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Abstract 
 

Anastomotic leakage (AL) is the leading cause of morbidity and mortality after bowel anastomosis, a 

surgical procedure used to restore luminal continuity after bowel tumour resection. Even after years of 

research, its occurrence has not decreased, and new methods of monitoring the wound and predicting 

anastomotic failure are therefore urgently required. 

Here we propose the use of an internal coil to increase the signal-to-noise ratio (SNR) during 

Magnetic Resonance Imaging (MRI) and/or Spectroscopy (MRS). Both methods may be used to 

identify ischemia and oedema, considered to be clinical indications of AL. The annular nature of the 

anastomotic surgical wound suggests the use of a coil with an annular field-of view, mounted on a 

Biodegradable Anastomosis Ring (BAR), a surgical device commonly used as a temporary 

mechanical support that is fragmented and excreted from the body after wound healing. 

The proposed solution is a Magneto-Inductive (MI) ring resonator, based on a set of magnetically 

coupled L-C resonators. Its advantages are that its separate elements fit comfortably inside the BAR, 

are not mechanically connected, and consequently may be fragmented and excreted with the BAR 

itself. A coupled pair of 8-element MI ring resonators is proposed, operating on an anti-symmetric 

spatial mode to avoid coupling to the B1 field during the excitation phase of MRI. However, the 

electrical response of an early prototype shows that insufficient rejection of uniform fields is achieved 

using the most obvious arrangement. Therefore, a search of the effect of design parameters on the 

spectra of resonant modes supported by the electrical system is carried out to identify an arrangement 

offering improved decoupling. A suitable design is developed, based on physical overlap between 

adjacent elements in the same ring, which alters the sign and magnitude of a key magnetic coupling 

coefficient. 

MRI fields-of-view are theoretically estimated for several different arrangements for signal extraction, 

including devices that are mutually coupled to an external read coil and directly coupled devices. 

Difficulties with combining mutual coupling and B1 field rejection are identified, and wired 

connections are proposed as a solution. It is found that a device with a single such connection gives a 

sensitivity pattern with partial symmetry, whereas a quadrature tap restores full symmetry. 

In vitro 
1
H MRI is then carried out at 1.5 T and 3.0 T using agar gel immersion phantoms, both for 

mutually coupled systems and for directly coupled systems. As expected, mutual coupling is found to 

be an unsuitable readout method for a device operating on its anti-symmetric mode, but does allow 

analysis of the effectiveness of B1 field decoupling. Directly coupled devices operate essentially as 

expected, providing up to 15-fold local enhancement in SNR, compared to the system body coil. 
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1 Introduction 
Colorectal anastomosis is a common surgical procedure used to treat many types of bowel diseases, 

including cancer, polyps and Crohn’s disease. Unfortunately, one of the leading complications of the 

procedure is anastomotic leak which has a mortality rate of up to 33% [1] Even with clinical 

monitoring and radiological examination, it has not been possible to reduce the incidence of 

anastomotic leak [2], [3] Therefore, the aim of this thesis is to develop an internal sensor, used in 

conjunction of Magnetic Resonance Imaging and Spectroscopy (MRI and MRS) to increase their SNR 

and allow for the accurate monitoring of post-operative colorectal anastomosis, potentially predicting 

the occurrence of anastomotic leak. 

This Chapter starts by outlining the methods of performing colorectal anastomosis. The use of 

compression rings, specifically the Biodegradable Anastomosis Ring (BAR), is highlighted. It is 

found to be as safe as sutures and staples, with the addition of offering more standardization and time 

efficiency. The risk factors associated with anastomotic leak are then explained, and we focus on the 

precursor of ischemia (blood constriction) as an indication for leakage. Current methods of diagnosis 

are also presented, and it is clear that they have low positive and negative predictive values, with 

radiological evaluation becoming accurate only after the 5
th
 post-operative day. By then it might be 

too late for any salvage operation. Therefore, we present the solution of MRI and MRS, along with an 

internal coil to increase their SNR. The former is used to check for oedema, while the latter is used to 

measure ischemia. The working principles of MRI are explained, with a comparison between imaging 

and spectroscopy. Finally, the research objective is clearly stated and a brief plan of the remaining 

thesis Chapters is presented. 

1.1 Colorectal Anastomosis 

The human bowel is composed of the small intestines, the large intestines, also called the colon, and 

the rectum. Figure 1.1 shows a diagram of the bowel, where we see the last part of the small intestines 

(the ileum) connecting to the first part of the colon (the cecum). We also see the colon itself, which is 

approximately 1.5 m long and 6-7 cm in diameter. It is made up of four main parts. In order of travel 

through the body, they are: the ascending the colon, the transverse colon, the descending colon, and 

finally the sigmoid which connects to the rectum. The function of the small intestines is to absorb 

water and important nutrients into the body. The leftover waste is then passed onto the colon and 

squeezed along by its muscles, eventually being expelled from the body through the rectum. 
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Figure 1.1 Anatomy of the lower digestive system [4] 

There are many diseases of the colon varying in severity and treatment. Some are managed by a 

simple change of diet; others require medicines or even surgery. The surgery performed also depends 

on the disease, and can be minimally invasive, such as a colonoscopy, or life-changing such as a total 

proctocolectomy (used to remove the entire colon and rectum). A surgical procedure in the middle of 

this scale is an anastomosis. Used to bring together two separate hollow tubes, a colorectal 

anastomosis usually occurs after a resection where a diseased section of the colon and/or rectum is 

removed, then an anastomosis is used to establish communication between the remaining parts of the 

bowel. 

Here we mention some of the colorectal diseases that may require an anastomosis. Firstly, and 

arguably the most dangerous, is colorectal cancer, with over 42 thousand diagnoses made annually in 

the UK, it is the third most common cancer for both men and women, tragically taking the lives of 

over 16 thousand people annually [5]. Therefore, the cancerous tumour has to be removed by means 

of a resection and anastomosis as shown in Figure 1.2. From the early to the late stages of cancer, this 

surgery is the most recommended treatment; accompanied in late stages by chemotherapy and/or 

radiotherapy [6]. Colonic polyps are also abnormal growths that start in the inner lining of the colon. 

They are mostly benign, but can potentially become cancerous. They affect 30% of Americans [7] and 

also need to be removed by resection and anastomosis. There are also some inflammatory bowel 

diseases which require surgical intervention, such as Crohn’s disease and diverticulitis. In the former, 

the lining of the colon becomes inflamed and in 60-70% of cases surgery in the only treatment option 

[8]. In the latter, small abnormal pouches in the colon or small intestines become inflamed or start 

bleeding, and again the affected part has to be removed using resection and anastomosis. 
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Figure 1.2 Resection of the colon with anastomosis [9] 

Apart from colorectal diseases, there are also colorectal structural defects which require surgical 

intervention [10]. Some of these defects are Intussusception, Fistulas and Volvulus. Intussusception is 

when one part of the intestine folds in on itself like a telescope. Fistulas is the occurrence of an 

abnormal connection between two organs or between an organ and the outside body; and volvulus is 

when a part of the intestine twists around itself and around the artery that supports it, creating an 

obstruction. These conditions are usually treated with minimally invasive surgery, but some cases do 

require a resection and anastomosis. It is therefore apparent that a colorectal anastomosis is an 

important and common surgical procedure in both the emergency and elective settings [11], used 

often and required for the treatment of many conditions.  

To perform a colorectal anastomosis in open surgery, a midline incision is firstly made to allow 

adequate access to the bowel, and usually either sutures or staples are used to complete the 

anastomosis. Although stapling was introduced much later than suturing (in the 1970s), both are now 

equally successful and are used interchangeably depending on the surgeon’s preference [12]. There 

are a few other variables when considering how to conduct an anastomosis, some of which are: the 

suture material, the size of the suture bites, the distance between bites, interrupted or continuous 

sutures, using single or double layer sutures, the type of stapler used and conducting an end-to-end or 

a side-to-side (or a combination thereof) anastomosis. These options are usually constricted by the 

reason for the anastomosis and its position along the bowel. However, there have been many studies 

comparing these techniques to establish the best surgical method, and these are summarised by 

Sliecker et. al in [12]. Figure 1.3 shows an end-to-end anastomosis with double layered sutures, here 

the outer layers use interrupted sutures and the inner layers use two different continuous sutures. 

Figure 1.4 shows an example of a stapled anastomosis made with a non-cutting stapler. 
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Figure 1.3 A Double layer End-to-End Anastomosis. (a) Interrupted Lembert stiches are used to form the posterior 

outer layer. (b) A full thickness continuous over-and-over stich is used to form the posterior inner layer. (c) A Connell 

stich is used to form the anterior inner layer. (d) Interrupted Lembert stiches are used to form the anterior outer 

layer [13].  

 

Figure 1.4 End-to-End stapled Anatomosis. (a) The bowel ends are triangulated with three traction sutures. (b) A 

non-cutting stapler (TA) is placed between two of the sutures. (c) The stapler is closed and the excess tissue in excised. 

(d) The bowel is rotated, and steps b and c are repeated twice more to close the remaining two sides of the triangle 

[13]. 

Other anastomosis methods include compression rings, laser welding, glue and RF fusion. The latter 

three methods aim to introduce a sutureless anastomosis without a foreign body at the wound site. In 

the case of laser tissue welding [14], an optical laser beam with specific characteristics, most 

important of which being the wavelength, is targeted at the tissue to be welded. The laser wavelength 

determines the amount of tissue penetration, with longer waves (near infra-red) having deeper 

penetration and shorter waves (near UV) exhibiting more scattering. However, the final wavelength 

value is chosen depending on the absorption properties of the tissue in question; with actual tissue 

welding occurring at temperatures between 70 and 80
o
C [15]. Although medical applications of laser 

have been successful in dentistry and ophthalmology, more research is still needed before it can be 

used in hospitals for colorectal anastomosis. The first experimental study for large bowel anastomosis 

using laser tissue welding was performed on 14 rabbits in 1992 by Kawahara et. al [16] and showed 

that sutured anastomosis was still superior, having higher burst pressure. Seven years later, similar 

trials were carried out on porcine small bowel describing higher burst pressure for lased over sutured 

anastomosis [17]. However, here the control group only had 5 samples, while the lased group 

contained 15 samples. Thus more development is needed before this method can be used in hospitals 

on human patients. 

RF fusion is an even newer method for resection and anastomosis, involving sealing the tissue 

between two electrodes delivering RF current. The LigaSure device, by ValleyLab, is currently used 
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for haemostasis sealing of blood vessels and arteries up to 7mm in diameter [18]. It contains a closed-

loop feedback control RF generator and uses both high frequency current and controlled pressure for 

tissue sealing. The LigaSure patent describes vessel sealing as “the process of liquefying the collagen, 

elastin and ground substances in the tissue so that it reforms into a fused mass with significantly 

reduced demarcation between the opposing tissue structures” [19]. Although, it has proved to be a 

time-saving method for vessel sealing [20], [21], more research is still being carried out to use it for 

bowel anastomosis [22], [23]. It has mostly been non in-vivo studies, but they do show that the 

LigaSure method for intestinal anastomosis could withstand the intraluminal pressure of the bowel 

[24], [25] (although it did perform worse than staples in both studies referenced). It is worth noting 

that there are other thermal tissue fusion devices such as the Altrus from Conmed [26], currently 

available on the market and also offering vessel sealing up to 7mm in diameter. 

Finally, for glued anastomosis, animal trials are still being conducted to either establish the possibility 

of using glue on its own to perform the anastomosis [27], or using it to reinforce a sutured 

anastomosis [28], [29] to increase the allowed intraluminal pressure before rupture and therefore 

decreasing the occurrence of anastomotic failure. And so none of the three methods mentioned above 

is currently suitable for bowel anastomosis. 

1.2 The Compression Ring Method 

Now we come to compression rings, which – unlike the three previous methods – are as successful as 

sutures and staples [30], offering benefits such as cost-effectiveness, procedural standardization and 

ease of use, and saving time [31]. The first such compression ring is Murphy’s button, shown in 

Figure 1.5 [3]. Invented in 1892 it is even considered to be the father of the current end-to-end 

surgical stapler. The button is made from two steel parts; each inserted into each part of the resected 

bowel and when brought together form the anastomosis. 

 

Figure 1.5 Murphy’s button [3] 
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The advantage of using the ring is that necrosis (tissue death) occurs at the bowel stumps leaving only 

healthy tissue behind to form the anastomosis. This is demonstrated in the diagram of Figure 1.6 and 

is the principle behind many of the compression devices currently available.  

 

Figure 1.6 Principle of operation of compression rings. 

Murphy’s button was the method of choice for intestinal anastomosis for approximately 30 years, 

being used by the Mayo Clinic in the USA and in the country’s other hospitals [32]. However, its 

disadvantages were that it was a permanent foreign body in the bowel causing narrowing of the 

intestinal lumen. The button was revisited in 1985 by Hardy et. al who introduced the Valtrac
TM

 

Biofragmentable Anastomosis Ring (BAR), shown in Figure 1.7. Correcting the drawbacks of 

Murphy’s button, the BAR is made from polyglycolic acid with 12% barium sulphate [33], it 

therefore biofragments and is excreted from the body after approximately 2 weeks. 

 

Figure 1.7 Hardy’s Biofragmentable Anastomosis Ring (a) with applicator, (b) close-up [34], [35] 

The first part of the BAR is inserted into one part of the bowel, already having a purse-string suture, 

then the suture is closed. Similarly, the second part is then inserted into the second part of the bowel 

having its own purse-string suture and then the suture is closed. Finally, the two parts of the BAR are 

clicked shut. This process is shown in Figure 1.8, while Figure 1.9 shows the fragmented BAR 

(having been excreted from the body) from early animal studies by Hardy et. al.  
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Figure 1.8 Procedure for inserting BAR into bowel (a) the first part of the BAR is inserted into one part of the bowel, 

(b) the second part of the BAR is inserted into the other part of the bowel, (c) the two parts are clicked shut. [33] 

 

Figure 1.9 Fragmented BAR from early animal testing [33] 

There have been many studies over the years evaluating the performance of the BAR for bowel 

anastomosis [36]–[44] in terms of the burst pressure, anastomotic leakage, the operation time, ease of 

use, patient discharge time, possible advantages in irradiated bowel, etc. with all confirming that it is 

equal to – if not better than – sutures and staples. One of the earliest clinical trials was on 438 patients 

in 1989 [45], where it was confirmed that the BAR shows no difference in morbidity or mortality of 

the patients compared with sutures or staples. It is, however, mentioned that the BAR’s advantage lies 

in its speed of application and it uniformity of use over the whole GI tract (except the lower rectum). 

The first European study of the BAR was conducted in the same year and with similar results [46]. 

This time it is also confirmed that the BAR is easy to use and is a safe alternative to sutures and 

staples. Similarly, in one of the most recent studies, published in late 2016 [47], the authors study 

bowel anastomoses conducted on 203 patients using the BAR, their findings show that 6 patients 

develop anastomotic leakage (3%) and 2 develop intestinal obstruction. Other complications requiring 

re-surgery (8.4%) were not related to the use of the BAR. They conclude that the use of the BAR for 

upper and lower GI tract anastomoses is safe, simple and fast, and they recommend its use for various 

clinical scenarios. There are even new methods being developed for using the BAR, such as with an 

intra-bypass tube – as shown in Figure 1.10 [43], [48]  – as an alternative to an ileostomy with stoma. 
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Here the authors from both studies confirm that this new method avoids the need for re-surgery, 

shortens the operation time, shortens the hospital stay significantly and is in fact more cost effective. 

 

Figure 1.10 Inter-bypass tube for use with the BAR [48] 

It is therefore evident that the safety, reliability and advantages of the BAR have been confirmed 

throughout the years, and that it is indeed the most used compression ring nowadays [30]. There are, 

however, other compression rings available – and currently in use – and it is worth mentioning some 

of them here. Firstly is the AKA-2 (and later AKA-4) device developed at the same time as the BAR, 

in Russia. It is used more in Russia and Germany, and most of the articles evaluating its performance 

are indeed non-English. The AKA-2 device is again composed of two parts as seen in Figure 1.11, but 

this time, the device is non-biofragmentable and is meant to be expelled from the intestines after 

approximately 2 weeks. One part of the device is plastic and the other is metal with pins all round. 

The AKA-4 device includes a transanal applicator for operations in the lower rectum. The first 

published use of the device is in 1984 with 225 operations [49], showing good initial results and 

recommendation for future use. Further clinical trials – along the whole of the GI tract – confirm this 

[50]–[57]. 

 

Figure 1.11 (a) AKA-2 compression anastomosis. Metal pins with metal ring springs are attached on the base ring 

(grey). When performing the anastmosis the pins penetrate through the inverted resection margins in the proximal 

plastic ring (white). (b) The AKA-4 transanal applicator. [58] 

Now we come to the newest compression ring currently in use, the ColonRing or CAR [59], made 

from the alloy nickel titanium (NiTi or Nitinol) which exhibits shape memory and super elasticity. 

Nitinol is made from equal parts of nickel and titanium. Below a certain temperature, it is in what is 

called a 'weak state'. It can be easily deformed, by up to 6% of its original form; and when re-heated 

again, it gradually goes back to its original shape and 'strong state'. Similarly, under mechanical strain, 
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Nitinol goes into its weak state, allowing deformation with small changes in stress. When the strain is 

removed it goes back to its original shape [60]. The Colon Ring, shown in Figure 1.12, makes use of 

this second property. 

 

Figure 1.12 (a) the ColonRing device (b) the spring ‘leaf’ in its original position. This is located inside the metal part 

of the ColonRing, connected to the pins. When mounted on the applicator, strain is applied to make the leaf flat. It 

gradually returns to its original shape when released and the ColonRing is gradually closed, compressing the colon 

tissue. (c) Applicator, anvil and metal part of ColonRing. [61] 

The device is again made of two separate parts, the top made of plastic, and the bottom, made of 

metal, containing the NiTi ‘leaf’. The first animal testing results were published in 2007 [62], [63] 

showing significantly higher burst pressure than staples at day 0. Several clinical trials then confirm 

its safety and efficacy in colorectal anastomosis [64]–[69], at least matching those of stapled and 

sutured anastomoses. It is worth noting that the ColonRing is the sister device of the CAR (Colon 

Anastomotic Clip) which was developed first for side-to-side colorectal anastomosis. It is also now 

available for clinical use with comparable results to sutures and staples [70]–[74], however, it is not 

relevant to this research. 

1.3 Anastomotic Leak 

It must now be obvious that there has been much research and development into choosing and 

creating the most successful method for colorectal anastomosis. The reason for this is that in 

approximately 3-6% [75], [76] of anastomoses, dehiscence occurs (rupturing of the wound along the 

incision), leading to leakage and anastomotic failure. In some studies, this figure can even go up to 

30% (In [75], [76] a summary of the different leak rates for recent studies is presented). Anastomotic 

Leak (AL) is indeed considered to be the most devastating post-operative complication and is 

associated with higher morbidity and mortality. In fact, the mortality rate after AL varies from 15 to 

33% in literature [1]. Factors associated with AL include inflammation of the anastomotic wound and 

neighbouring bowels, an abscess formation and even peritonitis, which is inflammation of the tissue 

that lines the inner wall of the abdomen and supports most of our organs [77]. These complications 

are, in turn, associated with 30% higher hospital readmission rate and up to 90% increased risk of 

infection [78]. Additionally it was also shown that after an anastomotic leak, cancer patients have a 

26% increased risk of systemic cancer recurrence and a 19% increased risk of mortality than patients 

without an anastomotic leak after curative resection [79]–[81]. There are also economic factors 
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associated with AL, which are an increased hospital length of stay by 7.3 days, associated with a cost 

of $24,129 per patient. And so for every 1000 patients undergoing colorectal anastomosis, the 

economic burden of AL alone adds up to 9,500 days of hospital stay and an extra $28.6million [78]. 

The reason that anastomotic leak occurs is unclear, but there are some risk factors that have been 

studied. These include some patient factors such as malnutrition, high white blood cell count, male 

gender (due to different pelvic anatomy), obesity, steroid use, non-steroidal anti-inflammatory drug 

use [82], tobacco and alcohol use, cardiovascular disease, and an ASA score of 3 or more [75], [76], 

[83]. The ASA score is the American Society of Anaesthesiologists’ way of grading patients before an 

operation, with 1 being healthy and 5 not likely to survive the next 24 hours. Some operative risk 

factors of AL are an operation time longer than 2 hours, an emergency surgery, having a 

gynaecological or urological operation at the same operative time, preoperative blood transfusion, 

intra-operative blood loss of more than 200mL and an anastomosis closer to the anal verge. A history 

of radio- and chemotherapy also increase the AL rate, as well as a histologic specimen margin 

involvement in patients with inflammatory bowel disease [75], [76], [83]–[86]. 

In many years of research, it has not been possible to reduce the AL rate [2], [3] and so early 

diagnosis and detection of anastomotic leak are key to the success of any salvage operation. However, 

the clinical symptoms associated with early AL are subtle and so postoperative observation is 

essential. Clinicians must look for signs of cardiac complications, higher inflammatory indices and 

failure of the patient to thrive [87]. This non-specificity of clinical signs is the reason for the 

importance of radiological diagnosis, and the most recognised imaging method is by CT (Computed 

Tomography) and contrast radiography. CT is non-invasive, painless and fast. During a CT scan, 

cross-sectional images of the body are produced by utilizing the fact that different parts of our body 

absorb x-rays in different amounts. The patient lies on a bed that is gradually inserted in a doughnut-

shaped structure, shown in Figure 1.13. This is called a gantry, and it has an x-ray beam transmitter 

and receiver inside it. 
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Figure 1.13 Simplified diagram of a CT scanner 

The transmitter emits beams that pass through the body and are then picked up by the receiver. The 

transmitter and receiver rotate around the patient bed, and once a full rotation is complete, the data is 

sent to the computer which converts it to a 2D image. The patient bed is incrementally moved further 

inside the gantry until the full number of images is obtained. The clinician can then use these images 

to determine exactly where a disease or complication is (in this case the existence, location and 

severity of an anastomotic leak); or the images can all be used together to form a 3D image of the 

patient, allowing a different view and possible extra information to be discovered [88]. Sometimes, 

soft tissue is not very clear on a CT scan due to its relative inability to absorb enough x-rays. In this 

case, an intravenous contrast agent is needed, which is a highly visible substance in a CT scan. 

Contrast agents for imaging different tissue vary; and for the GI tract, barium-based compounds are 

used and are administered orally. The image in Figure 1.14 shows a CT scan with contrast of a patient 

who underwent a left hemicolectomy – a procedure to remove the left half of the colon (i.e. the 

descending colon) and anastomose the remaining colon to the rectum. Here the contrast agent was 

administered via the rectum and we see that there is some fluid collection near the anastomosis, but no 

contrast outside the intestinal lumen, indicating no AL. However, this turned out to be a false 

negative, as AL was indeed found the same day during re-operation and it was due to ischemia (blood 

congestion) [89]. 
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Figure 1.14 CT scan with rectally administered contrast. [89] 

The scenario shows the limitations of radiography. It has a false positive and false negative 

occurrences of 22% and 12% respectively [1]. As well as an interobserver variability rate of 10% 

[89], meaning that in 10% of cases two clinicians would interpret the same result differently. 

Moreover, it has been shown that a false negative increases the diagnosis time by up to 4 days [90], 

[91]; and delaying the diagnosis time by just 1 day is associated with an increase in mortality rate by 

41.3% and a lengthening of hospital stay by 26 days [1]. On the other hand, false positives may 

expose the patient to an unnecessary further operation and the complications associated with it. With 

respect to which imaging modality is best, there is opposing information in literature, some preferring 

contrast enemas (which are the water soluble barium enemas) [92] and others favouring CT [93]. 

Other methods for diagnosing AL are by measurement of the substance called C-reactive protein 

(CRP), which is produced in the liver and usually exists at very low levels in the body (below 3mg/L). 

It is usually measured using a blood test and rises in response to an inflammation in the body. A study 

in 2012 [94] found that a CRP test on post-operative day 2, with a cut-off of 135mg/L had a negative 

predictive value of 89% for post-operative infectious complications of the anastomosis. In the same 

year, a second study [95] confirmed the use of CRP as a predictor for AL, with a cut-off value of 

140mg/L on the 3
rd

 post-operative day. The sensitivity of this test was only 78%. The use of 

Procalcitonin (PCT) levels have also been investigated as a possible predictor of AL. PCT is a 

substance produced by specific cells of the thyroid, lungs and intestines. Again, it is nearly 

undetectable in normal cases, but rises in response to bacterial infection. The study in [96] claims that 

a PCT level above 310mg/L on the 5
th
 post-operative day has 100% sensitivity and 100% negative 

predictive value in predicting AL; however, by then the leak could have already started. 

Clinical signs of AL include systemic inflammatory response syndrome, fever, ileus, and elevated 

heart-rate and pain. On their own, these signs have low predictive values of AL [2] as previously 

mentioned. However, new scoring system has emerged which makes use of all these symptoms 

together in a ‘standardized surveillance’, along with lab findings such as CRP levels, leucocytes and 
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kidney function. A score of 8 or more points warrants an immediate CT scan with rectal contrast. This 

scoring system claims to be successful in reducing the diagnosing time to 1.5 days (from the 4 days of 

the control group) [97]. 

A new study has also created an intra-operative endoscopic mucosal grading system to predict leakage 

occurrence [98]. “Grade 1 is defined as a normal appearing per-anastomotic mucosa. Grade 2 is 

defined as ischemia or congestion involving less than 30% of either the colon or rectal mucosa and 

grade 3 is defined as ischemia or congestion involving more than 30% of the colon or rectal mucosa.” 

It was found that patients with a grade 1 anastomosis had a leak rate of 9.4% (92 patients); whereas 

patients with a grade 2 anastomosis had a leak rate of 40% (10 patients). Patients with a grade 3 

anastomosis had their anastomosis taken down and re-created to become grade 1. This method does 

show promise, but requires a larger population for confirmation. On the other hand, the method does 

highlight the importance of a non-ischemic anastomosis for the prevention of AL. Having a good 

blood supply to the anastomotic wound is necessary for good healing; when this does not happen, 

there is blood congestion, called ischemia. Ischemia is one of the factors related to an anastomotic 

leak, bleeding and stricture [99]. Therefore, early detection of ischemia could potentially prevent all 

these complications as later seen in section 1.5.2. 

Anastomotic Leakage is arguably the most devastating post-operative complication of colorectal 

anastomosis, but there are other complications such as surgical site infection, wound infection, ileus, 

bleeding, anastomotic stricture [100], [101]. Some of these problems are benign, but could become 

dangerous if diagnosed too late or left untreated. For example, surgical site infection is the most 

common post-operative complication of most surgeries. It is usually treated with anti-biotics, and 

similarly, wound infection. However, the latter could turn into AL and peritonitis if not spotted early 

[101]. Post-operative ileus is sometimes considered an inevitable complication of gastro-intestinal 

surgery. It is the lack of movement of the intestines, meaning that no material is being moved along 

the bowel, which leads to an obstruction. It is usually treated by substituting certain pain management 

medication (including narcotics) with local anesthetic. Anastomotic stricture is the narrowing of the 

anastomotic wound due to scarring. It is common of most anastomoses and is usually treated using 

endoscopic dilation [102]. In very rare cases the anastomosis could close completely, but this has also 

been treated non-surgically [103], [104]. Less rare, but also unlikely is bleeding after an anastomosis. 

It is usually due to the patient’s impaired clotting system and is diagnosed and treated using 

endoscopy [105] or colonoscopy [106]. Similarly to AL, all of these conditions require monitoring for 

early diagnosis and treatment. We suggest the use of MRI and MRS for the early detection of 

Anastomotic Leakage and potentially other complications of colorectal anastomosis. 
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1.4 Magnetic Resonance Imaging 

Magnetic Resonance Imaging (MRI) is a powerful diagnostic method used by doctors and radiologists 

to view the internal structures of the human body. Using an MRI scanner, images of soft tissue, 

organs, blood vessels, the brain and bone can be generated. In some cases, MRI images can show 

problems that may not be visible with other imaging methods. When an MRI scan is performed, the 

patient lies inside the magnetic field of a strong magnet and RF pulses are used to generate an image 

of a particular ‘slice’ or area of the body. The main components of an MRI machine are shown in 

Figure 1.15. A simple description of the scanner is that it contains a coil within a coil within a coil. 

Firstly, there is the main field coil, generating a strong static B0 field. Then comes the gradient coils 

for imaging and spatial localisation as discussed in section 1.4.2, and finally there is the RF body coil 

which generates the B1 field. The RF body coil may also be used to receive the MR signal; however, 

this usually results in low image quality due to the coil not being close enough to the region of interest 

(ROI). Therefore, extra coils, close in proximity to the ROI, are usually used as signal receivers
1
.  

 

Figure 1.15 Main components of an MRI machine. 

Most RF body coils are made of a birdcage resonator coil [107], [108], as seen in Figure 1.15. This 

consists of two circular conductive loops, connected by an even number of conductive straight 

elements, called rungs. Capacitors are also placed between the conductive elements, making the coil 

resonant. Operation is usually carried out in the first resonant mode, making the field inside the coil 

homogenous [109]. 

1.4.1 Precessing Spins 

Most commercial MRI machines are concerned with the nucleus of the Hydrogen atom, which is the 

most abundant in the human body. This is called 
1
H MRI since the charged element in the Hydrogen’s 

nucleus is a single proton, having both mass and positive charge. 

                                                      
1
 See section 1.4.4. 
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MRI signal detection relies on another intrinsic property of the proton (and most other nuclei) called 

spin. The nucleus, therefore, has two important properties: Firstly, angular momentum, p, due to the 

mass of the nucleus and secondly, magnetic moment, µ, due to the nucleus being a charged particle. 

The angular momentum is given by Equ 1.1, where ħ =
h

2π
 and h is Planck’s constant. Spin angular 

momentum can be measured in kg.m
2
.s

-1
; however, it is usually given as a dimensionless property by 

dividing by ħ which has the same units as p. 

|𝐩| = ħ√I(I + 1) 

Equ 1.1 

In Equ 1.1, I is the spin quantum number and depends on the structure of the nucleus. For Hydrogen, I 

= 1/2. The angular momentum and magnetic moment (measured in J/T) are related by Equ 1.2. 

𝛍 = γ𝐩 

Equ 1.2 

Here γ is the Gyromagnetic ratio, again a characteristic for each nucleus, and for Hydrogen γ = 42.58 

MHz/T. 

In an MRI scan, the patient is placed in a strong magnetic field, B0, and so we have to study the 

behaviour of the nuclei in this external magnetic field. We can think of the nucleus as a tiny bar 

magnet; and therefore, in the presence of a magnetic field, the tiny magnet will align either parallel or 

anti-parallel to the direction of the field. These two orientations represent a slightly lower and higher 

energy state respectively, and the difference in energy, ΔE, is given by Equ 1.3, and schematically 

represented in Figure 1.16. 

∆E = γ𝐁𝟎 

Equ 1.3 

 

Figure 1.16 Energy levels for parallel and anti-parallel orientation of the nuclear magnetic dipole for Hydrogen 

When all the nuclei have been aligned either in parallel or anti-parallel, there is a state of equilibrium 

and there will be a slightly higher number of parallel nuclei due to its lower energy state. The ratio of 
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the nuclear spins in the upper and lower energy states, as given by Equ 1.4, is nearly equal to 1 which 

causes the low quality raw MR signal received. 

Nupper

Nlower
= exp (−

∆E

kT
) 

Equ 1.4 

Here Nupper is the number of nuclei in the anti-parallel state, Nlower is the number of nuclei in the 

parallel state, k is Boltzmann’s constant and T is the absolute temperature in kelvin. From this, we can 

also define the excess number of nuclei in the lower energy state, denoted by ∆N.  

∆N ≅ N0

∆E

2kT
 

Equ 1.5 

Here N0 is the total number of nuclei in the sample, and ∆N is approximately proportional to the 

difference in energy between the two states. 

The alignment of the nucleus with the applied magnetic field, B0, produces a torque, 𝐋 = 𝛍 × 𝐁𝟎, 

which alters the angular momentum and causes the nucleus to precess about B0 as seen in Figure 1.17. 

 

Figure 1.17 Magnetic moment precessing about the constant magnetic field B0 

The rate of change of the angular momentum is actually equal to the torque as shown by Equ 1.6 

d𝐩

dt
= 𝐋 = 𝛍 × 𝐁𝟎 

Equ 1.6 

And since 𝐩 =
𝛍

γ
, we have 

d𝐩

dt
=

d𝛍

γ dt
, and we get the rate of change of the magnetic moment as 
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d𝛍

dt
= 𝛍 × γ𝐁𝟎 = 𝛚𝛍 × 𝛍 

Equ 1.7 

Where ωµ is the frequency of precession, called the Larmor Frequency and is equal to 

𝛚𝛍 = −γ𝐁𝟎 

Equ 1.8 

Here the negative sign shows the direction of rotation. Taking the magnitude of Equ 1.8, we get 

ωμ = γB0 

Equ 1.9 

We can therefore see that the precessing frequency is equal to the gyromagnetic constant multiplied 

by the applied magnetic field, and therefore, ωµ is different for each nucleus. For 
1
H imaging, under a 

1.5 T magnetic field, ωµ = 63.85MHz. This difference in the Larmor Frequency for each nucleus is 

what enables technicians to image the Hydrogen protons only without interacting with other nuclei in 

the body. However, even Hydrogen nuclei themselves can precess at slightly different frequencies in 

different environments. The change in environment can be due to the molecular differences since the 

protons being imaged are part of different molecules, each with a different electron arrangement 

which ‘shield’ the nucleus from the applied magnetic field in varying degrees, thus changing the 

overall precessing frequency. The other reason for the slight change in frequency is inhomogeneities 

in the applied B0 field, resulting in a spatial difference in Larmor frequency. 

All the Hydrogen protons will precess and align with the applied B0 field, and therefore, we get a Net 

Magnetization Vector (NMV), M: 

𝐌 = ∑𝛍i

i

 

Equ 1.10 

We usually write the NMV as Mz since, at equilibrium, the transverse component of M is equal to 

zero due to the magnetic moments having different phases. Therefore, the net magnetization actually 

points along the direction of the applied magnetic field, B0, and its magnitude is proportional to ∆N in 

Equ 1.5, the excess nuclei in the lower energy state. Mz behaves like a large magnetic dipole and we 

can therefore extend on Equ 1.7 and write the rate of change of the magnetization vector as 

d𝐌𝐳

dt
= 𝐌𝐳 × γ𝐁𝟎 = 𝛚𝛍 × 𝐌𝐳 

Equ 1.11 
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It is this bulk precessing magnetization that we detect in an MR scan, but the system must first be 

perturbed in order to detect a signal. To do this, a second magnetic field, called the B1 field, is 

applied. B1 is perpendicular to B0 and it rotates about it with a frequency equal to ωµ, making it in 

synchronism with the precessing magnetic dipoles. B1 is often called an RF pulse since it is applied 

only for a few milliseconds or even microseconds. Additionally it is much weaker than the constant 

B0 field (B1 is in the range of 50mT, while B0 equals 1.5-7T). Figure 1.18 shows the effect of this RF 

pulse, as it makes Mz tilt away from B0, all the while still precessing about it. Note also how the RF 

pulse B1 is also precessing about B0 at the same frequency. 

 

Figure 1.18 Trajectory of NMV after an RF pulse. [110] 

The angle made between B0 and Mz when the pulse is switched off is called the Flip Angle (FA), 

shown as α in Figure 1.18. The FA can be controlled by changing the duration and/or amplitude of the 

B1 pulse. Usually α=90
o
, since this eventually generates the largest signal. In this case the longitudinal 

magnetization Mz becomes completely transverse and is denoted by Mxy.  

After the B1 field is switched off, the magnetization experiences a torque due to the constant B0 field 

and thus precesses about it at the Larmor Frequency, returning to equilibrium. Mz thus increases 

exponentially while Mxy decreases exponentially until the nuclei once again become parallel to the B0 

field, distributed between the higher and lower energy levels in a state of equilibrium. The recovery of 

the longitudinal magnetisation is described in Equ 1.12, where M0 is the magnetisation at equilibrium 

(before the application of the RF pulse), α is the flip angle and T1 is called the longitudinal relaxation 

time and denotes the time needed for Mz to recover to a value of 63.2% of M0. 

Mz(t) = M0 (1 − (1 − cosα) exp (
−t

T1
)) 

Equ 1.12 
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Similarly, the decay of the transverse magnetisation can be described by Equ 1.13 where M0 is the 

initial transverse magnetisation before the application of the RF pulse, φ is the initial phase angle of 

the B1 pulse and T2, called the transverse relaxation time, is the time needed for the transverse 

magnetisation vector to decay to 36.7% of its original value, M0. 

Mxy(t) = M0 sinα exp (j(ωμt + φ)) exp (
−t

T2
)  

Equ 1.13 

The relaxation time T1 is also called spin-lattice relaxation as energy is dissipated as the nuclei 

release their excess energy to the surroundings while returning to their initial state. T1 depends on the 

strength of the B0 field and the internal motion of the molecules. On the other hand, T2 relaxation is 

called spin-spin relaxation where the energy transfer occurs between the nuclei themselves rather than 

be dissipated to the surroundings. Initially all the nuclei are in phase precessing about the z-axis and 

the B0 field, however, due to molecular differences and the B0 field inhomogeneities, they grow out of 

phase with each other, eventually cancelling each other out. It is therefore worth emphasizing that T1 

and T2 are two distinct processes, the former can be controlled by changing the strength of B0, but the 

latter is intrinsic to the imaged sample. Usually spin-spin interaction occurs in the first 50 – 200 ms 

after the RF pulse, whereas T1 spin-lattice dissipation takes longer. Furthermore, these times are in 

fact different in different environments and for different biological tissue. For example, for blood, T1 

= 1200ms and T2 = 100 – 200 ms, whereas for muscle, T1 = 900 ms and T2 = 50 ms [111]. 

The exponentially decaying precessing magnetisation in the transverse plane, Mxy, produces an 

alternating magnetic field in the transverse plane, which can be picked up by a suitably placed coil as 

an alternating voltage. This signal is called Free Induction Decay or FID and is in fact very weak due 

to the small value of ∆N. Signal amplification without distortion is difficult at RF frequencies, and 

therefore the signal is first converted to a low-frequency signal in the Hz to kHz range by subtracting 

a frequency component usually equal to the Larmor frequency. The new low-frequency FID is then 

digitally sampled and stored. This sampling duration is called the acquisition time. Usually the 

imaged sample contains different molecules and so the received FID will be composed of sinusoids 

with varying frequencies. To isolate each frequency, the FID is transformed to the frequency domain 

using Fourier Transformation (FT). Thus an exponentially decaying time function with a single 

frequency becomes a single peak at the corresponding frequency in the frequency domain; and an FID 

containing different frequencies will be better represented by several peaks in the frequency domain, 

as seen in Figure 1.19. All information in the time function is kept in the frequency domain; for 

instance, the rate of decay of the FID is equal to the width of the frequency spectrum at its half 

maximum. 
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Figure 1.19 (a) FID in the time domain composed of three different frequencies. In order of frequency: orange, blue, 

green. (b) The same FID in the frequency domain using Fourier Transform. 

1.4.2 Spatial Localisation 

So far we have described the method of how a signal is received, but not how it is localised in space. 

Localisation is done by using magnetic field gradients. These are additional magnetic fields in the 

same direction as the B0 field, but whose amplitudes vary linearly along a chosen direction. For 

example, if we apply a field gradient, Gx, along the x-direction, the resulting constant magnetic field 

will now vary spatially according to Equ 1.14, where the new magnetic field denoted by Bz  is the sum 

of the original B0 field and the gradient field. 

Bz(x) = B0 + xGx 

Equ 1.14 

 

Figure 1.20 Magnetic field gradient along x axis. [Up]: uniform magnetic field B0; [down]: the gradient field; [right]: 

the total magnetic field. [110] 



40 

 

Similarly, field gradients can also be applied in the z- and y- directions. A field gradient is the rate of 

change of the magnetic field in the z-axis, along the x- y- and z-directions, and therefore it has the 

units of Tm
-1

. The diagram in Figure 1.20 shows how the constant B0 field and a field gradient in the 

x-direction combine to produce a magnetic field in the z-direction, varying along the x-direction. It is 

important to note that the overall magnetic field is still in the z-direction, same as the B0 field; it is 

only the variation that can be along any axis. 

The effect of the varying magnetic field is to change the Larmor frequency of the nuclei along the 

gradient. For Gx, the Larmor frequency varies according to Equ 1.15, and we would therefore receive 

an FID characterised by a distribution of resonance frequencies. 

ωμ(x) = γBz(x) = γ(B0 + xGx) 

Equ 1.15 

The field gradients are used for spatial localisation of MR signals by means of three main techniques: 

slice selection, phase encoding and frequency encoding. Firstly, slice selection, where each slice will 

eventually represent a single MR image. Consider choosing transverse slices in the xy-plane. To 

excite only the protons in a particular slice, and not the protons in the whole patient, a z-gradient is 

applied, making the Larmor frequencies vary along the patient. Now when the B1 pulse is applied, 

only the protons with the matching Larmor frequency (the ones in the chosen slice) will be excited. 

The thickness of the slice is proportional to the bandwidth of the B1 pulse, ∆ω, and the strength of the 

applied gradient, Gz. This relationship is shown in Equ 1.16. 

∆z =
∆ω

γGz
 

Equ 1.16 

The smaller the B1 pulse bandwidth (i.e. the longer its duration) and the stronger the gradient, the 

thinner the slice will be. In the diagram of Figure 1.21, we see the effect of applying a stronger 

gradient (the red line) as the slice thickness, ∆z decreases. We also see how varying the frequency of 

the B1 pulse allows us to choose a different slice (pulse 1 has a lower frequency than pulse 2, both 

having the same shape and bandwidth). 

The second step in MR spatial encoding is phase encoding. Here a field gradient in the y-direction, 

Gy, is applied. This occurs after the nuclei have been perturbed by the B1 field and are precessing 

about the B0 field in the transverse plane. Gy alters the Larmor frequency of the nuclei along the y-

direction (from belly to back) and so their rate of precession about the z-axis is varied, with the nuclei 

experiencing a stronger field precessing faster (usually these are the nuclei at the top). When the 

gradient is switched off, all the nuclei return to their original Larmor frequency, but the result is that 
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there is a phase difference between them, with the nuclei in each ‘layer’ having the same phase, and 

thus phase encoded. 

 

Figure 1.21 Diagram of patient in MR scanner. Pulse 1 has lower frequency, allowing selection of slice 1 if a weak 

gradient is applied. Pulse 2 has higher frequency allowing selection of slice 2 if a strong gradient is applied. The 

stronger the gradient, the thinner the slice. [111] 

Finally comes the frequency encoding which is achieved using a field gradient in the x-direction
2
. 

Again, the gradient makes the nuclei precess with different Larmor frequencies, with nuclei in each 

‘column’ having the same frequency. Consequently, when we receive the signal, we receive a whole 

spectrum of frequencies, with the higher frequencies representing the ‘column’ of nuclei experiencing 

the strongest Bz field.  

It is relatively straightforward to extract the frequency information from the Fourier Transform; 

however, the phase information is less easy to extract, since each peak in the frequency spectrum 

carries the sum of all spins with that same frequency but different phases. The phase information is 

therefore extracted by applying a set of signals, rather than a single signal. The field gradient for the 

phase encoding for each signal is different, and a second FT is required for every echo, this time along 

the y-direction
3
. A timing diagram for a basic MR sequence is shown in Figure 1.22. Firstly, the RF 

pulse is applied and at the same time, the slice selection gradient, Gz, is turned on. In the second 

interval, when the RF pulse is complete, Gz is turned negative to bring the spins back into phase 

across the slice. The phase encoding gradient, Gy is also turned on during the second interval, and the 

frequency encoding gradient is turned on negatively. This is called a negative readout gradient and is 

used to obtain an MR echo signal. In the third interval, when the phase encoding gradient is switched 

off, Gx, the frequency encoding gradient (or readout gradient), is turned on. 

                                                      
2
 In our example, the phase encoding is done in the y-direction and frequency encoding in the x-direction. This 

can be reversed for some sequences. 
3
 The phase encoding direction. 
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Figure 1.22 Timing diagram for basic MR sequence. In the first interval, the B1 RF pulse is applied. During the 

second and third intervals, there is free precession and frequency and phase encoding is carried out. [110] 

This sequence is repeated M times with differing Gy strengths to allow for phase encoding. During the 

scan, each time an FID is recorded, it is sampled N times to obtain a digital MR image in the end. 

After the signal is sampled, it is stored in what is called k-space. K-space is simply the Fourier 

Transform of the final MR image, such that when a 2D-FT is applied to k-space, we finally get an MR 

image. To understand this better, consider a 1D, infinitesimally small object with spin distribution 

ρ(x). The FID obtained in an infinitesimal interval dx is: 

ds(x, t) = cρ(x)dx exp(−jγ(B0 + xGx)t) 

Equ 1.17 

Where c is a constant of proportionality, accounting for other MR parameters such as the flip angle. 

The signal received from the entire sample will therefore be the sum of all ds, as seen in Equ 1.18. 

s(t) = ∫ ds(x, t)
∞

−∞

= ∫ cρ(x) exp(−jγ(B0 + xGx)t)
∞

−∞

dx 

Equ 1.18 

Recall that ω0 = γB0, and so the signal received will be: 

s(t) = c [∫ ρ(x) exp(−jγxGxt)
∞

−∞

dx] exp(−jω0t) 

Equ 1.19 
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Similarly, in the y-direction, we have the FID obtained in an infinitesimal interval dy as seen in 

Equ 1.20. This is while the phase encoding gradient is switched on. 

ds(y, t) = cρ(y)d(y) exp(−jγ(B0 + yGy)t) 

Equ 1.20 

Taking into account the fact that the sequence is repeated M times, the actual signal received is the 

sum of all ds with differing Gy strengths: 

sm(t) = c [∫ ρ(y) exp(−jmγyGytGy)
∞

−∞

dy] exp(−jω0t) 

Equ 1.21 

Where tGy is the length of application of the phase encoding gradient (Second interval in Figure 1.22). 

Now combining both the phase and frequency encoding, each FID will have the form shown in 

Equ 1.22. 

sm(t) = c [∫ ∫ ρ(x, y) exp(−jγ(xGxt + yGymtGy)
∞

−∞

dx dy
∞

−∞

] exp(−jω0t) 

Equ 1.22 

After sampling with a time period Δt, each final sampled FID has the form in Equ 1.23, called the 

imaging equation, where 0 ≤ n ≤ N and –M/2 + 1 ≤ m ≤ M/2 

 

s(n,m) = c∫ ∫ ρ(x, y) exp(−jγ(xGxn∆t + yGymtGy)
∞

−∞

dx dy
∞

−∞

 

Equ 1.23 

We now make the following substitutions: 

kx = γn∆tGx 

ky = γmtGyGy 

To get the signal in k-space as: 

s(kx, ky) = c∫ ∫ ρ(x, y) exp(−j(xkx + yky)
∞

−∞

dx dy
∞

−∞

 

This indeed shows that the data in k-space is a sampling of the Fourier coefficients of the spin 

distribution ρ(x,y). Therefore, applying a 2D FT would get us back to the spin distribution. 
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Figure 1.23 (a) shows an image of what k-space looks like in reality and Figure 1.23 (b) shows how it 

is filled for a sequence such as the one previously discussed in Figure 1.22. 

 

Figure 1.23 (a) Actual k-space signal. [112] (b) k-space being filled for a basic MRI sequence. [110] 

Each time the sequence is repeated, a measurement is recorded in k-space. During the second interval, 

the ky level is chosen, and during the third interval, when the readout gradient is applied, the line 

travels horizontally from left to right at constant speed. This is repeated until all of k-space is filled. 

1.4.3 Spin Echo Sequence 

Now that we know how an MR image is acquired, it is useful to also discuss an MR sequence that is 

most used in clinical settings and in this project: The Spin Echo Sequence. We have previously 

discussed how after a 90
o
 RF pulse is applied, the Net Magnetization Vector (NMV), Mz, parallel to 

the B0 field becomes perpendicular to it and parallel to the xy transverse plane instead. This is shown 

in Figure 1.24, with the NMV as the thick blue arrow. The NMV becomes Mxy still precessing about 

the B0 field. The precessing velocity of the nuclei is slightly different to the Larmor frequency due to 

field inhomogeneities and molecular differences; and thus the spins grow out of phase with each other 

as seen by the thinner different coloured arrows. In a Spin Echo sequence, a second B1 pulse is 

applied at time TE/2. This pulse is a 180
o
 pulse and the result is to flip the spins such that the fastest 

red spins are now the ones lagging behind, and the slowest blue spins are now the ones with the most 

positive phase difference. This results in the spins realigning themselves and at time TE, the faster 

spins catch up with the slower ones and all the spins are in phase again. After time TE, the differing 

precessing velocity makes the spins lose their phase coherence once more. The signal received from 

this process of loss and gain of phase is called a Spin Echo (SE) rather than an FID. It is a symmetric 

signal with a peak where the spins are aligned and in phase, as seen in Figure 1.25. 
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Figure 1.24 The Spin Echo sequence and the effect of a second 180o pulse on the Net Magnetization Vector [110] 

 

Figure 1.25 Timing diagram of a Spin Echo sequence  

1.4.4 Signal to Noise Ratio 

The quality of the final MR image is determined by its resolution and its Signal to Noise Ratio, or 

SNR [113]. The SNR is defined as the ratio between the signal intensity measured in the region of 

interest and the standard deviation of the signal intensity outside this region, where no tissue is 

present. The main source of noise in an MRI scan is the patient himself due to thermal motion. Noise 

is seen as an irregular granular pattern in the image and degrades the ability of the clinician to make a 

diagnosis; therefore a high SNR is required. Here we discuss some factors affecting the SNR. Firstly, 

the strength of the B0 field itself, where the stronger it is, the larger the longitudinal magnetization is 

and consequently the larger the transverse magnetization and the larger the signal received. Even 

though there are now scanners with a field strength as high as 9T, the average hospital in the UK 

stocks a 3T or a 1.5T scanner, and so this is a factor that usually cannot be changed. The image pixel 
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size also plays a role in altering the SNR, in turn this is affected by the Field Of View (FOV) and the 

Matrix Size. The FOV is the physical distance over which the MR image is displayed and the matrix 

is the N×M matrix discussed before, where N is the number of times the frequency encoded signal is 

sampled and M is the number of phase encoding steps. This matrix covers the whole of the FOV, and 

so to get a small pixel and high resolution we need a small FOV and a fine matrix as seen in 

Figure 1.26. 

 

Figure 1.26 [Top] Decreasing the FOV, keeping Matrix Size constant, makes pixel size smaller. [Bottom] Decreasing 

Matrix Size, keeping the FOV constant, makes pixel size larger 

However, a smaller pixel is also associated with lower SNR. Similarly, a thinner slice is required to 

achieve high image resolution but incurs a lower SNR. The dimensions of the pixel and the slice 

thickness together determine the dimensions of the voxel, that is the volume from which the signal is 

received. This signal comes from the excited spins in each voxel, and so the larger the voxel volume 

is, the more spins are available for excitation and the larger the signal received. Therefore, there is a 

compromise between resolution and SNR when it comes to the matrix size, FOV and slice thickness. 

Another factor that affects the SNR is the Number of Excitations or NEX. This is the number of times 

a signal is measured from a specific slice. The signal increases linearly with the number of excitations 

since it is identical for each measurement. The noise, however, is different and only increases with the 

square root of the NEX. Therefore, the SNR is proportional to the square-root of the NEX. However, 

the scan time also increases linearly with NEX and it is very important for the economic efficiency of 

the MRI scanner that it remains short. Finally, a method that has proven successful in increasing the 

SNR, without increasing the acquisition time or compromising the resolution, is using local RF coils. 

These are smaller coils placed as close as possible to the region of interest as seen in Figure 1.27. 

Being small means that they have a smaller FOV than the larger coil of the scanner, and they therefore 
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only pick up the noise from this small FOV, rather than from the whole FOV of the scanner. The 

reduced FOV also affects the signal received, but on balance, the overall effect is an increase in the 

SNR. The amount by which the SNR is increased depends on the design of the coil. 

 

Figure 1.27 Advantage of internal coils in improving the SNR by virtue of their proximity to tissue of interest and 

their smaller FOV. 

The local coils used can be external coils, such as that shown in Figure 1.28; a Siemens abdominal 

array coil regularly used by radiographers to increase the SNR of abdominal and spinal MR images. 

Or it could be an internal coil such as shown in Figure 1.27. 

 

Figure 1.28 The Body Coil 60 & the Body Coil 30 from Siemens [114] 

It is known that internal coils offer a greater SNR advantage over external coils due to their increased 

proximity to the region of interest (ROI) [115]. Examples of internal coils include intravascular 

[116]–[118], used inside blood vessels; transoesophageal [119], used for monitoring diseases of the 

oesophagus; cerebral [120]–[123], used for functional imaging of the brain; endourethral [124], used 

for the urinary system and endorectal [125], [126], used for the rectum. 

1.5 Magnetic Resonance Spectroscopy 

While MRI is used to acquire anatomic images of the body, Magnetic Resonance Spectroscopy or 

MRS is concerned with the chemical composition of tissue. In essence, MRI and MRS operate in a 

similar way, such that an MRI machine can indeed operate as an MRS machine so long as certain 

software is available. There are, however, some differences and these are discussed here. 
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Firstly and most important is that 
1
H MRI acquires most of its signal from water and fat molecules in 

the body; on the other hand, 
1
H MRS excludes signals from water and fat to analyse signals from 

other metabolites existing in very small quantities (mM). These metabolites can be differentiated as 

they precess at slightly different frequencies due to their different molecular composition as 

previously described. This phenomenon is called chemical shift, and is exploited in MRS. Once an 

FID has been transformed to the frequency domain using FT, the spectrum obtained would show 

peaks, each corresponding to a chemically distinct metabolite. Another difference between MRI and 

MRS is that usually, frequency encoding for spatial localisation by means of a readout gradient is not 

used in clinical MRS since now frequency is important for spectral analysis and identification of 

metabolites. Instead, double or triple phase encoding is utilized, or special use of coil positioning is 

made for selective excitation. 

An MRS spectrum is shown in Error! Reference source not found.. This spectrum is the equivalent 

MRS of the area indicated by the white square in the brain MRI image and is acquired by a Point 

RESolved Spectroscopy (PRESS) sequence. 

 

Figure 1.29 [Left] Brain MRI [Right] Spectrum of the highlighted voxel acquired by PRESS sequence MRS. [127] 

The magnitude of each peak corresponds to the strength of the signal from that particular metabolite 

and therefore its abundance, or lack of, in the ROI. The position along the frequency axis refers to the 

chemical shift difference, δ, and is measured in parts per million (ppm) relative to a particular 

reference: 

δ =
fsample − freference

freference
 

Equ 1.24 

The chemical shift is therefore a dimensionless property of each nucleus attached to a specific 

compound, and ppm is simply another way of saying ×10
-6

. In this spectrum (as in all 
1
H MRS) the 
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signal from water has been suppressed – if not, it would have been present at 4.7ppm, but with a 

magnitude several orders of magnitude more than any other metabolite.  

Note that large voxels are used compared to MRI due to the low concentrations of the metabolites to 

be measured (in the range of 1-5 cm
3, 

compared to MRI with voxel size 1-5 mm
3
) [128]. This means 

that the spatial localisation of MRS is not as accurate as MRI and highlights the need for higher SNR, 

even for MRS. 

1.5.1 Phosphorus MRS 

It is useful to perform spectroscopy for nuclei other than Hydrogen to give information about different 

metabolic compounds in the body. The second most used MRS is 
31

P, where the B1 field applied 

rotates with a frequency of 25.8MHz for a 1.5T MR scanner. 
31

P MRS provides unique information 

about cell membranes, bioenergetics and pH. The abundance of 
31

P is 100%, meaning that all 

phosphorus is present in this state in the body. This an advantage when performing spectroscopy; 

however, its relative sensitivity is 0.07 which means that under the same conditions, it would give a 

signal weaker than that given by 
1
H MR by a factor of 0.07. Fortunately, this is increased using a 

technique called Nuclear Overhauser Enhancement (NOE). Furthermore, since now a lower resonance 

frequency is required, additional hardware is needed to make an MRI machine able to carry out 
31

P 

MRS. 

1.5.2 Detecting Ischemia and Oedema 

We have previously alluded to the importance of good blood flow in the healing of colorectal 

anastomosis [99], [129]. By extension, the presence of blood constriction or ischemia thus indicates a 

high risk of anastomotic failure. It has been shown that it is possible to detect ischemia using MRS 

and in a study [130] of an anaesthetized rabbit with complete superior mesenteric artery occlusion, 

distinct changes in peak amplitude and chemical shift of the 
31

P spectrum were observed. The superior 

and inferior mesenteric arteries are the main vessels supplying blood to the colon, and so by blocking 

the superior mesenteric artery, ischemia is induced. In the study of [130], an array of custom coils for 

transmit and receive are used to carry out several sequences of MRIS (Magnetic Resonance Imaging 

and Spectroscopy). The main results are discussed below. 
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Figure 1.30 31P Spectrum before and after the onset of ischemia. [130] 

In Figure 1.30, the 
31

P MRS spectrum is shown before ischemia and after 173 minutes of the onset of 

ischemia. Using the PCr (phosphocreatine) as the reference at 0 ppm, there is a clear shift and 

magnitude change of the Pi (inorganic phosphate), as well as an amplitude change in all three ATP 

(adenosine triphosphate) peaks. Using the difference in Pi chemical shift, the change in pH can also 

be calculated as a decrease to 6.93 from 7.33. In a different study [131] it was shown that a pH less 

than 7.28 is indicative of a higher risk of AL by 22 times. Now using 
1
H MRS, the lactate levels are 

also measured. As seen in Figure 1.31, the largest difference occurs 30 minutes after the onset of 

ischemia, following this, they start returning back to normal, but have not yet reached their pre-

ischemic levels after 2 ½ hours. 

 

Figure 1.31 1H Spectrum before the onset of ischemia, after 31 minutes and after 2 ½ hours. [130] 

These two MRS methods – with the aid of an internal coil – could therefore be used to detect ischemia 

at and around the anastomotic wound, which would indicate a high risk of AL. Furthermore, the same 

study shows an increase in the colon wall thickness by 0.2 mm. This is oedema (tissue swelling) 

which is also characteristic of ischemia. However, unlike the previous results, this difference is very 
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small and does not have a clear reference, additionally, slight oedema usually occurs after tissue 

manipulation as in an anastomosis operation. Nevertheless, the structural integrity of the anastomosis, 

as well as pooled gases and fluids, could be seen using MRI with an internal coil. Finally, using 

modern MR thermometry techniques [132], [133], the temperature at and around the anastomotic 

wound can be measured: an increased temperature indicates infection which again increases the risk 

of AL. MR thermometry is achievable using the usual MRI techniques, based on temperature 

sensitive MR parameters – such as proton resonance frequency, proton density, and T1 and T2 

relaxation times – as well as temperature sensitive contrast agents [132]. 

1.6 Research Objective 

In this introduction, we have described how colorectal anastomosis is an important and frequently 

used procedure in the elective and emergency settings. However, anastomotic leakage (AL) is a 

common major complication, associated with high morbidity and mortality. Even though a 

combination of clinical and radiological methods is used for the diagnosis of AL, this has not reduced 

the complication rates in nearly 30 years of research. It is therefore evident that a new method of 

predicting and diagnosing AL is needed. Currently MRI and MRS do not possess a high enough SNR 

to do this; however, using an internal coil, placed near the anastomotic wound, the SNR in this area 

could be increased enough such that oedema and structural integrity are visible in an MR image, 

ischemia and pH are detected using MRS, and tissue temperature is measured using MR thermometry. 

The aim of this research is therefore to design and implement such an internal coil. 

Compression rings such as the Biodegradable Anastomosis Ring (BAR) are placed directly on the 

anastomotic wound and therefore provide the perfect vehicle for such a sensor. Bearing in mind the 

shape of the anastomotic wound, an annular sensor would be best, and fortunately one already exists. 

The magneto-inductive (MI) Ring, shown in Figure 1.32 is an electrical resonator formed from a 

number (here, 8) of identical inductively coupled loops, L, each loaded with a capacitor, C.  

 

Figure 1.32 Magneto-inductive ring made from 8 inductively coupled loops4. 

                                                      
4
 MI ring constructed in Chapter 3 of this thesis. 
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The MI ring is a periodic structure of magnetically coupled resonators that support the propagation of 

backward waves called MI waves. Its shape, and the fact that it is made from individual elements that 

are not mechanically connected, make it the perfect candidate to be used as an internal coil for the 

enhancement of MR signals: It will fit well within the BAR and will disintegrate and be excreted at 

the same time. It can be inserted at the same time as the BAR – during the initial anastomosis 

operation – thus eliminating the need for further exploration. The aim of this research is thus to 

develop an MI Ring device to be embedded in the BAR for the monitoring of colorectal anastomosis, 

potentially predicting anastomotic leakage. The ring should detect 
1
H MRI signals, and must therefore 

be tuned to the correct frequency (63.85 MHz for 1.5 T and 127.74 MHz for 3 T). However, it must as 

far as possible avoid coupling directly to the B1 field (to avoid artefacts and ensure patient safety). To 

satisfy this additional condition, a more complex double ring device is developed. 

The plan of this thesis is as follows. In Chapter 2, we first review some of the internal MRI coils in 

use and in development, including those utilizing metamaterials and MI waves. In Chapter 3, we 

develop a suitable device design using analytic theory, numerical simulations and simple experiments. 

In Chapter 4, we explain how the design can be modified to increase the rejection of unwanted fields 

and demonstrate a prototype fabricated from flexible thin film printed circuit boards. In Chapter 5, we 

show how the field of view can be calculated. Finally, in Chapter 6, the device is made MR safe and 

evaluated in 1.5 T and 3.0 T magnetic fields. MR images are obtained, and used to calculate the SNR 

improvement offered by this internal coil and to compare its field-of-view to the theoretical 

predictions. 

 

The work in this research has resulted in the following publications: 

H. Kamel, R. Syms, E. M. Kardoulaki, and M. Rea, “Metamaterial MRI-based Surgical Wound 

Monitor,” in 11th International Congress on Metamaterials, 2017, pp. 106–108. 

 

H. Kamel, R. R. A. Syms, E. M. Kardoulaki, and M. Rea, “Surgical wound monitoring by MRI with a 

metamaterial-based implanted local coil,” EPJ Appl. Metamaterials, vol. 5, no. 5, 2018. 
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2 Literature Review 
In this Chapter internal RF coils, developed to improve the SNR of MR images, are reviewed and a 

brief assessment of the challenges in coil design is made. These include taking account of RF heating 

and extraction of the implanted coil from the body. These problems are eliminated by the use of 

magneto-inductive (MI) cables and rings. Examples of MI wave applications in MRI are thus 

presented then the background theory needed to design an MI ring resonator is described. 

2.1 Internal Coils for MRI 

Most RF receiver coils used for MRI can be represented by the equivalent circuit shown in Figure 2.1 

(a). Here, we have an inductor, L, representing the coil. This is made resonant by connecting a 

capacitor, C, in series with it. This resonant LC circuit is tuned to the Larmor frequency, fL, to allow it 

to couple to the rotating dipoles inside the body. The magnetic field generated by the precessing 

dipoles will therefore induce a voltage, Vs, in the loop. The resistance, R, is due to the resistivity of 

the coil windings and the voltage source being a lossy dielectric. 

 

Figure 2.1 (a) Simplified equivalent circuit for an MRI RF receiver coil (b) with capacitive matching 

The circuit is usually tuned by changing the value of the capacitor to achieve the required fL as per 

Equ 2.1. 

ωL = 2πfL =
1

√LC
 

Equ 2.1 

To transfer all of the signal to the MR scanner, the output of the circuit has to be matched to the load. 

This can be done using capacitive matching as seen in the current divider circuit of Figure 2.1 (b). 

Here the capacitor, C, is separated into CT and CM – the tuning and matching capacitors respectively. 

The matching criterion states that the output impedance of the circuit has to equal RL. We therefore 

have the relationship of Equ 2.2, from which we can find the value of CM. 
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CM =
1

ωL√RRL

 

Equ 2.2 

CT can then be calculated to satisfy Equ 2.1 such that C is the capacitors CT and CM in series: 

1

C
=

1

CT
+

1

CM
 

Equ 2.3 

The process of matching and tuning is usually done experimentally and other matching circuits exist 

for different coil configurations [134]. 

Internal coils for MRI offer higher SNR improvement over surface coils due to their proximity to the 

region of interest [115], [135], [136] . They are introduced into the body using a natural orifice and 

can then be retracted and re-used once properly sterilized. Examples include intravascular catheter 

coils [137]–[139], endoanal coils [140], endorectal coils [141], cervical coils [142] and gastro-

intestinal coils [143]–[145]. Some coils are mounted on existing medical devices such as endoscopes 

[144]–[148] and colonoscopes [149] to offer enhanced MR imaging as well as the usual optical 

imaging. On the other hand, wireless implanted coils are also being developed for higher resolution 

brain [150], [151] , spinal cord [152] and blood vessel [153] images. In these cases, the coils are 

inductively coupled to an external matching circuit that is then connected to the scanner [154].  

2.1.1 Coil Design: Shape and Size 

There are many considerations when designing an internal coil [155]. Firstly, the shape and size of the 

coil; the former is usually cylindrical due to the orifice through which the coil is inserted. As for the 

dimensions, they are a compromise between anatomical considerations and the required extent of the 

coil field of view – the smaller the coil, the smaller the FOV will be. For the intravaginal coil [142] in 

Figure 2.2 both a saddle coil and solenoid were considered, but a solenoid was chosen for easier 

manufacturing. Several coil diameters were tested and a 38 mm diameter was found to offer the best 

solution for both ease of insertion and having a high fill factor. In this case, the tissue inside the coil 

represents the region of interest, but some surrounding tissue can also be seen due to the peripheral 

field of the coil. 
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Figure 2.2 Intravaginal receiver coil for imaging the cervix [142] 

For other coils, such as the endoanal coil [140] in Figure 2.3 (a), it is the surrounding tissue that is of 

interest. Coils made for imaging the surrounding tissue are called ‘inside out’ coils. Here this is a 

saddle coil, 75 mm long and 9 mm in diameter. As seen in Figure 2.3 (b), the signal received is 

highest adjacent to the coil and decreases radially becoming negligible 5 cm away.  

 

Figure 2.3 (a) Endoanal coil for imaging the anal sphincter [155] (b) T1 weighted transverse image of a normal 

patient obtained in a 0.5 T scanner with the endoanal coil [140] 

Another coil design frequently used is that of the elongated loop, such as used for the endoluminal 

coils [143] shown in Figure 2.4 (a). These are used for imaging the walls of the GI tract and have a 

field of view similar to the saddle coil above. Several dimensions are investigated, as well as single 

and double loops and single and double layered PCBs. Keeping other variables constant, it is found 

that the shortest coil offers the best SNR due to its decreased resistance; and that the double loop and 

the double layered coils offer better penetration depth. In this experiment, the coil is also combined 

with a 4-element phased array coil in order to increase the signal strength and uniformity outside the 

field-of-view of the coil. Figure 2.4 (b) shows an MR image of a rabbit colon obtained with the 

combination of the phased array externally and the longest loop internally. Here the signal 

enhancement offered by the internal coil is clearly seen. 
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Figure 2.4 (a) Elongated loop coils, from left to right 20-, 30-, and 40 mm single loop coil, double layer and double 

loop coils (b) T1 weighted MR image of a rabbit colon obtained with a 4-element phased array coil associated with a 

40 mm length simple loop coil [143] 

Increasing the signal strength and uniformity outside the small field-of-view offered by the internal 

coil is sometimes needed in applications where greater spatial coverage is needed. To do this, the 

internal coil can be combined with an external multi-coil array, such as done with the endorectal coil 

of [141]. Figure 2.5 (a) shows the endorectal coil associated with the external array coil and 

Figure 2.5 (b) shows three MI images taken with the internal coil, then array coil and both coils 

respectively. Here it is seen how using both coils offers an clear advantage: the larger field-of-view 

means that the bladder and prostate can also be seen in the same image, saving the time and cost of 

acquisition of two sequences. 

 

Figure 2.5 (a) Diagram showing the endorectal coil associated with the external array coil. (b) Comparison of MR 

images acquired with the internal coil alone, the external array coil alone and both together respectively [141] 

The coils seen so far are matched and connected to the scanner directly. Wireless internal coils are 

made possible using an inductive matching circuit as seen in Figure 2.6. Here the left part of the 

circuit is the internal coil, made resonant at fL using Equ 2.1 as previously described. The right part of 

the circuit, the external coil, is also made resonant using L’ and C’, and the impedance matching 
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criterion is achieved by satisfying the relationship of Equ 2.4 where M is the mutual inductance 

between the two parts of the circuit, adjusted by changing the position of the external circuit. 

M =
1

ωL√RRL

 

Equ 2.4 

 

Figure 2.6 Equivalent circuit of mutual inductive matching 

Such an inductive matching circuit is used in the implanted RF coil of [156] used to monitor spinal 

cord injury. The implanted coil is saddle-shaped, tuned using two capacitors and the external coil is 

rectangular, etched on a standard PCB and tuned using a single capacitor. The authors report that 

throughout the study period of two months, the implanted coil worked well and remained matched to 

the external coil. However, there was a slight frequency shift that did not affect performance. 

To overcome expected frequency shifts and allow the tuning and matching of the implanted coil to be 

modifiable after implantation, overcoupling to an external coil with tuning and matching capabilities 

can be used [152]. The system is shown in Figure 2.7 where SC refers to the secondary coil 

(implanted coil) and PC refers to the primary coil (tuning and matching coil). 

 

Figure 2.7 Mutual inductive matching with an internal coil (SC) and an external coil (PC) [152] 

When each coil is tuned individually to the desired resonance frequency (400 MHz in the case of a 9.4 

T static field), the current response in each coil depends on the coupling strength between them. This 

is seen in the plots of Figure 2.8 (a) and (b). As the coupling increases, the resonant current in the 

matching coil (Ip) decreases and its peak broadens until it eventually splits, becoming two individual 

peaks. At the same time, the current in the implanted coil (Is) increases, also broadening, and again 

becomes two individual peaks. Overcoupling refers to the condition beyond which the peak of the 

current in the implanted coil (Is) splits. 
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Figure 2.8 Current response of (a) external coil (b) internal coil with increased coupling 

Tuning the implanted coil can now be done by tuning the matching coil and working with either the 

first or second resonant peak after splitting. If the first peak is required for operation (the lower 

frequency resonance) each individual coil is tuned to a frequency a little higher than the desired 

resonant frequency, then when the coils couple and the initial peak splits, the location of the first 

resonance can be modified by manipulating the coupling between the two coils. If the second peak is 

desired for operation (the higher frequency resonance), the coils are tuned to a frequency a little lower 

than the desired resonance frequency and the same method is used to tune the implanted coil by 

manipulating the coupling between the coils. This method could prove useful in our application in the 

future, since the sensor has to be completely implanted in the patient and being wireless is a great 

advantage to patient comfort and acceptance of the device. 

2.1.2 Coil Design: MR compatibility 

Apart from the shape and size of the coil, another important consideration is the coil’s compatibility 

with the MR scanner. The coil itself is usually made from copper and wound round a homopolymer 

former (such as Delrin
TM

 [145]), both of which are non-magnetic. However, care has to be taken when 

choosing the capacitors since most surface mount capacitors are magnetic and produce image 

artefacts. Gold, silver or palladium terminators have to be used for MR compatibility [157]. When 

mounting the internal coil on an existing medical device, the device also has to be non-magnetic and 

suitable for use inside an MR scanner. For example, for internal coils used during GI endoscopy 

[145], [146] a non-ferromagnetic endoscope had to be especially made for the experiments. Similarly 

with the non-ferromagnetic colonoscope used as a vehicle for the internal coil in [149]. 

Another important consideration for MR compatibility (and patient safety) is decoupling the internal 

coil from the B1 field of the MR scanner. Since the coil is tuned to the Larmor frequency of the 

rotating dipoles, it resonates at the same frequency as the RF excitation pulses. This means that the 

coil would couple to these pulses, potentially causing RF heating and image artefacts. B1 field 

decoupling is therefore very important and can be done using a passive [158] or active circuit [159]. 
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For the intravaginal coil previously mentioned [142], a passive circuit is used for lower magnetic 

fields, while an active circuit is used for the higher magnetic field strength. The equivalent circuits are 

shown in Figure 2.9 (a) and (b) respectively. 

 

Figure 2.9 Decoupling circuits (a) Passive used with 0.15 T MRI (b) active used with 1.6 T MRI [142] 

In the passive circuit, an inductor and a pair of PIN diodes are connected across from the tuning 

capacitor. During excitation, a high current will flow through the inductor and the diodes will be 

conducting, making the inductor parallel to the tuning capacitor, effectively forming a tank filter. 

Conversely, during detection, the induced current is low and so the diodes remain non-conducting and 

the decoupling inductor is open circuit, returning normal function to the LC resonator. In the active 

decoupling circuit, a length of coaxial cable is used, acting as an inductor when short-circuited at its 

end by the PIN diode switch. This happens during excitation; whilst during detection, the switch is 

open and the cable is connected directly to the preamplifier (Here the cable’s characteristic impedance 

has to match the load impedance to avoid reflections through the system). Note that the active 

decoupling circuit can also be constructed from a decoupling inductor, similarly to the passive circuit. 

However, in this case, the inductor is put in series with the output and the PIN diode switch is put 
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across the output. Other decoupling methods, specific to certain designs are available and discussed in 

section 2.2. 

Another important consideration of MR compatibility is induced RF heating in the wires. This has 

been modelled in [160], where it was found that if a bare wire is longer than 20 cm (half the 

wavelength for 1.5 T MRI) then the induced heating will be at a maximum. On the other hand, if the 

wire is insulated, the induced currents cause the temperature rise to increase with increasing wire 

length. In [161] the authors predict the absolute temperature of the heating of wire tips to formulate a 

safety margin. It is proposed that a limit is set on the specific absorption rate (SAR) to limit the 

temperature increase in tissue. Engineering solutions have also been proposed to eliminate RF 

heating. For example, in [162] , it is stated that the use of a cable length less than a quarter wavelength 

will induce negligible heating; however, when short cables are not possible, a coaxial cable design 

with embedded resonant circuits could be used. Here the cable is divided into small sections, each 

made resonant by a capacitor such that at the operating frequency, the cable acts as an open circuit. 

Cable segmentation has also been proposed in [163] where transformers are placed along the 

transmission line, splitting it into several short non-resonant segments. In [164] it is shown that this 

arrangement, of periodically interrupted transmission lines by isolation transformers, is in fact a form 

of metamaterial supporting magneto-inductive waves. These special waves are discussed in detail in 

sections 2.2 and 2.3. 

2.1.3 Coil Design: Orientation 

The orientation of the coil with respect to the B0 field greatly affects its field-of-view, since the B0 

field determines the direction of the rotating dipoles. With the intravaginal [142] and endoanal coils 

[140] the natural anatomy of the human body allows them to be parallel to the B0 field. However, 

other coils, such as endoscopic coils [144]–[146], [149], may be perpendicular to the B0 field and 

therefore potentially receive no signal at all. One solution is to use an array of coils such as that for 

the endorectal array in [165]. Here two single-loop coils are used in different orientations, positioned 

along the MR machine’s z-axis (parallel to the B0 field). It is indeed confirmed that this set-up 

produces a higher SNR than a single coil, as seen by the plot in Figure 2.10. 
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Figure 2.10 SNR of the single coil and array coil in the transverse plane [155] 

Although the SNR drops where the two coils meet (at distance 0), it is still higher than for a single 

coil. If three orthogonal coils are used, then the orientation problem would be solved, but this is not 

always possible and is a problem that has to be investigated for our device since it will be implanted 

in the intestines and therefore difficult to predict its orientation. 

2.1.4 Coil Design: Biocompatibility and Biodegradability 

As well as being MR compatible, the internal coil has to be safe for use inside the human body. This 

includes having only biocompatible material in contact with human tissue. All conducting wires have 

to be properly insulated with biocompatible materials. This is done with epoxy resin which is water 

resistant. In addition, the former around which the coil is wound and any medical device upon which 

it is mounted have to be biocompatible. In this research, the aim is to implant the device in the patient 

and so biodegradability is as important as biocompatibility in order to eliminate the need for medical 

extraction after the monitoring period is over. In our case, the Biodegradable Anastomosis Ring 

(BAR) is made from polyglycolic acid and 12% barium sulphate [33]. The BAR has proven to be 

completely safe for use in the human bowel [47]. It is not only biocompatible, but also biodegradable, 

as it disintegrates and is excreted from the body in approximately 2 weeks. 

The sensor to be mounted on the BAR has to degrade with it. One solution is to construct its coils 

from a biodegradable conducting material. A device constructed entirely of biodegradable material is 

the pressure sensor in [166] where the conductors are made of bilayers of zinc and iron. Both of these 

metals are biocompatible and corrode in the saline conditions of the human body; however, zinc on its 

own takes a very long time to degrade. In the study of [167], a zinc stent implanted in a rat aorta 

continued functioning with good performance even after six months. Having electrical bilayers of zinc 

with small percentages of iron achieves the desired higher Q-factors, while the iron stimulates the zinc 

corrosion. Another biodegradable metal considered for biodegradable implants is Magnesium [168]. 

However, the problem with these metals is that they are susceptible to the magnetic field of the MR 

scanner and so would not be possible for our application. Another solution is to use conductive 
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biodegradable polymers which are completely non-magnetic and MR compatible. In the study of 

[169], conductive nanoparticles of polypyrrole (PPy) are embedded in a biodegradable polymer 

matrix made from either polylactide (PLLA) or polycaprolactone (PCL). By increasing the amount of 

PPy to 39%, a resistivity of 0.0043 Ωm and 0.0016 Ωm is achieved for PLLA and PCL respectively. 

This translates to a Q-factor of 19 for an inductor diameter of 11 mm, obviously much lower than that 

found for copper. 

2.2 Magneto-Inductive Waves 

To avoid RF induced heating and the issues associated with using biodegradable materials for the 

sensor conductors, small coils that are not mechanically connected can be used. Arrangements of 

resonant elements that support the propagation of magneto-inductive waves are called metamaterial 

coil; these are described in this section. 

Consider a set of coils each terminated by a capacitor as shown in Figure 2.11. The first coil is 

attached to a voltage source, Vs and the last is loaded with RL, and a current In flows in each coil. 

 

Figure 2.11 A set of coils each terminated by a capacitor  

The voltage source in the first element will induce a current, I1, to flow through it. In turn, this current 

will induce a current, I2, to flow in the second element and so on. This structure can therefore be 

thought of as a waveguide where the ‘guiding’ takes place by each of the elements being coupled to 

all other elements [170]. Due to the magnetic coupling between the elements and the fact that it is 

caused by the induced voltages, the waves propagating through this waveguide are dubbed Magneto-

Inductive waves (MI waves). MI waves were first discussed and theoretically analysed for an axial 

array in [171] and their dispersion characteristics were described. Further analyses in 2- and 3-

dimensions were carried out in [172] and experimental results confirming the theoretical predictions 

were presented in [173]. It was then confirmed that MI waves behave in the same way as linear waves 

in terms of their propagation in a homogenous medium and in terms of their reflection, refraction and 
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diffraction [170]; however, when compared to electromagnetic waves, they are much slower, with a 

wavelength shorter than EM waves [174]. Many applications for MI waveguides were suggested 

[175]–[177] and applications in MRI are among the first and most prominent. 

Even before the naming of these waves, propagating along magnetically coupled loops, their potential 

for use in obtaining better quality MR images was recognised. The first experiments were carried out 

using a hexagonal array of 19 ‘swiss roll’ cylinders [178], where the capacitance between the turns of 

the spiral complete the circuit and allow current to flow. Figure 2.12 (a), (b) and (c) shows the 

complete hexagonal array, a single swiss roll element and the current flow through the spiral. 

 

Figure 2.12 (a) The 19 element hexagonal array, (b) a single swiss roll element with separation d between the spirals, 

(c) cross-section of a single element and direction of current flow j(x) through the spiral. [178] 

The experimental arrangement is shown in Figure 2.13 (a). Here the array of swiss rolls is used to 

guide the RF flux from a thumb to a small receiving coil. Figure 2.13 (b) shows an MR image taken 

with the body coil, with the receiving coil alone, and with the receiving coil and swiss rolls together. 

Comparing the last image to that taken with the body coil, there is clear signal enhancement near the 

tip of the thumb; thus further research into this magnetic guiding has thus been carried out [179]–

[181]. 

 

Figure 2.13 (a) Arrangement of experiment inside an MR machine, (b) results with the MR body coil, with the 

receiving coil alone, and with the receiving coil and swiss rolls together [178] 

At the physical level, metamaterials allow a manipulation of the permittivity and permeability of 

electrically resonant structures. They have also been applied to other MR related research, such as the 

development of metamaterial lenses [182], [183] used to manipulate the spatial distribution of the RF 
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field or the development of parallel imaging devices [184], [185] used to achieve sub-wavelength 

image resolution. 

Unfortunately these devices have not yet had much impact in real MRI practices. On the other hand, 

with the aim of producing clearer MR images and improving the diagnostic capabilities for certain 

diseases, MI waveguides used as catheter receivers [186], [187], with endoscope compatibility [188], 

[189] and MI waveguides used as duodenoscopes [190] may prove to be more attractive to the 

medical community. The waveguides are made of similar designs, and have equivalent circuits such 

as the one shown in Figure 2.14 (a), where the inductors, L, are made from copper deposited on 

double-sided thin-film and the capacitors, C, are made from overlapping conductive strips separated 

by a dielectric substrate. In Figure 2.14 (b), the grey trace represents the front of the thin film circuit 

and the black represents the back; and each loop has two L/2 inductors and two 2C capacitors making 

the required L-C circuits. 

 

Figure 2.14 (a) Equivalent circuit of MI waveguide, (b) layout of thin film circuit [187] 

The equivalent circuit is made of a detector (made from an L-C circuit), the MI waveguide itself 

(made from magnetically coupled L-C resonators), and a final L-C circuit which connects to the MR 

system. The advantage of using an MI waveguide rather than a conventional guide lies in its intrinsic 

patient safety since the cable is already segmented and therefore will not suffer from RF heating. 

Decoupling from the B1 field is achieved by using figure-of-eight elements [191] as seen in the layout 

of Figure 2.14 (b) and described in the diagram of Figure 2.15. 

           

Figure 2.15 Single loop turned into a figure of eight layout 

A magnetic field, B1, through a loop will induce a current, Irf, to flow in it. This coupling especially 

occurs if the transmit coil is larger than the receiver coil as is the case here. By replacing the single 

loop with a figure of eight layout, the currents induced in each loop, Irf1 and Irf2, will be in opposite 
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directions and will cancel out if the areas of the new formed loops are equal and the applied B1 field is 

homogenous. Thus the desired decoupling is achieved. The disadvantage here is that there will be zero 

sensitivity where the loop occurs as seen from the results of the MI catheter receiver of [188] shown 

in Figure 2.16. 

 

Figure 2.16 Coronal image taken with 1H MRI of a cuboid phantom received with an MI catheter receiver. Dashed 

arrows indicate regions of zero sensitivity [188] 

2.2.1 Magneto-Inductive Rings 

So far, we have discussed some metamaterial devices and MI waveguides used to enhance MR 

images; now we consider MI rings: their first mention was in the discussion of 2D and 3D MI 

waveguides in [172] , and the first analysis of MI waveguides [192] came to confirm that a travelling 

MI wave resonance, called “rotational resonance”, occurs when the circumference of the ring is equal 

to an integer number of MI wavelengths. The first representations of an MI ring are shown in 

Figure 2.17. 

 

Figure 2.17 First representations of a magneto-inductive ring [172], [192] 

Rotational resonance can be excited by a rotating nuclear dipole in the middle of the ring, and so 

applications to MR systems were fast suggested. However, MRS was championed over MRI due to its 

larger voxel size, thus potentially having a single voxel inside the MI ring. Applications to Paediatric 

brain MRS were suggested with 24 elements distributed round a circle with an 85 mm radius. 

Nonetheless, a large MI ring with flexible interconnects [193] is the first reported application of an MI 
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ring. Here the ring is octagonal and the flexibility allows for a larger filling factor when imaging the 

head, for example, which increases the sensitivity. The MI ring is shown in Figure 2.18 (a). It is made 

from 8 identical PCB elements with deposited copper conductors. 

 

Figure 2.18 Magneto-inductive ring and equivalent circuit [193] 

Its equivalent circuit is shown in Figure 2.18 (b). Here B1 field decoupling and matching are 

implemented: CT1 and CT2 are used for tuning and CM is the matching capacitor. Two taps, arranged at 

90
o
 round the ring, are used for signal detection. The signal from each tap is combined in-phase since 

this provides greater uniformity than a single tap. Passive decoupling, by use of a diode-switched tank 

filter, is used to decouple from the excitation field. 

2.3 MI Waves Theory 

Having discussed applications of MI waves in improving the SNR of MR images, it is clear how they 

offer an advantage over conventional devices, especially with regards to eliminating RF heating, and 

being small enough to be biofragmented when manufactured on thin-film. In this section, some 

background theory [194], [195] needed for the implementation of the MI ring device is discussed. 

This is in preparation of the theoretical and experimental analysis of MI ring resonators in Chapter 3. 

2.3.1 MI Waveguides 

Planar and axial one dimensional arrays composed of N capacitively loaded loops are shown in 

Figure 2.19 (a) and (b). The loops are magnetically coupled to each other due to the magnetic field of 

each element coupling to the next and inducing a current to flow through it. Usually the elements are 

identical and spaced evenly, but their dimensions and the distance between them, a, is not very 

important so long as it is less than the wavelength of the excitation RF field. For a 1.5T MR 
1
H 

scanner, the excitation frequency is at 63.85 MHz, therefore the approximate
5
 wavelength is 53.5 cm. 

                                                      
5
 Assuming the dielectric constant of the human body to be 77. 
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Figure 2.19 (a) Axial, (b) planar array of magnetically coupled elements 

What is interesting about MI waves is that the dispersion characteristics of the wave flowing round 

the elements can be changed by manipulating the elements’ dimensions, the distance between them, 

their arrangement and their resonant frequency. For example, in [196], alternating elements of the 

waveguide are made to have differing capacitors resulting in differing resonant frequencies. 

Theoretical and experimental analysis of such planar and axial configurations show that they allow 

the propagation of forward and backward MI waves in the lower and upper frequency bands 

respectively independent of their configuration. Another example, in [197], is the relative shifting 

between two coupled one dimensional MI waveguides. Here it is shown that the transmission of 

power from the input of one array to the output of the other is maximum when there is a shift of a 

half-a-period. 

In this section, we show the derivation of the dispersion equation for one dimensional MI waveguides, 

followed by that for MI ring resonators in the next section. Consider three capacitively loaded loops, 

and their equivalent circuit, such as shown in Figure 2.20 (a) and (b). Here the period between the 

loops is a, L is their self-inductance and C is the capacitance. Using Kirchoff’s Voltage Law (KVL), 

we can show that the magnetic coupling between the loops leads to the propagation of MI waves. 

Note that here we are ignoring losses. 

 

Figure 2.20 (a) Three capacitively loaded loops and (b) equivalent circuit of infinetly long waveguide 

We first consider only nearest-neighbour interactions, and so when considering the voltage in element 

n, we account only for the currents in loops n, n-1 and n+1, and thus we have three contributions: (a) 
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the self-voltage InZ0 where Z0 = jωL +
1

jωC
 is the self-impedance of the loop, (b) the voltage due to 

the mutual inductance between elements n and n-1 equal to jωMIn−1, (c) and a similar voltage due to 

element n+1 equal to jωMIn+1. Thus we obtain  

Z0In + Zm(In−1 + In+1) = 0 

Equ 2.5 

Where Zm = jωM is the mutual impedance. We assume a travelling wave solution, and so 

In = I0exp (−jnka) 

Equ 2.6 

Where I0 is the magnitude of the wave and k is the propagation constant. Now, substituting Equ 2.6 

into Equ 2.5, we get 

Z0I0 exp(−jnka) + ZmI0[exp(−j(n − 1)ka) + exp(−j(n + 1)ka)] = 0 

Equ 2.7 

Which with some algebraic manipulation becomes 

Z0 + Zm2 cos(ka) = 0 

Equ 2.8 

Now substituting for the impedances, we get 

jωL + 
1

jωC
+ jωM2 cos(ka) = 0 

Equ 2.9 

Divide by jωL to get 

1 − 
ω0

2

ω2
+  κ cos(ka) = 0 

Equ 2.10 

Where ω0 is the resonance for a single element and is equal to 

ω0 =
1

√LC
 

Equ 2.11 

And κ is the coupling coefficient between two nearest neighbour elements, equal to 
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κ =
2M

L
 

Equ 2.12 

Thus the dispersion relationship is as shown in Equ 2.13. It can be seen that the relationship between 

frequency and wave number depends only on the coupling coefficient, κ, which can be altered by 

changing the distance between the elements and their dimensions. 

ω

ω0
=

1

√1 + κ cos (ka)
 

Equ 2.13 

Figure 2.21 shows a plot of the dispersion diagram for κ = ±0.1. Whether the coupling coefficient is 

positive or negative depends on the mutual inductance being positive or negative respectively. This in 

turn is affected by the arrangement of the elements. The mutual inductance is negative for a planar 

array and positive for an axial one. 

 

Figure 2.21 Dispersion diagram for an MI waveguide, with κ = 0.1 and -0.1 

Notice that for positive mutual inductance, there is a passband for MI waves in the range shown in 

Equ 2.14. 

ω0

√1 + |κ|
< ω <

ω0

√1 − |κ|
 

Equ 2.14 

In the presence of losses, the self-impedance of a single element becomes 

Z0 = jωL +
1

jωC
+ R 

Equ 2.15 
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where R is the resistance. k also now has a real and imaginary part 

k = k′ − jk′′ 

Equ 2.16 

Where k’ is the propagation constant and k’’ is the attenuation coefficient due to losses. Following the 

same method as before, we now find that KVL gives 

jωL + 
1

jωC
+ R + jωM 2 cos((k′ − jk′′)a) = 0 

Equ 2.17 

Which after dividing by jωL and using some trigonometric identities becomes 

1 −
ω0

2

ω2
− j

R

ωL
+ 2κ cos(k′a) cosh(k′′a) −  2κj sin(k′a) sinh(k′′a) =  0 

Equ 2.18 

Now we separate the real and imaginary parts in Equ 2.19 and Equ 2.20 respectively. 

1 −
ω0

2

ω2
+ κ cos(k′a) cosh(k′′a) = 0 

Equ 2.19 

1

Q
− κ sin(k′a) sinh(k′′a) = 0 

Equ 2.20 

Where Q =
Q0ω

ω0
 and Q0 =

ω0L

R
 is the quality factor of the individual single element. We can 

approximate the dispersion characteristics by assuming the losses are small enough, meaning the Q 

factor is large, then cosh(k′′a) ≈ 1 and sinh(k′′a) ≈ k′′a; and so Equ 2.19 approximates to the no 

loss case, and the losses can now be calculated from Equ 2.21. Here, it can be seen that when the 

coupling coefficient, κ, and the Quality factor, Q, are large, the attenuation is small. Additionally, 

considering the change with k’a, we notice that attenuation is minimum at the resonant frequency and 

increases towards the band edges, nearing k′a = 0 and k′a = π. At these values, however, the 

approximation breaks down, since the attenuation is not infinitely large. 

k′′a =
1

κQsin(k′a)
 

Equ 2.21 
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Equ 2.19 and Equ 2.20 have been numerically plotted in Figure 2.22 (a) and (b) for κ = 0.1. Here it 

can be graphically seen that both the phase change and the attenuation vary rapidly near the band 

edges, and elsewhere the dispersion behaviour is very similar to that seen in Figure 2.21, when no 

losses are taken into account. These results have been experimentally verified in [173] for both an 

axial and planar configuration. 

 

Figure 2.22 Dispersion diagrams with losses for axial configuration with κ = -0.2 (a) variation with propagation 

coefficients, (b) variation with attenuation coefficient 

So far we have only taken into account nearest neighbour approximations. We now need to take into 

account higher order interactions [198], since they have an impact on the dispersion relationship when 

the elements are very close together. We consider an infinitely long MI waveguide as shown in 

Figure 2.20 (b). KVL analysis gives: 

Z0In + Zm(…+ In−3 + In−2 + In−1 + In+1 + In+2 + In+3 + ⋯ ) = 0 

Equ 2.22 

Which after substituting the corresponding impedances becomes: 

jωL + 
1

jωC
+ R + jω2M1  cos((k′ − jk′′)a) + jω2M2  cos(2(k′ − jk′′)a)

+ jω2M3  cos(3(k′ − jk′′)a) + ⋯ = 0 

Equ 2.23 

And so, assuming losses are small as before, we get the dispersion relationship shown in Equ 2.24 and 

the losses equation shown in Equ 2.25. 

ω

ω0
=

1

√1 + ∑ κm cos(mk′a)m

 

Equ 2.24 
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k′′a =
1

∑ κmQmsin(mk′am )
 

Equ 2.25 

Figure 2.23 (a) and (b) shows a FastHenry model of an eight element MI waveguide with a planar 

configuration and axial configuration respectively. Here each element is a 10 × 10 square coil with a 

width of 0.5 mm and thickness of 35 μm. The separation between the planar coils is 0.5 mm, while 

that between the axial coils is 5 mm. 

 

Figure 2.23 FastHenry model of 8-element MI waveguides with a (a) planar configuration and spacing between 

elements of 0.5mm, (b) axial  configuration and spacing between elements of 5 mm 

The plot in Figure 2.24 shows a comparison between taking into account higher order interactions 

versus nearest neighbour only for these two waveguides. The difference is not noticeable for the 

planar waveguide since the coupling between higher order elements is inherently small due to the 

large spacing dictated by the arrangement. Whereas for the axial waveguide, the spacing between the 

elements is small, leading to stronger coupling, even between the two furthest elements. 

 

Figure 2.24 Dispersion diagrams for the 8-element waveguides in Figure 2.23 (a) and (b) respectively, taking into 

account (i) nearest neighbour only and (ii) higher order interactions 

2.3.2 MI Ring Resonators 

Moving on to MI ring resonators: as has been mentioned, “rotational resonance” will occur when the 

total phase shift that the MI wave accumulates round the ring is an integral multiple of 2π. Figure 2.25 
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(a) shows a planar view of an octagonal ring, with a magnetic dipole in its centre; and Figure 2.25 (b) 

shows its equivalent circuit with the usual circuit parameters. 

 

Figure 2.25 Magneto-inductive ring composed of N = 8 capacitively loaded loops (a) planar view and (b) equivalent 

circuit 

We firstly derive the dispersion equation for the MI ring. For N magnetically coupled, capacitively 

loaded loops arranged as in Figure 2.25 (a) on a polygon of radius r, the distance between the 

elements, a, is related to the radius as follows 

a =
2πr

N
 

Equ 2.26 

The wave propagating round the ring has resonance when the phase shift round the ring is equal to an 

integral multiple of the wavelength: 

2πr = μλ 

Equ 2.27 

Where μ is an integer and λ =
2π

k′
 is the wavelength of the MI wave. By substituting λ and Equ 2.26 

into Equ 2.27, we get 

k′a =
2πμ

N
 

Equ 2.28 

Substituting this into Equ 2.24 and making the same approximations as before for low attenuation, we 

obtain the frequency for rotational resonance as 
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ωr

ω0
=

1

√1 + ∑ κm cos (
2πμm

N )m

 

Equ 2.29 

Assuming a resonance of the first order (μ=1), it can be seen that the relative value of the fundamental 

resonance depends only on the coupling coefficients, κm, and the number of elements in the ring, N. 

Note that the first mode is the most relevant to MRI applications as it can couple to a rotating 

magnetic dipole. Equ 2.29 represents the dispersion equation for a rotational ring, taking into account 

all neighbour interactions. If we were to consider nearest neighbour interactions only, then Equ 2.29 

would be reduced to Equ 2.30. In either case, it can be seen that, unlike a waveguide, there exists 

allowed transmission at the particular modes, μ, only. Figure 2.26 depicts a plot of the dispersion 

diagram for an 8-element MI ring with the first order coupling coefficient κ = -0.2. Here it is seen that 

since the ring is arranged in a quasi-planar configuration, the dispersion diagram also shows a 

backward-propagating wave seen for the planar waveguide. 

ωr

ω0
=

1

√1 + κ cos (
2πμ
N )

 

Equ 2.30 

 

Figure 2.26 Dispersion diagram for an 8-element ring, as shown in Figure 2.25 (a), assuming nearest neighbour 

coupling only with κ = -0.2. 

In order to excite waves at rotational resonance, we assume there exists a nucleus under magnetic 

resonance at the centre of the ring [192]. The nucleus can be modelled by a rotating magnetic dipole 

at an angular frequency ωμ as shown in Figure 2.25 (a). If ωμ is made to match ωr, then the MI ring 

will be coupled to the magnetic dipole. The rotation of the magnetic dipole is in the plane defined by 

the centres of the individual loops, and so the radial component of the dipole will induce a voltage Vn 

in the n
th
 loop, which can be represented as in Equ 2.31 since the excitation is in the form of a wave 

travelling round the structure. 
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Vn = V0 exp (−j
2πn

N
) 

Equ 2.31 

Here V0 is a constant which depends on the magnitude of the excitation and the geometry of the ring. 

The general relation between the induced voltages and currents is 

𝐕 = �̅�𝐈 

Equ 2.32 

Where V and I are vectors of length N and �̅� is an N×N matrix containing the mutual inductances, 

Zm = jωM. Using nearest neighbour approximation, �̅� will have the following form: 

�̅� =

(

 
 
 
 
 
 

𝑍0 𝑍𝑚 0
𝑍𝑚 𝑍0 𝑍𝑚

0 𝑍𝑚 𝑍0

0 ⋯ ⋯
0 ⋯ ⋯

𝑍𝑚 0 ⋯

⋯ ⋯ 𝑍𝑚

⋯ ⋯ 0
⋯ ⋯ 0

0 0 𝑍𝑚

⋯ ⋯ ⋯
0 ⋯ ⋯

𝑍0 𝑍𝑚 0
⋯ ⋯ ⋯
⋯ 𝑍𝑚 𝑍0

⋯ ⋯ 0
⋯ ⋯ ⋯
𝑍𝑚 0 0

0 ⋯ ⋯
0 0 ⋯

𝑍𝑚 0 ⋯

⋯ ⋯ 𝑍𝑚

⋯ ⋯ 0
⋯ ⋯ 0

𝑍0 𝑍𝑚 0
𝑍𝑚 𝑍0 𝑍𝑚

0 𝑍𝑚 𝑍0 )

 
 
 
 
 
 

 

Equ 2.33 

To obtain the relationship between the induced currents and voltages, we first note that, due to 

circular symmetry, the absolute values of all currents must be identical and the phases match those of 

the induced voltage. Now working an example for n = 2, we have 

V2 = Z0I2 + Zm(I1 + I3) 

Equ 2.34 

Bearing in mind Equ 2.31 and that the current and voltage phases match and the current magnitudes 

are equal, we obtain 

V2 = [Z0 + 2Zm cos (
2π

N
)] I2 

Equ 2.35 

And 

Im [Z0 + 2Zm cos (
2π

N
)] = 0 

Equ 2.36 

Thus we obtain the well-known relationship in Equ 2.37 which is valid for all other elements as well.  
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I2 =
V2

R
 

Equ 2.37 

It states that the current in one of the elements of an MI ring, under rotational resonance, is the same 

as that for the uncoupled individual element when excited by the same voltage at its resonant 

frequency ω0.  

2.4 Summary 

A variety of internal coils have been reviewed and a clearer picture of the challenges facing the design 

of the MI ring resonator device has been formed. It is first worth noting that there does not exist a 

device capable of offering the higher SNR needed for MR images without compromising the integrity 

of the colorectal anastomosis. The coils reviewed for imaging the GI wall are the closest alternative 

[143], [146], [149], [199], but they have some disadvantages: It would be difficult to thread a catheter 

or a colonoscope past the colon and so imaging the small intestine with these coils is nearly 

impossible. Moreover, a colonoscopy is another operation altogether which the patient may not be 

comfortable with after the anastomosis surgery. Therefore, an implantable coil, inserted during the 

operation itself and mounted on the Biodegradable Anastomosis Ring (BAR) is ideal. 

Using an MI ring resonator also seems ideal, not only due to its shape, but also due to its unconnected 

individual coils which will disintegrate with the BAR. Furthermore, the individual small coils 

comprising the ring will limit RF heating. On the other hand, there are issues with how to decouple 

the device from the B1 field, since its small size makes connecting a decoupling circuit difficult and so 

figure-of-eight elements is a viable option. Another problem is with signal collection and matching to 

the MR scanner: quadrature taps can be used such as in [193], but wireless matching is required for 

patient comfort. Finally, the implanted coil can assume virtually any orientation in the body and so 

investigating how to make the FOV unaffected by coil orientation is also a challenge. 
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3 Magneto-Inductive Ring Resonators 
Any internal coil must be decoupled from the B1 field of the MRI scanner to avoid image artefacts 

and RF induced heating. In this Chapter we first discuss how using a coupled pair of magneto-

inductive ring resonators provides a mechanism for B1 field decoupling. We then develop two 

different coupled MI ring resonators made from two types of element, and compare their performance 

based on S-parameter measurements and dispersion diagrams. In particular, we attempt to determine 

the resonant frequency of the lowest order spatially symmetric and anti-symmetric modes, and 

investigate how their positions in the overall resonance spectrum can be manipulated to achieve 

decoupling and detection at the same frequency. 

3.1 B1 Field Decoupling 

We have previously discussed several methods of decoupling an internal MRI detection coil from the 

scanner’s B1 field, which rotates at exactly the same frequency as the rotating nuclear dipoles to 

which the detector should couple. The methods mentioned were active [159] and passive [158] 

decoupling using a diode-switched tank filter, which both reduce the current in the coil that must 

follow from an induced voltage, and the use of figure-of-eight elements, which reduces the induced 

voltage itself to zero by cancellation [191]. In this Section, we consider possible options for the 

decoupling system needed in an annular surgical wound monitor. Clearly, the design must to be as 

simple as possible to allow the device to be embedded in a Biodegradable Anastomosis Ring (BAR). 

Thus we initially consider the following three options for decoupling: 

a) A single MI ring resonator, based on figure-of-eight elements 

b) A coupled pair of ring resonators, based on rectangular elements 

c) A coupled pair of ring resonators, based on figure-of-eight elements 

To understand how the use of a coupled ring resonator system can achieve decoupling, we must first 

consider the resonant modes of a single ring, constructed from a set of capacitively loaded loops. 

Figure 3.1 shows projection and plan views of an 8-element octagonal ring. In general, the number of 

resonant elements in the ring, N, determines the number of spatial modes that the ring can support, M. 

Generally, M = N; however, for symmetric ring resonators, there is a reduction in the number of 

observably different resonant frequencies, since several pairs of modes resonate at identical 

frequencies. This behaviour is known as modal degeneracy. 
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Figure 3.1 8-element octagonal MI ring (a) projection and (b) plan view. 

To illustrate this, Figure 3.2 shows the dispersion diagram of an MI waveguide with quasi-planar 

coupling, due to nearest neighbour coupling  = -0.2. The characteristic is plotted over a complete 2π 

period, and the discrete conditions for ring resonance Nka = 2 in a single octagonal ring are 

identified. These resonances clearly lie at angular frequencies  corresponding to ka = 2/N, 

where  is an integer. 

 

Figure 3.2 Dispersion diagram for an octagonal MI ring resonator with κ = -0.2 

The first and seventh modes are at the same frequency, as are the second and sixth modes and the 

third and fifth modes. Thus for an 8-element polygonal ring, there are only 5 distinct resonant modes. 

In fact, for any symmetric MI ring with an even number of elements, we have: 

M =
N

2
+ 1 

Equ 3.1 

If, however, the MI ring has an odd number of elements, the number of distinct modes is different. In 

this case, similar arguments lead to: 

M =
(N + 1)

2
 

Equ 3.2 
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For a single MI ring, the first mode (whose mode number is μ = 1) will couple to the rotating dipoles 

in the body; and all other modes have to be rejected. To that end, the smaller the number of elements 

– and hence the smaller the number of resonant modes – the better. On the other hand, if the ring is to 

be made from rigid elements (for example, printed circuit boards or PCBs), the number of elements 

determines the ‘smoothness’ of the ring; and here the larger the number of elements, the better. A 

good compromise is provided by an eight-element octagonal MI ring, with five resonant modes. 

When a pair of coupled ring resonators are used, an additional degree of spatial structure is introduced 

into the mode shape, and the overall current patterns may be symmetric or anti-symmetric in form. 

For symmetric modes, the currents in the two rings are equal, while for anti-symmetric modes the 

currents have equal amplitude but opposite sign. A coupled ring resonator system based on octagonal 

rings will therefore support ten modes, five symmetric and five anti-symmetric. If the excitation is the 

same in both rings, only the symmetric modes can arise. Conversely, if the excitation has equal 

amplitude and opposite sign in each ring, the induced voltages will also be opposite to each other, and 

only the anti-symmetric modes will be excited. 

Figure 3.3 shows a coupled octagonal ring resonator system, immersed in the uniform B1 field used in 

the excitation phase of MRI. In this case, the induced voltages in the two rings will be identical, and 

the lowest order symmetric mode will be excited. To avoid this, and hence to achieve decoupling, this 

mode must be tuned away from the Larmor frequency L (63.85 MHz for a 1.5 T scanner, or 127.74 

MHz for 3.0 T). However, the local magnetisation generated during signal reception is non-uniform, 

and can be detected using the lowest-order anti-symmetric mode, provided this is tuned to L. 

 

Figure 3.3 Coupled MI ring resonator system for B1 field decoupling 

Figure 3.4 shows a number of possible configurations for annular surgical wound monitors based on 

MI ring resonators. In each case, the monitor is inside the bowel, close to the wound site. In 

Figure 3.4 (a), a single ring is used, based on the figure-of-eight elements needed to achieve 

decoupling by voltage cancellation. The disadvantage of this configuration is that symmetric 

placement is incompatible with the two-part construction of a bowel anastomosis ring, while the 

figure-of-eight element shape will lead to a null in sensitivity at the wound site itself. In Figure 3.4 

(b), a pair of coupled rings is used, based on rectangular elements. This arrangement is now 

immediately compatible with BAR construction. Since non-zero voltages will now be induced, 
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decoupling must be achieved by detuning the lowest order symmetric mode away from resonance, as 

described above. However, the use of an anti-symmetric mode for detection again reduces sensitivity 

immediately adjacent to the wound. In Figure 3.4 (c), a pair of coupled rings is used, based on figure-

of-eight elements. This arrangement returns sensitivity to the wound site itself, but is larger. However, 

it is important to remember that ischemia, oedema and leakage can all occur at some distance from the 

wound, and the desired field-of-view is currently unclear. At this early stage of design, therefore, the 

best and simplest option is almost certainly provided by a coupled ring system based on rectangular 

elements. 

 

Figure 3.4 Annular surgical wound monitors based on a (a) a single MI ring with figure-of-eight elements, (b) a pair 

of coupled MI Rings with rectangular elements, (c) coupled MI rings with figure-of-eight elements. 

3.2 Device Design and Testing 

In this Section, the design of the coupled MI ring resonator system is considered in detail, and 

methods for theoretical simulation and experimental verification are explained. The set-up for the 

experiment and the simulation programs are explained below. 

3.2.1 Experimental Set-up 

Figure 3.5 shows the experimental resonant elements used in the initial prototype coupled ring 

system. The elements are constructed as rigid double-sided PCBs based on Cu conductors and FR4 

substrates. Etched spiral conductor tracks form the inductors, and discrete surface mount capacitors 

are soldered onto landing sites to complete the circuit. To investigate the effect of a single coil on the 

overall performance of the coupled resonator system, two different inductor layouts are used: Type A 

is a double-sided square coil with three turns on either side, while Type B is a similar rectangular coil 

with two turns on either side. These elements were available from earlier projects, and had already 

demonstrated good performance in experiments involving magneto-inductive waves. In each case, 
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eight similar elements are needed to construct a single eight-element MI ring resonator, while sixteen 

similar elements form the corresponding coupled ring system. 

 

Figure 3.5 PCB inductors used to construct resonant elements for early prototype ring resonators. 

Figure 3.6 shows the experimental rig used to arrange these elements into single and coupled ring 

resonator configurations. Figure 3.6 (a) shows a cross-sectional diagram of the internal arrangement of 

a couple MI ring system and Figure 3.6 (b) shows a photograph of a system under test. Single rings are 

assembled by slotting eight PCB elements into octagonal grooves machined into a Perspex baseplate. 

Machined cut-outs provide spaces for capacitors, and a concentric outer groove allows the mounting 

of additional transducers for excitation and detection. Two such rings are mounted one above the 

other to form a coupled ring resonator system, using plastic pillars and plastic studding to adjust their 

relative height.  

 

Figure 3.6 (a) Cross-section of rig6. (b) Assembled device under test using a network analyser 

3.2.2 Simulation 

To aid in design and allow interpretation of experimental results, full simulations are carried out. The 

first step involves simulation of the resonant elements themselves, with the aid of the electromagnetic 

field solver FastHenry2. This freely available software, originally designed for estimating circuit 

                                                      
6
 Many thanks to Mr. Phil Jones, mechanics technician at Imperial College, for manufacturing the rig to the 

exact specifications. 
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parasitics, was developed at MIT and allows the calculation of self-inductances, Ln, resistances Rn and 

mutual inductances, Mn,m, for any set of N coupled coils. The node coordinates and track connectivity 

for the coil set are first read from a layout description file, and the result is given in an N×N 

inductance matrix, �̅�. Reciprocity implies that Mn,m = Mm,n. For a ring resonator, the self-inductances 

Ln and resistances Rn are all identical and can be written as L and R. Similarly the mutual inductances 

Mn,n+1 and Mn,n-1 between nearest neighbours are all identical and can be written as M1, while the 

mutual inductance between second-neighbours can be written as M2. Thus, the matrix �̅� has the form 

shown in Equ 3.3. 

�̅� =

(

 
 
 
 
 
 

R + jL M1 M2

M1 R + jL M1

M2 M1 R + jL

M3 ⋯ ⋯
M2 ⋯ ⋯
M1 M2 ⋯

⋯ ⋯ MN

⋯ ⋯ …
⋯ ⋯ …

M3 M2 M1

⋯ ⋯ ⋯
… ⋯ ⋯

R + jL M1 M2

⋯ ⋯ ⋯
⋯ M1 R + jL

⋯ ⋯ …
⋯ ⋯ ⋯
M1 M2 M3

… ⋯ ⋯
… … ⋯
MN … ⋯

⋯ ⋯ M1

⋯ ⋯ M2

⋯ ⋯ M3

R + jL M1 M2

M1 R + jL M1

M2 M1 R + jL)

 
 
 
 
 
 

 

Equ 3.3 

For example, Figure 3.7 shows a FastHenry model of a single MI ring made from the square Type A 

coils. Additional coils (not shown) may be added to simulate the inductive probes used to interrogate 

the device. Here each individual coil is defined using 16 sets of coordinates, and varying the 

dimensions of the coils and/or the distance between them requires re-definition of these coordinates in 

the x-, y-, and z-axes. With sixteen coils – eight for each MI ring – this process is time consuming. 

The coordinates are therefore generated using a Matlab script, where only the dimensions of the coils 

and the distance between them are parameters and the FastHenry coil coordinates are the output. 

FastHenry is then used to calculate the �̅�-matrix, and Matlab is used to extract the values of L, R and 

Mn from the Z matrix, process these values to calculate the frequency dependence of the S-parameters, 

extract the resonant frequencies and plot the dispersion diagram. 

 

Figure 3.7 FastHenry model of an octagonal MI ring resonator made from square Type A coils 
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3.3 Single Magneto-Inductive Ring Resonator 

3.3.1 Single Element 

In order to understand the operation of an MI ring, the characteristics of a single resonant elements are 

first required. The dimensions of the coils to be tested are detailed in Figure 3.8 and Table 3.1. Here 

Lv and Lh are the vertical and horizontal lengths of the outer-most turn of the coil, s is the separation 

between the turns, u is the elevation for the capacitor connection, and c and b are the distance from the 

outermost turn of the coil to the edges of the PCB. The last parameters determine the separation of 

individual elements and rings, respectively 

 

Figure 3.8 Key dimensions of double-sided PCB elements: (a) Type A square three-turn coil (b) Type B rectangular 

two-turn coil. 

Table 3.1 Dimensions of PCB coils to be tested. 

 Type A Type B 

Lh (mm) 16 16 

Lv (mm) 16 32 

w (mm) 0.5 0.5 

h (mm) 0.035 0.035 

u = b = c (mm) 1 1 

s (mm) 0.5 0.5 

 

The two coils to be investigated are therefore identical except for the number of turns and the length 

of Lv; for the rectangular coil Lv = 2Lh, whereas for the square coil, Lv = Lh. Both coils can be 

represented in terms of the equivalent circuit of Figure 3.9, where L is the self-inductance of the coil, 

R is its self-resistance and Ccoil is the self-capacitance caused by the stray capacitance between 

neighbouring turns. This self-capacitance causes the coil to resonate without the addition of a 

mounted capacitor, Ctest, albeit at a higher frequency than that expected for normal operation. 
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Figure 3.9 Equivalent circuit of a PCB-based resonant element. 

The equivalent circuit parameters may easily be extracted experimentally, by measuring the resonant 

frequency and Q-factor using a pair of inductive probes, one for excitation and the other for detection. 

In the process, it is important to load the element lightly, so that the resonant frequency is not shifted 

and the Q-factor is not degraded. It is usually sufficient to make measurements with a set of different 

capacitors Ctest, whose losses are normally neglected. The parameters, Ccoil and L, may then be 

extracted as follows. We first reconsider the formula for L-C resonance ω0
2
 = 1/LC, knowing that now 

C = Ctest + Ccoil. This formula may be re-arranged as: 

Ctest =
1

ω0
2L

− Ccoil 

Equ 3.4 

Equ 3.4 predicts a straight-line relation between Ctest and 1/0
2
, where 1/L is the gradient of the line 

and Ccoil is the y-intersect. If experimental values of Ctest are plotted against corresponding values of 

1/0
2
, Ctest and L may then be extracted by regression. 

For example, Figure 3.10 shows such a plot for the type B rectangular coil. Here the discrete points 

represent experimental data, while the continuous line represents the best fit. In this case, Ccoil = 1.99 

pF. This capacitance is relatively small, but it will strongly affect performance if the desired 

resonance lies close to the self-resonance arising from a combination of L and Ccoil. 
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Figure 3.10 Test Capacitance against 
𝟏

𝝎𝟎
𝟐
  plot for the type B element 

To demonstrate the existence of such a self-resonance, we can use inductive probes and a network 

analyser to record the frequency dependence of the transmission S-parameter S21 through the coil with 

no added capacitor. Figure 3.11 shows the results, for a Type B element. As can be seen, there is a 

resonant peak at 124.7 MHz. The coil cannot therefore be tuned to operate at a higher frequency than 

this, and consequently could almost certainly not be used to construct a resonant MRI detector for 

operation at 3.0 T. This shows the importance of Ccoil, no matter how small it may be. 

 

Figure 3.11 Frequency dependence of the transmission S-parameter S21 for a type B coil with no added capacitor. 

The gradient of plots of the type shown earlier in Figure 3.10 can be used to extract the self-

inductance L of the coil, In this case, the gradient is 1.2×10
6
, implying that that L = 0.83μH for Type 

B rectangular elements. Alternatively, the resonant frequency could simply be measured using a 

capacitor Ctest large enough that the value of Ccoil does not affect measurements. The capacitors used 

here range from 220 pF to 22 nF. We then record the resonance, ω0 = 2πf0, for each capacitor and use 

the relation L = 1/ω0
2
C to calculate the average self-inductance. The results are L = 1.1μH and L = 

0.82μH for Type A and Type B elements respectively. The inductance may also be estimated using 

FastHenry. Using this approach, L = 1 μH and L = 0.87μH are obtained for Type A and Type B 
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elements respectively. The two central columns in Table 2 summarise these results; theoretical 

estimates are clearly in good agreement with experimental values. 

Note that the relationship between inductance and number of turns is given by Equ 3.5 where N is the 

number of loops, µ is the relative permeability, A is the coil area and l is the coil length. 

L =
N2μA

l
 

Equ 3.5 

This relationship is originally formulated for three-dimensional coils, but it also holds for planar coils 

up to a certain number of turns. By having a coil on both sides of the PCB, the number of turns has 

been doubled and the inductance has been quadrupled. This relation is effectively verified by the final 

column of FastHenry estimates in Table 2. 

Table 3.2 Measured and simulated inductance for single and double-sided PCBs 

 Measured Inductance 

(µH) 

Simulated Inductance 

(µH) 

Simulated Inductance 

for one sided PCBs (µH) 

Type A 1.10 1.00 0.31 

Type B 0.82 0.87 0.24 

 

Self-resistance is extracted by measuring the coil’s quality factor (or Q-factor), a dimensionless 

property of a resonator that describes damping effects. The Q-factor also determines how sharply the 

final device will be tuned. The Q-factor can be defined either as a ratio between the resonant 

frequency and the bandwidth, or as a ratio between the parameters L and R as given in Equ 3.6: 

Q0 = 
f0
∆f

=  
ω0L

R
 

Equ 3.6 

The assumption of constant parameter values suggest that that Q0 is linearly dependent on the 

resonant frequency; however, this is only true at low frequency. At higher frequency, the coil 

resistance, R, becomes frequency dependent due to the skin effect. R is inversely proportional to the 

skin depth, δ, which is itself directly proportional to √f, as shown in Equation 7. Under these 

conditions, Q0 is proportional to the square root of the frequency. 

R ∝  
1

δ
∝

1

√f
 

Equ 3.7 
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For example, Figure 3.12 shows the experimental variation of the Q-factor with resonant frequency 

for Type B elements. Here different capacitors are used to obtain different resonant frequencies, and 

the Q-factor is read directly from the network analyser. Up to a frequency of about 35 MHz the skin 

effect does not influence the Q-factor much, and Q is proportional to f as shown by the thin 

continuous line. Above this frequency, the relationship changes to a dependence on √f as shown by 

the thick continuous line. However, at frequencies nearing the self-resonance of the coil, the Q-factor 

actually decreases, as shown by the dashed line, due to resonantly amplified losses. 

 

Figure 3.12 Q-factor against resonant frequency for the type B element 

From Equ 3.3, it can be seen that R can indeed be extracted from the �̅� matrix of the FastHenry 

solution. However, this time, there is a large discrepancy between the simulated and experimental 

results. Table 3.3 shows a comparison between these values. The measured resistance is clearly much 

higher than the predicted one. The discrepancy is attributable to two effects: the use of thin-film 

copper (which has a lower conductivity than bulk Cu) in the experimental elements, and loading from 

the transducers. Neither effect is taken into account in FastHenry. 

Table 3.3 Comparison between resistances predicted by FastHenry with experimentally measured values. 

 Expected 

Resistance (Ohms) 

Measured 

Resistance (Ohms) 

Type A
7
 0.7474 2.0663 

Type B
8
 0.7091 3.0019 

 

Note that the table records the resistance measured with C = 47 pF and 6.8 pF for Type A and Type B 

coils respectively. With C = 6.8 pF, f0
 
= 59 MHz and the Type B elements can form a perfectly tuned 

single MI ring for 
1
H MRI at 1.5 T. However, for the type A elements, f0

 
= 23.2 MHz and here the 

effect of lower resonant frequency is investigated; this may be required if the double MI ring device is 

to be tuned for 
31

P MRS with a Larmor frequency of 25.84 MHz at 1.5T. 

                                                      
7
 Measured and simulated at 22 MHz with C = 47pF 

8
 Measured and simulated at 59 MHz with C = 6.8pF 
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3.3.2 Coupling Coefficients 

The coupling coefficient is a dimensionless quantity that gives an indication of how strong the mutual 

inductance between two elements is. Figure 3.13 shows the equivalent circuit of two identical coupled 

resonant elements. Here L is the self-inductance, C is the test capacitance, M is the mutual inductance 

between the elements, and I1 and I2 are the currents flowing in each element. M can be positive or 

negative depending on the orientation of the elements to each other: for the axial configuration, M is 

positive, and for the planar configuration M is negative. 

 

Figure 3.13 Equivalent circuit of two coupled resonant elements. 

The coupling coefficient κ is given by: 

κ =
2M

L
 

Equ 3.8 

This value represents the nearest-neighbour coupling coefficient 1 in a multi-element system. Similar 

values obtained with more widely spaced elements can represent the non-nearest neighbour 

coefficients in a multi-element system such as a ring resonator. These coupling coefficients must 

generally all be determined to characterise the overall interaction and estimate the dispersion 

relationship. This in turn will aid in tuning the elements to the required resonance frequency. 

The dispersion relationship for a single MI ring has been derived in Chapter 2 and is repeated here in 

Equ 3.9. Here ωr is the 
th
-order ring resonance, ω0 is the resonance of a single element, κm is the m

th
 

order coupling coefficient and N is the number of elements in the ring. 

ωrμ

ω0
=

1

√1 + ∑ κm cos (
2πμm

N )m

 

Equ 3.9 

To find the coupling coefficient between two elements, we refer to their equivalent circuit as seen in 

Figure 3.13. Neglecting excitation and losses, KVL gives the two circuit equations shown in Equ 3.10 



89 

 

I1 (jωL +
1

jωC
) + I2jωM = 0 

I1jωM + I2 (jωL +
1

jωC
) = 0 

Equ 3.10 

These two equations can be represented in matrix format as shown in Equ 3.11. 

(

 
 

jωL +
1

jωC
jωM

jωM jωL +
1

jωC
)

 
 

(
I1
I2

) = 0 

Equ 3.11 

This equation has a non-trivial solution (i.e. non-zero currents) only when the determinant of the 

matrix is equal to zero as implied by Equ 3.12. 

||
jωL +

1

jωC
jωM

jωM jωL +
1

jωC

|| = 0 

Equ 3.12 

Solving the determinant, we obtain the two resonances shown in Equ 3.13. Here ω1 corresponds to the 

(L + M) term and to the symmetric mode with I1 = I2, while ω2 corresponds to the (L - M) term and to 

the anti-symmetric mode with I1 = -I2. 

ω1,2 =
1

√C(L ± M)
 

Equ 3.13 

With some algebraic manipulation, it can be found that 

MC =
ω2

2 − ω1
2

2ω1
2ω2

2  

LC =
ω2

2 + ω1
2

2ω1
2ω2

2  

Equ 3.14 

Dividing MC by LC then gives the relationship between the coupling coefficient and the two resonant 

frequencies, as shown in Equ 3.15.  
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κ = 2
ω2

2 − ω1
2

ω2
2 + ω1

2 

Equ 3.15 

Figure 3.14 details the coupling coefficients that arise in an eight-element coupled ring system. 

Figure 3.14 (a) shows the coefficients κsi associated with coupling between the elements in the same 

ring, while Figure 3.14 (b) shows the coefficients κdi associated with coupling between different rings. 

Here we call κsi the intra-ring coupling coefficients and κdi the inter-ring coupling coefficients. For the 

former, the first order is denoted as κs1, the second order as κs2 and so on.  

 

Figure 3.14 8-element MI Ring with annotated coupling coefficients: a) intra-ring, and b) inter-ring. 

To measure these coupling coefficients, two elements are arranged as they would be in the octagonal 

ring, the frequency dependence of S21 measured, and the resonant peaks of the two moded system are 

extracted. The coupling coefficient is computed using these values following Equ 3.15. Figure 3.15 

shows the experimental arrangement, using Type B rings. Figure 3.15 (a) shows the arrangement used 

to measure the first order intra-ring coefficient and the Figure 3.15 (b) shows the arrangement to 

measure the second order inter-ring coefficient. 

 

Figure 3.15 Arrangement for measuring coupling coefficients (a) nearest neighbour intra-ring, (b) second nearest 

neighbour inter-ring. 
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Figure 3.16 (a) shows the resonance spectrum for Type A elements arranged to determine κs1. Here 

we see the two peaks as expected, with the lower being the symmetric mode and the higher the anti-

symmetric mode. The two are clearly discernible and we are able to calculate the corresponding 

coupling coefficient. Figure 3.16 (b) shows the resonance spectrum for elements arranged to 

determine κs2. Here the two peaks are much closer and have merged together, making it difficult to 

identify exactly their resonance frequency. This is also the case for the higher order couplings. To 

combat this, the load on the elements can be reduced by using smaller transducers and spacing them 

far from the elements to maximise the Q-factor. Thus, it is possible to get the second order coupling 

coefficients; however, the higher order couplings are still too small to measure for Type A elements. 

  

Figure 3.16 Frequency variation of S21 for (a) two nearest neighbour elements and (b) second nearest neighbour 

elements in a single ring. 

Using similar methods, a reasonably complete set of coupling coefficients can be extracted, for both 

types of coil. Table 3.4 compares the measured and simulated coupling coefficients. The slight 

difference between the theoretical and experimental values is most probably due to errors in arranging 

the elements perfectly in a ring during the experiment; however, the agreement is satisfactory. 

Table 3.4 Coupling coefficients for type A and type B elements in a single ring. 

 Type A 

Measured 

Type A 

Simulated 

 Type B 

Measured 

Type B 

Simulated 

κs1 -0.15 -0.17 κs1 -0.25 -0.28 

κs2 -0.018 -0.019 κs2 -0.037 -0.036 

κs3  -0.01 κs3 -0.024 -0.020 

κs4  -0.0082 κs4  -0.017 

κd1 -0.15 -0.18 κd1 -0.098 -0.13 

κd2  0.036 κd2 -0.033 0.032 

κd3  0.0098 κd3  0.01 

κd4  0.0063 κd4  0.0068 

κd5  0.0055 κd5  0.0062 
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By comparing the intra-ring coupling for the two coil types, we notice that even though the square 

type A coils have three turns and the rectangular type B coils have only two turns, the latter have 

higher intra-ring coupling coefficients due to their larger Lv. On the other hand, this large Lv is also 

the reason why the inter-ring coupling for the type B coil is less than that of the type A coil. In the 

next section we investigate how these values affect the overall S-parameters of the MI rings 

constructed from these coils. 

3.3.3 Resonant Modes 

In order to tune the device, we must first identify the resonant frequency of the important primary 

mode. This is done by examining the complete spectrum of resonant modes, which can be found from 

the frequency dependence of the scattering parameter S21 between two probes. Figure 3.17 shows the 

set-up used. Here tr1 and tr2 are the transmitting and receiving transducers, which are placed on either 

side of a coil diameter to minimise direct coupling and maximise uniformity of the spectral peaks. . 

 

Figure 3.17 Arrangement for measuring the resonant mode spectrum of a single ring. 

The mode spectrum can be found theoretically and experimentally. Firstly, the frequency dependence 

of S21 can be computed theoretically for a single ring using Matlab. The self-inductance, self-

resistance, and mutual inductance between all elements of the ring are first obtained using FastHenry, 

together with the mutual inductance between the elements and the transducers tr1 and tr2. 

There are four distinct mutual inductances as discussed in the previous section. Note that they are all 

negative – behaving like a planar waveguide – except for the coupling between opposing elements, 

where the coupling is positive – behaving like an axial waveguide. Note also that the coupling 

weakens as the elements get further apart. The L, Mn and R values are then used in a �̅�-matrix similar 

to that shown in Equ 3.3, but including the self-impedance of the transducers, Z0tr and the mutual 

impedance between the transducers and their closest neighbouring elements, Zmtr (in this case 

elements 3 and 7 as shown in Figure 3.17). The Z-matrix for a single octagonal ring with two 

transducers is therefore a 10×10 matrix. 

To complete the circuit for each of the eight coils of the MI ring, we need a capacitor, C. To calculate 

the correct value, we use the fact that the rotational resonance of the ring, fr, should equal the nuclear 
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resonance of the rotating dipoles, fn. These should also equal the resonant frequency of the first mode, 

fμ=1. Thus we have the relationship in Equ 3.16 where ω = 2πf.  

ωr = ωn = ωμ=1 

Equ 3.16 

However, it is ωμ=1/ω0 that is available to us from the dispersion diagram, as seen from the y-axis in 

the plot of Figure 3.18. 

 

Figure 3.18 Dispersion diagram for an octagonal MI ring with Type A elements. 

We therefore use instead the relationship in Equ 3.17. Here the dispersion equation is solved for the 

first mode, μ=1, for the Type A element ring. 

ωμ=1

ω0
=

ωr

ω0
= 1.068 

Equ 3.17 

Rearranging Equ 3.17, while keeping the ωμ=1/ω0 term intact, the ω0 value can be obtained as: 

ω0 =
ωr

ωμ=1 ω0⁄
=

63.85MHz × 2π

1.068
 

Equ 3.18 

Knowing ω0 we can calculate the capacitance needed to place the primary resonance at the correct 

frequency from the relationship C = 1/ω0
2
L. For example, the values needed for 

1
H MRI at 1.5 T 

(63.85 MHz) are 7.09 pF for type A elements and 8.94 pF for type B elements. Now we have the 

complete Z-matrix. We know that 

𝐈 = �̅�−1𝐕 

Equ 3.19 
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Where I and V are the current and voltage vectors respectively. The voltage across each element is 

zero, except for the transmission transducer, where we put unity voltage (Vtr1 = Vs = 1). Consequently 

so the voltage vector has all elements zero except for the element before last. 

Using Equ 3.19 we can calculate the current flowing through each element and we denote Iin as the 

current through the transmitter (tr1) and Iout as the current through the receiver (tr2). It can be shown 

that – for any two-port network with a single device under test – the voltage reflection and 

transmission coefficients (Rv and Tv) are: 

Rv = 1 −
2IinRL

Vs
 

Equ 3.20 

Tv =
IoutRL

Vs − IinRL

(1 + Rv) 

Equ 3.21 

Where Vs is the source voltage and RL is the load impedance equal to 50 Ω. Converting these values 

to dB, we can obtain the reflection and transmission scattering parameters as shown in Equ 3.22. 

These can then be plotted across the frequency range of interest using Matlab: 

S11 = 10log10(|Rv|
2) 

Equ 3.22 

S21 = 10log10(|Tv|
2) 

Equ 3.23 

Figure 3.19 shows the frequency variation of the S-parameters S11 and S21 for an MI ring with Type A 

elements. As expected, there are five resonances, and the required resonance (the second largest 

frequency, highlighted on the plot) is located at the correct absolute frequency for 
1
H MRI at 1.5 T. 

 

Figure 3.19 Simulated frequency dependence of scattering parameters for a Type A octagonal ring. 



95 

 

The frequency dependence of S-parameters for a single ring can also be measured experimentally. For 

the Type A elements, we have used a tuning capacitor value of C = 47pF and this places fμ=1 at 23.07 

MHz. This is not perfectly tuned for 
31

P MRS  at 1.5 T, but is close enough in frequency to allow a 

fair comparison with a higher frequency ring. For the type B elements, we use C = 6.8pF to account 

for the value of Ccoil which also affects tuning. This places fμ=1 at 64.06 MHz. Figure 3.20 shows the 

frequency dependence of S21 for both types of coil.  

5  

Figure 3.20 Measured frequency dependence of S21 for different octagonal rings based on Type A and Type B 

elements. 

Again, there are five resonances as expected; however, the Q-factor is much smaller than theoretically 

expected, shown from the wider peaks. As previously discussed, this may be partly due to loading 

from the transducers and partly due to low-conductivity elements. By comparing the plots for the type 

A and type B rings, we also notice that the latter has a larger bandwidth due to the higher value of its 

higher primary coupling coefficient κs1.  

Additionally, the Type A coil is tuned to a lower frequency than the Type B coil and this has 

decreased the Q-factor of its resonances even more, with the Q-factor of the first anti-symmetric mode 

of Type A and B rings being 59.15 and 76.26 respectively. It is also noticeable that, especially at the 

lowest and highest resonance, the Q-factors  and peak highs reduce further. This is theoretically 

expected from the attenuation relationship discussed in Chapter 2. Figure 3.21 shows the plot of 

attenuation against frequency; attenuation is clearly highest at the band edges. 



96 

 

 

Figure 3.21 Frequency variation of attenuation coefficient, for κ = -0.2 and Q0 = 50. 

3.4 Coupled Magneto-Inductive Ring Resonator 

We now consider a coupled MI ring resonator system, as seen in in Figure 3.6 (b). Here the two MI 

rings are arranged above each other with the capacitor elevations for each ring facing away from each 

other to minimise the distance between the rings and maximise the inter-ring coupling. These 

additional inter-ring couplings must be taken into account when calculating the dispersion relationship 

or the S-parameters of the coupled MI ring resonator system, as discussed in the following two 

sections. 

3.4.1 Dispersion Relationship 

The dispersion relationship for a single MI ring has been derived in Chapter 2. Now we extend the 

theory to derive the dispersion relationship for two MI rings and confirm the number of modes to 

expect for the double ring configuration. Figure 3.22 shows the physical arrangement and equivalent 

circuit. We start with the nearest neighbour coupling assumption as shown in Figure 3.22 (a), with Ms 

being the nearest neighbour mutual inductance between elements of a single ring and Md the nearest 

neighbour mutual inductance between the two rings. An equivalent circuit representation is shown in 

Figure 3.22 (b).  
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Figure 3.22 (a) Two coupled MI rings, showing only nearest neighbour inter-ring coupling; (b) equivalent circuit for 

a single element. 

We use this to work out the dispersion relationship, and consider the case of two infinitely long 

waveguides arranged on top of each other, with coupling Ms and Md as described above. This is then a 

good approximation for the two ring case. We also ignore losses, assuming R approximates to zero. 

For the first waveguide, we can obtain the following relationship by applying KVL on one element 

Z0In1 + ZMs(In1−1 + In1+1)  + ZMdIn2 = 0 

Equ 3.24 

Here Z0 = jωL + 1/jωC is the self-impedance of a single element, ZMs = jωMs is the nearest neighbour 

mutual inductance between elements of a single waveguide, and ZMd = jωMd is the nearest neighbour 

mutual inductance between the two waveguides. We assume a travelling wave solution for the 

currents In1 and In2 in the two guides in the form: 

(
In1

In2
) = (

I01

I02
) exp (−jnka) 

Equ 3.25 

Substituting this solution into Equ 3.24, we obtain: 

Z0 I01exp(−jnka) + ZMsI01{exp(−j(n − 1)ka) + exp(−j(n + 1)ka)}  + ZMdI02exp (−jnka) = 0 

Equ 3.26 

After some algebraic manipulation we obtain the partial dispersion equation: 

Z0I01 + ZMsI012 cos(ka) + ZMdI02 = 0 

Equ 3.27 

Carrying out similar steps for the second waveguide we obtain a second partial dispersion equation: 

Z0I02 + ZMsI022 cos(ka) + ZMdI01 = 0 

Equ 3.28 
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These two simultaneous equations can be represented in matrix format as: 

�̅�𝐈 = 0 

Equ 3.29 

Where �̅� is the 2 x 2 matrix: 

�̅� = (
Z0 + ZMs2 cos (ka) ZMd

ZMd Z0 + ZMd2 cos (ka)
) 

Equ 3.30 

And I is the column vector: 

𝐈 = (
I01

I02
) 

Equ 3.31 

To obtain a non-trivial solution to Equ 3.29, we can use the condition det(�̅�) = 0 which gives: 

[Z0 + ZMs2 cos(ka)]2 − [ZMd]
2 = 0 

Equ 3.32 

Equ 3.32 is a difference between two squares; consequently it has the two solutions: 

[Z0 + ZMs2 cos(ka)] ± ZMd = 0 

Equ 3.33 

Now substituting the values for 𝑍0, 𝑍𝑀𝑠 and 𝑍𝑀𝑑 we get: 

jωL −
j

ωC
+ 2jωMscos(ka) ±  jωMd = 0 

Equ 3.34 

Which after algebraic manipulation yields the dispersion relationship as 

ωμ

ω0
=

1

√1 + κs cos(ka) ± 1
2⁄ κd

 

Equ 3.35 

Where κs =
2Ms

L
 is the coupling coefficient between elements of a single ring and κd =

2Md

L
 is the 

coupling coefficient between the two rings. ka =
2μπ

N
 is the propagation constant and μ = 1,2, … ,

N

2
+

1 is the mode number where N is the number of elements in a single ring, in this case eight. 
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Therefore, we should expect to see ten modes overall, five symmetric modes and five anti-symmetric 

modes, each with its own resonance. Following further manipulation of Equ 3.27 and Equ 3.28, it can 

be shown that there are two current patterns, with I01 = ±I02, associated with the symmetric and anti-

symmetric modes respectively. 

Taking into account higher order coupling as well, it is straightforward to show that the dispersion 

equation becomes: 

ωμ

ω0
=

1

√1 + ∑ κsm cos (
2πμm

N
)

N/2
m=1 ± [

κd1
2

+ ∑ κdm cos (
2πμ(m − 1)

N
) N 2⁄ +1

m=2 ]

 

Equ 3.36 

Figure 3.23 shows the dispersion diagram, assuming the following parameters: κsm the m
th
 order intra-

ring coupling coefficient, κsm the m
th
 order inter-ring coupling coefficient, N the number of coils in a 

single MI ring resonator, and μ the mode number. In contrast to the single-ring case, there are two 

branches, with the branch corresponding to the symmetric modes being generally higher in frequency 

than the branch for the anti-symmetric modes. For this configuration, the variation obtained by 

including higher order coupling coefficients (drawn in black) is very similar to the corresponding 

variation obtained assuming nearest neighbours alone (red). 

Focusing on the former, we notice that some modes are close to each other in frequency and may 

actually appear as a single resonance in the mode spectrum. These are the first anti-symmetric mode 

and the second symmetric mode; and the zeroth anti-symmetric mode and the first symmetric mode. 

The required mode to couple to the rotating dipoles in the body during detection is the first anti-

symmetric mode and it is essential that it is discernible from the other modes. 

 

Figure 3.23 Dispersion diagrams for coupled MI ring resonators based on Type A elements. 

3.4.2 Symmetric and Anti-symmetric Modes 

Theory 
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The mode spectrum for a coupled MI ring resonator system can be predicted theoretically using an 

extension to the methods used for the single MI ring case. The set-up is shown in Figure 3.24 (a), 

where the two rings are assumed to lie on top of each other and the transducers can couple separately 

to either of the rings. The Z-matrix in this case then becomes an 18×18 matrix: the upper left 16×16 

matrix is for the elements of the two rings and the last two rows and columns are reserved for the 

transducers.  

 

Figure 3.24 Set-up for exciting two MI rings. Ring a is at the bottom and ring b is at the top. (a) Exciting all resonant 

modes. (b) Exciting symmetric and anti-symmetric modes separately. 

Figure 3.25 shows the frequency variation of S21 for a coupled MI ring resonator system based on 

Type A elements obtained in this way. Here there are only nine visible resonances and it is unclear 

which resonance belongs to which mode. In order to clarify this, the symmetric and anti-symmetric 

modes must be excited separately. 

 

Figure 3.25 Simulated frequency dependence of S21 for a coupled MI ring resonator system based on Type A 

elements. 

Figure 3.24 (b) shows the arrangement for exciting each type of mode separately. Here we make use 

of an extra two transducers positioned opposite elements 3b and 7b. Coils tr1 and tr3 are used as 

transmitters and tr2 and tr4 as receivers. To excite the symmetric modes only, the same voltage is 

applied to tr1 and tr3 such that Vtr1 = Vtr3 = 1. Conversely to excite the anti-symmetric modes only, the 



101 

 

opposite voltage is applied to tr1 and tr3 such that Vtr1 = -Vtr3 = 1. We can receive either with tr2 or tr4 

with no difference to the results. 

Figure 3.26 shows the resulting frequency dependence of S21, with results for symmetric and anti-

symmetric modes plotted separately in red and black, respectively. As expected, the symmetric modes 

are generally higher up in frequency than the anti-symmetric modes and there are five of each, 

yielding ten modes overall. The plot resembles that seen in Figure 3.25. However, it can be clearly 

seen that the resonances of symmetric mode 2 and anti-symmetric mode 1 are very close to each, and 

merge together when all modes are excited simultaneously. Similarly, symmetric mode 1 and anti- 

symmetric mode 0 are also very close, as expected from the dispersion relationship in Figure 3.23. 

 

Figure 3.26 Simulated mode spectra for a coupled MI ring system, with the symmetric and anti-symmetric modes 

super-imposed 

It is desirable to be able to pinpoint the symmetric and anti-symmetric modes without having to excite 

each separately as has been done above. To that end, we need the last symmetric mode (𝜇 =
𝑁

2
= 4) to 

be higher up in frequency than the zeroth anti-symmetric mode (𝜇 = 0). This requires: 

ωμ=N
2⁄

ω0 Sym

>
ωμ=0

ω0 Anti

  

Equ 3.37 

Substituting in the dispersion equation with the correct sign for the symmetric and anti-symmetric 

modes, we get: 

1

√1 + κscos (kasym) +
1
2 κd

>
1

√1 + κscos (kaanti) −
1
2 κd

 

Equ 3.38 

We can remove the division by inverting the greater than sign. Removing the square root and 

substituting the correct values for the modes, we then get: 
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κscos (
2πN

2⁄

N
) +

1

2
κd < κscos (

2π. 0

N
) −

1

2
κd 

Equ 3.39 

Finally, solving the inequality leads to the following relationship in between the first order intra-ring 

and inter-ring coupling coefficients: 

2κs > κd 

Equ 3.40 

Note that here both κs and κd are negative values, and so in absolute values we would need to fulfil the 

condition in Equ 3.41, which states that the coupling between the two rings must be stronger than 

twice the coupling between individual elements in a single ring, or:  

2|κs| < |κd| 

Equ 3.41 

This condition only holds exactly with nearest neighbour elements alone, but is still a good guide 

when including higher order coupling too. To achieve it in practise, we need elements whose extent 

along the ring circumference is greater than that in the perpendicular direction. Figure 3.27 shows a 

FastHenry model of a coupled ring system based on such elements, with Lv = 16 mm and Lh = 64 mm. 

It is clear that the overall device must now be relatively large in diameter, and shallow. 

 

Figure 3.27 FastHenry model of a coupled ring configuration with Lv = 16 mm and Lh = 64mm and two-turn coils 

Figure 3.28 (a) shows the dispersion relationship for this device calculated from known coupling 

coefficients. The two sets of modes are now well separated in frequency, with all the symmetric 

modes being higher up in frequency than the anti-symmetric modes. This is confirmed by the mode 

spectra shown in Figure 3.28 (b). Even when all the modes are excited at the same time, the mode 

needed for MRI signal detection (the anti-symmetric mode with µ=1) can be recognised easily. 
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Figure 3.28 Simulated (a) Dispersion diagram and (b) mode spectra for coupled MI ring system based on high aspect 

ratio elements. 

Experiment 

We now need to confirm the results obtained theoretically with experimental measurements. To that 

end, two coupled MI ring resonators were constructed using the rig in Figure 3.6(b). One is made from 

type A elements and one from type B elements. 

The set-up for measuring mode spectra has previously been shown in Figure 3.6 (a). Figure 3.29 shows 

the results for devices made with both Types of element. For the system made from Type A elements, 

there are eight visible resonances; however, again due to the poor Q-factor at the band edges, the 

lowest frequency resonance cannot be clearly distinguished. For the Type B system, there are also 

eight visible resonances. Comparing the two, we can see that reduced first order intra-ring coupling 

has again made the bandwidth of the Type A device less than that of the Type B device. Additionally, 

the Q-factor for all resonances is generally less for Type A than Type B. 

   

Figure 3.29 Measured mode spectra for coupled MI ring resonator systems made from type A and type B elements. 

The next step is to determine which resonances correspond to the symmetric mode and which to the 

anti-symmetric mode. As previously discussed, we need two transmitters to excite the symmetric and 
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anti-symmetric modes separately. Figure 3.30 shows two suitable arrangements. The symmetric 

configuration mimics a single large transducer, exciting both rings equally. The anti-symmetric 

configuration mimics a figure-of-eight shaped transducer, exciting each ring with opposite polarity. 

  

Figure 3.30 Transducer configurations used to excite symmetric and antisymmetric modes separately. 

Practically, transducer positions are adjusted until only the required modes are visible. Figure 3.31 

shows the resulting mode spectra. Figure 3.31 (a) shows results for Type A elements, and Figure 3.31 (b) 

for type B elements. In each case, the highest order resonance (at the lowest frequency) is barely 

visible. Again, this is due to high attenuation at the band edges following from the low Q-factor. 

Apart from this, five resonances are visible for each type of mode. When superimposed, these sets do 

make the same plot as for the full excitation. Unfortunately, the first anti-symmetric mode (arrowed) 

is still buried among other resonances. Consequently, it may be difficult isolate it and reject other 

modes. 

 

Figure 3.31 Measured S-Parameters showing the symmetric and anti-symmetric modes excited separately (a) rings 

made from type A elements. (b) rings made from type B elements. 

Comparison with theory 

In order to be certain of the position of each resonant mode, we compare the theory with the 

experimental results. Figure 3.32 (a) compares the complete experimental and theoretical mode 
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spectra for the Type A device and Figure 3.32 (c) does the same for the Type B device . Here, the 

experimental coupling coefficients, inductances and resistances have been used to produce the 

theoretical plots. There is good agreement between the theoretical and experimental results. Small 

discrepancies could be attributed to slight errors in the position of the transducers, which affects the 

relative height of resonant peaks. Figure 3.32 (b) and (d) shows the separate spectra for symmetric 

and anti-symmetric modes in the Matlab simulation. The plots indicate that the first anti-symmetric 

mode is at the fourth highest resonance for the Type A device and the sixth highest resonance for the 

Type B device, in agreement with experimental observation. Consequently, although we have 

ascertained the position of the first anti-symmetric mode, it is clear that it will be very difficult to 

reject nearby modes since they are so close in frequency. 

 

Figure 3.32 (a),(c) Comparison of the experimental and Matlab simulated S21 plots for type A and type B double MI 

ring device respectively (b),(d) Isolating the symmetric and anti-symmetric modes in simulation for the type A and 

type B respectively 

3.4.3 Improved Design 

The results above suggest that the assumed PCB layout has been only partially successful in isolating 

the important first-order anti-symmetric mode from other neighbouring modes. An improved design is 

therefore required to increase the mode separation. 
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Closer PCB Elements 

We first investigate the effect of increasing the coupling between the elements of a single ring. To do 

this, the edges of Type A PCB elements were filed away, to allow closer fitting, and mounted in a 

modified baseplate. Figure 3.33 shows the mode spectrum of the resulting coupled ring system. It was 

expected that the bandwidth of the new device would be larger than the original device and therefore 

that the first anti-symmetric mode would be easier to isolate. Indeed this is the case, however, the 

resonances visible are now also different, since the ratio of κs/κd has now also changed. The first anti-

symmetric mode is too close to the second symmetric mode. Therefore, even with this new design it 

may not be possible to isolate the first-anti symmetric mode in the MRI scanner. 

 

Figure 3.33 Mode spectrum for improved coupled MI ring system, showing improved separation of symmetric and 

anti-symmetric modes. 

Horizontally Arranged Elements 

Another way to increase isolation of the first anti-symmetric mode is to separate the symmetric and 

anti-symmetric modes further in frequency by altering the aspect ratio of the elements as previously 

shown in Figure 3.27. Taking the current dimensions of the element types available into account, we 

concentrate on elements of type B. Figure 3.34 (a) shows how these may be arranged ‘horizontally’ to 

achieve the requirement of |κd1| > |2κs1|. 

Figure 3.34 (b) shows the resulting mode spectrum. Here it can be seen that increased separation of 

the symmetric and anti-symmetric modes has indeed been achieved, with the five symmetric 

resonances clearly visible (the lowest frequency symmetric resonance has low Q-factor as previously 

discussed). However, the anti-symmetric modes are now much closer together, occupying a much 

smaller bandwidth, which does not help in isolating the first anti-symmetric mode. Even though this 

experiment is quite crude, it allows us to conclude that it is not simply the separation of the symmetric 

and anti-symmetric modes that will allow isolation of the first anti-symmetric mode, but we also 

require the first anti-symmetric mode resonances to occupy a larger bandwidth. Methods of achieving 

this are considered in the next Chapter. 
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Figure 3.34 (a) Coupled MI ring resonator system constructed from Type B elements arranged horizontally (b) 

corresponding frequency variation of S21 
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4 Manipulating the Mode Spectrum 
We have previously seen that the coupling together of two magneto-inductive rings introduces an 

additional dimension to the spatial structure of resonant modes. Particularly, the existence of an anti-

symmetric mode, which can be used for local signal detection but which will reject uniform fields, 

potentially provides a mechanism for purely passive decoupling. However, the close separation in 

frequency of other modes (including a spatially symmetric mode that will most definitely couple to B1 

fields) reduces the effectiveness of this decoupling mechanism, allowing RF heating and generation of 

local artefacts. In this Chapter, we explore different possibilities for manipulating the mode spectrum, 

to maximise decoupling effects. We first perform a detailed survey of the doubly planar coupling 

geometry considered so far. We then introduce a more effective alternative, involving a mixture of 

axial and planar coupling. Finally, we present an experimental demonstration to confirm theoretically 

predicted performance. 

4.1 Rejection of Symmetric Modes 

We have so far constructed two devices, one made from square and the other from rectangular coils. 

Both have their resonant elements coupled in a quasi-planar configuration, for both intra- and inter-

ring coupling, and their mode spectra confirm that the first anti-symmetric mode is too close in 

frequency to other modes. In fact, the decoupling performance of any design may be evaluated in 

terms of the rejection of other modes at the resonant frequency of the first anti-symmetric mode. 

Rejection may be quantified from the mode spectrum, in terms of the difference in magnitude 

between the resonant peak of the first anti-symmetric mode, and response of the nearest unwanted 

symmetric mode. For example, Figure 4.1 shows the mode spectrum for a Type A device, measured 

as described before and separated into symmetric and anti-symmetric groups. To avoid direct 

coupling to the lowest order symmetric mode, its rejection should be at least 30 dB, so that induced 

voltages are reduced by a factor of √10
3
 = 31.6. However, the rejection here, indicated by the arrowed 

line, is only 7 dB. To increase the rejection, we should try to achieve both of the following: (a) 

complete frequency separation of the symmetric and anti-symmetric modes and (b) an increase in 

bandwidth of the anti-symmetric mode spectrum, separating individual modes further in frequency. 
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Figure 4.1 Mode spectrum for a coupled MI ring system made with Type A elements. 

We study the first point by considering the dispersion relationship for a coupled MI ring system given 

again in Equ 4.1, where sm is the m
th

 order intra-ring coupling coefficient, dm is the m
th
 order inter-

ring coefficient,  is the mode number and the positive sign is used for the symmetric modes and the 

negative for the anti-symmetric modes. 

ωμ±

ω0
=

1

√1 + ∑ κsm cos (
2πμm

N )
N/2
m=1 ± [

κd1
2 + ∑ κdm cos (

2πμ(m − 1)
N ) N 2⁄ +1

m=2 ]

 

Equ 4.1 

To isolate symmetric and anti-symmetric modes, we must satisfy the condition in Equ 4.2, which 

implies that the last symmetric mode has a higher resonant frequency than the zeroth anti-symmetric 

mode: 

ωμ+=4

ω0
>

ωμ−=0

ω0
 

Equ 4.2 

Substituting the relevant mode numbers into the dispersion relation then yields the inequality in 

Equ 4.3, a condition on the coupling coefficients themselves rather than the mode frequencies: 

1 + ∑ κs m cos (
2πm . 4

8
)

4

m=1

+ 
κd1

2
+ ∑ κd m cos (

2π(m − 1) . 4

8
)

5

m=2

>  1 + ∑ κs m cos (
2πm . 0

8
)

4

m=1

− 
κd1

2
− ∑ κd m cos (

2π(m − 1) . 0

8
)

5

m=2

 

Equ 4.3 

Equ 4.3 may be simplified as follows. The cosine of an even multiple of π is unity, while the cosine of 

an odd multiple of π is -1. Thus the left hand side of the inequality can be written out as 1 - κs1 + κs2 - 
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κs3 + κs4 + κd1/2 - κd2 + κd3 - κd4 + κd5. Using the additional condition that cos(0) = 1, the right hand 

side can be simplified to 1 + κs1 + κs2 + κs3 + κs4 - κd1/2 - κd2 -κd3 - κd4 - κd5. Cancellation then yields 

the surprisingly simple result shown in Equ 4.4: 

κd1 + 2κd3 + 2κd5 < 2κs1 + 2κs3 

Equ 4.4 

However, it is usually the case that the coupling coefficients reduce in magnitude as their order 

increases, so that κd1 is much greater than κd3 and κd5, while κs1 >> κs3. Equ 4.4 therefore simplifies to 

Equ 4.5, the conclusion previously reached for the nearest-neighbour approximation in Chapter 3. 

κd1 < 2κs1 

Equ 4.5 

It is important to note that both κs1 and κd1 are negative here. If κs1 is positive instead, the dispersion 

diagram will alter, with each branch tending to that obtained for an axially-coupled MI waveguide. 

For example, Figure 4.2 shows the dispersion diagram obtained for the typical parameters s1 = + 0.2 

and d1 = -0.2. Here we note that the lowest-order mode of the anti-symmetric branch (arrowed) is 

now at a much lower frequency than was seen in the planar-planar case, separating it further from 

nearby modes.  

 

Figure 4.2 Dispersion diagram for a coupled MI ring resonator system with κs1 = 0.2 and κd1 = -0.2. 

To separate the symmetric and anti-symmetric modes completely, we must now satisfy the condition 

in Equ 4.6. Here the zeroth symmetric mode must be higher in frequency than the last anti-symmetric 

mode. 

ωμ+=0

ω0
>

ωμ−=4

ω0
 

Equ 4.6 

After similar manipulations and approximations, we obtain: 
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2κs1 < −κd1 

Equ 4.7 

It is clear that Equ 4.5 and Equ 4.7 are the same in terms of absolute value. Therefore, we reach the 

general conclusion that the requirement for separating the two mode spectra is: 

2|κs1| < |κd1| 

Equ 4.8 

We now consider the second point of increasing the bandwidth of the anti-symmetric modes. This can 

most directly be achieved by increasing the first-order coupling coefficient, κs1. Figure 4.3 illustrates 

this by showing the dispersion diagrams of two different coupled MI ring systems. In each case, d1 = 

-0.2; however in Figure 4.3 (a) κs1 = -0.15, while in Figure 4.3 (b) κs1 = -0.3. Numerical extraction then 

suggests that the increase in first order intra-ring coupling coefficient between (a) and (b) doubles the 

normalised bandwidth from /0 = 0.13 to 0.27. 

 

Figure 4.3 Dispersion diagram for coupled MI ring systems with d1 = -0.2 and (a) κs1 = -0.15, (b) κs1 =  -0.3. 

In practice, however, the first-order intra-ring coefficients can only be increased by reducing the 

element separation, and the achievable increase may still be insufficient. Another much more effective 

method is to use positive coupling, previously exploited in MI cables [189] and achieved by 

overlapping the intra-ring elements. For example, Figure 4.4 (a) and (b) compare planar and quasi-

axial configurations for single-turn rectangular elements, with Lv and Lh being the vertical and 

horizontal length, respectively, and d being the overlap (or, if negative, the separation). Note that a 

vertical offset has been introduced in Fig. 4b for clarity; in practise, a similar offset will be required to 

minimise parasitic capacitance [200], as discussed later. 
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Figure 4.4 (a) Planar and (b) axial configurations for a single pair of rectangular elements. 

The total mutual inductance between these two coils, M, can be described as the sum of the mutual 

inductances between the individual wires of the elements as shown in Equ 4.9. Here Mp,q is the mutual 

inductance between individual wires p and q, with the contribution being positive when the current in 

the two wires is flowing in the same direction, and negative otherwise. 

M = M1,6 + M4,9 − M4,6 − M1,9 + M5,10 + M2,7 + M2,8 + M3,7 + M3,8 

Equ 4.9 

With no overlap, M4,6 is the strongest term and the overall mutual inductance is therefore negative. In 

fact, it is so much larger than M1,6,  M4,9, M5,10 and M3,7 that these terms can normally be ignored. 

However, as the coils are overlapped and the distance d increases, M4,9 and M1,6 increase, as well as 

M3,7 and M5,10. At a particular value of d, M4,9 + M1,6 + M3,7 + M5,10 starts to exceed M4,6 + M1,9, 

making the total mutual inductance positive. A promising strategy to isolate the first anti-symmetric 

mode may therefore be to use MI ring resonators with overlapping intra-ring elements to maximise 

bandwidth, and balance the large value of κs1 needed with a large value of κd1 to separate the 

symmetric and anti-symmetric mode spectra. We now investigate this strategy in detail. 

4.2 Design Considerations 

To try to identify the optimum design, we investigate the effect of the dimensions Lv and Lh and 

spacings d of single-turn rectangular elements on their characteristics. To do this, many coil 

geometries were simulated with FastHenry and Matlab using methods previously described. The 

results are presented in the form of parameter variations, dispersion diagrams and mode spectra. The 

variations examined are as follows: 

Firstly, the dimensions Lv and Lh of the individual elements are altered, to determine the dependence 

of inductance, resistance and coupling coefficients on these dimensions. It is particularly expected that 

at some ratio Lv/Lh, the inter-ring coupling coefficient will be twice that of the intra-ring coefficient, 

separating the symmetric and anti-symmetric modes completely in frequency. Secondly, the loop area 

Lv × Lh is varied and it is expected that a different set of coupling coefficients will be found. Thirdly, 

the elements of a single ring will be overlapped, with the aim of increasing the bandwidth of the anti-
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symmetric mode. Finally, the two rings will themselves be overlapped to observe what effect this will 

have on rejection and whether it could offer any improvement. 

4.2.1 Coil Dimensions 

We start by varying the ratio Lv/Lh, keeping the area of the loop, Lv × Lh, constant. At this stage, a 

large variation in Lv/Lh is used, however, in reality this range is constrained due to the requirement for 

compatibility with the BAR. Table 1 shows the values of Lv, Lh and Lv/Lh investigated. In each case, a 

coupled MI ring resonator system was simulated in FastHenry, and the inductance, resistance and 

coupling coefficients were extracted. Here the track width is 0.5 mm, the thickness is 35 μm and a 

copper conductivity of 5.96 × 10
7
 Sm

-1
 is used. The distance between the first neighbouring inter- and 

intra-ring elements is kept at 2 mm (except when there is overlap, as discussed in the next sections). 

Table 4.1 Dimensions of investigated elements. 

Lv (mm) Lh (mm) Lv / Lh 

5 102.4 0.05 

10 51.2 0.20 

15 34.1 0.44 

20 25.6 0.78 

25 20.5 1.22 

35 14.6 2.39 

40 12.8 3.13 

60 8.5 7.03 

100 5.1 19.53 

 

Figure 4.5 shows the variation of the self-inductance, L, for a rectangular coil, as a function of the 

aspect ratio Lv /Lh, plotted using a logarithmic scale for the x-axis. It is clear that the variation is a 

quadratic, whose symmetry merely reflects the fact that the self-inductance cannot depend on whether 

the element is ‘standing up’ or ‘lying down’. 

 

Figure 4.5 Variation of self-inductance with ln(Lv /Lh). 
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Of course, it is well known that the inductance of a wire is inversely proportional to its length, and 

this seems to be mirrored in these results; the square coil has the minimum perimeter, and 

consequently minimum inductance. In fact, an analytic equation of the self-inductance of a 

rectangular coil with tracks of rectangular cross-section is also known, and shown in Equ 4.10, where 

μ0 is the free-space permeability, and w and h are the width and height of the track [201]: 

L =  
μ0

π
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Equ 4.10 

Numerically, we have verified that the variation of inductance with element dimensions predicted 

using Equ 4.10 matches that obtained using FastHenry. Figure 4.5 (b) shows the results plotted in red 

over the simulated points. Those are obtained using the parameters w = 0.5 mm, h = 35 μm, with Lv 

ranging from 5 mm to 100 mm in steps of 1 mm. 

We now consider the self-resistance of the rectangular coil. Figure 4.6 shows its variation with the 

aspect ratio Lv/Lh. Here we see a similar variation to the self-inductance, and a best-fit quadratic 

polynomial is plotted in red over the simulated results. The resistivity of a wire is inversely 

proportional to its length and therefore we see a quadratic relationship between R and the natural 

logarithm of Lv /Lh, with a minimum at Lv /Lh = 1, again illustrating that the resistance is the same 

whether the coil is ‘standing up’ or ‘lying down’. 

 

Figure 4.6 Variation of self-resistance with Lv / Lh. 

We continue, using FastHenry models of the coupled MI ring resonator system, to calculate the intra- 

and inter-ring coupling coefficients and their variation with element dimensions. It is expected that all 
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intra-ring coefficients increase as Lv (and therefore Lv /Lh) increases. Figure 4.7 (a) and (b) show the 

variation of κs1, and κs2 and κs3 with Lv /Lh, for the same track and separation parameters as before. 

Here we have plotted best-fit curves over the simulated results to aid in pattern visualization. As Lv 

increases, all the intra-ring coupling coefficients increase negatively, with the negative sign resulting 

from the quasi-planar configuration in a single ring. From the scale of the y-axis, we see that κs1 is 

much greater than κs2 and κs3, and that κs2 is greater than κs3. 

 

Figure 4.7 Variation of (a) first order and (b) second and third order intra-ring coupling coefficients with Lv /Lh. 

From Figure 4.7 (a), we observe that when Lv is very large and Lh is very small (equal to 100 mm and 

5.12 mm, for example), the magnitude of the first-order coefficient decreases again. This can be 

understood by first observing the variation of the first-order intra-ring mutual inductance with Lv /Lh 

as seen in Figure 4.8. Here it can be seen that the mutual inductance is monotonically decreasing as 

expected. It, therefore, becomes clear that the decrease in magnitude of κs1 – for very large Lv – is due 

to the large increase in magnitude of the self-inductance as seen in Figure 4.5. 

 

Figure 4.8 Variation of the first order intra-ring mutual inductance with Lv /Lh. 

We now consider the coupling between the two different MI ring resonators. Figure 4.9 (a) shows the 

variation of the first order inter-ring coupling coefficient with the ratio Lv/Lh. Once again, the same 
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track parameters have been used, and the inter-ring separation d is assumed to have the same value as 

the intra-ring separation. A best-fit curve has been matched to the results. Here we see that the 

variation is opposite to that observed for intra-ring coupling, since inter-ring coupling depends more 

on changes in Lh rather than Lv. Therefore, κd1 decreases as Lh decreases, and the rate of decrease 

slows as Lh becomes very small. 

  

Figure 4.9 Variation of (a) first order and (b) second and third order inter-ring coupling coefficients with Lv /Lh. 

As was previously observed, κs1 decreases for very large Lv and small Lh; here κd1 decreases for very 

large Lh and small Lv. The same reasoning can be applied as before. Figure 4.10 shows the variation 

of the first order inter-ring mutual inductance with Lv/Lh. As Lh decreases, the magnitude of Md1 

decreases, again with the rate of decrease reducing as Lh becomes very small. Therefore, the decrease 

in κd1 for very large Lh is due to the shape of the self-inductance curve shown in Figure 4.5. 

 

Figure 4.10 Variation of the first order intra-ring mutual inductance with Lv /Lh. 

Considering the second and third order inter-ring coupling coefficients, we see a very different pattern 

for the geometric variation of κd1. Figure 4.9 (b) shows the variation of κd2 and κd3 with Lv /Lh. Here 

we see that the second and third order inter-ring coefficients increase in magnitude as Lh becomes 

smaller, and the elements come closer together. To explain this, we consider Figure 4.11, which 
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shows a planar view of three pairs of coupled elements from a coupled MI ring resonator system. 

Here d = 2 mm is the common intra- and inter-ring element separation as before, and Lv and Lh have 

their usual meaning. We see that as Lh becomes smaller, elements 1a and 2b, and elements 3a and 2b 

(the second and third inter-ring neighbours respectively) ,move closer together, increasing κd2 and κd3. 

However, at approximately Lv /Lh = 1, Lh becomes too small to provide much inter-ring coupling. 

Consequently, the decrease in Lh causes κd2 and κd3 to fall again. 

 

Figure 4.11 Section of a coupled MI ring resonator system 

The opposing variations of κs1 and κd1 with element dimensions indicate that there must be a trade-off 

between the two. Figure 4.12 shows the relation between κs1 and κd1 for two different loop areas Lv × 

Lh. In each case, the relation is linear in the shaded region, becoming curved for extreme elements. 

The linear relation is due to the fact that for the same area element, a large Lv is needed for a large κs1, 

but this makes Lh small and therefore κd1 small. Similarly to have a strong κd1, we need a large Lh, 

which makes Lv smaller, weakening κs1. When the element area decreases, the extent of the linear 

region decreases and the compromise becomes larger, thus for the same κs1 we now obtain a weaker 

κd1. 

 

Figure 4.12 Relation between first order inter- and intra-ring coupling coefficients. 

4.2.2 Intra-ring Coil Overlap 

We now consider the effect of overlapping the elements of each ring resonator in the coupled system. 

The aim is to reverse the order in frequency of the anti-symmetric modes, lowering the resonance of 

the first such mode and hence isolating it from others. Figure 4.13 (a) shows a planar view of four 
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elements from a single ring resonator with intra-ring overlap; and Figure 4.13 (b) shows a plan view 

of the whole ring. We denote the extent of overlap as Lh/m, where m is a new parameter. To 

investigate its effect, we consider the values of m = 5 and m = 3, with the latter implying greater 

overlap. However, we keep to the inter-ring separation fixed at 2 mm. 

 

Figure 4.13 (a) Four overlapping elements from the same ring resonator, (b) a plan view of a single ring showing the 

arrangement of the overlapping elements. 

We now investigate the effects of the intra-ring overlap on the characteristics of the elements and the 

coupling coefficients. Firstly, considering the self-inductance and the self-resistance: these remain 

constant, no matter how much the elements are overlapped, since these properties are inherent and do 

not depend on interactions with other elements. 

Moving on to the intra-ring coupling coefficients: Firstly, Figure 4.14 shows the variation of the first 

order coefficient with the ratio Lv /Lh for the cases of i) no overlap and ii) and iii) the two different 

values of intra-ring overlap. Here, all simulated results are matched to best curve fits. κs1 becomes 

positive when the elements are overlapped, and increases as the overlap increases. The shape of the 

plot is approximately the same for the three cases, meaning that when there is an overlap, the positive 

κs1 actually decreases as Lv/Lh increases. Additionally, when the overlap is Lh/5, κs1 is positive when 

Lv/Lh is very small, decreasing to 0.0084 when Lv = 35 mm and Lh = 14.63 mm. After this, for larger 

Lv/Lh, κs1 actually becomes negative, increasing in magnitude as Lv /Lh increases. 
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Figure 4.14 Variation of the first order intra-ring coupling coefficient with Lv / Lh, for i) no intra-ring overlap, and 

overlap of ii) Lh/5 and iii) Lh /3. 

A possible explanation for the decrease in the positive κs1 as Lv/Lh increases can again be reached by 

studying Figure 4.4 (b) and considering how the components of M in Equ 4.9 alter with Lv /Lh. As Lv 

increases and Lh decreases, M1,6 and M4,9 increase due to the wires getting longer and coming closer 

together. M4,6 and M1,9 also increase. On the other hand, M5,10 and M3,7 decrease since Lh is becoming 

smaller. Recalling that the elements lie in slightly different planes, the dominant terms are now M5,10, 

M3,7 and M4,6. The term M4,6 subtracts from the overall inductance, while M5,10 and M3,7 add to it. As 

Lv/Lh increases, M4,6 becomes stronger than M5,10 + M3,7 and thus the overall mutual inductance 

decreases, even becoming negative if the overlap is insufficient (as it is for m = 5). 

Figure 4.15 (a) and (b) shows the variation of the second and third order intra-ring coupling 

coefficients respectively with Lv/Lh for the cases of i) no overlap and ii) the same two values of intra-

ring overlap. Here, simulated results are matched to a best curve fit. As expected, κs2 and κs3 increase 

when there is an intra-ring overlap because all the elements of a single ring must come closer together 

in this case. Additionally, κs2 and κs3 remain negative because there is no overlap between second and 

third neighbours. 
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Figure 4.15 Variation of (a) second and (b) third order intra-ring coupling coefficient with Lv /Lh, for the cases of (i) 

no intra-ring overlap, and overlap of (ii) Lh/5 and (iii) Lh /3. 

We now concentrate on the effect of intra-ring overlap on the inter-ring coupling coefficients. 

Figure 4.16 (a), (b) and (c) shows the variation of the first, second and third order coupling 

coefficients respectively with Lv/Lh for i) no overlap and ii) the same two values of intra-ring overlap. 

From Figure 4.16 (a), we see that the first order inter-ring coefficient, κd1, remains unchanged, 

whatever the overlap, clearly because the distance between the first neighbouring inter-ring elements 

remains unaltered. On the other hand, when there is overlap, the second and third inter-ring 

neighbours move closer together, so κd2 and κd3 become stronger as seen in Figure 4.16 (b) and (c). 

 

Figure 4.16 Variation of (a) first, (b) second and (c) third order inter-ring coupling coefficient with Lv/Lh, for (i) no 

intra-ring overlap, and overlap of (ii) Lh /5 and (iii) Lh /3. 

Since κd1 has remained the same with intra-ring overlap, while κs1 has become positive and increased, 

we expected the ‘locus’ of the relationship between κs1 and κd1 to have retained approximately the 

same shape, but have shifted to the right. Figure 4.17 shows the effect of overlap on the trade-off 

between κs1 and κd1. For the same κd1, we can now achieve a higher κs1 due to overlapping the 

elements of the same ring, with greater overlap now offering a higher achievable value of κs1. 
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Figure 4.17 Relationship between first order inter- and intra-ring coupling coefficients, for the cases of (i) no overlap, 

and intra-ring overlaps of (ii) Lh/ 5 and (iii) Lh/3. 

4.2.3 Inter-ring Coil Overlap 

We now consider the alternative strategy of overlapping the two rings themselves. Figure 4.18 (a) 

shows a planar view of part of a coupled ring system with inter-ring element overlap. Here, we 

assume that the amount of overlap can again be expressed as Lv/m, with m changing from 5 to 3. 

Here, we keep the distance d separating the first order intra-ring elements fixed at 2 mm. Figure 4.18 

(b) shows a 3D view of an entire coupled MI ring system, with inter-ring overlap. 

 

Figure 4.18 (a) Two pairs of overlapping elements from a coupled ring resonator system, (b) FastHenry model, 

showing elements with inter-ring overlap. 

As before, the self-inductance and the self-resistance are independent of inter-ring overlap, since these 

characteristics are inherent. We therefore focus on the changes to the coupling coefficients, starting 

with the first order inter-ring coefficient.  Figure 4.19 shows the variation of κd1 with Lv/Lh for i) no 

overlap, and ii) and ii) different values of inter-ring overlap. The results are matched to a best curve 

fit. The overall shape of the curve is approximately independent of the overlap, but shifts up as Lv /Lh 

increases. 
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Figure 4.19 Variation of first order inter-ring coupling coefficient with Lv /Lh, for the cases of (i) no inter-ring 

overlap, and inter-ring overlap (ii) of Lv /5 and (iii) Lv /3. 

As before, to explain the shape of the plot, we consider how each component of the mutual inductance 

between the elements changes as Lv/Lh increases. Figure 4.20 shows a pair of coupled coils from a 

coupled ring system with inter-ring overlap. As before, a small horizontal offset has been introduced 

for clarity, and the individual wires have been numbered.  

 

Figure 4.20 A pair of overlapping elements from different rings in a coupled ring system. 

Equation 13 details the important contributions to the overall mutual inductance M. As Lv increases, 

the positively-valued terms M1,6 and M4,8 increase, while the negatively valued M1,8, M4,6 also increase 

due to the wires becoming longer. At the same time, when Lh decreases, the negative M5,7 decreases, 

and the positive terms M2,7, M3,7, M5,9 and M5,10 also decrease. In turn, this leads to M becoming 

positive and increasing, since |M1,6 + M4,8| > |M1,8 + M4,6| and |M5,7| > | M2,7 + M3,7 + M5,9 + M5,10 |. 

M = M1,6 + M4,8 − M1,8 − M4,6 − M5,7 + M2,7 + M3,7 + M5,9 + M5,10 

Equ 4.11 

Figure 4.21 shows the variation of the second and third order inter-ring coupling coefficients with Lv 

/Lh for the two usual cases, i) no overlap and ii) and ii) two different values of inter-ring overlap. The 

simulated results are matched with a best-fit curve. Here we see that κd2 and κd3 also increase with 

inter-ring overlap, due to second and third neighbours moving closer. Conversely, κd2 and κd3 remain 

negative since there is no overlap between these neighbours. It is also noted that the point at which the 

coupling coefficients decrease again – due to Lh becoming too small to provide much coupling – 
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shifts to the right. This is because, with the inter-ring overlap, the mutual inductance between the 

horizontal wires affects M relatively less than without the overlap, and it takes longer for κd2 and κd3 

to start decreasing. 

 

Figure 4.21 Variation of (a) second and (b) third order inter-ring coupling coefficient with Lv / Lh, (i) no inter-ring 

overlap, and overlap of (ii) Lv /5 and (iii) Lv /3. 

Figure 4.22 (a), (b) and (c) show how the first, second and third order intra-ring coupling coefficients 

vary with Lv /Lh for the usual three cases. Here we see that all of the intra-ring coefficients remain 

essentially constant with overlap, because the distance between the first, second and third neighbours 

of the same ring are unchanged. The slight differences shown in Figure 4.22 (b) and (c) caused by 

overlap is due to the small increase in distance between neighbouring elements, since the coils in each 

ring  must lie in different planes to accommodate an overlap. 

 

Figure 4.22 Variation of (a) first, (b) second and (c) third order intra-ring coupling coefficients with Lv /Lh, for (i) no 

inter-ring overlap, and overlap of (ii) Lv/5 and (iii) Lv/3. 

Figure 4.23 shows the trade-off between κs1 and κd1. Here we can see that the ‘locus’ of the 

relationship shifts upwards, due to the increased value of κd1. This effect implies that, for the same κs1, 

we can now achieve a higher κd1 by overlapping the elements of the two rings. 
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Figure 4.23 Relationship between first order inter- and intra-ring coupling coefficients (i) no overlap between 

elements, and overlap of (ii) Lv/5 and (iii) Lv/3. 

It seems, therefore, that there is benefit to be gained from overlapping elements. However, it is still 

unclear which arrangement is best. One point worth mentioning is that with intra-ring overlap, there 

was an increase in the second and third order coupling coefficients, as well as all the intra-ring 

coefficients. Conversely, with the inter-ring overlap, the inter-ring coefficients did increase, but all the 

intra-ring coefficients remained constant. Therefore, intra-ring overlap seems to offer an extra 

advantage not seen with inter-ring overlap. 

4.2.4 Design Optimisation 

Results so far give an idea the effect of intra- and inter-ring overlap on the coupling coefficients of a 

coupled MI ring resonator system. Now it is necessary to decide which design will most effectively 

isolate the first anti-symmetric mode. To aid in this, we now study the resonance spectra obtained 

using a subset of designs. Figure 4.24 (a), (b) and (c) show mode spectra for element dimensions of Lv 

= 20 mm and Lh = 25.6 mm and the same track parameters and separations as before, for the three 

cases of i) no overlap, and ii) and iii) intra- and inter-ring overlap, by Lh/5 and Lv/5, respectively. 

 

Figure 4.24 Mode spectra for a coupled MI ring resonator systems with Lv = 20 mm and Lh = 25.6 mm, for (a) no 

element overlap, (b) intra-ring overlap by Lh/5, (b) inter-ring overlap by Lv/5. 

From Figure 4.24 (a), the no overlap case, the first anti-symmetric mode is the second highest 

resonance in the anti-symmetric set. For the dimensions considered, this mode of interest coincides 
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with the lowest frequency symmetric mode, which means that there will certainly be B1 coupling. For 

other dimensions this may not be the case, but it is an indication that the first anti-symmetric mode is 

not well isolated. With the intra- and inter-ring overlap, the first order intra- and inter-ring coupling 

coefficients become positive, which affects the position of the modes. The effect can be studied most 

easily using the relevant dispersion diagrams, using the same parameters. 

Figure 4.25 (a) shows the dispersion diagram for the coupled ring system with intra-ring overlap. 

Here, the first anti-symmetric mode is labelled and is separated in frequency from all symmetric 

modes. Furthermore, by shading the range occupied by the symmetric modes, we see that it is only the 

fourth anti-symmetric mode that occupies this range and all other anti-symmetric modes lie outside it. 

 

Figure 4.25 Dispersion diagram for coupled ring resonator system with Lv = 20 mm and Lh = 25.6 mm (a) with intra-

ring element overlap of Lh /5, (b) with inter-ring element overlap of Lv /5. 

We can, therefore, identify the position of the first anti-symmetric mode in Figure 4.24 (b) as shown 

by the arrowed line, and it is evident that the rejection of uniform fields will inevitably improve using 

this configuration. In addition to this, Figure 4.24 (b) shows that the bandwidth occupied by the anti-

symmetric modes has increased as required. Conversely, the bandwidth occupied by the symmetric 

modes has decreased; but this does not have a negative impact on the working of the device. 

In contrast, with inter-ring overlap, we obtain undesired results. Figure 4.24 (c) shows the anti-

symmetric modes all nestled within the symmetric modes, with the former occupying a smaller and 

the latter having a larger bandwidth. From the dispersion diagram in Figure 4.25 (b) we confirm that 

since the intra-ring coupling coefficients have not changed sign, the frequency order of the anti-

symmetric modes remains the same as it was without overlap. The first anti-symmetric mode is shown 

by the arrowed line in Figure 4.24 (c), and, again, for the dimensions considered, falls at the same 

frequency as the first symmetric mode. Once again, this may not occur for other dimensions, but 

having anti-symmetric modes within the frequency range of symmetric modes increases the 

likelihood. 

Similar observations can be made for all other element dimensions shown in Table 4.1. Thus we draw 

the conclusion that an intra-ring overlap offers the best chance in isolating the first anti-symmetric 

mode and rejecting symmetric modes. Figure 4.26 (a) and (b) show the mode spectra and the 
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dispersion diagram of the coupled MI ring resonator system with the same dimensions, but with an 

intra-ring overlap of Lh/3. By comparing these plots with those for Lh/5 in Figure 4.24 and 

Figure 4.25, we see that the larger overlap offers an improvement by making the anti-symmetric 

modes occupy an even larger bandwidth and pushing the first such mode further away from others. 

With an overlap of Lh/3 the anti-symmetric mode is 0.0128 away from its closest neighbour, while 

with an overlap of Lh/5 this decreases to 0.0096. Therefore, the best design would be to overlap the 

elements of each MI ring as much as possible. 

 

Figure 4.26 (a) Mode spectra and (b) dispersion diagram for coupled MI ring resonator system with Lv = 20 mm, Lh = 

25.6 mm and an intra-ring overlap of Lh/3. 

4.2.5 Device Dimensions 

We have learnt from Figure 4.12 that increasing element larea offers a better compromise between the 

values of κs1 and κd1. However, in practice, we are constrained by the dimensions of the 

Biodegradable Anastomosis Ring Figure 4.27 shows a BAR with its dimensions annotated [35]. 

Clearly these are chosen for anatomical compatibility, and must be considered when making any 

decision on the dimensions of the coupled MI ring resonator system and its individual coils, as 

follows. 

 

Figure 4.27 The BAR with annotated dimensions. [34] 

The length of 20 mm determines the length of Lv. If we assume that each half of the BAR is identical, 

we can limit Lv to 10 mm. Now, the gap between the two halves of the BAR ranges from 1.5 to 2.5 
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mm to accommodate different bowel thicknesses, and this determines the distance between the two 

MI rings. Similarly, the BAR diameter has a range of 25 to 34 mm to accommodate different bowel 

diameters, including the small and large intestines. This limits the range of Lh. However, the amount 

of overlap also affects this length. 

We know that the greater the overlap, the better isolated the first anti-symmetric mode will be. 

Additionally, the greater the overlap, the larger Lh can be, within the BAR dimensions. Therefore, we 

choose an overlap of 4Lh/9, with m = 9/4. This value satisfies another important constraint on m, 

namely that m < 2 so that the second neighbours do not touch. Since the circumference of the ring is C 

= πD, where D is the diameter and C = 8Lh – (8 × 4Lh/9) = 40Lh/9, we can obtain the relationship in 

Equ 4.12 between Lh and the diameter of the device for 4Lh/9 intra-ring overlap. This limits the 

allowable range of Lh to between 17.5 and 24 mm. 

𝐿ℎ =
9𝜋𝐷

40
 

Equ 4.12 

We first let Lv = 7 mm and choose the two extreme values for Lh to investigate the best dimensions. 

With Lh = 24 mm, we have a larger element area and would expect a larger self-inductance and self-

resistance, as well as stronger intra- and inter-ring coupling. Additionally, the value of ln(Lv/Lh) = -

0.92 and -1.23 for Lv = 7 mm and Lh = 17.5 mm and 24 mm respectively. Reviewing the results of 

previous sections, specifically Figure 4.14 to Figure 4.16, we see that the larger Lh increases κs1 and 

κd1 even more, but decreases the second and third order intra- and inter-ring coefficients. To see the 

overall effect on isolating the first anti-symmetric mode, we compare the resonance spectra and 

dispersion diagrams for the two different coupled MI ring systems. 

Figure 4.28 (a) and (c) shows the mode spectra for the two coupled MI rings with 4Lh/9 intra-ring 

overlap, Lv = 7 mm and Lh = 17.5 mm and 24 mm respectively. As expected the large overlap has 

resulted in good rejection of symmetric modes with 41.5 dB and 46.9 dB for the smaller and larger 

elements respectively. Additionally, the first anti-symmetric mode is completely isolated in frequency 

from all symmetric modes. Furthermore, for the device with the larger elements, the difference in 

frequency between the first and zeroth anti-symmetric modes is greater. 
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Figure 4.28 (a), (c) Mode spectra for coupled MI ring resonator systems with 4Lh /9 intra-ring overlap, Lv = 7 mm and 

Lh = 17.5 mm, 24 mm respectively. (b), (d) corresponding dispersion diagrams. 

Figure 4.28 (b) and (d) shows the corresponding dispersion diagrams. Here we can calculate that the 

distance in normalised frequency between the first anti-symmetric mode and the zeroth anti-

symmetric mode is
9
 0.0162 and 0.0271 for the smaller and larger elements respectively, representing a 

67% increase for the larger device. Here it can also be seen that the zeroth and first symmetric modes 

have changed positions in frequency. This alteration is more pronounced in the smaller device; 

effectively making the symmetric modes be generated by both backward and forward MI waves.  

This phenomenon is not well understood and it is unclear if it will have any effect on operation, and 

so – for now – it is best to avoid designs giving such results. Decreasing the ratio Lv/Lh eliminates the 

problem. We therefore choose Lv = 4 and Lh = 24 mm, a combination known to give satisfactory 

performance. Figure 4.29 (a) and (b) show the mode spectra and the dispersion diagram for the 

coupled ring system with these element dimensions. From the dispersion diagram we confirm that 

both the symmetric and anti-symmetric modes exhibit forward wave behaviour and that the 

normalised frequency difference between the first anti-symmetric mode and its nearest mode is 0.028. 

From the mode spectra we calculate the rejection to be 49.3 dB implying a better performing device. 

                                                      
9
 Multiplying these numbers by ω0/2π gives the value in Hz. 
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Figure 4.29 (a) Mode spectra and (b) dispersion diagram for coupled MI ring resonator system with Lv = 4 mm and 

Lh = 24 mm and intra-ring overlap of 4Lh/9. 

4.3 Device Fabrication 

We now consider the construction of experimental devices based on the design rules developed above. 

Figure 4.30 shows the FastHenry model of the proposed device, namely a coupled MI ring resonator 

system, with the coils of each ring overlapped by 4Lh/9. The overall diameter is 34 mm and the length 

is 18 mm, including the capacitor elevations. There are two layers to the device, an inner and outer 

layer, to allow for the intra-ring overlap. The offset of 1 mm between the two layers reduces the 

parasitic capacitance that would be obtained if the tracks were positioned exactly on top of each other. 

 

Figure 4.30 FastHenry model of coupled MI ring device, diameter = 34 mm, length = 18 mm, Lv = 4 mm, Lh = 24 mm 

Fabrication requires a flexible PCB and a supporting plastic scaffold. Figure 4.31 shows a scale 

diagram of the track layout. The upper (black) track shows the inner coils of the coupled MI ring 

resonator system, while the lower (red) track shows its outer coils. Bearing in mind the thickness of 

the flexible PCB, the inner elements must either be closer together than the outer elements, or have a 

shorter Lh. The first option means that the higher order coupling coefficients will be slightly different; 

while the second implies that the self-inductance of inner coils would be slightly lower than that of 

outer coils. The first choice is considered likely to have less of an impact on performance. Thus for a 

diameter of 34 mm, with Lh = 24 mm, and track width of 0.5 mm, the spacing between the inner 

elements is 2.67 mm and the spacing between the outer elements is 2.76 mm. 
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Figure 4.31 Circuit tracks to be printed for device fabrication. Coils are drawn to scale. 

Once the tracks have been printed on flexible PCB, they can be overlaid. Figure 4.32 shows how the 

two layers are positioned on top of each other, so that inter-ring elements have an overlap of 4Lh /9. 

Once the flexible PCB is wrapped round the plastic ring with an outer diameter of 34 mm, all the 

intra-ring coils will have the desired overlap. 

 

Figure 4.32 Circuit tracks overlapped to form an 'unwrapped' coupled MI ring 

The flexible PCB used to print the track is a flexible laminate from Mega Electronics [202]. 

Figure 4.33 (a) shows a photograph of the laminate, while Figure 4.33 (b) details its cross-section. 

The laminate consists of a 50 μm polyester base carrying a 35 μm copper coating and a photosensitive 

resist covered by a light-proof seal. Each sheet is 30.5 × 50 cm and is singulated into individual 

circuits of the correct size after development and etching. 

 

Figure 4.33 (a) Flexible laminate [202], and (b) cross-section showing thickness of layers. 
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4.3.1 Manufacturing the MI Rings 

The following steps are used to produce a circuit. The track layout is first printed on a specially 

formulated sheet that allows for the production of PCBs directly from a laser printer. Here we have 

used LaserJet sheet, again from MegaElectronics [203]. The printed circuit is then placed face upward 

on a UV light tray and the flexible laminate is placed on top, photoresist side down. The laminate has 

a positive photoresist, allowing the area exposed to light to be removed by development, while the 

tracks shielded from the light by the printed mask remain unaffected. After exposure, the tracks may 

be seen as very faint lines in the resist. The resist is then developed in a tray of sodium hydroxide 

solution, which is gently rocked from side to side to ensure uniform development. 

Once all the exposed photoresist has been dissolved, the laminate is removed from the tray, washed 

and, immersed in copper etchant. Here a sodium persulphate solution is used, and the tray is contained 

in a warm water bath, since the optimum etchant temperature is between 40
o
C and 55

o
C. Again, the 

tray is gently rocked to aid in etching. Originally, the etchant is transparent and changes to light blue 

as the copper starts dissolving. Figure 4.34 shows the tray with the light blue sodium persulphate 

solution. This white tray is contained in another larger black tray filled with warm water. Here the 

flexible laminate is also shown and we see the copper dissolving from the outside inwards. 

 

Figure 4.34 Flexible laminate with conducting printed circuit in etchant solution 

Once all the exposed copper has been removed and only the circuit tracks – protected by the 

photoresist – remain, the flexible laminate is removed from the etching tray and washed. Finally, 

residual photoresist is removed, and the sheet is separated into strips. Figure 4.35 shows two such 

strips ready for use. Surface-mount capacitors (whose values are chosen to achieve the desired 

resonant frequency) are then soldered to the landing sites using lead-tin solder. Small cut-outs are 

made in the plastic sheet, to allow overlay without these capacitors interfering with the arrangement. 
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Figure 4.35 PCBs for a coupled MI ring system with Lv = 4 mm and Lh = 24 mm 

The coupled ring system is then assembled. An annular plastic scaffold representing a BAR is first 

machined in the workshop with an appropriate outer diameter and additional mounting points. Strips 

containing inner and outer elements are positioned as previously shown in Figure 4.32, are wrapped 

round the plastic scaffold and attached with adhesive. Figure 4.36 shows a completed coupled MI ring 

device made from elements with dimensions 4 × 24 mm and having a diameter of 34 mm. 

 

Figure 4.36 Final coupled MI ring device with Lv = 4 mm, Lh = 24 mm, diameter = 34 mm, length = 18 mm 

Initial benchtop evaluation is then carried out. Figure 4.37 (a) shows the arrangement for measuring 

the resonance spectrum. A machined plastic base plate is used to provide. mounting features for a pair 

of measurement transducers. Each pair of elements is tagged with a number, providing four 

identifiable diameters across which measurements can be taken. Figure 4.37 (b) shows a diagram 

representation of the set-up, indicating the element tagging and the position of the transducers across 

the diameter 1-5. Generally, consistent results were obtained at each position. 
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Figure 4.37 Set-up for measuring the resonance spectrum of a coupled MI ring device: (a) experimental arrangement, 

and b) element numbering system. 

Figure 4.38 shows the measured mode spectra for this device. Here the ring is not tuned to a particular 

design frequency. Instead, capacitors of approximately the correct value (150 pF) are simply 

connected to all coils to allow for rotational resonance. In this case, the inductance of a single coil is 

equal to 36.3 nH and thus f0 = 68.24 MHz. The average Q-factor for a single element at this frequency 

is 39. Examining the mode spectra, we find, as expected, that the first anti-symmetric mode is the 

second lowest resonance and has a Q-factor of 41.  The rejection of the nearest symmetric mode is 19 

dB, implying that the voltage induced by uniform B1 fields will be reduced by a factor of 9. This is a 

vast improvement over the measured rejection of the early devices with no overlap; however, it is 

lower than the theoretically predicted value and also lower than what is required practically. 

Therefore, considering other dimensions – perhaps larger – is an option. 

  

Figure 4.38 Measured mode spectra for the experimental coupled MI ring device. 

Since the predicted and measured rejections differ, the corresponding coupling coefficients were 

measured. To do so, individual elements were detached and placed as they would be in the first, 

second and third order neighbour positions etc. Figure 4.39 shows how this is done for κs1, κs2 and κd1. 

Here a paper printout of the circuit layout is used to guide the placement of the coils. Then the coils, 

along with the guide, are placed between the transducers connected to the network analyser. 
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Figure 4.39 Arrangement for measuring coupling coefficients. 

Table 4.2 compares the measured and theoretical coupling coefficients. Here it can be seen that the 

experimental values are indeed less than the theoretical ones. One possible explanation is alterations 

to the track width caused by the relatively crude lithography and etching used for PCB manufacture. 

Table 4.2 Theoretical and experimental coupling coefficients for prototype coupled MI ring. 

Intra-ring Coupling Coefficients Inter-ring Coupling Coefficients 

 Experiment Theory  Experiment Theory 

κs1 0.18 0.26 κd1 -0.08 -0.14 

κs2 -0.01 -0.016 κd2 -0.01 -0.075 

κs3  -0.0037 κd3  -0.0096 

κs4  -0.0029 κd4  -0.003 

   κd5  -0.0022 

 

Figure 4.40 compares the theoretical and experimental dispersion diagrams. We can see that due to 

the decreased coupling coefficients, the overall bandwidth is less than what is expected theoretically. 

In fact, the experimental normalised bandwidth is 0.23 while the theoretical value is 0.32. This 

translates to a difference of: (0.32 – 0.23) x 63.85 = 5.75 MHz at 1.5 T. The most likely explanation is 

parasitic capacitance from the overlapped tracks [200], and this is explored further in the next section. 

 

Figure 4.40 Dispersion diagram for prototype coupled MI ring device. 
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4.3.2 Effect of the Track Width 

To determine the possible effects of track dimensions on device performance, devices were fabricated 

with two further track widths. Figure 4.41 (a) and (b) show images of these devices, which have track 

thickness of 0.35 mm and 1 mm respectively. 

 

Figure 4.41 Coupled MI ring devices with track widths of (a) 0.35 mm and (b) 1 mm. 

Devices were constructed as previously described, and the coupling coefficients and resonance spectra 

were then measured. Table 4.3 compares the measured and theoretical coefficients. Here we note that 

the corresponding values are very similar for the device with the thin tracks, experimental coefficients 

are lower than theoretical ones for thick tracks. This result indicates that the experimental reduction in 

bandwidth is due to track width, and consequently to parasitic capacitance. 

Table 4.3 Experimental and theoretical coupling coefficients for coupled MI ring devices with different track widths 

 w = 0.35 mm w = 1 mm 

 Experiment Theory Experiment Theory 

κs1 0.24 0.24 0.17 0.27 

κs2 -0.015 -0.015 -0.01 -0.020 

κs3  -0.0034  -0.0045 

κs4  -0.0027  -0.0036 

κd1 -0.12 -0.12 -0.087 -0.16 

κd2 -0.071 -0.071 -0.05 -0.077 

κd3  -0.0088 -0.0061 -0.118 

κd4  -0.0027  -0.0036 

κd5  -0.0021  -0.0028 

 

Figure 4.42 shows the resonance spectra for devices with differing track widths. Here, all modes are 

shown. Clearly, the device with 0.35 mm track width has the largest bandwidth, followed by the 

device with 0.5 mm tracks and finally that with 1 mm tracks. This is unexpected, since the device with 

the widest bandwidth should have the largest coupling coefficients, resulting in its mode spectrum 

occupying the largest range of frequencies. 
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Figure 4.42 Comparison of resonance spectra for the coupled MI ring device with different track widths 

Figure 4.43 (a) shows a portion of the track layout, highlighting the overlap regions. The effect is 

shown in the equivalent circuit in Figure 4.43 (b), which shows four of the coils forming the coupled 

MI ring. In addition to the usual circuit parameters, there is now a stray capacitance, Cs, between each 

pair of intra-ring elements; in linear MI cable systems, this has been shown to have a significant effect 

on bandwidth . Unfortunately, the effect of the stray capacitance cannot be compensated for using a 

change in capacitance, C, and so using such wide tracks is discouraged. 

 

Figure 4.43 (a) Track layout of coupled MI ring showing position of track overlap, (b) equivalent circuit, showing the 

stray capacitance, Cs. 

We must now make a choice between the devices with w = 0.35 mm and 0.5 mm. Table 4.4 compares 

their performance. Here we notice that they are very close in terms of rejection, isolation of the first 

anti-symmetric mode from its nearest unwanted neighbour and Q-factor. Thus, although it appears 

that parasitic capacitance can indeed be blamed for the observed effects, there is no significant 

performance advantage to be obtained from reducing the track width. However, the best rejection 

achieved so far is 19.6 dB, lower than the value needed to suppress artefacts during MRI. 
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Table 4.4 Performance comparison of coupled MI ring devices with different track widths. 

 w = 0.35 mm w = 0.5 mm 

Rejection (dB) 19.6 19.2 

Normalised frequency difference from nearest 

undesired resonance 

0.025 0.021 

Q-factor at the desired anti-symmetric mode 40.1 40.7 

4.3.3 Larger Device Dimensions 

To attempt to increase the rejection of symmetric modes, a larger device was constructed, with an 

overall diameter of 49.5 mm, a length of 22 mm, and element dimensions of Lv = 6 mm and Lh = 35 

mm. These dimensions are no longer compatible with human anatomy, but will provide a useful 

yardstick for comparison with smaller devices. The overlap of 4Lh /9 and the track width of 0.5 mm 

were retained. Figure 4.44 shows this larger device. 

 

Figure 4.44 Larger coupled MI ring device: diameter = 49.5 mm, length = 22 mm, Lv = 6 mm, Lh = 35 mm. 

Figure 4.45 (a) shows the measured mode spectrum of this device, and Figure 4.45 (b) shows a 

comparison between the theoretical and experimental dispersion diagrams. From Figure 4.45 (a), we 

calculate the rejection to be 24.7 dB and the Q-factor at the first anti-symmetric resonance to be 67. 

Both values are an improvement over the smaller devices. Additionally, from the dispersion diagram, 

we see that the theoretical and experimental coupling coefficients are nearly identical, indicating that 

the effect of track width reduces as overall device size in increases. 

 

Figure 4.45 (a) Mode spectra and (b) dispersion diagram for larger coupled MI ring device. 
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4.4  Conclusions 

In conclusion, a systematic search of the effects of geometric parameters on the performance of 

coupled ring resonator systems appears to have identified arrangements likely to allow reasonable 

magnetic resonance imaging performance. To confirm this, we review the performance of small and 

large systems, both with a track width of 0.5 mm. Figure 4.46 compares the resonance spectra for the 

two devices. Here the larger device’s higher Q-factor is more evident, as well as its larger bandwidth. 

It is thus more likely that the larger device will perform better. However, since the small device fits 

inside the human bowel and BAR, while the larger device does not, both will be tested inside the MRI 

scanner to confirm that they offer a higher SNR than an external coil. In the next Chapter we calculate 

the field-of-view of the devices before evaluating their experimental imaging performance in the last 

technical Chapter. 

 

Figure 4.46 Resonance spectra of small and large coupled MI ring devices, with w = 0.5 mm. 
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5 Field Of View 
Broadly speaking, the field of view (FOV) of any MRI reception coil is the volume within which the 

magnetic moment of a group of precessing dipoles is able to induce a significant voltage in the coil. In 

more detail, it represents the useful volume of the spatially varying sensitivity or reception pattern of 

the coil. For the implanted sensor considered here, we require methods to calculate the FOV and 

match it to the tissue of interest. Particularly, it is desirable that the sensitivity of the device is highest 

where the annular wound in the bowel lumen is located, and falls off radially away, to reduce the 

amount of detected body noise. 

In this Chapter, we start by calculating the general expression for the reception pattern of any coil. We 

then use this to calculate the FOV of the coupled MI ring device, analysing where the sensitivity is 

highest, where it is zero and the rate at which it decreases. We then consider how the coupling 

between the external MRI receive coil and the internal MI ring coil affects its FOV. This is done for 

the cases of a single MI ring resonator and a coupled MI ring system, highlighting how the anti-

symmetric operation of the latter affects the receiver type we are able to use. Finally, the sensitivity of 

the side-view of the coupled MI ring device is examined to confirm any zero-sensitivity regions and 

conclude what should be seen in subsequent MRI testing. 

5.1 Coil Reception Pattern 

It is generally difficult to calculate the voltage, Vs, induced in the coil by a magnetic moment, m, 

located in arbitrary position in space. However, the reciprocity principle (which implies that the 

electromagnetic effect at a point Y due to a source at point X is directly related to the effect at X due 

to a source at Y) provides a convenient method to calculate the sensitivity pattern from the magnetic 

field created when the reception coil is driven [138]. We illustrate this first in general and then with a 

number of examples. 

The reciprocity principle implies that the signal voltage Vs(t) induced in the coil by a time-varying 

magnetic moment, m(t), is given by 

Vs(t) = −
d

dt
 [𝐁 .𝐦(t)] 

Equ 5.1 

Where 𝐁 is the magnetic field produced by the unit current at the location of m. Assuming that the 

static magnetic field B0 is in the z-direction, magnetic dipoles precess about the z-axis at the Larmor 

frequency ωL, with a transverse magnetization Mxy per unit volume. The most important contribution 



140 

 

to B is then the transverse component Bxy lying in the x-y plane. For a volume dv of dipoles, the 

induced voltage in the coil is now equal to: 

Vs(t) = −
d

dt
 [𝐁𝐱𝐲 . 𝐌𝐱𝐲(t)] dv 

Equ 5.2 

Now, the variation Bxy produced by the coil can be written as: 

𝐁𝐱𝐲 = μ0(Hx î + Hyj)̂ 

Equ 5.3 

Where 0 is the permeability of free space, Hx and Hy are the x and y components of the magnetic 

field, and i ̂ and j ̂ are the unit vectors in the x and y directions respectively. We can rewrite the 

magnetisation vector in terms of its components in the x- and y- axes as: 

𝐌xy(t) = M(î + j ĵ) exp(jωLt) 

Equ 5.4 

For a 90
o
 flip angle – commonly used in spin-echo imaging - the magnetization is entirely transverse, 

so M = M0, where M0 is the magnetization per unit volume. Taking the dot product between Bxy and 

Mxy, we obtain: 

𝐁𝐱𝐲. 𝐌𝐱𝐲(t) = μ0M0(Hx + jHy) exp(jωLt) 

Equ 5.5 

After differentiating, we can then obtain the induced voltage as: 

Vs(t) = −jωLμ0M0  [(Hx + jHy) exp(jωLt)] dv 

Equ 5.6 

For the purposes of the FOV calculations, we can disregard the time dependence and write the 

induced voltage in phasor form as: 

Vs = −jωLμ0M0 (Hx + jHy) dv 

Equ 5.7 

The magnitude of this voltage is then: 
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|Vs| = ωLμ0M0  √Hx
2 + Hy

2  dv 

Equ 5.8 

Since the majority of the terms above are constants, we may focus on the spatially dependent term 

√Hx
2 + Hy

2 to describe the sensitivity pattern of the coil. 

5.2 FOV of MI Ring Resonator 

The magneto-inductive sensor described in this thesis consists of a complicated three-dimensional 

arrangement of coupled resonators. Calculation of the FOV for such a system is normally a lengthy 

procedure, which requires a full 3D calculation of the vector magnetic field produced by the coil. 

Here we simplify matters by judicious use of two-dimensional approximations, in which the 3D 

structure is modelled in 2D, as a set of parallel wires for which the fields can be found analytically. 

We first calculate the FOV of a single wire, followed by the FOV for an individual coil. We then 

extend the approach to a whole MI ring resonator, and finally to a ring with overlapped coils. 

5.2.1 A Single Wire 

We start by considering an infinitely long wire, with current, I = 1, flowing through it. Figure 5.1 

shows a cross-section of the wire, with current flowing out of the plane of the paper, and the magnetic 

field produced by the current in the anti-clockwise direction. 

 

Figure 5.1 Cross-section of an infinitely long wire, with current flowing out of the plane of the paper. 

It is trivial to show using Ampere’s Law that the magnetic field Hθ is circumferential, and falls off 

inversely with radial distance r following Equ 5.9: 

Hθ =
I

2πr
 

Equ 5.9 

For the purposes of the FOV calculation, which uses Cartesian coordinates, this field can be resolved 

into its x- and y-components as follows: 
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Hx =
−I

2πr
sin (θ) 

Equ 5.10 

Hy =
I

2πr
cos (θ) 

Equ 5.11 

Knowing that r = √x2 + y2, cos(θ) =
x

r
 and sin(θ) =

y

r
, we can write Hx and Hy as 

Hx =
−I

2π
 

y

(x2 + y2)
 

Equ 5.12 

Hy =
I

2π
 

x

(x2 + y2)
 

Equ 5.13 

The spatial variation of sensitivity can then be found as: 

S = √Hx
2 + Hy

2 =
1

2π(x2 + y2)
 √x2 + y2 =

I

2π√x2 + y2
 

Equ 5.14 

Figure 5.2 shows a 2D contour map of the function S, which defines the spatial variation of the 

sensitivity. Here a wire of finite radius has been used, to avoid the problem of infinite fields at the 

origin. The sensitivity pattern is a function only of radius; since S = 1/2r, this clearly falls off as 1/r, 

a well-known feature of the so-called ‘loopless catheter antenna’ [118]. 

  

Figure 5.2 Spatial variation of sensitivity for single long wire. 
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5.2.2 A Single Rectangular Element 

Following Atalar [138] we now extend the approach above to model the sensitivity pattern of a long, 

thin rectangular coil, which in a 2D approximation can be modelled as two infinitely long parallel 

wires. Figure 5.3 shows a cross-section. The wires are parallel and placed at y = 0, are displaced from 

the origin by –x0 and x0 and carry currents of -1 and 1 respectively. 

 

 

Figure 5.3 Approximation of a single element as two long wires, showing current distribution and coordinates. 

Using appropriate origin shifting, the magnetic field for wires 1 and 2 alone can be obtained from the 

previous results for a single wire, as shown in Equ 5.15and Equ 5.16. 

Hx1 =
1

2π
 

y

((x + x0)
2 + y2)

 

 

Hy1
=

−1

2π
 

x + x0

((x + x0)
2 + y2)

 

Equ 5.15 

 

Hx2 =
−1

2π
 

y

((x − x0)
2 + y2)

 

 

Hy2
=

1

2π
 

x − x0

((x − x0)
2 + y2)

 

Equ 5.16 

 

Since Maxwell’s equations are linear, the total magnetic field can be found as the sum of that 

produced from each wire. For the x-component, we can write Hx = Hx1 + Hx2 , giving the total field 

shown in Equ 5.17: 

Hx =
−y

2π
[

−1

((x + x0)
2 + y2)

+ 
1

((x − x0)
2 + y2)

] 

Equ 5.17 

In the same way, the y-component Hy can be found as: 

Hy =
−1

2π
 [

x + x0

((x + x0)
2 + y2)

− 
x − x0

((x − x0)
2 + y2)

] 

Equ 5.18 

After some algebraic manipulation, the sensitivity variation can then be found as: 
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√Hx
2 + Hy

2

=
1

2π
√[

− y

((x + x0)
2 + y2)

+ 
 y

((x − x0)
2 + y2)

]
2

+
1

4π2 [
−(x + x0)

((x + x0)
2 + y2)

+ 
(x − x0)

((x − x0)
2 + y2)

]
2

 

Equ 5.19 

Figure 5.4 shows a contour map of this equation, with the axes normalised by x0. Again, we have used 

wires of finite radius, to avoid the problem of infinite fields at x = ± x0. Near each wire, there is a 

large peak in sensitivity, so the overall reception pattern is highly non-uniform. However, as r 

increases, the contours tend to circles, implying that radial symmetry is obtained at large distances. 

   

Figure 5.4 Spatial variation of sensitivity for a two-wire model of a single resonant element. 

This time, in the far field when r > x0, we can show that the FOV falls off as 
1

r2 [138], a well known 

property of rectangular loop coils. We start by writing Hx and Hy as: 

Hx =
1

2π
(Ax1 − Ax2) Hy =

1

2π
(Ay1 − Ay2) 

Equ 5.20 

Where 

Ax1 =
y

(x − x0)
2 + y2

 

 

Ax2 =
y

(x + x0)
2 + y2

 

Ay1 =
x + x0

(x + x0)
2 + y2

 

 

Ay2 =
x − x0

(x − x0)
2 + y2

 

 
Equ 5.21 

We now evaluate Ax1 when r
2
 >> x0

2
. Firstly, the square term is expanded and since r

2
 = x

2
 + y

2
, we 

obtain: 
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Ax1 =
y

r2 − 2xx0 + x0
2
 

 

Equ 5.22 

Since r
2
 >> x0

2
, we can approximate Ax1 as: 

Ax1 ≈
y

r2 − 2xx0
 

We now take out a factor of r
2
 from the denominator; using the binomial approximation, we then 

obtain: 

Ax1 ≈
y

r2 (1 −
2xx0

r2 )
≈

y (1 +
2xx0

r2 )

r2
 

Similarly, we can approximate the rest of the terms of Equ 5.21 as follows: 

Ax1 ≈
y (1 +

2xx0

r2 )

r2
 

 

Ax2 ≈
y (1 −

2xx0

r2 )

r2
 

Ay1 ≈
(x + x0) (1 −

2xx0

r2 )

r2
 

 

Ay2 ≈
(x − x0) (1 +

2xx0

r2 )

r2
 

 
Equ 5.23 

Substituting back into Hx and Hy, we get: 

Hx ≈
1

2π
[
y (1 +

2xx0

r2 )

r2
−

y(1 −
2xx0

r2 )

r2 ] =
1

2πr2 [
4yxx0

r2 ] 

Equ 5.24 

Hy ≈
1

2π
[
(x + x0) (1 −

2xx0

r2 )

r2
−

(x − x0) (1 +
2xx0

r2 )

r2 ] =
2x0

2πr2
[1 −

2x2

r2
] 

Equ 5.25 

If we now put 
x

r
= cos (θ),  

y

r
= sin(θ) and let s = 2x0, we obtain the simplified results below: 

Hx ≈
1

2πr2
[2s sin(θ) cos(θ)]  

Equ 5.26 
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Hy ≈
1

2πr2 [s(1 − 2 cos2(θ))] 

Equ 5.27 

And using the trigonometric identities 2 sin(θ) cos(θ) = sin (2θ) and 1 − 2 cos2(θ) = −cos(2θ) we 

arrive at the final equations: 

Hx ≈
s

2πr2
sin (2θ) 

Equ 5.28 

Hy ≈
−s

2πr2
cos (2θ) 

Equ 5.29 

These imply that the sensitivity in the far field can be written as: 

S = √Hx
2 + Hy

2 =
s

2πr2
 

Equ 5.30 

Figure 5.5 shows a comparison between the exact variation in sensitivity of a parallel-wire receiver 

system, shown in Equ 5.19, and the far-field approximation of Equ 5.30. Here the equations are 

plotted along the y = 0 axis and we make use of symmetry to plot x > 0 only. The y-axis is normalised 

to the highest sensitivity value and the x-axis is normalised to x0. It can be seen that in the far field – 

further than 3x0 – the two equations match and the reception sensitivity of a single rectangular loop 

does indeed fall off as 
s

2πr2. 

 

Figure 5.5 Spatial variation of sensitivity for single element compared with the far-field approximation 
𝐬

𝟐𝛑𝐫𝟐. 
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5.2.3 MI Ring Resonator 

We now repeat the FOV calculations for the case of the MI ring resonator. Figure 5.6 shows a plan 

view of a single octagonal ring with annotated current distribution on the outside of the ring, and 

coordinates on the inside of the ring. For a coupled MI ring system, operating on an anti-symmetric 

spatial mode, the current distribution for one ring is opposite to that for the other. Consequently, the 

FOV will be the same as for a single MI ring resonator, with a zero where the coupled rings meet. 

Therefore, it is enough to calculate the FOV for a single ring, and the results will also apply to the 

coupled ring configuration. 

In a single ring, supporting a single travelling wave, the current changes phase by a factor of 

exp(−jka) at every element. Thus for element, n, the current will be In = I0exp{−j(n − 1)ka}, with 

ka = 2/N for the primary resonance. The separate currents Inl and Inr can therefore be written as 

Inl = I0exp{−j(n − 1)ka} and Inr = −I0exp{−j(n − 1)ka}.  The coordinates (xn, yn) can of course be 

calculated using standard trigonometry. 

 

Figure 5.6 Plan view of single octagonal MI ring resonator. 

In the following calculations we make use of the fact that the current magnitude is the same at every 

element and assume it is equal to unity. Additionally, we make the approximation that each element is 

made of two very long wires next to each other, each labelled ‘r’ or ‘l’ for ‘right’ or ‘left’, as shown in 

the coordinates of Figure 5.6. Thus the resolved magnetic field in the x-axis is the sum of the 

magnetic field of all the ‘right’ wires and the magnetic field of all the ‘left’ wires as shown in 

Equ 5.31. 

Hx = ∑ Hxn,r +

8

n=1

Hxn,l 

Equ 5.31 

Here n denotes the element number and 
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Hxn,r =
−Inr

2π

y − ynr

{(x − xnr)
2 + (y − ynr)

2}
 

Equ 5.32 

Hxn,l =
−Inl

2π

y − ynl

{(x − xnl)
2 + (y − ynl)

2}
 

Equ 5.33  

 

Similarly, in the y-axis: 

Hyn,r =
Inr

2π

x − xnr

{(x − xnr)
2 + (y − ynr)

2}
 

Equ 5.34 

Hyn,l =
Inl

2π

x − xnl

{(x − xnl)
2 + (y − ynl)

2} 
 

Equ 5.35 

 

Similarly, the total y-component of the magnetic field is as shown in Equ 5.36: 

Hy = ∑ Hyn,r +

8

n=1

Hyn,l 

Equ 5.36 

Note that now Hx and Hy are both complex and so the sensitivity does not simply depend on 

√Hx
2 + Hy

2. We must, therefore, go back to Equ 5.6, and deal with the real and imaginary parts of 

the magnetic field separately. Repeating the previous calculation for the signal voltage Vs, but 

assuming that Hx and Hy now have real and imaginary components Hx,re, Hx,im, Hy,re and Hy,im we 

obtain: 

Vs = −jωLM0μ0[ (Hx,re + jHx,im) + j (Hy,re + jHy,im)] dv 

Equ 5.37 

Multiplying out and separating the real and imaginary parts, we can obtain the magnitude of the 

induced voltage as 

|Vs| = ωLM0μ0√(Hx,re − Hy,im)2 + (Hx,im + Hy,re)
2 dv 

Equ 5.38 

Therefore, the spatial variation in sensitivity, is now represented as 

S = √(Hx,re − Hy,im)2 + (Hx,im + Hy,re)
2 

Equ 5.39 

We now present results for specific ring geometries, without and with the overlap between elements 

needed to control the mode spectrum. For example, Figure 5.7 (a) shows a contour map of S for an MI 

ring resonator with Lh = 24 mm and Lv = 4 mm, based on planar elements with no overlap, while 
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Figure 5.7 (b) shows that for a ring with the curved elements of the same dimensions, but with intra-

ring overlap of 4Lh/9. The overlap is simply incorporated into the calculation by changing the 

coordinates of the MI ring. As before, wires with finite radius have been used to avoid the problem of 

infinite fields at the wires themselves. The plan view of the ring itself has also been superimposed on 

the sensitivity plots to show where the maxima and minima are in relation to the individual elements. 

Additionally, the axes are normalised to, R, the equivalent ring radius. 

 

Figure 5.7 Spatial variation of sensitivity for MI ring as per Equ 5.39 (a) with no overlap, and (b) with intra-ring 

overlap of 4Lh/9. 

For the ring with no intra-ring overlap, there are eight bright spots, corresponding to the eight pairs of 

closely spaced wires. The sensitivity peaks at each such pair, and decreases as we move further away. 

In contrast, for the ring with intra-ring overlap, the number of bright spots has doubled, since the 

individual wires are now distinguishable. However, in each case, there is 8-fold symmetry in 

sensitivity, with the highest sensitivity in a roughly annular region near the coil itself. As with other 

ring-type detection coils (the body coil for example), sensitivity is broadly constant inside the ring, 

decreasing radially outside. It also seems that the overlapped ring has higher sensitivity inside the ring 

than for the no overlap case. 

To quantify the variation in sensitivity of the MI ring resonator, we plot S along the diagonal formed 

between two pairs of closely spaced wires. For example, Figure 5.8 shows the variation in normalised 

sensitivity for the no overlap and overlap cases plotted along the lines y = x/2 and y = 0 respectively. 

Here, the y-axis has been normalised to the maximum value of S in each case and the x-axis is 

normalised to the device radius (which is different for each device, due to the overlap). 
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Figure 5.8 Spatial variation of sensitivity for MI ring resonator, for the two cases of i) no element overlap and ii) 

4Lh/9 element overlap. 

Without overlap, there are maxima at each wire, when the normalised distance equals 1, then a 

decrease towards the centre of the ring and away from it. A slower decrease is seen for the case with 

intra-ring overlap, and we also notice minima just inside the ring due to the overlapped elements. 

Another difference is that inside the ring the sensitivity is relatively higher for the ring with 

overlapped elements. 

To determine the rate of decrease of the FOV away from the ring, we first note that Inl = -Inr and we 

denote this value by In. We will then have the x- and y-components of the magnetic field as follows. 

Hxn = Hxnl + Hxnr =
In
2π

[  
(y − ynr)

{(x − xnr)
2 + (y − ynr)

2}
−

(y − ynl)

{(x − xnl)
2 + (y − ynl)

2}
] 

Equ 5.40 

Hyn = Hynl + Hynr =
In
2π

[ 
(x − xnl)

{(x − xnl)
2 + (y − ynl)

2}
−

(x − xnr)

{(x − xnr)
2 + (y − ynr)

2}
 ] 

Equ 5.41 

As with the two wire case, we deal with each part separately, and create the A variables below to aid 

in manipulating the magnetic fields: 

Axnl =
y − ynl

{(x − xnl)
2 + (y − ynl)

2}
 

Equ 5.42 

Axnr =
y − ynr

{(x − xnr)
2 + (y − ynr)

2}
 

Equ 5.43 

Aynl =
x − xnl

{(x − xnl)
2 + (y − ynl)

2}
 

Equ 5.44 

Aynr =
x − xnr

{(x − xnr)
2 + (y − ynr)

2}
 

Equ 5.45 

 

Using these, we can express the total x-component of the magnetic field as Hxn = Hxnr + Hxnl =

In

2π
 [Axnr − Axnl] and the total y-component magnetic field as Hyn = Hynr + Hynl =

In

2π
[Aynl − Aynr]. 
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We first work with Axnl. Writing r
2
 = x

2
 + y

2
, introducing rnl

2
 = xnl

2
 + ynl

2
 and noting that r

2
 >> rnl

2
 in 

the far field we can write: 

Axnl =
y − ynl

{r2 + rnl
2 − 2(xxnl + yynl)}

≈
y − ynl

{r2 − 2(xxnl + yynl)}
 

Equ 5.46 

Using a binomial expansion, we can then approximate Axnl as: 

Axnl ≈
1

r2
(y − ynl) (1 + 2

xxnl + yynl

r2
) 

Equ 5.47 

Using a similar approach, we can obtain analogous expressions for the other terms, as follows: 

Axnl ≈
1

r2
(y − ynl) (1 + 2

xxnl + yynl

r2
) 

Equ 5.48 

Axnr ≈
1

r2
(y − ynr) (1 + 2

xxnr + yynr

r2
) 

Equ 5.49 

Aynl ≈
1

r2
(x − xnl) (1 + 2

xxnl + yynl

r2
) 

Equ 5.50 

Aynr ≈
1

r2
(x − xnr) (1 + 2

xxnr + yynr

r2
)  

Equ 5.51 

 

Combining these terms, we can obtain for the magnetic fields of individual elements: 

Hxn =
In

2πr2 [(y − ynr) (1 + 2
xxnr + yynr

r2
) − (y − ynl) (1 + 2

xxnl + yynl

r2
)] 

Equ 5.52 

Hyn =
In

2πr2 [(x − xnl) (1 + 2
xxnl + yynl

r2
) − (x − xnr) (1 + 2

xxnr + yynr

r2
)] 

Equ 5.53 

Now we make use of the symmetry of the ring to simplify the problem. Note that we have the 

relationships in Table 5.1 between the ‘left’ and ‘right’ coordinates and so we can represent 

everything in terms of the left coordinates only. 

Table 5.1 Relationship between the coordinates of the ‘left’ and ‘right’ wires of each coil. 

n Relation between right and 

left coordinates 

1, 5 xnr = xnl 

ynr = −ynl 

2, 6 xnr = ynl 

ynr = xnl 

3, 7 xnr = −xnl 

ynr = ynl 

4, 8 xnr = −ynl 
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ynr = −xnl 

 

Additionally, following the more detailed ring geometry shown in Figure 5.9 we have the following 

formulae for the ‘left’ ring coordinates: 

xnl = R cos((n − 1)
π

4
+ α) = R [cos ((n − 1)

π

4
) cos(α) − sin ((n − 1)

π

4
) sin(α)] 

Equ 5.54 

ynl = R sin((n − 1)
π

4
+ α) = R [sin((n − 1)

π

4
) cos(α) + cos((n − 1)

π

4
) sin(α)] 

Equ 5.55 

Here R is the circumradius of the octagonal ring, Lh is the length of its side, corresponding to the 

horizontal length of a single element, and α = sin−1 (
Lh 2⁄

R
) is the half-angle subtended by each 

element.  

 

Figure 5.9 Plan view of single MI ring resonator, showing R, Lh and α dimensions. 

Using Equ 5.54 and Equ 5.55, we come to the relationships in Equ 5.56 between the coordinates. 

x1l = −x5l = y3l = −y7l 

x2l = −x6l = y4l = −y8l 

x3l = −x7l = −y1l = y5l 

x4l = −y2l = y6l = −x8l 

Equ 5.56 

Assuming the magnitude of the current is equal to unity, In = exp{-j(n-1)ka}. For the first mode of an 

8-element ring, ka =
π

4
 and the current can be represented as in Equ 5.57: 
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In = exp {−j(n − 1)
π

4
} = cos {(n − 1)

π

4
} − jsin {(n − 1)

π

4
} 

Equ 5.57 

These results can be used to calculate Hx,re, Hx,im, Hy,re and Hy,im separately, and Equ 5.38 can then be 

used to calculate the final variation in sensitivity. Using the simplifications of Equ 5.56 and Table 5.1 

Hx,re becomes 

Hx,re =
1

2πr2 {[−x2l2√2 − 4x3l − x4l2√2] +
2y2

r2 [x2l2√2 + 3x3l + x4l2√2]} 

Equ 5.58 

And using Equ 5.54 it becomes 

Hx,re =
1

2πr2 {8R sin (α) +
2y2

r2
[−7Rsin(α)]} 

Equ 5.59 

We can now make the substitution cosθ = x/r and sinθ = y/r to get: 

Hx,re =
1

2πr2
{8R sin (α) + 2sin2(θ)[−7Rsin(α)]} 

Equ 5.60 

And putting 2 sin
2
(θ) = 1 – cos(2θ) we finally get: 

Hx,re =
1

2πr2
{8R sin (α) + (1 − cos(2θ))[−7R sin(α)]} 

Equ 5.61 

Carrying out similar manipulations for Hx,im, Hy,re and Hy,im, we obtain: 

Hx,im =
−1

2πr2
{sin (2θ)[8R sin (α)]} 

Hy,re =
1

2πr2
{sin (2θ)[8R sin(α)]} 

Hy,im =
−1

2πr2
{ [8R sin(α)] + (1 + cos(2θ))[−7R sin(α)]} 

Equ 5.62 

Finally, noting that Hx,im = - Hy,re we can obtain the sensitivity variation as:  
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S = √(Hx,re − Hy,im)
2
+ (Hx,im + Hy,re)

2
= √(Hx,re − Hy,im)2 = Hx,re − Hy,im 

Equ 5.63 

Making the necessary substitutions, we obtain the result S =
R sin(α)

πr2   which after substituting sin(α) 

with 
0.5×Lh

R
 becomes: 

S =
Lh

2πr2
  

Equ 5.64 

Equ 5.64 indicates that in the far field, the sensitivity of an MI ring also decreases with radial distance 

as 1/r
2
, a not unexpected result, since this must be a property of all quasi two-dimensional coils. 

Figure 5.10 shows a comparison between the exact sensitivity variation found by numerical 

simulation along the x-axis of the overlapped ring, and the far-field approximation of 
Lh

2πr2 found 

above. Here it is seen that this approximation holds well for distances over 3R. The rate of decrease of 

the sensitivity is, therefore, sufficient to reduce detected body noise, hence increasing the SNR. 

  

Figure 5.10 Spatial variation of sensitivity for single MI ring resonator with intra-ring element overlap of 4Lh/9 

compared with 
𝐋𝐡

𝟐𝛑𝐫𝟐  in the far field. 

5.3 Effect of MRI Receiver 

There are two ways to extract the output from an implanted MRI coil: via an external reading coil to 

which the internal coil is magnetically coupled, or via a cable that connects the coil directly to the 

MRI scanner. Obviously, the former is attractive since it avoids the need for any wires. However, the 

coupled MI ring resonator system cannot couple to the symmetric reading coil of an MRI scanner 

since it is operating in its anti-symmetric mode to decouple from the B1 field. Nevertheless, here we 

will explain the principles involved in mutually coupled systems, starting with a simple system based 
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on rectangular coils, then extending the analysis to a single MI ring resonator. Finally, we explore the 

option of extracting the output of the coupled MI ring resonator system using a single tap or a 

quadrature tap connected to the MRI scanner. 

5.3.1 Rectangular coils 

To find the FOV of an internal coil coupled by mutual inductance to an external read coil, we start by 

assuming the simple 2D geometry shown in in Figure 5.11. This shows the cross-section of the 

external receiver and the internal coil, labelled as coil 1 and coil 2 respectively. Both are assumed to 

be two-wire approximations to rectangular coils, lying in the z-direction. As is usually the case, the 

external read coil is larger than the internal coil. Both coils are located symmetrically about the y-axis 

and coil 1 is positioned above coil 2. The distance between the two coils is drec. As before, we find the 

FOV of the combined system by assuming unity current in the external read coil, with unity current 

going into the left wire and the same coming out of the right wire. 

 

Figure 5.11 2D approximation of a readout system based on an external read coil coupled to an internal coil. 

Figure 5.12 shows the equivalent circuit of the coupled coil system. Here we assume each coil has the 

usual parameters Ri, Ci and Li, Ii, with i = 1 for the receiver coil and i = 2 for the internal coil, and M 

is the mutual inductance. The receiver coil is driven by a voltage V1, whereas the internal coil is not 

driven. We also assume that both coils are tuned to the same frequency of ω0. 

 

Figure 5.12 Equivalent circuit of a coupled coil system. 

Using Kirchoff’s voltage law, we obtain the following set of equations: 

(R1 + jωL1 +
1

jωC1
) I1 + jωMI2 = V1 
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(R2 + jωL2 +
1

jωC2
) I2 + jωMI1 = 0 

Equ 5.65 

At resonance, ω = ω0 = 1/√(L1C1) = 1/√(L2C2) and the equations above simplify to: 

R1I1 + jω0MI2 = V1 

R2I2 + jω0MI1 = 0 

Assuming that I1 = 1, we obtain the following relationships for V1 and I2: 

V1 = R1 +
ω0

2M2

R2
 

Equ 5.66 

I2 = −j
ω0M

R2
 

Equ 5.67 

Here M is the mutual inductance between the two coils and R2 is the self-resistance of the internal 

coil. These values could be calculated or simulated. However, for now we simply introduce the 

normalised variable α, the ratio between the mutual impedance to and the self-resistance of the 

internal coil, which plays a much more significant role: 

α =
ω0M

R2
 

Equ 5.68 

As we show below, α determines the relative contribution to overall sensitivity of the internal coil and 

the external read coil. Using I1 = 1 and the value of I2 from Equ 5.67, we can calculate the magnetic 

field for each coil and sum them to obtain the total magnetic field for the coupled coil system. Since 

the calculations are very similar to those described above, we shall omit the details. However, in 

doing so, we must bear in mind that since I2 is imaginary, the magnetic fields will be complex and 

therefore, S must be calculated based on Equ 5.38. 

Figure 5.13 shows the spatial variation in sensitivity of the coupled coil system for α values ranging 

from 0.1 to 100 Here we have assumed the following parameters x1 = 50 mm, x2 = 12 mm and drec = 

100 mm In each case, we see peaks in sensitivity near the conductors that form the two separate coils. 

However, the relative values of these peaks depends on the value of . For low values of α, the 

sensitivity is dominated by the external read coil and only for α values of 10 or more do we see any 
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enhancement in the locality of the internal coil. Large values of  are therefore required to obtain any 

significant benefit. It is therefore worthwhile investigating how the value may be achieved. 

 

Figure 5.13 Spatial variation of sensitivity for the coupled coil system for different α values. 

For the simplified system considered above, it is possible to calculate the mutual inductance and the 

self-resistance of the internal coil analytically and obtain an exact value for α for any particular 

geometry. To find the mutual inductance, we start by obtaining the linked magnetic flux, Φ, generated 

by coil 1 and passing through coil 2. We can then use the equation M = Φ/I1 to calculate the mutual 

inductance between the two coils. To calculate Φ, we start with the y-component of the magnetic field 

due to coil 1: 

Hy1 =
I1
2π

[ 
x − x1

((x − x1)
2 + (y + y1)

2)
−

x + x1

((x + x1)
2 + (y + y1)

2)
] 

Equ 5.69 

Knowing that the magnetic flux density, By1 = μ0Hy1, we can then calculate the per-unit-length Φ as 

shown in Equ 5.70. Here r2 is the radius of the wire of the internal coil, and so the integration limits 

lie inside the physical extent of the two wires. 

Φ = ∫ 𝐁𝐲𝟏
 dx

x2−r2

−x2+r2

 

Equ 5.70 

Substituting the magnetic flux density, we obtain the following expression for the per-unit-length 

linked flux: 

Φ =
μ0I1
2π

∫ [
x − x1

((x − x1)
2 + (y + y1)

2)
−

x + x1

((x + x1)
2 + (y + y1)

2)
]  dx

x2−r2

−x2+r2

 

Equ 5.71 

Performing the integral then yields: 
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Φ =
μ0I1
2π

[ln((x2 − r2−x1)
2 + (y + y1)

2) − ln((r2 − x2−x1)
2 + (y + y1)

2)

− ln((x2 − r2+x1)
2 + (y + y1)

2) + ln((r2 − x2+x1)
2 + (y + y1)

2)] 

Equ 5.72 

Re-arranging, we can then obtain: 

Φ =
μ0I1
2π

ln [
((x2 − r2−x1)

2 + (y + y1)
2)

(x2 − r2+x1)
2 + (y + y1)

2
] 

Equ 5.73 

The per-unit-length mutual inductance is M = Φ/I1. To obtain the actual mutual inductance, we simply 

multiply this value by the actual lengths of the coils, l: 

M =
μ0

2π
ln [

((x2 − r2−x1)
2 + (y2 + y1)

2)

(x2 − r2+x1)
2 + (y2 + y1)

2
]  𝑙 

Equ 5.74 

If we assume that the position of the coils is (x1, y1) = (50, 50) mm and (x2, y2) = (12, -50) mm with a 

length of 50 mm and that the wire radius of the internal coil is 0.25 mm, the mutual inductance comes 

to 9.58nH. 

A similar estimate can be made for the self-resistance of the internal coil. The resistance of any coil 

can be calculated as: 

R =
𝑙

2πrδσ
 

Equ 5.75 

Where l is the length of the coil, r is the radius of the wire, σ is the conductivity of copper (5.96×10
7
 

Sm
-1

) and δ is the skin depth. The skin depth itself is also calculated as: 

δ = √
1

πfμ0σ
 

Equ 5.76 

Here μ0 is the free-space permeability (4π×10
-7

 Hm
-1

) and f is the operating frequency (63.85 MHz for 

1.5 T MRI or 127.74 MHz for 3.0 T). 

For the 1.5 T MRI scanner, we get R2 = 0.0655 Ω. This yields α = 59. Similarly, for the 3.0 T scanner, 

R2 increases slightly to 0.0926 Ω and α increases to 83. This indicates that we will indeed get the 
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required SNR enhancement near the internal coil and that a 3.0 T MRI scanner offers an improvement 

to the 1.5 T one. 

5.3.2 Single MI Ring Resonator 

We now attempt to replicate the FOV calculations for the case of a single internal MI ring resonator 

coupled to an external read coil. Again we assume a 2D parallel wire model. The geometry now 

becomes a little more complicated, but the principles remain the same. Figure 5.14 shows the new 

arrangement. Here, coil 1 is still the external read coil, approximated as two wires, but coil 2 is now 

the MI ring resonator, approximated as eight two-wire elements. drec is the distance between the edge 

of the MI ring resonator and the external receiver. 

 

Figure 5.14 Cross section of coupled coil geometry with MI ring as internal coil. 

We have previously found the x- and y-components of the magnetic field generated by each of the 

coils in the ring, in Equ 5.31and Equ 5.36 respectively. For clarity, we reproduce these here: 

Hxring = ∑
−Iring,n

2π
[

y − ynr

{(x − xnr)
2 + (y − ynr)

2}
−

y − ynl

{(x − xnl)
2 + (y − ynl)

2}
]

8

n=1

 

Hyring
= ∑

Iring,n

2π
[

x − xnr

{(x − xnr)
2 + (y − ynr)

2}
−

x − xnl

{(x − xnl)
2 + (y − ynl)

2}
]

8

n=1

 

Equ 5.77 

Where Iring,n is the current in the n
th
 coil of the MI ring resonator. Similarly, the magnetic field for the 

receiver, has also previously been derived; again for clarity, we reproduce the necessary results here: 
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Hx1 =
I1
2π

[ 
(y − y1)

{(x + x1)
2 + (y − y1)

2}
−

(y − y1)

{(x − x1)
2 + (y − y1)

2}
] 

Hy1
= −

I1
2π

 [
(x + x1)

{(x + x1)
2 + (y − y1)

2}
−

(x − x1)

{(x + x1)
2 + (y − y1)

2}
] 

Equ 5.78 

Using these results, the total x- and y-components of magnetic field will be Hxring + Hx1 and Hyring + 

Hy1, and the sensitivity can be found as √(Hx,re − Hy,im)
2
+ (Hx,im + Hy,re)

2
, assuming the current 

patterns are complex. However, to perform the calculation, we must first calculate Iring,n , assuming 

that I1 = 1. This can be done using standard equivalent circuit models. 

For example, for this configuration, there are eight ‘external’ mutual inductances, between the 

external read coil coil and each separate coil of the MI ring resonator as shown in Figure 5.15. If the 

ring is positioned symmetrically with respect to the receiver coil, the total number of different 

external mutual inductances can be reduced to five, denoted by M01, M02, … M05. We also have the 

usual internal mutual inductances, Ms1,…, Ms4 between the individual coils of the ring.  

 

Figure 5.15 Definition of mutual inductances between an external read coil and an MI ring resonator, M0n, and 

between the separate coils of the ring, Msn. 

Using KVL, these terms may be combined with other impedances in an equivalent circuit model of 

the complete system. The result is a set of nine simultaneous equations, which can be represented in 

matrix form as: 

�̅�𝐈 = 𝐕 

Equ 5.79 

where �̅� is the 9 × 9 impedance matrix shown in Equ 5.80. Here, Zring = R + RB + jωL + 1/jωC is the 

self-impedance of an individual coil of the MI ring, with RB being the loading from the body (here, 

assumed to be equal to 5R). Zrec = Rrec + jωLrec + 1/jωCrec is the self-impedance of the external read 
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coil, ZM0n = jωM0n is the n
th
 mutual impedance between the read coil and the ring and ZMSn = jωMsn is 

the n
th
 mutual impedance between the individual coils of the ring. 

�̅� =

(

 
 
 
 
 
 
 

Zrec ZM01 ZM02

ZM01 Zring ZMs1

ZM02 ZMs1 Zring

ZM03 ZM04 ZM05

ZMs2 ZMs3 ZMs4

ZMs1 ZMs2 ZMs3

ZM04 ZM03 ZM02

ZMs3 ZMs2 ZMs1

ZMs4 ZMs3 ZMs2

ZM03 ZMs2 ZMs1

ZM04 ZMs3 ZMs2

ZM05 ZMs4 ZMs3

Zring ZMs1 ZMs2

ZMs1 Zring ZMs1

ZMs2 ZMs1 Zring

ZMs3 ZMs4 ZMs3

ZMs2 ZMs3 ZMs4

ZMs1 ZMs2 ZMs3

ZM04 ZMs3 ZMs4

ZM03 ZMs2 ZMs3

ZM02 ZMs1 ZMs2

ZMs3 ZMs2 ZMs1

ZMs4 ZMs3 ZMs2

ZMs3 ZMs4 ZMs3

Zring ZMs1 ZMs2

ZMs1 Zring ZMs1

ZMs2 ZMs1 Zring)

 
 
 
 
 
 
 

 

Equ 5.80 

I and V are the 9 – element current and voltage column vectors shown in Equ 5.81 and Equ 5.82 

respectively. Here I1 is the current in the external read coil (here assumed equal to 1), and Iring,n is the 

current in each of the ring coils. V1 is the non-zero voltage driving the read coil, with zero volts across 

all the ring coils. 

𝐈 = (I1 Iring,1 Iring,2 … Iring,8)′ 

Equ 5.81 

𝐕 = (V1 0 0 0 0 0 0 0 0)′ 

Equ 5.82 

We now have nine simultaneous equations, which can be solved to calculate the current in each coil, 

as shown in Equ 5.83, with the external coil and the first mode of the ring resonator tuned to the 

Larmor frequency. 

𝐈 = 𝐙−𝟏̅̅ ̅̅ ̅𝐕 

Equ 5.83 

As before, the numerical simulator FastHenry can be used to find the values of the mutual 

inductances, self-inductances and self-resistances, for a full 3D geometry. Figure 5.16 shows a 

FastHenry model of an external read coil coupled to a ring. Here the small ring with diameter, D = 34 

mm and an intra-ring overlap of 4Lh/9 is used, and the receiver is a 50 × 100 mm rectangular coil 

positioned drec = 100 mm away from the internal device. In each case, the coils are assumed to be 

wrapped around cylindrical formers. 
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Figure 5.16 FastHenry model of coupled coil system with MI ring resonator as internal coil. 

Using the extracted mutual inductances, coupling coefficients may be found, denoting 0i = 2M0i/L, 

and so on. Table 5.2 shows the coupling coefficients and corresponding current distributions thus 

obtained. Here we notice that the external coupling coefficients are very small, due to the large 

distance between the read coil and the internal coil. It is also observed that the current distribution 

does not have the usual exponential pattern expected from a travelling wave on a ring resonator. 

Table 5.2 Coupling coefficients and induced currents for coupled coil system with MI ring resonator as internal coil 

Internal Coupling Coefficients External Coupling Coefficients 

κs1 0.2878 κ01 0.99 × 10
-3

 

κs2 -0.0182 κ02 0.58 × 10
-3

 

κs3 -0.0041 κ03 -0.13 × 10
-3

 

κs4 -0.0033 κ04 -0.50 × 10
-3

 

  κ05 -0.53 × 10
-3

 

Induced MI ring Currents 

Iring,1   -0.0008 + 0.0114i 

Iring,2   -0.0017 - 0.0002i 

Iring,3   -0.0002 - 0.0126i 

Iring,4    0.0012 - 0.0180i 

Iring,5   -0.0002 - 0.0126i 

Iring,6   -0.0017 - 0.0002i 

Iring,7   -0.0008 + 0.0114i 

Iring,8    0.0004 + 0.0159i 

 

To explain this, we first consider nearest neighbour coupling only between the receiver and the MI 

ring resonator. In this case, the receiver must induce counter-propagating current waves travelling 

round the ring, in the form of a pair of complex exponentials exp{±j(n − 1)ka}. These sum to give a 

cosinusoidal standing wave pattern as shown in Equ 5.84. Here I0 is the amplitude of the wave, and 

we have put ka = π/4 since the ring resonator is tuned to its first mode. 
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Iring,n =
1

2
I0[exp{ j(n − 1)ka} + exp{ −j(n − 1)ka}] = I0 cos ((n − 1)

π

4
) 

Equ 5.84 

This current distribution means that the ring elements now have different current magnitudes, with 

elements 3 and 7 having no current at all. However, if in addition we also consider the higher order 

coupling between the external read coil and other elements in the ring, we must obtain eight pairs of 

counter-propagating travelling waves. These must sum to give the overall current distribution shown 

in Table 5.2. 

Using these values, and assuming I1 = 1, we plot the sensitivity map obtained for the configuration in 

Figure 5.14. Figure 5.17 (a) shows the spatial variation of sensitivity for the combined system of the 

external read coil and the internal ring thus obtained. Here we see that the largest contribution to 

sensitivity is obtained from the receiver coil, and that the internal coil offers only a very small local 

enhancement. This is expected from the low receiver coupling observed in Table 5.2. Figure 5.17 (b) 

shows an enlarged view of this pattern in the vicinity of the MI ring only. Here we can see that the 8-

fold symmetry previously found no longer exists, and there seems to be four ‘bright spots’ missing, 

presumably from the lack of contribution to the current from elements 3 and 7. 

 

Figure 5.17 Spatial variation of sensitivity for MI ring resonator coupled to an external read coil (a) global variation, 

and (b) local variation near the ring. 

We can compare this variation in sensitivity to that obtained using an isolated ring with a standing 

wave current pattern. Figure 5.18 shows the spatial variation of sensitivity of the MI ring resonator 

with nearest neighbour coupling only, which produces a cosinusoidal current pattern such as in 

Equ 5.84,with I0 = 1. Firstly, we see that the sensitivity is very similar to that obtained with higher 

order couplings. Here we have also added the plan view of the MI ring resonator; and this confirms 

that when the receiver is only coupled to element 1 of the ring, there is zero current in elements 3 and 

7. In practice, the coupling between these two elements and the receiver is even lower than for other 
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elements, due to their orientation with respect to the receiver (κ03 < κ04 and κ05 from Table 5.2). This 

makes their contribution to the overall current distribution and the standing wave pattern less than for 

other elements, and thus their contribution to the magnetic field is also less. 

There is only a 6-fold symmetry observed. If we denote the four diameters of the ring as D1 for the 

diameter through elements 1 and 5, D2 for that through elements 2 and 6, D3 for the diameter through 

elements 3 and 7 and finally D4 for the diameter through elements 4 and 8, the pattern is clearly 

symmetric across the diameters D1 and D3, but symmetry is lost across D2 and D4. 

 

Figure 5.18 Spatial variation of sensitivity of MI ring resonator with nearest neighbour coupling to external receiver, 

with superimposed plan view of MI ring 

Continuing with the analysis of this sensitivity pattern with reduced symmetry, we plot the sensitivity 

through each of the diameters. Figure 5.19 shows the variation in sensitivity across each of the four 

diameters. Here we have also plotted the sensitivity with the currents obtained in Table 5.2 and 

normalised the sensitivity to the maximum for each diameter for comparison. The two sets of data are 

extremely similar, with that obtained with higher order coupling only deviating slightly from the 

perfect symmetry round the x = 0 line. We then notice that indeed the response is different through 

each of D1, D2 and D3, with the sensitivity across D2 and D4 being equal. 
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Figure 5.19 Spatial variation of sensitivity through each of the four diameters of the MI ring resonator with 4Lh/9 

intra-ring overlap. 

Previously, with a single travelling wave current, we found a maximum in sensitivity at the device 

radius and a minimum just inside, as was shown in Figure 5.8. There was also a radial decrease 

outside. Here, through the first diameter, we have a zero exactly at the radius, with maxima just inside 

and outside. The sensitivity then falls gradually as before. Through diameters 2 and 4, at the wires of 

the third and seventh elements we do not find this zero in sensitivity from the elements overlapping; 

instead only the maximum is still there. In fact the sensitivity through D1, D2 and D4 is exactly the 

same, with the only difference being the zero at D1. Through D3, the variation in sensitivity is slightly 

different: there is a maximum at the device radius, but now there are two minima on either side, and 

the fall-off is very steep. There is also some sensitivity inside the device itself; however, in practice, 

only the annular region just outside matters since, this is where the anastomosis is located. 

As we have seen in the examples above, interrogation using an external read coil may have a number 

of disadvantages in this application. Firstly, large separation tends to nullify the local sensitivity 

advantage of the internal coil, and reduce symmetry. Much more importantly, the use of a coupled 

ring system operating on an anti-symmetric mode to reduce B1 coupling will reduce the likely mutual 
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inductance to any form of external read coil to zero, except a closely spaced coil with a similarly anti-

symmetric mode of operation. We therefore now consider the alternative of direct coupling. 

5.3.3 Directly-interrogated Coupled MI Ring Device 

Direct coupling requires a wired connection to at least one element of the coupled ring system. 

Medically, this is clearly disadvantageous. However, there is a natural body lumen down which the 

wire may conveniently be passed, and further protection may be provided by an additional internal 

sheath such as C-Seal [204]. 

As before, the field-of-view may be found from reciprocity, assuming that a single element in the ring 

is driven with unit current. Here we have a situation similar to that of the previous section: with one of 

the elements of the ring driven, two travelling waves propagate round the ring and sum to give the 

cosinusoidal wave pattern of Equ 5.84. Numerical simulation for similar parameters to those used 

before leads to the spatial variation in sensitivity shown in Figure 5.18. This result, with only six-fold 

symmetry, must also be expected for the coupled MI ring system, with the additional factor of a zero 

in sensitivity in the annular region between the two rings. Of course, symmetry can be restored using 

a quadrature taps, as is normally done for body coils [205]. All that is required are two taps, located at 

right angles round the ring The two taps are connected using a quadrature hybrid coupler, a well-

known four-port RF component, which acts to sum their contributions appropriately. 

The operation of a quadrature system can be analysed as follows [206]. Assuming the input to the 

coupler is unity, the output to each of the tap elements will be 
1

√2
 and 

1

√2
exp (−j

π

2
). Thus each 

element will generate a standing wave pattern of the form shown in Equ 5.85. 

In1 =
I0

√2
cos((n − 1)ka) 

 

and 
In2 =

I0

√2
sin((n − 1)ka) exp (−j

π

2
) 

 
Equ 5.85 

Here the sine term in the second pattern is due to the 90
o
 rotation in the position of the element in the 

ring. If we now expand these terms, and put exp (−j
π

2
) = −j , the current patterns can be obtained as: 

In1 =
I0

√2
[
exp {j(n − 1)ka} + exp {−j(n − 1)ka}

2
] 

In2 =
−jI0

√2
[
exp{j(n − 1)ka} − exp {−j(n − 1)ka}

2j
] 

Equ 5.86 

These two patterns are then effectively summed inside the ring resonator to generate the travelling 

wave exponential current pattern: 
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In =
I0

√2
exp{j(n − 1)ka} 

Equ 5.87 

With this current pattern, we can calculate the magnetic fields as before, and must clearly obtain a 

symmetric sensitivity pattern as was previously shown in Figure 5.7 (b) and now reproduced below. 

The high degree of uniformity both inside and outside the ring suggests that a wired quadrature 

system will offer at least one high performance local detection system. However, we must still 

consider the likely effect of operation on an anti-symmetric mode, which will affect sensitivity in the 

perpendicular plane. 

 

Figure 5.20 Spatial sensitivity variation of quadrature-connected MI ring resonator. 

5.3.4 Perpendicular planes 

We have so far concentrated on calculating the sensitivity variation of MI ring resonator systems in a 

plane parallel to the ring axis (likely to correspond to the plane of an axial image during MRI). We 

now calculate the sensitivity variation in the perpendicular plane (which might correspond to a 

coronal or sagittal plane during MRI) to understand the effect of detection using an anti-symmetric 

resonant mode. Figure 5.21 (a) shows a diagram of the coupled MI ring system, without overlapping 

coils for simplicity. The horizontal red dashed line shows the previously calculated ‘axial’ spatial 

variation in sensitivity, S, and the vertical red dashed line shows the corresponding ‘sagittal’ or 

‘coronal’ variation calculated here. 

Figure 5.21 (b) shows the geometry of the system in the x-z plane, with a description of the currents 

and coordinates. Here the two MI ring resonators are coupled as usual, with four wires from each MI 

ring shown in this cross-section. Each two wires in each quadrant are from a single coil. 
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Figure 5.21 (a) Definition of axial and sagittal FOV. (b) sagittal section of a coupled MI ring resonator system. 

The distance between the left and right wires is equal to the diameter of the ring, D, so that x1 = D/2 = 

R. Furthermore, for each ring, the distance between the top and bottom wires is equal to the vertical 

length, Lv, while the distance between the two rings is denoted by d. We may therefore write z1 = d/2 

and z2 = d/2 + Lv The currents in the wires are denoted by I1 and I2 for the top and bottom rings 

respectively; with a subscript ‘l’ or ‘r’ for ‘left’ and ‘right’ elements and ‘u’ or ‘d’ for ‘up’ and ‘down’ 

wires. If the symmetric modes are excited, then the current in each wire will have the polarity shown 

in red, with the upper and lower rings having the same polarity. Conversely, when the anti-symmetric 

modes are excited, the polarity in each ring will be opposite, as shown in green. 

To calculate the magnetic fields, we assume the wires are infinitely long as before. However, this time 

we may ignore Hz components, since there is no component of the transverse magnetization Mxy in 

this direction. For the x-components of the field we obtain: 

Hx1ld = −
I1ld

2π

z − z1

(z − z1)
2 + (x + x1)

2
 

 

Hxr1d = −
I1rd

2π

z − z1

{(z − z1)
2 + (x − x1)

2}
 

 

Hx1lu = −
I1lu

2π

z − z2

{(z − z2)
2 + (x + x1)

2}
 

 

Hxr1u = −
I1ru

2π

z − z2

{(z − z2)
2 + (x − x1)

2}
 

 

Hx2ld = −
I2ld

2π

z + z2

{(z + z2)
2 + (x + x1)

2}
 

 

Hxr2d = −
I2rd

2π

z + z2

{(z + z2)
2 + (x − x1)

2}
 

 

Hx2lu = −
I2lu

2π

z + z1

{(z + z1)
2 + (x + x1)

2}
 

 

Hxr2u = −
I2ru

2π

z + z1

{(z + z1)
2 + (x − x1)

2}
 

 
Equ 5.88 
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The total magnetic field Hx is the sum of the magnetic field produced by each of the wires, namely 

Hx = Hx1ld + Hx1lu + Hx2ld + Hx2lu + Hx1rd + Hx1ru + Hx2rd + Hx2ru. Following similar 

arguments to those used before, the sensitivity variation S must be √Hx
2 =  Hx since the currents are 

all real. 

We illustrate the result using a numerical example, assuming that I1lu = 1 and the remainder of the 

wires are driven accordingly. Finite wire radii are again used to avoid the problem of infinite fields at 

wire origins. The following dimensional parameters are assumed: D = 34 mm, d = 2 mm and Lv = 

4mm. Figure 5.22 (a) and (b) shows the spatial variation of sensitivity for the symmetric and anti-

symmetric modes respectively. As expected, the overall pattern is symmetric about z = 0 and x = 0. 

As usual, sensitivity is maximum at the wires and decreases further away. However, the anti-

symmetric mode has a zero in sensitivity between the coupled rings, while the symmetric mode has no 

such null. Otherwise, similar sensitivity is obtained using either mode of operation. 

 

Figure 5.22 Coronal variation of sensitivity for coupled MI ring device (a) symmetric and (b) anti-symmetric mode 

To confirm these observations, we plot the variation in sensitivity through the left or right wires. For 

example, Figure 5.23 (a) and (b) shows S plotted along the line x = -R for the symmetric and anti-

symmetric modes respectively. Clearly, there are maxima at the wires, with a decrease in sensitivity 

away from these points. Importantly, there is a zero in sensitivity at z = 0 for the anti-symmetric 

mode. Note that these results hold for either a single tap or a quadrature tap connected, since we are 

dealing with the elements’ relative current magnitude and direction only. 
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Figure 5.23 Spatial variation of sensitivity through x = -R: (a) symmetric and, (b) anti-symmetric mode 

5.4 Conclusions 

The general expression for the spatial variation in sensitivity, S, for an internal MRI detection coil has 

been derived as √(Hx,re − Hy,im)2 + (Hx,im + Hy,re)
2. A number of different configurations have 

been considered for an internal ring resonator, and modelled in 2D. The simple (a ring operating with 

a travelling wave current distribution) has shown a sensitivity pattern with 8-fold symmetry in the ring 

plane, highest at the device radius and falling away as 1/r
2
. However, a uniform external read coil 

cannot be magnetically coupled to a coupled ring resonator system operating on the anti-symmetric 

spatial mode needed for effective decoupling. As a solution, we have proposed the less satisfactory 

solution of wired connection. Using a single tap, which results in a cosinusoidal current wave pattern, 

the sensitivity pattern is degraded to one with 6-fold symmetry. To restore symmetry, we suggest the 

use of quadrature taps connected to two elements at right angles. This resulted in an ideal sensitivity 

pattern, strongest near the anastomosis wound and falling off as 1/r
2
. However, calculation of the 

coronal variation in sensitivity has shown that sensitivity will be lost at the device centre. 

In the next Chapter, we evaluate the experimental performance of a coupled MI ring system with a 

single tap in an MRI scanner, using a gel phantom. With the device aligned to the magnet bore, we 

would expect signal intensity variations similar to that of Figure 5.18 in axial slices. Similarly, we 

expect variations similar to that of Figure 5.22 (b) in coronal slices. 
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6 Magnetic Resonance Imaging 
In Chapter 4 we considered how the resonance spectrum of a coupled MI ring resonator could be 

manipulated to offer an optimum mode separation, and developed a viable design for an internal 

sensor based on intra-ring element overlap. We then demonstrated prototype devices using flexible 

laminate mounted on an annular scaffold. This work yielded two devices: a first device dimensionally 

matched to the BAR and a second larger device with potentially improved performance. In Chapter 5 

we calculated the spatial variation in sensitivity. In this Chapter, we use in vitro magnetic resonance 

imaging of phantoms to confirm that the device does indeed offer an SNR improvement over external 

coils such as the body coil and an abdominal coil array. We first describe the mounting and tuning 

process used to prepare the device for MRI , and then the imaging experiments and their results. 

We start by considering a mutually coupled system [207], [208], using an external read coil to couple 

to the internal sensor. However, as discussed in Chapter 5, coupling of any symmetric reading system 

to the primary anti-symmetric mode of the internal device will be very low or non-existent. We 

therefore use these results to investigate the effectiveness or otherwise of our passive decoupling 

system. We then develop a directly coupled system, where the device is directly connected to the MRI 

scanner’s auxiliary input (such as in [143], [199]) using a single tap. A significant difference in the 

images obtained is immediately noticed and used to quantify the local imaging advantage of the 

coupled MI ring resonator device. 

6.1 Gel Phantom for In Vitro Evaluation 

To evaluate imaging performance of the coupled MI ring device, it must be embedded in an 

environment that simulates both the conductive loading and the MR response of the human body. 

Suitable phantoms are constructed from doped Agar gel, which may conveniently be melted for 

casting in a suitable mould and then re-solidified at room temperature. The mould itself should 

provide a signal volume that matches the expected field-of-view of the device. Additional signal and 

loading to match a torso cross section may then be provided by standard cuboid phantoms. Figure 6.1 

(a) shows a side-view of the mould used, with Figure 6.1 (b) showing a cross-section through it. From 

Figure 6.1 (a) we see that the mould is made up of fifteen stacked NC-machined Perspex slices, with 

the top and bottom slices being complete sheets to close the container. The bottom slice holds a pillar 

support that mounts the device at the centre of the signal-generating volume. 
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Figure 6.1 Diagram of gel phantom: (a) side-view, (b) plan view. 

From Figure 6.1 (b) we see that each slice is square with dimensions 10 × 10 cm. The middle thirteen 

slices all have a hollow circular section, 7 cm in diameter, in which both the small and large devices 

fit comfortably, allowing the gel to form a cylindrical signal-generating volume round the device. 

Each slice also has four clearance holes at its corners to allow for plastic studding to hold the slices 

together, creating a gel-tight container. 

Figure 6.2 (a) shows a photograph of the assembled mould and device, before gel casting. Here we 

see that the base of the plastic ring, on which the coupled MI ring resonator is mounted, has circular 

holes to allow passage of the gel. Figure 6.2 (b) shows a side view of the container being assembled. 

     

Figure 6.2 Photographs showing the gel container, (a) plan view, (b) side-view. 

6.1.1 Phantom Gel 

The phantom is constructed from Agar gel made from water doped with 3.37g/L NiCl2.6H2O and 

2.4g/L NaCL. Nickel chloride is used to give a relaxation time constant T2 matching that of the 

human body (50-60 ms), while sodium chloride is used to match the body conductivity. To make the 

gel, additional ingredients are needed, listed in Table 6.1. Here a glycerol concentration of 43% is 

used to give a relaxation time constant T1 of 300 ms, the propanol is used to keep bacteria from 

developing in the phantom and the agar is used to turn the phantom into a gel [209]. 
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Table 6.1 Ingredients for agar phantom gel. 

Solution Amount 

Doped Water 432ml 

Glycerol 210ml 

1-propanol 58ml 

Agar 31.5g 

 

Figure 6.3 shows the arrangement for making the phantom gel. Here the hot plate with an electronic 

stirrer is first used to mix the doped water with the glycerol and 1-propanol. Then the mixture is 

heated to 85
o
C, and the agar powder is added little by little, keeping the stirrer moving all the while. 

When all the agar has been added, the mixture is kept at 85
o 

C for a further 5-10 mins. It is then 

poured into the mould, taking care to avoid formation of air bubbles, and allowed to cool and solidify. 

 

Figure 6.3 Arrangement for making agar phantom gel. 

6.1.2 Gel Loading 

The human body – and the phantom gel – is an electrically conductive environment, and therefore, it 

is necessary to insulate the device before use, either with nail varnish or with Araldite epoxy [210]. 

The former can easily be removed with acetone and thus allows for adjustments to be made to the 

device whenever necessary. The latter is permanent, but is a stronger material that will not melt when 

exposed to the high temperature of the liquid gel. We have used both, applying several layers of nail 

varnish for experimental measurements and then permanently insulating with the epoxy once the 

results are satisfactory. 

To test the effect that the phantom gel will have on device tuning, we measure resonance spectra after 

immersion in the gel phantom, using a pair of inductive probes connected to the network analyser. 

Ideally, the probes should be positioned outside the phantom to allow several measurements to be 
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taken of the device in gel. However, using this configuration, we find that the distance between the 

probes and the device is too great and insufficient signal is received. It is, therefore, necessary to place 

the transducers inside the phantom itself. The disadvantage of this arrangement is that the gel must be 

removed and re-cast every time a new measurement is taken. However, this appears unavoidable. 

Figure 6.4 shows a photograph of the transducers and the device inside the phantom, before gel 

casting. Here the device has been insulated with green nail varnish. The transducers are also insulated 

with rubber and an elastic band is used to fix them in the correct position either side of the coupled MI 

ring device. The resonance spectrum is then measured ‘in air’, then the gel is poured into the 

container, left to set and a second measurement ‘in gel’ is recorded. 

 

Figure 6.4 Insulated coupled MI ring device and ENA probes inside the gel container. 

It is expected that the Q-factor of the resonances will decrease due to the extra loading of the gel on 

the device. It is also expected that there will be a downward shift in frequency due to the increased 

electrical conductivity of the salty gel. Figure 6.5 shows the mode spectra of the coupled MI ring 

resonator, i) with gel and ii) without gel. Here we see that there is a downward shift in frequency after 

immersion, and a reduction in the Q-factor of the resonances. The former effect may easily be 

compensated, by retuning to a slightly higher frequency before the insulating layer is applied. There is 

little that may be done to mitigate the latter, but fortunately the Q-factor is still useful despite the 

simulated ‘body loading’ effect. 
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Figure 6.5 Mode spectra of the coupled MI ring resonator device with diameter = 34 mm, measured in gel and in air. 

Table 6.2 summarises the changes occurring in the first anti-symmetric mode with the addition of the 

phantom gel. Here we see that there has been a 1.3 MHz downward shift in frequency, the Q-factor 

has decreased by approximately 11% and the rejection has remained approximately the same. 

Table 6.2 Quantitative changes to the first anti-symmetric mode with addition of gel. 

 In Air In Gel 

fμ=1anti 62.97 MHz 61.67 MHz 

Q-factor 43.73 39.03 

Rejection 17.87 dB 17.76 dB 

 

It is interesting to determine whether internal or external body loading most affects the results. To 

investigate this, an experiment is conducted where moulded gel discs are inserted into the internal 

volume of the sensor alone and the resonance spectrum is recorded to measure the changes, if any. 

Figure 6.6 shows the set-up for the experiment. Here the coupled MI ring device is seen with the 

insulated transducers attached. Loading is provided by four gel discs, and one is already inserted in 

the device. Additional discs are added one by one, until the internal volume is fully loaded. 
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Figure 6.6 Loading the coupled MI ring device with gel discs. 

Figure 6.7 shows resonance spectra obtained with gradually increasing loading of the device from the 

inside alone. Interestingly, the effect of loading is virtually non-existent. All resonances remain at the 

same frequency, with the same Q-factor, implying that external loading is primarily responsible for 

the observed effect. Using a multiphysics simulation package such as COMSOL, it would be simple 

to model the effect of external loading, and optimise the thickness of insulation used. 

 

Figure 6.7 Resonance spectra of coupled MI ring device loaded with different numbers of gel discs. 

Translating this result to the human body, the bowel wall and tissue outside the body will affect the 

resonance, but material inside the bowel – largely, faeces - will not cause any change to performance. 

The first anti-symmetric mode will simply have to be pre-tuned to a frequency 1.3 MHz higher than 

the Larmor frequency, and will automatically adjust to the correct frequency after surgical insertion. 

6.2 Tuning 

The instrument used for imaging experiments is a 
1
H 3.0 T clinical scanner with a Larmor frequency 

of 127.74 MHz. Accounting for the frequency downshift described above, the first anti-symmetric 

mode must be pre-tuned to 129.04 MHz using discrete surface mount capacitors. Most capacitors are 
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slightly magnetic, due to the widespread use of a nickel diffusion barrier at the contacts. To avoid 

magnetic artefacts, non-magnetic capacitors must be used. Unfortunately, such capacitors are 

uncommon, and only available in certain values as shown in Table 6.3.The capacitors are labelled 

ASL, BSL and JSL, with the latter two types having an associated error margin of ±0.1 pF and ±5 % 

respectively [211]. 

Table 6.3 Available values of non-magnetic capacitors. 

ASL (pF) BSL (pF) JSL (pF) 

0.1 1.0 10 

0.2 1.2 12 

0.3 1.5 15 

0.4 2.0 22 

0.6 2.2 27 

0.8 3.3 33 

 4.7 39 

 6.8 47 

 36.9 68 

 

To calculate the capacitor value required for tuning, we first require the value of ω0 = 2πf0, where f0 is 

the resonance of a single element of the ring. We know that the first anti-symmetric mode fμ=1anti of 

the coupled MI ring resonator system must equal the Larmor frequency fL. From the dispersion 

relationship, we can therefore find the value of ωμ=1anti/ω0 which in turn yields ω0. Finally, the 

relationship C = 1/ω0
2
L gives the capacitor value. For the small device, at 3.0 T the required value is 

35.8 pF and for the large ring it is 19.2 pF. Given the limited available capacitor values, several 

parallel-connected components are needed to obtain a suitable overall value. 

For the small device first, the following options are possible, with the maximum and minimum value 

capacitance that each combination could make due to the associated error shown in brackets: 

i. 33 + 2.2 = 35.2 pF (max = 36.95, min = 33.45) 

ii. 33 + 2.2 + 0.6 = 35.8 pF (max = 37.55, min = 34.05) 

iii. 27 + 6.8 + 2 = 35.8 pF (max = 37.35, min = 34.25) 

The first option only requires two components, but does not give a close enough overall capacitance. 

Additionally, the first and second options both use the capacitors 33 pF and 2.2 pF. Therefore, these 

two capacitors are first soldered in place, and the resonance spectrum is measured. At this stage, with 

only two capacitors, it was found that the first anti-symmetric mode falls at 130 MHz, which is too 

high and suggests that a slightly larger capacitor value is needed. Thus the 0.6 pF capacitor is added 

and the measurement is repeated. This time, the first anti-symmetric mode fell at 129 MHz. Figure 6.8 

shows the resonance spectrum of the tuned coupled MI ring device with diameter 34 mm, recorded i) 

without and ii) with gel. Here we see that immersion in gel downshifts the first anti-symmetric mode 
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to 127.8 MHz. In practise, the Larmor frequency (127.74 MHz) must fall within the 3 dB bandwidth 

of the resonance. Here, the 3 dB bandwidth of the first anti-symmetric mode in gel is 2.13 MHz, with 

a Q-factor of 60, implying that tuning is satisfactory. 

 

Figure 6.8 Resonance spectrum for small coupled MI ring device (i) in air and (ii) in gel. 

This same procedure is repeated for the larger coupled MI ring device. This time the total capacitor 

value used is 18.3 pF, which makes the first anti-symmetric mode fall at 128.9 MHz without gel and 

downshift to 127.6 MHz in gel. With a Q-factor of 87, the 3 dB bandwidth is -1.46 MHz, implying 

that the Larmor frequency is within the 3 dB bandwidth of the first anti-symmetric mode. 

6.3 MRI Testing 

The aim of the MRI experiments is to prove that the introduction of the coupled MI ring device offers 

an advantage to image quality. The advantage can be verified by first observing the images obtained, 

and checking for decoupling artefacts. Then the local signal-to-noise ratio can be compared with 

results obtained using an external coil, and the SNR improvement offered by the device quantified. 

An important point to consider here is the device’s orientation. The best performance will be obtained 

with the device oriented to detect the transverse magnetization Mxy as dipoles precess around the z-

axis, the orientation of the static magnetic field B0. Figure 6.9 shows a diagram of a patient inside an 

MR scanner, with three device orientations shown. For maximum excitation, the device should be 

aligned with the magnet bore as seen in position A. However, if the device is in orientation B or C, 

excitation will be very different, since the device will couple only to Mx or My [199]. Therefore, 

throughout the following experiments, the device is oriented parallel to the z-axis, and the effect of 

the other orientations is briefly discussed later. 
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Figure 6.9 Device orientation with respect to MRI magnet bore. 

To analyse the sensitivity of the device, parallel and perpendicular to its axes, axial and sagittal (or 

coronal) slices are taken. Axial slices produce images perpendicular to the z-axis of the scanner, in the 

x-y plane, while coronal and sagittal slices produce images in the x-z and y-z planes respectively. By 

symmetry, the last two should be the same for our device. 

6.4 Mutually-Coupled System 

The first experimental set-up considered has the coupled MI ring device mutually coupled to an 

external reading coil, either the system body coil or a surface array coil. Figure 6.10 shows the 

arrangement. The gel phantom is positioned between two cuboid phantoms to increase the overall 

loading to correspond to an entire human torso. The combination is then wrapped with the abdominal 

array coil, typically used for imaging the abdomen, including the bowels. Everything is placed on the 

patient bed, with the device parallel to the magnet bore, and loaded to the magnet isocentre. 

 

Figure 6.10 Arrangement for MRI scanning of mutually-coupled system. 

The original expectation was that the device would couple to the abdominal array coil. However, it is 

quickly realised that if the coupled MI ring device is tuned to its first anti-symmetric mode for B1 

field decoupling, it cannot couple to the abdominal array coil. A tap was therefore added to avoid the 
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problem. Unfortunately, this understanding was only obtained after submission of a conference paper 

[212], although the presentation itself was corrected, as was a subsequent journal publication [213]. In 

the section below, we describe the images obtained using the mutually coupled system, which 

therefore mainly show decoupling artefacts. In the following section we then describe a directly-

coupled system, which confirms the local SNR gain expected. 

6.4.1 Experiment 1: 3.0 T MRI Scanner 

1
H imaging was carried out at St. Mary’s Hospital, Paddington, London, using a GE Discovery MR 

750 working at 3.0 T. Imaging was conducted by Dr Marc Rea, a research radiologist from the 

Imaging Sciences Centre of the Imperial NHS Trust, who has conducted many similar experiments. 

Imaging was carried out with standard spin echo (SE) sequences, which have a flip angle of 90
o
. The 

scan parameters are shown in Table 1. In designing any MRI experiment, it is crucial to choose 

suitable parameters, the most important of which at this stage are the slice thickness and the slice 

separation. The larger these parameters are the shorter the scan time, but this may not allow us to map 

the acquired images to the device geometry. Conversely, the thinner the slice thickness, the lower the 

SNR of the image, and this makes the image quality worse. The SNR can be improved by decreasing 

the matrix size, but this reduces image resolution. If the slice separation is made too thin, then aliasing 

effects can arise where a part of one slice manifests in an adjacent slice [214]. Here the slice thickness 

and separation are both set to 2 mm to give at least four slices through each of the devices to be tested. 

The default matrix size is 256 × 256; however, we decrease it to 128 × 128 to compensate for the 

decrease in SNR due to the thin slices. The Display FOV (DFOV) is set to 100 × 100 mm
2
, the cross-

section of the gel container. The pixel bandwidth has also been increased to 651 Hz, rather than the 

default of 130 Hz, since this eliminates chemical shift artefacts. Finally, the number of excitations 

(NEX) is also increased to 2 to improve the overall SNR of the images. 

Table 6.4 Scanning parameters for MRI experiment 1. 

Parameter Value 

Scanning Sequence Spin Echo 

MR acquisition type 2D 

Repetition Time (TR) 700 ms 

Echo Time (TE) 15 ms 

Number of Excitations (NEX) 2 

Slice Thickness 2 mm 

Slice Separation 2 mm 

Flip Angle 90
o
 

Acquisition Matrix 128 × 128 

Pixel Bandwidth 651.016 Hz 

DFOV 100 × 100mm
2
 

Receiving Coil Abdominal Array coil 
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At the beginning of any scanning session, a localiser scan is made in three perpendicular planes using 

the system body coil. This relatively crude scan helps identify the position of the subject and the 

optimum excitation frequency. We make use of this localiser scan to set the slice positions, thus 

allowing for the symmetric mapping of the device to the images obtained. Concentrating on the axial 

slices, Figure 6.11 (a) shows the position of the key slices required along the device. Here the shaded 

green represents the slice thickness, the white in between represents the slice separation and the dark 

green horizontal lines represent the middle of the slices. There are three highlighted slices: these are 

slices 10, 12 and 14, respectively along the bottom, middle and top of the device. Figure 6.11 (b) 

shows the position of these three slices along the coronal localiser scan. We expect to see signal 

enhancement in images 10 and 14, and no effect from the device in image 12. Images 11 and 13 

should show decreased signal enhancement. 

 

Figure 6.11 (a) Required axial slice positions, (b) slice positions on coronal localiser. 

Further imaging was carried out using the array coil. Figure 6.12 shows the important axial images 

thus obtained. Here image 8 is some way from the device; the grey circular region therefore defines 

the gel signal source, while the dark regions beyond represent the Perspex mould. The small black 

disc is the support on which the device is held. Images before 8 and after 17 are free of any effect 

from the device and have been omitted. 
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Figure 6.12 3.0 T axial images of the mutually-coupled system with the small coupled MI ring device. (a) Gel mould 

and plastic support, (b) dark disc artefacts, (c) dark circle and base with holes representing bottom of plastic ring, 

annular signal enhancement round the device, dark disc artefacts (d) no signal enhancement, dark circle representing 

plastic ring, dark artefacts, (e) no signal enhancement, dark circle representing plastic ring, dark artefacts, (f) dark 

circle representing plastic ring, annular signal enhancement round the device, dark artefacts, (g) dark circle 

representing plastic ring, annular signal enhancement round the device, dark artefacts, (h) dark circle representing 

plastic ring, dark disc artefacts, (i) ) dark circle representing tip of plastic ring, dark disc artefacts, (j) light and dark 

disc artefacts 

In image 9, we again see the small black central disc, but now there are eight more dark discs forming 

a ring round it. The diameter of this ring matches the device diameter, and the position of the circles 

corresponds to pairs of closely spaced wires from the device’s second-neighbouring elements. 

Therefore, the dark circles are almost certainly artefacts arising from insufficient rejection of B1 

fields. Note, however, that this slice does not pass through the device itself, as confirmed by the lack 

of a continuous black ring representing the plastic cylindrical scaffold. By contrast, in image 10, we 

see this black ring, and the base of the scaffold, characterised by the holes that allow for gel filling, 

seen here in grey. We also see the dark artefacts again, spaced round the black ring, but now there is 

also a region of higher signal intensity, seen in white. This is the anticipated local signal enhancement 

offered by the device. Image 11 appears dark again, with only artefacts present. Image 12 contains 

almost no effect from the device, as expected from the localiser scan. In image 13, we see some signal 

enhancement again, which increases in image 14. Finally, images 15 and 16 do not pass through the 

coupled MI ring resonator system and show only artefacts. Image 17 lies beyond the plastic scaffold, 

but still has some over-excitation artefacts. 

These images confirm the expected signal enhancement at the edge of each MI ring resonator, and the 

expected zero sensitivity where the coupled rings meet. However, knowing that there is no coupling 

between the anti-symmetric mode and the reading coil, we can suggest that it is the zeroth symmetric 

mode that has coupled to both the B1 field and the abdominal array coil. This is because the first anti-

symmetric mode is only 5 MHz away in frequency from the zeroth symmetric mode – as seen in 

Figure 6.5 – and the rejection of uniform modes is only 17 dB. The coupling to the B1 field has of 
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course introduced the artefacts due to local over-excitation. However, the mutual coupling to the 

reading coil during the detection phase allows us to obtain the signal enhancement in images 10 and 

14. Imperfections in the periodic structure of the coil will tend to confuse these two effects even 

further. 

In Figure 6.13, which shows an axial image through one of the rings of the larger coupled MI ring 

device (with D = 45 mm), we see that the effect from both the B1 coupling and the mutual coupling to 

the reading coil is reduced, as seen by the decreased black artefacts and the decreased signal 

enhancement the device’s coils. This is because the frequency separation between the first anti-

symmetric and zeroth symmetric mode and the rejection of the latter are both larger for this device. 

 

Figure 6.13 3.0 T axial image through lower ring of large coupled MI ring device using a mutually-coupled system. 

6.4.2 Experiment 2: 1.5 T MRI Scanner 

A second small device, tuned to 63.85 MHz, was tested in a 1.5 T scanner. The experiment was 

conducted in Newham University Hospital, London, using a Siemens Magnetom Symphony Syngo 

clinical scanner. Imaging was conducted by Tabassum Zabwala, superintendent radiographer and 

chief MR operator at Bart’s Health NHS Trust. With this scanner, different scanning parameters were 

used, listed in Table 6.5. Here the pixel bandwidth is the maximum allowed in the scanner and is 

chosen to minimise chemical shift artefacts. Additionally, it was possible to reduce the slice 

separation to 0.4 mm without observing any aliasing artefacts. 

Table 6.5 Scanning parameters for experiment 2. 

Parameter Value 

Scanning Sequence Spin Echo 

MR acquisition type 2D 

Repetition Time (TR) 700 ms 

Echo Time (TE) 22 ms 

Number of Excitations (NEX) 2 

Slice Thickness 2 mm 

Slice Separation 0.4 mm 

Flip Angle 90
o
 

Acquisition Matrix 256 × 256 

Pixel Bandwidth 265 Hz 
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DFOV 100 × 100mm
2
 

Receiving Coil Abdominal Array 

 

Figure 6.14 (a), (b) and (c) shows the three key axial images in the same positions as images 10, 12 

and 14 of the previous experiment. Here there are similar black artefacts at the device conductors, 

with the additional signal enhancement in images (a) and (c). We thus confirm that even in the lower 

magnetic field strength of 1.5 T, the device still couples to both the B1 field and the external reading 

coil. 

 

Figure 6.14 1.5 T axial images of the mutually coupled system with the small coupled MI ring device. (a) Annular 

signal enhancement round the device, dark circle and base with holes representing plastic ring, dark disc artefacts (b) 

no signal enhancement, dark circle representing plastic ring, small dark disc artefacts, (c) annular signal 

enhancement round the device, dark circle representing plastic ring, small dark disc artefacts. 

Figure 15 shows a coronal image through the middle of the device. Here, the plastic support and 

screw can be seen, as well as the cylindrical scaffold. We also see the increase in SNR at the top and 

bottom of the device; and some artefacts manifesting as black circles just above each signal 

enhancement. It is interesting to note that the sensitivity pattern shown here does not resemble that 

calculated in Chapter 5. This further supports the unsuitability of the mutually coupled system. 

 

Figure 6.15 1.5T coronal image through the device centre. 

6.5 Directly-Coupled System 

To avoid the problems associated with mutual coupling, we now couple the device directly to the 

scanner using a single tap from one of the ring elements. Of course it is not ideal to have a wired 
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connection running through the patient; but there is a natural lumen through which the wire may be 

passed, and protective insulation may be provided by use of a catheter [204]. Connecting a cable to 

the device requires the matching of its input impedance to the self-resistance of the coil to ensure 

maximum power transfer. Two methods of matching are described below. The MRI experiments with 

the directly coupled system are then presented and a comparison is made between signal reception 

with this system and with the mutually coupled system. 

6.5.1 Matching and Tuning: Capacitive Voltage Divider 

Several matching circuits are available [134] and the exact choice normally depends on the coil 

impedance. We first try the most commonly used capacitive matching circuit shown in Figure 6.16 

(a). Here CT is the tuning capacitor, CM is the matching capacitor, R is the self-resistance of the coil 

and L is its self-inductance. Z0 is the system impedance, equal to 50 Ω. 

 

Figure 6.16 (a) Capacitive voltage divider matching circuit (b) approximation using binomial expansion. 

To maximise SNR, the input impedance of the matching circuit must be matched to the output 

resistance of the receiving coil. To identify suitable parameters, we first transform this circuit to a 

simpler approximation as follows. The admittance measured between the two dots is:  

YM = jωCM +
1

Z0
= jωCM  (1 +

1

jωCMZ0
) 

Equ 6.1 

And the matching circuit impedance, ZM, is: 

ZM =
1

Y
=

1

jωCM (1 +
1

jωCMZ0
)
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Using binomial expansion and assuming ωCMZ0 << 1, we obtain ZM, as: 

ZM =
1

jωCM
(1 −

1

jωCMZ0
) =

1

jωCM
+

1

ω2CM
2Z0

 

Equ 6.2 

And so the effective input ‘resistance’ of the matching circuit is: 

Zin =
1

ω2CM
2Z0

 

Equ 6.3 

Figure 6.16 (b) shows the equivalent circuit approximation obtained using this binomial expansion. 

Here we see that CT, CM and Zin are all in series. Zin should therefore equal R, for perfect matching. A 

suitable value can easily be achieved by adjusting the matching capacitor, CM, and the tuning 

capacitor CT can then be set to achieve resonance at the correct frequency. Generally these two 

components are adjusted by iteration. 

We now apply this matching circuit to the coupled ring sensor. Figure 6.17 shows the ring with D = 

45 mm. Here we see that an extra capacitor, CM has been connected across one of its coils, along with 

the tuning capacitor, CT. A coaxial cable output has been connected across CM. 

 

Figure 6.17 Coupled MI ring device with single tap, using capacitive voltage divider matching. 

Figure 6.18 shows the tuning process in more detail. Figure 6.18 (a) shows the frequency dependence 

of the reflection S-parameter S11, while Figure 6.18 (b) shows corresponding results for the 

transmission parameter S21. Starting with CT = 68 pF, the first anti-symmetric mode falls at 69.9 MHz. 

At this stage, we assume this is the required tuning frequency and analyse the effect of matching on 

the resonance spectrum. Adding CM = 10×CT = 680 pF, moves fμ=1anti up to 70.3 MHz. Here, the depth 

of the notch in S11 at resonance is only 1.2 dB indicating that matching has not yet been achieved. We 

need notch depth > 10 dB to ensure matching. Therefore, we continue the tuning and matching 

process, by decreasing CM and observing the effects on the resonance spectrum. The remaining results 



187 

 

in Figure 6.18 (a) show that the notch depth does indeed increase as CM is decreased. Similarly, the 

remaining results in Figure 6.18 (b) show that the first anti-symmetric mode is upshifted in frequency 

as CM increases since the total capacitance Ctot = 1/{1/CT + 1/CM} decreases. 

   

Figure 6.18 Frequency dependence of a) reflection and b) transmission S-parameters for coupled MI ring device 

during capacitive voltage divider matching. 

Table 6.6 summarises the matching and tuning process, recording the first anti-symmetric mode 

resonance, its Q-factor and S11 depth at every capacitance change. Here it is seen that we only reach 

the threshold of 10 dB notch depth in S11 when CM < CT. However at this point, we are unable to re-

tune the ring (by bringing fμ=1anti back to 69.9 MHz), since Ctot will only be as large as the smallest of 

CM and CT. The required tuning frequency now lies outside of the 3 dB bandwidth of the first anti-

symmetric mode. We thus conclude that this method of matching is not suitable for the coupled MI 

ring device and an alternative is needed. 

Table 6.6 Tuning and matching process with capacitive voltage divider matching 

CT (pF) CM (pF) Ctot (pF) fµ=1anti 

(MHz) 

Q S11 Depth 

(dB) 

68 Infinite 68.0 69.9 67.8 0.47 

68 680 61.8 70.3 63.2 1.21 

68 470 59.4 70.5 62.3 1.89 

68 220 51.9 71.0 54.6 5.54 

68 150 46.8 71.1 50.7 5.39 

68 68 34.0 71.2 50.5 8.17 

68 56 30.7 71.3 49.9 8.68 

68 47 27.8 71.3 49.3 9.26 

68 33 22.2 71.5 47.5 10.12 

68 22 16.6 71.6 46.2 11.04 

220 22 20.0 71.7 42.2 14.87 

390 22 20.8 71.7 41.7 14.29 
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6.5.2 Matching and Tuning: Capacitive Current Divider 

We now investigate an alternative matching circuit based on a parallel rather than a series 

arrangement of capacitors. Figure 6.19 shows the equivalent circuit diagram, with the usual circuit 

parameters. 

 

Figure 6.19 Alternative capacitive matching circuit. 

This time, CM and CT are almost in parallel and therefore: 

ω0 ≅ √
1

L(CT + CM)
 

Equ 6.4 

And so we start with CM < CT and adjust until matching is achieved. Figure 6.20 shows the same 

device as before, with the alternative matching applied to one of its elements. Here the tuning 

capacitor is attached across one of the coils and only one side of the matching capacitor is connected 

to it. The coaxial cable – which will connect to the scanner’s auxiliary input – is then connected 

across both capacitors. 

 

Figure 6.20 Coupled MI ring device with capacitive current divider matching circuit. 

We start with CT = 77 pF, and obtain a first anti-symmetric mode resonance at 65.25 MHz with a Q-

factor of 78.5. Here we are tuning for testing at 1.5 T. We now add the matching capacitor and 

continue the tuning and matching process. Table 6.7 summarises this process. Starting with CM = 15 
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pF, we get a notch depth in S11 of 17.5 dB and increasing CM to 22 pF makes this 37.2 dB, meaning 

we have a very well matched system. However, the first anti-symmetric mode has now downshifted to 

64.76 MHz. We, therefore, decrease the tuning capacitor to 56 pF to reduce the total capacitance C 

and let fµ=1anti move up again to 65.58 MHz. Continuing in this manner, by adjusting CT and CM, we 

finally achieve a notch depth in S11 of 21.5 dB with the first anti-symmetric mode at 65.14 MHz. Thus 

the final capacitor values are CT = 68 pF and CM = 15 pF, offering a well-tuned, well-matched device. 

Note that the Q-factor at the first anti-symmetric mode has decreased to nearly half its starting value, 

which implies an almost perfectly matched system. Note also that the remaining coils for the device 

only have CT = 77 pF connected. 

Table 6.7 Tuning and matching process with capacitive current divider matching 

CT (pF) CM (pF) C (pF) fµ=1anti  

(MHz) 

Q factor S11 depth 

(dB) 

77 15 92 64.80 48.4 17.5 

77 22 99 64.76 42.0 37.2 

56 22 78 65.58 40.0 18.4 

68 22 90 65.01 42.4 13.9 

70 22 92 64.90 43.8 14.9 

75 22 97 64.72 45.6 21.8 

68 15 83 65.14 49.7 21.5 

 

Figure 6.21 shows the mode spectrum for the tuned coupled MI ring device without a tap and the 

resonance spectrum with a tap. Here we firstly see that a rejection of 30 dB has been achieved. 

Comparing the response with and without a tap, we see that the spectrum has been altered by the 

connection of the cable; however, the same number of resonances exists, and the resonant frequencies 

are largely unaltered. 

 

Figure 6.21 Mode spectrum for coupled MI ring device (i) with and (ii) without a tap. 

To be sure, we confirm the frequency of the first anti-symmetric mode by driving the connected 

element with a sinusoidal source and measuring the response at different elements with an inductive 

probe connected to an oscilloscope, as follows. Firstly, two adjacent elements in each ring are 
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measured. Here, the response is a sinusoidal signal from each, with a 180
o
 shift confirming the 

excitation of an anti-symmetric mode. Secondly, two elements at right angles to each other of the 

same ring are measured. Again, the response is a sinusoidal signal from each, but with a 90
o
 shift, 

confirming that it is indeed the first mode. 

Thus the coupled MI ring device with a single tap is now ready for testing in a 1.5T MR scanner. 

Figure 6.22 (a) shows the insulated device mounted on the support pillar and Figure 6.22 (b) shows 

how the Perspex slices of the gel container are utilized to allow the thin cable to pass, but are still 

sealed well enough to contain the liquid gel. 

 

Figure 6.22 Insulated coupled MI ring device with a single tap (a) mounted on support pillar (b) inside the gel 

container with access to the cable maintained. 

The device is tested in gel, and this time we make use of the cable already connected to the device to 

take the measurements. Figure 6.23 shows the resonance spectrum of the tuned and matched coupled 

MI ring device in air and in gel. Here we see that there has been a downshift of 1.15 MHz, making the 

first anti-symmetric mode fall at 64.0 MHz. The 3 dB bandwidth of the first anti-symmetric mode is 

1.3 MHz (calculated from the Q-factor shown in Table 6.7); since this bandwidth includes the Larmor 

frequency of 63.85 MHz, the device is still well tuned. 

  

Figure 6.23 Resonance spectrum for tuned coupled MI ring device with single tap measured (i) in air and (ii) in gel. 
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6.5.3 Experiment 3: 1.5 T MRI Scanner 

The imaging performance of the directly-connected sensor was evaluated by Dr Rebecca Quest, Head 

of MR Physics & MR Safety Expert at St. Mary’s Hospital, Paddington, London, using a GE Signa 

Excite 1.5 T MRI scanner. Figure 6.24 shows the arrangement for the experiment. Here additional 

cuboid phantoms have again been placed either side of the gel phantom, which has its axis parallel to 

the scanner’s magnet bore. The output from the internal coil was connected to an auxiliary coil input 

at the head end of the patient bed. To avoid coil clash, SNR comparisons were made with the system 

body coil rather than an abdominal coil array. 

 

Figure 6.24 Arrangement for MRI scanning of directly-coupled system. 

Table 6.8 shows the scan parameters for this experiment. Here it was possible to reduce the slice gap 

to 0.2 mm and thus obtain more slices through the device. Additionally, the pixel bandwidth is kept at 

162.7 Hz to reduce chemical shift artefacts. Finally, we use a DFOV of 200 mm
2

 which includes the 

phantoms either side of the device. 

Table 6.8 Scan parameters for MR assessment of directly coupled system. 

Parameter Value 

Scanning Sequence Spin echo 

MR acquisition type 2D 

Repetition Time (TR) 520 ms 

Echo Time (TE) 8.464 ms 

Number of Excitations (NEX) 8 

Slice Thickness 2 mm 

Slice Separation 0.2 mm 

Flip Angle 90
o
 

Acquisition Matrix 192 × 160 

Pixel Bandwidth 162.7 Hz 

DFOV 200 × 200mm
2
 

Receiving Coil Body coil / Coupled MI ring 

device 
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In previous experiments, we have made use of a localiser to set the position of slices relative to the 

device. Here we use the coronal scan to set slice positions for the axial scan. This approach is more 

accurate, since the coronal scan has the internal device receiving, whereas the localiser is performed 

with the body coil. Figure 6.25 (a) shows how the slice positions are set on the scanner console 

display and Figure 6.25 (b) shows the equivalent positions with respect to the ring coils. From 

Figure 6.25 (a), we see that slices 7,8 and 11, 12 (with the red lines) have been positioned through the 

regions of signal enhancement; and slices 9, 10 (with the green lines) have been positioned in the 

central region of zero sensitivity. In Figure 6.25 (b) we see that this corresponds to slices 7 and 12 

passing through horizontal wires of the two rings and thus we expect similar images at these positions. 

We expect a similar result for slices 8 and 11, and 9 and 10, with the latter two producing zero signal 

enhancement. 

 

Figure 6.25 Axial slice positions (a) on the scanner console display and (b) with respect to device coils. 

Figure 6.26 shows the most important axial images, with the signal received using the coupled MI 

ring device. Here the images intended to show signal enhancement are highlighted in red and those in 

a zero sensitivity area in green. Indeed, we see that the red images show increased signal intensity, 

with the 6-fold symmetry expected from a device with a single tap. The position of element 1 

(connected to the tap) is highlighted in image 7 and we see the decreased signal intensity at elements 

3 and 7. Even though there is some enhancement in the green images – due to their placement being 

slightly above and below the zero sensitivity line in Figure 6.25 (a) and (b) – it is clearly much lower 

here than through the ring coils themselves. The high signal intensity has also caused some clipping 

artefacts to be seen vertically above and below the phantom gel.  
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Figure 6.26 1.5 T axial images from directly coupled system, receiving with the large coupled MI ring device 

To confirm any advantage of the internal coil, these images must be compared with comparable 

results obtained using the MRI scanner’s body coil. Figure 6.27 (a) shows image 12 of the axial scan 

received with the body coil. Here the large uniform FOV of the body coil allows the cuboid phantoms 

to be seen on either side of the device. However, where there is signal present, it is largely of low and 

uniform intensity. Signal artefacts near the coil conductors indicate that B1 field decoupling has only 

been partially achieved. The most likely explanation is the lack of symmetry – due to the offset 

between the two rings or during mounting of the coupled MI ring resonator system on the plastic 

cylindrical scaffold – which will tend to mix the symmetric and anti-symmetric modes. Figure 6.27 

(b) shows the same image received with the coupled MI ring device. Here the cuboid phantoms 

cannot be seen, due to the limited radial FOV of the device. However, the signal intensity is locally 

much higher, but clearly non-uniform. 

 

Figure 6.27 Axial image 12 obtained using (a) body coil and (b) internal coupled MI ring device. 

We can calculate the SNR by taking the ratio of the signal in a region of interest (ROI) to the noise in 

a region devoid of signal. The noise is calculated as the standard deviation of a region devoid of signal 

for each image, as 8.75 and 2.7 for the body coil and the coupled MI ring coil respectively. 
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Figure 6.28 shows the variation in SNR plotted along a vertical line through the images taken with 

both coils. In the middle of the device, the SNR is 90 when receiving with the coupled MI ring but 

half this value using the body coil. The real SNR gain shows near the device conductors, where the 

SNR is more than 15 times higher when receiving with the internal device. Outside the ring, the SNR 

does not decay monotonically as expected; instead, there are oscillations with increasing radius, which 

can be ascribed to over-excitation. These would be reduced with improvements to passive decoupling, 

which might follow from increases in mode separation, Q-factor and symmetry. 

 

Figure 6.28 Variation of SNR with vertical position obtained using (i) the body coil and (ii) the coupled MI ring coil. 

It is interesting to also compare the SNR obtained with a directly coupled system to that of experiment 

1, obtained with a mutually coupled system. Figure 6.29 shows the SNR along a vertical line of the 

axial image of the large device in experiment 1, shown in Figure 6.13 (where the noise standard 

deviation is equal to 86) and along a vertical line of image 12, experiment 3. Here we see the much 

more significant local SNR enhancement obtained with the directly coupled system. 

 

Figure 6.29 Variation of SNR with vertical position obtained using (i) mutually-coupled and (ii) directly-coupled 

systems. 

Finally, Figure 6.30 shows a sagittal image through the middle of the device, obtained using the 

directly coupled ring device. Here we can see the cable – arrowed – connected to one of the elements 

of the lower ring; and the support pillar used to mount the device. We also see the distinctive 
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sensitivity pattern of the anti-symmetric mode operation, with zero sensitivity through the middle of 

the device, as characterised by the dark horizontal line. This pattern is exactly as calculated in Chapter 

5, and was not seen in the coronal image previously obtained using the mutually coupled system 

(Figure 6.15). 

 

Figure 6.30 Sagittal image through the device centre, obtained using the directly coupled system. 

6.6 Conclusions 

In this Chapter we have shown that mutual coupling to a uniform external read coil cannot be 

combined with an internal device using operation on its anti-symmetric mode to reject B1 fields. 

However, we have confirmed that a directly coupled system offers a clear advantage, demonstrated by 

a peak SNR 15-fold enhancement in SNR. To obtain such a high enhancement by the alternative route 

of signal averaging would require a 15
2
 = 225 fold increase in the number of excitations, a clearly 

impractical requirement. The improved SNR can be directly exploited in reducing the voxel size (and 

hence increasing image resolution) in MRI, or in improving the resolution of peaks in MRS. 

Some decoupling artefacts were seen, even when using the directly coupled system. These can be 

attributed to the lack of symmetry of the device coil structure, resulting in the mixing of the 

symmetric and anti-symmetric modes. For example, Figure 6.31 shows an X-ray scan
10

 of the large 

coupled MI ring device before connection of the single tap. Here the lack of symmetry, evidenced by 

small errors in coil positions, is confirmed. It is likely that these errors could be significantly reduced 

by iteration of the overall design and assembly process. In the next Chapter, conclusions are 

summarised and original contributions are highlighted. Suggestions for future work to improve device 

performance and continue with this research are also presented. 

                                                      
10

 Thank you to Ms. Tabassum Zabwala from the Barts Health NHS Trust for taking the image. 
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Figure 6.31 X-ray scan of large coupled MI ring device, showing misaligned coil patterns. 
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7 Conclusion 
The aim of this research has been to design and develop an initial prototype of an internal sensor for 

the post-operative monitoring of colorectal anastomosis, based on magnetic resonance imaging. The 

overall intention is to use an implanted RF detection coil that can be mounted in a Biodegradable 

Anastomosis Ring (BAR) to enhance the local signal-to-noise ratio in MRI. Improved imaging may 

improve the diagnosis of anastomotic leak following surgical reconstruction, and potentially allow 

prediction of its occurrence rather than simply confirm its existence. Here we summarise the 

contributions made in this thesis and discuss directions for possible future work. 

7.1 Contributions 

The local coil was based on a magneto-inductive (MI) ring resonator; selected for its annular shape 

and the fact that its separate elements lack any mechanical connections. This makes it the ideal 

candidate to be incorporated into a BAR, a temporary mechanical scaffold that is commonly used to 

support an anastomosis and that is fragmented and excreted naturally after healing. The close 

correspondence between the surgical wound, the BAR and the field of view of the MI ring resonator 

implies that the latter will be in a suitable position for wound monitoring. A coupled pair of MI ring 

resonators was used, operating on its first anti-symmetric spatial mode to minimise coupling to the B1 

field during excitation and hence reduce RF heating and over-excitation artefacts. 

Two octagonal coupled MI ring resonator systems based on planar printed circuit board (PCB) 

elements were compared. One was constructed using square elements, and the other using rectangular 

elements. The stronger inductance and intra-ring coupling of the latter resulted in a higher Q-factor 

and more widely separated resonances. The mode spectra for the two systems were predicted 

theoretically and verified experimentally, particularly noting the position of the first anti-symmetric 

mode and its separation in frequency from other modes. It was found that, for this configuration, this 

important anti-symmetric mode is too close in frequency to a symmetric mode which will certainly 

couple to the MRI scanner’s B1 field, allowing for RF heating and the generation of local artefacts. 

Therefore, it was necessary to explore different possibilities for controlling the mode spectrum of a 

coupled MI ring resonator system, to increase the rejection of uniform fields. A systematic 

geometrical search resulted in a further octagonal configuration with a combination of axial and 

planar intra-ring coupling which proved effective at increasing the bandwidth occupied by the anti-

symmetric modes and separating them in frequency. Additionally, it altered the ordering of the modes, 

allowing the first anti-symmetric mode to be separated in frequency from all symmetric modes. Using 

this new design, two new prototypes were constructed from flexible thin-film PCBs mounted on an 

annular scaffold. The first had its dimensions matched to the BAR, while the second was a larger 
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device potentially offering better performance. Again, the electrical response of these devices was 

theoretically predicted and experimentally verified. 

The field-of-view (FOV) of the sensor was then estimated. Calculations were carried out using the 

reciprocity principle, and the FOV was first calculated for a stand-alone system. Initially a single 

travelling current pattern was assumed for each ring, leading to an overall pattern with 8-fold 

symmetry in the ring plane. However, the sensitivity was clearly non-uniform, being highest at the 

ring itself and decreasing radially away, and with zero sensitivity where the coupled rings meet.  The 

FOV was then calculated for a mutually coupled system, based on a single MI ring resonator coupled 

to an external reading coil. The current pattern here was shown to be similar to a standing wave and 

resulted in the variation in sensitivity having 6-fold symmetry. 

Unfortunately, there can be no mutual coupling between a uniform external read coil and a coupled 

MI ring resonator system, when the latter uses operation on an anti-symmetric mode to achieve B1 

decoupling. Therefore, a directly coupled system was proposed, with a single wired connection to one 

of the ring elements. In this case, the FOV again had 6-fold symmetry. However, a quadrature tap 

could be used to improve image uniformity. 

1
H MR imaging was carried out, with the coupled MI ring device immersed in phantom gel designed 

to mimic the conductivity and T2 relaxation time constant of the human body. A mutually coupled 

system at 3 T was first used. Axial images obtained with the ring axis parallel to the B0 field 

suggested a small signal enhancement at the edge of each MI ring, together with a zero in sensitivity 

where the two rings meet. However, since there can be no coupling between a symmetric reading coil 

and an anti-symmetric system, it was suggested that these effects are produced by the B1 field and the 

read coil both coupling to the zeroth symmetric mode, leading to the twin effects of artefact formation 

and residual sensitivity. Images obtained using the larger device, which was expected to have better 

performance, show decreased artefact formation and decreased signal enhancement, confirming this 

interpretation. 

Further imaging at 1.5 T was carried out with this large device, using a directly coupled system with a 

single wired connection. Here a local signal enhancement of double the SNR was observed at the 

device centre, with this value increasing to 15 fold at the coil conductors. Additionally, a significant 

improvement over the mutually coupled system was confirmed. However, only moderate decoupling 

from the B1 field was achieved, and 6-fold symmetry in sensitivity remains a disadvantage. 
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7.2 Future Work 

The conclusions thus far achieved in this research represent an encouraging proof of concept; 

however, as previously alluded, further work is required to improve device performance and move on 

to animal and clinical testing. 

Firstly, to improve B1 field decoupling, methods to maintain device symmetry during fabrication 

should be explored. Additional passive decoupling in the form of a set of diode-switched tank filters 

based on back-to-back diode pairs could also be considered. This approach may increase device size 

and complexity, but would result in significantly increased rejection. The thickness of encapsulating 

material, which affects the body loading on the coil, and hence the effective Q-factor, should also be 

investigated, since there is likely to be a thickness that yields optimum SNR. However, optimization 

of this parameter must be carried out in conjunction with consideration of anatomy and surgical 

efficacy of the BAR device itself. 

Secondly, to improve image uniformity, quadrature taps should be used. These would be simple to 

implement; however, although there is a natural lumen provided by human anatomy down which any 

wired connections could be passed, it would be advantageous to eliminate these, since they present a 

potential pathway for infection. One approach would involve engineering an anti-symmetric external 

reading coil, such as a figure-of-eight coil; however, there would almost certainly be difficulties 

involved in placing such a coil close enough to the local sensor to achieve sufficient coupling. 

Another approach would be to use direct detection, frequency up-conversion and wireless 

transmission. A suitable power source would be required; however, due to the limited lifetime needed, 

it is likely that a battery would be sufficient. 

Thirdly, orientation effects must be investigated, since it is expected that the field of view uniformity 

will reduce further in orientations parallel to the x- or y- axes, and these may be encountered 

depending on the location of the anastomosis within the colon. The likely effects must be modelled 

and confirmed experimentally in an MR scanner. Potential methods of reducing orientation 

dependence including the use of an array of perpendicular coils must then be explored. 

Finally, since the device is intended for incorporation in a BAR, a suitable biofragmentable matrix 

must be developed. The effect of the matrix on the device, in terms of potentially decreasing its 

rejection of uniform fields or obscuring its FOV, should then be investigated as described above. 

Alterations to resonance tuning and FOV as the device fragments should also be considered. In the 

future, the availability of biodegradable conductors such as poly pyrrole may provide options for 

improved biofragmentation or more complete biodegradation. MRI safety should be evaluated (for 

example, using a fibre optical thermometer to measure RF heating of a surrounding gel phantom 

[215]) especially for partially fragmented devices. Lack of toxicity should then be confirmed before in 
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vivo testing to confirm the utility of the sensor in localised imaging or spectroscopy of annular 

wounds. 
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