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ABSTRACT 

Diabetes is a potentially life threatening disease affecting over 23 million Americans. A 

new therapeutic approach to treating Type I diabetes involves the implantation of a tissue 

engineered macro construct. Direct, non-invasive monitoring of this “bioartificial pancreas” can 

be accomplished with an inductively coupled, implantable, NMR coil system. Development of a 

multiple frequency system is presented as part of ongoing efforts to characterize the construct’s 

cells in vivo. Dual frequency implantable coils are shown to provide sufficient Q when 

resonating within the acceptable range, but require more advanced manufacturing techniques in 

order to be built reliably. A flaw in one of the design theories used to construct dual frequency 

surface coils is examined, along with its correction and the subsequent circuit simulations. The 

long traces required when using variable capacitors are shown to create additional, unexpected 

resonances, which are corrected with a fixed component design. Further development of the 

system shows promise, but requires professional construction of both the implantable coil and 

the surface coil’s printed circuit board to better implement the theoretical designs presented. 
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CHAPTER 1  INTRODUCTION 

1.1  Treatment of diabetes 

Diabetes is an extremely serious disease that invokes permanent lifestyle change upon 

those afflicted.  Complications of this disease are numerous, and include cardiovascular disease, 

blindness, renal disease and limb loss. It is estimated that over 23 million people suffer from 

diabetes in the US alone [1]. Five to ten percent of these cases are considered Type I diabetes, a 

condition in which naturally-occurring insulin-producing cells of the pancreas (β-cells) are 

damaged or lost. Common treatments for this condition involve insulin injections, whether by 

manual injection or via insulin pump. These treatments can help patients manage their blood 

glucose levels, but not without a severe change in lifestyle. Moreover, despite regulatory efforts, 

blood sugar changes result in long term damage and a shortened life-span.  

A new therapeutic approach for the treatment of Type I diabetes involves the 

implantation of a bioartificial pancreatic construct as a substitute for the loss of β-cells. These 

constructs consist of replacement β-cells entrapped within semi-permeable alginate beads, which 

are then contained and implanted within a polymer shell. 

Typically, therapeutic efficacy is determined by the treatment’s ability to restore and 

maintain normoglycemia. It is important that the construct be monitored closely, to prevent the 

unexpected onset of end-point diabetic effects. Measuring a patient’s blood glucose level can 

give insight into construct function, but it cannot, however, provide enough information to fully 

characterize the health and status of the cells within. In in vitro scenarios this task would 

normally be accomplished with histological staining, but in vivo this method is both destructive 

and invasive. An implanted pancreatic construct requires a direct and non-invasive technique for 

cell characterization in vivo in order to predict construct failure. Nuclear magnetic resonance 
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methods are well suited to perform these tasks because of their ability to non-invasively provide 

both structural and metabolic information through imaging and spectroscopy of multiple nuclei. 

1.2  NMR methods 

1.2.1  Nuclei of interest 

NMR offers a number of methods to monitor cells by the detection of biological nuclei, 

such as 1H, 13C, 19F, and 31P. Hydrogen is most often used for imaging, as it is the most sensitive 

of the nuclei and the most abundant, but it can also be used for spectroscopy. In this application 

the most relevant molecule of interest for spectroscopic analysis is choline, a proportional 

indicator of oxygen concentration and cell viability [2,3]. 13C has been used to observe links 

between insulin secretion and metabolic pathways [17]. 19F NMR can detect oxygen tension 

within alginate structures using perfluorocarbons to measure pO2. 
31P spectroscopy yields direct 

observations of bioenergetic markers, such as ATP, which can be used to monitor cell 

metabolism [4]. Information from all, or at least some combination, of these nuclei affords the 

much greater knowledge necessary to predict construct failure once implanted. 

1.2.2  Implantable Coils 

NMR spectroscopy studies correlating spectral intensity to cell structure and function 

typically use external volume or surface coils [2,5]  for observation of their respective nuclei. 

This is sufficient when a large number of cells are present in vitro, but can be a limiting factor in 

signal-to-noise ratio (SNR) when dealing with the lower cell densities used in vivo. It is 

necessary, then, to maximize the SNR using a number of techniques. To this end, an implantable 

coil can be included within the construct, bringing the detection probe closer to the signals of 

interest while simultaneously eliminating noise from interfering skin, fat and muscle tissues. 
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Early examples of implanted coils required that wires pass through the skin [6], a design 

which would not be practical for use in human patients and would leave them susceptible to 

infection. Inductive coupling between an implanted coil and an external surface coil solves this 

problem. Inductive coupling uses the changing magnetic field of the surface coil to wirelessly induce 

a current in the implanted coil. This technique has been shown to increase SNR in a number of 

studies [7-10, 18], including the application described above [11]. 

1.2.3  Detection at multiple frequencies 

If simultaneous detection of more than one element is desired additional SNR losses are also 

incurred. Nuclear magnetic resonance causes all nuclei of a specific element to precess at a specific 

frequency. This requires that measurement coils be tuned to all frequencies of interest in a given 

experiment. Tuning radio-frequency (RF) coils to multiple frequencies can be accomplished by the 

addition of tank circuits [12] or by the creation of multiple resonance modes [13]. In both cases the 

losses in the circuit are increased for each additional frequency added, greatly lowering the SNR. For 

this reason most applications of multiple frequency coils have been limited to two frequencies. 

Until recently there had been no reports of any attempts to detect nuclei besides 1H using 

an implantable coil, nor had there been attempts to construct a multiple frequency coil for use at 

such high magnetic field. Development is currently underway on a multiple-frequency, 

automatic impedance matching system implemented with a surface and implantable coil. 

However, this approach maintains a single resonance methodology for circuit tuning by 

wirelessly adjusting capacitance values using a microcontroller [14]. Recent attempts to design a 

multiple-resonant, inductively coupled coil system produced suboptimal results [11]. 

1.3  Objectives 

The aim of this project is to develop a highly sensitive, multiple frequency NMR surface 

coil and accompanying implantable coil, used to monitor a tissue-engineered pancreatic construct 
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in vivo. As mentioned previously, practical designs of multiple frequency coils are limited to two 

frequencies because of the losses inherent to them. For this reason the scope of the project was 

limited to detection of 1H and 31P, resonating at 470 MHz and 190 MHz, respectively, in a 

magnetic field of 11.1 T. These nuclei were chosen because of both their ability to quantify cell 

viability and metabolism and because of their large separation in resonance frequency (which 

makes tuning and matching easier). 
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CHAPTER 2  BACKGROUND 

2.1  Series Resonant Circuits 

In order to produce the highest strength magnetic field possible for a given circuit loop 

the current through that loop must be maximized. Ohm’s law states that the current through a 

loop is maximum when its series impedance is minimum. In circuit analysis, an impedance is 

made of a real part, called the resistance, and an imaginary part, called the reactance, 

𝑍 = 𝑅(𝜔) + 𝑗𝑋(𝜔) 

Given that the resistance in a circuit typically varies little with frequency, it is most often the 

case that the minimum impedance corresponds to the frequency at which the reactance is zero. 

A series resonant circuit is one in which the reactance of the circuit goes to zero at a 

particular frequency, called the resonant frequency. This can be created by connecting two 

elements whose reactances vary with frequency, as shown in Figure 2-1. 

 

Figure 2-1.   Schematic of a series resonant circuit 

The impedance of this series combination is: 

𝑍 = 𝑅 + 𝑗[𝑋1(𝜔) + 𝑋2(𝜔)] 
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where R represents the small, but not negligible, resistance contributed by the non-ideal nature of 

reactive components X1 and X2. It is easy to see that the impedance is minimized when: 

𝑋2(𝜔) = −𝑋1(𝜔) 

leaving only the resistive component of the impedance. If we let X1 be an inductor and X2 a 

capacitor then we can graphically visualize this simple example by examining the capacitive 

reactance function 

𝑋2(𝜔) = −
1

𝜔𝐶
 

overlaid on top of the negative of the inductive reactance function 

−𝑋1(𝜔) = −𝜔𝐿 

as seen in Figure 2-2. 

 

Figure 2-2.   Capacitive reactance (red) and the negative of the inductive reactance (blue) 

vs. angular frequency 

The point of intersection of these two functions is the point at which the total reactance is 

zero and the total impedance is minimized. For a given inductance, L, and capacitance, C, this 

occurs at the resonant frequency: 

𝝎𝟎 = √
𝟏

𝑳𝑪
 

0.5 1.0 1.5 2.0 2.5 3.0

5

4

3

2

1
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In the previous example the circuit was found to be resonant at one frequency because the 

two reactance functions -X1 and X2 intersected at only one point. The goal, then, of designing a 

circuit with multiple points of resonance is to craft reactance functions which intersect at more 

than one point. We will revisit this graphical method in future sections when applying it to 

various circumstances relating directly to our application. 

2.2  Quality Factor 

A series resonant circuit stores energy in its reactive elements and dissipates energy in its 

resistive elements. It is often convenient, when describing a series RLC circuit, to define the ratio 

between the maximum energy stored at the resonant frequency 𝜔0 to the power dissipated per 

cycle at that same frequency. The maximum energy stored in an inductor is 

𝑊𝐿 =
1

2
𝐿𝐼𝑝

2 

and the maximum energy stored in a capacitor is 

𝑊𝐶 =
1

2
𝐶𝑉𝑝

2 

where Ip and Vp represent the peak current and peak voltage respectively. It can be shown that, in 

a series RLC circuit, these values are equal at resonance: 

𝑊𝐿 =
1

2
𝐿𝐼𝑝

2 =
1

2
𝐿

𝑉𝑝
2

(𝜔0𝐿)2
=

1

2
𝐿

𝑉𝑝
2𝐿𝐶

𝐿2
=

1

2
𝐶𝑉𝑝

2 = 𝑊𝐶 

The energy dissipated through the resistor in one period of time T0 (at the resonant frequency 

𝑓0 =
𝜔0

2𝜋
) is equal to: 

𝑊𝑅 =
1

2
𝐼𝑝
2𝑅𝑇0 =

1

2

𝐼𝑝
2𝑅

𝑓0
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The ratio between the maximum energy stored and the energy dissipated per cycle is then: 

𝑊𝐿

𝑊𝑅
=

1
2𝐿𝐼𝑝

2

1
2

𝐼𝑝2𝑅
𝑓0

=
𝑓0𝐿

𝑅
 

Typically, this quantity is multiplied by a factor of 2π and is named the Quality Factor (Q): 

𝑄 =
𝝎𝟎𝑳

𝑹
=

(𝜔0)
2𝐿

𝜔0𝑅
=

𝟏

𝝎𝟎𝑹𝑪
 

The reader should note that these equations for Q apply only to a series RLC circuit, whereas the 

concept of a quality factor extends well beyond this example. 

The quality factor of a series RLC circuit also serves as a measure of peak sharpness on a 

plot of current vs. frequency. The peak becomes noticeably taller and sharper as the Q of the 

circuit increases (see Figure 2-3). 

 

Figure 2-3.   Current vs. frequency of a series RLC circuit at various values of Q 
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The current through the RLC circuit, Is, induced by and emf voltage, Vemf, can be found 

to be: 

𝑰𝒔 =
𝑽𝒆𝒎𝒇

𝑍𝑒𝑞
=

𝑽𝒆𝒎𝒇

𝑅 + 𝑗(𝜔𝐿 −
1

𝜔𝐶)
 

In terms of the quality factor this is equal to: 

𝑰𝒔 =
𝑽𝒆𝒎𝒇

𝑅 [1 + 𝑗𝑄(
𝜔
𝜔0

−
𝜔0

𝜔 )]
 

The current is maximum at the resonance frequency 𝜔0, when 

𝑄 (
𝜔

𝜔0
−

𝜔0

𝜔
) = 0  and  |𝑰𝒔| =

𝑽𝒆𝒎𝒇

𝑅
= 𝐼𝑚𝑎𝑥 

The current drops to its RMS value 

 |𝑰𝒔| =
𝐼𝑚𝑎𝑥

√2
  when  𝑄 (

𝜔

𝜔0
−

𝜔0

𝜔
) = ±1 

This occurs at frequencies: 

𝜔𝑙 = 𝜔0 [√1 + (
1

2𝑄
)
2

−
1

2𝑄
]   and  𝜔ℎ = 𝜔0 [√1 + (

1

2𝑄
)
2

+
1

2𝑄
] 

The separation between these two frequencies is 

∆𝜔 = 𝜔ℎ − 𝜔𝑙 =
𝜔0

𝑄
 

This result allows us to define the quality factor in an alternate manner, the resonant frequency 

divided by the 3dB bandwidth: 

𝑸 =
𝝎𝟎

∆𝝎
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It is usually desirable to achieve as high a Q as possible when designing resonant circuits. 

In our application a higher Q results in a higher absolute value of current, improving both 

excitation and detection. 

There are many factors which limit the Q of a magnetic resonance circuit. It is necessary 

to coat the implantable coil with a biocompatible polymer to prevent the coil from being exposed 

to the fluid and blood within the host. Coil coatings often create additional capacitive losses and 

can shift the resonant frequency of the system and lower its Q. Loading the circuit by placing it 

next to a lossy tissue sample usually increases the total resistive losses of the circuit, which also 

lowers its Q. 

It is important to characterize and account for the effects of coating and loading, however 

these topics are beyond the scope of this project. It is always important to maximize the Q of a 

circuit, regardless of whether its application will reduce the Q during use. 

2.3  Transmission Lines 

At low frequencies (high wavelengths) it can be assumed that wires are at a constant 

voltage across their entire length. This cannot be assumed, however, at the high frequencies 

required for magnetic resonance imaging. Voltages and currents must instead be thought of as 

sinusoidal waves travelling in both directions along a transmission line. A simple, lossless model 

for a transmission line is shown in Figure 2-4. 

 

Figure 2-4.   Lossless model of a transmission line 
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The conductors on which the waves propagate can be thought of in terms of a distributed 

inductance, while the separation between the signal path and the return path creates a distributed 

capacitance. A transmission line, then, does not have zero impedance (as would a perfect 

conductor), but rather some finite value derived from the wire’s physical parameters. This value 

is termed the characteristic impedance, Z0, and is often purely real. 

When dealing with a transmission line it is important to consider the boundary conditions 

which exist at its termination. In the case where the line is of infinite length, the impedance seen 

by the propagating wave is always constant and is equal to the characteristic impedance. This 

result can be duplicated by terminating the line with an impedance equal to the characteristic 

impedance, producing the same boundary effects as if the line was, in fact, of infinite length. In 

this situation the load is said to be matched to the line. 

If, however, the load impedance, ZL, deviates from the characteristic impedance, the 

discontinuity at the boundary will cause a portion of the wave to be reflected and a portion to be 

transmitted. This phenomenon can be described by a reflection coefficient 

𝛤 =
𝑍𝐿 − 𝑍0

𝑍𝐿 + 𝑍0
 

The reflection coefficient is always between -1 and 1 and gives the ratio of the reflected 

wave to the incident wave, along with the sign of reflection (whether positive or negative). In the 

case where ZL is equal to Z0 the reflection coefficient is equal to zero and the entire wave is 

transmitted to the load. 

In magnetic resonance applications it is necessary to deliver as high a voltage to the 

probe as possible during transmission, as well as receive as high a voltage as possible during 

reception. This requires that the total impedance of the probe circuit be matched to the 

characteristic impedance of the transmission line. 
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2.4  Inductive Coupling 

Inductive coupling offers a distinct advantage in our application by allowing the wireless 

transmission of power to a coil which was implanted as part of bioartificial organ. Inductive 

coupling uses two coils: one, called the primary, which receives power from a wired source; 

another, called the secondary, which receives power from the primary. 

The circuit in Figure 2-5 shows a typical inductively coupled circuit. The sinusoidal 

current through the primary circuit creates a varying magnetic field in the primary inductor, Lp. 

Some portion, k, of the magnetic flux lines created by Lp pass through the secondary inductor Ls, 

inducing a secondary current. The current in the secondary then creates its own magnetic field 

which induces a current in the primary. Both circuits have effects on each other simultaneously 

and their circuit equations must be solved as such. 

 

Figure 2-5.   Schematic of an inductively coupled circuit containing a primary coil (left) and a 

secondary coil (right) 

Considered alone, the voltage applied to the primary is equal to 

𝑉𝑝 = 𝐼𝑝𝑍𝑝 

but if the effects of the secondary current are taken into account, the equation must be rewritten 

as 

𝑉𝑝 = 𝐼𝑝𝑍𝑝 + 𝑗𝜔𝑀𝐼𝑠 
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Where M is the mutual inductance between the two circuits and is equal to k times the maximum 

possible mutual inductance between the coils: 

𝑀 = 𝑘√𝐿𝑝𝐿𝑠 

The secondary voltage considered alone would be zero, but is instead 

𝑉𝑠 = −𝑗𝜔𝑀𝐼𝑝 

 These equations can be rearranged to give a clearer picture of the effects of the inductive 

coupling. The primary voltage can be rewritten as 

𝑉𝑝 = 𝐼𝑝 [𝑍𝑝 +
(𝜔𝑀)2

𝑍𝑠
] 

Thus, the effect of the secondary on the primary can be understood as the addition of an 

impedance 
(𝜔𝑀)2

𝑍𝑠
 placed in series with the normal impedance Zp (see Figure 2-6). 

 

Figure 2-6.   Circuit diagram for the primary circuit when considering the effects of the 

secondary 

 It is possible to solve for the primary and secondary currents using these equations, 

producing lengthy and complicated formulas. Qualitatively, the effects of increased coupling are 

as follows [15]: 

 Bringing the coils closer together increases the overlap of flux lines between them, raising k 

 The peak of the primary current, which has the typical single peak resonant shape about the 

common resonant frequency 𝜔0 (see Figure 2-3), begins to decrease in height 
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 The peak of the secondary current increases in height and exhibits a sharper peak than it 

would in the absence of the primary (blue curve in Figure 2-7) 

 At a certain value of coupling, called the critical coupling point (kc), the secondary current 

peak reaches its maximum possible value (red curve in Figure 2-7) 

 Beyond critical coupling the system is said to be over-coupled and the peaks of both the 

primary and secondary current begin to split, creating two peaks which are separated in 

frequency by a coupling-factor-dependant value. The separation increases with coupling. 

 The height of the two peaks in primary current decrease as coupling increases beyond the 

critical value, whereas the height of the secondary peaks stay substantially the same, no 

matter the coupling (yellow and green curves of Figure 2-7) 

 

Figure 2-7.   Effect of increased coupling on secondary current 
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The above case considered coupling between two circuits which were tuned to the same 

frequency. In the case where the circuits are tuned to a slightly different frequency, the results 

are similar but not identical. In this case the secondary current exhibits a shape almost identical 

to that which is obtained by circuits tuned to the same frequency, but with a greater coupling 

factor. The effect on the primary current peak is to shift its resonant frequency and deform the 

curve in the vicinity of the resonant frequency of the secondary. The primary may or may not 

develop two peaks, depending on the separation between the resonant frequencies of the two 

coils. 

There is also one additional point to consider when designing an over-coupled coil 

system. Although the magnitude of current through each coil may be identical at both its higher 

and lower frequency peaks, the direction of current flow through the coils is parallel at the lower 

frequency and anti-parallel at the higher frequency. In the higher frequency, counter-rotating 

mode the magnetic fields produced by each coil oppose each other and lower the absolute 

magnitude of the field at all points surrounding the coil in comparison to the lower frequency. 

co-rotating mode. 

It is often required, then, that both the primary and secondary coil resonate slightly above 

the desired resonant frequency in preparation for the eventual split of the single peak into two 

peaks and the subsequent movement of the lower peak to the desired frequency. 
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CHAPTER 3  DEVELOPMENT OF A MULTIPLE FREQUENCY IMPLANTABLE COIL 

3.1  Circuit Theory 

An implantable coil receives its power from an external source. It contains no wire leads; 

voltages are induced solely through inductive coupling. The circuit of Figure 2-1 is perfect for 

describing the behavior of a stand-alone loop containing reactive elements. 

NMR applications require that current flow through a wire which is molded into some 

well defined shape. In the case of our implantable coil, a single, circular, loop-gap resonator was 

found to be the best choice [11]. The loop of wire can be modeled very accurately by an ideal 

inductor with inductance Ls. X1 is then fixed to 𝜔𝐿𝑠, and X2 must be chosen to intersect that line 

at two points, 190 MHz and 470 MHz for our purposes. 

The resistive losses found in inductors are typically of a much higher magnitude than 

those found in capacitors. Minimizing the number of inductors serves to reduce the total 

resistance and increase the Q of a circuit. Several potential combinations of reactive elements 

which follow this design philosophy are found in Figure 3-1: a single capacitor 

−
1

𝜔𝐶1
 

a tank circuit (parallel combination of an inductor and a capacitor) 

𝜔𝐿2

(1 − 𝜔2𝐿2𝐶2)
 

and a capacitor in series with a tank circuit 

𝜔𝐿3

(1 − 𝜔2𝐿3𝐶3)
−

1

𝜔𝐶4
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Figure 3-1.   Three schematics and their corresponding reactance functions representing 

potential choices for X2 

It can be seen that only one of these candidates can possibly intersect –X1 (−𝜔𝐿𝑠) at two 

points, choice (c). The schematic shown in Figure 3-1 (c) can be implemented fairly easily by 

slightly modifying the circuit design of Figure 2-1. The single inductor representing X1 can be 

split into an equivalent series combination of two inductors and be used to separate the capacitor 

from the parallel combination (see Figure 3-2). 

 

Figure 3-2.   An implementation of a simple inductor as X1 and the circuit shown in Figure 3-1 

(c) as X2 
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3.2  Design Constraints 

The construction of Figure 3-2 faces a number of difficulties. The sparse spacing of 

values found in non-magnetic RF chip capacitors, component tolerances, and the inevitable 

variation in hand made coils makes achieving an exact resonance frequency for a coil 

impossible. Since we cannot include variable capacitors within the implant, our only option is to 

use over-coupling between the surface and implantable coils to bring the resonance frequency of 

the system as close as possible to the Larmor frequency. 

In spite of these facts, it is still important that the coil resonate within some minimum 

acceptable distance from the desired frequency. Should the coil resonate outside of this range, 

the over-coupling required to correct the resonance frequency will be too great to achieve. It is 

also important that the system not over-couple more than that which is necessary. Over-coupling 

has little effect on the current through the implantable coil, but it has a great effect on the current 

through the surface coil. Any over-coupling reduces the surface coil current (and thereby its 

magnetic field contribution) and lowers the sensitivity of the system. For this design it is 

acceptable for the implantable coil to resonate within a 20 MHz range above the Larmor 

frequencies for each nucleus, 190-210 MHz for 31P and 470-490 MHz for 1H. 

It is also important that the Q at each of the resonance points be sufficient to insure a high 

SNR in magnet experiments. A Q of 50 will typically be high enough for this purpose. 

3.3  Materials and Methods 

Multiple frequency implantable coils were constructed using hand-cut 2 mm wide, 202 

µm thick, copper foil, along with ATC 100 B series porcelain multilayer capacitors and hand 

wound inductors of various sizes. The inductors were made using AWG 25 wire wrapped around 

wires of other gauges, such as AWG 14, 16, 18, and 20. 
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Figure 3-3.   Construction of the circuit found in Figure 3-2 

Loop-gap resonator circuits of one centimeter diameter were built according to the 

schematic of Figure 3-2, as shown in Figure 3-3. The circuit components were all hand cut and 

soldered. Circuit Q was determined by measuring the resonance frequency and 3 dB bandwidth 

of each peak. These measurements were carried out on the S21 channel of an HP-8753E network 

analyzer. The impedance of hang wound inductors was measured using an HP-4396B impedance 

analyzer. 

3.4  Results 

The copper foil inductors making up the outside ring of the coil typically resulted in an 

inductance on the order of 20-30 nH, while the tank inductor was usually found within the range 

of 7-13 nH. The capacitors used were often 18 or 20 pF. 

Although the circuit theory and design constraints would suggest a choice of 

approximately 25 nH for the coil, 9 nH for the tank inductor, and two 18 pF capacitors (giving 

resonance frequencies of 195 MHz and 480 MHz), hand crafting of inductors with nano-henry 

precision is virtually impossible. Upwards of fifteen to twenty coils were constructed, yielding 

only two which resonated within the acceptable frequency bands at both points. These results are 

found in Table 3-1. The construction details for the two successful coils are detailed in Table 3-2. 
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 31P  1H  

Coil f3dB- f0 f3dB+ Q f3dB- f0 f3dB+ Q 

1 207.6 208.9 210.1 83.6 486.4 489.1 491.3 99.8 

2 200.3 202.0 203.5 63.1 468.6 472.1 475.3 70.5 

Table 3-1.  Resonance frequencies and Qs of coils meeting the design constraints 

 

Coil Lt Ct Ctt 

1 1.5 turns of AWG 25 around AWG 14 18 pF 18 pF 

2 2.5 turns of AWG 25 around AWG 16 18 pF 18 pF 

Table 3-2.  Construction details of the coils in Table 3-1 

 

3.5  Discussion 

The low yield of coils which meet the design constraints is an inevitable result of hand 

construction and makes a statistical analysis of the variation in coil resonance frequency almost 

exclusively dependent on their assembly. Construction of seemingly identical coils often resulted 

in resonance frequencies which were different by as much as 40 MHz. A statistical analysis of 

the results of all coils built would only serve as a measure of the expected yield from hand 

manufacturing. More consistent methods of coil fabrication must be developed if there is any 

hope to reliably manufacture coils within a reasonable tolerance. For our purposes, however, the 

coils which were created meet the design criteria and were sufficient for the continued 

development of a multiple frequency, inductively coupled system. 
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CHAPTER 4  DEVELOPMENT OF A MULTIPLE FREQUENCY SURFACE COIL 

4.1  Circuit Theory 

4.1.1  Background 

When injecting current into a resonant circuit directly, it is only required that that 

reactance at the desired frequencies be equal to zero; the resistance is not constrained to any 

particular value (it is usually reduced as much as possible to increase Q). The use of a 

transmission line, however, complicates the circuit. In order to receive maximum current, the 

resonant circuit must appear to have an impedance equal to that of the characteristic impedance 

of the transmission line, typically 50 Ohms. The terminating circuit is then matched to the line. 

Tuning a resonant circuit to a specific set of frequencies and matching it to 50 Ohms at 

those frequencies requires a more complicated circuit arrangement than that which was 

previously specified for a simple, series resonant circuit. Figure 4-1 shows two arrangements 

which are in common use for designing both single and multiple resonant circuits. They each 

combine two impedances that may be specified in any manner desired, along with a resistance, 

Rp, and reactance, Xp (ωLp), representing the fixed geometry of the coil used to transmit and 

receive the magnetic fields. 

 

Figure 4-1.   Two commonly used circuit arrangements for tuning and matching 
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If it is assumed that the elements Z1 and Z2 in each circuit are dominated by their reactive 

components, we can ignore their resistance and, instead, consider only their respective reactances 

X1 and X2. Solving for a total resistance equal to 50 Ω and a total reactance equal to zero one can 

obtain the following equations [16]: for (a) 

𝑋1 = −𝑋𝑝 + √𝑅𝑝(50 − 𝑅𝑝) 

𝑋2 =
50

(𝑅𝑝 − 50)
√𝑅𝑝(50 − 𝑅𝑝) 

and for (b) 

𝑋1 =
50

(𝑅𝑝 − 50)
𝑋𝑝 + √(

50

(𝑅𝑝 − 50)
)

2

𝑋𝐿
2 + (

50

(𝑅𝑝 − 50)
) (𝑅𝑝

2 + 𝑋𝐿
2) 

𝑋2 = −𝑋1

𝑅𝑝
2 + 𝑋𝑝(𝑋𝑝 + 𝑋1)

𝑅𝑝
2 + (𝑋𝑝 + 𝑋1)2

 

Although each circuit plays some role in both tuning and matching, typically X1 has 

greater control of the position of the resonance, while X2 has greater control over the equivalent 

impedance of the circuit. Often X1 is referred to as the tuning circuit, while X2 is referred to as 

the matching circuit. 

4.1.2  Previous Work 

Previous attempts to develop a multiple frequency surface coil for use at 11.1 T [11] were 

based on designs put forth by Schnall et al. [12]. Schnall suggests a tuning circuit consisting of a 

capacitor in series with a tank circuit (see equations for Figure 3-1 (c)) and a matching circuit 

containing just a tank circuit (see equations for Figure 3-1 (b)). These combinations placed in 

Figure 4-1 (a) can be seen in Figure 4-2. 
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Figure 4-2.   Schnall circuit design for multiple resonance probes 

This design is flawed, however, in that the matching circuit cannot possibly produce the 

appropriate impedance to match at both frequencies. Given that RL is usually small and tends to 

vary little with frequency, it is safe, for the time being, to assume that RL is a constant. If we 

examine the solutions for Figure 4-1 (a), we can see that the equation for X1 is reduced to –Xp 

plus some small constant value. We can visualize this in Figure 4-3 and see that the tuning circuit 

X1 can, in fact, intersect −𝑋𝑝 + √𝑅𝑝(50 − 𝑅𝑝) at more than one point. 

 

Figure 4-3.   Graphical confirmation that the Schnall tuning circuit (blue) can reach the 

required impedance (red) at the desired frequencies (green) 
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If we apply the same assumptions to the matching circuit, X2, we realize that this function 

is simply a small, negative constant with respect to frequency. The impedance function of a tank 

circuit, however, cannot possibly intersect a horizontal line at more than a single point, as seen in 

Figure 4-4. The same analysis can be applied to the circuit of Figure 4-1 (b), producing similar 

results. 

 

Figure 4-4.   Schnall’s matching circuit (blue) cannot possibly reach the required impedance 

(red) at both frequencies of interest (green) simultaneously 

Previous attempts to apply Schnall’s design to this project produced a surface coil which 

could no match at more than one frequency at a time [11], which should have been expected 

given the results above. In order to match appropriately at more than one frequency, the 

matching circuit must be changed. 

4.1.3  New matching circuit 

Figure 4-1 (a) was chosen to be implemented because of the simplicity of its equations 

when Rp is assumed to be constant. The tuning circuit proposed by Schnall is sufficient for X1 in 

this design, but, as discussed previously, the proposed matching circuit X2 is not. A circuit must 

be constructed, then, whose impedance can intersect a negative, horizontal line at more than one 

point. 
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4.1.3.1  Three component matching circuit 

The tuning circuit used above can be used equally as well as a matching circuit. Its 

impedance function has the ability to intersect the horizontal line at two points and it contains 

only one additional inductor. At first glance, this circuit appears to solve the problems 

encountered with the first matching circuit, but it does so while creating new issues of its own. 

The asymptotic nature of the function as it approaches infinite frequency makes it difficult for 

the function to intersect a horizontal line close to zero. Solutions for this matching circuit (at 190 

MHz and 470 MHz) exist only for an inductance less than roughly 1.5 nH (see Figure 4-5). 

 

Figure 4-5.   The three component matching circuit cannot match at both frequencies with 

an inductor greater than ~1.5 nH (5 nH inductance shown) 

An inductance this low is not practical to implement in a circuit. The traces between 

components can often have inductances of this magnitude and a design which relies on an 

inductance accurate to within such a small margin is simply unsuitable. Few chip inductors even 

exist at this low value, and those that do have large tolerances. The only option is to add an 

additional component to the matching circuit which changes the function to a more convenient 

shape. 
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4.1.3.2  Four component matching circuit 

A second newly-proposed matching circuit is shown in Figure 4-6. Its reactance as a 

function of frequency, is 

𝜔𝐿𝑡

(1 − 𝜔2𝐿𝑡𝐶𝑡)
+ 𝜔𝐿𝑡𝑡 −

1

𝜔𝐶𝑡𝑡
 

 

 

Figure 4-6.   Four component matching circuit 

This circuit contains an additional degree of freedom, allowing the designer to choose 

more practical values than those required by the three component matching circuit. Typically, the 

inductor values are chosen and fixed, because it is difficult to find high quality, non-magnetic, 

variable inductors. Following this design principle, it is important to note that choosing a high 

series inductor (Ltt) and low parallel inductor (Lt) makes the control of each intersection point, by 

its corresponding capacitor, more independent. The graph of Figure 4-7 shows that it is possible 

to match using components whose values all fall within the practical range for RF circuits. 

 

Figure 4-7.   Matching achieved with 39 and 22 nH inductors along with 9.2 pF capacitors 
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4.1.4  Effects of inductor resistance 

The circuit theory above can be accurate to a certain extent, but it does not take into 

account one of primary aspects of real-world circuits. Viohl et al. accounted only for the 

resistance of the probe when solving the equations originally, and this is appropriate for single 

tuned circuits which require only capacitors. For the double tuned case, however, we must also 

account for the resistance in the other inductors. 

First, it is important to discern how the resistance of an inductor is affected by the 

presence of a parallel capacitance. Figure 4-8 shows the model for a tank circuit when including 

the resistance. 

 

Figure 4-8.   Tank circuit model when inductor resistance is included 

The equivalent impedance of this model is then the parallel combination of 𝑅 + 𝑗𝜔𝐿 and 

1

𝑗𝜔𝐶
. The exact impedance can be written as 

𝑅

(1 −
𝜔2

𝜔0
2)

2

+
𝜔2

𝜔0
2𝑄2

+ 𝑗

[
 
 
 
 𝜔𝐿 (1 −

𝜔2

𝜔0
2) −

𝑅
𝑄

𝜔
𝜔0

(1 −
𝜔2

𝜔0
2)

2

+
𝜔2

𝜔0
2𝑄2 ]

 
 
 
 

 

If the Q is assumed to be high, which is often the case, the equation can be simplified to 

𝑅

(1 −
𝜔2

𝜔0
2)

2 + 𝑗

[
 
 
 𝜔𝐿

(1 −
𝜔2

𝜔0
2)]
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The reactance of this result is identical to that of the tank circuit without a resistor. The 

resistance, however, varies strongly with frequency in the area of the resonance frequency of the 

tank circuit. This fact should be accounted for in the graphical process used above. The 

resistance of the tuning circuit Z1 can simply be incorporated into the probe resistance Rp, but the 

existence of a resistance in the matching circuit requires a bit more effort. 

If the equations are solved using a pure reactance Z1 = X1 and an impedance Z2 = R2 + 

jX2 the following results are obtained: 

𝑋1 = −𝑋𝑝 + √
(50 − 𝑅𝐿)

(50 − 𝑅2)
√50(𝑅𝐿 + 𝑅2) − 𝑅𝐿𝑅2 

𝑋2 = −√
(50 − 𝑅2)

(50 − 𝑅𝐿)
√50(𝑅𝐿 + 𝑅2) − 𝑅𝐿𝑅2 

where RL = R1 + Rp. In the event that Rp, R1, and R2 are all constant with respect to frequency, 

the equations reduce to a form similar to that of the solutions without resistances. These new 

functions can be graphed and plotted against the reactances, as before. 

 

Figure 4-9.   Graphical approach to tuning and matching with the inclusion of inductor 

resistances 
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Figure 4-9 demonstrates that, although the necessary reactance has changed significantly 

in the vicinity of the resonance frequencies of both the tuning and matching circuits, the 

separation between the desired detection frequencies (190 MHz and 470 MHz) is sufficient to 

allow us to disregard most of the resistor effects. 

4.1.5  Simulation 

Before construction of a circuit it is often useful to simulate the design, in order to test for 

flaws in its conception. National Instruments’ Multisim was used to investigate some of the 

additional effects arising in real-world circuits. 

The four component matching circuit was simulated, along with the estimated resistance 

of each inductor based on Q values provided by the manufacturer. The S parameter of interest 

was S11 or, equivalently, the reflection coefficient. 

 

Figure 4-10. Simulated circuit for a double tuned surface coil 
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Figure 4-11. Simulation results showing the predicted nature of the S-parameter 

The simulation produced excellent results using only two significant figures for the 

specification of all components. Although not apparent from Figure 4-11, due to the limitation in 

frequency resolution, this circuit achieved a -38 dB match at 190 MHz and a -33 dB match at 

470 MHz. 

4.1.6  An alternate design 

The work shown has concentrated on the circuit configuration of Figure 4-1 (a). The 

method described, however, can apply equally well to configuration (b). Although the analysis 

may be a bit more complicated and may rely more heavily on graphing tools and simulations 

rather than hand calculations, the results may be more favorable, as this circuit allows for a 

balanced match configuration. A balanced match reduces shield currents in the coaxial cable and, 

combined with cable traps, can greatly reduce the noise received by the RF amplifier. 

4.2  Design Constraints 

There are two types of design constraints for the surface coil: those that are inherent to all 

MR coils, and those that are specific to this project. Like all coils, the circuit must be able to 

match at each frequency to at least -20 dB, transferring 90% of the power to the coil. It must 

also, of course, consist exclusively of non-magnetic components, a factor which can be quite 

limiting in the choice of inductors and capacitors. 
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For this specific project, however, the coil must be able to tune and match over a range of 

frequencies for each nucleus, instead of just a single frequency. This requirement arises from the 

fact that the surface coil is part of an inductively coupled coil system. The system will always be 

in the over-coupled state, meaning that there will be a split in the resonance at each detection 

frequency. The large tolerances of the implantable coil increase this requirement. This is made 

up for by the ability of the surface coil to over-couple to a varying extent, moving the split-

resonance frequency to the desired point. It is estimated that the surface coil should be able to 

tune and match over a range of approximately 20 MHz above the Larmor frequency, in 

accordance with the design constraints of the implantable coil. 

4.3  Materials and Methods 

The circuits described above were designed for and constructed on prototype printed 

circuit boards (PCBs). National Instruments’ Ultiboard was used to lay out the boards, which 

were then milled onto one ounce copper, FR-4 prototype PCBs.  

Board designs for the three component matching circuit used ATC 100 B series porcelain 

multilayer chip capacitors, ATC WL series chip inductors, Voltronics NMA_HV series variable 

capacitors, and AWG 20 copper wire in a two centimeter loop for the probe. The four component 

matching circuit used ATC 100 B series chip capacitors, Coilcraft 1812SMS series air core 

inductors, and AWG 12 copper wire in a two centimeter loop for the probe. 

All components were hand soldered to each board, along with a 50 Ω coaxial cable. 

Measurements of resonance frequency were obtained on the reflection (S11) channel of an HP-

8753E network analyzer.  
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4.4  Results 

4.4.1  Three component matching network 

Although it is clearer now that the first prototype design is impractical to implement, at 

the time it was thought that this was possible. The schematic in Figure 4-12 shows the 

component values which were chosen for construction. The circuit was built on a double sided 

prototype PCB which was raised and mounted to a Plexiglas surface. The coil probe ran through 

a hole from the other side of the Plexiglas to solder to the board (see Figure 4-13). 

The results for this probe were greatly different than predicted. The surface coil resonated 

at upwards of 4 or 5 frequencies over the 150-600 MHz band. Changing each variable capacitor 

had an effect on the circuit, but to a widely varying extent. 

 

Figure 4-12. Circuit schematic of the first prototype surface coil 
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Figure 4-13. First surface coil prototype. Variable capacitors and inductors are shown on top. 

Fixed capacitors are not visible on the bottom. 

The matching tank capacitor (Cm) had a small effect on the matching of all resonances 

present over the frequency band of interest, but changed the circuit little otherwise. The matching 

series capacitor (Cmm) had the ability to match two of the resonance points present in the 200-270 

MHz range. It also was the sole affecter of a higher frequency resonance which was able to tune 

from approximately 440 to over 600 MHz. 

The tuning capacitors had effects which were more expected. The tuning tank capacitor 

changed the frequency of several resonances over the 200-270 MHz range, while the tuning 

series capacitor had an effect on only one of these peaks. Combining changes in the two tuning 

capacitors and the matching capacitor Cm allowed for one of the peaks to tune and match 

adequately (-20 dB) over quite a larger range (210-265 MHz). 

There were other peaks present in the circuit as well, but they were not controlled in any 

well defined manner by any of the variable capacitors present. It was found that, if a probe was 

attached to the transmission port of the network analyzer, the transmission at various areas of the 

board had tremendously different strengths of resonance. The vicinity of the coaxial cable 
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connections was found to have a relatively flat response. In the areas between the variable 

capacitors, however, there were strong responses at the resonance frequencies for their 

respectively controlled peaks. 

4.4.2  Four component matching network 

The second surface coil prototype was constructed with only fixed components using the 

four component matching circut. Figure 4-14 shows the selected component values. 

 

Figure 4-14. Schematic of the second surface coil prototype 

Figure 4-15 shows the constructed prototype based on the new design. It can be seen that 

there are no variable capacitors, such as those found in Figure 4-13. This circuit resulted in only 

two resonances. The results of these tests are summarized in Table 4-1. 

 

Figure 4-15. Second surface coil prototype. The coaxial cable pads are visible, but no cable is 

connected 
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 Lower Upper 

Resonance Frequency 176.1 381.8 

Match -3.15 dB -9.99 dB 

Table 4-1.  Resonance frequencies and match for the second surface coil prototype 

 

4.5  Discussion 

4.5.1  Three component matching network 

Although not necessarily bad by themselves, the additional resonances produced by this 

circuit indicate that there are large effects which were not accounted for in the theory presented 

above. Considering the results of the transmission probe test it was determined that these 

additional resonances were likely due to the large loop area and extra inductances seen by the 

circuit as a result of the long traces. 

Long traces and large loop areas are somewhat inherent to the use of variable capacitors 

because of their size. This effect is exacerbated by the fact that at least four degrees of freedom 

are needed to be able to properly tune at match and two different frequencies. The presence of 

four variable capacitors makes for a prototype board with large parasitics. 

This was the motivation behind the decision to test a fixed component design when 

implementing the new four component matching circuit. 

4.5.2  Four component matching network 

The results of the second prototype were promising. The size of the PCB for this design 

was greatly reduced in comparison to its predecessor. The lack of any additional resonances 

beyond the expected two indicates that the problems associated with the previous iteration were 

likely due to the board size and trace length. 
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Although the resonances are not at the predicted frequencies and do not match 

appropriately, the results shown suggest that it may be possible to construct a multiple frequency 

surface coil at such high frequencies if variable capacitors could be reintroduced to this circuit. It 

is possible that more advanced RF PCB engineering could help solve this problem, such as the 

use of microstrips and ground planes. It appears as though the major contributing factor to the 

issues plaguing this design stem from RF parasitics inherent to prototype PCBs. 
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CHAPTER 5  CONCLUSIONS AND FUTURE WORK 

5.1  Conclusions 

The work presented has shown that there is strong potential for the development of a 

multiple frequency, inductively coupled coil system. The design of the implantable coils, 

although somewhat difficult to manufacture reliably, is sufficient to provide a high Q circuit for 

coupling to a surface coil. Although a functioning surface coil which could tune and match at 

both frequencies of interest was not achieved, results indicate that there exists a strong 

theoretical foundation for its continued development. 

5.2  Future Work 

Future work on the project should revolve around advancing both theory and practical 

application relating to the surface coil. It would be helpful to derive a theoretical estimation of 

the magnetic field produced by the surface coil, while in the over-coupled state, at the point of 

interest, namely the center of the implantable coil. This theory could be simulated using CST 

Microwave Studio and eventually experimentally tested in the lab. 

Further RF board development would also be of great benefit to the project. It is likely 

that the primary issues arising in the design of the surface coil are derived from high frequency 

RF PCB effects. This can be mitigated, as was shown, by reducing the size of the board, but it is 

a requirement of the project that the design include variable capacitors. Reintroducing them to 

the design will inevitably increase the board size and trace lengths, likely to a level unacceptable 

for our application. More advanced RF design techniques should be investigated for mitigating 

the effects of RF parasitics. 
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