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INTRODUCTION 

Magnetic Resonance Imaging (MRI) system is a well-known non-invasive 

medical imaging instrumentation, which is commonly used to visualize high quality 

internal anatomical images and various bio-information and functions inside the human 

and the animal body. MRI is developed based on the knowledge of nuclear magnetic 

resonance (NMR), and various kinds of MR imaging techniques have been rapid 

developing to explore more sophisticated bio-information since the past decades.  

Basically,	
  a	
  MRI	
  system	
  consists	
  of	
  three	
  major	
  hardware	
  systems,	
  which	
  are:	
  

 

1.Main Magnet  

2.Gradient Coil  

3.Radio Frequency Coil 

	
  

The	
   main	
   magnet	
   is	
   mostly	
   made	
   from	
  

superconducting	
  coils,	
  which	
  can	
  provide	
  a	
  

stable	
   high	
   magnetic	
   field	
   for	
   imaging	
  

procedure.	
  The	
  gradient	
  coil	
  system	
  is	
  used	
  

to	
  spatially	
  encode	
  the	
  positions	
  of	
  protons	
  

by	
   varying	
   the	
   magnetic	
   field	
   linearly	
   across	
   the	
   imaging	
   volume,	
   which	
   is	
   built	
  

within	
   the	
   main	
   magnet.	
   The	
   RF	
   system	
   locates	
   inside	
   the	
   main	
   magnet	
   and	
   the	
  

gradient	
  system,	
  which	
  can	
  produce	
  a	
  B1	
  magnetic	
  field	
  to	
  rotate	
  spins	
  by	
  different	
  

angles	
  and	
  transmit/receive	
  an	
  RF	
  pulse	
  from	
  samples.	
  [1]	
  In	
  the	
  developments	
  of	
  

MRI,	
   these	
   three	
   systems	
   have	
   been	
   remarkable	
   advancing	
   to	
   improve	
   imaging	
  

qualities	
  of	
  MRI	
  since	
  the	
  first	
  time	
  the	
  MRI	
  was	
  introduced	
  to	
  the	
  world.	
  	
  	
  

	
  

THEORY	
  OF	
  RADIO	
  FREQUENCY	
  COILS	
  IN	
  MRI	
  SYSTEM	
  

Basic	
  transmitting	
  and	
  receiving	
  concept	
  of	
  RF	
  coils:	
  

Radio	
   frequency	
   (RF)	
   coil	
   system	
   is	
   a	
   critical	
   component	
   in	
   a	
  MRI	
   system,	
  

which	
   is	
   an	
   electrical	
   device	
   generally	
   composed	
   of	
   multiple	
   wire	
   loops	
   that	
   can	
  

either	
   generate	
   a	
  magnetic	
   field	
  or	
  detect	
   a	
   changing	
  magnetic	
   field	
   as	
   an	
   electric	
  

Figure	
  1	
  MRI	
  scanner	
  cutaway	
  illustration	
  	
  From:	
  
http://www.magnet.fsu.edu/education/tutorials/ma
gnetacademy/mri/	
  



current	
  induced	
  in	
  the	
  wire.	
  A	
  RF	
  coil	
  system	
  can	
  be	
  classified	
  into	
  three	
  systems:	
  1)	
  

transmit	
  and	
  receive	
  coil,	
  2)	
  transmit	
  only	
  coil,	
  and	
  3)	
  receive	
  only	
  coil.	
  A	
  transmit	
  

and	
  receive	
  coil	
  can	
  send	
  or	
  transmit	
  a	
  B1	
  field	
  and	
  receive	
  RF	
  energy	
  from	
  imaged	
  

samples.	
  A	
  transmit	
  only	
  coil	
  is	
  only	
  used	
  to	
  create	
  a	
  B1	
  field	
  and	
  a	
  receive	
  only	
  coil	
  

is	
   especially	
   only	
   used	
   to	
   detect	
   signals	
   from	
   the	
   imaged	
   subject.	
   In	
   Figure	
   2,	
   the	
  

illustrations	
   show	
   the	
  brief	
   transmitting	
  and	
   receiving	
   concepts	
  of	
   a	
  RF	
   coil.	
  After	
  

providing	
   a	
   transmitting	
   excitation	
  RF	
  pulse,	
   as	
   shown	
   in	
  Figure	
  2(a),	
   the	
   current	
  

source	
   within	
   a	
   RF	
   coil	
   induces	
   a	
   B1	
   field	
   inside	
   the	
   subject,	
   which	
   is	
   called	
  

transmitting.	
  In	
  the	
  Figure	
  2(b),	
  the	
  induced	
  current	
  in	
  an	
  RF	
  coil	
  is	
  generated	
  by	
  the	
  

magnetization	
  (M)	
  in	
  the	
  imaged	
  object,	
  and	
  this	
  phenomenon	
  is	
  called	
  receiving.	
  

To	
  understand	
   the	
  basic	
   concepts	
  of	
  RF	
   coils	
   as	
   resonators	
   in	
  MRI	
   application,	
   an	
  

equivalent	
  circuit	
  of	
  a	
  single	
  loop	
  RF	
  surface	
  coil	
  is	
  shown	
  in	
  Figure	
  3.	
  Based	
  on	
  the	
  

Kirchhoff’s	
  law,	
  the	
  circuit	
  can	
  be	
  expressed	
  as	
  [1]:	
  	
  

€ 

V (s) = I(s)(R + Ls+
1
Cs
) 	
  	
  	
   	
   	
   	
   	
   	
   	
   	
   	
  	
  	
  	
  	
  	
  	
  (1)	
  

Where	
  s=σ+iω	
  is	
  the	
  angular	
  frequency.	
  

	
   V(s)	
  is	
  the	
  voltage	
  of	
  the	
  circuit.	
  

	
  I(s)	
  is	
  the	
  current	
  in	
  the	
  circuit.	
  

C	
  is	
  the	
  equivalent	
  capacitance.	
  

L	
  is	
  the	
  equivalent	
  inductance.	
  

R	
  is	
  the	
  equivalent	
  resistance.	
  

The	
  complex	
  admittance	
  Y(s)	
  can	
  be	
  derived	
  as:	
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Figure	
  3.	
  Equivalent	
  circuit	
  of	
  a	
  single	
  loop	
  
RF	
  coil	
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Figure	
  2	
  Illustration	
  of	
  transmitting	
  and	
  receiving	
  concept.	
  (a)	
  a	
  
voltage	
  source	
  induces	
  a	
  B1	
  field	
  inside	
  an	
  object	
  through	
  an	
  RF	
  
coil.	
  (b)	
  a	
  magnetizatoin	
  within	
  the	
  subject	
  induces	
  a	
  current	
  in	
  
the	
  RF	
  coil2.	
  



€ 

Y (s) =
I(s)
V (s)

=
s

L(s2 +
R
L
s+

1
LC
)
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
   	
   	
   	
   	
   	
  	
  	
  	
  	
  	
  	
  (2)	
  

Let	
  s	
  =	
  iω,	
  we	
  can	
  get	
  	
  

€ 

Y (s) =
1

R2 + (ωL − 1
ωC

)2
	
   	
   	
   	
   	
   	
   	
   	
   	
  	
  	
  	
  	
  	
  	
  (3)	
  

Thus,	
  a	
  resonant	
  frequency	
  can	
  be	
  found	
  as:	
  

€ 

ω r =
1
LC

	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (4)	
  

While	
   ω=ωr,	
   this	
   phenomenon	
   is	
   called	
   resonance,	
   and	
   the	
   current	
   would	
   be	
  

maximum	
   at	
   the	
   resonant	
   frequency.	
   Thus,	
   an	
   RF	
   coil	
   can	
   produce	
   a	
   desired	
  

magnetic	
   field	
  strength	
  with	
  a	
  relatively	
   low	
   input	
  voltage	
  when	
   it	
  operates	
  at	
   the	
  

resonant	
  frequency.	
  	
  

Q	
  factor	
  of	
  RF	
  coils:	
  

Since	
  the	
  resistance	
  of	
  a	
  RF	
  coil	
  is	
  not	
  zero,	
  some	
  energy	
  will	
  be	
  dissipated	
  in	
  

the	
   circuit.	
   Thus,	
   a	
   quality	
   factor	
   can	
   be	
   applied	
   to	
   determine	
   the	
   quantitative	
  

measurements	
  of	
  the	
  coil	
  quality,	
  which	
  is	
  also	
  known	
  as	
  a	
  Q	
  factor:	
  

€ 

Q = 2π maximum energy stored
Total energy dissipated per period

	
   	
   	
   	
   	
   	
  	
  	
  	
  	
  	
  	
  (5)	
  

Resonant	
   systems	
   respond	
   to	
   frequencies	
   close	
   to	
   their	
   natural	
   frequency	
   much	
  

more	
   strongly	
   than	
   they	
   respond	
   to	
   other	
   frequencies.	
   The	
  Q	
   factor	
   indicates	
   the	
  

amount	
   of	
   resistance	
   to	
   resonance	
   in	
   a	
   system.	
   Systems	
   with	
   a	
   higher	
   Q	
   factor	
  

resonate	
   with	
   greater	
   amplitude	
   than	
   systems	
   with	
   a	
   low	
   Q	
   factor	
   at	
   resonant	
  

frequency.	
  In	
  a	
  resonant	
  system,	
  the	
  Q	
  factor	
  is	
  defined	
  as	
  the	
  resonant	
  frequency	
  ω0	
  

divided	
  by	
  the	
  bandwidth	
  (BW)	
  Δω,	
  which	
  can	
  be	
  expressed	
  as:	
  

€ 

Q =
ω 0

Δω
	
  	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  	
  	
  	
  	
  	
  	
  (6)	
  

In a tuned radio frequency receiver the Q factor is:  

€ 

Q =
1
R

L
C
	
  	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  	
  	
  	
  	
  	
  	
  (7)	
  

From	
  equation	
  (4)	
  and	
  (7),	
  the	
  Q	
  factor	
  can	
  be	
  derived	
  as:	
  



	
  

€ 

Q =
ωL
R
	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  	
  	
  	
  	
  	
  	
  (8)	
  

The	
   Q	
   factor	
   is	
   a	
   value	
   that	
   can	
   measure	
   the	
   quality	
   of	
   RF	
   coils	
   under	
   different	
  

circumstance.	
  	
  

Signal-­to-­noise	
  ratio	
  in	
  RF	
  coils:	
  

The	
   RF	
   coil	
   has	
   always	
   been	
   considered	
   as	
   an	
   importance	
   role	
   in	
  MRI	
   for	
  

achieving	
  highest	
  signal-­‐to-­‐noise	
  ratio	
  (SNR).	
  Over	
  the	
  past	
  decades,	
  many	
  different	
  

RF	
   coils	
   have	
   been	
   developed	
   to	
   enhance	
   the	
   quality	
   of	
   MRI	
   images.	
   In	
   the	
  

evaluation	
  of	
  the	
  quality	
  of	
  MRI	
  images,	
  Signal-­‐to-­‐noise	
  ratio	
  (SNR)	
  is	
  the	
  best	
  and	
  

most	
  common	
  way	
  to	
  describe.	
  In	
  MRI,	
  the	
  picked	
  up	
  voltage	
  from	
  sample	
  voxel	
  is	
  a	
  

RMS	
  value	
  of	
  the	
  electromotive	
  force	
  (e.m.f),	
  which	
  is	
  induced	
  in	
  the	
  coil	
  and	
  can	
  be	
  

expressed	
  as	
  [2][3]:	
  

€ 

ξrms = −
∂
∂t

B1⋅ M0{ }sample∫ dVs =
1
2
ω 0B1M0Vs	
   	
   	
   	
   	
  	
   	
  	
  	
  	
  	
  	
  	
  (9)	
  

Where	
   B1	
   represents	
   a	
   RF	
   magnetic	
   field,	
   Vs	
   represents	
   the	
   voxel	
   volume,	
   ω0	
  

represents	
   the	
   Larmor	
   frequency,	
   and	
   M0	
   represents	
   the	
   magnitude	
   of	
   the	
   static	
  

equilibrium	
   magnetization	
   projected	
   into	
   the	
   x-­‐y	
   or	
   transverse	
   plane.	
  

€ 

ξrms	
  can	
   be	
  

considered	
  as	
  the	
  signal	
  part	
  in	
  the	
  MRI	
  images.	
  

In the noise terms for individual coil geometries, the noise power can be expressed as the 

well-known formula for Johnson thermal noise, which is [2][3]: 

€ 

σ n = 4kTRΔf                (10) 

Where	
  σn	
  is	
  the	
  standard	
  deviation	
  of	
  the	
  noise	
  power,	
  k	
  is	
  the	
  Boltzmann	
  constant	
  k	
  

=	
   1.38	
   ×	
   10-­‐23	
   (J/K),	
   T	
   is	
   the	
   operating	
   temperature,	
   △f	
   represents	
   the	
   effective	
  

noise	
   bandwidth	
   of	
   the	
   received	
   signal,	
   and	
   R	
   is	
   the	
   effective	
   resistance.	
   From	
  

equation	
  (9)	
  and	
  (10),	
  the	
  SNR	
  can	
  be	
  defined	
  as	
  [4]:	
  

€ 

SNR =
1
2
ω 0B1M0Vs

4kTRΔf
	
  	
   	
   	
   	
   	
   	
   	
   	
   	
  	
  	
  	
  	
  (11)	
  

Within	
   the	
  equation,	
   the	
  R	
   is	
   consisted	
  of	
   three	
  different	
   sources:	
  1)	
   resistance	
  of	
  

coils	
  (Rcoil),	
  2)	
  losses	
  from	
  inductive	
  interaction	
  between	
  magnetic	
  field	
  and	
  sample	
  

(RL),	
   and	
   3)	
   losses	
   from	
  dielectric	
   interaction	
   between	
   electrical	
   field	
   and	
   sample	
  

(RD).	
  	
  Thus,	
  the	
  R	
  in	
  the	
  equation	
  (11)	
  can	
  be	
  expressed	
  as	
  [4]:	
  



R	
  =	
  Rcoil	
  +	
  RL	
  +	
  RD	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  	
  	
  	
  	
  (12)	
  

Based	
  on	
  the	
  above	
  equation,	
  a	
  simple	
  case	
  of	
  the	
  resistance	
  of	
  a	
  simple	
  single	
  loop	
  

surface	
  circuit	
  is	
  discussed	
  first.	
  In	
  the	
  above	
  equation,	
  the	
  total	
  resistance	
  within	
  

the	
  coil,	
  Rcoil,	
  can	
  be	
  shown	
  as:	
  

€ 

Rcoil =
2πρr0
δw

	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  	
  	
  	
  	
  (13)	
  

Where	
  ρ	
  is	
  the	
  resistivity	
  of	
  the	
  coil,	
  δ	
  is	
  the	
  skin	
  depth,	
  w	
  is	
  the	
  width	
  of	
  the	
  strip	
  

line	
  that	
  forms	
  the	
  loop,	
  and	
  r0	
  is	
  the	
  radius	
  of	
  the	
  loop.	
  	
  

The	
  sample	
  resistance	
  generated	
  by	
  magnetic	
  field	
  losses	
  can	
  be	
  defined	
  as:	
  

€ 

RL =
σω 0

2µ0
2r0
3

3
	
  	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  	
  	
  	
  	
  (14)	
  

The	
  derivation	
  assumes	
  that	
  the	
  coil	
  is	
  a	
  loop	
  of	
  radius	
  r0	
  positioned	
  above	
  a	
  

conducting	
  half-­‐space	
  of	
  conductivity	
  σ.	
  

The	
  losses	
  generated	
  by	
  stray	
  electrical	
  fields	
  in	
  MRI	
  can	
  be	
  expressed	
  as:	
  

€ 

RD ≅
ω 0L

2Cs
2

Rc (Cs +Cc
2)
	
  	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  	
  	
  	
  	
  (15)	
  

Where	
  L	
  is	
  the	
  inductance	
  of	
  the	
  coil,	
  Cs	
  is	
  the	
  lossless	
  stray	
  capacitance	
  between	
  the	
  

coil	
  and	
  sample,	
  and	
  Cc	
  and	
  Rc	
  represent	
  losses	
  through	
  the	
  conductive	
  pathways	
  in	
  

the	
  sample	
  generated	
  by	
  the	
  electric	
  field.	
  

Since	
  RD	
  and	
  RL	
  are	
  all	
   induced	
   from	
  the	
   imaged	
  sample,	
   the	
  equation	
  (12)	
  can	
  be	
  

simplified	
  as:	
  

R=	
  Rcoil	
  +	
  Rsample	
  	
  	
  	
  	
  	
  	
   	
   	
   	
   	
   	
   	
   	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (16)	
  

Therefore,	
  the	
  SNR	
  of	
  MRI	
  images	
  can	
  be	
  described	
  as:	
  

€ 

SNR =
1
2

ω 0B1M0Vs

4kT(Rcoil + Rsample )Δf
	
   	
   	
   	
   	
   	
   	
   	
  	
  	
  	
  	
  (17)	
  

DEVELOPMENT	
  OF	
  RF	
  COILS	
  IN	
  MRI	
  SYSTEM	
  

In	
   the	
   development	
   of	
   RF	
   coils	
   in	
   MRI	
   system,	
   the	
   goal	
   always	
   tends	
   to	
  

enhance	
  the	
  SNR	
  and	
  reduce	
  the	
  imaging	
  time.	
  From	
  the	
  SNR	
  equation	
  in	
  MRI	
  (17),	
  

the	
   relationship	
   can	
   be	
   simplified	
   to	
   only	
   consider	
   the	
   influence	
   from	
   a	
   RF	
   coil,	
  

which	
  is:	
  



€ 

SNR ∝ B1
kT(Rcoil + Rsample )

	
  	
   	
   	
   	
   	
   	
   	
   	
   	
  	
  	
  	
  	
  (18)	
  

In	
  the	
  equation,	
  the	
  B1	
  field	
  is	
  related	
  to	
  the	
  geometry	
  of	
  the	
  RF	
  coil	
  and	
  the	
  distance	
  

between	
  a	
  sample	
  and	
  a	
  RF	
  coil.	
  The	
  T	
  includes	
  the	
  temperature	
  of	
  sample	
  and	
  the	
  

temperature	
  of	
  the	
  coil.	
  Thus,	
  the	
  environment	
  of	
  a	
  sample	
  and	
  a	
  coil	
  can	
  also	
  affect	
  

the	
   SNR	
   respectively.	
   In	
   addition,	
  Rcoil	
   and	
  Rsample	
   that	
   have	
   been	
   discussed	
   in	
   the	
  

above	
   paragraph	
   are	
   also	
   important	
   factors	
   that	
   can	
   influence	
   SNR	
   based	
   on	
   the	
  

geometry	
   and	
   the	
  material	
   of	
   a	
   RF	
   coil.	
   Therefore,	
   to	
   enhance	
   the	
   quality	
   of	
  MRI	
  

images	
   under	
   various	
   conditions,	
   current	
   RF	
   systems	
   are	
   developed	
   in	
   two	
  

directions:	
  1)	
  structure,	
  and	
  2)	
  material.	
  	
  In	
  the	
  individual	
  development,	
  the	
  purpose	
  

is	
   to	
   meet	
   certain	
   requirements	
   in	
   the	
   imaging	
   environment	
   to	
   achieve	
   the	
   best	
  

imaging	
  quality.	
  	
  	
  

Development	
  in	
  structure:	
  

Basically,	
  the	
  development	
  of	
  RF	
  coils	
  in	
  structure	
  can	
  be	
  classified	
  into	
  three	
  

groups:	
  1)	
  a	
  surface	
  coil,	
  2)	
  a	
  volume	
  coil,	
  and	
  3)	
  an	
  array	
  coil.	
  	
  

1)	
  Surface	
  coil:	
  

A	
  surface	
  coil	
  is	
  the	
  most	
  basic	
  and	
  fundamental	
  RF	
  coil	
  system	
  in	
  MRI,	
  which	
  

include	
  single-­‐loop	
  and	
  multiple-­‐loop	
  coils	
  of	
  various	
  shapes.	
  These	
  coils	
  are	
  usually	
  

much	
   smaller	
   than	
   the	
   other	
   types	
   of	
   coil	
   system,	
   thus	
   it	
   has	
  higher	
   SNR	
  because	
  

they	
  receive	
  noises	
  only	
  from	
  nearby	
  regions.	
  Several	
  types	
  of	
  surface	
  coils	
  and	
  the	
  

basic	
  circuit	
  for	
  a	
  surface	
  RF	
  coil	
  are	
  shown	
  in	
  Figure	
  4.	
  In	
  the	
  circuit,	
  the	
  resonant	
  

RF Coils for MRI

Figure	
  4.	
   	
  Left	
  picture:	
  various	
  kinds	
  of	
  surface	
  RF	
  coils.	
   []	
  Right	
  picture:	
  Basic	
  circuit	
  model	
  of	
  surface	
  coil	
   for	
   the	
  
balanced	
  T/R	
  surface	
  coil	
  with	
  remote	
  tune/match.	
  Transmission	
  lines	
  are	
  designated	
  by	
  TRLx,	
  match	
  capacitors	
  by	
  
CMx,	
  balance	
  capacitors	
  by	
  CBx,	
  and	
  tune	
  capacitors	
  by	
  CTx.	
  [5]	
  

(even for double-resonance coils), and the calculated B1

magnitude often agrees within 5% with the MR
experiment. While the B1 magnitude can sometimes be
off by up to 25%, the E/B1 integral is probably generally
accurate within a few percent.

RESULTS AND DISCUSSION

Surface coils

The surface coil is widely used in MRI, as it is often a
convenient and effective way of obtaining higher
localized S/N than can be obtained with volume coils,
but it is important to appreciate that the advantages in
small-animal applications are often not as great as is seen
in human applications, where the volume coil is almost
always sample-noise dominated. Several excellent review
articles have appeared (11–13), along with many other
articles (14–22), several book chapters (23,24), and an
elementary book devoted to the subject of mid-sized MRI
coils (25). We will not attempt to repeat here much of
what is already quite accessible. Rather, our emphasis
will be on some implementation and optimization details
that are less well covered in the literature.

Surface coils become advantageous for MR when
sample losses are dominant and/or the region of interest is
very near the surface. A 12mm surface coil, for example,
will be superior to a well-optimized (short) birdcage of
20mm diameter for mouse brain 1H MRS at 7 T only for
features within 6mm of the surface. At greater depths, the
small birdcage has higher S/N in addition to its strong
advantage in RF homogeneity. Here, coil (not sample)
losses are dominant for both the surface coil and the
birdcage, but the surface coil achieves higher S/N over a
small region near the surface because of its higher filling
factor.

One usually prefers to use the surface coil as
receive-only if possible, as more efficient pulse-sequence
options are available with the uniform excitation field of a
body transmit coil. However, there are times where there
is no space for a suitable body coil, or perhaps it is
preferable to restrict the transmit region to the receive
region for specific absorption rate (SAR) reasons, as in
double-resonance cross-polarization or high-power
1H decoupling. For these cases, the T/R surface coil is
appropriate.

For surface coils smaller than !50mm, it is important
that their capacitors have lowmagnetism. In most cases, it
is sufficient to simply specify that the standard nickel
barrier in the capacitor terminations be omitted, but with
very small coils it may be necessary to be even more
discriminating. We recently measured the mean bulk
susceptibility, x, of a number of ‘non-magnetic’ (nickel-
free) chip capacitors. The susceptibilities of the TEMAX
series CHB capacitors were in the range"4 to 0 ppm (E-6
SI volumetric units), whereas susceptibilities of the

ATC700B series were in the range 15–30 ppm, the
Cornell Dublier MCM series were in the 30–50 ppm
range, and the ATC100B capacitors were in the range
5–10 ppm.

Detailed RF circuit modeling

Figure 1 depicts a useful circuit model, with node
reference numbers, for a commonly used T/R surface coil
with remote tune/match, and a photo of a typical coil is
shown in Fig. 2. The sample coil LS is shown with a node
explicitly at its center so the voltage at this point is
directly available to confirm that the coil is balanced. To

Figure 1. Circuit model for the balanced T/R surface coil
with remote tune/match, as discussed in the text. Trans-
mission lines are designated by TRLx, match capacitors
by CMx, balance capacitors by CBx, and tune capacitors
by CTx.

Figure 2. A 20mm balanced T/R surface coil with heavy,
magnetically compensated, parallel conductors. The thin
acrylic coating over all the parts is not obvious, and the
remote tune/match network, included in Fig. 1, is not shown
here but is at the remote end of the feed cable.

Copyright # 2007 John Wiley & Sons, Ltd. NMR Biomed. 2007; 20: 304–325
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frequency	
  and	
  the	
  quality	
  of	
  a	
  surface	
  coil	
  can	
  be	
  controlled	
  by	
  the	
  match	
  capacitors,	
  

the	
   balance	
   capacitors,	
   and	
   the	
   tune	
   capacitors	
   respectively.	
   Since	
   the	
   RF	
   coils	
  

would	
  be	
  affected	
  under	
  various	
  circumstances,	
  this	
  circuit	
  design	
  can	
  allow	
  the	
  coil	
  

to	
  be	
  adjusted	
  to	
  the	
  best	
  resonant	
  condition.	
  

2)	
  Volume	
  coil:	
  

Volume	
  coils	
  basically	
  include	
  solenoid	
  coils,	
  saddle	
  coils,	
  and	
  high	
  pass	
  and	
  

low	
   pass	
   birdcage	
   coils.	
   Within	
   these	
   coils,	
   the	
   birdcage	
   coils	
   are	
   most	
   popular	
  

because	
  they	
  can	
  produce	
  better	
  homogeneous	
  B1	
  field	
  over	
  a	
  large	
  volume	
  within	
  

the	
   coil	
   [6].	
   Volume	
   coils	
   are	
   usually	
   used	
   for	
   surrounding	
   the	
   whole	
   body	
   or	
   a	
  

specific	
   region,	
   because	
   they	
   can	
   cover	
   larger	
   imaging	
   area	
   and	
   provide	
   better	
  

magnetic	
  field	
  homogeneity	
  in	
  a	
  large	
  area	
  than	
  surface	
  coils.	
  A volume coil is usually 

used for brain (head) MRI, or MR imaging of joints, such as the wrist or knees. The basic 

schematics of the three basic volume coils: a birdcage coil, a solenoid coil and a saddle 

coil, are shown in the Figure 5, which are drawn in three dimensions. In the schematics, 

the capacitors are used to match the resonant frequency of MRI system [6]. 	
  

	
  	
  	
  	
  	
  	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

3)	
  Array	
  coil:	
  

An	
  array	
  coil	
  combines	
  the	
  advantages	
  of	
  a	
  smaller	
  surface	
  coil	
  and	
  a	
  larger	
  

coil,	
  which	
  can	
  provide	
  high	
  SNR	
  and	
  cover	
  a	
  large	
  imaging	
  area.	
  This	
  type	
  of	
  RF	
  coil	
  

consists	
  of	
  multiple	
  smaller	
  coils,	
  which	
  can	
  be	
  used	
  individually	
  or	
  simultaneously.	
  

When	
  an	
  array	
  coil	
  is	
  used	
  individually,	
  it	
  can	
  be	
  considered	
  as	
  an	
  individual	
  signal	
  

	
  

Figure	
  5,	
  Schematics	
  of	
  a	
  birdcage	
  coil,	
  a	
  solenoid	
  coil,	
  and	
  a	
  saddle	
  
coil.	
  In	
  the	
  axes,	
  B0	
  represent	
  the	
  vector	
  of	
  the	
  main	
  magnet.	
  B1	
  
shows	
  the	
  vector	
  of	
  the	
  magnetic	
  field	
  generated	
  by	
  each	
  volume	
  
coil,	
  which	
  is	
  always	
  perpendicular	
  to	
  the	
  vector	
  of	
  B0.	
  



coil.	
   When	
   it	
   is	
   used	
   simultaneously,	
   there	
   are	
   three	
   different	
   types	
   that	
   can	
   be	
  

utilized:	
  

•	
   Coupled	
   array	
   coils	
   -­‐	
   electrically	
   coupled	
   to	
   each	
   other	
   through	
   common	
  

transmission	
  lines	
  or	
  mutual	
  inductance.	
  

•	
   Isolated	
   array	
   coils	
   -­‐	
   electrically	
   isolated	
   from	
   each	
   other	
   with	
   separate	
  

transmission	
   lines	
   and	
   receivers	
   and	
   minimum	
   effective	
   mutual	
   inductance,	
   and	
  

with	
  the	
  signals	
  from	
  each	
  transmission	
  line	
  processed	
  independently	
  or	
  at	
  different	
  

frequencies	
  

•	
   Phased	
   array	
   coils	
   -­‐	
  multiple	
   small	
   coils	
   arranged	
   to	
   efficiently	
   cover	
   a	
   specific	
  

anatomic	
   region	
   and	
   obtain	
   high-­‐resolution,	
   high-­‐SNR	
   images	
   of	
   a	
   larger	
   volume.	
  

The	
   data	
   from	
   the	
   individual	
   coils	
   is	
   integrated	
   by	
   software	
   to	
   produce	
   the	
   high-­‐

resolution	
  images.	
  	
  

The	
  schematics	
  of	
  commonly	
  used	
  array	
  coils	
  are	
  shown	
  in	
  the	
  Figure	
  6.[7]	
  

	
  

	
  

	
  

temperature changes in the components that make up the
receiver circuitry. The relative contributions of system
instabilities to the measured noise (compared to thermal
noise) can be minimized by using pulse sequences with
relatively low baseline SNR. Some balance is necessary
when using this strategy, because if the SNR is too low,
more samples will be required to measure each pixel’s
mean and standard deviation. The resulting increase in
scan time may potentially increase the influence of the
long-term system variations.

SPECIFIC DESIGN EXAMPLES

In this section, a number of concrete array design
examples are reviewed. It is not practical for us to present
every specific coil array that has been proposed for
parallel MRI to date. Instead, a series of broad categories
are described that help to establish a systematic
framework for understanding the wide range of array
designs that have been presented in the literature. Each
design approach highlights one or more degrees of
freedom that are available to coil designers when
developing a new coil array. For reference, Fig. 3
contains schematic diagrams illustrating the geometries
of several arrays that are discussed in this section.

RF coil arrays may be broadly categorized in twoways.
The first categorization is based on the types of detectors
that make up the individual array elements. Nearly every
type of resonant structure available in conventional MRI
has been applied to parallel imaging. Each type of array
element offers its own opportunities for tailoring the
detector’s reception sensitivity in order to achieve the best
possible SNR and geometry factor. The second categor-
ization for coil arrays is based on the geometric
arrangement of the detectors. The array designs discussed
here are presented as geometrical variations of a few basic
detector types. This organization has been chosen because
it offers a relatively smooth progression from more basic
coil array types into more advanced design concepts.

Simple loop surface coils

One of the most straightforward coil array design
approaches is based on surface coils that are made of
simple conducting loops.We begin by considering a set of
small loop coils that are tiled together to cover an entire
FOV. Broadly speaking, these coils can be arranged in
straight lines, two-dimensional grids, or wrap-around
arrays that surround the sample axially. One of the basic
principles of coil array design for parallel MRI is that coil
elements should be arranged so that they have sensitivity
variations that are principally aligned with the direction of
undersampling. From the perspective of emulating spatial
harmonics, elements must be aligned so that they can
reproduce the missing k-space lines. From the perspective

of resolving aliased pixels, coils must be located so that
they can be sensitive to different aliased regions of the
image.

For a fixed number of array elements, linear arrays
(2,17) [Fig. 3(a)] provide for the maximum amount of
spatial information in a single direction. Grid-type
arrays (4,41) [Fig. 3(b)] and wrap-around arrays
(36,37) [Fig. 3(c)] provide fewer elements in any specific
direction, but their multidimensional characters allow for
simultaneous undersampling in several directions at once.
The ability to encode spatial information in multiple

Figure 3. Schematic illustration of several coil array
described in this text. Only the major geometrical features
of each coil array are depicted, and the element numbers and
coil dimensions may not exactly match those of the cited
references. (a) Linear arrays of loop coils; (b) 2!2 grid of
loop coils. (c) ‘Wrap-around’ arrangement of eight loop coils.
(d) Quadrature pair of butterfly and loop coils (20). (e)
‘Saddle-train’ coil (45); red and purple elements are simple
loops, green element is a single butterfly, and blue element is
a double-twisted saddle train coil. (f) ‘Concentric’ coil array
(49,50); the red coil is a simple loop, green and purple
elements are two-lobed butterfly coils in perpendicular
orientations, the blue coil is a four-lobed cloverleaf element.
(g) ‘Diagonal’ coil array (51); blue and green coils are top
logically simple loops in diagonal orientations; red and purple
elements are crossed saddle elements, also in diagonal
orientations. (h) Triangular coil array (53,111), with eight
right-triangular elements. (i) Spiral birdcage coil (16,55). (j)
TEM-resonator arrays. (k) Degenerate-mode birdcage coil
(66). Red conductor is used to simultaneously resonate the
uniform and gradient modes. (l) Birdcage coil designed to
produce spatial harmonic sensitivities (15) (details of con-
ductors not shown).

Copyright # 2006 John Wiley & Sons, Ltd. NMR Biomed. 2006; 19: 300–315
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Figure	
   6.	
   Schematics	
   of	
   array	
   coils.	
   The	
   shown	
  
geometrical	
   features	
   of	
   each	
   coil	
   array	
   are	
   the	
  
major	
   design	
   of	
   array	
   coils,	
   and	
   the	
   element	
  
numbers	
  and	
  coil	
  dimensions	
  may	
  be	
  varied.	
  (a)	
  
Linear	
   arrays	
   of	
   loop	
   coils;	
   (b)	
   2x2	
   grid	
   of	
   loop	
  
coils.	
   (c)	
   ‘Wrap-­around’	
   arrangement	
   of	
   eight	
  
loop	
   coils.	
   (d)	
   Quadrature	
   pair	
   of	
   butterfly	
   and	
  
loop	
  coils.	
  (e)	
   ‘Saddle-­train’	
  coil;	
  red	
  and	
  purple	
  
elements	
   are	
   simple	
   loops,	
   green	
   element	
   is	
   a	
  
single	
   butterfly,	
   and	
   blue	
   element	
   is	
   a	
   double-­
twisted	
   saddle	
   train	
   coil.	
   (f)	
   ‘Concentric’	
   coil	
  
array;	
   the	
   red	
   coil	
   is	
   a	
   simple	
   loop,	
   green	
   and	
  
purple	
  elements	
  are	
  two-­lobed	
  butterfly	
  coils	
   in	
  
perpendicular	
   orientations,	
   the	
   blue	
   coil	
   is	
   a	
  
four-­lobed	
  cloverleaf	
  element.	
  (g)	
  ‘Diagonal’	
  coil	
  
array;	
   blue	
   and	
   green	
   coils	
   are	
   top	
   logically	
  
simple	
   loops	
   in	
   diagonal	
   orientations;	
   red	
   and	
  
purple	
   elements	
   are	
   crossed	
   saddle	
   elements,	
  
also	
  in	
  diagonal	
  orientations.	
  (h)	
  Triangular	
  coil	
  
array,	
   with	
   eight	
   right-­triangular	
   elements.	
   (i)	
  
Spiral	
   birdcage	
   coil.	
   (j)	
   TEM-­resonator	
   arrays.	
  
(k)	
   Degenerate-­mode	
   birdcage	
   coil.	
   Red	
  
conductor	
   is	
   used	
   to	
   simultaneously	
   resonate	
  
the	
   uniform	
   and	
   gradient	
   modes.	
   (l)	
   Birdcage	
  
coil	
   designed	
   to	
   produce	
   spatial	
   harmonic	
  
sensitivities.	
  [7]	
  



Development	
  in	
  material:	
  

From	
  the	
  above	
  section,	
  we	
  can	
  understand	
  the	
  theory	
  and	
  the	
  basic	
  concept	
  

of	
   SNR	
  and	
  Q	
   factor	
   in	
  MRI	
  RF	
   system.	
   In	
   the	
   equation	
   (18),	
  we	
   can	
   find	
   that	
   the	
  

material	
   of	
   RF	
   coils	
   is	
   an	
   important	
   factor	
   for	
   SNR.	
   	
   Considering	
   the	
   equation	
   in	
  

more	
  specific	
  condition,	
  the	
  relationship	
  can	
  be	
  expressed	
  as:	
  

€ 

SNR ∝ B1
(TcoilRcoil +TsampleRsample ) 	
   	
   	
   	
   	
   	
   	
   	
  	
  	
  	
  	
  (19)	
  

Where	
   Tcoil	
   and	
   Tsample	
   are	
   the	
   temperature	
   of	
   a	
   coil	
   and	
   an	
   imaged	
   sample	
  

respectively.	
   From	
   the	
   above	
   equation,	
   we	
   can	
   expect	
   a	
   SNR	
   improvement	
   by	
  

applying	
  material	
  with	
   lower	
   resistance	
  or	
   lower	
   the	
  environment	
   temperature	
  of	
  

coils.	
  The	
  SNR	
  gain	
  can	
  be	
  expressed	
  as:	
  

€ 

SNRgain ∝
(Tcoil

copperRcoil
copper +TsampleRsample )

(Tcoil
1 Rcoil

1 +TsampleRsample )
	
   	
   	
   	
   	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (20)	
  

Here	
  we	
  assume	
  the	
  comparison	
  is	
  between	
  an	
  improved	
  RF	
  coil	
  and	
  a	
  conventional	
  

copper	
  RF	
  coil	
   in	
   the	
  same	
  configuration,	
   thus	
  we	
  can	
   ignore	
   the	
  effect	
  of	
  B1	
   field.	
  

From	
  equation	
  (20),	
  we	
  can	
  find	
  that	
  SNR	
  gain	
  will	
  be	
  more	
  significant	
  if	
  the	
  Rsample	
  

is	
   lower.	
   Therefore,	
   in	
   the	
   small	
   animal	
   imaging,	
   reducing	
   the	
   noise	
   from	
   a	
   coil	
  

allows	
   for	
   a	
   significant	
   increase	
   in	
   SNR.	
   In	
   the	
   following,	
   we	
   will	
   discuss	
   three	
  

commonly	
  used	
  means	
  to	
  improve	
  SNR	
  in	
  the	
  same	
  RF	
  coil	
  configuration.	
  

1)	
  Silver	
  RF	
  coils:	
  

Silver	
  is	
  usually	
  used	
  to	
  replace	
  conventional	
  copper	
  material	
  to	
  manufacture	
  

a	
  RF	
   coil	
  because	
  of	
   its	
   lower	
   resistivity	
   than	
  copper.	
  Comparing	
   the	
   resistivity	
  of	
  

silver	
   (1.59	
   x	
   10-­‐8	
  (Ωm))	
  with	
   the	
   resistivity	
   of	
   copper	
   (1.72	
   x	
   10-­‐8(Ωm)),	
  we	
   can	
  

find	
  that	
  the	
  resistance	
  of	
  a	
  silver	
  RF	
  coil	
  is	
  smaller	
  than	
  the	
  resistance	
  of	
  a	
  copper	
  

RF	
   coil	
   in	
   the	
   same	
   configuration.	
   Thus,	
   the	
   SNR	
   acquired	
   by	
   using	
   a	
   silver	
   coil	
  

would	
   be	
   higher	
   than	
   the	
   SNR	
   acquired	
   by	
   using	
   a	
   copper	
   coil,	
   and	
   the	
   SNR	
   gain	
  

varies	
  with	
  different	
  imaged	
  samples.	
  

2)	
  Cryogenic	
  RF	
  coils:	
  

From	
   equation	
   (20),	
   we	
   can	
   find	
   that	
   the	
   SNR	
   would	
   be	
   enhanced	
   by	
  

reducing	
  the	
  temperature	
  of	
  a	
  cryogenic	
  coil.	
  Thus,	
  various	
  cryogenic	
  RF	
  coils	
  have	
  



been	
   developed	
   to	
   improve	
   the	
   imaging	
   quality	
   in	
   animal	
   MRI	
   or	
   MRS.	
   Liquid	
  

nitrogen	
  is	
  the	
  most	
  used	
  medium	
  to	
  cool	
  down	
  the	
  temperature	
  of	
  a	
  RF	
  coil	
  to	
  the	
  

temperature	
   of	
   77K.	
   The	
   SNR	
   gain	
   in	
   animal	
   imaging	
   can	
   achieve	
   around	
   1.5	
   –	
   2	
  

folders	
  comparing	
  with	
  the	
  coils	
  in	
  normal	
  condition	
  (room	
  temperature)[8].	
  	
  

	
  
Figure	
   7.	
   In	
   vivo	
   axial	
   images	
   of	
   the	
   murine	
   brain.	
   Images	
   were	
   acquired	
   using	
   the	
   spin	
   echo	
   (upper	
   row)	
   and	
  
gradient	
  echo	
  sequences	
  (lower	
  row).	
  Left:	
  cryogenic	
  probe	
  (CryoProbe);	
  Center:	
  room	
  temperature	
  surface	
  coil	
  (RT-­
SC);	
  Right:	
  room	
  temperature	
  volume	
  resonator	
  (RT-­VR).	
  The	
  circles	
   indicate	
   the	
  analyzed	
  ROIs	
  and	
  the	
   individual	
  
SNR	
  gains	
  are	
  specified.	
  [8]	
  

3)	
  High	
  temperature	
  superconducting	
  RF	
  coils:	
  

In	
   the	
   above	
   two	
   methods,	
   we	
   have	
   already	
   understood	
   that	
   SNR	
   can	
   be	
  

improved	
  by	
  reducing	
   the	
  noise	
  of	
  a	
  coil	
  and	
   the	
   temperature	
  of	
  a	
  coil.	
  To	
   further	
  

enhance	
   the	
   imaging	
  quality,	
   high-­‐temperature	
   superconducting	
   (HTS)	
  material	
   is	
  

applied	
  to	
  the	
  RF	
  coils	
  to	
  provide	
  much	
  lower	
  coil	
  resistance	
  (almost	
  zero)	
  while	
  the	
  

HTS	
  RF	
  coil	
  achieves	
  the	
  superconducting	
  status	
  in	
  the	
  critical	
  low	
  temperature.	
  	
  

A	
  HTS	
  RF	
  coil	
  was	
  first	
  implemented	
  by	
  R.D.	
  Black	
  et	
  al.	
  in	
  1993	
  [9].	
  The	
  HTS	
  

RF	
   coil	
  was	
  manufactured	
   from	
  YBCO	
  material,	
   and	
   the	
   coil	
  was	
   patterned	
   into	
   a	
  

split	
   ring	
   shape	
   (18-­‐mm	
   outer	
   and	
   14-­‐mm	
   inner	
   diameter)	
   on	
   each	
   side	
   of	
   the	
  

substrate.	
   SNR	
   improvement	
   of	
   about	
   10	
   times	
   was	
   observed	
   from	
   phantom	
  

imaging	
  results	
  at	
  7-­‐Tesla	
  and	
  at	
  4.2K	
  compared	
  with	
  a	
  room	
  temperature	
  copper	
  

minor differences in pulse angle profiles used for pulse
angle calibration were observed. The mean variations of
the pulse angles between the two profiles were found
within a range of 1.8 ! 1.2° to 3.5 ! 2.1° for phantom and

in vivo experiments, respectively. Thus, after proper ad-
justment of pulse angles the amount of transverse magne-
tization generated can be assumed to be almost identical
for both surface coils.

FIG. 4. In vivo axial images of the murine brain. Images were acquired using the spin echo (upper row) and gradient echo sequences (lower
row). Left: cryogenic probe (CryoProbe); Center: room temperature surface coil (RT-SC); Right: room temperature volume resonator
(RT-VR). The circles indicate the analyzed ROIs and the individual SNR gains are specified.

FIG. 5. In vivo MR spectra acquired with a
PRESS sequence using the cryogenic RF probe
(a), a room temperature surface coil (b), and a
room temperature volume resonator (c). Voxel
dimensions were 4 " 4 " 4 mm3 and the ac-
quisition time for a single spectrum was 2 min
30 sec. Insets (two times magnified): Regions
used for noise calculations using an equal
scale. MM: macromolecules, Lac: lactate, NAA:
N-acetyl-aspartate, NAAG: N-acetyl-aspartyl-
glutamate, Gln: glutamine, Glu: glutamate, Cr:
creatine, PCr: phosphocreatine, PCho: phos-
phorylcholine, GPC: glycerophosphorylcholine,
Tau: taurine, Ins: myo-inositol.
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solenoid	
   RF	
   coil.	
   As	
   pioneers	
   of	
   HTS	
   RF	
   system,	
   R.D.	
   Black	
   et	
   al	
   [9]	
   provided	
   an	
  

insightful	
   analysis	
   on	
   the	
   design	
   principle	
   of	
   the	
   signal	
   coupling	
   network	
   and	
   the	
  

scaling	
  behavior	
  of	
  sample	
  and	
  coil	
  noise.	
  Thus,	
  this	
  is	
  also	
  an	
  important	
  reference	
  

for	
   later	
   researches.	
   In	
   the	
   following	
   developments,	
   S.E.	
   Hurlston	
   et	
   al	
   [10]	
  

manufactured	
  a	
  HTS	
  Helmholtz	
  probe	
  for	
  microscopy	
  at	
  9.4T	
  MRI	
  system.	
  This	
  HTS	
  

RF	
  coil	
  was	
  also	
  made	
  from	
  YBCO	
  in	
  a	
  thin	
  film	
  type,	
  but	
  it	
  was	
  designed	
  especially	
  

for	
   a	
   homogeneous	
   resonator.	
   The	
   SNR	
   gain	
   could	
   achieve	
   around	
   7	
   in	
   the	
  

comparison	
  with	
  a	
  copper	
  Helmholtz	
  coil.	
   In	
  the	
  above	
  examples,	
   the	
  HTS	
  RF	
  coils	
  

were	
   all	
  manufactured	
   from	
   thin	
   film	
   coils.	
  Hidehiko	
   et	
   al.	
   first	
   demonstrated	
   the	
  

concept	
  of	
  using	
  flexible	
  HTS	
  tapes	
  to	
  manufacture	
  RF	
  coils	
  in	
  1994.	
  Hidehiko	
  et	
  al.	
  

has	
   developed	
   a	
   large	
   size	
   (31x34	
   cm)	
   HTS	
   spine	
   coil	
   using	
   homemade	
   Bi-­‐2223	
  

coated	
   HTS	
   tape.	
   The	
   SNR	
   improvement	
   was	
   observed	
   about	
   1.6	
   times	
   in	
   spine	
  

images	
   by	
   using	
   HTS	
   RF	
   coil	
   at	
   77K	
   compared	
   with	
   a	
   copper	
   coil	
   in	
   the	
   same	
  

configuration	
   at	
   room	
   temperature.	
   In	
   2005,	
   Lee	
   et	
   al.	
   developed	
   a	
  HTS	
   receiving	
  

coil	
  for	
  MRI.	
  Commercial	
  Bi2223	
  tape	
  coils	
  were	
  used	
  to	
  manufacture	
  HTS	
  RF	
  coils	
  

[12].	
   The	
   coils	
   were	
   designed	
   in	
   the	
   type	
   of	
   surface	
   coils,	
   and	
   the	
   SNR	
   gain	
   was	
  

achieved	
  around	
  2.56	
  in	
  the	
  kiwi	
  imaging	
  compared	
  with	
  a	
  copper	
  coil	
  at	
  300K,	
  and	
  

the	
  SNR	
  gain	
  was	
  2	
   in	
   the	
  comparison	
  between	
  a	
  HTS	
  RF	
  coil	
  and	
  a	
  copper	
  coil	
  at	
  

77K	
  in	
  murine	
  brain	
  images	
  [11].	
  

a)	
   b)	
  
Figure	
  8.	
  Images	
  of	
  Kiwi	
  	
  a)	
  Using	
  Bi2223	
  tape	
  HTS	
  RF	
  coil	
  at	
  77.4K,	
  which	
  SNR	
  =	
  77.1,	
  b)Using	
  conventional	
  copper	
  

coil	
  at	
  300K,	
  which	
  SNR	
  =	
  30.	
  The	
  SNR	
  gain	
  is	
  2.58	
  [11]	
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Fig. 3. Images of phantoms with conductivity of 0 S/m, 0.5 S/m, 0.9 S/m, and
1.41 S/m respectively from left to right with. (a) Superconducting receiving coil;
(b) copper receiving coil of the same diameter at 77.4 K.

Fig. 4. The SNR gain of the HTS coil over the copper coil at 77.4 K for
phantoms with different conductivities.

the calculated and the measured data. The SNR is decreased
when the conductivity of the phantom is increased. The losses
inherent in magnetic resonance imaging are the coil loss in the
receiving coil and the sample loss in the conductive samples.
In the present measurement, the rf loss is fixed for phantoms,
therefore the decreased SNR is due to higher conduction loss
for samples with higher conductivity.

Fig. 5 shows the images of a kiwi fruit using the HTS tape
coil and the copper coil of diameter 7 cm. Using HTS coil, we
obtained loaded and at 77.4 K. Using
the conventional copper coil, we obtained the loaded

, at 77.4 K and and at
300 K. The superconducting coil shows SNR gain of 1.39 and
2.56 over the conventional copper coil at 77.4 K and 300 K,
respectively. In the present imaging, the distance between the
imaging slice and coils are 5 cm for HTS coil and 3 cm the
copper coil in the experiment. We expected to have a better SNR
if we further optimize the distance between the HTS coil and
samples [5].

Using a smaller superconducting tape re-
ceiving coil of 4 cm in diameter, we imaged brain of rats. The
configuration of the imaging system is shown in Fig. 6. The bore
diameter of the gradient coil is 7 cm. The receiving coil is a bit
different from that of Fig. 1. The receiving coil is connected to a

Fig. 5. The imaging of the kiwi with a SNR of (a) 77.1 using HTS
tape coil at 77.4 K, (b) 51.3 using copper coil at 77.4 K,

and (c) 30 using copper coil at 300 K.

Fig. 6. Configuration of the imaging system for rats with HTS tape coil of
4 cm in diameter at 77.4 K.

high Q capacitor so that the receiving coil can be tuned to reso-
nance frequency of the 3 Tesla MRI system by adjusting the ca-
pacitance. The rat is placed under the liquid nitrogen contained
which the liquid nitrogen can be supplied from outside.
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a) b)	
  
Figure	
  9.	
  Images	
  of	
  murine	
  brain.	
  a)	
  Using	
  a	
  HTS	
  coil	
  at	
  77.4K,	
  SNR	
  =	
  60.	
  b)	
  Using	
  a	
  copper	
  coil	
  at	
  77.4K,	
  SNR	
  =	
  30.	
  The	
  

SNR	
  gain	
  is	
  2	
  by	
  comparing	
  these	
  two	
  images.[11]	
  

FUTURE	
  OF	
  MRI	
  RF	
  SYSTEM:	
  

In	
  the	
  past	
  decades,	
  the	
  MRI	
  RF	
  system	
  has	
  been	
  advancing	
  in	
  various	
  means	
  

to	
  improve	
  the	
  performance	
  of	
  MRI.	
  Based	
  on	
  the	
  previous	
  development,	
  the	
  MRI	
  RF	
  

system	
  can	
  be	
  further	
  improved	
  to	
  acquire	
  with	
  higher	
  resolution	
  and	
  higher	
  SNR.	
  

In	
  the	
  following,	
  we	
  are	
  going	
  to	
  discuss	
  4	
  novel	
  MRI	
  RF	
  systems	
  that	
  might	
  lead	
  to	
  

significant	
  influence	
  for	
  the	
  future	
  MRI.	
  	
  

1)	
  Multi	
  channel	
  RF	
  array	
  system:	
  

	
  	
   The	
  number	
  of	
  channels	
  in	
  phased	
  array	
  RF	
  coil	
  has	
  been	
  advancing	
  from	
  2	
  

to	
  256	
   in	
   the	
  past	
  years.	
  As	
  mentioned	
  above,	
   the	
  more	
  channels	
   for	
  an	
  array	
  coil	
  

can	
   provide	
   larger	
   imaging	
   area	
   but	
   still	
  maintain	
   high	
   SNR,	
  which	
   combines	
   the	
  

advantages	
  of	
  both	
  large	
  coil	
  and	
  small	
  coil.	
   In	
  the	
  following	
  development	
  of	
  array	
  

coils,	
   the	
   performance	
   of	
   array	
   can	
   be	
   significantly	
   enhanced	
   by	
   increasing	
   the	
  

number	
  of	
  channels,	
  improving	
  the	
  preamp	
  and	
  decoupling	
  circuit,	
  and	
  changing	
  the	
  

material.	
  Based	
  on	
  the	
  improvement	
  of	
  hardware,	
  the	
  array	
  coils	
  can	
  achieve	
  higher	
  

accelerating	
   factors	
   with	
   high	
   imaging	
   quality	
   by	
   applying	
   the	
   parallel	
   imaging	
  

techniques.	
  	
  	
  

2)	
  Micro-­‐MRI	
  RF	
  coils:	
  

	
   A	
  micro-­‐MRI	
  RF	
  coil	
   is	
  the	
  coil	
  especially	
  designed	
  for	
  the	
  purpose	
  of	
  micro	
  

MR	
   imaging.	
   The	
  modern	
   RF	
   coils	
   basically	
   are	
   still	
   mainly	
   designed	
   for	
   imaging	
  

certain	
  area	
  of	
  organs	
   (brain,	
   spine,	
  knee,	
  etc).	
   	
  With	
   the	
  development	
  of	
  RF	
  coils,	
  

scientists	
  try	
  to	
  design	
  RF	
  coils	
  that	
  can	
  provide	
  higher	
  resolution	
  for	
  small	
  regional	
  

images	
   and	
   provide	
  more	
   bio-­‐information	
   in	
   detail.	
   Thus,	
  micro-­‐MRI	
   RF	
   coils	
   are	
  

rapidly	
   developed	
   to	
   investigate	
   the	
   MRI	
   images	
   from	
   micrometer	
   to	
   nanometer	
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Fig. 7. Images of the brain of a rat with (a) HTS coil with the SNR of 60, and
(b) the copper coil with SNR of 30. The copper coil and the HTS coil are at
77.4 K.

Fig. 7 shows a comparison of the images of the brain of rat
taken with HTS tape receiver coil (a) and copper receiver coil (b)
of 4 cm in diameter at 77.4 K. We obtained a gain of 2 of SNR
at 77.4 K. This improved SNR gain is very promising in high
resolution imaging of small animals in high magnetic fields.

IV. CONCLUSION

In the present work tape receiving coils
were designed to image small samples. It was observed that
the HTS receiver coils have much higher SNR than copper re-
ceiver coils. The better SNR improvement was achieved in the
kiwi imaging and the braining imaging of rat compared with
copper receiver coil. Therefore HTS coils have a great potential
to provide better SNR improvement for MRI application. This
is very beneficial when doing experiments that usually take a
longer time, such as the diffusion imaging. This result opens
new prospective for application of high- coil in the diction of
a weak signal of radio frequency signal in MRI.
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scale.	
  [12][13]	
  In	
  the	
  future,	
  a	
  micro	
  RF	
  coil	
  will	
  play	
  an	
  important	
  role	
  in	
  molecular	
  

imaging	
  and	
  high-­‐resolution	
  imaging,	
  which	
  can	
  unveil	
  the	
  hidden	
  information	
  that	
  

has	
  not	
  been	
  discovered	
  until	
  now.	
  	
  

	
  
Figure	
  10.	
  Structural	
  in	
  vivo	
  micro	
  MR	
  image	
  of	
  the	
  mouse	
  cerebellum	
  (a)	
  and	
  the	
  corresponding	
  histological	
  section	
  
(Nissl	
  staining)	
  (b).	
  An	
  SNR	
  value	
  of	
  32	
  was	
  found	
  for	
  the	
  ROI	
  indicated	
  in	
  Fig.	
  3a.	
  The	
  following	
  micro-­structures	
  can	
  
be	
  identified	
  on	
  the	
  MR	
  image:	
  11⁄4white	
  matter;	
  2	
  1⁄4	
  granular	
  layer;	
  3	
  1⁄4	
  Purkinje	
  cell	
  layer;	
  4	
  1⁄4	
  molecular	
  layer.	
  
The	
  resolution	
  of	
  image	
  (a)	
  is	
  30	
  µm	
  x	
  30	
  µm.	
  [13]	
  

3)	
  Traveling-­‐wave	
  RF	
  system:	
  

	
   In	
   conventional	
   MRI	
   RF	
   system,	
   the	
   signal	
   detection	
   is	
   based	
   on	
   Faraday	
  

induction	
  between	
  a	
  RF	
  coil	
  and	
  an	
  imaged	
  sample,	
  which	
  requires	
  one	
  or	
  multiple	
  

RF	
  coils	
  to	
  be	
  close	
  to	
  the	
  sample.	
  The	
  traveling-­‐wave	
  RF	
  system	
  is	
  a	
  novel	
  MRI	
  RF	
  

system	
   that	
   can	
   excite	
   and	
   receive	
   signals	
   by	
   long-­‐range	
   interaction,	
   which	
   is	
  

developed	
  based	
  on	
  traveling	
  RF	
  waves	
  transmitted	
  and	
  received	
  by	
  an	
  antenna.	
  In	
  

2009,	
   Brunner	
   et	
   al.	
   [15]	
   successfully	
   implement	
   this	
   method,	
   and	
   they	
   also	
  

demonstrate	
  a	
  uniform	
   in-­‐vivo	
  MRI	
   image.	
  The	
  benefit	
  of	
   this	
  RF	
   system	
   is	
   that	
   it	
  

can	
  provide	
  more	
  uniform	
  coverage	
  of	
  samples	
  that	
  are	
  larger	
  than	
  the	
  wavelength	
  

of	
   the	
  MRI	
   signal,	
   and	
   the	
   conventional	
  RF	
   coils	
   that	
   are	
   close	
   to	
   a	
   sample	
  are	
  no	
  

longer	
   needed.	
   However,	
   this	
   system	
   is	
   still	
   not	
  mature,	
   and	
   there	
   are	
   still	
   some	
  

problems	
   that	
   need	
   to	
   be	
   solved.	
   Once	
   the	
   theory	
   has	
   been	
   developed	
   for	
   more	
  

mature	
  area,	
  the	
  full	
  benefits	
  can	
  be	
  realized	
  more.	
  

reproducible positioning of the mouse head. The average sagittal
misalignment as expressed by a rotation around the head–feet
axis corresponded to an angle of 0.188with a range of!5 toþ58.
When comparing the CryoProbe versus the RT coil, the SNR gain
varied between 2.95# 0.16 at a depth of 1.8mm and 2.40# 0.18
at 5.5mm for the FLASH sequence and between 2.62# 0.21 at
2.4mm and 2.24# 0.24 at 5.5mm for the RARE sequence. On
excluding the ROI nearest to the coil, average SNR gains of 2.55
and 2.44 for FLASH and RARE sequences, respectively, were
determined for the volume sampled.
High-resolution images of the cerebellum in sagittal view

(Fig. 3a) revealed superior image quality on using the CryoProbe
as compared to the RT coil setup. The blown-up region of the
image acquired using the CryoProbe comprising the cerebellar
structures (Fig. 3a: solid square) enabled the identification of
structural details with sufficient CNR even when using thin slices
of thickness 170mm only (Fig. 3c); this was not possible in the
image recorded with the RT coil due to the inferior CNR (Fig. 3e).

Figure 4. Axial MIPs of time-of-flight angiographic volume data of two different animals, one acquired using the CryoProbe (a, b) and the other using the
RT coil setup (c, d). Magnifications (b, d) show the intracranial area (solid white squares). CNR evaluation (e) of two vessels (A, B) at different distances from
the CryoProbe (red: CRPA, orange: CRP B) and the RT surface coil (blue: RTA, light blue: RT B), respectively (noise ROI indicated as dashed white squares in a, c).

Figure 5. Structural in vivomicro MR image of the mouse cerebellum (a)
and the corresponding histological section (Nissl staining) (b). An SNR
value of 32 was found for the ROI indicated in Fig. 3a. The following
micro-structures can be identified on the MR image: 1¼white matter;
2¼granular layer; 3¼ Purkinje cell layer; 4¼molecular layer.

www.interscience.wiley.com/journal/nbm Copyright ! 2009 John Wiley & Sons, Ltd. NMR Biomed. 2009; 22: 834–842
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Figure	
  11.	
  Concept	
  of	
  traveling-­wave	
  RF	
  system.	
  a,	
  Traditional	
  resonant	
  probes	
  transmit	
  a	
  RF	
  wave	
  within	
  the	
  sample.	
  
It	
  generates	
  B	
  field	
  that	
  causes	
  nutation	
  of	
  nuclear	
  magnetization,	
  M.	
  b,	
  In	
  this	
  approach,	
  an	
  antenna	
  probe	
  is	
  utilized	
  
to	
  receive	
  the	
  signals	
  form	
  sample	
  through	
  a	
  travelling	
  wave.	
  c,	
  In	
  a	
  wide-­bore,	
  high-­field	
  magnet,	
  such	
  waves	
  can	
  be	
  
guided	
  by	
  a	
  conductive	
  lining,	
  permitting	
  remote	
  MRI	
  excitation	
  and	
  detection	
  with	
  an	
  antenna	
  at	
  the	
  end	
  of	
  the	
  
magnet[15].	
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LETTERS

Travelling-wave nuclear magnetic resonance
David O. Brunner1, Nicola De Zanche1, Jürg Fröhlich2, Jan Paska2 & Klaas P. Pruessmann1

Nuclear magnetic resonance1,2 (NMR) is one of the most versatile
experimental methods in chemistry, physics and biology3, provid-
ing insight into the structure and dynamics of matter at the
molecular scale. Its imaging variant—magnetic resonance
imaging4,5 (MRI)—is widely used to examine the anatomy, physi-
ology andmetabolism of the human body. NMR signal detection is
traditionally based on Faraday induction6 in one or multiple
radio-frequency resonators7–10 that are brought into close proxi-
mity with the sample. Alternative principles involving structured-
material flux guides11, superconducting quantum interference
devices12, atomicmagnetometers13, Hall probes14 ormagnetoresis-
tive elements15 have been explored. However, a common feature of
all NMR implementations until now is that they rely on close
coupling between the detector and the object under investigation.
Here we show that NMR can also be excited and detected by long-
range interaction, relying on travelling radio-frequencywaves sent
and received by an antenna. One benefit of this approach is more
uniform coverage of samples that are larger than thewavelength of
the NMR signal—an important current issue in MRI of humans at
very high magnetic fields. By allowing a significant distance
between the probe and the sample, travelling-wave interaction
also introduces new possibilities in the design of NMR experi-
ments and systems.

Uniformspatial coverage inNMRandMRI is traditionally achieved
by tailoring the reactive near field of resonant Faraday probes7–10. This
approach is valid when the radio-frequency wavelength at the Larmor
frequency is substantially larger than the target volume, which does
not hold for modern, wide-bore, high-field systems. At the highest
field strength currently used for human studies, 9.4 T (refs 16, 17), the
resonance frequency of hydrogen nuclei reaches 400MHz, corres-
ponding to a wavelength in tissue on the order of 10 cm. At such short
wavelengths, head or body resonators form standing-wave field
patterns, which degrade MRI results by causing regional signal losses
and perturbing the contrast between different types of tissue.

The non-uniformity of standing waves is due to the underlying
electrodynamics, which require that the magnetic field exhibit curva-
ture according to its frequency and the ambient material. Standing
waves fulfil this condition by having spatial variation in the fieldmag-
nitude (Fig. 1a). However, the required field curvature can also be
translated, partly orwholly, into phase variation.By causing theunder-
lying field pattern to propagate through space, such phase variation
reduces the variation of the fieldmagnitude. Notably, the limiting case
of a plane wave has a perfectly uniformmagnitude at any wavelength.
In addition, travelling radio-frequency waves offer a natural means of
exciting and detecting NMR across large distances (Fig. 1b).

Despite these attractive features, travelling-wave NMR has not
been explored so far. In traditional cylindrical set-ups, the formation
of travelling waves at the NMR frequency is suppressed by structures
surrounding the sample, such as gradient coils, cryostats, and radio-
frequency screens. Their conductive surfaces admit axially travelling
waves only beyond some cut-off frequency that is roughly inversely

proportional to the bore width. Therefore, travelling-wave NMR
requires a high-field magnet that also has a wide bore to bring the
cut-off frequency below the NMR frequency.
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Figure 1 | Working principles of traditional and travelling-wave NMR.
a, Traditional resonant probes form a standing radio-frequency wave within
the sample. Its magnetic component, B, causes nutation of the nuclear
magnetization, M, and governs the probe’s receive sensitivity. b, In our
approach, an antenna probe interacts with the sample through a travelling
wave. c, In a wide-bore, high-field magnet, such waves can be guided by a
conductive lining, permitting remote NMR excitation and detection with an
antenna at the end of the magnet. d, Sketch of the circularly polarized patch
antenna used for the initial implementation of this idea. PMMA,
poly(methyl methacrylate).
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