
HAL Id: tel-01128156
https://theses.hal.science/tel-01128156

Submitted on 9 Mar 2015

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Contribution à l’amélioration de la sensibilité d’un
micro-récepteur RMN implantable

Josue Trejo Rosillo

To cite this version:
Josue Trejo Rosillo. Contribution à l’amélioration de la sensibilité d’un micro-récepteur RMN im-
plantable. Autre [cond-mat.other]. Université Claude Bernard - Lyon I, 2014. Français. �NNT :
2014LYO10264�. �tel-01128156�

https://theses.hal.science/tel-01128156
https://hal.archives-ouvertes.fr


                              
 
N° d’ordre 264-2014              Année 2014 
                        
 
 

THESE DE L‘UNIVERSITE DE LYON 
 

Délivrée par 
 

L’UNIVERSITE CLAUDE BERNARD LYON 1  
 

Ecole Doctorale  
Électronique - Électrotechnique - Automatique 

 
 
 

Pour l’obtention du  
 

DIPLOME DE DOCTORAT 
 

(arrêté du 7 août 2006) 
 

Soutenue publiquement le 28 Novembre 2014 
 

par 
 

M. TREJO ROSLLO Josué 
 
 
 

TITRE :  
 

Contribution à l'Amélioration de la Sensibilité d'un  
Micro-récepteur RMN Implantable 

 
 
 

Directeur de thèse : Mme. Latifa Fakri-BOUCHET  
Co-directeur : M. Youssef ZAIM WADGHIRI  

 
 

JURY : 
Rapporteurs : 
 
Examinateurs : 
 
Invité : 

Mme. Gaëlle LISSORGUES  
M. Stéphane SERFATY  
M. Daniel BARBIER  
M. Luc DARRASSE  
M. Lionel ROUSSEAU 

Professeur, ESIEE 
Professeur des Universités, UCP-SATIE  
Professeur des Universités, INL-INSA 
Directeur de Recherche, CNRS 
Ingénieur de Recherche, ESIEE 

 
  



  



 
UNIVERSITE CLAUDE BERNARD - LYON 1 

 
 
 
 
 
 

Président de l’Université 

Vice-président du Conseil d’Administration 

Vice-président  du Conseil des Etudes et de la Vie Universitaire  

Vice-président du Conseil Scientifique 

Directeur Général des Services 

M. François-Noël GILLY 

M. le Professeur Hamda BEN HADID 

M. le Professeur Philippe LALLE 

M. le Professeur Germain GILLET 

M. Alain HELLEU 
 
 
 

COMPOSANTES SANTE 
 

Faculté de Médecine Lyon Est – Claude Bernard 

Faculté de Médecine et de Maïeutique Lyon Sud – Charles Mérieux 

Faculté d’Odontologie  

Institut des Sciences Pharmaceutiques et Biologiques 

Institut des Sciences et Techniques de la Réadaptation 

Département de formation et Centre de Recherche en Biologie Humaine 

Directeur : M. le Professeur J. ETIENNE 

Directeur : Mme la Professeure C. BURILLON 

Directeur : M. le Professeur D. BOURGEOIS 

Directeur : Mme la Professeure C. VINCIGUERRA 

Directeur : M. le Professeur Y. MATILLON 

Directeur : Mme. la Professeure A-M. SCHOTT 

 

 

COMPOSANTES ET DEPARTEMENTS DE SCIENCES ET TECHNOLOGIE 

Faculté des Sciences et Technologies 
Département Biologie 
Département Chimie Biochimie 
Département GEP 
Département Informatique 
Département Mathématiques 
Département Mécanique 
Département Physique 

UFR Sciences et Techniques des Activités Physiques et Sportives 

Observatoire des Sciences de l’Univers de Lyon 

Polytech Lyon 

Ecole Supérieure de Chimie Physique Electronique 

Institut Universitaire de Technologie de Lyon 1 

Ecole Supérieure du Professorat et de l’Education 

Institut de Science Financière et d'Assurances 

Directeur : M. F. DE MARCHI 
Directeur : M. le Professeur F. FLEURY 
Directeur : Mme Caroline FELIX 
Directeur : M. Hassan HAMMOURI 
Directeur : M. le Professeur S. AKKOUCHE 

Directeur : M. le Professeur Georges TOMANOV 
Directeur : M. le Professeur H. BEN HADID 
Directeur : M. Jean-Claude PLENET  

Directeur : M. Y.VANPOULLE   

Directeur : M. B. GUIDERDONI  

Directeur : M. P. FOURNIER 

Directeur : M. G. PIGNAULT 

Directeur : M. le Professeur C. VITON 

Directeur : M. le Professeur A. MOUGNIOTTE 

Directeur : M. N. LEBOISNE 
 





������

�� ������� 	� �
��� � 
��� �������� 
�����
�� 	���������� �� ����������� 	��� ������

����
���� ��� ��
��������� ������� 	��� �� ��	�� 	� �� �������
��������
�� ���������

�� �����

���� �� 
������� 
����� 	� ����� �
���� ���� ����� ��������� �� ����������� �� ��	��

�������� 	� �� ����������
���� 
�� ��

���  �� ������������ !���� ��� 	��� 
����	�� 	�

����������� 
��
���� "�������	�
������� 	� ����������
���� ���� �� ��	��
��� ��� ��

�������� 	� �������� �� 	� �����#� ���� ����� ������ ������$�� ���� � 
����� 	��������

��� ���������� 
����������� �� ����� 	� ������� 	� $������� %�� 
�����&
�� �����$���

���� �� 
����	� ��� ��� ������������  ����	� 	��� ��	��� $�� ���� ����� 	�����

��

���� ��� ��� �$������  ���'������ 
��&�������� ������� ��� ��� �������  
����� 	�

�� ���������� 	� ��&��� 	� ��
���� �� ��� ��� ��������� �� �������� 	�� �������� ��

��	��� 
��&������ ���� � ���	����  �� ������� �$�������� 	� ����������
����� 
���

������� 	��

�����	�� �����	� 	� ��� ���
�������� �������$�� �� ��	�� ���$�������

%� 	������� 
����� 	� �� ������� ��� 	�����

�� ������ 	� ������������� 	��� ���


��(������ ������ ����� "%�)# �� 
��� 
��� 	� ����������
����� �(� 	���������� ��

������������ ���� ����� ����&�� ������ 	� ����� 	� ����
��(������ 	� �������������

��� ����� $�� ������������� ���������*����$�� ����� �� ������� ����*�� �� �������

��������� ���� +� 
������ 	� ����� ����&�� �� 	�� �����������  ���
��� 
�� ��

������� 	��	�
������ "�� ������ 	� ������������ 	� 
��������� *��� �� ������� ��

�	�
������ ������ �����#� ���� ����� 
��
��� �� ������� 	���
��(������ ������ 
���

������� 	���������� �� ����������� 	� ��
����� ���� ����� ����	� ����� 	�����
� 
��

���������� "���� ����� ����������
����# �� ���� ����� ����(� �������,� 	� �������� ��

��� "���� ��� ������ 	� �������#�

%�� ��������� 	� �� ������� ���� ��� 
����� 	�������� 	�� ��������� ��������� 
���

������	�� �� ����������� ����������  ��� �

����������

��������� 	 ��������
����� ��
���������� ������������������ ��	��������� 	� ����


������� ���������$�� �����*�$�� �� ��	�����$������ ��
��(������� ������ ������ 

&�

��$�� 	�� ������������ ���
��������� ���������*����$��� ����





��������

������������ �� �	
 �
�����
��� �����

�
�� �� ��

����������
 ����� ��� �
����

��� ��� �� 	��
 	��
�
 �
 	� �����
� 	�� 
��
�	�
�	� �� �� ������	���� ����� ���


��
��� ������	�� 	� 	�� �� 
�
� ����� ������
���	��
�����

�� 	�� ��
	 ���	 �� 	��
 	��
�
� �� ����������� 	�� ��
��� ��� �������� �� 	��


������
��
�� ��������� 	� �	
 
��
�	�
�	�� �� �����
�� 	�� �������������� �����

�


 ����	������
�	��� �� 	�� ������
��
�� ��	� �� !������

 �� � 
������ ��� ���

 
!��


	��	�" ��� �� #��	 	�� ��� �������� 	�� ������ $!���	� ���	��� ��� ���	�	���
 ����

��	� 	�� ���
�� �����

 ���� ������	���%�� 	���#
 	� � ����� 	��	 �� ��
�������

��
�� �� �� �$!�	��� ��	� ���������� ���&����	
� ���
� ���&����	
 ���� ��	�������

���� 	�� ����!	 �� 	�� 
��
�� ��� ���� ����	�� 	� ��	�� 	�� ���
!�����	
� '���

	��
 ���������� ������ �� �����
�� �� �$!�
����	 ����!�	 �� 	�� ������
��
�� 	� ��
�

� ��		�� #�������� �� �	
 ����	����� ����
��� �	 ���� ���$!�����
�

��� 
����� ���	 �� 	��
 ���# �
 ���!	 	�� ���
�� �

����	��� �� � ��� ���
� ��������

 (�)" ��	� 	�� ������
��
�� 	� �����
� �	
 
��
�	�
�	�� �� �����%�� 	�� 
	�	� ��

��	 �� 	�� ��������	��� �� ��� ����������
 ��� 	�� ����	�������	�� ��	����	���

��	���� 	�� ��	����	�� ����!�	
 ��	 	�� ��� ��
�������	� '��� 	��
 �����
�
 ���

	�� �����	���
 �� 	�� ��	����� ��	���#  ����� 	���
��

���� 
��	��� ���� ��� ���

���
� ��	�����"� �� �����
�� � ����� ��������	��� ����!�	 �����
��� 	�� 
��
�	�
�	�

�����
����	 �� 	�� 
��
��� ���
 �������� ��
 
�����	�� �� 
��!��	���  ��	� �!�

������
��
��" ��� 
������ �� �� ��� 
�
	��  ��	� � 
!����� ����"�

��� ��
!�	
 �� 	��
 ���# ����� !
 	� 
�	 ����	���� 
��!	���
 	� ����� 	�� ��$!����


��
�	�
�	� �� �!� �������	���
�

�������� 	 ����� ������	���� 
��
��
� ��������������� ��
��� ��������� ������

��� ����� ���$!���� ����	�����
� ��� ���
� ��������
� ���
��
 �� 	���
�
	��
� ����	���

�����	�� �����	�����	�� ����





 

 

 

"La folie, c'est de faire toujours la même chose 
 et de s'attendre à un résultat différent." 

Albert Einstein 





 

 

 

 

 

 

 

 

 

A la mémoire de ma grand-mère María Elena Ferreira Morales  
 (1934 - 2013). 

 

A ma mère Gabriela et à mon frère Alan. 
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2	 ���� ���� �� ��!����� ���� ��� ����	�� �������� �� !��� ,NA- �� ������� ��
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Im
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Y (1,1)+Y (2,2)−Y (1,2)−Y (2,1)
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Rdiff = Re
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Y (1, 1) + Y (2, 2)− Y (1, 2)− Y (2, 1)
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Qdiff = −Im (Y (1, 1) + Y (2, 2)− Y (1, 2)− Y (2, 1))

Re (Y (1, 1) + Y (2, 2)− Y (1, 2)− Y (2, 1))
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Im (Y (1, 1) + Y (1, 2))
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Cdiel2 =
Im (Y (2, 2) + Y (2, 1))
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Rsubs1 = Re

(
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Y (1, 1) + Y (1, 2)
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Rsubs2 = Re
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HRLC,sérieréception =
1/jRCω

1 + j
(
Lω
R

− 1
RCω

)

=
−jQ/ωn

1 + jQ
(
ωn − 1

ωn

) *�����$+

�,�� Q = Lω0/R = 1/RCω0 �
 ωn = ω/ω0 �- ω0 ��
 �� �����
��� . �� )	
 ����� ��

	
��������

�������� ��������
��	


���� �,��� )��
 ��� ����	�� ��	 ��� ������ �� ��	)��� ���
 �!�����
���� 
 ��,����
�

��
 �� /0 nH �
 �� 	
���
���� ,��
 � Ω� ��  �� ���� ����� �� )��
��	 ��  ����

 ��

�!�	�	� �� �!���

� ���� �,��� �1��

 ��� ������

 �� 2�� nF ��" ��	��� �� �� ������

���	 ��
���	 ��� )	
 ����� �� 	
������� �� �2�/ MHz� 3��	 �����	 ��

� ������ ����

��� ������	�
��� 	
���
	���� ���� �,��� �	
� �� 4�" �� ����� ����

� �� . �!����

�!��� ������ 
��

	��� �
 ���� �,��� ����	
 �� ��5
	���� �� ��
��
��� ��" ��	���

�� �� ������ 	
���
	���� (� ���� �� dB �� �� 
������ ����	
� ��" ��	��� �� �� ������

	
���
	��� �����  �� �� )���
��� �� 
	���)�	
 ��
	� ��� ���" ������� ���
 �����

� ����

�� ���	� ����/�



�� �������� 	
 ��
��������� �� ������� 
�� ���������������� ��� ������������

��� ���� �� ���	�
� �� ��
��	��� ��	��� ��� �
���	 ����� �
����
����
������

��� ��������� ��� ����� �� �
���� ��������� �� �� �
���� ����
������

������ ������ �	
	��

��	���� �� �����
������ �

�������� ����� ������ 

����
���
�� ����

����� ���� ������� �� �����	��
 ��	�
!� ��� ����
�� �"����
�� �	�� �	�	���


��	�	��	���� �� �����
������ �

�������� ����� ������ 

����
��� ��� ��� �����

���� #��
� �	��� �	��� �� �
������ ���
�
� $� %
 �	 �������� �� �
	����
� ����
� �	��

��
��	���� �����& ��� �	
	��

������� ���� #��
� �	��� �	� ���
�
� $ ����� ��������
�

�	 #'�
� ����&	�

(	�� ����� �)�� #'�
� ���� �
	*��� �	 �������� �� �
	����
� ���� ��
���� �+� ��

�	
	��!�� �
�
��� �	
 �	 
��	���� ��,������� �

HRLC,parallèleréception =
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R(f) = −9, 2 10−18 ∗ f 2 + 6, 1 10−9 ∗ f + 0.08 ������!

X(f) = 5 10−20 ∗ f 2 + 6, 01 10−8 ∗ f + 0, 45 ������!
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R(f) = −7, 5 10−18 ∗ f 2 + 5, 2 10−9 ∗ f + 0, 02 & �!�,)
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f0 (MHz) > 500 480 > 500 500 350 350 400 370

Qmax 1, 98 1, 65 1, 77 1, 83 2, 46 2 2, 55 2, 55

� ��� MHz

L (nH) 15, 6 19 14, 1 18, 6 43, 9 43, 8 33, 6 34, 5

R (Ω) 11, 3 15, 2 11, 4 13, 8 22, 9 28 19, 8 22, 9

Ctot (pF ) 4, 5 5, 3 5 5, 5 4, 7 4, 7 4, 7 5, 3

Q 1, 75 2, 8 1, 55 1, 7 2, 4 1, 96 2, 5 2, 5

� ��� MHz

L (nH) 17, 6 22, 6 15, 9 21, 6 75, 4 66, 5 48, 9 51, 9

R (Ω) 17, 2 27, 7 17, 1 23, 3 106 165 48, 5 85, 8

Ctot (pF ) 4 4, 5 4, 5 4, 7 5 3, 4 4, 7 4, 7

Q 1, 9 1, 5 1, 7 1, 7 1, 2 0, 76 1, 9 1, 9
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� 0, 598 2, 6 10−10 4, 42 10−17 2, 4 2, 28 10−8 1, 64 10−16

� 1, 3 2, 6 10−10 1, 25 10−16 3, 6 1, 8 10−8 2, 64 10−16
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� 0, 78 2, 6 10−10 4, 68 10−17 2, 76 1, 02 10−8 1, 68 10−16
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� 2, 34 2, 6 10−10 1, 95 10−16 7, 2 8, 1 10−11 1, 04 10−15

� 2, 34 1, 43 10−8 2, 6 10−16 7, 2 8, 16 10−11 1, 06 10−15
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� ��� MHz

L (nH) 10, 7 14, 1 9, 2 13, 6 39 39, 4 28, 6 29, 9

R (Ω) 2, 4 6, 3 2, 65 5 10, 2 15, 6 7, 6 7, 6

Ctot (pF ) 6, 5 7, 2 7, 7 7, 4 5, 3 5, 2 5, 5 6, 2
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B1.
−→y (C) =

μ

4π

ˆ
l

(
i(t)

−→
dl (P )

r2
∧ −→u

)
�������

�� r 	�� �� �������	 	���	 �	 ����� P 	� �	 ����� C �����	 ��� �� �	������ ���
���	 �

r =
R

sin(α)
�������

�� R 	�� �	 ��!�� �	 �� "����	 	� α 	�� ����#�	 	���	 �	 
	��	�� �������	 −→u 	� ����	−→
Oz�

r

������ ������ $%��� ��#������	 �� ����� $�

&��� �	 ��� ���� ������'�	 �	 �%���(�	 ��)��(�	 �����	 ��	 �����	����� �� �%���

��#������	 ������� ��� ��	 "����	 ��������	 ��� �� ������� i(t) 	�� �����	 ��� ��

�	������ ���
���	 �

B1(t) = μ ·G · i(t) �������

�� G = nb de tours/longueur du conducteur 	�� ��	 ��������	 ��*��	 	� +�������

�	� �����(��	� #���������	� �	 �� "����	 	� μ = μ0μr �
	� μ0 = 4π 10−7H/m

�� �	����"����� ��#������	 �� 
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3� �	�� ���� ���	 ��	 �	 �%��� B(t) ������ �� �������i(t) ���� �� "�"��	�

&����(� �	 �������	 �	 ����	�
����� ����� �� 4�� ��#������	 ���
	��	 ��	 ���5

+��	 +	���	 �	 ���"�	 �	 ��#�	� �	 �%��� ��� �	���	�� ���� �� ���+��	 +	���	 	�

�#��	 �� ���"�	 �	 ��#�	� �	 �%��� ������� �	 �	��	 ���+��	� &	 �	��	 +�6�� �	

4�� ��#������	 ����� ���
	����� �� ���+��	 +	���	 	�� ��� .��� ��� ��5��/� )���� 
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φSurfaceFermée =

˛

s

−→
B1.

−→s dS = 0 �������
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div
−→
B1 = 0 �����&�

* ����	� �� ����� �����	�
 �� �� �� �����	��� ��	��
�� $%��' �

div
(−→
rot−→u

)
= 0 �����+�
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F =
|in,tot|2

|in,source|2
=

|in,source + in,nc + Ycorrvn + Ysvn|2
|in,source|2

= 1 +
|in,nc|2 + |Ycorr + Ys|2 |in,source|2
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F = 1 +
Sinc + |Ycorr + Ys|2 Svn
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= 1 +
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Gs

= 1 +
Ginc
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2 + (Bs +Bcorr)
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��������� ��� ��� ����� ��� ��  !�"# 
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� ����������� 
� '���� q
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�� �����-���� 
� '���� �� 
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��� ������� 7 �� 
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� '���� �� �5���8����� 
� /������0���1� 9�$������ �����3: ���� ���%��� 
���������

�� �����%���� 
� ����������� 
� �5�����'�� 
�� �����-���� 
� '���� ;

1 ≤ q =
4RnGopt

Fmin − 1
≤ 2 9����6:

�� ������� 
� ��� 
������ �� 
� �5�$������ ����6
 ���� �������� ��� %������ 
�� ����!

�-���� 
� '���� 
��� ����� ���������� ��� �� �<��-�� 
5���8������ ���%���� ;

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

20Ω < Rvn < 140Ω

1mS < Gopt < 20mS

−1mS < Bopt < −20mS

1 ≤ q ≤ 2

9�����:

=�� %������ 
� vn
 in
 Gopt �� Bopt �������� ������ ������ $�� ����������� �� �<��-��


5���8������ ����� �� $�� ���������� 
5�'����� �� +8��� 
� '���� �������� 
����� ���

�� ������������ ���� ��� (��$����� +>��
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 ��� %��������� 
5�� �������� 7 �5�����
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����� ���������� ��� �������� �%�� �� +8��� 
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0, 45 < αp =
ZMN,s

Zs + ZMN,s

< 0, 55
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���������� �� ��	��� ������������ 
�� ��� 
� ����� ������� ����


���������� �	� Zs� ����� ��������� �	� ����
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2
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������
�� GMN,a �� BMN,a �����	������� � 
����������� ���

� �� ��������

)��	�� �� �
�	 �� Zs� ZMN,s� ZMN,a �� Zin� ���	 ��
��	 ������� �� ������ 
�	 -�����

�����3���	 �� ����� % 
� $���� �� ����� ������
� Fmin� 
� ��	�	����� �� ����� Rvn

�� 
����������� ������
� �� ����� 4YMN,a,opt = GMN,a,opt +BMN,a,opt5 ���������� ��

������	�� 
���'����� �� Rvn�

)$� ��������� 
� $���� �� ����� ������
� �� �����	 ������������ �� ������ 
� ������

���

� �� 
���������� ������
� �� ����� 4RMN,a5 ���� 6��� ���
� � �� Ω � �77 MHz

�
��	 -�� 
���������� �������� �� 
����
�$������ �	� �� �� Ω� /� ������ ����������



���� �����	
���
� �

��� ������ ����� �� ��
�
���
������ ��� ���

�LMN,a� ��� �	
 ���
�
�� �� ��	������	���
 ���� ��
� �����	��
�� � �� nH � ��� MHz

���
 	���
�
 ��	�	��	���
 �
 �
����

Ropt

Rin

��� �������	
� �
�	���� �Rin� �� �������	
� ���
������ �Ropt��

��� ������ �����	���� �� �
������	
� �����
�����

������ ����� !����	
�� ���
�
�� �� �����	
�� �����	�� �� �
��� �� "#$ �
 %�
�&
���
 �� �	 %
����
���

'�	�
(� ���������	���
 �� ��
���� ��	�	��	���
) �	 �*�
� �� �
��� ��
��	�� � �	 ��
���

�� "#$ ��� ����
�� �
 ������	
� �
� �	�	���� ��	���
� �
 �	
	��(�� 	�+ ��

�� ��


�������
 ��� �� �	 ����
�� ���� �
� �
����	
�� �
 ��
�� �
�
� �����&�� �� ��	�����&

�	���
�

'	
� �� �	� �� ��
���� 
��� ����
�&����
� 	��� ��� ���
�&�������) �	 �	�	���� �����	��

�� ��
���� ��	�	��	���
 �	�� �, pF �� ���
����	
�� �����	�� �	�� �� nH� -	�*
� �	

��

� 	�	��	���
 �
 ��
��� �� �
���) �	 �*�
� �� �
��� ��
��	�� ����
�� �	
� ��

�	� ��� �� .)/ dB ��%� �*�
� ����0���

1
 �� ��� ��
��

� �� �	� ���	� ����
�&����
� �	
� ��� ���
�&�������) �
� �	�	���� ��

�� pF 	��� �
� �
����	
�� �� 0. nH) 
��� ��
��� ������
�
 �
� �*�
� �� �
��� ��

�)� dB � �	 ��
��� �� "#$�

������ ����0� 2���	
	���
 ��� �*�
�� �� �
��� �� �	 ��
��� �� ��	������	���
�
�
�
� �� ���
�&
�������
 	������ �nf(2)� �� �� �	� ��	������	���
 ���	�� �	
� ���
���
�&������ �nf(4)��



��� �������� 	
 ���
������ �� ���������� �� �������������� ������ �
 ������ ���

����� ���	
��
���� �� ������� ��
�
��
���� ���� ������ ��������� �
 	
��� �� �����

�����
��� ������
��� �
�� �� �
� �� ��������������� �������� ���� ������� �����
�

��� ��� ����� ���	
��
���� �� ���� ������ �
� ��������� ��� 
�
��
���� �� �����
���

����� Zb �� Zp �� ����� Zs �� ZMN,s � ��� MHz �� � 	
��� !���""
#� ����� ����

��
���� �����
�� �
�� �� �$
����� %� �� ������
� ��
�� ���������� �
� ��������
�� �� ���

������������ ���� ���&�$��� ����������� ��
�
��
���� �������
��� 
�' ������ �� �


������������ ������
���� Zb �� Zp#� (������
��� ��� �
� �������� �� ��
����	�
����

�ZMN,a# ��� ��������� !� Ω �� ��� ���� ������ ��������� ��� ����� 
�
��
���� ��

�����
��� � �� ����
� �� ��������

)�� �
 	
��� !���""�� ���� ������� �������� ��� �����
���� �� �
� ���
� ��
����	�

�
����� *��� �����
���� ��� ��� �����
���� Z ′
s �� ZMN,s 
���� ��� ZMN,a �� Zin ����

���� 
�
����� � �
  �������� �� ��
�
�� ���� MHz#�

��� ����� �	
 ��
�����	
 �� ���������	
�	��
��
����� �	
 ��
�����	
 
��� �	
��
	���	

���
 �� ����	 ������

��� ����� �	
 ��
�����	
 �� ��
 ����
������
���� �����	� Z ′

s ����	

��� ��� � ����
�����	 ���
����	
 �	 �� �����	 ��	 
�� �	 ������� �����
�
�������

������ !���""+ ����
�
���� ��� �����
���� ����� �� ��������������� 
����	� �� ��
�
� ��
����	�
���� ���
�� �
�� ��� ������������ ��  ������� �� �
  ���������

����� ���� ������� ���������� ��� �
 	
��� !���"�
� �
 ��,����� � 
�
���� ���������

���� �� ��������������� ������� ���� ���&�$� ����������� ��  
����� �� ����������

�� �
 ������� ��  
����� �� ��
���� �� ������� � �
  �������� �� �����
���� �� ����

��
�������� �� -). �
���������� )� ���� 
�������� ����������� �� (*/ 
�' ������

�� �
 ������������� ���� ������� ������� ��  
����� �� ���������� ���� ����� � �


 �������� �� ��
�
�� ���� MHz#�

����� ���
�
��
���� ���� �� �����
��� ��
������� ��� ��� ������� ��� �
�
�0���� )

���������� ��� �
 	
��� !���"��� / ��� MHz� �� �
�
�0��� )"" �� ���������������


����	� �
�� �"�!! dB �� �����
�� � ��� ��1�'��� ��������� 2!3 �� ��
�
� -4*



���� �����	
���
� �

��� ������ ����� �� ��
�
���
������ ��� ���

��� ����� �	 
��
������	 ��� ����	� �	 
�
�����	 �� 
��������	��	�� ��
�
	� �Zb� 	�
�	

	 �� ��� ���
�
�������� ����
	 �Z ′

s��

��� ����
���	� � �� 
��������	��	�� ��
�
�
	� ���� ��� ����	� �	 
� �����	 	� ��� ���
����	� �	 
� �����	� 	� ����
���	� � �� ���
���
�
�������� ����
	 ��  ��� ����	� �	 
�
�����	 	� �!! ��� ����	� �	 
� �����	��

������ ������� ��	
���
��� �� ���	�� �� ��������� �� �����
���
�� ����� ��
	
��������
���� �	
�
�� �� �� ��� ���	
�
����
�� 
����� ���� ��� 	
����

�����

	������ ����� �����
�� ���� 
	
������ 
��� 
�������� �����	��� ����	� ���
�� ��

���	
 ������ �� ��������
���� �� �
�!�� �� 
��"�!��� ��� 
��������
��� ���� �� ��

	����� �� �
 ��� #$%� &
 ���� �����
��� ��� �	
�
������� �
�����	��� ' �� ���
��(

�� 
���	���� &)) "��� ��� dB �� �!�
"��� ' ��� �����
�� �� �
 ��� 
��� ����
�����

�� �*+�

,����
���
�� ' �� ����
� �� ���	
�
������� ��
��� ���
� ��� �������� ��� ��� 
���	�����

&�� �� &-- ���� 
����
���� ' ��. dB�

/� ���	� ��  �
�( ��� �� � ��� �����)( ���� 
��"��� ��������� !�� ��  �
� �� ����
��

�� �
���
� ���� ��� �� �. dB �� ��  �
� �� 
�
������ ��� �� *(� dB� 0��� �� ���

�� �������
��
�� �
�����( ��  �
� �� ����
�� �� �� 
�
������ ��� ��"
��� 1 dB 
���


	
������� ����� �
2������ ��� ��� ' �� �
2������ �����
���
�� �� 
�
������ �����

��� �
���
���

0� 	��
���  �������( ���� ���������� !�� ��� 	
����

���� �� ����
���� #$% ����

�	
3����� ���"�
� �� ��� ��������� �� �
 ��� "��� �������� �� ,%4 �� !�
 �
	
�� ���


�����	����� �� �
���
� �� ���	� �� ���
� �
��
 !�� ����	� ���
�� �� ���	
 ������

�� ��������
�����

���������� ��� ��������� ������� �"�� �������
��
�� �
����� ����� �� 	
�������
�� ��

�� ,%4( ���� ���������� !�� ��� ��
����� �� �
���
� �����
���
�� ��� 
��� 
	
�������

���� �����
���
�� �� 
�
������ 5�6 �� �� ������� �� �������
�� 5�6� �� ����
�� 
��	��

�������
� ��  �
� 
���
� ���"� !�
 �����
��� ' �� ������
�� �� ������� �� ���
� ' ��

����
� �� ,%4 5)6� ���������� �����
���
�� �� ��
	
������ �� ���
� �
�
	��� 5-6(

������� ����� ��
	
������ ZMN,a �� ZMN,a,opt ��� ����"
��� �. Ω 	�
� ���
 ��	��� 3���

���� 
	
��� 	�7��� ��� ��� 
�����	����� �� ���
� �� �
���
��



��� �������� 	
 ���
������ �� ���������� �� �������������� ������ �
 ������ ���

��� ���� �� ���	�
� �� 
���
���������� �

����
�Gv,log� �� ����� �� ��	 ���
��������
� ������
�G′

v,log��

��� ���� �� ���		���� �� 
���
���������� �

�
���� ����� �� ����� �� ��	 ���
��������
� ������
������

������ ������� 	
��
�
��
� �� �
�� � �
 �
���� �� ��
������
���� ����� ��
����
���������� 
������ �� �� �
� ��
������
��
� ���
�� �
�� ��� ����
��������

������ ����	
 �� 
����
��	�
��� 
�	�
� ����
� ����
 �� ���

	
��� �
�� ��
�
�� ���� �����
��� ��
!�����" ��
� ��� �� ������� ��� ���
!
�����

����!�
�# �
�� ��
�������� �� �����
� �
��� ����� $ �% �V �� � �� �V � &� �
���

�
�� ��
�
�� ��
!�� 
� �'
����� % �� ()* ������
��� �
�� �������� ��� ���
!
�����

�
��� ����� �� dB �� %� dB +�"� �
!��
� %��,� )�� �
 ����� �����% �
�� �������
��

��� ������
�� �� �����
��
� �� ��
������
��
� �
�
�� "
�!�� !���� ��� �
 ������ ���

���
!
����� -�� �
�� �'���'
�� � �������� �
� ������
��
��� (./�

0
�� �
 ����� �����%
 �
�� 
!����
�� �� ������� ��� ���
!
����� -�� �
�� �
�'
��
��

������� �
�� �� �
� �� ��
��
��
��
� �� ����
���������� 
��� �� 1/2 �'
���� 1� !����


� ����
� �� �
 ����
�!
!��� ��� �� �� 3 nV/
√
Hz 
� ����
� ��� ������ �� !���� �
��

�� % nV/
√
Hz �� � �
 �
���� �� 1/2 �� !���� �
�� ��� nV/

√
Hz� 2�# !
���� �� �


!
!��� ��� ����
�# ��� ���
!
����� �
����� ����� $ �4 �V �� � 4 �V 5 ��� �����
�� �
��

���6������ ���� ���
��
���� �
� �
��
�� 
�# �����
�� �
������� ��7�� 
� "
����� ��

��������
�� .
���� �� �
��
�� ��
��"��� �� ����
� ��
�
-�� �
� ��� ����
������� ���

����
�# ��� ���
!
����� � �
 �
���� �� 1/2 �
����� ����� � � �8 �� �� � �8 �� -��

�
�� ������ ��
!����� �� ()* �
��
�� ����� �� dB �� %� dB ���
� �� ���
!
�����

9
�
��6������ �
�� �
��
�� 
!������ ��� �
 ����� �����%! �� ������� ��� ���
!
�����

����!�
�# �
�� �� �
� �� ��
��
��
��
� ������� �� 1/2 
�# !
���� �� �
 ����
�!
!����

1� !���� 
� ����
� �� �
 ����
�!
!��� ��� �� �� 3 nV/
√
Hz �� � �
 �
���� �� 1/2

�� !���� �
�� �� � nV/
√
Hz� 0
�� �� �
� �
 ��������
� ���� ���
��
��� ������ ���


������
��
� �
����� ���� �
���-����� 
:
�� �
�� ������
� ��� ����
�# -�� �
�����

����� $ �� �V �� �� �V � 1�
�������� ��� ���
!
����� � �
 �
���� �� 1/2 �
��� �����

% � �V �� �� � �V �� -�� �
�� ������ ��
!����� �� ()* �
��
�� ����� �3 dB �� 3$

dB�



���� �����	
���
� �

��� ������ ����� �� ��
�
���
������ ��� ���

��� �����	� 
� ����
������ 
� ���	��	�������	 �������� �� ������� � �� ��	��� 
�
�������������	 ��� ��
����� ��	 ��� ��	����� ��� ������� 
� 
	��� �� ������ 
� ��

�
���� 
�� ������ �� � �� ��	��� 
� ��� ���� 	��	������� ��	 ��� �	����  �	�!������

� 
�� ��	� ��  ��� 	��������������

�
� �����	� 
� ����
������ 
� ������������� 
�	���� ���	� �� ���	��
�
��� �� ��
���� �� ������� � �� ��	��� 
� �������������	 ��� ��
����� ��	 ��� ��	����� ���
������� 
� 
	��� �� ������ 
� �� 
�
��� �� � �� ��	��� 
� ��� ���� 	��	�������
��	 ��� �	����  �	�!������ 
� 
�� ��	� ��  ��� 	��������������

������ ������� 	
��
����
�� ������ ��
��� ���
� ����
���� �� �����������
� ��
���

����
� ��� ����



��� �������� 	
 ���
������ �� ���������� �� �������������� ������ �
 ������ ���

���� �� 	�
���� �
�� ���� ������	����� �� ���	��
�	��� � ����������	��� �� ��� ���

��	�
���	�� ��� ���� ��������� � ��	��	�� ���� ��	�� ����� �����	��� �!"
 "���

������� ����	�	�� ��� ��� ���# ���$%���	���� ���� �����		�����	 �� ��	��	�� ���� 

���
�� ��� ��	�
���	�� ����
���# ����	��&	


!�	�
���	� ��� RSBtot(dB) RSBbobine(dB)

'������ (�) (( *+
(�� *) ��

",, ) *+ -�
'���	��� ( ** �+

(�. ** ��
!/�0�����	�� (�� *) ��

(�- (� ��
1��	���	� )�� (+ ��

)�( (+ ��
(�+* *) �-

1��	����� (�+� *) �-
1,�, ( ** �+

,����	�	� (�. ** ��
2��	�	� ��( )( (-
3������ (�)� (+ ��

(�*) (+ ��

����� �
�4 ��� ��� ��	�
���	�� �
	��� %�5�� � ��� �����$��	��� ������ 6��
�� 
���	


7� �8�	� ���� �� ��� �� ����� �����	���� �� ������� 	����6��	 �� ��%��� ��	 ��� 

����� ��� ���������	��� ��	����� �� 	���� �� 
���	 ��	�� �� ���	��� �!" �	 �� 2",


3��	�6���� �� ��9�#��� ���������
�� �� ��%��� ������ �� ���	��
�� ��� ������� �� ���

��%���#


2��������	��� �����	� ��	�� �� ����� 
�
��� �	 �� 2", ���� �����		���	 ����� ���
 

	���� ��� ������	� ��%��� ��� 
���	 ���� ������ �	 ���� �����	 ���� ��	�
�� �� �� $%���

�� 
���	 �� 2", �	��	 ������ ���� 6��
��
 ,����� �� 6�
����	��� ���� ����� �/�	:��

��������	 �����	����	 �� ����� 
�
��� �	 �� 2", ��	�%�� ���� �����		���	 �� �������

��� ���������� �� �� ����� 
�
��� �$� �� �� ������ ������ ����� �������� 	��	 ��

���������	 �� ��� ������� ������


���� �����	
���
 �� ���
	��� 
��	 �
� ����
� ��	�����	� ��

����
	�

���� ��		� ���	��� ���� ������	��� ��� �����	�	� �� ��	�� ��	���� ;�6
 ,���#� �
*�

<)��=>
 '�	 ��	���� �������� 	��	�� ��� ��	���� �	������ �� ���% �� ��		� 	�:�� �� 



���� �����	
���
 �� ���
	��� 
��	 �
� ����
� ��	�����	� �� ����
	� ���

���� �� 	
������
�
� �� �
����� �����
����� ��� ������� ��
�
�	���
�
� �� ������


������
�
�
� ������ ����
 ���
� ��� ���
���� ��
�
���
� �������		��
�

���� �� ����������  �!��" �
�� ������
��
�� �� 	
�
��� ��� ������ �
�� �
�� �
		��

����� �
�� ��

� �
���� #�� ����
�	����� �� �� 	
�
��� �
�
 ������
��� ���� ��

����������  �!�$ �
 ���%����
�
� �� �� 	
�
��� ���� �� �
�
�&
� ��� ���� ������
�

���� �� ����������  �!�!�

������ ����	
���
�
 �� �
���
�

'������� ��� �� ()* '�+," �� ������
 ��� ������ �� ���� ��

� �
��� ��
 �����
�� ���� ��

-����  �!��� )� 	
�
��� ��
 �
��
�
�� ����� �
���� �����
���� �� �������" ����� �����

�� 
����	����
� �
 �� ������
 ���	���-��
�
� �
	�
�� �� ������
 ������
�
�
�" ����

�	���-��
��� ������ ����
" ���� �.�
�� �' �
 �� ������
��� �� 
����
�� #�����	���

�� ������
 ��
 ��
�� ����
�
	����
����	��
 ��� �� �
�
��� �� ���	����	 �
�� �� �
�

�
�����
�
� ���� ����	��
�

������  �!��/ 0��
���
�
� ����� �
���� �� ������� �%�� �� �	���-��
��� ������ ����
�

#� �
���� �� �� ������
" �� ��1
� �� �" cm" �����
� ��� �����
���� ����%����
�

����%��
� 2$ nH �
 ��� �����
���� �� ����� �� , Ω� )�

� �
���� ��
 ������� �� ���
�

�� ������
 ��� ��� ������ �� 
����	����
� �� 2" cm �1��
 ��� �����
���� ����%����
�

�� 3 nH �
 ��� �����
���� �� �� Ω� #�
����
�� �� ��
 ����
�	��
 ��
�� �� �
���� �


�� ������
 ��
 ���%�
�� �� ���
����
�
� �� ���	� 	����
���� ��

�� �� �� �
����� 4�

�5�
" �%�� ��� ���	���� %����
� �� 	
�
��� ���� ������ �� 
����	����
�" �
�� �%
��

�
��
�
� ��� �� ������
 ��
%
��� ��� �
�
� ���
	
�����
� �� ���	� ��� ��� ��� ��

6
�� �
	������ ��� ��� �
����� �� ���	�

#� #�0 �
����� ���� �� 	
�
��� ��
 �� �.7+809 �%�� ��� �����
���� ����
��� �� ,

Ω 
�
�	��� ��� �� �
��
���
��� �
�� ��� �
�����
�
� � $:: MHz� )� 
1�� ���	���-+

��
���� ��
 �
���		��
 �
����� �� ��� �
�� �� ���
������ �� �
����� �����
�����

������� �� ������ ;�,3" � :<� �� �� 	6	� 	������ ��� �������		��
" �� �
��
���
���

�� �
��� ��� �� -���� �� ����
 �� �� #�0 ��� ��
 �� :", dB� #�� ����	�
��� ��

����
 ���
��
� 
�
 �
� ��
�	�� ��� �� 	�
�
�� ��
�
��� ���� �� ����������  �$�$�$�

���� �� ��
 ���%�
�� ��� ���
����
�
�� �� �� -���� �� ����
" �
�� �%
�� ������� ��

���
������ ��
	�
����� ;$�3" $$:" $$�< ��
�� �� �
���� ���	����
� �
 �

�� 	
�
����

0-� ���%�
�� 

�
� �%��
����� 
����	����
� �� ������ %��� �� ����
�
	�
�� �
�� ��



��� �������� 	
 ���
������ �� ���������� �� �������������� ������ �
 ������ ���

�������	�
� �
� �
�	 ��
�	 �����	� �� 	����� �
 ���� � ��	� ����� �����
�
���

�� 	! "� 	����� ��#��� �� �#��	$�#� �� 	����� ��#	 �� 	����#
�%�#� ���&������ �
#	

�� �� ���	� ���������
� ���#�!

������ ����	�
��
�� �� 
	�����

'� ��#���� �� 	�������
� �� �
�#� �
����� �	� �
��� ���	 �� (��#� )!*!�! ���	 �� ��#+

����� Lcoil �� Rcoil #��#�	������ ������������ �� �� #�	�	����� �� ��#���%�� �� �� �
����

#�����#���! '�	 �
��
	���	 ����#���	 �
##�	�
����� �� ��#���� ����������
� ���#� ��

�
���� �� �������(�����# ��	� 	�# ��� #���#����
� ����������� �
�# �
����	�# ��	

��#��	 �������#�&��	 ,*-.!

������ )!*!�/ "�#���� �� 	�������
� �� �� �
���� #�����#��� �� 	�#$��� �		
���� � ��
�����(�����# $����� �#���!

'� ��#���� ����������
� ����� �
���� �� ����������� ��	 ��	��	 �� 	�����!  �#%	 ����
�#


�����	� ��# #���
#� ��0 �#��%#�	 �#�	����	 ���	 �� ��#��#���� )!1!�� ��	 #�	�����	

�� 	�������
� � �22 MHz 	
�� �
���	 ���	 �� (��#� )!*!*!

3
�	 �
��
�	 �
�	����# &�� �� ��#���� �
�	 ��#��� � �� $
�	 ����
�# ��� �#%	 $�����

(��#� �� �#��� 4����#
� 2��* dB5� �� �
� ���� �� ���	�
� �� �� ���		���� 46�� ��

1� dB #�	�����������5� ���	� &���� ��#��%�#� �11 �� +12 dB �
##�	�
����� � ��

�
�7����� �� #�8�0�
� �� 2�*! '� ��#��%�#� �11 ���� 9�#� �����
#� ���	 ���� ����#�
#�

�#%	 #��������� �� (��#� �� �#���!

'� ���� �� ���	�
� ��	�#� �	� �� 6 � �� $#�&����� �� �22 MHz �� ��	 ��#��%�#�	 �11

�� ��1 
�� ��� ��#�(�	 � ������ ���� ����:	��# �� #�	��� 4;)2-1" ;3 	�#��	�  ������

�����
�
���	5! "
��� �
�	 �
��
�	 �� �
�	����# 	�# �� (��#� )!*!6� ��	 ��#��%�#�	

�11 �� ��1 ��	�#�	 �
�	 ��#������� �� �
�(#��# �
	 #�	�����	 �� 	�������
�!



���� �����	
���
 �� ���
	��� 
��	 �
� ����
� ��	�����	� �� ����
	� ���

��� �����	 
	 �����
 ��� ���� 	� �	�����


��� ��������	 ���
 �
� ���� 	� ��������	


������ ������ ����	
�
� �
 ����	�
��� �
 	��������
��� ����	
 ����
 
�
�
 	� �����


�
 ������
 

 	
 ����

������ ������ ������
�
� ��� 

 ��� �
����� ��� 	
 ���
� 
�



��� �������� 	
 ���
������ �� ���������� �� �������������� ������ �
 ������ ���

������ ������	�
� ���� �
 �
�	
�	
 ���

��� �� �	
���� 

�������� �� �� ����	�� �	�� 
� �������� ���� ���� 	���� ����	��

��� �������	���� �	� �	����� � �� ����	�� ������� ���������� �
���  � ��� ��!

�������� 	��� 
�� �"��� �	�	������������ �� �
�� ������� �
	�	��	���� #$ Ω �
	������%

&���� ����	�	���� 	 ���  	��� ��� ��� �������� ���' 	��� ��� ������ �����	
�� ��

(mm ���� 
� �)��*�� ������ � ��+ T % ,�� 
	 ����� #%-%#� ���� 	���� ��� ����	�	����

��	
��	���� �� 

	��
���	���� �� �,. ��/�� � 

	��
���	���� 
��	
� �� ����	�	����

	� ����	�� �
	������%

��� ����� �	
���� 
��� �� 
�������� ���
�
���� �� ���
��� �� ����

��� ���������� ��
��� ������ ��
 �� �� dB�

�	� ����� �	
���� 
��� �� 
�������� ���
�
���� �� ���
��� �� ����

��� ��
���� ���� 
�����
� �� ��� ������ ��
 �� !" dB�

������ #%-%#0 &���	�	���� ��	
��	���� �� 
	 ��	
��� �� 

��	�� � ����� ����� 
�

����	�� �
	������ �� 
� ����	�� 	��
���%

��� �� ����	��� 
�� �������	���� ����� 
�� ���� ����	���� ���� 	���� ������



���
����� �� �,. ��� 1( ������ �	�	

*
�� � 
	 ����	�� �� 
	  � ��� 	��� ���

	������	���� ����������� �� 
	 ����	��� ����� 
	 ����	�� �� 
	  � ��� �� 
	 �����%

&���� ���
����� ��� ������� �	�� 
	 ����� #%-%2	 ��� 
	���

� ���� ������� �����	���

��� 	��
���	���� ��)���� �� 11�+ dB ����� 
� ����	�� 	��
��� 
��	
����� �� 
�

����	�� �
	������% 3� �,. ��)�� �� ����	�� �
	������ ��� �� ((�# dB 	��� ��

�	����� �� -$ dB � � mm �	� �	����� � 
	 ����	�� �� 
	  � ��� 	
��� ��� 
� �,.

��)�� �� ����	�� 	��
��� ��� �� -��( dB 	��� �� �	����� �� �-�1 dB � 2 mm

�	� �	����� � 
	 ����	�� �� 
	  � ���%

���� ������� �����	��� ��� 
� �,. �� ����	�� 	��
��� ��� ��������� 	� �,.

�	���	
 �� ����	�� �
	������ 4����
� ��� ����	��� �� ($ mm �	� �	����� � 
	

����	�� �� 
	  � ���% &���� 	��
���	���� �� �,. ��/�� � 

	��
���	���� 
��	
� ����

�5�� 

����������� �
	���� �� �6	�� �
� ����	���� �
�� ������� �	�� 

��6	���

��

���� �� 	)	�� ��  �� �	����� ����	
 ���  ����%



���� �����	
���
 �� ���
	��� 
��	 �
� ����
� ��	�����	� �� ����
	� ���

��� �� �	��
 ����
�� ���� ����� �
 ������� �� ��� �������
 
���
 �
� �
�� �����	
��

�
 ��� �� �����	
 ������� 
�� ������
 ��
 ������������ ���
��
 ����  �!�
�� "

��
! ��
 ������������ �������
 ����  �!�
�� 
 # ��
 ������!
 �
 
 mm ��� �������

# �� ��� �!
 �
 �� �����
�

� � �� �� �� �� ��

��

��

��

��

��

��

��

��

�����������	
��

�����
��
���

�	������������������������

�
�
�
��
��
�
�
�
	

�
�
�

�
�
�

��

��

��

��

��

��

��

��

��
�
�
��
��
�
�
�
�
�

�
�
�

��� �����	
�� �� 
�� �� ���	��� �� �����	
�� �����
��� �	 �� ���	���
����
�� ������� �� ����	
�� �� �� �
�	���� ��	�� �� ����� �	 �� ������ �� ��
���
���

� � �� �� �� �� ��

���

���

���

���

���

���

���

���

�

�
�
�
�
�
��

��������	
	��	��
����	����

��� 
�����	 �� 
�� �
���
�� ��	�� �� ���	��� ����
�� �	 �� ���	��� �����
�
����

������ ����
$ %���������� �
 ����������� �� ��� 
���
 �
 �����	
 !�����&�
 
� �


�����	
 ��������



��� �������� 	
 ���
������ �� ���������� �� �������������� ������ �
 ������ ���

�� ����� 	� 
�����

�
���� �� ��� 
����� ���� �� �
���� 	� 
������ �������� ����

������ ��� ����������
� �
����� 	��� ������� � 	� �� 
��
������� 	� �� �
����

����������  �
!��" 1, 7 105 mol/kgeau ��� ����
�� �� �
����� ���

�!��# $
�
 �
��

�
�
 �%����
��� �� ��
����� �� ��
 	� �
��� ����
���������� �&$ ������� 	
�� ��


��� 

�� 	� �'�� 
�	�� 	� ����	��� !�� ����� 	� �� �
���� 	� 
������ ��������#

(����	���� �
����������� �� ��
�����
 
�����
 �� ��������� �� ��
���
 	� 
�����
�


�
��� �)������
 ���� �� ��*������
� 	���� 
���� �
������ !�� �� 
������ ��!��
 ����

�� �
����� ������� �
� ���
 ������ !�� ����� 	� �
����� ���

�!��# (��� ���� 
��%�

���!��� ��� �� �
������ ���	��� �� �*�
� 	����

�
� ���� 	� ���� !�� �
�
 �����

�


�� 	��
������ ��
�����!��� �� ����� 	��
 �� �
���� 	����

�
� ���� '��� ����
��
 "

�� �
���� 	� �������
� ��� ����	������� �������� ����� �����
��� +,�-#

.��
 ��
 	��% ��
� ���!����
� /#0#� �
���� !�� �� ��� �
� �)���� ��� �� ������� 	�

������
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Doctorat au laboratoire CREATIS (financement : Bourse de Docteur Ingénieur du CNRS) / Contribution à l'Amélioration de la 
Sensibilité d'un Micro-récepteur RMN Implantable. Développement du procédé de micro-fabrication d’un microcapteur 
implantable RMN. Caractérisation du capteur à l’aide d’un modèle polynomial que nous avons développé. Conception et mise en 
œuvre d’une méthode amplification faible bruit en RMN. Analyse de la compatibilité électromagnétique des circuits intégrés 
avec l’environnement RMN. Contacts : latifa.bouchet@univ-lyon.fr, youssef.zaimwadghiri@nyumc.org. Réalisation en salle 
blanche en collaboration avec : patrick.poulichet@esiee.fr et lionel.rousseau@esiee.fr. 
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Ingénieur de recherche au laboratoire CREATIS. Conception d’un circuit d’accord/adaptation déporté pour un microcapteur RMN. 
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MS Office, Matlab, ADS, Eagle, LaTex, Cadence, 
OrCAD, VHDL, C/C++, Assembleur. 

Espagnol 
Français  
Anglais 

Langue maternelle 
Bilingue 
TOEIC (830  pts) 

Karaté, Tai Chi, Danses latino-
américaines. Membre du CA de 
l’association Palenque. 
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• J. Trejo Rosillo, T. Trong Cong, L. Fakri-Bouchet; “ Etude préliminaire d’application des techniques de microusinage pour la 
conception d’un microcapteur RMN implantable compatible CMOS ”; 16èmes Journées Nationales du Réseau Doctoral en 
Micro-Nanoélectronique, Grenoble, Juin 2013 
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• J. Trejo Rosillo, A. Kadjo, L. Fakri-Bouchet; “ Deport optimisé du circuit d’accord/adaptation d’un capteur RMN à l’aide 
d’une longueur de câble et d’un circuit local d’accord/adaptation appropriés ”; Congrès de Recherche en Imagerie et 
Technologies pour la Santé (RITS), Rennes, 2011 

 





������ � � ��		
����
 �
���� �	�����
�� ��
���
���� �� �	�
���� ���

������ ��� � �	
��
� �������� �	�
�	 �����
��������
 ��� ��
�	

����	�	� ���� � �������	 ����������
� ���	 �	�
�� ��� � �������	 �
���

�����
��������
 ��������





Delivered by Ingenta to:
Guest User

IP : 134.214.187.219
Tue, 03 Apr 2012 09:01:13

R
E
S
E
A
R
C
H

A
R
T
IC
L
E

Copyright © 2011 American Scientific Publishers

All rights reserved

Printed in the United States of America

SENSOR LETTERS

Vol. 9, 2371–2375, 2011

Optimum Remote Tuning/Matching NMR Probe

Achieved with a Suitable Transmission Line Length

and a Suitable Local Tuning/Matching Circuit

R. J. Trejo, A. Kadjo, and L. Fakri-Bouchet∗

Université de Lyon, Lyon 1, CREATIS-LRMN CNRS UMR 5220, INSERM U630, 69622, Villeurbanne, France

(Received: 3 January 2011. Accepted: 2 July 2011)

In many nuclear magnetic resonance (NMR) applications, the receiving coil must be as close as
possible to the region of interest (ROI) and this limits the access in situ to the settings of local tuning
and matching capacities. Here, we develop a method showing that according to the work frequency
there is a suitable transmission line length and according to the features of the coil there is a
suitable local tuning/matching circuit configuration to insert between the coil and the transmission
line. The simulation method has been applied on two different coils models and correlated by results
obtained on test bench. The resulting bandwidth, about 30 MHz, makes settings more comfortable
and opens the possibility for tuning at different nuclei with very close resonant frequencies.

Keywords: Receiving Antennas, Remote Tuning/Matching Circuits, Impedance Matching,
Nuclear Magnetic Resonance Microspectroscopy (NMRS), Transmission Line.

1. INTRODUCTION

The Nuclear Magnetic Resonance spectroscopy (MRS),

one of the most common analysis methods used in bio-

chemistry over more than twenty years,1–3 allows getting

very precise information about a sample even for pico-

metric volume scales.4�5 In this case, the signal to noise

ratio (SNR) is improved when the receiver RF coil is as

close as possible to the sample, the RF coil matching the

sample size.4–6

A chronically implantable receiver micro-coil has been

developed in previous works7–9 for following cerebral

metabolites variations in the Alzheimer Disease animal

model by MRS. This micro-coila is linked to a tun-

ing/matching circuit based on variable capacitors which

must be adjusted once the probe is inside the magnet bore

complicating the access to the capacitors adjustments.

One solution to this problem could be to preset the val-

ues of the local capacities but the performances of the

receiving antenna are always modified, by the static mag-

netic field (B0) and with a biological studied sample which

∗Corresponding author; E-mail: Latifa.Fakri-Bouchet@creatis.

univ-lyon1.fr
aA four turns planar ellipsoidal micro-coil on a surface of 1000×

500 �m2 with a resistance of 1.27 �, an inductance of 14.4 nH and a Q

of 15 at 200 MHz.

decreases the quality factor and shifts also the circuit res-

onance frequency.10�11

Another impedance matching technique usually chosen,

is the use a transmission line length �/4, �/2 or n�/4
(n: integer number).12–16 In our case, the 18 � micro-

coil impedance is too small to be matched in conventional

manner to a 50 � spectrometer data acquisition system

input impedance, involving a bad power transmission and

an important reflection ratio. A most original solution

would be the use of an adjustable coaxial cable length15�17

but this solution does not guarantee an efficient power

transmission.

2. METHOD

The probe positioning at 54 cm from the outside of the

NMR magnet (in the static field homogeneity’s zone)

limits the access to adjust the capacitors. To avoid this

obstruction, an optimum configuration is studied and sim-

ulated, carrying out the tuning/matching circuit outset

thanks to a specific transmission line length18 combined

with a suitable fixed local tuning/matching circuit.19�20

2.1. Transmission Line Length

The use of classic �/4 and �/2 transmission lines leads

to the length laid down by the fundamental characteristic

Sensor Lett. 2011, Vol. 9, No. 6 1546-198X/2011/9/2371/005 doi:10.1166/sl.2011.1782 2371



Delivered by Ingenta to:
Guest User

IP : 134.214.187.219
Tue, 03 Apr 2012 09:01:13

R
E
S
E
A
R
C
H

A
R
T
IC
L
E

Optimum Remote Tuning/Matching NMR Probe Achieved with a Suitable Transmission Line Length Trejo et al.

frequency. This fundamental frequency is imposed by the

boundary conditions of a finite length transmission line.

The relationship between the line length l and the main

frequency f0 is given by the following expression,18 where

v is the speed of light in a given material:

l = v

2∗ f0
(1)

Due to a standing sinusoidal wave, generated by the

superposition of the two traveling sinusoidal waves, this

circuit accepts an infinite number of characteristic frequen-

cies derived from the fundamental frequency:

f = n∗ f0� n= 1�2�3� � � � � (2)

In our case, the work frequency is fixed at 200.1 MHz,

proton’s resonant frequency under 4.7 T. Thus, from

Eq. (1), we determine a fundamental length about 68 cm

for a given coaxial cable.

This theoretical development has been verified by a sim-

ulation. We obtain the fundamental length in aid of a

multi-parametric simulation where the best remote capac-

itors combination is calculated for each length and for the

work frequency.

In the Figure 1, we can notice that there are some

lengths with an important power transmission and that out-

side these very specific lengths the NMR signal is strongly

attenuated. As we can see between Figures 1(a and b) the

Fig. 1. Transmission line length for an RG-83 cable (a) and an

RG-58 (b).

choice of the coaxial cable, in order to get the best gain

figure, depends on its own cable attenuation, its character-

istic impedance, its mechanical properties and its diameter.

For several commercial cables, the first length where a

good power transmission is achieved is between 61 cm

and 69 cm. We can also observe that the characteristic

lengths are spaced of n�/2 from the fundamental length

(n: integer number). This is due to the �/2 periodicity of

the impedance in a transmission line.12

2.2. Local Tuning/Matching Circuit

Rath19 indicated that the partial reduction of the reflec-

tion ratio between a coil and a cable allows completing a

remote tuning/matching circuit keeping good power effi-

ciency. In his work, he reports, that the use of a local

circuit reduces the tuning/matching frequency band.

A couple of years later, Kodibagkar and Conradi20 stud-

ied the local circuit optimization in order to achieve an

optimum reflection ratio in a large frequency band range.

The idea is to use a local configuration having a large fre-

quency band with an adequate value of parameter S(1,1).

On this way, the remote tuning/matching circuit will ben-

efit of a large bandwidth to match the load.

To find out the most convenient local circuit for our

application, first of all, we have to look for the best capaci-

tors configuration (local and remote) at the work frequency

(200.1 MHz) by an automatic optimization simulation

where the goal is to reach the best S-Parameters (S11 and

S21).

In Table I, we have summarized the simulation results

obtained with the different local circuit configurations of

tuning and matching reported in literature. The A circuit

configuration, and the direct configuration (i.e., without

local circuit) have a strong gain drop at the useful fre-

quency band and there is not matching between the S(2,1)

and S(1,1) parameters. In this way, these two configura-

tions can be rejected. The B, C, and D circuits have an

optimal S(1,1) value in a wide frequency band. Unfortu-

nately, this band is reduced in the case of the D circuit

because the passing frequency band of the gain does not

match with the one of the parameter S(1,1).

As we can see in Table I, the choice between circuits B

and C will be finally based according to the quality factor

and the relative attenuation of the gain for the unneeded

frequencies (influent parameters for the SNR), but also

according to the remote tuning and matching capacitors

range (for practical development). Thus, the B circuit is the

most suitable local circuit configuration for the micro coil.

The simulations were performed for the homemade sur-

face coilb as well. For an RG-58 cable the fundamental

length for this second coil is 66.5 cm and it was found

bA one turn ellipsoidal micro strip coil on a surface of 42× 14 mm2

with a resistance of 35 � and an inductance of 11.4 nH at 200 MHz.

2372 Sensor Letters 9, 2371–2375, 2011
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Table I. Performance comparison of the different local circuits.

Type of circuit Effective passing band Q Relative attenuation (dB) C tuning range (pF) C matching range (pF)

No circuit 0 43�5 −27 0 0

A circuit 0 45�45 −27 0 0

B circuit 30 14�6 −17�8 56→ 1 40→ 4

C circuit 65 20�2 −12�5 100→ 1 40→ 1

D circuit 15 27�7 −31�1 25→ 7 5→ 3

out that the D configuration is the most convenient for the

local tuning/matching circuit allowing matching this coil

in a 35 MHz frequency band.

3. MATERIALS AND RESULTS

The complete coil configuration diagram given in

Figure 2 has been used to validate these results in a test

bench. It is composed by a surface homemade coil, fol-

lowed by a D local circuit with fixed capacitors (matching:

12 pF, tuning: 1 pF). The coaxial cable is a commercial

RG-58 (50 �) with a length of 66.5 cm before the remote

tuning/matching circuit which is linked to the network ana-

lyzer by a second coaxial cable.

Fig. 2. Diagram of the complete coil configuration with local tun-

ing/matching circuit, coaxial cable and remote tuning/matching.

With the initial length (75 cm), the circuit presented a

central frequency of 150 MHz. By gradually cutting the

cable, we reached a central frequency of 180 MHz with a

frequency band range from 170 MHz to 190 MHz. Thus,

a suitable cable length is of about 60 cm. With the purpose

of bring the central frequency closer to 200 MHz; the local

matching capacitor has been changed to 10 pF. In this way,

the central frequency become to 210 MHz. Finally, the use

of a trim capacitor between 2 and 20 pF for the remote

tuning and the use of a trim capacitor between 4 and 8 pF

for the remote matching, allowed to find a tuning/matching

frequency band range of 30 MHz (Fig. 3) from 190 MHz

(Fig. 3(a)) to 220 MHz (Fig. 3(c)).

4. DISCUSSION AND CONCLUSION

The difference between the practical and the simulation

result values is due to the variations on the real homemade

coil in comparison with the model used in the simulation.

In spite of these differences, the practical results are cor-

related to the ones predicted by the simulation.

These results highlight, that the coil features are not

very influent on the fundamental length but they dictate

the configuration of the local tuning/matching circuit. As it

Sensor Letters 9, 2371–2375, 2011 2373
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Fig. 3. Parameter S(1,1), at 190 MHz (a), 200 MHz (b) and 220 MHz (c), lower than 30 dB in a frequency band of 30 MHz measured with an

Agilent network analyzer E5071C.
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is well known, for given impedance there is a given L

matching network16 and this is also applied to a specific

coil. That is the reason why a suitable local circuit allows

an optimum matching between coil and the load. In other

hand, the fundamental length of the coaxial cable (with a

resonant circuit equivalent) depends mainly on the work

frequency but also on the local and remote circuits which

impose the boundary conditions of the cable. Thus, for a

specific frequency, a specific line length allows reaching

an optimum power transmission, as it is reported in study

of Bruno Favre and co-workers21 and in the present work.

In this way the strong relation between the cable and the

four capacitors (of the local and remote circuits) can be

appreciated.

The achievement of an optimum remote tun-

ing/matching circuit with a large bandwidth is very useful

because this enable to correct easily the frequency shift

induced by the biological sample and the static field.

Moreover, thanks to the wide frequency band, this method

can be used in order to study other different nuclei having

close resonance frequencies, under magnetic fields other

than the 4.7 and 7 Tesla.
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Abstract: The sensitivity is a main problem for NMR experiments and it is laid down by the thermal noise of 
the receiver coil and its geometry. To improve the sensitivity of an NMR receiver coil, considering the postulate 
of Friis, the signal must be amplified as close as possible to the coil. Here we present a method to achieve 
optimum in situ low noise amplification for the sensitivity improvement of an NMR receiver coil or microcoil. 
In this paper we propose a realistic transducer model of an NMR coil and a reliable method to model an LNA. 
We introduce the requirements to achieve a low noise matching network for NMR receivers allowing an 
improvement of the sensitivity of the coil by a factor of 6. This sensitivity improvement has its interest in MRI 
by increasing the field of view with a higher SNR but also in MRS by reducing the limit of detection. Copyright 
© 2014 IFSA Publishing, S. L. 
 
Keywords: Nuclear Magnetic Resonance, Transducer NMR receiver coil model, SNR, Noise matching, LNA 
model, NMR sensitivity improvement. 
 
 
 
1. Introduction 
 

The Nuclear Magnetic Resonance Spectroscopy 
(MRS), one of the most common analysis methods 
used in biochemistry over more than twenty years  
[1–3], allows getting very precise information about a 
sample even for pico-metric volume scales [4, 5]. In 
this case, the signal to noise ratio (SNR) is improved 
when the NMR receiver coil is as close as possible to 
the sample, the NMR coil matching the sample size 
[4–6]. 

A chronically implantable receiver microcoil has 
been developed in previous works [7–11] 
for following cerebral metabolites variations in the 

Alzheimer Disease animal model by localized MRS. 
This microcoil is a 1000 μm * 500 μm ellipsoidal 
surface coil with 4 turns fabricated by electrolytic 
deposition of 38 μm of copper on a glass substrate 
(Fig. 1). NMR in vitro measurements of 1H, under a 
static magnetic field of 4.7 T (work frequency:  
200 MHz), were achieved with this microcoil; its 
active observation volume is 2 μl. Moreover, a 
biocompatibility study showed that this microcoil can 
reach its aim: be implanted in order to measure the 
rodent cerebral metabolites. However, the 
concentration limit of detection (LODc) is about 5 %; 
this means that the sensitivity of the coil is very 
weak: concentration sensitivity  0.3 [8]. 

Article number P_SI_485
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Fig. 1. Micro-coil and tuning/matching PCB. 
 
 
The microcoil low sensitivity is due to noise 

induced by the coaxial cables [12], PCBs, connectors 
and lumped element losses of the data acquisition 
line. Moreover, the absence of isolation between the 
micrometric coil and the matching circuit 
(centimetric PCB) and the coaxial cables (metric) can 
induce signal losses [13].  

A solution to isolate an NMR surface coil from 
the data acquisition line consist to amplify the signal 
between them but most of the actual developments 
dealing with NMR amplification still uses a coaxial 
cable between the coil and the amplifier [14, 15]. 

We propose here a methodology to associate a 
Low Noise Amplifier (LNA) as close as possible 
to the coil [16, 17] by using an optimized matching 
network in a single PCB. This solution allows 
enhancing the SNR and then the coil sensitivity: the 
objective of this study. 

In the paragraph 2, we will define the sensitivity 
of an NMR coil and its relationship with the low 
noise signal amplification. In this context, we will 
introduce the matching network requirements 
for NMR receiver coils. In paragraph 3, the models 
of the surface coil and the LNA will be presented 
as well as the optimum matching network and the 
simulation results. In the paragraph 4, we will present 
the test bench circuit verification and the validation 
of our method in an NMR system. 

 
 

2. Theory 
 
It is important to state that this is a preliminary 

study so the first developments were performed with 
a surface coil of 1.5 cm of radius, and should be 
extrapolated to the microcoil. The aim of this work is 
to demonstrate the benefits of local low noise 
amplification, the considerations to achieve it and 
finally the potential future applications.  
 
 
2.1. Sensitivity of an NMR Receiver Coil and 

Local Low Noise Amplification 
 

The sensitivity of an NMR receiver coil termed 
by the concentration sensitivity is expressed as the 
ratio between the signal to noise ratio (SNR) and the 
concentration of the measured substance [18]: 
 

 
ionconcentrat

SNRSc = , (1) 

In NMR, the signal to noise ratio is given by [19], 
[20]: 
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where kB is the Boltzmann constant, TS and Rs are the 
ambient temperature and the source resistance 
respectively (here the source is the coil) and f is the 
receiver bandwidth. 

In this expression we can state two main 
components, the components depending on the 
environment and the geometrical components:  

The environment components are the static 
magnetic field (B0), the Larmor precession frequency 
proportional to B0 ( 0) and the sample volume (Vs). 

The geometrical components are B1/i which is 
equivalent to the NMR signal and 4 B s sk T R fΔ  
which represents the noise produced by the coil in a 
given bandwidth [21].  

As we can see, the environment components  
are constants imposed by the work conditions, and, if 
the geometrical parameters are optimized to achieved 
a maximum B1/i and a low noise (minimum Rs), the 
only solution to improve the SNR is to amplify the 
NMR signal as close as possible to the coil in order to 
avoid losses or noise introduced by coaxial cables 
and connectors.  

Moreover, for low matter quantities analysis, the 
amplitude of the NMR signal is very weak. Let’s 
illustrate this from the experimental values of our 
surface coil (Rs =4 ) and our microcoil  
(Rs =1.3  ) for a measured volume of 1 mm3 under a 
static field of 4.7 T and a bandwidth of 4 kHz [22]. 
The measured voltage densities of the signals (S) and 
noises (N) are S = 465 nV/ Hz and N=16 nV/ Hz for 
the surface coil and S = 2.3 μV/ Hz and  
N= 9 nV/ Hz for the micro coil (state the influence 
of the filling factor: η = sample’s volume / coil’s 
volume). In the case of a 0.1 mm3 [8], the measured 
SNR with the micro coil is 80 and the estimated 
voltage density of the signal is 720 nV/ Hz. 

The SNR of a micrometric sample is as poor 
as it is for most of the RF receivers [16]. That is the 
reason why it is interesting to look at the low noise 
amplification used in the RF receivers. 

Any device, connector or transmission line 
produces an internal noise which is added to the noise 
at the input of the device. In terms of power spectral 
density per unit of frequency (V2/Hz), the SNR at the 
output of a device with a voltage gain Gv is given  
by [23]: 

 
 

2
,

2
,

2

2
,

2

devninnv

insv
out

VVG

VG
SNR

+×

×
= , (3) 



Sensors & Transducers, Vol. 27, Special Issue, May 2014, pp. 106-115 

 108

Indeed, the input signal and the input noise 
are amplified with the same factor Gv. The noise 
factor of a device is defined as the ratio between the 
SNR at the input of the device and the SNR at the 
output: 

 
 

out

in

SNR
SNR

F = , (4) 

 
Even if the noise factor induced by the LNA 

is very low (F  1.1 for the best technologies [24]), 
the SNR at the output of any device is lower than the 
SNR at its input (F > 1). But the importance of the 
LNA is illustrated by the Friis formula [17] which 
is the expression of the noise factor at the end 
of an impedance matched data acquisition line: 
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The interest of the LNA is to amplify the signal 

at the input of the data acquisition line (introducing 
the lower noise as possible) in order to improve the 
SNR at the output of the system. The higher the gain 
of the LNA is and the lower the noise added by the 
LNA is, the better the SNR at the output of the data 
acquisition line will be. And the closer the LNA is to 
the receiver coil, the lower the input noise produced 
by transmission lines will be. 

The minimum noise factor of a device can also be 
represented by the equivalent noise temperature 
referred at the input of the system (Teq, in K) and the 
noise temperature of the source (Ts, which is the 
ambient temperature in K): 
 

 

S

eq

T
T

F += 1 , (6) 

 
 
2.2. Low Noise Matching Network 

Requirements for NMR Receiver Coils 
 

The matching network is a passive devices 
network placed between the coil and the amplifier (or 
transmission line) where the aim is to deliver the 
output signal in the better conditions (voltage, power, 
frequency selection…) and also to avoid the 
reflection wave in the case of radio frequencies. In 
this part we will detail the requirements for an 
optimum low noise matching network for NMR 
receivers which involves the power matching, the 
voltage matching and the noise matching. 

a) Power matching. 
The classic matching network in NMR is based 

in the 50  power matching as it is the characteristic 
impedance of most of the coaxial cables and 
terminals used in NMR. The interest of power 
matching in NMR is to avoid any reflection of the 
NMR signal from the circuit to the sample. Such a 
case can produce an error in the lecture of the 
relaxation times T1 and T2 and can also produce a 

perturbation of the homogeneity of the static 
magnetic field [25, 26]. 

Theoretically, if *
coil inZ Z= , the reflection wave 

will be zero, S11 will tend to -  dB and there will 
be a maximum power transfer (S21 = 0 dB); that is 
the raison why this is called the power matching. 
In practice, a 10 % reflection wave (S11 = -12 dB) 
is acceptable and that allows a mismatch range of  
+/-20 % between the impedance of the coil and the 
characteristic impedance of the transmission line. 

b) Voltage matching  
Considering Rs the equivalent resistance of the 

source and Zin the impedance input of the LNA, the 
input noise is given by 2

, 4n in sV kTR= , the noise at the 

amplifier output is 2 2 2 2 2
,out ,inn v n n ampV a G V V= +  and the 

output signal is 2 2 2 2
out ,v s inV a G V=  with the voltage ratio 

/ ( )in in sa Z Z R= + . From Eq. 4, we can express the 
noise factor as follows: 
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From this relation, we can state that for high input 

impedance compared to Rs,  = 1 and the second term 
of the noise figure will be minimized. 
With this condition we will have a maximum voltage 
transfer from the coil to the input amplifier ensuring 
the voltage matching. An example of application 
of the voltage matching to minimize the noise figure 
is given in [23]. 

c) Noise matching 
To have a deep understand of the noise model 

of an amplifier we need to understand the noise 
theory of two port networks [27] and a transistor 
noise model [28].  

A noisy two port network can be modeled as a 
noiseless two port network with an input noise 
voltage source ( nV ) and an input current noise 

source ( nI ) [29]. nV  is the equivalent voltage 
source referred to the input when the input is short-
circuited ( 0sourseZ = ) and nI  is the equivalent 
current source referred to the input when the input is 
open-circuited ( 0sourseY = ). These equivalent 
sources are correlated because they represent the 
global behavior of the internal physical noise sources 
of the noisy two ports. 

 

 

Fig. 2. Noisy Two port model. 
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In amplifiers, the noise factor can be described 
by: 
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(8) 

 
where Fmin is the minimum noise factor of the 
amplifier, gn is the noise conductance, Gsource=Rs+Xs 
is the impedance of the source and Zopt is the 
optimum source impedance value that allow us to 
reach the minimum noise factor. Then the noise 
matching is achieved when Rs=Ropt and Xs=Xopt. 
Respectively, rn is the noise conductance, Gsource is 
the admittance of the source and Yopt is the optimum 
source admittance. The noise conductance, the noise 
resistance and their relationship are defined as 
follows [28, 30, 31]: 
 
 )4/(2 TkIg Bnn = , (9) 

 
 )4/(2 TkVr Bnn = , (10) 

 
 

optnoptn GrRg = , (11) 
 
The noise parameters to define are then: Fmin, gn 

(or rn), Ropt (or Gopt) and Xopt (or Bopt) and they can be 
described as a function of the internal 
transconductance, capacitances and resistances of the 
two port network [29]. Usually, Zin Zopt. A Low 
Noise Amplifier is then an amplifier where Fmin and 
gn (or rn ) are as low as possible.

3. Model of the Circuit and Simulations 
 

In order to determine the optimum noise matching 
network by simulation performed by ADS® software, 
we need to have a model of the coil and the amplifier 
as reliable as possible around 200 MHz (1 H resonant 
frequency under 4.7 T field of NMR system). 

3.1. Coil Model 

An NMR receiver coil is a transducer that 
converts the instantaneous nuclear magnetization 
vector ( )M t  of a sample in a voltage free induction 
decay (FID). The signal processing of the measured 
FID gives the signal information that allows the 
reconstruction of the sample images or spectra. 

From the energy conversion point of view, the 
variation of the magnetization vector produces a flux 
variation through the static NMR receiver coil. 
The magnetic induction is then placed in a Neumann 
case [32]. Under this condition, from the differential 

forms of the Gauss’s law and the differential 
Maxwell-Faraday equation, we can show that the 
instantaneous electric field produced by the 
magnetization vector in a point m of the circuit 
of a coil is given by [33]: 
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In a quasi-stationary regime, the local Ohm’s law 

in a point m of the circuit is: 
 
 

),(),( tmtm EJ σ= , (13) 
 

And the local resistance is: 
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where  is the conductivity of the circuit and S 
is its section. From the equation (12), the electric 
field in a portion AB of the coil is: 
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From the equations (13) and (14): 
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Moreover, the induced electromotive force in the 

Neumann case is: 
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By combining the equations (15), (16) and (17), 

and considering AB the terminals of the coil, we 
deduce the potential difference of NMR receiver as: 
 

))()()()()( tIRtetVtVtV ABABABcoil −=−= Φ  
(18) 

 
From a transducer point of view, this expression 

means that the coil has a Thevenin equivalent circuit 
where e  is the voltage generator (induced by the flux 
variation) with an internal loss resistance RAB (Fig. 3). 
The Norton equivalent circuit between the terminals 
AB of the coil is a current generator i =eAB/RAB with 
an internal loss resistance RAB.  
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Fig. 3. Thevenin-Norton equivalent circuit of a coil  

from a transducer point of view. 
 
 

From a frequency resonant point of view, we have 
to add the equivalent circuit the physical proper 
inductance between the terminals AB. The complete 
equivalent model of an NMR receiver coil is then a 
parallel RL circuit with an induced current source i . 
This model contrasts with the series RL equivalent 
circuit, widely used in the NMR community.  

In the Fig. 4, we plot the S11 parameter of the 
impedance ZAB of an equivalent parallel RLC circuit 
and an equivalent series RLC circuit. For the same 
values of R, L and C, we clearly see that the series 
RLC circuit acts like a low pass filter and the parallel 
RLC circuit acts like a selective filter which 
is actually the real behavior of an NMR receiver coil.  

 
 

 
 

Fig. 4. RLC series and parallel S11 comparison. 
 

Moreover, in an RL series circuit, the inductance 
LAB is a loss element and this approach disagrees with 
the energy conversion demonstration where no 
inductance takes part (equation 18). 

We conclude that an NMR receiver coil should be 
modeled by its equivalent Norton (or Thevenin) 
circuit in parallel whit the physical inductance LAB.

3.2. Amplifier Model: Estimation of the Noise 
Parameters 

To model the commercial amplifier, first we 
extract the S-parameters with a VNA (E5071C ENA 
series, Agilent Technologies). From the S11 
parameter, we can get a model of the input 
impedance of the amplifier. The parameter S21 
allows us to determine the power gain of the device. 
S12 (< -60 dB) states that the amplifier is unilateral, 

probably achieved with an output cascade stage. S22 
give us information about the output impedance. 

The stability of the amplifier can be checked by 
using the Rollett stability factors K and  [34].  
 
 21122211 SSSS −=Δ , (19) 
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22
22

2
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2
1

SS
SSK Δ+−−

= , (20) 

 
In this case K > 1 and  < 1; thus, our commercial 

amplifier is unconditionally stable for any passive 
load or source impedance. 

Concerning the noise parameters, Fmin is given in 
general by the constructor but often it is not the case 
for gn and Zopt. From the S-parameters 
of our amplifier we can assume that our LNA 
is based in an inductive series feedback design and 
the particularity of this design technique is that we 
can have a simultaneous power and noise matching 
which means that Zin=Zopt [35], [36]. By taking this 
simplifying hypothesis, we can estimate gn thanks to 
the inequality of Pospieszalski [30], [31]: 
 
 

2<
1

4
1

min −
≤

F
gR nopt , (21) 

 
The left side inequality means that the correlation 

between the input equivalent two noise sources may 
not be correlated more than 100 % the right side is a 
limitation of the model [31].  

From the equation (6) and the Johnson-Nyquist 
formula [21] we find that: 
 
 )2/(1min SBnn TkIVF =− , (22) 

 
By combining the equations (9), (21) and (22) we 

can deduce (21) to (23).  
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(24) 

 
In order to estimate the equivalent input noise 

sources, we have to verify the system above. 
From the constructor datasheet, the minimum 

noise figure is min 0.45NF dB= , thus the 

minimum noise factor is: min 1.1092F = .  
For a work temperature of 293 K, we have: 

228.82 10n nV I −= ∗ J/Hz. Thus, the estimated 
values of the equivalent input noise sources at  
200 MHz are: 
 

38 /

23.2 /
n

n

V pV Hz

I pA Hz

=

=
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These values allow calculating gn and rn to 
complete the model of our commercial amplifier and 
we can create a file type “.s2p” to be used for the 
circuit simulations. The results here stay estimation 
but it is enough for a basic simulation. A more 
precise method to extract the noise sources values 
from measured data is presented by Ikalainen [37]. 

 
 

 
 

Fig. 5. Inequality of Pospieszalski plot for the estimated 
noise sources values. 

3.3. Noise Matching Network Simulation 

With a defined model of the coil and the 
amplifier, we can define the noise matching network 
between them (Fig. 6). 
 
 

 
 

Fig. 6. Final circuit simulation. 
 
 

The capacitor C9 is the tuning capacitor but 
in practice it also has an important matching 
influence. The inductance L6 mainly influence the 
tuning of the circuit and L7 varies the matching at the 
input of the amplifier. The capacitors C7 and C8 do 
not have a major impact on the circuit behavior and 
they are as low as possible (1 pF). L9 and C10 are the 
same as L6 and C7, this impedance repartition is used 
to compensate the dielectric losses [38].  

The Fig. 7 shows the evolution of the AC voltage 
through the circuit. Vin is the input signal at the 
terminals of the coil (L8), Va is the voltage 
at the amplifier’s input and Vout is the output voltage. 
We can state that the maximum value of the input 
voltage is reached about 225 MHz; this value 
corresponds to the resonance between the inductance 

of the coil (L8) and C9. As we can see, the maximum 
voltage gain through the circuit is reached at about 
210 MHz and not at the resonance frequency of the 
coil. This is because the voltage gain strongly 
depends on the matching network and mainly in the 
inductance L7 according to the voltage matching 
(equation 7). 
 
 

 
 

Fig. 7. AC voltage evolution. 
 
 

The optimum matching network is accomplished 
when the combination of this capacitors and 
inductances allows obtaining the three low noise 
matching requirements. With the component values 
of the circuit of the Fig. 6 we reach the optimum 
noise matching network requirements 
at 200 MHz (Fig. 8):  

S21 = 12 dB and Gv = 13.8 dB (Vout/Vin = 4.8), 
which is a good compromise between the power gain 
of the NMR signal and the voltage matching allowing 
to minimize the noise at the input of the amplifier. 

NF = 0.8 dB, final noise contribution of the 
matching network and the LNA to the NMR signal. 

S11 = - 9.5 dB, this value is higher than the 
expected -12 dB but in practice that can be improved.  

We must notice that a better power matching 
implies a worst noise figure as predicted by the 
opposition between the power and voltage matching. 
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Fig. 8. Simulation results of the matching network 
requirements. 

4. Results 
 

The S-parameters of the circuit measured with the 
VNA match the results predicted by simulation and 
we validate the interest of the in situ LNA for NMR 
receivers.  

The circuit is fabricated in an FR-4 PCB with 
a 35 μm copper thickness. The surface coil is a loop 
with radius of 1.5 cm. the coil is linked to the 
matching network and the amplifier by a strip line 
of 7.5 cm. In order to avoid any losses or noise 
introduced by switches of PIN diodes, behind the 
LNA, we have a GaAs based SPDT RF-switch 
that ensures the decoupling of the coil during the 
RF- excitation. 

The achieved circuit is showed in the Fig. 9. The 
receiver coil and the electronic part are separated 

each other to avoid interaction between the emitting 
coil and the sample with the electromagnetic field 
emitted by the electronic circuit and also to avoid 
field inhomogeneity of the gradients due to the 
Faraday cage that encapsulates the circuit. 
 
 

 
 

Fig. 9. Circuit stages and achieved in situ low noise 
amplified NMR coil. 

 
 
4.1. Test Bench Verification 

To verify the circuit model and the simulations 
based in the theory presented in this study we 
measure the S-parameters of the total final circuit 
with the VNA (E5071C ENA series, Agilent 
Technologies). In the Fig. 10, at 200 MHz, we can 
see that S11 = -12.5 dB and S21 = 9.4 dB match the 
simulation results as well as the measured voltage 
gain of 4. 
 
 

 
 

Fig. 10. Measured S11 (top) and S21 (bottom). 
 
 

The similarity between the measured 
S-parameters and voltage gain and the simulation 
results allow us to conclude that the power and 
voltage matching are achieved. The measurement 
of the noise in the circuit requires a specific VNA 
that we does not have in our laboratory so we are not 
able to verify the noise matching. However, as the 
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measurements and simulation of the S-parameters 
and voltage gain are very close, we can assume that 
the noise matching is also achieved. 
 
 
4.2. Practical Validation 
 

To validate the influence of our circuit on the 
SNR, we made an MRI comparison between the 
circuit of the Fig. 9 and a classic 1.5 cm radius 
surface coil (surface coil, 50  matching network and 
coaxial cable to the spectrometer). This comparison 
was based in a RARE sequence with 2 mm coronal 
slices (parallel to the surface of the coil) under  
a 4.7 T Bruker system. 

The SNR is measured in slices parallel to the 
axial plan of the coil at a progressive distance. In the 
Fig. 11, we have a qualitative comparison of the SNR 
obtained for the same slice with the classic coil 
configuration and the in situ low noise amplified coil. 

With the plot at the top of the Fig. 12, we can 
state that the SNR of the amplified coil is higher than 
50 dB till a distance of 16 mm to the coil while the 
maximum SNR of the classic configuration is 31 dB 
for a distance of 4 mm. The LNA allow us to have a 
deeper field of view into the sample with a better 
SNR than the classic coil. 

 
 

 
 
Fig. 11. Images obtained with a classic coil (top) and the in 

situ low noise amplified coil (bottom). 
 
 
In the bottom of the Fig. 12 we have the mean 

SNR improvement which is the average ratio 
between the amplified coil and the classic coil. 
For a distance to the coil between 4 mm and 26 mm, 
we have a SNR improvement between 5 and 3. 
The in situ low noise amplification allows us 

to improve the sensitivity of the coil as far as 6 fold 
for a NMR measurement at 6 mm to the coil.  

In terms of MRS, the concentration limit 
of detection is: LODc = 3/Sc. By applying this method 
to the microcoil, we will be able to detect a minimum 
choline concentration of 1.7 mM for a 100 mM 
concentration of cerebral metabolites solution. 
This is equivalent to a 6 % reduction of the in situ 
amplified microcoil LODc compared to the actual 
non amplified microcoil. 
 
 

 
 

 
 

Fig. 12. SNR comparison between the classic coil and the 
local amplified coil (top) and the mean ratio of the SNR 
improvement of the amplified coil in comparison to the 
classic coil (down). 
 
 
5. Conclusions 
 

The NMR receiver coils are critically important 
 in performance of NMR imaging and spectroscopy 
system. In this work we showed the interest  
of an in situ low noise amplification applied to NMR 
receiver coils. Here we detailed the requirements 
to reach an optimized matching network allowing 
simultaneously a suitable voltage gain, noise figure 
and S-parameters. In addition, an optimum 
transmission of the signal from the coil to the 
amplifier is obtained by avoiding the use of coaxial 
cables and switches between the coil and the LNA. 
In order to have reliable simulation results, we 
proposed a novel approach to define a model 
of an NMR receiver coil representing its real 
behavior and we also proposed a method to estimate 
the noise conductance and noise resistance 
of an inductive series feedback LNA.  



Sensors & Transducers, Vol. 27, Special Issue, May 2014, pp. 106-115 

 114

We also showed that the achievement of the low 
noise matching network requirements in NMR allows 
having a factor 6 sensitivity improvement of a given 
coil. This method allows having a 4 fold deeper field 
of view in MRI and can be applied to NMR coil and 
microcoils to obtain a lower concentration limit 
of detection in MRS.  

Thus, this study is contribution toward obtaining 
better acquisitions with NMR receiver coils and most 
particularly with micro receiver coils. 
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Ce travail de thèse a pour objectif principal d’améliorer la sensibilité d’un micro-récepteur RMN 
implantable, utilisé dans le cadre de la micro-spectroscopie localisée in vivo. 
Dans la première partie de cette thèse, nous avons réexaminé la fabrication et modélisation de ce 
micro-récepteur par rapport à sa sensibilité. Parmi les deux procédés de fabrication proposés 
(électrodéposition du micro-récepteur avec un underpass sur un substrat de silicium et de verre), 
nous avons retenu celui-qui nous  a permis d’obtenir les meilleures performances en termes de 
facteur de qualité. Les prototypes fabriqués avec ce procédé ont été caractérisés à l’aide d’un 
modèle que nous avons développé, basé sur une équation à coefficients polynomiaux. Ceux-ci 
ont été établis à partir de la simulation du layout du capteur et ont été réajustés en fonction des 
mesures. Ce modèle polynomial nous a conduits à  un circuit équivalent du micro-récepteur, 
permettant d’approfondir l’étude de son comportement électrique en radio fréquences. 
La deuxième partie de ce travail est développée autour de l’association d’un amplificateur faible 
bruit (LNA) au plus près du micro-récepteur, afin d’améliorer sa sensibilité. Nous avons analysé 
l’état de l’art de l’amplification de micro-bobines RMN ainsi que l’interaction électromagnétique 
entre un circuit intégré et l’environnement RMN. En partant de cette analyse et des contraintes à 
remplir par le circuit d’adaptation (en termes de transmission de puissance, gain en tension et 
adaptation faible bruit), nous avons proposé un circuit d’amplification locale permettant 
d’améliorer la sensibilité du capteur. Nous avons validée  notre démarche par simulation (avec 
notre micro-récepteur) et nous avons vérifié l’intérêt de celle-ci en RMN (avec une bobine de 
surface). 
Les résultats de ce travail nous ont permis d’établir des solutions concrètes pour atteindre la 
sensibilité  nécessaire à nos applications. 

The aim of this thesis is to improve the sensitivity of an implantable micro NMR sensor, 
dedicated to the in vivo local micro-spectroscopy. 
In the first part of this thesis, we re-examined the design and modeling of this micro-sensor 
according to its sensitivity. We proposed two micromachining processes (electrodeposition of the 
micro-sensor with an underpass on a silicon and glass substrate) and we kept the one allowing the 
higher quality factor. The prototypes made with the chosen process were characterized thanks to 
a model that we developed, based in an equation with polynomial coefficients. These coefficients 
were determined from the layout of the sensor and were adapted to match the measurements. 
From this polynomial model, we proposed an equivalent circuit of the micro-sensor to have a 
better knowledge of its electrical behavior at high frequencies. 
The second part of this work is about the closer association of a low noise amplifier (LNA) with 
the micro-sensor to improve its sensitivity. We analyzed the state of art on the amplification of 
NMR micro-coils and the electromagnetic interaction between the integrated circuits ant the 
NMR environment. From this analysis and the conditions of the matching network (power 
transmission, voltage gain and low noise matching), we proposed a local amplification circuit 
achieving the sensitivity improvement of the sensor. This approach was validated by simulation 
(with our micro-sensor) and verified in an NMR system (with a surface coil). 
The results of this work allow us to set practical solutions to reach the required sensitivity of our 
applications. 


