permeability measurements. 

Additionally, a CPW was used as a means for signal propagation and magnetic 

permeability interaction. DC coils were added to bias the magnetic material. For 

improved signal integreity, an envelope/diode detector was incorporated to help the 

lock-in amplifier receive only the envelope of the propagating signal that contained 

the changes in power induced by magnetic permeability. Finally, a current amplifier 

was needed for the modulating signal. 
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While the CPW and the envelope/diode detector were shown to be successful 

both in simulation and in practice, the current amplifier suffered from numerous 

issues. Discrepancies between simulation and experiments led to the current amplifier 

being unreliable at best. Further action needs to be taken to either produce a current 

amplifier composed of higher quality components or outright purchase a fabricated 

amplifier from a manufacturer. The interactions between a magnetic material and the 

CPW need to further be illustrated both in simulation through HFSS and in practice as 

well. 
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