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ملخص
سرطان القولون والمستقيم هو ثالث أكثر أنواع السرطانات المميتة .مع التشخيص المبكر  ،يكون معدل البقاء على قيد
الحياة حوالي  .٪90التصوير بالرنين المغناطيسي الداخلي يعتبر حالً جذابًا لتحقيق دقة عالية في المناطق العميقة والرقيقة
في جسم اإلنسان مثل طبقات جدار القولون .يمكن أن يسمح بتحليل جدار القولون وتحديد خصائصه لتقييم مرحلة سرطان
القولون والمستقيم باالشتراك مع التنظير الداخلي البصري .هدف األطروحة هو استخدام تقنية المامس لتطوير جهاز خاص
لجدار القولون .في هذا السياق  ،تم تنفيذ التطورات اآللية والمحاكاة الكهرومغناطيسية .وفقًا لذلك  ،ركزنا على MR
المامس كعناصر فصل نشطة على أداء الملف وجودة الصورة .في المحور األول لألطروحة على جدوى وتحسين استخدام
الواقع  ،يعد إلغاء تنشيط الملف داخل اللمعة أثناء إرسال التردد الالسلكي أمرًا إلزاميًا لتجنب مشكالت سالمة المريض
يعتمدان على ( MEMSحرق الترددات الالسلكية) وتدهور جودة الصورة .لهذا الغرض  ،تم بناء نموذجين أوليين لملف
مفاتيح في تكوينات تسلسلية ومتوازية  ،وتم ت مييزهما (على مقاعد تجريبية وفي ظروف التصوير في نظام التصوير
الثنائي التقليدية .تظهر النتائج على مقاعد البدالء وعلى  PINومقارنته بدائرة ) Tبالرنين المغناطيسي السريري 1.5
كانت  MEMSالصور أن الخصائص (عامل الجودة  ،وكفاءة الفصل والسرعة  ،ونسبة اإلشارة إلى الضوضاء) لملفات
وحتى أفضل من ملف المصفوفة الخارجية التجارية في منطقة االهتمام  PIN ،قابلة للمقارنة مع ملف الصمام الثنائي
النشط للملفات داخل اللمعة .يتعلق المحور الثاني من األطروحة بالمالحة  MEMSوبالتالي التحقق من كفاءة فصل
إلى اختالفات  B0المطلوبة للملف داخل القولون حيث تؤدي اتجاهات حلقة الملف فيما يتعلق بالمجال المغناطيسي الرئيسي
 MEMSكبيرة في حساسية الملف من حيث الكثافة وتوحيد التوزيع الذي يغير جودة الصورة .الهدف هو استخدام مفاتيح
لتعديل تصميم هندسة الملف وفقًا التجاه الملف .لهذا الغرض  ،تم تحديد أشكال هندسية مختلفة لحلقة الملف اللولبية
ثم تم تقييم توزيعات حساسية الصورة (الشدة واالنتظام) لتوجهات  FEKO.ومحاكاتها على البرنامج الكهرومغناطيسي
مختلفة .نتيجة لذلك  ،تم تحديد األشكال الهندسية التكميلية ليتم دمجها فيما بينها من أجل تصميم واقتراح ملف التصوير
القابل إلعادة التشكيل مع تقليل التبعية بين حساسية الملف وتوجيهه فيما يتعلق  MEMSبالرنين المغناطيسي القائم على
لتصميم ملفات داخل اللمعة أحادية القناة للتصوير بالرنين  MEMSفي الختام  ،أظهرنا اهتمام تقنية التبديل B0.
 Endoluminalملفات( : swiM RE-Coilsمخصصة لفحوصات القولون البشري و  /أو المستقيم  RFالمغناطيسي
 MEMS).قابلة إلعادة التشكيل باستخدام مفاتيح
الكلمات األساسية  :لفائف التصوير بالرنين المغناطيسي الداخلية  ،الترددات الراديوية  ،حساسية الملف  ،المحاكاة
الكهرومغناطيسية  ،الهندسة القابلة إلعادة التشكيل
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Abstract
Colorectal cancer is the thirdest most mortal cancer. With an early diagnosis, the survival
rate is about 90%. Endoluminal magnetic resonance imaging is an attractive solution to
achieve locally high spatial resolution in deep and thin regions in the human body such as
colon wall layers. It could allow colon wall analysis and characterization to assess the
colorectal cancer stage in combination with optical endoscopy. The global goal of the
thesis is to investigate the use of MEMS (Micro Electro Mechanical System) switch
technology to design one-channel endoluminal MRI RF coils for MR image analysis of
colon wall. In this context, instrumental developments and electromagnetic simulations
were carried out. Accordingly, we focused for the first axis of the thesis on the feasibility
and improvements of using MEMS as active decoupling elements on coil-performances
and image quality. Indeed, deactivating the endoluminal coil during the RF transmission
is mandatory to avoid patient safety issues (RF burn) and image quality degradation. For
this purpose, two MEMS coil prototypes based on switches in serial and parallel
configurations were built, characterized (on experimental benches and in imaging
conditions in a clinical 1.5 T MRI system) and compared to conventional PIN diode circuit.
Results on bench and on images show that characteristics (quality factor, decoupling
efficiency and speed, and Signal-to-Noise Ratio) of MEMS coils were comparable to the
PIN diode coil and even better than a commercial external array coil in the region of
interest, thus validating the efficiency of MEMS active decoupling for endoluminal coils.
The second axis of the thesis is related to the required coil navigation within the colon
where coil-loop orientations with respect to the main magnetic field B0 lead to significant
coil-sensitivity variations in terms of intensity and distribution uniformity altering the
image quality. The objective is to use MEMS switches to modify the coil-geometry design
according to the coil-orientation. For this purpose, different endoluminal coil-loop
geometries were defined and simulated on electromagnetic software FEKO. Image
sensitivity distributions (intensities and uniformities) were then evaluated for different
orientations. As a result, complementary geometries have been identified to be combined
between them in order to design and propose a reconfigurable MEMS-based MRI
endoluminal coil with a reduced dependency between coil-sensitivity and its orientation
with respect to B0. In conclusion, we demonstrated the interest of MEMS switch
technology for designing one-channel MRI RF endoluminal coils dedicated to the human
colon and/or rectum examinations: swiM RE-Coils (Reconfigurable Endoluminal Coils
using switches MEMS).
Key words: MRI endoluminal coils, radiofrequency, MEMS switches, active decoupling,
coil-orientation, coil-sensitivity, electromagnetic simulation, reconfigurable geometry.
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Résumé
Le cancer colorectal est le troisième cancer le plus mortel. Avec un diagnostic précoce, le
taux de survie est pourtant d'environ 90%. L’imagerie par résonance magnétique
endoluminale (IRM basé sur l’utilisation des capteurs endoluminaux ou encore internes)
est une solution attractive permettant de fournir une haute résolution spatiale locale
notamment pour imager les couches profondes et fines du côlon humain. Elle pourrait
permettre l’analyse et la caractérisation de la paroi du colon pour évaluer le stade du
cancer colorectal en combinaison avec l’endoscopie optique. L’objectif général de cette
thèse est d’explorer l’exploitation de la technologie de micro-commutateurs (MEMS) afin
de concevoir des capteurs endoluminaux radiofréquences utilisés en IRM clinique pour
l’analyse de la paroi du côlon. Dans ce contexte, des développements instrumentaux et
des simulations électromagnétiques ont été effectués. Le premier axe est consacré à
l’évaluation des MEMS en tant que dispositif de découplage actif et l’impact sur les
performances des capteurs et la qualité de l’image RMN. En effet, la désactivation du
capteur endoluminal lors de la transmission RF est nécessaire pour éviter la dégradation
de la qualité de l’image et les problèmes de sécurité pour les patients liés à la
concentration RF locale. A cet effet, deux prototypes de capteurs MEMS fondés sur deux
configurations de découplage en série et parallèle ont été fabriqués, caractérisés (sur des
bancs de tests expérimentaux et sur un imageur clinique de 1.5 T) et comparés au circuit
conventionnel utilisant une diode PIN. Les résultats montrent que les caractéristiques
(facteur de qualité, efficacité et vitesse de découplage et rapport signal sur bruit) des
capteurs MEMS sont comparables au capteur de référence et toujours supérieur à une
antenne externe commercial en réseau dans la région d’intérêt, validant ainsi l’efficacité
du découplage actif MEMS pour les capteurs endoluminaux. Le deuxième axe de cette
thèse est lié à la nécessité de prévoir de considérer la navigation endoluminale du
capteur le long du côlon. Cette navigation induit des variations d’orientation du capteur
par rapport au champ magnétique statique B 0 entrainant des variations importantes de
sensibilité de détection en intensité et en distribution du signal altérant significativement
la qualité de l’image. L’objectif est d’utiliser les micro-commutateurs MEMS pour modifier
la géométrie du capteur en fonction de son orientation. A cet effet, différentes
géométries de boucles de capteurs endoluminaux ont été définies et simulées à l’aide du
logiciel de simulation électromagnétique FEKO. Les distributions de sensibilité des images
(intensités et uniformités) ont été ensuite évaluées pour différentes orientations. En
termes de résultats, des géométries complémentaires ont été identifiées et combinées
entre elles dans le but de concevoir et proposer un capteur endoluminal reconfigurable
fondé sur la technologie MEMS et ayant une dépendance réduite entre la sensibilité du
capteur et son orientation par rapport B 0. En conclusion, nous avons démontré le principe
de l’intérêt de l’utilisation de la technologie de commutateurs MEMS pour concevoir des
capteurs endoluminaux dédiées aux examens du côlon et/ou rectum humain : swiM RECoils (capteurs endoluminaux reconfigurables par des micro-commutateurs).
Mots clés : capteurs endoluminaux IRM, radiofréquence, micro-commutateurs,
découplage actif, orientation du capteur, sensibilité, simulation électromagnétique,
géométrie reconfigurable.
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Manuscript introduction
Nowadays an increasing number of people suffer from digestive health problems
particularly inflammatory bowel diseases which mainly appear as ulcerative colitis and
Crohn’s diseases. They affect both colon and rectum with a risk to evolve into a colorectal
cancer (CRC) which is one of the most common cancers. Worldwide, it is the second and
the third most frequent cancer for women and men and accounts for 8.5% of all cancer
deaths. The treatment of CRC at early stages allows a 5-year survival rate higher than
90% in contrast to late stages where this rate is less than 10%. This is why it is
important to develop new imaging tools able to provide an accurate diagnosis for early
stages.
Magnetic Resonance Imaging (MRI) is a common modality used for medical diagnosis of
most human body organs in general and of abdominal and gut diseases in particular;
providing a better tissue contrast and differentiation between tissues than other imaging
techniques. The Nuclear Magnetic Resonance (NMR) images are able to provide medical
doctors with anatomical, structural, functional and metabolic information.
This is mainly due to several developments in the field of MRI such as the increase of the
static magnetic field strength to improve the SNR, the development of fast imaging
sequences to reduce the acquisition time, the increase in the number of receiver
channels in the MRI systems and the use of arrays of external receiver coils based on
combinations of small surface radiofrequency (RF) loops to improve significantly the SNR.
Unfortunately, all these developments are still insufficient for bowel and colon wall
imaging. Analysis of the deep and thin colon wall layers in view of assessing and staging
of colorectal cancer is still very much challenging.
For this purpose, early works have demonstrated the feasibility and the value of receiver
endoluminal coils (REC). One main advantage in the context of colon imaging is the high
local SNR very close to the region of interest (colon wall layers). The gain in local SNR
enables drastically decreased voxel size, a high spatial resolution and thus visualization
of different layers of the colon wall.
Despite the fact that endoluminal MR imaging allows specific examination, which is not
possible with other technologies, it suffers from several limitations.
A first major issue is the total safety of the patient for which no compromise can be
tolerated. Strong local SAR increase can be induced by transmitter RF coil due to the
presence of cables from receiver coils. Several teams worldwide including CREATIS as
well as MR scanner manufacturers have worked in this field in order to make safe MR
examinations. One original solution proposed by CREATIS is a fully optical-based analog
signal transmission as a potential alternative to ensure total patient security respecting
the international standards (IEC-60601).
A second issue is the acceptance by the patient of such endoluminal coil without
excessive discomfort. The limitation of the coil diameter strongly improves this matter.
It should be pointed out that the use of a small surface coil-loop is not only a solution for
the patient comfort but also for obtaining a higher local sensitivity. However, this gain in
sensitivity is accompanied by its rapid decrease with the distance. Fortunately, we are
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only concerned with short distances; less than 1 cm (targeted colon wall areas) which
therefore minimizes the negative impact of this rapid decrease and makes endoluminal
imaging a credible solution during the receive phase.
During the transmission phase however, RF receiver-coils and in particular endoluminal
coils consisting of small surface coil-loops have to be swapped with the whole-body RF
transmitter-coil in order to ensure a good transmitted RF pulse uniformity. In fact, both
coils must be decoupled during the transmission phase in order to avoid any mutual
induction and the subsequent non-uniform B1 magnetic field in the vicinity of the receiver
loop coil. Therefore, a decoupling circuit is mandatory to avoid uncontrolled and spatially
dependent image contrast. To this end, PIN diodes are the most popular components
used as RF switches in a majority of clinical systems.
Finally, another difficult problematic is related to the required coil navigation within the
colon. The consequence is that the coil-loop suffers from sensitivity-map variations as a
function of coil-orientation with respect to the main magnetic field (B 0). In fact, a
maximum of coil-sensitivity is ensured only when the coil-axis is aligned with B0.
Departure from this optimal condition induces changes in coil-sensitivity maps and thus
both intensity values and radial distribution uniformity (shape) are altered by this coilorientation inducing significant image quality degradations. Within this context, the
general question raised is: How could we design a coil to improve the early diagnosis
before being affecting by the colorectal cancer or detecting this cancer at early stage?
To answer this question, one idea is the development of new one-channel reconfigurable
endoluminal coil able:
-

To be coupled and decoupled during receive and transmit phases, respectively.
To adapt its coil geometry according of its orientation with respect to the static
magnetic field B0 to ensure a suitable sensitivity.

One way of achieving this objective is the use of an efficient MR switch able to act as
decoupling element as well as to control and manage the conducting path and thus
create several possibilities of loop-designs without removing the REC from human body.
A few years ago, RF Micro Electro-Mechanical System (MEMS) switches (MM7100, Menlo
Microsystems, Inc., Irvine, CA, USA) were introduced by GE Healthcare to act as MR
compatible switches with a high electrical isolation and were successfully used for
external array coils.
In view of the new possibilities brought by MEMS technology for MR coil designs,
endoluminal MR imaging using RECs could also benefit from the use of MEMS switches to
reconfigure the geometry-design while also ensure the active decoupling.
In this project, coil prototypes and simulated RF loop designs using MEMS technology
were proposed based on specifications provided by an experimented radiologist. So, this
thesis manuscript consists of four main chapters: Chapter 1 describes the global clinical
and scientific contexts of this project. It provides some basis of the NMR phenomena
from signal to image. Then, a theoretical presentation of different types of RF coils
describing quality and limitations of each one is made. Hence, electromagnetic
simulations basis are presented. And finally, a brief description of MEMS technology used
in this project is done.
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The second chapter is dedicated to the experimental developments related to bench and
images experiments of the MEMS active decoupling context. In this work, we shall focus
on studying the feasibility of using MEMS switches on endoluminal coils and then on
using MEMS as active decoupling circuits. This is an interesting question considering the
small size of the REC-loop and therefore its resulting small electrical resistance with
respect to that of the MEMS. For that purpose, two one-channel endoluminal coil
prototypes with different configurations of active decoupling circuits using MEMS placed
in series or parallel to the coil-loop were designed and built. They were then
characterized with dedicated phantom on experimental bench and tested in imaging
conditions on a 1.5 T MR system to evaluate decoupling efficacy and speed
performances. To validate their performances, MEMS prototypes were compared to a
conventional PIN diode based-solution (which has the same endoluminal coil geometry
and considered as a reference coil) and to a commercial external array coil.
Chapter 3 deals with simulated coil loop geometries and designs dedicated to the human
colon imaging. Different miniature coil-loop geometries were defined and simulated on
electromagnetic (EM) software FEKO. Each image intensity distribution was evaluated for
different coil orientations with respect to B0. Complementary geometries were selected
to propose reconfigurable coil displaying reduced dependency of its sensitivity with its
orientation. Switching between loop geometries could be done using MEMS switches to
design one-channel reconfigurable MRI RF endoluminal coils (SwiM RE-Coils). Another
perspective offered by MEMS switches concerns the reconfiguration of a single loop for
multi-nuclear NMR as required for spectroscopic imaging. Usually a primary coil tuned to
1H Larmor frequency is used for anatomical imaging and a secondary coil tuned to
another nucleus is used for spectroscopic imaging of the desired nuclei. Using MEMS, it is
shown that it is feasible to use a single loop for both steps of the imaging protocol.
Preliminary results regarding a possible reconfiguration for 1H and 31P are presented and
show promising perspectives.
A discussion and conclusion section including some perspective finalized this manuscript.
This works was carried out in the framework of a CIFRE thesis between CREATIS lab
(MAGICS team) and GE Healthcare Inc., (Buc, France & Ohio, USA). In the scope of this
thesis, the MAGICs team of CREATIS is specialized in methodology and RF
instrumentation in the field of MR and GE Healthcare has an expertise in RF MEMS (Micro
Electro-Mechanical System) switch technology. MR Imaging experiments were performed
on GE Healthcare clinical MR scanners (1.5 T Optima MR450w & 3.0 T Discovery MR750)
located at the Edouard Herriot hospital in Lyon, France.
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Because in this thesis we focused on the concept of introducing and navigating with an
endoluminal MRI coils within the colon, the present chapter provides a brief overview of
the clinical context and motivation, MRI diagnosis technique and the theory of RF coils
technology including the transmission line, MEMS technology and finally the numerical
electromagnetic simulations including the loss effect estimation.

Chapter 1: Colon wall clinical context, MRI RFcoils and MEMS switches technology
1.1.
1.1.1.

Clinical context
Human colon and rectum

Human colon (large intestine) and rectum are the terminal parts of the digestive tract
(from the mouth to the anus). The main role of the colon is to absorb residues of water
and mineral salts from food and to then produce stools which solidify while transiting in
the colon until it passes into the rectum. The latter accumulates and stores them before
they are evacuated out of the human body.
As can be seen in Fig. 1-1(left), the colon is composed of several parts: Cecum,
ascending colon, transverse, descending and sigmoid colon. Knowing that the colon
structure is not uniform, colon length and diameter are variable from 1.5 to 1.8 m and
from 3 cm (sigmoid) to 8 cm (caecum), respectively. Overall, rectum length and
diameter are about 20 cm and 5 cm.
As seen in Fig. 1-1(right), the colon wall is about of 2 mm global thickness. The layers
from inside (light) to the outside are: Mucosa, Submucosa, Muscularis (Muscularis
externa) and Serosa. The rectum has the same colon layers but for the Serosa.
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Fig. 1-1. The human colon-rectum anatomy. (left) The terminal digestive tract parts [1].
(right) The wall layers description/structure [2]. From inside (light) to the outside are:
Mucosa, Submucosa, Muscularis (Muscularis externa) and Serosa.
As all body organs, Human colon and rectum can be affected by several diseases such as
inflammatory bowel diseases (IBD).

1.1.2.

Inflammatory bowel diseases

Nowadays, lot of people suffer from inflammatory bowel diseases (IBD) characterized by
lesions and disorders affecting the digestive tract [3]. They mainly appear as ulcerative
colitis and Crohn’s diseases. The ulcerative colitis is characterized by inflammation and
contiguous damaged areas occurring first at the rectum and which can propagate further
into the innermost layer of the colon mucosa (Fig. 1-2(left)). The Crohn’s disease is
characterized by inflammation and damaged areas occurring in several portions
(discontinuous parts) along the mucosa of all digestive tract (Fig. 1-2(right)) and often
spreads deep in multiple wall-layers.
According to the inflammation degree and location, both ulcerative colitis and Crohn’s
diseases have some common symptoms, such as abdominal pain, fever, tiredness,
diarrhea, blood in stool, reduced appetite and unexplained weight loss.
Exact causes of an IBD remain unknown but a main possible cause is related to a
defective immune system. A normal immune response leads to an attack of the
undesirable virus and bacterium to protect the body. However, an abnormal or incorrect
immune response (due to an immune system malfunction) may lead to attack not only
virus and bacterium but also digestive tract cells and thus inducing an inflammation of
the gastro-intestinal tract. Some risk factors, such as heredity (genetic component),
cigarette smoking, some nonsteroidal anti-inflammatory medications and the life
environment can be causes of IBDs.
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Fig. 1-2. Inflammatory bowel diseases mainly appear as (left) ulcerative colitis or (right)
Crohn’s disease [4].
Unfortunately, IBDs can advance and evolve into a colorectal cancer (CRC) [5]–[8].

1.1.3.

Colo-Rectal Cancer

The normal function of the human body relies on keeping a constant cells number in the
human body (cell homeostasis phenomena). The natural death of certain cells at every
moment is accompanied by growth and division of identical cells according to instructions
of cells DNA. However, changes (or mutations) in the DNA of healthy cells lead to an
unregulated continuous cell replication (uncontrolled multiplication of abnormal cells). In
other words, the initial affected cell becomes “immortal” by cloning itself: that is what we
call cancer where cancerous cells accumulation leads to a tumor. Moreover, the cancerous
cells can migrate (with time) and settle nearby normal tissues and then body organs of
the rest of body to form deposits: that is what is called metastasis.
Our research in this thesis has been carried out in the context of Colorectal Cancer (CRC)
which also consists of an uncontrolled multiplication of abnormal cells where the primary
tumor develops on the colon or/and the rectum. The fact that the organs concerned are
not easily accessible means that CRC development usually takes place unnoticed and the
apparition of symptoms indicate an advanced stage. These symptoms include common
symptoms to most cancers such as weakness, tiredness, unexplained weight loss and
reduced appetite as well as some usual symptoms of digestive disorders such as blood in
the stool, persistent abdominal disorders (cramps, gas or pain) and changes in bowel
habits (diarrhea, constipation...).
Fig. 1-3 illustrates CRC staging (from stage 0 to IV) of the extent or progress of the
cancer appearance which is very important for determining the appropriate treatment.
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Fig. 1-3. Colorectal cancer stages [9].
As can be seen, developments at the early stages take place within the thin colon wall
layers and thus being able to diagnose these early stages and increase the survival rate
requires being able to analyze deep and thin colon wall layers which is still a challenge
nowadays. Recent statistics show that colorectal cancer is one of the most common
cancers: worldwide, it is the second and the third most frequent cancer for women and
men, respectively [10] and accounts for 8.5% of all cancer deaths [11].
Efficient treatment requires screening, characterization and treatment with monitoring of
colorectal cancer extension. The screening is done by checking the blood in the stool.
This can be followed by a colonoscopy [12], [13] so as to detect the colorectal cancer.
Colonoscopy is based on acquisition of an optical image of the colon wall by the
introduction into the patient of a tube fitted with camera, light source and forceps/clamp.
This is the initial extension assessment which permits to define the CRC stage (Fig. 1-3)
according to the Tumor Node Metastasis (TNM) classification [14], [15]. According to the
information of local or regional severity and extension, a therapeutic strategy can be
adopted.
Surgery, radiation therapy and chemotherapy are used as possible treatments of CRC but
the therapy success depends on the size, location and stage of the cancer along the colon
and/or rectum. The fact that CRC developing in the colon can lead to intestinal
obstruction at late stages followed by intestinal perforation renders treatment difficult
and generally patient’s death.
Contrary to that, detection and treatment of CRC at early stages reduce the dying risk
and allows a 5-year survival rate higher than 90%, in contrast to late stages where this
rate is inferior to 10% [16]. For this reason, an early, accurate and effective diagnosis
method is required. MRI is the most frequently used for extension assessment diagnosis
[17]–[20] and is the modality concerned by this thesis.
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1.2.

Diagnosis: MRI technique

Magnetic Resonance Imaging (MRI), based on the Nuclear Magnetic Resonance (NMR)
phenomenon, is a powerful imaging modality. It can explore different human body soft
tissues and organs by providing high spatial resolution and intrinsic contrast of
anatomical, structural, functional and metabolic tissue information. To achieve that,
several manufacturers (GE Healthcare, Siemens healthineers, Philips …) develop MRI
systems.
Since the MRI technique is based on the NMR phenomenon, we attempt to provide a brief
overview of important NMR basic principles in the following section.

1.2.1.

Signal creation: NMR basic principles

The Nuclear Magnetic Resonance (NMR) phenomenon was discovered in 1946 [21], [22].
An NMR experiment relies on three main steps: RF excitation of the region of interest
(ROI), detection of the NMR signal and signal processing (MR image reconstruction). In
this section, we focus on the first and second steps.
The principle is related to the exploitation of typical nuclei having a non-zero spin number
associated to a magnetic moment µ such as 1H, 3He,
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C,

129

Xe,

19

F,

23

Na, and

31

P. These

nuclei can be found in the human body at different concentrations and thus MRI can be
carried out yielding a powerful diagnostic tool. The hydrogen nucleus (often called
proton) 1H is the most used one because it is easier to be detected than the other nuclei
thanks to its natural abundance in the H 2O molecules which represent 70% of the human
body mass. It permits to produce anatomic and structural images as well as assessing
physiological information. Other nuclei can be used in combination with the proton to
obtain additional information.
During an NMR experiment, nuclear spins of those specific nuclei interact with an intense
external static magnetic field (B0). In absence of the latter, all spin states have the same
energy and the orientation of magnetic moments is random due to thermal agitation.
Thus, the resultant macroscopic nuclear magnetization is zero. In the presence of B0
(assumed to be aligned with the z-axis), each magnetic moment is preferably aligned
with B0 and executes a precession motion around B0 (Z axis). In the case of the proton
(1H), its spin is 1/2 which means two quantum states are possible (±1/2) depending on
the spin orientation with respect to B0 and thus the spin ensemble is divided into two spin
populations: those having a parallel orientation with respect to B 0 which corresponds to a
low energy state and those having anti-parallel orientation which corresponds to a high
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energy state. All magnetic moments precess around B 0 at a specific frequency called
Larmor frequency(𝑓𝐿 ) which is given by:
𝑓𝐿 =

𝛾
𝐵
2𝜋 0

(0.1)

1

where 𝛾 is the gyromagnetic ratio of a given nucleus.
It should be noted that the number of parallel and anti-parallel nuclei is not the same:
due to a very small difference of the energy (gap) between parallel and anti-parallel
states. To get an idea about this quantity, for a population of 1 million nuclei in the case
of a magnetic field of 1.5 T and at a temperature of 25°C the difference in population is
only of 7. Although weak, this difference leads to a resultant macroscopic nuclear
magnetization (M) which is proportional to B 0 and oriented parallel to the B0 direction.
The resultant macroscopic magnetization displays no transverse component since the
individual spins do not display a coherent phase. Due to its orientation, this resulting
macroscopic magnetization obtained at the thermal equilibrium state is coined the
longitudinal component (Mz) Since the created static macroscopic magnetization
magnitude2 (M0) is very small, MRI is considered as a very low sensitive modality and
thus static magnetization and variations regarding different tissues are not easy to detect
(Mz is parallel to B0 while being several orders of magnitude smaller). After creating this
low magnetization, the question now is: how can it be observed?
The idea is to move (or flip) the magnetization from its equilibrium state to a plane
where B0 does not exist in order to observe its return to equilibrium using precession
properties. This can be achieved by applying to the system an additional transverse
magnetic field (called B1) (with the help of a transmitter RF coil) which has the property
of oscillating at the Larmor resonant frequency 𝑓𝐿 . This resonance condition has to be
met. If not the net effect of this B 1 field will not result in a proper flipping of the
magnetization. Assuming a constant B 1 amplitude-value (RF pulse), the resulting effect is
a tilt of the magnetization from its equilibrium position and around the axis of application
of the B1 field, by a certain flip angle (𝜃 in rad) proportional to the RF pulse duration 𝜏 (in
second) according to the following relationship:
𝜃 = 𝛾 𝐵1 𝜏

(0.2)

Therefore, if the RF pulse frequency is the same as the Larmor frequency (resonance
condition), the flip angle of the macroscopic magnetization is proportional to the RF pulse
1
2

The Signal-to-Noise Ratio (SNR) increases with the gyromagnetic ratio.
M0 depends mainly on the B0 field and the gyromagnetic ratio.
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(B1) amplitude and duration. A 90° flip angle means that the macroscopic magnetization
which is in the z direction in the equilibrium state is flipped in the transverse plane (xy)
which is perpendicular to B0 and thus the resulting transverse magnetization

3

(Mxy)

reaches its maximum magnitude value. So, the RF pulses permits to manipulate
effectively the magnetization through the excitation of the spins having a Larmor
frequency within the frequency bandwidth of the RF pulse [23].
At the end of the RF excitation, two types of energy exchanges can be observed:
i/ The longitudinal magnetization (Mz) returns to its thermal equilibrium state (i.e. aligned
with B0 direction) from 0 to the maximum magnitude of longitudinal magnetization in the
equilibrium state (M0) due to energy exchanges of the spins with the surrounding
environment (spin-medium interactions). This relaxation can be described by a
characteristic time constant noted T1 [24]. Bloch’s equations described the longitudinal
magnetization evolution:
𝑑𝑀𝑧
(𝑀𝑧 − 𝑀0 )
= −
𝑑𝑡
𝑇1

(0.3)

The return of the longitudinal magnetization component is given by (Fig. 1-4(left)):
𝑀𝑧 (𝑡) = 𝑀0 − (𝑀0 − 𝑀𝑧 (0)) exp(−
ii/

The

second

magnetization

observed

(Mxy)

phenomenon

because

of

the

is

the

𝑡
)
𝑇1

(0.4)

disappearance

interactions

between

of

the

the

transverse

spins

(spin-spin

interactions) which gradually destroys the coherence between spins that was obtained by
the application of the RF pulse. This second relaxation process can be characterized by a
second transverse relaxation time constant noted T2 which describes the transverse
magnetization decay [24]. Bloch’s equations also described the transverse magnetization
evolution:
𝑑𝑀𝑥
𝑀𝑥
= −
𝑑𝑡
𝑇2
𝑑𝑀𝑦
𝑀𝑦
= −
𝑇2
{ 𝑑𝑡

(0.5)

Solving equation of the transverse magnetization component yields the well-known
solution showing an exponential decrease of the Mxy amplitude with time from the
maximum magnitude of Mxy to 0 (Fig. 1-4(right)):

3

The Mxy is under the effect of both B0 and B1.
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𝑀𝑥𝑦 (𝑡) = 𝑀𝑥𝑦 (0) exp(−

𝑡
)
𝑇2

(0.6)

Fig. 1-4. T1 relaxation time recovery (left) of the longitudinal magnetization and T2
relaxation time decay (right) of the transverse magnetization [24], [25].
During

this

relaxation

processes

(longitudinal

and

transverse)

the

macroscopic

magnetization precesses around B0 and this motion is the basis for the creation of the
NMR signal. Placing a receiver RF coil with its plane perpendicular to the transverse plane
will lead to the creation of a magnetic flux variation in the loop coil leading to an induced
4

an electromotive force EMF (thus an electrical signal) at the ports the receiver loop coil.
Hence, the RF coil detects an NMR signal also called Free Induction Decay (FID) which
can then be further processed to reconstruct a spectrum or an image (with the addition
of magnetic field gradients). The resulting image SNR is therefore highly dependent on
the signal intensity and maximizing the latter requires that the coil be as close as
possible to the sample and that its operating frequency being the same as the Larmor
frequency of the targeted nuclei. This can be done by using a volume MR coil such as the
whole body coil of the MRI system as transceiver or as in our case a specific MR coil for
the receive phase alone.
To measure an NMR signal and to be able to reconstruct an image, an MRI sequence
should be used. The latter consists of a repetition of successive events taking place at
specific times namely, magnetization flip, signal measurement and recovery period. Two
main sequence parameters related to the timing of these events are: the echo time (TE)
which corresponds to the time delay between magnetization flip and signal measurement
and the repetition time (TR) which is corresponds to the time between two successive
magnetization flips. Several types of sequences can be used but since the objective of

4

The RMN signal is coming from the elementary volume.
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this project is related to the geometry-design of the receiver RF coil, only two basic
sequences were used: gradient echo and fast spin echo sequence.
So, The NMR signal is detected by an MR coil and amplified before being digitized and
processed to reconstruct MR images. In the next paragraph, presentation of signal
detection and transmission are made.

1.3.
1.3.1.

Signal detection and transmission:
MR coils

An MRI coil is a resonating circuit (RLC tank) composed of a metallic loop (or several
loops) formed, generally, by copper wire or strip conductors, equipped with different
electronic components (such us capacitors, diodes, inductances …) and placed around or
close to the sample (tissue, phantom …). It permits to convert by induction the
precession motion (which takes place at the Larmor frequency) of the macroscopic
magnetization during relaxation into an electric voltage of the same frequency at its
terminals. From an electrical point of view, an isolated MRI coil is an electronic circuit
consisting mainly of an RF loop tuned to be resonant at the Larmor frequency of the
targeted nucleus. This ensures that a maximum RF energy is transferred between the coil
and the nuclei under investigation and vice-versa.

a)

Volume coils

Volume coils can be used as RF transceivers (i.e. for both RF transmission and RF
reception). In fact, during RF transmission, a signal is sent to the volume coil, such as
the whole-body coil (WBC) of the MRI scanner, to generate a short-lived magnetic field
(B1 field used to flip the macroscopic magnetization) with amplitude proportional to the
current intensity flowing through the coil. The use of such volume coil is meant to ensure
a uniform excitation with a controlled and precise flip angle of the magnetizations of
tissues to be imaged. During the RF receive phase, there is no deliverance of the
excitation magnetic field and thus it is possible to use the body coil to collect the NMR
signal from the tissues under investigation. A uniform sensitivity profile can be obtained
over the whole region of interest. However, the low magnetization and the relatively
large distance between the body coil and the region of interest leads to a very small
induced current in the body coil and therefore a small NMR signal which is a limitation for
the majority of MR applications.
Solving this issue has led to the development of specific receiver coils for which the RF
surface coil is an interesting solution in certain situations.
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b)

Surface coils

A surface coil is usually an external device placed as close as possible to the region of
interest thus enhancing the captured NMR signal and the resulting image SNR.
A well-chosen surface receiver coil can lead to significantly improved image SNR in the
region of interest while also displaying a non-uniform sensitivity with a decrease when
moving away from the loop coil(the sensitivity which is inversely proportional to the loop
radius and decreases rapidly with the distance [26].
For a circular surface coil with a radius r, through which flows a current I, this
dependency along the coil axis, is given by the following relationship:
𝑆𝑁𝑅 𝛼

µ
𝐵1𝑥𝑦
= 0
𝐼
2

𝑟2
2

3

( 𝑟2 + 𝑑 ) 2

(0.7)

where µ0 is the magnetic permeability in free space (4.10-7 H/m) and d distance from
the coil-plane. Equation 1.7 is plotted in Fig. 1-5 for three different coil radiuses and
illustrates that the coil radius must be a carefully chosen parameter so as to optimize the
SNR in the region of interest. Another feature of surface coils is the non-uniformity of the
resulting SNR with the distance from the coil plane.

Fig. 1-5. SNR profile versus the exploration depth Measured from different coils size.
This particular feature while acceptable during the receive phase cannot be tolerated
during the transmit phase. This phenomenon can be a limitation for several specific
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applications where the region of interest lies far from the body surface thus annealing the
specific advantage of such coils.
Once the NMR signal is detected by a reception coil, it must be sent to the MRI system.
Although active research is being carried out for a wireless transmission, for the moment
the signal transits through a physical transmission line. To achieve that, several
technologies are reported in the literature but the coaxial cable is the conventional
technology nowadays.

1.3.2.

Coaxial cable

The coaxial cable (galvanic cable) is the unbalanced type which is based on the use of
two conductors with unequal impedances. As shown in Fig. 1-6, a coaxial cable is made
up of two conductors: a central inner conductor and an outer metallic braid conductor,
often called the shield, (used as ground) with inner and outer surfaces. The two
conductors are separated by an insulation dielectric. The external layer is an insulation
sheath that also ensures mechanical and chemical protection of the cable. This type of
transmission lines are commercialized with two characteristic impedances Z0 (50 Ω for
applications where important electrical power is sent or 75 Ω when losses have to be
minimized). In this thesis all used coaxial cables have 50 Ω characteristic impedance.

Fig. 1-6. Picture of a coaxial cable used as galvanic line.
The coaxial cable being the physical support linking the coil to the amplification stage, all
three need to matched impedance-wise so as to ensure an efficient transmission.

Impedance matching
A coaxial cable is mainly characterized by its impedance (Z0) which is the voltage to
current ratio at any point of the transmission line. During signal propagation, there is an
incident wave (useful signal) in the load stage and a reflected wave (signal loss),
circulating in opposite direction, back to the RF source. The reflection coefficient (Г) is
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the reflected-voltage to incident-voltage ratio and can be defined at any given point on
the transmission line and at any frequency.
Since an MR coil detects the NMR signal; then sends it to the transmission line (coaxial
cable in this case), coil and cable are considered as generator and load, respectively.
Г=

|𝑍𝑐𝑎𝑏𝑙𝑒 − 𝑍𝑐𝑜𝑖𝑙 |
𝑍𝑐𝑎𝑏𝑙𝑒 + 𝑍𝑐𝑜𝑖𝑙

(0.8)

To maximize the transmitted power and therefore the signal, reflection losses between
coil and cable must be minimized as much as possible and thus the voltage reflection
coefficient (which is between 0 and 1) should be as near to 0 as possible corresponding
to a reflected wave with zero amplitude. To achieve that, the numerator of the reflection
coefficient (eq. 1.8) must be equal to 0 in the ideal case. Thus, Zcoil should be as near to
Zcable as possible (or equal to Zcable in the ideal case). And this justify why it is required to
match the coil to the Zcable (noted Z0). In other words [27]:
𝑍𝑐𝑜𝑖𝑙 = 𝑅𝑐𝑜𝑖𝑙 + 𝑗 𝑋𝑐𝑜𝑖𝑙 = 𝑍0

(0.8)

that is Rcoil = Z0, Xcoil = 0, where Rcoil and Xcoil are, respectively, real and imaginary parts
of the coil impedance (Zcoil). Z0 is generally taken to be 50 Ω (sometimes 75Ω). In this
thesis, all used coaxial cables have Z0 of 50Ω (RG-58).
Once understanding the importance of having tuned and matched a coil, the next
question is:
How to tune and match an MR coil when using coaxial cables?
To achieve this goal, two classical ways are reported in the literature: capacitive coupling
and inductive coupling.

a. Inductive coupling
This method permits to adjust the global impedance of the coil to Z 0 (50Ω). It is based
on inductive transformer principle where the received signal is transmitted by the coilloop inductance (𝐿𝑠 ) to another inductance (𝐿𝑃 ) connected to the transmission line with Z0
(Fig. 1-7) [28].
The inductive coupling between the inductances of primary and secondary circuits
represents the mutual inductance M which is given by:
𝑀 = 𝑘 √𝐿𝑝 𝐿𝑠

(0.9)

where k is the coupling coefficient between the two stages.

19

Fig. 1-7. Electronic schematic of tuned and matched RF coil based on inductive coupling
principle. (left) The primary circuit which serves to match (right) the secondary resonant
circuit. The capacitor Ct serves to tune the coil at 𝐹0. Lp, Rp, Ls and Rs are inductance
and resistance of primary and secondary circuits, respectively.
In this case, the inductive coupling depends mainly on the distance separating the loops
and loop size. One advantage of this method is that tuning and matching values are
independent. In addition, inductive coupling method has the advantage of reducing the
load effect when the sample is placed in the coil where the electric field distribution in the
sample is symmetrical regarding the coil (reduced shift of the resonance frequency)
[28]–[30]. However, the inconvenience is the size limitation especially in the case of
endoluminal imaging. In this case, the inductive coupling depends mainly on the space
between loops or coil-loop size [28]–[30].

b. Capacitive coupling
Contrary to the inductive method, the capacitive method is based on the use of only the
coil circuit (Fig. 1-8). Since Ct serves to tune the coil to 𝐹0, adding another capacitor Cm
serves to get directly the desired impedance matching Z 0 (50Ω). R and L are coil
resistance and inductance, respectively. There are two ways to do that: series or parallel
tuning.

Fig. 1-8. Electronic schematic of tuned and matched coil based on capacitive coupling
principle using (left) parallel tuning or (right) series tuning. In both cases, C t and Cm
serve to tune and match the coil at 𝐹0 and to Z0 (50Ω).
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In the case of parallel tuning (Fig. 1-8(left)), the RF coil-loop can be tuned to the desired
resonance frequency by adding tuning capacitor (Ct) in parallel to the loop. In other
words, the resonating loop is realized with capacitive tuning associated to a series
matching. In the case of series tuning (Fig. 1-8(right)), Ct is added in series with the coilloop. In other words, the resonating loop is realized with capacitive matching associated
to a series tuning.
In the two configurations, there are interdependencies between Ct and Cm. That means
the modification of one of them induces a modification for the other which is important
when characterizing the coil on bench. However, if this dependency is inconvenient, the
capacitive coupling technique permits to cut the ground currents leading to a reduced
dielectric effect with the sample and thus reducing the losses [31]. The efficacy of this
method depends on the position of the sample regarding the coil. From a practical point
of view, this technique is better suited for miniature coils used for endoluminal imaging
(no need for a secondary inductance-loop and less capacitors required). For these
reasons, in this thesis we focused on coil-designs based on the capacitive method in
particular series tuning configuration (please find details in chapter 2 of the manuscript).
Once the MR surface coil is connected to a coaxial cable while respecting the optimal
tuning and matching, the cable is then connected to the MRI system. In this thesis, this
link is ensured through a specific interface connector.

Interface connector
To connect our home-made receiver coil to the MRI scanner of GE Healthcare Inc., it is
necessary to use an interface connector (A-PLUG) (Fig. 1-9) with the adequate
configuration file [32]. In this thesis, we worked on an Optima 1.5 T MRI scanner
(MR450w).

Fig. 1-9. An interface connector type of A-Plug (GE Healthcare Inc.).
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RF TRAPS
The coaxial technology is considered as the conventional technology used to transmit the
NMR signal detected by the MR coils. However, it requires the use of certain specific
elements named RF traps placed along the cables. In such a transmission line, two signal
propagation modes can intervene herein. The first one is the Differential Mode (DM)
signal which is carried out by the strong coupling effect between the central conductor
and inner surface of the grounded shield. Therefore, it results two currents with the same
magnitude but opposite current direction (180° phase) (there is a voltage difference
between these two conductor-surfaces). In this case, DM signals are transmitted along
coaxial cable as a TEM (Transverse Electro-Magnetic) wave between these two surfaces
and this is the useful information.
Unfortunately, a major RF engineering problem is the presence of unwanted Common
Mode (CM) currents (which represents the second propagation mode) on the shield of the
coaxial cable often called common or ground and considered as a zero potential. In fact,
the strong coupling between the central conductor and inner surface of the outer
conductor leads to force the CM currents to move on the outer surface of the shield and
the characteristic of this CM current is that it flows in the same direction as the current
flowing in the central conductor [33], [34] (I3 in Fig. 1-10).
In MRI examinations where a surface coil is interfaced with a coaxial cable, unwanted CM
currents are due to several factors [33]. The first cause is the absence of a properly
grounded cable termination. The second origin is related to the coupling between
resonating circuits such as a body coil (which acts only as transmitter) and a surface
receive-only coil, where CM signals are due to the transmission-coil field (external
interference and radiation) induced onto the coaxial cable shield of the receiver-coil.
Another origin is due to the coupling/interaction between the coil-loop (unbalanced loop
voltages) and the coaxial cable shield but in the case of receive-only coils (which is our
case) this effect is not predominant.

Fig. 1-10. Currents flowing on a coaxial cable [34].
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In any case, an induced electric field (E) is generated near the coaxial cable when
connecting a coaxial cable to a surface coil inside an MR scanner. However, since MR is
based on high frequency electromagnetic fields, the RF electric field induces currents at
the same frequency in conductors in particular coaxial cables forming an asymmetrical
transmission line and creating additional losses (dielectric and radiation).
As the frequency grows, the wavelengths become shorter and comparable to the length
of the used coaxial cables and thus the coaxial shield is forced to act as antenna of
arbitrary length and generate antenna current patterns, where the maxima occur at each
odd number of quarter-wave lengths.
As a result, CM signals lead to a serious risk of a local heating (RF burn) in patient
tissues. This is described by the increase of the local Specific Absorption Rate (SAR)
[35]–[37] in particular with the increase of the static electric/magnetic field of the MRI
system [38]–[40]. In addition, CM signals affect also the coil performance due to the
excess noise introduced into the MRI environment which leads to drops in SNR, and thus
a degradation of the MR images quality. Therefore, it is fundamental to reduce the CM
signals as much as possible.
Different practical solutions have been reported in the literature to suppress or reduce
the propagation of common mode currents along the shield of a coaxial cable. A first
simple solution is to use coaxial cables with lengths inferior to λ/4 to avoid peak local
overheating along coaxial cables. This corresponds to about 78 cm at 1.5T and 39 cm at
3T which is relatively short length and not always possible.
LC (Inductor-Capacitor) traps blocking current such as RF traps, balun or again commonmode choke have been proposed in the literature. Their role is to filter parasitic currents
flowing on the outer surface cable shield of the reception coaxial cable [41], [42] or to
minimize the electromagnetic coupling between channels of a reception coil in the case of
array technology or to minimize the coupling between loop elements of different
resonance frequencies [43].
A simpler design of an RF trap (Fig. 1-11,a) consists in using only one capacitor placed in
parallel to a solenoid [33], [44]. The solenoid can be achieved by winding a coaxial cable
for a certain number of turns and soldering a variable capacitor between the two ends of
the outer surfaces of the cable ground. The number of turns and the range of capacitor
values depend on the operating frequency. Finally, the trap is adjusted by changing the
capacitor value and visualizing on a Vector Network Analyzer (VNA) until achieving the
tuning of the trap at the coil resonance frequency. It should be noted that multiple traps
should be placed at specific distances along coaxial cables to avoid the maximum of

23

current magnitudes (generally every λ/4 starting from the coil). The signal flowing in the
inner conductor of the coaxial cable is not affected.
In this thesis, Fig. 1-11,b illustrates the picture of one of the RF traps used in MR
experiments to filter parasitic currents flowing in the outer surface of each coaxial cable
ground at 64 MHz.

1 cm
Fig. 1-11. The electrical schematic (left) and the picture (right) of an RF trap designed
for filtering parasitic currents flowing in the outer surface of a coaxial cable ground. In
green, a coaxial cable winding to form an inductance (four turns in this example, with a
diameter around 1.4 cm for each turn). A variable capacitor (range of 2-22 pF) is
soldered in parallel to the formed inductance to create an LC circuit operating to filter
parasitic currents at 64 MHz.
Another solution that deserves to be mentioned due to its particular advantage in the
case of endoluminal imaging concerns optical transmission lines. It consists in replacing
the galvanic wire connection by fiber optic link to ensure full optical transmission of the
NMR signal and thus full patient safety during the colon exploration [37]. It should be
noted that this is the objective of several teams in the world, including team "MAGICS” of
CREATIS Lab which proposed an electro-optical conversion using a crystal with specific
properties [17]. However since this solution was not used in this thesis we will not go
into further details.
In this present work, all RF and DC links are based on the conventional (galvanic)
technology: coaxial cables fitted with RF traps. However in an endoluminal imaging
context which is the subject of this thesis, this may not be a realistic solution due to the
size and geometry of such traps which are not compatible with human colon size (patient
discomfort and acceptance issue). Indeed in the case of colonic wall imaging, external
array coils do not enable high enough SNR to be able to analyze the thin colon wall layers
and enable the early diagnosis of pathologies developing in the colon. An interesting idea
is to place a dedicated miniature coil inside the colon very close to its wall layers which is
the region of interest (ROI). This technology is called endoluminal coils used for
endoluminal imaging.
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1.4.

Endoluminal imaging

Endoluminal imaging is an attractive solution for getting high local SNR and thus
providing very high spatial resolution of the image for all deep-lying organs. An
endoluminal coil is a specific type of surface coils based on dedicated small coil size
placed inside of the human body to be close to the ROI; thus to image the deep regions
(such as deep and thin colon wall layers) which is not possible with the external coils.
Endoluminal coils can be used for RF transmission but they suffer from the B 1
inhomogeneity. Usually endoluminal coils are used only for reception in combination with
the Whole-Body Coil (WBC) integrated in the MRI system for transmission.
In the literature, an MRI endoscopic receiver coil has been proposed [45] and used for
endoscopic

MRI

in

the upper

gastrointestinal

tract

[46]. Previous

works

have

demonstrated the feasibility of using endoscopic coils for imaging the prostate [47]–[50]
or colonic tissue [51]–[58] with high spatial resolution. Other previous works have
demonstrated the possibility of using endoscopic coils to differentiate the intestinal wall
layers in rabbits [59], [60]. In intervascular applications, MRI endoluminal receiver
probes with high spatial resolution have also been proposed [61], [62]. Despite these
improvements, human digestive system and in particular the colon wall in depth is still
difficult to be explored.
It should be noted that using this combination of a separate transmitter and receiver coil
as done with the WBC and endoluminal coils, requires a decoupling strategy since both
receiver and transmitter coils both have the same resonance frequency.

Coil decoupling
During the transmit phase (transmission of RF B 1 pulse), the endoluminal coil must be
decoupled from the transmitter coil by moving away from the coil resonance frequency
from the Larmor frequency. This is done to avoid the inductive coupling between RF coils
and the RF concentration close to the receiver coil that could lead to flip angle variations
and safety issues. During the receiver phase, the endoluminal coil frequency should be
restored and it is the resonance frequency of the transmit coil that should be shifted.
Additional circuits and components should be added to the coils to ensure this active
decoupling or active detuning that have to be operated depending on the sequence
timing. PIN diodes are the most popular components used as RF switches in the majority
of clinical systems. In this thesis, we propose to exploit MEMS switch technology as
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alternative solution. A description of MEMS technology is briefly presented in the next
section and in details in chapter 2.

1.5.

MEMS technology

Why MEMS technology in MR applications
MEMS switches can be used in MR applications mainly for two purposes:
a) As an active decoupling element in receiver coils
b) As a switch enabling modification of the current path and therefore reconfiguration of
the coil geometry to simplify the coil design and to propose new geometry solutions for
medical diagnosis or to accomplish a specific role. In the literature, MEMSs were mainly
used for external coils for different MR applications such as: a reconfiguration of external
two-channel array coil geometry to achieve spin and torso MRI diagnosis [63], a
decoupling strategy of double-tuned RF coil for achieving [64], [65], a design with high
RF shimming performances (high localized B0 homogeneity) [66] and an MRI-compatible
wireless (power transfer system) receive coil array [67].
In the case

of endoluminal coils, both features

are

very interesting. Indeed,

reconfiguration of coil geometries to lessen the adverse consequence of coil orientation
with respect to B0 is an interesting proposition. This could be done using MEMS switches
which once integrated in the endoluminal coil could also fulfill the role of active
decoupling element. These two aspects will be covered in chapters 3 and 2 respectively
but in the next paragraphs, we will give a brief overview of MEMS switches which will also
be further developed in chapter 2.

MEMS switch
The

used

MEMS

(Micro

Electro-Mechanical

System)

switch

(MM7100,

Menlo

Microsystems, Inc., Irvine, CA, USA) (Fig. 1-12) is developed by GE Healthcare Inc. [68].
It is a fast and pure mechanical switch based on a mobile micro metallic actuator
fabricated inside a chip of 1 cm x 1 cm packaging-size. Table 1-1 illustrates some
important characteristics of this MEMS switch. The important feature is the possibility to
fully disconnect the RF element from the circuit; ensuring high isolation. Also, MEMS has
low power consumption (a few nW) due to the low necessary current (a few pA) and has
fast switching delays (a few µs).
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Fig. 1-12. The MEMS switch (a) picture (b) symbol (c) side view (d) open state (e)
closed state (f) with its open and (g) closed electrical representations.
The MEMS is open by default. Applying an 82 V (MEMS bias voltage) induces an
electrostatic force that closes the switch by mechanically moving the actuator to create a
short circuit between the gate and the beam electrodes of the MEMS. Removing the
MEMS bias voltage, the actuator moves again to open the circuit. MRI applications in this
work required the addition of a driver circuit and external power sources to control MEMS
opening and closing since those control signals were not readily available on the used MR
scanner. However in certain recent MR scanners from GE, these signals are made
available easing the use of MEMS.
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Table 1-1. Characteristics of MEMS switch developed by GE Healthcare Inc.
MEMS characteristics

Typical values

Control voltage (v)

82

Control current (pA)

10

Standoff voltage (V)

500

Capacitance of open MEMS CAB (pF)

1.5

Resistance of open MEMS RAB (MΩ)

10

Resistance of closed MEMS RAB (Ω)

0.5

Switching delay to open the MEMS (µs)

1

Switching delay to close the MEMS (µs)

4

MEMS driver
The MEMS Driver Circuit houses three Inputs: two DC bias inputs for an 82 V and 10 V
voltages to bias, respectively, the MEMS and its driver, and a DC control input which is
fed either -5 V voltage to set the 82 V on the gate-electrode of the MEMS and close the
MEMS or a 7 V (100 mA) signal to release the switch and open the MEMS. More details
about the MEMS and its driver were provided in previous work [69]. The MEMS and its
driver are presented in Fig. 1-13. The MEMS Driver Circuit houses three Inputs: two DC
bias inputs to receive 82 V and 10 V voltages to bias, respectively, the MEMS and its
driver, and a DC control input to receive a -5 V voltage to set the 82 V on the gateelectrode and closes the MEMS or a 7 V (100 mA) signal to release the switch and opens
the MEMS. More details about the MEMS and its driver were provided in previous work
[69].

Fig. 1-13. The picture of MEMS driver circuit (MDC) including the MEMS switch (GE
Healthcare Inc.). The dimension of the board circuit are of 4.4 cm x 2.2 cm.
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To avoid redundancy, more details about the characteristic and operating of MEMS switch
and board (control) are described in chapter 2.
Once the MR signal is formed according to the NMR phenomenon, detected by an RF coil
(respecting the decoupling strategy) and transmitted to the MRI system by a line
transmission, MR images are reconstructed. Thus, the MR image quality should be
evaluated.

1.6.

MR image quality

After an MRI examination, the diagnosis efficacy depends mainly on the image quality
whose two major characteristics are namely spatial resolution and SNR parameters [70].
They can be completed by other characteristic such as the contrast to noise ratio or
signal intensity uniformity.
The SNR is a measure used to quantify the image quality. One definition is given by the
ratio between signal levels in a region of interest with respect to the standard deviation
of the noise level which is measured outside the sample (in air). For MRI applications, the
SNR can be defined as the ratio between the induced MR-signal (maximum signal
amplitude) and the thermal noise voltage [71], [72].
The noise observed on MR images is reflected in an identical manner on the signal of
each voxel due to the invariance of the noise voltage at any point in space. It can be
related to the RMS amplitude of the thermal noise voltage (𝑉𝑁𝑜𝑖𝑠𝑒 ) measured across the
equivalent (total) noise resistance (𝑅𝑁𝑜𝑖𝑠𝑒 ) of the loaded MRI coil [73]. The 𝑉𝑁𝑜𝑖𝑠𝑒 is given
by:
𝑉𝑁𝑜𝑖𝑠𝑒 = √4𝑘𝑇∆𝑓𝑅𝑁𝑜𝑖𝑠𝑒

(0.10)

where ∆𝑓 is the reception bandwidth and 𝑇 is the coil-loop temperature. Thus, the SNR of
an NMR experiment is given by [73]–[76], [51]:
𝐵1𝑥𝑦
𝐵1𝑥𝑦
𝑝𝑒𝑎𝑘 𝑠𝑖𝑔𝑛𝑎𝑙
𝜔0 𝑀0𝑉𝑠
𝐼
𝑆𝑁𝑅 =
=
𝛼
𝑅𝑀𝑆 𝑛𝑜𝑖𝑠𝑒
𝐼√𝑅𝑁𝑜𝑖𝑠𝑒
√4𝑘𝑇∆𝑓 √𝑅𝑁𝑜𝑖𝑠𝑒

(0.11)

where 𝜔0 is the nuclear precession pulsation (rad/s), 𝑉𝑠 is the sample volume, 𝑘 is the
Boltzmann constant, 𝑇 is the absolute temperature, ∆𝑓 is the receiver bandwidth and 𝑀0
is the magnetization (magnetic moment per unit volume) which is given by:
𝑀0 =

𝑁𝛾 2 ħ2 𝐼(𝐼 + 1)𝐵0
3𝑘𝑇

(0.12)
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where 𝑁 is the spin density, 𝛾 is the gyromagnetic ratio, 𝐼 is the spin quantum number, ħ
is the Planck’s constant divided by 2𝜋 and 𝐵0 is the static magnetic field.
The

𝐵1𝑥𝑦
𝐼

term is the magnetic field per unit of current flowing in the coil and represents

the coil sensitivity. Assuming a 𝐵0 aligned along the z-direction, 𝐵1𝑥𝑦 is given by [77]:
2
2
𝐵1𝑥𝑦 = √𝐵1𝑥
+ 𝐵1𝑦

(0.13)

where 𝐵1𝑥 and 𝐵1𝑦 are then the field components orthogonal to 𝐵0 .
So, optimizing

𝐵1𝑥𝑦
𝐼√𝑅𝑁𝑜𝑖𝑠𝑒

leads to optimize the coil performance. The loss phenomenon which

is associated to the thermal energy dissipation 𝑅𝑁𝑜𝑖𝑠𝑒 represents an important factor to be
determined. More details about this particular are provided in the chapter 3.
SNR optimization
The SNR can be optimized by increasing 𝐵1𝑥𝑦 or decreasing 𝑅𝑁𝑜𝑖𝑠𝑒 . Increasing the static
magnetic field B0 induces an increase in the Larmor frequency 𝐹0 which in turn leads to
an increase of the signal quantity (𝐵1𝑥𝑦 ) and SNR. However, 𝑅𝑁𝑜𝑖𝑠𝑒 also depends on the
frequency (detailed in the chapter 3). In addition, the noise origins are multiple. In this
context, numerical electromagnetic simulations are required to achieve the optimal
geometry design.

1.7.

Numerical Electromagnetic simulations

Computational electromagnetic (EM) simulation techniques based on solving Maxwell’s
full-wave equations, such as Finite-Element Method (FEM) [78], Finite-Difference Time
Domain (FDTD) [79], [80], and Method of Moments (MoM) [81], [82], have been
reported in the literature. They all enable calculation of the sensitivity of various coil
geometries designed for specific regions of interest [83] with numerical results being
very close to those of experimentation [84]. This is very helpful for coil designing and
building in terms of cost, time, effort and efficacy [84]. Overall, these numerical solvers
can be classified in two categories: partial differential-equation or integral-equation
techniques.

1.7.1.

Partial differential-equation techniques

This section is devoted to the presentation of the two numerical solvers category based
on partial differential equation techniques: Finite-Difference Time-Domaine (FDTD) and
Finite Element Method (FEM)
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Finite-Difference in Time-Domaine (FDTD)
FDTD is a numerical technique used a field method to solve Maxwell equations directly in
their partial differential-equation and the solution is found in the time domain
(particularity of this technique) [80]. After the discretization into appropriately sized unit
cells, an excitation source should be applied under form of currents or plane wave. At
any point in space, the updated value of the E-field in time is estimated from both local
H-field and previous E-field value. Thus, electric and magnetic fields are determined in a
meshed parallelepiped volume, and at any given instant in time and space [84]. If the
FDTD technique is set in the time domain, the use of Fourier techniques allows the
calculation of wide-band frequency domain information. This method is well-suited to
modelling inhomogeneous materials. More details about this method can be found in the
literature [80], [84]–[87].

Finite Element Method (FEM)
FEM is a numerical technique used to solve Maxwell equations using differential equation
technique and consisting in finding approximation of the solution in frequency domain
[88], [89]. In fact, the computational domain is discretized on finite elements (hence its
name) which are small sub-domains represented by triangular elements (the triangle is
the element while the points defining the triangle are called nodes) in the case of 2D
modelling and by tetrahedral or hexahedral elements in the case of 3D modelling (the
FEM is a volume meshing technique permitting an accurate mesh for arbitrarily shaped
volumes). The solution accuracy depends on the order of the polynomials of the
interpolation functions [90]. The numerical solution is obtained by solving a system of
linear equations formed by an integro-differential formulation. The FEM is well-suitable
for modelling of electrically large or inhomogeneous dielectric bodies (not efficiently
solved with MoM). More details about this method can be found in the literature [84],
[91].

1.7.2.

Surface integral technique

The Method of Moments is a surface integral technique widely used in the literature and
the next paragraph will be devoted to a brief presentation of the technique.

Method of the moments (MoM)
This technique forms the basis of the FEKO solver and represents the core of the FEKO
program. In fact, MoM is a full wave solution of Maxwell’s integral equations in the
frequency domain for obtaining directly the induced current (or charge) density [84],
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[88], [89]. In other words, it is a source method (and not a field method), and the
integrand itself is an unknown to be solved [92], [93].
To estimate and evaluate the currents, MoM discretizes only the surface of the objects
under investigation. In fact, MoM mainly uses triangular5 mesh elements for modeling
such surface geometries [92], [94]. For that, wires and conducting surfaces are
discretized into segments and small triangular elements, respectively [92]. Also, MoM
can use local or volume meshes for dielectrics which is very important to get a different
mesh from that of metallic surfaces to reduce the simulation time with accurate mesh of
dielectric parts [95], [96]. Then, associated surface current distribution on the discretized
portions can be determined after applying an arbitrary excitation source. From the
obtained currents, fields are then post-processed and can be derived (indirectly)6.
Since the MoM is a source method, only the structure is discretized and not free space as
with other techniques based on field methods. Boundary conditions do not have to be
set. The memory requirement scale is proportional to the geometry and the required
solution frequency. With MoM, it is possible to choose surface (SEP) or volume equivalent
principle (VEP) (http://www.altair.com).
Surface equivalent principle (SEP)
The SEP introduces equivalent electric and magnetic currents on the surface of a
dielectric body arbitrarily shaped. The discretization is based on triangular elements.
Volume equivalent principle (VEP)
The VEP allows the creation of dielectric bodies and is associated with a volume mesh.
This method is well-suited to inhomogeneous and thin dielectric bodies.

5

MoM can employ other mesh elements such as tetrahedral or quadrilateral.

6

The current on each portion is then decomposed into a linear combination of basic functions. The use of the
Green function serves to link the electric field at an arbitrary observation point to the current at the source
point leading to formulate an integral equation which defines the electric field resulting from an arbitrary
excitation source (the applied voltage source is equivalent to setting up an incident E-field). Basis functions are
used to expand the current distribution, and testing functions are used to enforce the electric field boundary
condition on the discretized parts leading to create a system of simultaneous linear equations. After testing
each basis function, integral equations are transformed into a matrix equation with the unknown being the
currents on the coils and then fields can be derived.
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1.7.3.

MoM vs FEM vs FDTD

As seen in the previous section, Both FEM and FDTD are partial differential-equation
techniques while MoM is a surface integral-equation technique.
Overall, both FEM and FDTD consists in discretizing the region to be analyzed into volume
elements and cells while MoM consists in discretizing all wires into segments and only the
object surface into small triangular elements. In addition, FEM or FDTD use volume
discretization of the entire problem domain by the use of tetrahedrons or grid-based
cubical Yee cells for discretization, respectively.
Another main difference between these methods is that the FDTD is a time-domain based
simulation technique while both FEM and MoM are mainly based on frequency domain
simulations [92], [97].
MoM has an advantage of a smaller matrix size compared to the FEM and FTDT [95]
thanks to the smaller number of surface-only mesh elements and hence the reduced
number of unknowns [94]. However, a main limitations and challenges of MoM based
solution are related to the simulation time and memory [92], [95] due to Green's
Function interactions [98] which leads to get a dense matrix [94]. In brief, MoM matrices
are smaller due to surface-based discretization but dense, which presents a time and
memory bottleneck [97].
MoM is well-suited for modeling complex coil structures and is often used to model
resonant antennas. However, this technique is not as well-suited to model complex and
complicated biological tissue loads, particularly in the case of inhomogeneous dielectrics
due to its requirement to use a complicated Green’s function [99].
On the other hand, FDTD and FEM are well-suited for modeling complex geometries
based on inhomogeneous dielectrics [92]. However, they have a limitation of the
capability to model such coil structure [100]. In addition, since FEM and FDTD are
volume-based methods, they require the source and solution regions to be volumetrically
discretized for getting a correct evaluation of fields at desired locations and thus this
results in large number of variables (especially for large geometries). A mesh is
necessary for the entire volume to be analyzed and this requires the use of absorbing
boundary elements at the outer surface of the meshed region in order to model
unbounded geometries [101].
To

conclude,

complementary

surface
and

integral

combining

and
them

partial

differential

in

same

the

equation

software

techniques

(hybrid

are

numerical

electromagnetic modeling techniques) can lead to interesting results in the case of
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specific applications [101]. The main focus of this solution is the MRI RF coil modeling
and electromagnetic fields calculation [84].
There are a large number of commercial electromagnetic simulation tools on the market
that use either of the solving methods. Each requires a period of training and consequent
mastery. In this thesis, the choice fell on FEKO using MoM as the computational method,
for providing current distribution and thus magnetic field which is the variable that we
seek [7], [26]–[28].
Because we focus on the comparison of several coil-loops having different geometries
and different number of conductors, the losses effect must be taken into account and
estimated. These losses are represented by the calculation of an equivalent resistance
(𝑅𝑁𝑜𝑖𝑠𝑒 ) which must therefore be estimated.

1.8.

Loss effect estimation

The coil performance can be analyzed and optimized with the coil sensitivity through the
B1xy
I

ratio. However, the comparison between different coil geometries requires the

introduction of total loss resistances 𝑅𝑁𝑜𝑖𝑠𝑒 of each geometry. Since the coil has a huge
impact on the image quality reconstruction and since the SNR includes the 𝑅𝑁𝑜𝑖𝑠𝑒 effect in
its expression, the SNR distribution can be used to analyze and optimize the coil design.
As seen in the chapter 1, the proportional SNR term is given by the following relationship
[29], [73], [102]:
𝑆𝑁𝑅 𝛼

𝐵1𝑥𝑦
𝐼√𝑅𝑁𝑜𝑖𝑠𝑒

(0.14)

To simplify the notation, the 𝐵1𝑥𝑦 is often noted 𝐵1 and represents the generated
transverse magnetic field 𝐵1 . In the objective of estimating 𝑅𝑁𝑜𝑖𝑠𝑒 , we present below a
brief theoretical description of the 𝑅𝑁𝑜𝑖𝑠𝑒 sources.
The combination of the coil and sample introduced inside an MRI system leads to create
some phenomena responsible for generating the noise voltage and thus 𝑅𝑁𝑜𝑖𝑠𝑒 which
affects the SNR and degrades the image quality. Each source represents a parasitic
resistance (dissipating the electric power) which describes the noise magnitude related to
such physical phenomenon [103].
As seen in Fig. 1-14, noises are related to: RF-loop, electrical components, radiations and
sample (magnetic & dielectric losses).
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Fig.1-14. Noise sources in an MRI experiment.

1.8.1.

Coil-loop loss

Two main effects participating in increasing the 𝑅𝑁𝑜𝑖𝑠𝑒 are related to the coil loop itself:
skin effect (losses in loop conductors) and proximity effect (losses to neighboring
conductors).

Skin effect
The skin effect is related to the losses in loop conductors due to increased electrical
resistance at high frequencies. This is due to the concentration of current on the surface
of such conductor (i.e. the skin depth). Losses within conductors depend on the
conductor geometry: wire or rectangular types.
In the case of copper wire-conductors (round section), the skin depth 𝛿 can be
approximated by (Fig. 1-15):
1
𝜌
𝛿= √
= √
𝜋 𝑓0 µ0 𝜎
𝜋 𝑓0 µ0

(0.15)

Where 𝑓0 is the frequency, µ0 the free space permeability (4𝜋 10−7 𝐻/𝑚), 𝜎 is the
conductor conductivity (0.596 108 𝑚−1 . Ω−1 for copper) and 𝜌 is the conductor resistivity
(1.68 10−8 𝑚. Ω for copper). Table 1-2 illustrates some examples of skin depth values for
different specific frequencies (1H nucleus / copper).

Fig. 1-15. The skin depth (𝛿) in such copper wire-conductor with (left) 𝑓0 = 0 and (right)
𝑓0 ≠ 0. Its value decreases with the frequency [104].
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Table 1-2. Examples of skin depth values for different frequencies (proton/copper).
skin depth (𝛿)
1

H

64 MHz

128 MHz

200.2 MHz

8.1 µm

5.8 µm

4.6 µm

The conductor section in which the current flows is inversely proportional to the
frequency. The skin effect increases the coil-loop electrical resistance and thus the
voltage noise.
As a first approximation, the current is taken to be uniformly distributed over the
surface, it is then possible to calculate analytically the electrical resistance R el per unit
length. In the case of wires, when 𝒓𝒘𝒊𝒓𝒆 ≫ 𝜹 (which is a reasonable assumption at our
frequencies) [105] it is given by the following relationship:

𝑅𝑒𝑙 ≡

1
1
1
2 𝜋 𝑓0 µ0
√
=
2𝜋𝑟𝑤𝑖𝑟𝑒 𝛿 𝜎
4𝜋𝑟𝑤𝑖𝑟𝑒
𝜎

(0.17)

where 𝑟 is the wire conductor radius.
However, the current is not uniformly distributed over the surface in the case of strip
conductors (rectangular sections); thus analytical calculations of the electrical resistance
Rel are not available. In this case, numerical calculations based on the use of
electromagnetic simulation software are required but in general, the electrical resistance
Rel decreases by increasing the strip-width or the thickness of strip conductors [106].

Proximity effect
The proximity effect appears in the case of a coil designed with several neighboring
conductors through which flows an alternative current. The distribution of the latter on
such conductor is affected by the magnetic flux produced by the adjacent (neighboring)
conductor, as well as the magnetic flux produced by the current in the conductor itself.
This leads to an added resistance. However, it is difficult to determine this resistance by
analytical calculations in particular for complex geometries. Numerical calculations using
electromagnetic simulation software is then the solution for that.
For example, a previous work [106] has evaluated the proximity effect between two
layers (two loop connected in parallel and printed on FR4 substrates with thicknesses of
0.8 mm then 1.6 mm). Results show that electrical resistance decreases with the
substrate thickness (by a factor of 1.73 and 1.88 for, respectively, 0.8 mm and 1.6 mm,
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regarding a single loop). This is due to the diminution of the proximity effect between the
layers.

1.8.2.

Sample loss

Sample losses (Rsample) origin is related to RF currents in the sample (phantom or
patient), induced by the fluctuating magnetic field and by electric fields in the sample;
mainly generated by the coil capacitors [107]. So, the presence of the sample close to
the coil causes magnetic and dielectric sample losses [108], [109].

Magnetic losses
Magnetic losses are related to the circulation of magnetic field lines which causes eddy
currents in a sample having non-zero conductivity. In other words, they are related to
the sample electrical conductivity affected by the alternative field produced by the coil
leading to create Eddy currents in the sample and thus to an additional power dissipation
by Joule effect which increases the total loss resistance [110]. Magnetic losses on the
sample increase with 𝑤0 2 . Magnetic losses resistance can also be estimated by the
electromagnetic simulations. In fact, unloaded and loaded coil quality factors (𝑄𝑢 and 𝑄𝑙 )
can be determined to estimate the magnetic resistance through the following
relationship:
𝑅𝑚 =

1
1
1
( −
)
𝑤0 𝐶𝑡 𝑄𝑙 𝑄𝑢

(0.18)

Dielectric losses
Dielectric losses are related to the dielectric properties of the sample. In fact, a
distributed capacitor between the coil and the sample leads to capacitive losses from the
coil-inductance to the sample then to the ground [28]. In this case, the electric field lines
passing through the sample material causes energy dissipation (lossy capacitor) due to
the sample resistance [30]. In other words, this represents an additional dielectric
resistance which leads to increase the total loss resistance [76]. Since dielectric loss
resistance depends mainly on the coil environment, it is difficult to be estimated.
However, it is possible to reduce them using a distributed tuning [28], [111] and keeping
the sample as far away from the ground plane as possible.

1.8.3.

Lumped elements loss

Electronic circuits based mainly on tuning, matching and decoupling lumped components
(such as capacitors, PIN diodes, …) cause some additional losses that are not negligible
as it can be seen in the following example.

37

1.8.4.

Radiation loss

Generally, radiation losses are negligible compared to coil and sample losses.

1.8.5.

Example of total loss in MRI experiments

To give a quick overview, a previous work [112] detailed the power flow of unloaded and
loaded two channel receiver surface coil (dimensions of 9.5 cm x 6.0 cm) for a frequency
of 63.65 MHz, as shown in Fig. 1-16. The coil is positioned with a curvature of 12.7 cm
radius on a cylindrical phantom (12.7 cm diameter and 15.24 cm height) characterized
by a 72.3 electric permittivity and 0.69 S/m conductivity. By exciting only one channel
(about 1 W incident power), losses of conductors, total lumped elements and radiation
represent, respectively, 40%, 58% and < 1% in the case of unloaded coil. In the case of
loaded coil, losses of conductors, total lumped elements, radiation and the sample losses
represent, respectively, 12%, 18%, <1% and 68%. It should be noted that these
percentages depend on the coil size and geometry and the nature of the load (sample),
as well as on the frequency (Fig. 1-17). In fact, loss resistance associated with
conductors, lumped elements, radiation and load depend on the operating frequency with
√𝜔0 , 𝜔00.45, 𝜔04 and 𝜔02 , respectively.
This was a general example reported in the literature. However, losses related to our
application are evaluated experimentally (chapter 2) through their effect on quality factor
(characterization on bench) and through the MR image (imaging conditions). Then, losses
are evaluated by EM simulation run with FEKO software (chapter 3) where we focused on
the impact of the electrical resistance of the isolated (unloaded or in vacuum) coil and
magnetic resistance of the sample (phantom losses) as noise sources [106], [113],
[114]. Losses of loaded coil (coil & phantom) represent the total equivalent resistance in
series with the coil inductance.
Since the quality factor Q is one of most important quantity used to test the coil
performance, an idea is to derive 𝑅𝑁𝑜𝑖𝑠𝑒 from the simulated or measured Q-factors. More
details about that are described in the next chapters.

38

Fig. 1-16. Example of (first line) unloaded and loaded two channel RF surface coil and
(second line) associated noise sources [112].

Fig. 1-17. Losses and frequency dependence for (left) unloaded and (right) loaded coil
[112].
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1.9.

Chapter conclusion

The chapter contains main information necessary to handle original work carried out in
this thesis and focusing on the potential use of MEMS switches to reconfigure
endoluminal coil-geometry according to its orientation with respect to B 0 while also
fulfilling the active decoupling of receiver endoluminal coils. The assessment of active
decoupling performances using MEMS switch technology in the specific case of
endoluminal coils is presented in the next chapter.
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This chapter details the first thesis axis related to the assessment of the active
decoupling of one-channel endoluminal coils based on two different configurations using
MEMS switches and the comparison with other technologies (PIN diode, array coils and
whole body coil) and corresponds to an accepted journal article : “Serial and parallel
active decoupling characterization using RF MEMS switches for receiver endoluminal coils
at 1.5 T”, Hamza Raki, Kevin Tse Ve Koon, Isabelle Saniour, Henri Souchay, Simon A.
Lambert, Fraser Robb and Olivier Beuf; and which has been published in IEEE Sensors
Journal, May 2020, DOI: 10.1109/JSEN.2020.2995055, vol. 20, no. 18, pp. 1051110520. This may be used for non-commercial purposes.

2.

Serial and parallel active decoupling
characterization
using
RF
MEMS
switches for receiver endoluminal coils
at 1.5 T

Abstract
MEMS (Micro Electro Mechanical System) switches were assessed and compared to PIN
diode in fulfilling the task of active decoupling of Receiver Endoluminal Coils (RECs).
Three prototype RECs with the PIN diode in parallel (pPIN), MEMS in parallel (pMEMS)
and MEMS in series (sMEMS) with the REC loop were built. Quality factors (Q-values),
decoupling efficiency and switching delays were characterized on bench and Signal-toNoise Ratios (SNRs) established on images at 1.5 T. Q-values were equal to 62.5, 41.2
and 65.1 for pPIN, sMEMS and pMEMS, respectively. In the decoupled state, reflection
coefficients S11 and S21 at resonance frequency both indicated proper decoupling.
Switching delays were less than 0.7 µs and 10 µs for pPIN and MEMS RECs, respectively.
Decoupling/coupling delays of MEMS remained compatible with most Magnetic Resonance
(MR) clinical applications. For all prototypes, MR images displayed no signal saturation
and similar elliptical image sensitivity patterns. No artifacts due to active decoupling
failure were observed. Mean SNR values obtained with pMEMS REC were higher than
those obtained with sMEMS REC but lower than with pPIN REC because of the use of
additional instrumentation to render the scanner compatible with the MEMS utilization.
MEMS in parallel are an interesting alternative to PIN diode for decoupling and could lead
to better SNR with a compatible MR system (dedicated control signal). The MEMS in
series can be used for both decoupling and reconfiguration of the REC loop geometry for
colon wall examination. Index Terms— Active decoupling, endoluminal coils, MEMS, MR
switch.
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2.1.

Introduction

Magnetic Resonance Imaging (MRI) is a common modality used for medical diagnosis of
abdominal and intestinal diseases. In the case of colorectal cancer, which is one of the
most frequent and fatal cancers worldwide [115], [11], [116], [10], [117], colonoscopy
investigation remains the gold standard. One intrinsic limitation of this optical imaging
technique is the low penetration depth, which can result in tumor growing within the
bowel wall being detected only at a late stage. This limitation could be overcome by a
high spatial resolution (in-plane pixel size <100 µm and 2-mm slice thickness) MRI
examination.
MR arrays of external receiver radiofrequency (RF) coils are commonly used for
abdominal imaging with improved Signal-to-Noise Ratio (SNR) owing to the combination
of small surface coils that provide higher sensitivity [118]–[120]. Unfortunately, the gain
in SNR is not sufficient to depict the thin bowel and colon wall in deep regions located
relatively far from the body surface, thus making analysis of the colon wall and
subsequent colorectal cancer staging difficult.
For this purpose, early works [106], [121], [122], [77] have demonstrated the feasibility
and value of Receiver Endoluminal Coils (RECs) close to the region of interest (ROI). A
simple REC design consists of a very small surface coil with an adapted size and
geometry so as to fit the lumen being investigated. In the case of colon examinations,
the favored geometry is a rectangular loop with a width somewhat smaller than the
diameter of the colon. In this configuration, the REC displays a cylindrical sensitivity
pattern (with respect to its long axis) with a very high SNR close to the loop, enabling a
decreased voxel size. The sensitivity decreases rapidly with the distance to the long axis
[26] which is, however, sufficient to enable high-resolution imaging of the first
centimeters of the colon wall and thus visualization of its different layers. RECs have
been used in vivo on rabbit [123] and mouse [124], [125] colon walls. The REC is used
in combination with the whole-body RF transmitter coil in order to provide a welltransmitted RF pulse uniformity over the imaging volume [107]. Both coils must hence
be decoupled during the transmission phase in order to avoid any mutual induction and
the subsequent non-uniform B1 magnetic field in the vicinity of the receiver loop coil.
Therefore, a decoupling circuit is mandatory to avoid uncontrolled and spatially
dependent image contrast. Another negative consequence is the local increase in the
Specific Absorption Rate (SAR) that could lead to patient safety problems [126].
To this end, several electronic switching components enable this active decoupling. PIN
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diodes are the most popular components used as RF switches in the majority of clinical
systems. The main advantages are their compatibility with a magnetic environment (nonmagnetic packaging), the small size (a few millimeters) and a switching delay below
1 µs.
Other components such as MR-compatible memory resistive elements (Memristors) have
been used [127]. The principle resides in applying different DC control voltages to switch
between two resistive states during transmit and receive modes. The particularity of this
technology is that the Memristor, unlike the PIN diode, can memorize and retain the
resistive state information after the control signal is removed. It is particularly relevant in
multinuclear MR coils. Other methods based on optical components have been proposed
in the literature mainly founded on photoelectronic devices such as the photoresistor
[128], photodiode [129], [130], combined photodiodes and a PIN diode [131], PhotoMOS
[132], or MOSFET with optically isolated [133] devices. The optical decoupling solutions
have the advantage of using nongalvanic transmission means thereby avoiding induced
current in the shield and increasing patient safety [37]. Finally, low noise preamplifiers
have been used for the decoupling between loops of the coil in the case of multipleelement array coils [134]–[136].
A few years ago, Micro ElectroMechanical System (MEMS) switches were introduced by
GE Healthcare, Inc. [68] to act as MR-compatible switches (Fig. 2-1a and b). As can be
seen in Figure 1 (c and d), the MEMS as a switch has two working states: open and
closed. The open state electrically corresponds to a small capacitance (1.5–2 pF). The
closed state is electrically equivalent to a very small parasitic resistance (0.5–1 Ω).
Owing to their high electrical isolation (approximately 10 MΩ) and their MR compatibility,
MEMS (“MEMS” will be used to denote “MEMS switch” hereafter) were successfully used
as switches. MEMSs were used to open or close portions of metallic conductors for rapid
reconfiguration of external two-channel array coil geometry as was done for spine and
torso MRI [63]. MEMSs have also been used as an alternative solution to the traditional
passive decoupling strategy in the case of double-tuned RF coil designs used, for
example, for sodium imaging. A proton coil is still required for co-registration purposes
and the decoupling of the coils is performed with MEMSs by shifting the resonance
frequencies. The MEMS-based solution demonstrated comparable results to the PIN diode
and better performance than the trap circuit [64]. In the same context, a study based on
four-element fixed phased transmit–receive coils used MEMS to switch between 1H
(64 MHz) and 19F (60 MHz) resonance frequencies for lung imaging [65]. In a design of
integrated parallel reception, excitation and shimming coil arrays, MEMSs were used to
reduce the cost and complexity of the design by employing a single DC supply with an
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adaptive distribution of the DC current (instead of using “N” DC supplies for “N” shim
loops)

and thus

achieving high

RF

shimming

performances

(high

localized B0

homogeneity) with no SNR loss [66]. Finally, MEMSs were also used for both the control
of an array of primary coils and the automatization of the impedance matching network
of an MRI-compatible wireless power transfer system used on a wearable wireless receive
coil array [67].
Endoluminal MRI using RECs could also benefit from the use of MEMSs for the active
decoupling while additionally enabling reconfigurable REC geometries [137]. In this work,
we focus on studying the feasibility of using a MEMS as an active decoupling element.
This is an interesting question considering the very small size of the REC loop and
therefore its resulting small electrical resistance with respect to that of the MEMS. Since
the impact of MEMSs used in parallel to the loop (the MEMS is similar to either an
additional capacitor or a short circuit shifting the REC resonance frequency) is not the
same as the impact of the MEMS used in series with the loop (the MEMS is similar to
either an additional parasitic resistance or an open circuit in the REC loop), we first
tested the two configurations not only in terms of active decoupling performance but also
in terms of an active image quality to detect the performance advantages and drawbacks
of each configuration.
This manuscript presents the first step of our project. For this purpose, two RECs with
active decoupling circuits using MEMS placed in series or parallel to the loop were
assessed and compared with a reference REC using a conventional PIN diode. All RECs
were characterized on experimental benches, in both coupled and decoupled states.
Tuning, matching, quality factor and isolation (decoupling efficacy) were measured.
Switching delays to couple or decouple the REC were also estimated. Finally, the three
RECs were tested in imaging conditions on a 1.5-T MR system. SNR mean and
distribution were measured to assess differences on the acquired image.

2.2.
2.2.1.

Materials and Method
REC prototypes

In this study, three copper RECs with identical rectangular loop geometries were
mechanically etched on an FR4 epoxy substrate of 1.6-mm thickness (S63, LPKF Laser
and Electronics, Germany). Each REC consisted of a single rectangular loop (5.1-mm
width, 47-mm length and 35-µm copper track thickness). In order to operate with a 1.5T MRI system, fixed capacitors (ATC, New York, USA and Temex Ceramics Exxelia,
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Pessac, France) were soldered in the proximal side to match 50 Ω and in the distal
position to tune the loop to the working proton resonance frequency (63.87 MHz).

Fig. 2-1. Description of MEMS switch and its driver. (a) Scheme of the controllable RF MEMS switch developed
by GE Healthcare Inc. (b) Photograph of the 1 cm × 1 cm chip package of only the MEMS switch with 1 Algerian
dinar coin. Second line shows two small diagrams of the MEMS and its driver circuit (MDC). The MDC consists of
an electronic Decision Unit (DU) biased with 10 V and 0 V input voltages and allowed to compare a
predetermined threshold voltage to the control signal. (c) If the DU receives a control signal of -5 V, an external
82 V (typical value) is delivered between the gate (G) and beam (B) electrodes of the MEMS thereby closing the
switch. (d) If the DU receives a control signal of 7 V (or 100 mA delivered by the MRI system), the external
82 V is blocked and cannot be delivered to the MEMS gate. In this case, 0 V is delivered between G and B
thereby opening the switch.

MEMS switches (MM7100, Menlo Microsystems, Inc., Irvine, CA, USA) were used in this
study to couple or decouple the REC during endoluminal MRI. The MEMSs used are fast
mechanical switches based on a mobile micro metallic actuator (Fig. 2-1a) inside a chip
of 1 cm × 1 cm size (Fig. 2-1b). The MEMS is open by default and to close it, sufficient
voltage (in our case, the typical value was 82 V) has to be applied between the gate (G)
and the beam (B) of the MEMS. For our MRI application, since the MR system was not
able to deliver these voltages, a driver circuit supplied the required voltage to open or
close the MEMS so as to achieve the coupling/decoupling of the REC. As can be seen in
the two schematics of the MEMS Driver Circuit (MDC) in Fig. 2-1c,d, the MDC consists of
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an electronic decision unit (DU) and is equipped with four inputs. Three of them are used
to receive continuously the required bias voltages: 0 V as ground, 10 V as bias voltage of
the DU and 82 V to close the MEMS switch. The last input receives the control signal and
directs it to the DU, which compares it to a predetermined threshold voltage leading to
the delivery or blocking of the 82 V to the gate of the MEMS. Applying a -5 V control
signal to the DU delivers the 82 V to the MEMS gate (G) and thus closes the MEMS switch
(Fig. 2-1c), while a 7-V voltage (which is equivalent to a current of 100 mA provided by
the MRI system) leads to 0 V being applied between G and B and thus opens the switch
(Fig. 2-1d). More details about the MEMS and MDC information were provided in previous
work [138].
To evaluate the MEMS performances for active decoupling of RECs, two different active
decoupling REC configurations with MEMS in series (sMEMS REC) and MEMS in parallel
(pMEMS REC) to the loop were built and assessed. In the sMEMS REC configuration
(Fig. 2-2a,d), the MEMS switch was integrated into the loop (in series with the tuning
capacitor Ct). During transmission, the MEMS must be open (REC is not resonating). In
the pMEMS REC (Fig. 2-2b,e), the switch was integrated in parallel to the tuning
capacitor Ct. During transmission, the MEMS must be closed to shift the resonance
frequency and thus detune the REC. In addition, a third REC was built with a
conventional decoupling circuit using a PIN diode component (DH 80055, Temex
Ceramics, Pessac, France) placed at a distal position in parallel (pPIN REC) to the tuning
capacitor (Fig. 2-2c,f). The PIN diode was controlled using a forward biased voltage of
3.8 V (which is equivalent to a current of approximately 100 mA provided by the MRI
system). A summary of tuning and matching capacitor values used to build the different
RECs is given in Table 2-1.
REC prototypes were characterized on two experimental measurement benches as well as
by imaging using a phantom made of a cylindrical vessel (90 mm outer diameter,
100 mm long) filled with a solution of 1.25 g NiSO4 × 6H2O + 5 g NaCl per liter of
distilled water mimicking tissue losses and with a through-hole (11 mm inner diameter)
allowing for the introduction of the REC loops (Fig. 2-3). For ease of use, three identical
phantoms were built, one for each REC prototype.

2.2.2.

Experimental bench characterization set-up

Two complementary experimental electronic benches were used to assess the frequency
and temporal responses of the different REC prototypes. Each REC was first connected to
a Vector Network Analyzer (VNA) (Agilent Technologies Inc., E5071C, Santa Clara, CA,
USA) to measure the reflection coefficient S11 in both coupled and decoupled states
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(Fig. 2-4a,b). In the coupled state, the reflection coefficient response (S 11) enabled
tuning and matching of each REC at the Larmor resonance frequency (F 0) by choosing
the adequate tuning and matching fixed capacitors. Thus, the quality factor (Q-value) of
each REC was derived from S11 response at -3 dB bandwidth [139]–[141].

Fig. 2-2. Electrical schematics (first row) and the associated built prototypes (second row) of RECs using a
controllable MEMS switch for active decoupling integrated (a,d) in series (sMEMS REC) or (b,e) in parallel
(pMEMS REC) to the loop or using (c,f) a PIN diode integrated in parallel to the loop (pPIN REC). Ct and Cm are
tuning and matching capacitors, respectively. R_loop and L_loop are the electrical resistance and inductance of
the rectangular loop with 5.1 mm × 47 mm × 0.8 mm of width, length and thickness dimensions, respectively.
The coaxial cable is the RF output used to transmit the NMR signal.
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Table 2-1. Tuning and matching capacitor values used.

RECs

MR switches

Ct values (pF)

Cm values (pF)

pMEMS

MEMS

142.0

582.0

sMEMS

MEMS

120.2

382.0

pPIN

MEMS

158.2

549.0

Fig. 2-3. (a) Drawing and (b) photograph of the cylindrical phantom used to load the REC for characterization
as well as for imaging. The dimensions of the cylindrical phantom are 11 mm inner and 90 mm outer diameters
and 100 mm length. It is filled with a solution of 1.25 g NiSO4 × 6H2O + 5 g NaCl per liter of distilled water
mimicking tissue losses.

To assess the decoupling efficacy with a capacitive method, the S 11 response in the
decoupled state was first used. In parallel decoupling strategies (pMEMS and pPIN RECs),
decoupling is achieved by detuning the RECs (shifting of the resonance frequency)
resulting in no resonance at F0, which is characterized by the associated S 11 value at F0
close to 0 dB. In the case of sMEMS REC, the switch is opened for a completely open REC
loop thereby achieving active decoupling with a similar result in S 11 at F0.
To confirm the obtained results, RECs were tested again with a mutual-induction method
[142] based on the S21 measurements. Two homemade flux probes (Fig. 2-4,c) were
connected to the two ports of a VNA and overlapped to be mutually decoupled in free
space (parallel, adjacent and overlapping loops). The REC was then placed close to the
two probes such that if it resonated at F0, a mutual coupling between the previously
decoupled probes was created via the REC and specifically at its resonance frequency F 0.
On the contrary, if the REC was decoupled then at F0 there was no longer a coupling
between the probes and the S21 measured would drop significantly (by at least 30 dB).
This is illustrated in Fig. 2-4,d. For both S11 and S21 measurements, coupled/decoupled
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states were achieved by driving the opening or closing of the MEMS switch as explained
previously.

Fig. 2-4. First RF characterization set-up image (a) and the associated reflection coefficient (S 11) measurement
method (b) by using a VNA. At coupling state (resonance frequency), amplitude at Larmor resonance frequency
(F0) and quality factor were derived from the S 11 response. At decoupling state, S 11 amplitude at F0 was
measured. (c) Decoupled dual loops position. (d) Second RF characterization set-up image and (e) the
associated S21 measurement method using the VNA.

To assess the decoupling speed, switching delays from the coupled state to the
decoupled state and vice versa were measured. A circular broadband copper loop
(41 mm inner diameters) connected to a frequency generator (HAMEG Instruments HM
8134-3, Mainhausen, Germany) was used to generate an RF signal at F 0. By inductive
coupling with the REC, the induced RF signal was measured using a digital oscilloscope
(LeCroy waveJet 314, Lake Mary, FL, USA). To estimate the switching delays, a periodic
square electric signal generated by a Waveform Generator (WG) (Agilent Technologies
Inc. 33220A, Santa Clara, CA, USA) was used as coupling/decoupling control signal (-5 V
/ 7 V for MEMS on the MDC control input and 3.8 V / -10 V for the PIN diode) (Fig. 25,a). The coupling and decoupling delays were measured as the time between the DC
square control signal and the RF response signal (Fig. 2-5,b).
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Fig. 2-5. Switching delays set-up image (a) and the temporal response measurements (b) of the MEMS
Receiver Endoluminal Coil (REC). A frequency generator excites a circular copper loop to generate an RF
magnetic field at the resonance frequency of the REC. The latter detects the RF signal while in coupled state but
is unable to do so in the decoupled state. Coupling and decoupling are ensured by applying a square electrical
signal from the WG. The received signal is observed on a digital oscilloscope. (b) Then, delays to couple or
decouple the REC are estimated by measuring the delay between the applied control signal and the receive RF
signal response.

2.2.3.

MRI set-up

Electronic circuits based mainly on tuning, matching and decoupling lumped components
(such as capacitors, PIN diodes, …) causes some losses. MRI experiments were
performed on a clinical Optima MR450w 1.5-T MR scanner (General Electric, Inc.
Trademark) (Fig. 2-6). The body coil was used as RF transmitter. Both the REC and
phantom were placed within the scanner with their axes aligned with the B 0 field in order
to acquire 2D axial images. To interface the homemade REC to the MR system, a singlechannel connector (A-plug) including a preamplifier (managed directly by the MRI
system) with the appropriate configuration file was used. An RF circuit (RF/DC splitter)
was placed between the RF channel of the A-plug connector and the REC in order to
divert the DC control logic signal provided by the MR scanner. This was necessary
because before starting a sequence, the MR system checks whether a coil is correctly
plugged by verifying that a current can flow in the decoupling circuit. A decoy circuit was
used in the case of MEMS RECs.
It should be noted that the DC control logic signal supplied by the MR scanner during the
sequence does not always match the input control voltage required by the MEMS control
circuit. Indeed, in the case of the pMEMS REC design, the MR control logic (out of the
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MRI system) has to be inverted. Since the MR scanner we used was not configurable to
perform this task, our solution was to use a waveform generator (WG). Thus, pMEMS
REC was controlled in this work only by using the WG (pMEMSWG REC), while the sMEMS
REC was controlled either directly by the MR system (sMEMS REC), as in the case of the
pPIN REC and also with WG (sMEMSWG REC) so as to be able to characterize the effect of
using the WG. For both MEMS configurations using a WG, a control signal of -5 V/7 V was
generated with the WG while a control signal of -5 V/100 mA was used with the A-plug of
the MRI system. An external power supply (Electro-Automatik EA-PS 2384-03B, Viersen,
Germany) was used to supply 10 V and 82 V (bias signals) to the MDC. Both the power
supply and the WG were placed outside the Faraday cage, in the technical room. Thus,
three DC lines using coaxial cables (4.7 m for each line) were used to transport the three
DC signals (10 V, 82 V and control signals). Traps were added every eighth of the
wavelength (λ/8) of each coaxial cable (11 traps for each DC line) to avoid RF-induced
signal [33], [34], which would otherwise lead to not only strong image quality
degradation but also damage to the device (MEMS or/and MDC). The same was done on
the RF signal reception cable.

Fig. 2-6. Implementation on a 1.5-T MR system of the Receiver Endoluminal Coil (REC) using controlled MEMS
switch. The body coil is used as an RF transmitter coil and the endoluminal coil as receiver. The RF circuit
makes it possible to deviate the DC signal. The trigger by the WG makes it possible to ensure the DC control
without the need to add an inverter circuit in the case of pMEMS REC. The REC is connected to the MR scanner
via a specific interfacing connector (A-plug) with an adequate file configuration to identify the REC. Since both
REC and phantom have their axes (lengths) aligned with the B0 field, the 2D axial images are acquired using
gradient echo (GRE) and spin echo (FSE) sequences.
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Multiple axial slices were acquired using gradient echo (GRE) and fast spin echo (FSE)
sequences. Sequence acquisition parameters are summarized in Table 2-2.
The sMEMS, pPIN and pMEMSWG REC prototypes were compared in terms of mean SNR
and SNR isocontours. Although the MR control logic can be used directly to control the
sMEMS REC, the WG and the associated input control voltage line (including traps) were
also used to assess the effects of employing the WG on image quality (sMEMSWG REC).
Images were post-processed using Matlab software (Mathworks, Milwaukee, USA), and
mean SNR and signal uniformity distributions were calculated. The SNR was determined
as the ratio of the mean signal intensity calculated on the entire phantom image and the
standard deviation of a rectangular ROI placed outside the phantom. The SNR
distribution map (SNR isocontours) was calculated and drawn for each REC. Then, mean
SNR values were calculated for FSE acquisitions on concentric circles centered on the REC
loop for radiuses between 11 mm and 22 mm.
Table 2-2. Acquisition parameters used for both gradient echo (GRE) and spin echo (FSE) sequences
Sequence

Orientation

TR/TE

FA (°)

(ms)

FOV

Slice

Spacing

Matrix

(mmxmm)

thickness

slices

size

(mm)

(mm)

Receive

Number

BW

of slices

(±kHz)

GRE

Axial

400/9

80

100x100

2

0.5

256x256

11.9

13

FSE

Axial

3100/14.1

90/180

100x100

2

0.2

256x256

15.6

13

2.3.

Results

The measured frequency and temporal response parameters for the three REC prototypes
in coupled and decoupled states are summarized in Table 2-3. In coupled state, reflection
coefficient values S11 at F0 were approximately -30 dB for all RECs. The loaded quality
factor of the sMEMS was significantly lower (37%) than the pMEMS REC, which in turn
had a slightly higher Q-value that the pPIN REC. Unloaded (data not reported) and
loaded Q-values were almost similar for each individual REC.
In the decoupled state, measured reflection coefficient values S11 at F0 were measured to
be almost 0 dB (no resonance) for all RECs. Resonance frequencies of pMEMS and pPIN
RECs were shifted from 63.95 MHz to 20.47 MHz and 29.3 MHz, respectively. In the case
of the sMEMS REC, the loop is completely open and thus the REC was not resonating at
all. The mutual decoupling of the two loops at F0 was also shown with a drop in S21
measurements of more than 30 dB for all RECs.
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Switching delays to both coupled and decoupled states were less than 0.7 µs for the pPIN
REC. Regarding both MEMS RECs, coupling delays were equal to 7.5 µs and 2.1 µs for
sMEMS and pMEMS, respectively, while decoupling delays were equal to 1.8 µs and
9.8 µs for sMEMS and pMEMS, respectively.
For imaging experiments, the presence of traps on the DC control line and DC power
supply lines of the MDC was mandatory in order to have an unaltered DC bias and stable
power supply during the scan. Indeed, in the absence of traps, RF signals induced by the
transmitter body coil were superimposed onto the DC control signal (up to 20 V peak to
peak, depending on the sequence used) and could inappropriately couple or decouple the
REC. In that case, the acquired image is extremely noisy and moreover, could lead to
damaging the MDC board and/or the MEMS switch. This occurs when the number of traps
is inadequate.
Table 2-3. Measured frequency and temporal response parameters for the three coil prototypes with coupling
and decoupling states.

States

Coupled

Decoupled

Measured

pPIN

sMEMS

pMEMS

F0 (MHz)

63.95

63.92

63.95

S11 at F0 (dB)

-28.70

-36.40

-29.20

S21 at F0 (dB)

-18.45

-26.20

-20.30

QLoaded

62.50

41.20

65.10

S11 at F0 (dB)

-0.28

-0.09

-0.10

S21 at F0 (dB)

-48.10

-56.10

-55.00

Delays to

0.70

7.50

2.08

0.25

1.84

9.80

couple (µs)
Delays to
decouple (µs)

From a qualitative point of view, Fig. 2-7 shows that the obtained images display similar
elliptical image sensitivity patterns and no signal saturation even close to the REC. No
artifacts due to active decoupling failure were observed on the images when using GRE
or FSE. Small holes were observed on each image (anterior part of the phantom)
obtained by both MEMS RECs.
Mean SNR values calculated for FSE acquisitions on concentric circles centered on the
REC loop for radiuses between 11 mm and 22 mm showed that for all radiuses, SNR
decreased in the following order:
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Fig. 2-7. Representative 2D axial MR images acquired with GRE and FSE sequences for the different RECs
prototypes (PIN and MEMS) and displayed using a narrow signal intensity window.

pPIN > sMEMS > pMEMSWG > sMEMSWG. The SNR isocontours calculated for all
experimental configurations and prototypes using FSE sequences are displayed in Fig. 28. Figure 8-a enables an easy comparison of the image quality of sMEMS, pMEMSWG and
pPIN RECs together; Fig. 2-8,b compares sMEMSWG, with pMEMSWG (performance of
sMEMS and pMEMS in the same control conditions), while a comparison between sMEMS
and sMEMSWG (WG control technique effect) is presented in Fig. 2-8,c.

2.4.

Discussion

In this work, we evaluated the serial and parallel active decoupling of MEMS REC
performances

in

terms

of

switching

delays,

quality

factor,

decoupling isolation

(efficiency), delays (speed) and image SNR.
Opening and closing delays of the MEMS itself are 1 µs and 4 µs, respectively, which
largely explains the decoupling and coupling delay differences of the same MEMS REC.
Opening of the MEMS leads to coupling of the pMEMS REC and decoupling of the sMEMS
REC, which thus display almost similar delays of 2.1 µs and 1.8 µs, respectively.
Closing of the MEMS switch instead leads to decoupling of the pMEMS REC and coupling
of the sMEMS REC, which in this case display delays of 9.8 µs and 7.5 µs, respectively.
The slight difference in delay (2.3 µs) in the last case is probably due to the specific
operation technique of each configuration (by closing the MEMS, the REC loop is closed in
coupled state in the case of the sMEMS REC while in the case of the pMEMS REC, the
resonance frequency is shifted by short-circuiting the tuning capacitor). With switching
delays between 0.25 µs and 0.7 µs, the reference pPIN REC switches faster than the
MEMS-based REC for coupled and decoupled states. These relatively longer delays are
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Fig. 2-8. Signal-to-Noise Ratio (SNR) distributions based on iso-contour lines calculated and drawn on axial
FSE images acquired by using the different REC prototypes. Numbers on each iso-contour line represent the
calculated SNR value obtained with the associated REC. (a) Comparison between sMEMS, pMEMSWG and pPIN
RECs to assess the quality image performance of MEMS RECs. (b) Comparison between sMEMS WG and pMEMSWG
RECs acquired with the same experimental conditions to assess the performance of MEMS on the image quality
in each configuration. (c) Comparison between sMEMS and sMEMS WG RECs to evaluate the effect of the use of
the waveform generator on the acquired images.

due to the time necessary to move the switch mechanically and to the switching delays
of its driver circuit [65]. The increased delays by adding such driver circuit is also
demonstrated in a recent work [143] using a PIN diode driver for high-power pulses
where the rise-time is close to 1 µs and the fall-time increases to 7.4 µs, which are
comparable to the results obtained with controlled MEMSs. Delays are nevertheless of the
same order as optical-based decoupling circuits with 13.6 µs and 1.7 µs for tuning and
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detuning, respectively [131], which proved to be effective. In any case, MEMS switching
delays are still small and compliant with most MR clinical applications where the RF pulse
duration of imaging sequences as well as signal readout time [65] are of the order of
milliseconds. The only case that would be problematic in our application is that of ultrashort echo times (UTE) in the range of a few microseconds.
An equivalent REC devoid of any decoupling circuit was built and characterized and it has
a Q-value of 66. Among the REC loop, the pMEMS REC had the highest Q-value (~65). It
is comparable to the pPIN REC (~62), with the lowest value being for the sMEMS REC
(~41). This is due to the MEMS characteristics and its location on the REC loop. In the
case of the pMEMS REC in the coupled (reception) state, the MEMS is open. In this state,
it can be considered as an additional capacitor of only about 1.5 pF placed in distal
position in parallel to the tuning capacitor of the REC. Because it is a mechanically open
switch, it has a high isolation resistance of approximately 10 MΩ. Thus, the MEMS does
not impact the real part of the REC impedance, which affects the quality factor minimally.
Rescia et. al. [132] also demonstrated on a 4-cm surface coil at 400 MHz (9.4 T) that the
MEMS, placed in parallel to the loop, had almost no effect on the quality factor compared
with other electrical components such as PIN diodes. In the case of the REC used, the
PIN diode had a very moderate effect on the Q-factor. For the sMEMS REC, the switch is
closed in the reception phase. It can then be considered as a significant 0.5 Ω to 1 Ω
parasitic resistance [63], [138] in the loop that should be compared with the loop size
and its equivalent electrical resistance. This explains the experimental 0.62 ratio of Qvalues between the sMEMS REC and a REC without any decoupling circuit. This ratio is
comparable to the 0.59 theoretical Q-ratio calculations based on resistive losses [144].
Regarding decoupling efficacy, S11 responses of around 0 dB demonstrate an efficient
active decoupling of all RECs especially for sMEMS REC with an open loop. For all RECs,
the S21 results confirm the decoupling efficacy with a drop of more than 30 dB in S 21
measurements at F0. This was confirmed on MR images where no signal artifacts were
detected.
Signal intensity distribution, SNR iso-contour and mean SNR values of MR images
obtained with sMEMS, pPIN and pMEMSWG RECs confirm that MEMSs are relevant systems
for achieving active decoupling. In our experiments, the pPIN REC always provided the
highest SNR. This was expected compared with the sMEMS REC, which had the lowest Qvalue owing to the presence of an additional parasitic resistance in the receive phase. In
addition, despite the sMEMS decoupling signal being generated by the MR scanner
through the A-plug, the external power supply was still used (to provide 10 V and 82 V
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bias voltages) and thus associated coaxial cables and traps were also used, which led to
an additional noise on the images.
In the case of the pMEMSWG REC, SNR values are lower than those of the pPIN REC,
which is not in agreement with the RF bench characterization results in terms of Q-value
that was the highest for the pMEMS REC and thus we expected a better or at least similar
SNR between pMEMS and pPIN RECs. As mentioned above, the use of an external power
supply for the MDC of all MEMS-based RECs is the first factor affecting the measured SNR
values negatively. In the case of the pMEMSWG REC, there is an additional source of noise
originating from the external WG used to obtain the required coupling and decoupling
signals (the MR system used could not handle it directly).
sMEMSWG and pMEMSWG REC experiments based on the same control condition
(waveform generator) shown in Fig. 2-8b demonstrate that the pMEMSWG REC presents a
higher SNR (about 45%) than the sMEMSWG REC, which means that the pMEMS REC
(without WG control) can be estimated to yield an SNR higher (45%) than the sMEMS
REC, in agreement with the obtained Q-values.
In order to characterize this added noise due to the external WG, images were also
acquired using the sMEMS REC with the decoupling signal coming from the external wave
generator (sMEMSWG REC). The resulting images (Fig. 2-7 columns 2 and 3) and SNR
isocontours (figures 8-c) demonstrate that the use of the external WG control leads to an
SNR reduction of approximately 35%, which can also be used to extrapolate SNR values
that could be obtained with a pMEMS REC (without the use of the external WG). The
pMEMSWG performance compared with the pPIN performance is hence significantly
penalized by this step, which was mandatory because of the use of an MR450w system.
Performing the experiments on a new GE MR scanner would ease the use of MEMS as a
decoupling component thanks to the native integration of 82-V and 10-V delivery
voltages as well as DC bias delivery for active decoupling in logic suited for all MEMS
configurations. Such “on-board” voltage sources would then remove the additional noise
from the mandatory setup described.
It should be noted that three separate but identical (size and solution) phantoms were
used for the PIN, sMEMS and pMEMS experiments. The small holes that can be seen on
the MEMS images correspond to air bubbles (see also Fig. 2-3b) in each MEMS phantom
due to the cylindrical vessel not being completely air-tight and not due to the MEMSs
themselves. Coincidentally, the PIN phantom cylindrical vessel was almost completely
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air-tight and did not have air bubbles; thus, no hole was observed on the MR images
obtained with the pPIN REC.
In addition, SNR values in the ROI of the pMEMS REC are much higher (factor of
approximately 10) than those obtained with the Whole Body Coil (WBC) or with a
commercial external array coil (GEM Flex Coil 16-S Array, 1.5T Receive Only, NeoCoil,
USA) as shown in Fig. 2-9. It should be noted that the array coil displays its maximum
SNR on the external surface of the phantom, which is not our ROI, and the SNR
decreases rapidly when moving away from the surface so that in the ROI, its SNR is
much lower than that achieved with our REC.
Table 2-4 summarizes the important SNR results obtained.

Fig. 2-9. SNR maps obtained with (a) the whole-body coil, (b) an external commercial array coil and (c) the
pMEMS REC. The pMEMS REC provides an SNR higher than both the WBC (gain of 10) and the array coil. The
latter displays high SNR only on the anterior surface of the phantom, (which is not our region of interest) with a
rapid decrease when moving away from it. Since our region of interest is the internal surface, the array coil is
not a convenient solution for our imaging target.
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Table 2-4. Table SNR results summary.
Analysis
parameter

Comparison
pPIN diode coil has the highest SNR
pMEMS > sMEMS (same conditions) : 45%

SNR

Effect of WG : -35%
pMEMS > Body coil : factor of 10
pMEMS > commercial array coil : in ROI

2.5.

Conclusion

In conclusion, the pMEMSWG configuration (based on an external control) presented here
does not yet provide significant advantages over the pPIN configuration (Fig. 2-8a)
mainly because of the external equipment required (WG, DC bias voltages, traps and
coaxial cables). As perspectives, it is expected that the pMEMS REC decoupling solution
should present higher SNRs than the conventional pPIN configuration, since the
measured Q-values suggest that removing the external control and using an MRcompatible control method for the pMEMS REC would yield higher SNRs than those
achieved with the pPIN REC. An interesting perspective for the use of MEMS switch
resides in serial configuration (in series with the REC loop). Although the SNR is reduced,
the decoupling remains efficient and MEMS could be used not only for active decoupling
but also to allow for REC loop geometry reconfiguration. This could be particularly
relevant in the case of colon wall examinations where REC-loop orientation with respect
to the main magnetic field changes with location, leading to MR signal distribution
changes. We believe that a combination of both sMEMS and pMEMS configurations in the
design of new reconfigurable RECs may offer interesting designs and open the way for
novel applications.
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Chapter conclusion
This chapter is the first part of the thesis work which consists in validating the feasibility
of using MEMS on endoluminal coils and evaluating their performances in terms of active
decoupling and image quality (SNR).
So, two prototype configurations of one-channel MEMS endoluminal coils were proposed
to achieve sufficient and fast serial and parallel active decoupling. The serial design
consists in integrating a MEMS switch into the coil-loop. The parallel design consists in
integrating a MEMS switch in parallel to the coil-loop, precisely in parallel to the coil
tuning capacitor. Then, they were built and characterized on both experimental bench
and through images acquired on an Optima MR450w 1.5-T MR scanner, General Electric,
Inc. Comparison of both prototypes with an external array coils and whole body coil used
in receive modes validated what was already known that is, the advantage of using an
endoluminal coil for regions close to the coil as in the colon. These prototypes were also
compared to the standard decoupling solution (PIN diode). Briefly, obtained results
confirmed that MEMS switches are a credible solution for active decoupling.
It should be noted that the main originality of this part is the implementation of the
MEMS switches on the miniature endoluminal coils with very good performances, which
has never been reported in the literature.
This validation of MEMS coil prototypes performance leads to a strong motivation to focus
on the second part of the thesis described in chapter 3. Since the effect of MEMS
switches and MEMS drivers have been experimentally assessed in the present chapter,
the next chapter will focus on the optimization of the coil with respect to colon-rectum
regions, taking into consideration coil and phantom losses with the help of numerical
electromagnetic simulations.
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Chapter 3: MEMS-based reconfigurable
endoluminal RF coils
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This chapter details the second thesis axis related to the dependency of coil-sensitivity
with coil-orientation with respect to B0 field. The first part corresponds to a proposition of
reconfigurable MEMS-based one-channel endoluminal coil design for MR imaging
(corresponds to a submitted article). The second part corresponds to a proposition of a
one-channel MEMS reconfigurable 1H/31P rectal coil for spectroscopy imaging.

3.1. Optimization of signal distribution through
simulation of various RF endoluminal loop
geometries with coil orientation: Reconfigurable loop coil
using MEMS

This section corresponds to the submitted manuscript of the article: “Optimization of
signal distribution through simulation of various RF endoluminal loop geometries with coil
orientation: Reconfigurable loop coil using MEMS”; in Journal of Concepts in Magnetic
Resonance Part B: Magnetic Resonance Engineering, at October 2020, Hamza Raki, Kevin
Tse Ve Koon, Henri Souchay, Fraser Robb and Olivier Beuf. This may be used for noncommercial purposes.

Abstract
With the objective of improving MR endoluminal imaging of colonic wall, electromagnetic
simulations of different configurations of single, double layers and double turns
endoluminal coil geometries were run. Indeed, during colon navigation, variations of coil
orientation with respect to B0 are bound to happen and lead to impaired acquired images
due to a loss of signal uniformity. In this work, three typical coil orientations encountered
during navigation were chosen and the resulting signal uniformity of the different
geometries were investigated through the simulated

𝐵1𝑥,𝑦
𝐼√𝑅𝑡

values. Sampling this quantity

over a circle of radius r enabled calculating the coefficient of variation (= standard
deviation/mean) for this given distance. This procedure was repeated for r ∈ [5; 15] mm
which represents the region of interest in the colon. Our results show that a single loop
(DSL) and double layer (RDL-OC) geometry could provide complementary solutions for
improved signal uniformity. Finally, using four Micro Electro-Mechanical Systems
switches, we proposed the design of a reconfigurable endoluminal coil (swiM RE-Coil)
able to switch between those two geometries while also ensuring the active decoupling of
the endoluminal coil during the RF transmission of an MR experiment.
Keywords: MRI endoluminal coils, reconfiguration, MEMS switch, loop-orientation, signal
distribution, electromagnetic simulation
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3.1.1. Introduction
Inflammatory bowel diseases mainly appear as ulcerative colitis and Crohn’s diseases
[145]. They affect both colon and rectum with an increased risk to evolve into a
colorectal cancer (CRC) [7] which is one of the most common cancers [115], [116].
Worldwide, it is the second and the third most frequent cancer for women and men,
respectively [10] and accounts for 8.5% of all cancer deaths [11]. The treatment of CRC
at early stages allows a 5-year survival rate higher than 90%, in contrast to late stages
where this rate is less than 10% [16]. This is why it is important to develop new imaging
devices or techniques able to provide an accurate diagnosis for each stage, particularly
the early-one.
Magnetic Resonance Imaging (MRI) is one of the major techniques used for medical
diagnosis, particularly for digestive diseases, due to several developments such as the
increase of the static magnetic field strength to improve SNR [146]–[148], the
development of fast imaging sequences to reduce the acquisition times [149], the
increase in the number of channels in the MRI systems and the use of arrays of external
receiver surface coils based on combination of small radiofrequency (RF) loops to
improve significantly the SNR [75], [118], [148], [150], [151]. Unfortunately, all these
developments are still insufficient for bowel and colon wall imaging. Analysis of the deep
and thin colon wall layers, assessment and staging of colorectal cancer are still very
much challenging.
Previous works have demonstrated the value of endoluminal imaging based on miniature
internal receiver surface coils (endoluminal coils). In the context of colon imaging,
endoluminal coils provide a high local SNR very close to the region of interest compared
to the external surface coils [152]. Preclinical endoluminal coil designs, usually based on
single channel and single loop geometry, were assessed for the imaging of arterial wall of
large vessels [153], pelvis and gastrointestinal tract [77], rabbit colon walls [121] and
mouse colon walls [124]. In clinical routine, MR endorectal single coil-loops were used to
visualize the prostate and the rectum area (Medrad Prostate eCoil, Bayer) or the cervix
(Medrad Cervix eCoil, Bayer).
An important issue with the use of endoluminal coil for deeper regions is the total safety
of the patient for which no compromise must be tolerated. Strong and local SAR
increases can be induced by transmitter RF coil within the connection cables. Because of
the space constraints, the use of cable traps [33], [34], [154] is not appropriate and full
optical-based signal transmission appears as a potential alternative to solve this
problematic [37]. A second limitation is the acceptance and comfort of the patient. The
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reduction of the coil diameter strongly contributes to advances in this domain. In addition
to increasing the patient comfort, it also helps obtaining a higher local SNR. However, the
gain in sensitivity is only local and accompanied by a rapid decrease with increasing
distance from the coil [26]. Fortunately, the targeted colon wall area is less than 1 cm
thick which renders endoluminal coil designs a credible alternative for colon wall imaging.
This article deals with the problematic related to the required coil navigation within the
colon. In fact, a coil loop suffers from sensitivity-map variations as a function of coilorientation with respect to the main magnetic field (B 0). A maximum of coil-sensitivity
and uniformity is ensured only when the long axis is aligned with B 0 that is, the normal to
the coil loop surface (main B1 direction) is orthogonal to B0 [155]. This orientation is
considered as the reference orientation. Departure from this optimal condition induces
changes in the coil sensitivity map and thus both intensity values and radial distribution
uniformity (shape) are altered by this coil orientation effect leading to degraded coil
sensitivity and thus impaired image quality. This question of sensitivity variations with
the orientation is a major challenge for colon wall imaging (Fig. 3-1). As can be seen, the
sensitivity variation depends on the colon region. In this work, we defined 3 main groups
of regions according to the possible coil-orientations (Fig. 3-1):
-

Vertical regions: rectum (1), descending colon (3) and ascending colon (7).

-

Horizontal region: middle part of transverse colon (5).

-

Tilted regions: sigmoid (2) and the two extremities of transverse colon (4, 6).

Fig. 3-1. The coil-path inside of the colon: the effect of the different coil-orientations within B0 on
the sensitivity map of the coil. Parts 1, 2, 3, 4 and 5 are rectum, sigmoid colon, descending colon,
transverse colon and ascending colon, respectively.

Different research groups have characterized non-uniformity of reception profiles and
hence developed strategies to correct it. Some analytical corrections have been proposed
without [156], [157] and when [158]–[160] taking into account the coil orientation
effect. However, none of these methods was able to achieve a complete correction [160],
[161]. Other approaches are based on hardware development by designing optimal and

71

dedicated coil geometries to improve the radial signal uniformity without using postprocessing corrections. In this context, an anal-sphincter endoluminal-coil based on two
turn loops with an angle of 50° or 70° between them was assessed. Compared to a
single loop, this design allowed improving the radial distribution uniformity [58].
However, the coil orientation regarding B0 was not taken into consideration in this work.
Intravascular catheter guiding using visible markers based on resonating coils can also
be affected by coil orientation variations inside the magnet [162]. To the best of our
knowledge, none of the published work addressed sensitivity variations that can be met
during navigation within colon due to coil orientations.
Few years ago, Micro Electro-Mechanical System (MEMS) were introduced by GE
Healthcare Inc. [68] to act as MR switches. MEMS switches were successfully used: i) to
open or close portions of metallic conductors and thus to reconfigure coil-loop geometries
[63]; ii) to shift the resonance frequency in the case of dual tuned RF coils [64], [65]; iii)
to get high RF shimming performances (high localized B 0 homogeneity) [66]; iv) to
control and automatize a wireless power transfer system [67] and finally v) to control
multiple receiver coil arrays with reduced power consumption and cabling system
improving SNR [163]. A recent work [164] demonstrated the feasibility and the impact of
using MEMS switches on endoluminal coils for fulfilling the task of serial and parallel
active decoupling and studying their impact on the image quality.
In this context, the main goal of this work was to investigate different geometries with
small width coil loop (5 mm) and to assess the radial sensitivity pattern with respect to
coil orientation with respect to B0 (signal intensity and distribution). This was carried out
through electromagnetic (EM) numerical simulations. Then, complementary geometries
were chosen to design a theoretical reconfigurable RF coil using switches such as MEMS
placed in parallel or in series within loop path in order to change the coil geometry
according to its orientation to have optimal coil sensitivity pattern.

3.1.2. Material and Methods
Different miniature rectangular single and double loop-geometries were defined and
evaluated. The dimensions were chosen taking into consideration the eventual insertion
into the colon (less than 10 mm outer diameter) and defined within a cuboid volume with
dimensions 5 mm × 5mm × 47 mm (Fig. 3-2).
All loop geometries were designed with 47 mm conductor strip lengths. A diagonal single
loop (DSL) was defined in the diagonal (in two opposite parallelepiped-faces); thus the
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loop width was about 7.1 mm (Fig. 3-3). Four rectangular double loops (RDLs)
geometries were defined with a strip conductor in each parallelepiped-face (Fig. 3-4).

Fig. 3-2. Different simulated endoluminal loop-geometries. (a) The basic design of cuboid volume
(5 mm × 5mm × 47 mm dimensions) with four copper strip conductors. (b) Diagonal single
loop (DSL). (c) Rectangular double loop (RDL). (d) Diagonal double loop (DDL).
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Fig. 3-3. Detailed diagonal single loop (DSL) design.

Fig. 3-4. Detailed rectangular double loop (RDL) designs. (a) The rectangular double layer, same
current (RDL-SC). (b) The rectangular double turn, same current (RDT-SC). (c) The rectangular
double layer, opposite current (RDL-OC). (d) The rectangular double turn, opposite current (RDTOC).
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Loops were defined on two opposite faces with 5 mm loop spacing. Then, the current
direction was modified to get four possible designs: two double turn loops and two
double layer loops. In the double turns design; the two loops are in series whereas for
the double layers design; the loops are connected in parallel. For the two geometry
designs, current can flow in the same direction or in the opposite direction giving the four
studied geometries. Finally, similarly to the RDL design, a diagonal double loop (DDL)
was defined with a strip conductor in each parallelepiped-face but linked in the diagonals
(Fig. 3-5) to form also double turn or double layer loops. The two defined loops are then
perpendicular to each other and current can flow in two directions: D1 and D2. Hence,
the number of loops, the serial or parallel type and the current flow direction defines
each coil loop configuration.

Fig. 3-5. Detailed diagonal double loop (DDL) designs. (a) The diagonal double layer, current
direction 1 (DDL-D1). (b) The diagonal double turn, current direction 1 (DDT-D1). (c) The diagonal
double layer, current direction 2 (DDL-D2). (d) The diagonal double turn, current direction 2 (DDTD2).
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All geometries were first defined using a commercial electromagnetic (EM) software FEKO
(EM Software and Systems, South Africa) [165]. Without any coil-rotation, we assume
that the coil coordinates system (𝑢, 𝑣, 𝑛) and the MR scanner coordinates system (𝑥, 𝑦, 𝑧)
are superimposed (𝑧 is the B0 axis and 𝑥 is the vertical axis). As shown in figures 2, all
copper strips were drawn with their long axis aligned along 𝑛𝑎𝑥𝑖𝑠 .The uOv plane
corresponds to the horizontal plane of the MR scanner when the coil is in the reference
orientation (without any coil-rotation). Simulations were carried out based on the fullwave numerical Method of Moment (MoM). The latter is a numerical technique used to
solve Maxwell equations in their integral form by applying an arbitrary excitation source
(with 1W power, 1 V voltage) and discretizing wires into segments and conducting
surfaces into triangles in order to determine the associated current distribution in the
frequency domain. The magnetic fields can hence be derived [84], [89]. So, after
defining such loop geometry, a meshing of surfaces was done without the need of
boundary conditions. Thus, 𝑯1 (𝑢, 𝑣, 𝑛) magnetic field components were calculated for
each loop-geometry in a plane perpendicular to the loop’s main axis. In a colon MR
imaging context, this corresponds to acquiring images of the colon with an imaging plane
perpendicular to the local colon axis [166] which is the most relevant imaging plane for
colon wall analysis.
Using Matlab software (Mathworks, Massachusetts, USA), extracted 𝑯1 components were
used to deduce the magnetic induction 𝑩1 = 𝜇 𝑯1 with the permeability µ chosen as in
the air. The effect of coil orientation with respect to the magnetic field 𝑩0 (z-axis) on

𝑩1 (u,v,n) components is given by the following 3D rotation matrices using the
relationship:

1
0
𝑩1 (𝑥, 𝑦, 𝑧) = [0 𝑐𝑜𝑠𝛼
0 𝑠𝑖𝑛𝛼

0
−𝑠𝑖𝑛𝛼 ] × 𝑩1 (𝑢, 𝑣, 𝑛)
𝑐𝑜𝑠𝛼

(3.1)

where α is the rotation angles about x-axis. So as to simplify the discussion while being
realistic, three coil orientations were studied related to the three groups of regions
defined in figure 1 corresponding to the coil-navigation in the colon during an MR
examination:

1. In the vertical regions, the orientation will be assumed to be 0°. We here suppose
that the coil design including the outer packaging will represent a cylinder of
diameter 10 mm which therefore fits tightly within the colon leaving little
possibility for the coils to adopt a different orientation to that of the colon.
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2. The horizontal region corresponds to an orientation of 90°. It should be noted
that this the region where we expect the worst B1 uniformity since in this
orientation, we expect signal cancellations. Again, in this region as in the vertical
regions, we will suppose that the coils will not be able to adopt a different
orientation to that of the colon.

3. In the tilted regions we have assumed that the coil orientation will be 45° which
we take to be the highest rotation in these regions and therefore the worst
possible case. This is of course a very simplified picture of the different
orientations that may occur in the sigmoid or extremities of the transverse colon.
In the imaging procedure, it is assumed that the slice selection orientation will always be
orthogonal to the main axis of the coil [166]. Thus, the resulting 𝐵1𝑥,𝑦 in the transverse
plane (xOy) is given by:
2
2
𝐵1𝑥,𝑦 = √𝐵1𝑥
+ 𝐵1𝑦

(3.2)

Then, signal-to-noise ratio (SNR) distributions can be assessed using the following
relationship [29], [73], [102]:

𝑆𝑁𝑅 =

𝑝𝑒𝑎𝑘 𝑠𝑖𝑔𝑛𝑎𝑙 𝐵1𝑥𝑦
∝
𝑅𝑀𝑆 𝑛𝑜𝑖𝑠𝑒
𝐼√𝑅𝑡

(3.3)

In this expression, 𝐼 is the current following in the coil-loop and 𝑅𝑡 is the total resistive
losses. Thus in this work we will only consider the term

𝐵1𝑥,𝑦
𝐼√𝑅𝑡

as a measure of the effect of

the reception coil on the SNR.
Both current I and losses 𝑅𝑡 are estimated by the electromagnetic simulations using
FEKO software. Adding a very small load (1mΩ) in series with each loop enable
estimation of the exact current flowing inside each portion of the loops. Losses
calculations were derived from the simulated reflection coefficient (S 11) responses in both
unloaded and loaded coil states.
To avoid a long simulation time, S 11 responses were first numerically simulated only at
the resonance frequency (63.87 MHz corresponding to a 1.5T magnet) and optimal
tuning and matching capacitors were found using an optimization method. When getting
the best possible matching at this specific frequency, the coil loop was simulated again
on a span of 10 MHz frequency. These steps were followed for both unloaded and loaded
coils and yielded unloaded and loaded S 11 responses. The quality factor Q (which is one
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of most important quantities used to test the coil performance) in loaded and unloaded
conditions were derived from each S11 response at -3 dB bandwidth [139], [141]. Losses
effect (𝑅𝑡 ) were then estimated from simulated unloaded and loaded quality factor
(𝑄𝑢_𝑠𝑖𝑚𝑢 and 𝑄𝑙_𝑠𝑖𝑚𝑢 ) values.
Since an RF coil can be considered as an RLC circuit, a theoretical way to estimate the
unloaded coil quality factor 𝑄𝑢_𝑡ℎ𝑒𝑜 is given by:

𝑄𝑢_𝑡ℎ𝑒𝑜 =

2𝜋 𝐹0 𝐿𝑐𝑜𝑖𝑙
𝑅𝑐𝑜𝑖𝑙

(3.4)

Where 𝐹0 is the Larmor frequency, 𝐿𝑐𝑜𝑖𝑙 is the inductance of coil conductors and 𝑅𝑐𝑜𝑖𝑙 is
the estimated coil resistances. Under this condition of unloaded coil, losses are
represented by equivalent electrical resistance of the coil (𝑅𝑒𝑙 ). The latter can be
computed by setting equal both 𝑄𝑢_𝑡ℎ𝑒𝑜 equation and 𝑄𝑢_𝑠𝑖𝑚𝑢 simulated value therefore
giving:

𝑅𝑒𝑙 =

2𝜋 𝐹0 𝐿𝑐𝑜𝑖𝑙
𝑄𝑢_𝑠𝑖𝑚𝑢

(3.5)

The coil-loop inductance was also estimated and derived from Smith abacus. This was
done by simulation of the loop at the desired resonance frequency (63.87 MHz) without
adding the lumped elements (tuning and matching capacitors). Thus, a first estimation of
the electrical resistance of the conductor loop can also be derived to check for
consistency of the computed𝑅𝑒𝑙 .
In the case of loaded coil, simulations were done using a phantom consisting of a
cylindrical vessel with a through-hole (9.2 mm inner and 45 mm outer diameters, 50 mm
long) allowing the introduction of each coil loop and filled with a solution of 1.25g NiSO4
x 6H2O + 5g NaCl per liter of distilled water mimicking tissue losses (Fig. 3-6). The
phantom is the dielectric medium which has electrical proprieties of about of 0.67 S/m
conductivity, 94.73 relative permittivity/dielectric constant and 1120 kg/m3 mass density
[167].
For all the simulations, the phantom was meshed with 2mm local mesh size (this was the
maximum resolution enabled by FEKO and our hardware). For unloaded coil-loops, the
mesh was of 0.5 mm, 1 mm and 0.01 mm for triangle edge length, wire segment length
and wire segment radius, respectively. Each loaded coil-loop was meshed with a custom
mesh of 0.25 mm, 0.5 mm and 0.01 mm for triangle edge length, wire segment length
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and wire segment radius, respectively. Also, EM simulations were performed using double
precision numerical computations.

Fig. 3-6. The used phantom for simulation of different loaded coil-loops.

Similarly to the previous case, a theoretical way to estimate the quality factor 𝑄𝑙_𝑡ℎ𝑒𝑜 of
the loaded coil is given by:

𝑄𝑙_𝑡ℎ𝑒𝑜 =

2𝜋 𝐹0 𝐿𝑐𝑜𝑖𝑙
𝑅𝑒𝑙 + 𝑅𝑚

(3.6)

where 𝑅𝑒𝑙 is the electrical resistance losses due to the coil-loop and 𝑅𝑚 is the magnetic
resistance losses due to the phantom. Under these conditions, 𝑅𝑚 is given by:

1
1
𝑅𝑚 = 2𝜋𝐹0 𝐿𝑐𝑜𝑖𝑙 (
−
)
𝑄𝐿𝑠 𝑖𝑚𝑢 𝑄𝑢𝑠 𝑖𝑚𝑢

(3.7)

The total loss resistance 𝑅𝑡 was then the sum of electrical resistance of the coil and
magnetic resistance of the phantom and was given by [58], [106]:

𝑅𝑡 = 𝑅𝑒𝑙 + 𝑅𝑚
The

𝐵1𝑥,𝑦
𝐼√𝑅𝑡

(3.8)

term (which is proportional to the SNR distribution) of each loop geometry was

then calculated. They were analyzed in regions close to the coil which corresponds to
colon wall location. By using Matlab software, intensity values and radial uniformity of
signal distributions were assessed in a region defined by a disc centered on the coil axis
and having 5 mm and 15 mm inner and outer radiuses (the targeted colon wall imaging
area). To achieve that,

𝐵1𝑥,𝑦
𝐼√𝑅𝑡

values were calculated on concentric circles (with 10° angle

sampling from 0° to 360°), for each chosen distance and specific coil orientations with
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respect to B0. As already mentioned it is assumed that the coil loop rotates around x-axis
with an angle 𝛼 = 0°, 45° and 90°.
Finally, geometries providing the best signal uniformity at the different coil orientations
and for different imaging distances were compared. They were then combined in a
theoretical single reconfigurable endoluminal coil using MEMS switches [68].
The Fig. 3-7 summarizes the different steps from the design of the loop-geometry until
the results analysis.

Fig. 3-7. Different steps from the coil-design to the results analysis. (a) The full wave
electromagnetic simulation with FEKO software to get the magnetic field H1. (b) Application of the
coil-orientations effect about x-axis on 𝑩𝟏𝐱,𝐲⁄𝑰√𝑹𝒕 (which is proportional to the SNR) distributions by
using Matlab software (3D-transformation based on rotation matrices). (c) The result analysis
corresponding to the chosen criteria: coefficient of variations between 5 mm and 15 mm from the
center of the coil (targeted colon wall imaging area).
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3.1.3. Results
So as to evaluate the performance of the different loop geometries presented in the
method section, we have run comparisons in two steps. First, the four configurations of
double loops were evaluated so as to determine the one which would be best suited for
endoluminal colon imaging. In a second step, the chosen double loops configurations
were compared to the diagonal single loop (DSL) since it is the state-of-the-art reference
solution.
Part I: Unloaded rectangular and diagonal double layer/turn loops
In this section, only results of unloaded coils will be presented since the simulated values
of 𝑅𝑚 for the double layer/turn loops are much smaller than 𝑅𝑒𝑙 . Therefore unloaded and
loaded simulations will lead to almost the same conclusions. Results of

𝐵1𝑥,𝑦
𝐼 √𝑅𝑡

values (which

are proportional to signal intensity) of rectangular and diagonal double loops, sampled
every 10° on circles of radii 10 mm (centered on the loop center) are displayed in Fig. 38. As can be seen configurations that display higher

𝐵1𝑥,𝑦
𝐼 √𝑅𝑡

intensity also tend to have

higher variations with respect to the sampling angle. From the sampled values, means
and standard deviations were calculated and the subsequent coefficient of variations (CV
= standard deviation/mean) derived. The corresponding CVs for the different geometries
and in the reference orientation (0°) are displayed in Fig. 9. The RDL-OC and RDT-OC
offer smaller CVS than the DDL or DDT are therefore, RDL-OC and RDT-OC are the two
geometries which will be considered for the rest of this work.

Fig. 3-8. Unloaded

𝐵1𝑥,𝑦
𝐼 √𝑅𝑡

intensity versus sampling angle for (a) rectangular double loops and (b)

diagonal double loops at reference orientation and at 10 mm distance from the loop-center at
reference orientation (0°).
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Fig. 3-9. The CVs (coefficients of variation) versus distances of unloaded (a) rectangular double
(RD) loops and (b) diagonal double (DD) loops with loops in the reference orientation (0°).

Part II: Loaded single and double loops
These two selected geometries (RDL-OC and RDT-OC) were compared to the diagonal
single loop (DSL) and for orientations of the loops about x axis of 0°, 45°, 90° and at
different distances (5 to 15 mm) from each loop-center. This time all simulations were
run in loaded conditions since simulated 𝑅𝑚 values were quite different between the DSL
and double loop geometries.
For each distance,

𝐵1𝑥,𝑦
𝐼 √𝑅𝑡

intensity values were sampled every 10°. Then means and

standard deviations (calculated on concentric circles) were calculated for each loop (RDLOC, RDT-OC and DSL). Means
deviations/mean) of

𝐵1𝑥,𝑦
𝐼 √𝑅𝑡

and coefficients

of

variations

(CV

= standard

versus distances from each loop-center (from 5 to 15 mm) and

for the three specific orientations mentioned above (0°, 45° and 90°) were specifically
studied.
Mean of

𝐵1𝑥,𝑦
𝐼 √𝑅𝑡

versus distances at specific RF loop-rotations

As shown in Fig. 3-10, mean signal intensity (mean

𝐵1𝑥,𝑦
𝐼 √𝑅𝑡

) values for all loops dropped-off

rapidly when moving away from the loop-center. The DSL presented mean

𝐵1𝑥,𝑦
𝐼 √𝑅𝑡

values

higher than the other loops for all distances and loop-orientations. Obtained mean

𝐵1𝑥,𝑦
𝐼 √𝑅𝑡

values of RDL-OC and RDT-OC displayed nearly identical mean values for all distances
and for the three considered orientations. However, their mean values were also inferior
to those of the DSL in all the tested conditions.
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Fig. 3-10. Means of

𝐵1𝑥,𝑦
𝐼 √𝑅𝑡

ratio (calculated on concentric circles) versus distances from each loop-

center (from 5 to 15 mm) at specific orientations with respect to X-axis: angles of (a) 0° (b) 45°
and (c) 90°.

Coefficients of variations (CV) of

𝐵1𝑥,𝑦
𝐼 √𝑅𝑡

versus distances at specific RF loop-

rotations
Coefficients of variations for the three geometries and for distances between 5 and
15mm are plotted in figures 8 (a) to (c) corresponding to the three investigated
orientations (0°, 45° and 90°). At the reference orientation (Fig.3-11a) and for distances
inferior to 9 mm, CV values of RDL-OC and RDT-OC were very close to each other and
smaller than those displayed by the DSL. Between 9 and 12mm the DSL is the geometry
displaying the smallest CV but above 12mm it is the RDT-OC which displays the smallest
CV. At 45° loop-orientation (Fig.3-11b), the RDT-OC and RDL-OC geometries show the
smallest CV until 8mm but above, the DSL is the best suited geometry. By further
increasing the loop-rotation angle and in particular at the 90° position (Fig.3-11c), the
DSL exhibits the smallest CV for all distances.
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Fig. 3-11. Coefficients of variations (CV) of

𝐵1𝑥,𝑦
𝐼 √𝑅𝑡

ratio (calculated on concentric circles) versus

distances from each loop-center (from 5 to 15 mm) at specific orientations with respect to X axis:
angles of (a) 0° (b) 45° and (c) 90°.

3.1.4. Discussion and Conclusion
In our application the coil is placed very close to the region of interest. This leads to very
high signal intensities close to the conductors. However, there is a rapid signal decrease
when moving away from the coil center as can be observed in all surface coils [26].
Starting from a given coil geometry with given positions of conductors, multiple singlechannel double turns/layers models were designed and compared to a diagonal single
loop geometry which will serve as reference. In this study, we focused on the
combination of the two main criteria: signal intensity and variations characterized by the
mean and standard deviations measured on concentric circles centered on the coil center.
These two measures were combined to obtain coefficients of variations which will reflect
signal uniformity in the regions of interest.
In a first step, obtained simulation results of different configurations of rectangular and
diagonal double loops led to select rectangular double layer and turn with opposite
current directions (RDL-OC and RDT-OC) since they were the ones which displayed the
smallest CVs. This is mainly related to the intensity values which are less than those of
rectangular double layer and turn with same current directions and thus less variation.
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In a second step, simulation results of the different loaded single and double coil-loops
were studied for distances ranging between 5mm and 15mm and for three specific
orientations. As mentioned in the method section, the choice of the three orientations
was made according to plausible orientations of the coil during navigation in the colon
during an MR examination. In vertical regions (rectum, descending colon and ascending
colon), we assumed that each coil is oriented at 0° with respect to the x axis. In this
case, the RDL-OC and RDT-OC presented the best signal uniformity at low distances
(<9 mm). For distances between 9 and 12 mm, the DSL exhibits higher signal intensity
and smaller CV. Above 12 mm, the RDT-OC exhibits smaller CV.
In horizontal regions (medium part of transverse colon), we assumed that each coil has
operated at 90° rotation around the x axis. The DSL presents the best signal uniformity
for all considered distances. This is understandable since for this particular orientation,
the RDL-OC and RDT-OC both have their coil planes perpendicular to B0 (which is the
worst-case scenario for signal uniformity) whereas the DSL due to its particular plane
orientation has its normal to the coil plane at 45° to B 0. Thus, the DSL appears to be the
best solution in this case. It should be noted that rotating the DSL by a further 45° but
this time around the y-axis would enable an even better signal uniformity since the coil
plane would then lie in the horizontal plane of the MR scanner. However this is not within
the scope of work which considers reconfiguration and not re-orientation of coils.
In tilted regions (sigmoid and the two extremities of the transverse colon), we assumed
that each coil was oriented at 45° with respect to x axis. In this case, the RDL-OC and
RDT-OC present the best uniformity up to 8 mm and the DSL for higher distances
(>8 mm).
To summarize, after analysis of these simulated results given by every individual
geometry, the selection of complementary loop-geometries emerged as a relevant
possibility to provide improved robustness regarding the coil-orientations. It is now
necessary to see how it would be possible to switch between these three geometries
using MEMS.

Proposed design of MEMS-based reconfigurable endoluminal coil
The proposed MEMS-based reconfigurable endoluminal coil (swiM RE-Coil) design is
illustrated in Fig. 3-12. It consists of using only four copper strips and two electronic
units (Fig. 3-12a). The latter include sets of capacitors and MEMS switches located at the
proximal and distal parts of the loop (Fig. 3-12b). It should be noted that the inclusion of
MEMS switches is not such an easy task. In a previous work [168], a single MEMS switch
was included in a rectangular single loop design of such an endoluminal coil and validated
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with optimal performances not only in terms of active decoupling but also for image
quality. Although the switch in itself is fairly small, it requires the additional use of other
driver circuits which are quite bulky with respect to the present context of endoluminal
imaging. These can be remotely located but this then requires that activation signals be
transported using galvanic conductors which raises further issues. Thus, during the
design process, care was taken so as to minimize the number of required MEMS switches
which is equal to four in our present design.
It is possible to use the RDT-OC but it requires the use of more components (MEMS and
capacitors). For this reason and given that at the reference orientation (0°) the CV of the
RDT-OC is only marginally better that that of the DSL above 12 mm, in the proposed
design, only the RDL-OC and DSL have been considered such that the final design
includes :


At 0°: RDL-OC below 9 mm and DSL above 9 mm



At 45°: RDL-OC below 8 mm and DSL above 8mm



At 90°: DSL

The active decoupling state is ensured by opening all MEMS switches: S1 to S4. This
ensures that there is no closed loop in the design (Fig. 3-12c). The DSL loop-geometry is
obtained by closing S1, S2 and opening all other switches (Fig.3-12e) and it is used at
high distances for vertical and tilted regions and in all conditions for horizontal regions.
Finally, the RDL-OC is obtained by closing S3, S4 and opening all other switches (Fig.312f) and it is used at low distances for titled and vertical regions.
Other more complicated geometries could theoretically be considered for example, in the
horizontal regions of the colon, a reconfiguration of the RDL-OC geometry so as to create
a loop plane in the yOx plane could be done. However, adding this configuration to the
proposed design would require an important number of MEMS switches and capacitors
which would be too bulky for endoluminal application and was therefore ruled out in the
current work.

86

Fig. 3-12. (a) The proposed and (b) detailed MEMS-based reconfigurable endoluminal coil design.
(c) The MEMS switch (1 cm x 1 cm). (d) The active decoupling state. (e) The DSL loop-geometry.
(f) The RDL-OC geometry.
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In conclusion, endoluminal MR imaging is actually the best alternative to get the required
SNR per unit time enabling proper visualization of colon wall layers. However, signal
distribution (intensity and uniformity of the coil-sensitivity) is affected during coil
navigation within the colon since it leads to modifications of coil orientations with respect
to the static magnetic field. Reconfiguration of coil loop geometries according to the colon
area (coil-orientations) and distance from the coil center is an interesting way to reduce
this dependency and thus improve the coil-sensitivity uniformity and image quality. To
achieve the switch between loop-configurations, the use of MEMS switches is an
attractive solution but in practice is still a challenge in the case of endoluminal imaging
where available space and component sizes are critical. The proposed design of
reconfigurable endoluminal coil is based on four MEMS switches and permits not only to
switch between RDL-OC and DSL but also to achieve an accurate active decoupling of the
endoluminal coil during the RF transmission of an MR experiment.
Further work will have to be carried out to assess the feasibility of such a coil and also to
evaluate the experimental performance of such a solution. Indeed, as seen in the second
chapter, the addition of MEMS switches in a coil does have a negative impact on the coil
quality factor and therefore on the obtained images.
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Another design used for

31

P spectroscopic imaging and 1H imaging has been proposed

and simulated by using a MEMS reconfigurable 1H/31P rectal coil.

3.2. Design of MEMS reconfigurable 1H/31P rectal
coil for spectroscopic imaging using automatic
tuning, matching and active detuning
Synopsis
External dual-nuclei RF coils provide complementary diagnosis information that cannot be
provided by the use of proton-coil only. However, this requires the use of double-channel
coils which represents a challenge in the case of the endoluminal imaging. We designed
and simulated a reconfigurable single-channel coil-loop, able to operate as a proton (1H)
or as a phosphorous (31P) inner coil introduced by sphincter for MR spectroscopy and
imaging. Simulation results with simple reconfiguration circuit allows the sequential
operation of the coil at the 1H and

31

P frequencies with efficient decoupling driven by 2

MEMS.

3.2.1. Introduction
External dual nuclei RF coils, such as the proton in combination with phosphorous (used
in sequential mode), based on two different tuned loops is used for MR examination
yielding complementary information [169], [170]. In the case of rectum cancer,
dedicated endoluminal coils have the advantage of being introduced with minimum
invasion inside the rectum to be close to the region of interest thus enabling high SNR
and spatial resolution. However, in the context of endoluminal MR imaging, using two
different loops represents a challenge mainly due to space restrictions. In addition, the
endoluminal coil has to be detuned when operated in association with a separate 1H
transmit coil. A recent study [168] demonstrated the feasibility of using MEMS (Micro
Electro Mechanical System) switches [63], [68], [69] for endoluminal RF coils decoupling
while preserving good performances. In this study, we propose the design of singlechannel reconfigurable endoluminal coil using MEMS switches to shift between 1H and

31

P

for MR imaging and/or spectroscopy and also for active detuning purposes.
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3.2.2. Methods
Using electromagnetic FEKO software, a single-channel endoluminal

1

H/31P coil was

designed with a unique single RF-loop (5 mmx 47mm) including two MEMS and 4
capacitors (Fig. 1a,b), and then simulated with the Method of Moment [84]. The MEMS
were considered ideal switches. Coil active detuning is achieved with the exploitation of
the MEMS switches by closing MEMS 1 and opening MEMS 2 (Fig. 1c). In tuned mode,
opening both MEMS led to match and tune the coil-loop to 50 Ω and at the proton Larmor
frequency F0H of 64 MHz at 1.5 T (Fig. 1d). Finally, by closing both MEMS, this frequency
is shifted to retune the coil at the phosphorous Larmor frequency F 0P of 26 MHz at 1.5 T
while also ensuring impedance matching (50 Ω) (Fig. 1e). The tuning and detuning
efficacy modes were assessed by determining S 11 amplitudes at both F0H and F0P. Then,
magnetic field (Hxy) profiles and distribution were extracted in tuned modes and at each
resonance frequency.

Fig. 1. Proposed (a) design and (b) electric circuit of endoluminal double tuned (1H/31P) loop coil
based on two MEMS switches. Calculated capacitor values, Ct1, Ct2, Cm1 and Cm2 were 138.09
pF, 880.99 pF, 699.89pF and 1565.37pF, respectively. (c) The active detuning configuration of the
loop during RF transmission. (d) Equivalents circuits for (d) 1H and (e)

31

P frequencies.
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3.2.3. Results
As shown in Fig. 2, simulated responses of the circuit show resonance frequencies (F 0) at
63.87 MHz and 25.87 MHz for 1H and

31

P coil configurations, respectively. In coupled

mode, S11 values at F0 were - 124 dB and -44 dB for

1

H and

31

P coil configurations,

respectively. The simulated impedances were 50 Ω for both tuned coil configurations. The
-3 dB bandwidth values were respectively equal to 1.32 MHz (63.2 MHz to 64.5 MHz
range) for 1H coil configuration and 0.84 MHz (25.5 MHz to 26.4 MHz range) for

31

P coil

configuration. In the decoupled mode, S11 values at F0 were 0 dB for both configurations.
Impedance values (Fig. 3a) and results on the Smith Abacus (Fig. 3b) were similar for
both configurations. Simulated magnetic field (Hxy) at the center of the loop along the
normal line were almost similar with a slightly higher H xy field values for the

31

P coil

configuration at all given distances as can be seen in Fig. 4. Signal distributions displayed
equivalent radial uniformity (Fig. 5).

Fig. 2. Simulation of reflection coefficient (S11) responses with the tuned 31P-coil configuration (in
green), the tuned 1H-coil configuration (in red) and in detuned state (in blue).
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Fig. 3. Simulation results of (a) impedance and (b) smith abacus of the tuned 31P-coil configuration
(in green), the tuned 1H-coil configuration (in red) and in the detuned state (in blue).

Fig. 4. Simulated magnitude field (Hxy) at the center of the loop along the normal line for both 1H
and 31P coil configurations.

Fig. 5. Simulated magnitude field (Hxy) maps of (a) 1H-coil and (b)

31

P-coil configurations.
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3.2.4. Discussion
In the detuned mode, S11 values at both F0H and F0P were 0 dB and the displayed
resonance around 33 MHz is far from the -3 dB bandwidth of both resonance response
(63.2 MHz to 64.5 MHz and 25.5 MHz to 26.3 MHz for

1

H and

31

P resonances

respectively). This demonstrates an efficient detuning for both configurations. To obtain
these results, we have supposed that the open MEMS 2 switch can be modeled by a very
high impedance equivalent to an open circuit. This corresponds to removing the capacitor
Cm2 in series with the opened MEMS switch (as illustrated in Fig. 1c). This hypothesis
was experimentally confirmed by measurements in a recently published work [168].
Similarly, we considered that a closed MEMS 1 switch is an ideal conductor which is a
simplifying hypothesis not very far from what was measured experimentally [168].
In coupling mode, S11 values at both F0H and F0P were higher than -40 dB for both 1H and
31

P configurations. This confirm a proper match to 50Ω when changing the loop-

configuration (as seen in Fig. 3a,b). Again here the MEMS switch was considered as ideal.
The similar magnetic field profiles obtained for both configurations is mainly due to the
use of the same dedicated rectangular loop geometry leading to nearly the same
magnetic field decrease.

3.2.5. Conclusion
In conclusion, this work demonstrates the possibility of designing a single-channel
rectangular endoluminal coil to explore the proton ( 1H) and the phosphorous (31P)
nucleus through MR imaging or spectroscopy. This can be done by changing only the
state of two MEMS switches; without the need of additional tuning, matching and
detuning circuits. The main originality of this work is the use of the same coil loop design
to image proton and phosphorous nuclei. It will require a routing circuit to connect the
coil to depending on the configuration to the right nuclei receiver channel for proper preamplification and signal processing.
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Chapter conclusion
This chapter is the second part of the thesis which consists of studying the effect of coilorientation (with respect to B0 field) on the coil sensitivity of several loop geometries
which were defined and simulated with FEKO software (Method of Moment solver).
Complementary

loop

geometries

were

combined

to

design

a

single-channel

reconfigurable endoluminal coil able to work with optimal sensitivity according to its
orientation along the colon. The reconfiguration is ensured by using four MEMS switches.
The main originality of this part is to reconfigure miniature endoluminal coils by forming
the dedicated loop design by only using four copper strips and not by simply switching
between already existing loops.
In addition to that, another design of a reconfigurable single-channel rectangular loop
able to operate as a 1H then as a

31

P (successively) rectal coil-loop for MR spectroscopy

and imaging was proposed and simulated with FEKO. This can provide additional
diagnosis information which cannot be provided by the use of only proton ( 1H coils). The
reconfiguration is ensured by using only two MEMS. This solution could also be used to
image ascending and descending colon regions.
It should be noted that the originality of this latest part is the use of the same tuned and
matched coil loop geometry to explore proton or phosphorous nuclei without the need of
a circuit to retune or rematch the coil and without the need of additional active
decoupling circuit (automatic tuning, matching and active decoupling).
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Manuscript conclusion
The general objective of the thesis is the improvement of magnetic resonance imaging in
the context of colon wall analysis which implies being able to image fine structures that
lie far from the body surface. This means that external coils are not yet able to provide
high enough SNRs to be able to attain sufficient resolutions to image properly the
different colon layers. The use of endoluminal coils offers the advantage of being very
close to the regions of interest and therefore provide very high SNRs although only
locally. However using such coils implies that during colon navigation, the coil loop will
have different orientations with respect to the main B 0 field inducing impaired signal
distribution. Moreover using a receiver coil different from the transmit coil requires an
active decoupling solution. In this thesis we try to address both issues using MEMS
switches by first using them as decoupling element and then by proposing reconfigurable
endoluminal designs using MEMS switches.
The first thesis axis is devoted to the evaluation of MEMS switches as active decoupling
devices by studying their impact on both coil performance and NMR image quality. To
this end, two MEMS coil prototypes based on serial or parallel active decoupling
configurations were built. A third coil prototype based on the conventional circuit using
PIN diode was also built to serve as a reference coil. The three prototypes were
characterized on experimental benches then on a 1.5 T clinical MRI scanner using a
colon-mimicking phantom. The results show that characteristics such as the quality
factor, switching delays to couple/decouple the coil and signal-to-noise ratio (SNR) of
MEMS coils are comparable to the reference coil. The SNR of all endoluminal coils were
always superior to a commercial external array coil in the region of interest. The parallel
configuration permits getting a high quality factor with a shift of coil resonance frequency
while the serial configuration permits the total opening of the coil-loop. This study
validates the feasibility of using MEMS switches for the design of endoluminal coils with
optimal performances not only for active decoupling but also in terms of image quality.
It should be noted that the main originality of this part is the implementation of MEMS
switches on the miniature single-channel endoluminal coils with optimal performances,
which had never been reported in the literature before.
These encouraging results permit us to go ahead to develop the second thesis axis, which
is the need to take into consideration the endoluminal navigation of the coil along the
colon. This navigation induces different coil-orientations with respect to the static
magnetic field B0 and therefore leads to significant variations in detection sensitivity in
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terms of signal intensity and uniformity (distribution), altering significantly the image
quality. The goal is therefore to use MEMS switches to modify (reconfigure) the coil loop
geometry according to its orientation. For this purpose, by first defining a general
endoluminal outer volume, different geometries of single and double loops of endoluminal
coils were defined and simulated in both unloaded and loaded cases using FEKO
electromagnetic simulation software. The image sensitivity distributions (intensity and
uniformity) were then evaluated for specific orientations (depending on the colon
structure and regions) using Matlab software. In terms of results, each geometry has its
strengths and weaknesses in terms of sensitivity intensity and uniformity. Thus,
complementary geometries have been identified and combined to propose and design
reconfigurable endoluminal coils based on MEMS technology and having a reduced
dependency between the coil-sensitivity and its orientation inside the colon. Indeed, the
reconfigurable endoluminal coil design is based on only four conductors (cooper strips)
and two electronic units. The latter permits to switch between the four conductors by
changing the opened or closed state of each MEMS switch, and thus to control the coil
geometry. A particularity is to switch between two configurations (in function of the coil
orientation): diagonal single loop (DSL) and rectangular double layer - opposite current
(RDL-OC) loop-geometries. The switch between them could be achieved by opening some
MEMS and closing others according to the coil-orientation inside the colon. During RF
transmission, the active decoupling of the reconfigurable endoluminal coil is ensured by
opening all MEMS and thus opening all coil-loops.
It should be noted that the main originality of this part is to reconfigure miniature singlechannel endoluminal coils by forming the dedicated loop design (according to the coilorientation) only by using four copper strips and it is not a simple switching between
already existing loops.
Another design used for MR spectroscopy and imaging has been proposed and simulated.
It enabled automatic tuning, matching and active detuning circuits at two different
resonance frequencies (1H and
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P at 1.5 T) with the use of only one rectangular single

loop geometry. This study demonstrates the possibility of designing single-channel
endoluminal tuned and matched coil to explore proton and then phosphorous by only
changing the state of two MEMS switches; without the need of additional circuits. This
solution could also be applied to ascending and descending colon regions.
It should be noted that the originality of this latest part is not only the use of the same
coil loop geometry to explore proton or phosphorous nuclei without the need of a
multiple-channel coil and but also without the need of additional circuits to retune or
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rematch the coil and without the need of additional active decoupling circuit (automatic
tuning, matching and active decoupling).
In this thesis, the use of a single-channel coil design allows to simplify the coil design and
to avoid the electromagnetic coupling between loops, as in the case of multiple-channel
coils.
Therefore, we have first demonstrated, through experimental benches and MRI
experiments, the feasibility of using a MEMS switch on a single-channel endoluminal coilloop with optimal performances. We have then demonstrated through electromagnetic
simulations the interest of using MEMS switch technology to design endoluminal coils
dedicated to the examination of colon and/or rectum organs thanks to the possibility
offered by MEMS to reconfigure the coil-geometry while ensuring also the active
decoupling of the endoluminal coil. We proposed the name of swiM RE-Coils (switches
Mems for designing Reconfigurable Endoluminal Coils). The next step would then be to
build and characterize the simulated designs on both experimental bench and images
with the current size of MEMS switches. Then, the proposed reconfigurable coil-design
can be further optimized against the coil orientations inside the colon. Since endoluminal
imaging coils have miniature dimensions with low voltages, MEMS switch do not need the
high standoff voltage (500 V) used currently for external coils which have a very large
dimensions compared to the endoluminal coils. So, MEMS size can be easily reduced at
least by a factor 2. If done, more MEMS switches could be used opening up new design
perspectives better suited to the endoluminal application.
Despite the advantages for the use of endoluminal coils namely the very high SNR in the
ROI very close to the coil, the use of coaxial cables (for RF and DC signals) still remains a
technological challenge from a clinical point of view. These could be replaced by a safer
technology such as optical transmission line. In the case of MEMS based endoluminal coil,
it remains to be seen how to send the required DC signal through this transmission
medium.
Finally, the focus on MEMS reconfigurable

1

H/31P coils is an attractive way for

spectroscopic imaging.
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Appendix A
Appendix A-2 Examples of MR coil technology.

Appendix A-3: Examples of commercial external MR receiver coil used for medical diagnosis.
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Appendix B
Appendix B-1: Comparison of different decoupling methods for rectangular endoluminal coil (5.1
mm x 47 mm). Results obtained with PIN diode, MEMS and Optical solution (based on two
photodiodes) at 3.0T MRI were comparable (H. Raki et al., ESMRMB 2017).

Clinical 3.0T Discovery MR-750 1.5T MRI scanner (GE Healthcare Inc.,)

Appendix B-3: DC Lines for MEMS with twisted wires

In the case of twisted wires used for DC lines for example, two conductors with equal
impedance are twisted forming a balanced type. DC circuits (see Fig.A) can be designed
to filter parasitic RF signals coupled with the DC line through two RF chokes in series and
a capacitor between the DC line and the ground line [64].
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Fig.A. Picture (left) and schematic (right) of a DC circuit using to filter unwanted RF signals
coupled with the different DC lines [64].
Appendix B-6: Comparison between sMEMS vs PIN diode at 1.5T, using GRE (Echo Gradient) &
FSE (Echo Spin) sequences (related to the chapter 2). Similar results are obtained with GRE echo
and a slight difference (but almost comparable) with FSE echo.

Appendix B-7: External MRI room and the cabling system for the external control of the MDC
(Mems Driver Circuit), using a waveform generator (related to the MR experiments in Chapter 2).
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Appendix B-8: Waveform generator (WG) parameters for the different RECs and acquisitions.

RECs

pPIN
diode REC
pMEMS
REC
sMEMS
REC



Hi
level
(V)
2.0

Lo
level
(V)
- 5.0

7.0
7.0

GRE sequence
Periode Width*
(ms)
(ms)

Front
….

30.6

3.6

Negative

Hi
level
(V)
2.0

- 5.0

30.6

27.0

Positive

7.0

- 5.0

30.6

3.6

Negative

7.0

Lo
level
(V)
- 5.0

FSE sequence
Periode
Width
(ms)
(ms)

Front
….

7.0

3.6

Negative

- 5.0

13.9

8.4

Positive

- 5.0

13.9

3.6

Negative

* Width: duration of the pulse.
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Appendix B-9: Example of possible chain between MEMS endoluminal coil and MRI system.

Appendix C: MEMS switch technology used to design novel MRI coils for colon-rectum diagnosis
with respecting ergonomic aspect. The coil should be navigated or “SWIM” along the colon. This
why we called: SwiM RE-Coils.
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