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IInnfflluueennccee  ooff  DDeessiiggnn  PPaarraammeetteerrss  oonn  AAddjjaacceenntt  TTrraacckk  IInntteerrffeerreennccee  
iinn  HHeeaatteedd--DDoott  MMaaggnneettiicc  RReeccoorrddiinngg  

  
T. Kobayashi and I. Tagawa* 

Graduate School of Engineering, Mie Univ., 1577 Kurimamachiya-cho, Tsu 514-8507, Japan 
*Electrical and Electronic Engineering, Tohoku Institute of Technology, 35-1 Yagiyama-Kasumicho, Sendai 982-8577, Japan 

 
  We discuss the influence of design parameters on adjacent track interference (ATI) in 4 Tbpsi heated-dot magnetic 
recording where the parameters are the mean Curie temperature, Curie temperature variation, anisotropy constant 
ratio, dot size variation, Gilbert damping constant, writing field magnitude, and writing field angle. We calculate the 
dot height to achieve a bit error rate of 10-3 after adjacent track writing as a function of the design parameters. The 
dot height must be increased when we choose a lower mean Curie temperature, since the thermal gradient decreases 
simultaneously. The adjacent track temperature is related to the Curie temperature variation via the writing 
temperature. ATI is strongly affected by the anisotropy constant ratio. The dot height must be increased as the dot 
size variation increases, since the probability of a small dot appearing increases. The Gilbert damping constant has 
an effect on ATI. Since a writing field magnitude of 10 kOe is relatively small against the anisotropy field, the increase 
in the dot height is relatively small when the writing field magnitude increases from 10 to 15 kOe or the writing field 
angle changes from 180 to 135 deg. 
 
KKeeyy  wwoorrddss:: HDMR, ATI, mean Curie temperature, Curie temperature variation, anisotropy constant ratio, dot size 
variation, Gilbert damping constant, writing field magnitude, writing field angle 

 
 

11..  IInnttrroodduuccttiioonn  
 

  Many magnetic recording methods have been 
proposed to solve the trilemma problem1) of conventional 
magnetic recording (CMR) on granular media. These 
methods include shingled magnetic recording (SMR), 
microwave-assisted magnetic recording (MAMR), heat-
assisted magnetic recording (HAMR), bit patterned 
media (BPM), and three-dimensional magnetic 
recording (3D MR). 
  The challenges facing the design of MR media are 
(1) information stability during 10 years of archiving, 
known as the 𝐾𝐾!𝑉𝑉 (𝑘𝑘𝑘𝑘)⁄  problem1), where 𝐾𝐾!, 𝑉𝑉, 𝑘𝑘, and 
𝑘𝑘 are respectively the grain or dot anisotropy constant, 
volume, Boltzmann constant, and temperature, 
(2) information stability in an adjacent track during 
writing, known as the adjacent track interference (ATI) 
problem, and 
(3) the writing field dependence of the bit error rate 
(bER), namely writability. 
  Micromagnetic calculation is useful for examining (2) 
in SMR and (3). However, this is not practical due to the 
long calculation time required for subjects (1) and (2) in 
CMR because of the 103-104 times rewrite in the adjacent 
track. We have proposed a model calculation employing 
the Néel-Arrhenius model with a Stoner-Wohlfarth 
grain or dot. This model is applicable to all three 
subjects2) including SMR and CMR. 
  The above three subjects, namely (1), (2), and (3), must 
be dealt with simultaneously, since they are in a trade-
off relationship. For example, if the design parameter of 

the anisotropy constant ratio is larger, the information 
in (1) and (2) is more stable, but (3) the writability will 
be worse even for HAMR. The anisotropy constant ratio 
𝐾𝐾!/𝐾𝐾"!#$, which we introduced3), is the intrinsic ratio of 
the medium anisotropy constant to the bulk FePt 
anisotropy constant. The 𝐾𝐾!/𝐾𝐾"!#$ value is independent 
of the Curie temperature 𝑘𝑘% , and is constant for any 
temperature from zero Kelvin to 𝑘𝑘%.  The design 
parameters are related to each other in a complex 
manner. It is necessary to examine the influence of the 
design parameters on the above three subjects when 
designing the medium. 
  Akagi et al. reported (3) the recording performance of 
heated-dot magnetic recording (HDMR)4), namely 
HAMR on BPM, employing micromagnetic calculation. 
We have previously discussed information stability (1) 
during 10 years of archiving and (2) during adjacent 
track (AT) writing for HDMR5) employing our model 
calculation, in which we have calculated the dot height 
to achieve a bER of 10-3 after AT writing as a function of 
the thermal gradient for the cross-track direction. 
  In this paper, as a first step in examining the trade-off 
relationship between (2) ATI and (3) the writability, we 
discuss the influence of the design parameters on (2) ATI 
in 4 Tbpsi HDMR where the parameters are the mean 
Curie temperature, Curie temperature variation, 
anisotropy constant ratio, dot size variation, Gilbert 
damping constant, writing field magnitude, and writing 
field angle. We calculate the dot height to achieve a bit 
error rate of 10-3 after adjacent track writing as a 
function of the design parameters. 
 
 

 

                                             
Corresponding author: T. Kobayashi (e-mail: kobayasi 
@phen.mie-u.ac.jp). 
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22..  CCaallccuullaattiioonn  CCoonnddiittiioonn  aanndd  MMeetthhoodd  
 

22..11  DDoott  aarrrraannggeemmeenntt  aanndd  mmeeddiiuumm  ssttrruuccttuurree  
  Figure 1 shows the dot arrangement and medium 
structure in 4 Tbpsi HDMR where 𝐷𝐷& , 𝐷𝐷' , and ℎ are 
the dot sizes for the down-track and cross-track 
directions, and the dot height, respectively. The bit 
length 𝐷𝐷( and track width 𝐷𝐷) were both 12.7 nm. We 
assumed that the mean dot size 𝐷𝐷*  and mean dot 
spacing Δ+ are the same for both the down-track and 
cross-track directions, namely 𝐷𝐷* = Δ+ = 6.35 nm. The 
ℎ values were 5.1 and 2.8 nm for the standard values in 
conventional and shingled HDMR, respectively. 
  There are two cases for the dot sizes 𝐷𝐷&  and 𝐷𝐷' 
according to the dot manufacturing method. (1) In one 
case, the 𝐷𝐷& and 𝐷𝐷' sizes are the same, and the 𝐷𝐷& =
𝐷𝐷' size fluctuates. (2) Another case is that the 𝐷𝐷& and 
𝐷𝐷' sizes fluctuate independently. We examined (1) the 
𝐷𝐷& = 𝐷𝐷'  case, since the bER is larger for the same ℎ 
value5). We generated a random number 𝐷𝐷& = 𝐷𝐷' 
according to a log-normal distribution with a standard 
deviation 𝜎𝜎+. We used a 𝜎𝜎+/𝐷𝐷* value of 15 % for the 
standard value. 
 
22..22  MMaaggnneettiicc  pprrooppeerrttiieess 
  The temperature dependence of the medium 
magnetization 𝑀𝑀,  was calculated by employing mean 
field analysis6), and that of the 𝐾𝐾! value was assumed 
to be proportional to 𝑀𝑀,

-7). 𝑀𝑀,(𝑇𝑇% = 770	K, 𝑇𝑇 = 300	K) = 
1000 emu /cm3 was assumed for FePt. Based on this 
assumption, the 𝑀𝑀,  value can be calculated for all 
values of 𝑇𝑇% and 𝑇𝑇. 
  𝐾𝐾!(𝑇𝑇% = 770	K, 𝐾𝐾!/𝐾𝐾"!#$ = 1, 𝑇𝑇 = 300	K) = 70 Merg/cm3 
was assumed for bulk FePt. Using this assumption, we 
can calculate 𝐾𝐾! for all values of 𝑇𝑇%, 𝐾𝐾!/𝐾𝐾"!#$, and 𝑇𝑇. 
No intrinsic distribution of 𝐾𝐾! was assumed. However, 
there was a fluctuation in 𝐾𝐾! caused by 𝑇𝑇% variation. 
  The 𝑇𝑇% value of each dot can be adjusted by changing 
the Cu composition 𝑧𝑧 for (Fe..0Pt..0)123Cu3. 
  With a 𝑇𝑇% value of 750 K and a 𝐾𝐾!/𝐾𝐾"!#$ value of 0.8, 
in this work we obtain a 𝐾𝐾! value of 51 Merg/cm3 and 
an anisotropy field 𝐻𝐻$  of 107 kOe at a readout 
 

 
FFiigg..  11 Dot arrangement and medium structure. 

temperature of 330 K. 
 
22..33  TTeemmppeerraattuurree  pprrooffiillee  
  The writing temperature 𝑇𝑇4 for the dot was assumed 
to be 
   
  𝑇𝑇4 = 𝑇𝑇%* + 3𝜎𝜎)%   (1) 
   
as shown in Fig. 1 where 𝑇𝑇%*  and 𝜎𝜎)%  are the mean 
Curie temperature and the standard deviation of 𝑇𝑇%*, 
respectively, taking account of the 𝑇𝑇% variation. The 𝑇𝑇% 
distribution was assumed to be normal. Based on this 
assumption, 99.9 % of dots in the writing track are 
heated to above their 𝑇𝑇%  values during the writing 
period. We used 𝑇𝑇%* and 𝜎𝜎)%/𝑇𝑇%* values of 750 K and 
2 %, respectively, for the standard values. 
  For simplicity, the thermal gradient d𝑇𝑇/d𝑦𝑦  in the 
cross-track direction was assumed to be constant 
anywhere. The thermal gradient in the down-track 
direction was zero, since the exposure time for writing 
has little effect on the results as shown below in 3.1. 
Since the d𝑇𝑇/d𝑦𝑦 value can be adjusted by changing the 
medium structure, we used a d𝑇𝑇/d𝑦𝑦 value of 14 K/nm 
for the standard value. 
  When the 𝑇𝑇%*  value decreases from high Curie 
temperature 𝑇𝑇%*5  to low 𝑇𝑇%*6 , the thermal gradients 
also decrease from d𝑇𝑇5(𝑦𝑦)/d𝑦𝑦  to d𝑇𝑇6(𝑦𝑦)/d𝑦𝑦  as 
explained below. If the medium structure is the same, 
the difference between the medium temperature 𝑇𝑇7(𝑦𝑦) 
and ambient temperature 𝑇𝑇8*"  is proportional to the 
laser power 𝑃𝑃47  for heating regardless of the medium 
position 𝑦𝑦 where 𝑖𝑖 = H for media with 𝑇𝑇%*5 and 𝑖𝑖 = L 
for 𝑇𝑇%*6. Therefore, we can obtain the following equation. 
   
  !!(#)%!"#$

!%(#)%!"#$
=

&&!
&&%

. 
   
Since at the center of the track, 
   
  !!(#)%!"#$

!%(#)%!"#$
=

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

=
!'#!'()('!%!"#$
!'#%'()('%%!"#$

, 
   
  𝑇𝑇6(𝑦𝑦) − 𝑇𝑇8*" =

𝑇𝑇cmL+3𝜎𝜎TcL−𝑇𝑇amb
𝑇𝑇cmH+3𝜎𝜎TcH−𝑇𝑇amb

∙ (𝑇𝑇5(𝑦𝑦) − 𝑇𝑇8*"), 
   
we can obtain 
   
  /!!(#)

/#
=

!'#!'()('!%!"#$
!'#%'()('%%!"#$

∙
/!%(#)
/#

, 
   
  = 𝑇𝑇cmL(1+3×0.02)−330

750×(1+3×0.02)−330 × 14,   (2) 
   
for 𝑇𝑇%*5 = 750 K, where 𝑇𝑇45 and 𝑇𝑇46 are the writing 
temperatures for media with 𝑇𝑇%*5  and 𝑇𝑇%*6, 
respectively, and 𝜎𝜎)%5  and 𝜎𝜎)%6  are the standard 
deviations for media with 𝑇𝑇%*5 and 𝑇𝑇%*6, respectively. 
We assumed that the 𝑇𝑇8*" value was 330 K. 
  Although we do not deal the dependence of the 𝑇𝑇0 
variation on the Cu composition in this paper, we point 
out this in the following, since this will be important in 
actual HAMR and HDMR. When a third element is 
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FFiigg..  22 Curie temperature distribution for various mean 
Curie temperatures 𝑇𝑇%*. 
 
added to FePt to reduce its 𝑇𝑇%*, some dots contain more 
or less atoms of a third element than a mean number. 
Reducing 𝑇𝑇%*  by adding a third element intrinsically 
results in 𝑇𝑇% variation and the 𝑇𝑇% variation may lead to 
an increase in bER. Figure 2 shows the 𝑇𝑇% distribution 
for various 𝑇𝑇%*  values, in which the third element 
variation was calculated statistically and 𝑇𝑇%  was 
calculated by employing mean field analysis for an Fe 
site number 𝑛𝑛9: of 1000 in a dot. The 𝑇𝑇% distribution of 
course becomes zero for FePt (𝑇𝑇% ≈ 770	K) with no third 
element. The 𝑇𝑇%  variation increases as the third 
element number increases and the 𝑇𝑇%* value decreases. 
The 𝑇𝑇% standard deviation 𝜎𝜎)% is inversely proportional 
to L𝑛𝑛9:, namely √𝑉𝑉. We used a 𝜎𝜎)%/𝑇𝑇%* value of 2 % for 
the standard value. This problem is a subject for future 
study. 
 
22..44  AATTII  eevvaalluuaattiioonn  mmeetthhoodd 
  The information stability for 10 years of archiving has 
been discussed employing the Néel-Arrhenius model 
with a Stoner-Wohlfarth grain or dot. The attempt 
period 1/𝑓𝑓. has a value in picoseconds for FePt in heat-
assisted magnetic recording. Since the magnetization 
direction attempts to reverse with a certain probability 
at each attempt period, the information stability for 10 
years of archiving is extrapolated as a stack of 
phenomena in picoseconds. Therefore, the Néel-
Arrhenius model is valid for any time from the order of 
a picosecond to more than 10 years. Therefore, we have 
also applied the Néel-Arrhenius model to phenomena 
with a short time, and examined information stability 
during AT writing. 
  The magnetization reversal number 𝑁𝑁𝑁𝑁  for the dot 
from time 0 to 𝑁𝑁 is expressed as 
   
  𝑁𝑁𝑁𝑁 = 𝑓𝑓.𝑁𝑁	expS−𝐾𝐾;T,   (3) 
   
employing the Néel-Arrhenius model where 𝑓𝑓.  is the 
attempt frequency8). We assumed 𝑓𝑓. as 
   

  𝑓𝑓. = 𝛾𝛾𝛾𝛾
1+𝛾𝛾2

U𝑀𝑀s𝐻𝐻keff
3 𝑉𝑉

2𝜋𝜋𝜋𝜋𝜋𝜋 V1 + |𝐻𝐻w|cos𝜙𝜙
𝐻𝐻keff

W X1 − V|𝐻𝐻w|cos𝜙𝜙
𝐻𝐻keff

W
-
Y, 

(4) 

taking account of the effective anisotropy field 𝐻𝐻$:<< and 
writing field angle 𝜙𝜙 as shown in Fig. 3 where 𝛾𝛾, 𝛼𝛼, 
𝑉𝑉 = 𝐷𝐷&𝐷𝐷' × ℎ,  and |𝐻𝐻4|  are respectively the 
gyromagnetic ratio, Gilbert damping constant, dot 
volume, and writing field magnitude. 𝐾𝐾; is the thermal 
stability factor given by 
   
  𝐾𝐾; = 𝐸𝐸1−𝐸𝐸0

𝜋𝜋𝜋𝜋 ,    (5) 
   
where 𝐸𝐸1 − 𝐸𝐸.  is the energy barrier. The 𝑓𝑓.𝑁𝑁  value 
gives an attempt number for magnetization reversal, 
and the Boltzmann factor expS−𝐾𝐾;T is interpreted as 
the probability of magnetization reversal. 
  We have reported an approximate equation9) for 𝐸𝐸1 −
𝐸𝐸. in the Stoner-Wohlfarth dot for angles 𝜙𝜙 of 0 to 180 
deg, taking account of Pfeiffer’s approximation10) and 
shape anisotropy energy. When |𝐻𝐻4| = 0,  𝐸𝐸1 − 𝐸𝐸. 
becomes 𝐾𝐾!:<<𝑉𝑉 where 𝐾𝐾!:<<  is the effective anisotropy 
constant, taking account of the shape anisotropy. The 
approximate equations for 0 ≤ 𝜙𝜙 ≤ 90	deg  are 
summarized as follows, 
   

  
D:%D;
E<=>>F

= !1 + 2 !cos𝜙𝜙 −
G
H
" |I&|/I?=>>
I@&/I?=>>

"
𝑥𝑥
, 

   
  (|𝐻𝐻4| 𝐻𝐻$:<< ≤ 𝐻𝐻,4/𝐻𝐻$:<<⁄ ) 
   
  𝑥𝑥 = 2.0(𝐻𝐻,4/𝐻𝐻$:<<),   (6) 
   
and for 90 ≤ 𝜙𝜙 ≤ 180	deg, 
   

  
D:%D;
E<=>>F

= !1 −
|I&|/I?=>>
I@&/I?=>>

"
𝑥𝑥
, 

   
  (|𝐻𝐻4| 𝐻𝐻$:<< ≤ 𝐻𝐻,4/𝐻𝐻$:<<⁄ ) 
   
  𝑥𝑥 = 0.86 + 1.14(𝐻𝐻,4/𝐻𝐻$:<<),  (7) 
   
where 
   

  𝐾𝐾!:<< = 𝐾𝐾! +
(4𝜋𝜋−3𝑁𝑁𝑧𝑧)𝑀𝑀s

2

4 ,   (8) 
   

  𝑁𝑁3 = 8	arctanl
𝐷𝐷𝑥𝑥𝐷𝐷𝑦𝑦

ℎ>𝐷𝐷𝑥𝑥2+𝐷𝐷𝑦𝑦2+ℎ
2
m,   (9) 

   
  𝐻𝐻$:<< = 2𝐾𝐾ueff

𝑀𝑀s
,    (10) 

   
  I@&

I?=>>
=

G
(|PQRS|E/G'|TUPS|E/G)G/E

.  (11) 
   
𝐻𝐻,4  and 𝑁𝑁3  are respectively the magnetization 
switching field and demagnetizing factor. 
  The dot error probability 𝑃𝑃 from time 0 to 𝑁𝑁 is well-
known as 
   
  𝑃𝑃 = 1 − expn−𝑓𝑓.𝑁𝑁	expS−𝐾𝐾;To.  (12) 
   
If 𝑓𝑓.𝑁𝑁	expS−𝐾𝐾;T ≪ 1, Eq. (12) becomes 
   
  𝑃𝑃 = 𝑁𝑁𝑁𝑁 = 𝑓𝑓.𝑁𝑁	expS−𝐾𝐾;T.  (13) 
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FFiigg..  33 Definition of angles of magnetization 𝑴𝑴  and 
writing field 𝑯𝑯𝐰𝐰 vectors. 
 
TTaabbllee  11 Standard calculation conditions. 

 
 
Although the bER value is calculated using the 𝑃𝑃 
values of the grains in a bit for HAMR, the bER value is 
equal to the 𝑃𝑃 value for HDMR, since 1bit consists of 1 
dot. 
  The criterion determining whether or not information 
is stable was assumed to be a bER of 10-3. The bER in 
this paper is useful only for comparisons. 
  The standard calculation conditions are summarized 
in Table 1. We used an exposure time 𝑡𝑡  of 1 𝜇𝜇s  for 
writing in conventional HDMR, taking account of 103 
times rewrite. A 𝑡𝑡 value of 1 ns was used in shingled 
HDMR. The |𝐻𝐻4| and 𝜙𝜙 values were 10 kOe and 180 
deg, respectively. 

 
33..  CCaallccuullaattiioonn  RReessuullttss  

 
33..11  MMeeaann  CCuurriiee  tteemmppeerraattuurree  
  The 𝑇𝑇%* dependence of the bER after AT writing is 
shown in Fig. 4 (a). A 𝑡𝑡 value of 1 ns was used in 
shingled HDMR. However, the results for 1 ns and 0.5 

 
(a) 

 

 
(b) 

FFiigg..  44 (a) Bit error rate (bER) as a function of mean Curie 
temperature 𝑇𝑇%* after adjacent track (AT) writing for 
various exposure times 𝑡𝑡 for writing and (b) dot height 
ℎ to achieve a bER of 10-3 as a function of mean Curie 
temperature 𝑇𝑇%*. 
 
ns are almost the same, since 𝑡𝑡 is not a variable of the 
exponential function as shown in Eq. (13). 
  The AT temperature 𝑇𝑇8@A can be calculated as 
   
  𝑇𝑇8@A = 𝑇𝑇%* + 3𝜎𝜎)% −𝐷𝐷)

d𝑇𝑇
d𝑦𝑦,  (14) 

   
where 𝐷𝐷)  is the track width. We assumed a d𝑇𝑇/d𝑦𝑦 
value of 14 K/nm for 𝑇𝑇%* = 750	K  and lowered the 
d𝑇𝑇/d𝑦𝑦 value indicated in Fig. 4 according to Eq. (2) as 
the 𝑇𝑇%*  value decreased. We adjusted the ℎ value to 
2.8 nm so that the bER value reached 10-3 for 𝑇𝑇%* =
750	K and 𝑡𝑡 = 1	ns as shown in Fig. 4 (a). As a result, 
the bER value increases when we choose the lower 𝑇𝑇%* 
value, since the temperature difference 𝑇𝑇%* − 𝑇𝑇8@A 
decreases from 133 to 98 and 64 K as the d𝑇𝑇/d𝑦𝑦 value 
decreases from 14 to 10.8 and 7.62 K/nm, respectively. 
The 𝑇𝑇 value is a parameter with considerable impact, 
since 𝑇𝑇 is a variable of the exponential function via 𝐾𝐾;. 
  Figure 4 (b) shows the ℎ value needed to achieve a 
bER of 10-3 after AT writing as a function of 𝑇𝑇%*. The ℎ 
value must be increased strongly as the 𝑇𝑇%*  value 
decreases, since the 𝑇𝑇%* and d𝑇𝑇/d𝑦𝑦 values are closely 
related to each other. 
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33..22  𝑻𝑻𝐜𝐜  ssttaannddaarrdd  ddeevviiaattiioonn  
  Figure 5 shows the ℎ value as a function of 𝜎𝜎)%/𝑇𝑇%* 
for 𝑇𝑇%* = 750 K. When the 𝜎𝜎)%/𝑇𝑇%* value increases, the 
probability of a low 𝑇𝑇%  dot appearing increases. 
Furthermore, the 𝑇𝑇4 and d𝑇𝑇/d𝑦𝑦 values increase as the 
𝜎𝜎)%/𝑇𝑇%*  value increases according to Eqs. (1) and (2), 
respectively. The resultant 𝑇𝑇8@A  value calculated with 
Eq. (14) increases as the 𝜎𝜎)%/𝑇𝑇%*  value increases as 
indicated in Fig. 5. Therefore, the ℎ  value must be 
increased as the 𝜎𝜎)%/𝑇𝑇%* value increases. 
 
33..33  AAnniissoottrrooppyy  ccoonnssttaanntt  rraattiioo  
  We also examined the 𝐾𝐾!/𝐾𝐾"!#$  dependence of ℎ . 
When 𝐾𝐾!/𝐾𝐾"!#$ is halved from 0.8 to 0.4, 𝐾𝐾!:<< is also 
almost halved, since the shape anisotropy energy is 
small. Furthermore, 𝐻𝐻$:<< is almost halved and the 𝐾𝐾; 
value is reduced by less than half as 
   
  𝐾𝐾; = 𝐾𝐾ueff𝑉𝑉

𝑘𝑘𝑘𝑘 V1 − |𝐻𝐻w|
𝐻𝐻keff

W
-
.   (15) 

   
Therefore, the ℎ value for a bER of 10-3 must be more 
than doubled for a decrease in the 𝐾𝐾!/𝐾𝐾"!#$ value from 
0.8 to 0.4 as shown in Fig. 6. 
 
 

 
FFiigg..  55 Dot height ℎ to achieve a bER of 10-3 as a function 
of the standard deviation 𝜎𝜎)%/𝑇𝑇%*  of the Curie 
temperature after AT writing. 
 
 

 
FFiigg..  66 Dot height ℎ to achieve a bER of 10-3 as a function 
of anisotropy constant ratio 𝐾𝐾!/𝐾𝐾"!#$ after AT writing. 

33..44  DDoott  ssiizzee  vvaarriiaattiioonn  
  When the 𝜎𝜎+/𝐷𝐷* value increases, the probability of a 
small dot appearing increases. Therefore, the ℎ value 
must be increased as the 𝜎𝜎+/𝐷𝐷*  value increases as 
shown in Fig. 7. 
 
33..55  GGiillbbeerrtt  ddaammppiinngg  ccoonnssttaanntt  
  The 𝑃𝑃 value is determined by 𝑓𝑓. and 𝐾𝐾; as shown in 
Eq. (13). If the 𝑓𝑓. value becomes 10 times larger, the 𝐾𝐾; 
 

 
FFiigg..  77 Dot height ℎ to achieve a bER of 10-3 as a function 
of the standard deviation 𝜎𝜎+/𝐷𝐷* of the dot size after AT 
writing. 
 

 
(a) 

 

 
(b) 

FFiigg..  88 Dot height ℎ to achieve a bER of 10-3 as a function 
of the Gilbert damping constant 𝛼𝛼 after (a) 10 years of 
archiving and (b) AT writing. 
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value must increase by 2.3 to obtain the same 𝑁𝑁𝑁𝑁 value 
as 
   
  𝑓𝑓. expS−𝐾𝐾;T = 10	𝑓𝑓.	exp	(−𝐾𝐾;′), 
   
  𝐾𝐾;′ = 𝐾𝐾; + ln(10) ≈ 𝐾𝐾; + 2.3.   (16) 
   
Furthermore, the 𝛼𝛼 value is considered to be smaller 
than 0.1. Therefore, 𝑓𝑓.  is almost proportional to 𝛼𝛼, 
since 
   
  𝑓𝑓. ∝ 𝛼𝛼

1+𝛼𝛼2.    (17) 
   
  We assumed the storage temperature 𝑇𝑇,CD to be 350 K 
for 10 years of archiving. We took a certain margin into 
account. The value of 𝐾𝐾; is around 120 at 𝑇𝑇,CD, and that 
is much larger than the value of 2.3 seen in Eq. (16). 
Therefore, the 𝛼𝛼 value has little effect on 10 years of 
archiving as shown in Fig. 8 (a). However, since the 𝐾𝐾; 
value becomes small due to the temperature increasing 
to 617 K during AT writing, the 𝛼𝛼 value has an effect on 
ATI as shown in Fig. 8 (b). 
 
33..66  WWrriittiinngg  ffiieelldd  mmaaggnniittuuddee  
  Figure 9 shows the ℎ value as a function of |𝐻𝐻4|. The 
𝐾𝐾;  value decreases as the |𝐻𝐻4|  value increases 
according to Eq. (15) where the 𝐻𝐻$:<< value is about 67 
kOe. Therefore, the ℎ value must be increased as the 
|𝐻𝐻4| value increases. 
 
33..77  WWrriittiinngg  ffiieelldd  aannggllee  
  When 𝜙𝜙  decreases from 180 to 135 deg, the 𝐻𝐻,4 
value is halved from 1.0 to 0.5 according to Eq. (11). Then 
the 𝐾𝐾; value decreases according to Eqs. (5) and (7), and 
the ℎ value must be increased as shown in Fig. 10 (a). 
Figure 10 (b) shows the (𝐸𝐸1 − 𝐸𝐸.)/(𝐾𝐾!:<<𝑉𝑉) value as a 
function of |𝐻𝐻4|/𝐻𝐻$:<<  for various 𝜙𝜙  values. Although 
the 𝐻𝐻,4  value is halved, the decrease of (𝐸𝐸1 − 𝐸𝐸.)/
(𝐾𝐾!:<<𝑉𝑉),  namely 𝐾𝐾; ,  from 𝜙𝜙 = 180	deg  to 135 deg is 
relatively small, since the |𝐻𝐻4|  value of 10 kOe is 
relatively small against the 𝐻𝐻$:<<  value of 67 kOe. 
Therefore, the increase of ℎ  from 𝜙𝜙 = 180	deg to 135 
deg is small. 
 

 
FFiigg..  99 Dot height ℎ to achieve a bER of 10-3 as a function 
of writing field magnitude |𝐻𝐻4| after AT writing. 

 
(a) 

 

 
(b) 

FFiigg..  1100 (a) Dot height ℎ to achieve a bER of 10-3 as a 
function of writing field angle 𝜙𝜙 after AT writing and 
(b) energy barrier (𝐸𝐸1 − 𝐸𝐸.)/(𝐾𝐾!:<<𝑉𝑉) as a function of the 
writing field magnitude |𝐻𝐻4|/𝐻𝐻$:<<  for various 𝜙𝜙 
values. 

 
44..  CCoonncclluussiioonnss  

 
  We discussed the influence of the design parameters 
on ATI in 4 Tbpsi HDMR. We calculated the ℎ value to 
achieve a bER of 10-3 after AT writing as a function of 
the design parameters. 
(1) Mean Curie temperature 𝑇𝑇%* 
  The ℎ value must be increased strongly as the 𝑇𝑇%* 
value decreases, since 𝑇𝑇%*  and thermal gradient are 
closely related. 
(2) Standard deviation 𝜎𝜎)%/𝑇𝑇%* 
  In addition to the increased probability of a low 𝑇𝑇% dot 
appearing, the adjacent track temperature is related to 
the 𝜎𝜎)%/𝑇𝑇%* value via the writing temperature. 
(3) Anisotropy constant ratio 𝐾𝐾!/𝐾𝐾"!#$ 
  The ℎ value must be more than doubled for a decrease 
in the 𝐾𝐾!/𝐾𝐾"!#$ value from 0.8 to 0.4. 
(4) Standard deviation 𝜎𝜎+/𝐷𝐷* 
  The probability of a small dot appearing increases as 
the 𝜎𝜎+/𝐷𝐷* value increases. 
(5) Gilbert damping constant 𝛼𝛼 
  The 𝛼𝛼 value has little effect on 10 years of archiving 
but has an effect on ATI. 
(6) Writing field magnitude |𝐻𝐻4| 
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  The ℎ  value must be increased as the |𝐻𝐻4|  value 
increases. 
(7) Writing field angle 𝜙𝜙 
  Since the |𝐻𝐻4| value of 10 kOe is relatively small, the 
increase in the ℎ value is relatively small when the 𝜙𝜙 
value changes from 180 to 135 deg. 
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    Increased fluid viscosity in vivo is associated with diseases such as hypertension, atherosclerosis, and cancer. 
Fortunately, viscosity distribution enables pathological diagnosis. Magnetic-particle imaging (MPI), which detects the 
high-frequency magnetic field response of magnetic nanoparticles (MNPs) for obtaining highly sensitive images, can 
be applied to viscosity mapping to obtain a solvent viscosity distribution based on the relaxation time of MNPs. In this 
study, we assessed the relaxation time differences of MNPs in media with varying viscosities, detected as phase 
differences in the signal using an MPI system. The differences, which increases with more viscosity, differ depending 
on the particle size and the magnetic properties of the magnetic nanoparticles. 

KKeeyywwoorrddss:: magnetic particle imaging, magnetic nanoparticles, Brownian relaxation, Neel relaxation, viscosity 
mapping 

11.. IInnttrroodduuccttiioonn

  Magnetic-particle imaging (MPI), which detects and 
visualizes the nonlinear response of magnetic 
nanoparticles (MNPs) to an external magnetic field, is 
attracting attention as a new medical imaging 
technique1). Recently, the dynamic properties of MNPs, 
such as their alternating current (AC) magnetization 
characteristics in solution, have been studied intensively. 
For example, the magnetic relaxation time generally 
changes when MNPs are present in media with different 
viscosities3). In vivo fluid viscosity mapping has been 
proposed as an MPI application that utilizes the viscosity 
effect on the magnetic relaxation behavior of MNPs3-4). 
Elevated fluid viscosity levels in vivo are closely 
associated with several diseases, including 
hypertension5), atherosclerosis6), and cancer7), and the 
possibility of viscosity mapping using MPI is highly 
anticipated for the diagnosis of such pathological 
conditions. 
  We developed an MPI system capable of detecting 
differences in the magnetic properties and relaxation 
times of MNPs in different media as signal-phase 
differences8). Arbitrary MNPs can be distinguished based 
on phase differences and only image arbitrary MNPs via 
signal processing. 
In this study, we evaluated the relaxation time 
differences among three distinct MNPs in media with 
different viscosities, detecting it as a phase difference in 
the signal through an MPI system. We detail the results 
of our investigation on the changes in the magnetic 
relaxation times of MNPs owing to viscosity effects and 
their influence on signal intensity. 

22.. TThheeoorryy

  When an alternating magnetic field is applied to 
magnetic nanoparticles, two relaxation mechanisms 
exist for the magnetic moment: Brownian and Néel. 
In the Brown relaxation mechanism, the magnetic 
moment relaxes owing to the particle’s rotation. 
Therefore, in a highly viscous medium, the rotation 
of MNPs is restricted, lengthening the relaxation 
time. By contrast, in the Néel relaxation mechanism, 
the relaxation time is independent of the medium’s 
viscosity because of the magnetic moment’s rotation 
in the particle. Magnetic relaxation time 𝜏𝜏E of the 
MNP can be expressed as Eq. (3) using Brown 
relaxation time 𝜏𝜏B and Néel relaxation time 𝜏𝜏N9): 

FFiigg..  11  Relaxation times  numerically calculated as 
function of viscosity  
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where 𝑑𝑑c denotes the core particle size of the MNPs, 𝑑𝑑H 
denotes the hydrodynamic particle size of MNPs, 𝜂𝜂 
denotes the viscosity of the medium, 𝐾𝐾  denotes the 
magnetic anisotropy energy constant, 𝑘𝑘B  denotes 
Boltzmann's constant, and 𝑇𝑇  denotes absolute 
temperature. As observed from the three equations above, 
the magnetic relaxation time varies for different MNP 
particle sizes, magnetic properties, and medium 
viscosities. It increases with more viscosity based on the 
Brown relaxation mechanism and converges to the Néel 
relaxation time as the viscosity increases (Fig. 1). 
 

33..  MMaatteerriiaall  aanndd  MMeetthhooddss    
 

33..11  FFiieelldd--ffrreeee  lliinnee  MMPPII  SSyysstteemm  
    Fig. 2 present an overview and a diagram of our 
developed MPI system8). It employs a field-free line (FFL) 
method, which forms a zero-field region on a line by 
arranging opposing magnets that combine a U-shaped 
iron core with permanent magnets. The FFL method has 
a wider signal acquisition area and a higher detected 
signal intensity than the field-free point (FFP) method, 
which forms a point-shaped zero-field region. Therefore, 
the FFL method is suitable for acquiring signals from 
objects with a small number of magnetic nanoparticles10). 
In this system, the sample is simultaneously translated 
using a coil system that integrates the excitation and 
receiver coils, and the sample is rotated and scanned to 
acquire projection data and reconstruct a cross-sectional 
image. The gradient field strength can be continuously 
varied from 1 to 4 T/m by changing the distance between 
the opposing magnets. In this study, the value was set to 
1.5 T/m. The AC magnetic field generated by the 
excitation coil had an amplitude of approximately  
30 mTp-p (30 Ap-p) at 500 Hz. A main feature of this system 
is that the phase difference of the measured MPI signal 
can be calculated by referring to the energizing current 
of the excitation coil using a lock-in amplifier. Since the 
phase difference information is determined by the time 
constant of the measurement device and the relaxation 
time of the magnetic nanoparticles, phase differences can 
be used to discriminate from noise and evaluate the 
relaxation time change of the MNPs. However, phase 
measurement with a lock-in amplifier is affected by the 
signal propagation characteristics of the measurement 
system in addition to the signal response from the MNPs.    
Therefore, it is difficult to only evaluate the phase change 
caused by the relaxation time of the MNP as an absolute 

value11). However, if the signals of different MNPs are 
compared without changing the configuration of the 
measurement system, the phase difference caused by 
only the relaxation time of the MNP can be extracted 
from the phase change, enabling a relative evaluation 
based on the phase difference and the detection 
frequency. For example, relaxation time difference ∆𝜏𝜏E 
between samples 1 and 2 can be calculated using Eq. (4) 

8): 

∆𝜏𝜏E = − 𝜃𝜃1 − 𝜃𝜃2
(360𝜔𝜔r 2𝜋𝜋⁄ ) = − ∆𝜃𝜃

360𝑓𝑓r
 (4) 

  
where 𝜃𝜃1 and 𝜃𝜃2 denote the signal phase of each sample 
and 𝑓𝑓r denotes the frequency of the harmonic. Since the 
phase difference measured here is expressed in terms of 
a 360° period, a relaxation time difference exceeding one 
period cannot be properly evaluated. The system uses a 
low AC field frequency of approximately 1 kHz. For 
example, when an AC field frequency of 500 Hz is used, 
one period of the third harmonic is more than 600 µsec, 
which is sufficiently longer than the relaxation time of 
the magnetic particles, enabling the evaluation of 
relaxation time differences due to phase differences. 

𝜏𝜏B =
𝜋𝜋𝜂𝜂𝑑𝑑H3
2𝑘𝑘B𝑇𝑇

 (1) 

𝜏𝜏N = 𝜏𝜏0𝑒𝑒𝑒𝑒𝑒𝑒 (
𝜋𝜋𝐾𝐾𝑑𝑑c3
6𝑘𝑘B𝑇𝑇

) (2) 

𝜏𝜏E =
𝜏𝜏N𝜏𝜏B

𝜏𝜏N + 𝜏𝜏B
 (3) 

FFiigg..  22  MPI system using FFL generated by 
permanent magnet: (a) its appearance and (b) its 
diagram 
 

(a) 

(b) 
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33..22  MMeeaassuurreemmeenntt  ssaammpplleess  
    We prepared three types of magnetic nanoparticles to 
investigate the effects of particle size and the magnetic 
properties on the magnetic relaxation time. One was 
Resovist (commercially distributed by FUJIFILM RI 
Pharma, Japan) and the other two were MNPs with core 
particle sizes of 25 nm (SA25) and 15 nm (SA15) (Sigma-
Aldrich). The hydrodynamic particle sizes of SA25 and 
SA15 were 35.9 and 62.5 nm by dynamic light scattering 
(DLS)8). The core particle size and the hydrodynamic 
particle size of Resovist were obtained from T. Yoshida et 
al.9) Fig. 3 shows the DC susceptibility characteristics of 
each MNP8). In the range of AC field strengths used in 
this study, the DC magnetization of Resovist is the 
largest; that of SA25 is the smallest. 
Subsequently, MNP samples with different viscosities 
were prepared. Viscosity was adjusted by adding a 
thickening agent to three different MNP solutions (900 
µL each). Hydroxypropyl cellulose (HPC) was used as a 
thickener in amounts (sealed in a 460 µL vial) that varied 
in four ways: 0 (no addition), 1, 2, and 3% of the solution 
volume. Fig. 4 shows the 12 samples. Fig. 5 shows the 
results of the viscosity measurements of the 12 samples. 
The viscosity increased with the amount of additional 
HPC, and samples with different viscosities were 
obtained in the range of 1~500 mPa-s. 

 
44..  RReessuullttss  aanndd  DDiissccuussssiioonn  

    
44..11  VViissccoossiittyy  ddeeppeennddeennccee  ooff  rreellaaxxaattiioonn  ttiimmee  ddiiffffeerreenncceess  
    The magnetic signals were acquired by scanning the 
prepared magnetic nanoparticle samples along the x-axis 
of the MPI system. A single X-axis scan takes only 5 min. 
Fig. 6 shows the Lissajous curve of the third-harmonic 
signal in the Resovist sample series at an AC magnetic 
field frequency of 500 Hz. The phase angle was adjusted 
such that the vertical axis (imaginary part) coincided 
with the Lissajous curve for the case of 0%, which 

FFiigg..  33  Enlarged view of numerically assumed M-
H curve for MPI measurement range. 
 

FFiigg..  66  Lissajous curve of 3rd harmonic signal of 
Resovist sample series at 500 Hz 

FFiigg..  55 Sample viscosity versus thickener 
addition rate 

FFiigg..  44  MNP encapsulated cylinder samples 
(volume:460 µL) 
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coincided with the Lissajous curve for the case of 0% 
thickener addition to facilitate comparison of the 
differences in the phase angle. We confirmed that it 
changed based on the amount of added thickener 
(difference in viscosity). Third-harmonic signals were 
also obtained for the SA25 and SA15 sample series at an 
AC field frequency of 500 Hz. The phase angle changed 
based on the amount of added thickener (difference in 
viscosity). 
  Fig. 7 shows the calculated phase differences for each 
amount of thickener added to each sample using the 
phase of the Lissajous curve when the amount of 
thickener added as a reference is 0%. Fig. 8 shows the 
calculated relaxation time difference from the phase 
difference shown in Fig. 7 using Eq. (4). The relaxation 
time differences increased with viscosity, regardless of 
the type of magnetic nanoparticles. In the low viscosity 
range (tens of mPa-s), all the MNP samples show a large 
increase in the relaxation time difference as the viscosity 
increases. As the viscosity increased further, the 
difference in the relaxation time saturated to a constant 
value. This result indicates that in a low viscosity range 
of several tens of mPa-s, the viscosity-dependent Brown 
relaxation time is dominant for all MNPs, but in the high 
viscosity range, the viscosity-independent Néel 
relaxation time tends to converge. The SA15 sample 
series had the smallest relaxation time difference among 
the three MNP sample series; SA15 had a shorter 
Brownian relaxation time owing to its smaller 
hydrodynamic particle size than the other two MNPs. 
SA15 also had a shorter Néel relaxation time owing to its 
smaller core particle size than the other two MNPs. 
Therefore, because the Néel relaxation time was 
dominant for SA15 in the viscosity range measured in 
this study, the viscosity dependence of the relaxation 
time difference is small, and the relaxation time 
difference is the smallest among the three MNPs. In 
contrast, the Resovist sample series exhibits the largest 
relaxation time difference among the three MNP samples. 
Since Resovist and SA25 have comparable core and 
hydrodynamic particle sizes, we infer that the contrast 
was caused by differences in their saturation 
magnetization.  Resovist exhibits a higher saturation 
magnetization than SA25 (Fig. 3). Consequently, the 
relaxation time is prolonged, resulting in a 
correspondingly larger relaxation time difference. These 
results suggest that among the three MNPs, Resovist, 
which has the largest relaxation time difference for 
different viscosities, is the most suitable for viscosity 
mapping in a viscosity range of 1~500 mPa-s measured 
in this study. 
  
44..22  FFrreeqquueennccyy  ooff  AACC  mmaaggnneettiicc  ffiieelldd  ddeeppeennddeennccee  ooff  
rreellaaxxaattiioonn  ttiimmee  ddiiffffeerreennccee  aanndd  ssiiggnnaall  iinntteennssiittyy  
  To investigate the effect of AC field frequency on the 
relaxation time difference, third-harmonic signals were 

obtained at AC field frequencies of 500, 800, and 1200 Hz. 
Fig. 9 shows the viscosity dependence of the relaxation 

time differences for each magnetic nanoparticle as the 
AC field frequency is varied. Figs. 9(a), (b), and (c), which 
show the measurement results of the Resovist, SA25, and 
SA15 sample series, respectively, indicate that the 
relaxation time difference tends to decrease as the AC 
field frequency increases, regardless of the MNP type. 
This result can be attributed to the fact that the magnetic 
relaxation behavior of the MNPs cannot follow an 
increase in the AC field frequency. Therefore, the lower 
the AC magnetic field frequency, the larger the 
relaxation time difference, which is suitable for viscosity 
mapping. 
  The effects of AC field frequency and viscosity on the 
signal intensity were also investigated. Figs. 10(a), (b), 
and (c) show the results for the Resovist, SA25, and SA15 

FFiigg..  77  Phase differences calculated for various 
thickener addition levels, using 0% thickener as 
reference  
 

FFiigg..  88  Relaxation time differences calculated from 
phase differences at various levels of thickener 
addition, with 0% thickener addition as reference 
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sample series. For all the MNP samples, the signal 
intensity increases approximately linearly with the AC 
field frequency. The ratio of the increase in the signal 
intensity to the AC field frequency is constant, regardless 
of the amount of thickener added (viscosity). Since the 
signal intensity increases linearly with the AC field 
frequency, regardless of the viscosity, using a high AC 
field frequency is preferable for the viscosity mapping of 
objects with small magnetic signals. 
  

55..  CCoonncclluussiioonn  
 

  In this study, we prepared three types of MNPs with 
different particle sizes and magnetic properties and 
investigated the effect of viscosity on the magnetic 
relaxation times of the MNPs and the signal intensities. 
Regardless of the type of MNPs, we confirmed that the 
relaxation time difference increased with the viscosity in 
the viscosity range of 1~500 mPa-s. Among the three 
MNPs, Resovist exhibited the largest change in the 
relaxation time difference as the viscosity increased. 
Moreover, we confirmed that the relaxation time 
difference tends to decrease as the AC field frequency 
increases, regardless of the MNP type; the signal 

intensity increases. These results indicate that our MPI 
system can measure changes in the magnetic relaxation 
time owing to viscosity effects and suggests its potential 
application to viscosity mapping. For viscosity mapping, 
MNPs must be selected with a dominant Brown 
relaxation time in the viscosity range of interest, and a 
large relaxation time difference is desirable for 
accurately discriminating the viscosity. Although the 
relaxation time difference increases when a low AC field 
frequency is used, it causes a decrease in the signal 
strength. To achieve a significant difference in relaxation 
time and an enhanced signal strength (yielding a high 
signal-to-noise ratio), the choice of AC magnetic field 
frequency should be carefully considered based on the 
dimensions and viscosity of the magnetization under 
examination. In the future, we intend to conduct specific 
viscosity mapping to evaluate the spatial resolution of 
this mapping technique. 
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FFiigg..  99 AC field frequency dependence of relaxation time differences as function of viscosity:  (a) Resovist sample 
series, (b) SA25 sample series, and (c) SA15 sample series.  

(a) (b) (c) 

FFiigg..  1100 Viscosity dependence of signal intensity as function of AC field frequency, using signal strength at 500 
Hz as reference:  (a) Resovist sample series, (b) SA25 sample series, (c) and SA15 sample series.  

(a) (b) (c) 
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    Magnetic resonance imaging (MRI) is a noninvasive medical imaging technology with a high spatial resolution. We 
aim to design a single-channel radiofrequency receive coil with an optimized signal-to-noise ratio (SNR) for various field 
intensities in MRI. We propose a method that maximizes the SNR through surface current optimization using the target 
field method. The proposed method can design a dedicated coil shape by solving an objective function with terms related 
to the signal, coil resistance noise and sample resistance noise. We found coil shapes for a rat kidney model in the case of 
static magnetic field intensity |𝑩𝑩0| = 7 T, 0.3 T and 6.5 mT as an example. Our method will enable the design of single 
channel receive coil for preclinical applications of small animals. 
 
 
KKeeyywwoorrddss:: magnetic resonance imaging, signal-to-noise ratio, radiofrequency coil, receive coil, target field method 

  
 

11..  IInnttrroodduuccttiioonn  
    

The fundamental issue in magnetic resonance imaging 
(MRI) is improving the signal-to-noise ratio (SNR) of the 
received signal to get images with high spatial resolution 
1). For example, the measurement of glomeruli (spherical 
structures with diameters ranging from 10 – 100 µm) to 
diagnose kidney disease. In imaging with voxel sizes 
around 10 µm, Clinical MRI (scan time ≤ 60 min.) has 
insufficient image SNR, making it impossible to measure 
the number of glomeruli 2). 

The main magnet generates a static magnetic field (𝑩𝑩0), 
inducing the precession of spins at a frequency of 𝑓𝑓0 =
𝛾𝛾|𝑩𝑩0| (𝛾𝛾  is the gyromagnetic ratio of proton) along its 
direction. The transmit coil produces a radiofrequency 
(RF) magnetic field (𝐵𝐵1

+) rotating at a frequency of 𝑓𝑓0, 
causing the spin vector to deviate from the direction of 
𝑩𝑩0. Once 𝐵𝐵1

+ is deactivated, the magnetization returns 
to its initial state with precession, inducing a voltage in 
the RF receive coil.  

Spatial resolution is the minimum voxel size capable of 
distinguishing adjacent pixels 3). Decreasing the voxel 
size results in a lower SNR for the image. This is because 
the received signal from a target point 𝑟𝑟0 decrease with 
the voxel size V according to the following equation 4): 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆(𝑟𝑟0) = 𝜔𝜔0𝑉𝑉𝑀𝑀0|𝐵𝐵1
−(𝑟𝑟0)|, (1) 

where 𝜔𝜔0 = 2𝜋𝜋𝑓𝑓0, 𝑀𝑀0 (∝ |𝑩𝑩0|) is the magnetization, and 
|𝐵𝐵1

−|  is the sensitivity distribution of the receive coil. 
Decreasing the voxel size is achieved by reducing the 
bandwidth of transmit and receive coils and increasing 
the gradients of 𝑩𝑩0. To obtain sufficient SNR in images 
for distinguishing adjacent voxels (enhancing spatial 

resolution) despite reducing the pixel size, an 
improvement in the SNR of received signals is necessary. 
Enhancing the SNR of received signals can be achieved 
by increasing 𝑩𝑩0 (𝜔𝜔0 ∝ |𝑩𝑩0|, 𝑀𝑀0 ∝ |𝑩𝑩0|，𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 ∝ |𝑩𝑩0|2), 
increasing the number of imaging sequences, and using 
receive coils with high SNR 5),6). Improving the SNR of 
receive coils is effective to decrease installation effort of 
higher 𝑩𝑩0 scanner and to make scan time shorter. 
 For 𝑩𝑩0  along the z-axis, 𝐵𝐵1

−  is expressed as the 
following equation7): 

𝐵𝐵1
− ＝ (𝐵𝐵1,x − 𝑆𝑆𝐵𝐵1,y)∗

2 , (2) 

where 𝐵𝐵1,x  and 𝐵𝐵1,y  are the respective x- and y-
components of the RF magnetic field (𝑩𝑩1) produced by the 
coil with unit current, 𝑆𝑆 is the imaginary unit, and the 
asterisk denotes a complex conjugate. The noise is 
evaluated using the following equation 4): 

𝑁𝑁𝑁𝑁𝑆𝑆𝑁𝑁𝑁𝑁 = √4𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘, (3) 
where 𝑘𝑘  is the Boltzmann constant, 𝑘𝑘  denotes the 
effective temperature of a system, 𝑘𝑘  is the equivalent 
resistance, and 𝑘𝑘𝑘𝑘 is the frequency bandwidth of the RF 
coil. As 𝑘𝑘,  𝑘𝑘 and 𝑘𝑘𝑘𝑘 are not determined only by the coil 
shape, we simplify the noise 𝑆𝑆𝑁𝑁 √𝑘𝑘. In MRI system, 𝑘𝑘 
originates from the coil resistance 𝑘𝑘coil  and sample 
resistance 𝑘𝑘sample  as the following: 𝑁𝑁𝑁𝑁𝑆𝑆𝑁𝑁𝑁𝑁 ∝ √𝑘𝑘 =
√𝑘𝑘coil + 𝑘𝑘sample . 𝑘𝑘coil and 𝑘𝑘sample  are expressed as the 
following equations 8)–11): 

𝑘𝑘coil = 𝑆𝑆
𝜑𝜑

√𝜌𝜌𝜇𝜇0𝑓𝑓0
𝜋𝜋 , (4) 

𝑘𝑘sample = 𝜎𝜎 ∫ 𝑬𝑬 ∙ 𝑬𝑬 𝑑𝑑𝑑𝑑 = 𝜎𝜎𝜔𝜔02 ∫ 𝑨𝑨 ∙ 𝑨𝑨 𝑑𝑑𝑑𝑑, (5) 
where 𝜌𝜌 is the resistivity of the coil’s windings, 𝑆𝑆 is the 
total length of the windings, 𝜑𝜑 is the diameter of the 
winding, 𝜇𝜇0  is the magnetic permeability of the free 
space, 𝑬𝑬 is the electric field, 𝑨𝑨 is the magnetic vector 
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potential, 𝑣𝑣 is the volume of the sample, and 𝜎𝜎 is the 
conductivity of the sample. For eq. (5), the units of 𝑬𝑬, 𝑨𝑨 
and 𝑅𝑅sample  are (V/m)/A, (Wb/m)/A and W/A2 = Ω, 
respectively, because the values of 𝑬𝑬  and 𝑨𝑨  are 
calculated based on the unit current flowing the coil. 
Please refer to details in the references 4), 9). Thus, we 
define the simplified SNR by the following equation: 

𝑆𝑆𝑆𝑆𝑅𝑅(𝒓𝒓𝟎𝟎) =
|𝑩𝑩0|2|𝐵𝐵1

−(𝒓𝒓𝟎𝟎)|
√𝑅𝑅coil + 𝑅𝑅sample

. (6) 

An ultra-high field scanner (for |𝑩𝑩0| ≥ 7 T, 𝑓𝑓0 ≥ 298 
MHz) is often used to enhance the SNR in preclinical 
research on organs such as kidney 12). Previously, we had 
focused on the numerical design of a single channel 
receive coil for rat kidney imaging at 7 T 10). Most 
conventional coils dedicated to small animal organ were 
designed using the existing knowledge of the traditional 
forward problem, which does not always enable an 
optimized SNR 2),13)–15). The target field method is a well-
known numerical method in the optimization of 
electromagnetic coils based on the inverse problem 
approach, presented by Turner 16) for a cylindrical MRI 
gradient coil. This method calculates the magnetic field 
using direct current (DC) analysis for the defined basis 
surface currents and find surface currents to achieve the 
minimum error between the target field and produced 
field. Several research applied the method to the design 
of RF coils 17)–21). However, some of them aimed to 
improve the homogeneity of the magnetic field 
distribution, not SNR 17)–19). Others aimed to maximize 
SNR but the definition of the noise is not clear 20),21). 
Therefore, we previously proposed a method to maximize 
the SNR through the surface current optimization using 
target field method based on the inverse problem 
approach 10).  

For MRI applications, DC inverse problem approach lacks the 
calculation of the phase difference of current, eddy current, and 
displacement current, in contrast to forward problem approach 
based on alternative current (AC) using electromagnetic 
simulation such as the finite-difference time-domain (FDTD) 
method 13)–15), the finite-element method 22), and the method of 
moments 23). However, to formulate the relation between RF 
current and RF field at target region for inverse problem analysis 
is computationally too complex, suggesting the uncertainty of the 
solution. We had confirmed that our previous proposed coil 
achieved an SNR of 1.05-fold compared with the conventional 
coil. Although the relative SNR of proposed coil to the 
conventional coil calculated by the DC analysis was 1.13 and the 
error of relative SNR between DC and AC analysis of 8 % exists, 
we verified a coil that exhibits higher SNR in DC analysis can 
yield higher SNR in AC analysis in the range of the target object 
size (Depth from coil surface: 5 – 15 mm), frequency (298 MHz) 
and electrical parameters (Electrical conductivity 𝜎𝜎 = 0.55 (S/m), 
Relative permittivity: εr = 51.95), suggesting that the method is 
effective for design of RF receive coil for 7 T MRI.  

However, in the case of standard clinical MRI devices (|𝐵𝐵0| = 
1.5 T and 3 T in the superconducting magnets and |𝐵𝐵0| =0.2 – 
0.5 T in the permanent magnets 24),25)), 𝑅𝑅coil  is dominant 
compared to 𝑅𝑅sample  due to the lower frequency of 𝑓𝑓0 . 

Additionally, there is significant ongoing exploration into ultra-
low magnetic fields (|𝐵𝐵0| < 0.2 T) 26). Shen et al. 27) had proposed 
a method to maximize the SNR through the coil winding 
combination optimization using target field method for human 
brain at 6.5 mT. This method calculates 𝐵𝐵1

−  for the defined 
windings and find a winding combination to achieve the balance 
of the minimum error between the target field and produced field 
(i.e. higher 𝐴𝐴𝑣𝑣𝐴𝐴. (|𝐵𝐵1

−(𝑅𝑅𝑅𝑅𝑅𝑅)|)) and lower length of windings (i.e. 
lower 𝑅𝑅coil). The drawback of this method is limited degree of 
obtained coil shape’s freedom. 

The purpose of this study is to design a single-channel RF 
receive coil with an optimized SNR for various field intensities in 
MRI. We propose an expanded method of our previous 
study 10) to maximize the SNR through the surface 
current optimization using target field method. In the 
objective function, we clarify terms related to 
𝐴𝐴𝑣𝑣𝐴𝐴. (|𝐵𝐵1

−(𝑅𝑅𝑅𝑅𝑅𝑅)|) , 𝑅𝑅sample  and 𝑅𝑅coil , and explore the 
balance of terms related to 𝑅𝑅sample and 𝑅𝑅coil. We design 
coil shapes for a rat kidney model in the case of |𝑩𝑩0| = 7 
T, 0.3 T and 6.5 mT as example.  

  
22..  MMeetthhooddss   

  
  We design the coil shape by defining the magnetic 

field distribution for the target region. The magnetic field 
produced by a current in the free space is described by 
the following equation: 

𝑩𝑩 = 𝜇𝜇0𝑗𝑗
4𝜋𝜋 ∮ 𝒓𝒓−𝒓𝒓𝟎𝟎

|𝒓𝒓−𝒓𝒓0|3 ×
𝑃𝑃

𝑑𝑑𝒍𝒍 = 𝑪𝑪′ 𝑱𝑱, (7) 

where 𝑗𝑗 is a current flowing on a closed path (𝑃𝑃), 𝑑𝑑𝒍𝒍 is 
the unit vector along 𝑃𝑃, 𝒓𝒓 is the position vector on 𝑃𝑃, 𝒓𝒓0 
is the position vector on a target point, 𝑪𝑪′ is the field 
coupling matrix of the coil surface to the target points, 
and 𝑱𝑱 is the surface current vector. Using the stream 
function 𝜓𝜓 = 𝒔𝒔𝑇𝑇 �̂�𝒉 , which is defined as the following 
equation: 𝑱𝑱 = 𝜵𝜵𝜓𝜓 × �̂�𝒏, where �̂�𝒏 is the normal vector to 
the surface, and 𝒔𝒔  is the vector of the weight of the 
surface harmonics vector (�̂�𝒉 ), we can obtain 𝑩𝑩 = 𝑪𝑪 𝒔𝒔 , 
where 𝑪𝑪  is the field coupling matrix of the surface 
harmonics to the target points.  

We used a software package: bfieldtools 28),29) in Python 
3.7 for the inverse problem analysis. In this tool, 𝜓𝜓 is 
represented on a mesh-by-mesh basis of the specified 
surface, allowing for inverse problem analysis on any 
arbitrary coil surface. The analysis was divided to three 
processes. First, we define coil surface mesh, target 
points, and field distribution at target points (𝑩𝑩t ). �̂�𝒉 
(length: 𝑆𝑆h ) is defined on the coil surface. The target 
points are set in two regions, Region Signal (number of 
points: 𝑀𝑀signal ) and Region Noise (number of points: 
𝑀𝑀noise ). For the field distribution in Region Signal 
( 𝑩𝑩t, signal  (shape: 𝑀𝑀signal × 3)), one of the components 
orthogonal to 𝑩𝑩0  is 1 and others are 0. For the field 
distribution in Region Noise (𝑩𝑩t, noise (shape: 𝑀𝑀noise ×3)), 
all components are 0. We aim to maximize 
𝐴𝐴𝑣𝑣𝐴𝐴(|𝐵𝐵1

−(𝑅𝑅𝑅𝑅𝑅𝑅)|), which is the average of the signal in the 
region of interest (ROI), and to minimize 𝑅𝑅sample  ( ∝
∫ 𝑩𝑩1 ∙ 𝑩𝑩1 𝑑𝑑𝑣𝑣). We calculate 𝑪𝑪signal (shape: 𝑀𝑀signal ×3× 𝑆𝑆h) 
and 𝑪𝑪noise  (shape: 𝑀𝑀noise ×3× 𝑆𝑆h ) using �̂�𝒉  and target 
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points in Region Signal and Noise, respectively.  
Second, we find 𝒔𝒔  (length: 𝑁𝑁h ) that minimizes the 

objective function. In our previous method, we defined 
the objective function to increase 𝐴𝐴𝐴𝐴𝐴𝐴. (|𝐵𝐵1

−(𝑅𝑅𝑅𝑅𝑅𝑅)|)and to 
decrease 𝑅𝑅sample:  

𝑓𝑓′(𝒔𝒔) = |𝑩𝑩t − 𝑪𝑪𝒔𝒔|2, (8) 
where the shape of 𝑩𝑩t  is (𝑀𝑀signal + 𝑀𝑀noise) ×3 and the 
shape of 𝑪𝑪  is (𝑀𝑀signal + 𝑀𝑀noise) × 3 × 𝑁𝑁h . The function 
reaches its minimum when 𝒔𝒔 = 𝑪𝑪−1𝑩𝑩t. In the proposed 
method, we define the objective function:  

𝑓𝑓(𝒔𝒔) = 𝐿𝐿signal + 𝜆𝜆sample𝐿𝐿sample + 𝜆𝜆coil𝐿𝐿coil, (9) 
𝐿𝐿signal = |𝑩𝑩t, signal − 𝑪𝑪signal𝒔𝒔|2, (10) 
𝐿𝐿sample = |𝑩𝑩t, noise − 𝑪𝑪noise𝒔𝒔|2, (11) 

𝐿𝐿coil = 𝒔𝒔𝑻𝑻𝑷𝑷𝒔𝒔, (12) 
where 𝜆𝜆sample and 𝜆𝜆coil is a scalar parameter to define 
weight of the 𝐿𝐿sample  and 𝐿𝐿coil , respectively, and 𝑷𝑷 
(shape: 𝑁𝑁h × 𝑁𝑁h) is the ohmic energy matrix. We aim to 
maximize 𝐴𝐴𝐴𝐴𝐴𝐴(|𝐵𝐵1

−(𝑅𝑅𝑅𝑅𝑅𝑅)|) , to minimize 𝑅𝑅sample  with 
proper weight, and to minimize 𝑅𝑅coil with proper weight. 
The function reaches its minimum when  

𝒔𝒔 = (𝑪𝑪signal
𝑻𝑻𝑪𝑪signal + 𝜆𝜆sample𝑪𝑪noise

𝑻𝑻𝑪𝑪noise + 𝜆𝜆coil𝑷𝑷)−1

(𝑪𝑪signal
𝑻𝑻𝑩𝑩t, 𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬 + 𝜆𝜆sample𝑪𝑪noise

𝑻𝑻𝑩𝑩t, noise). (13)
  

Third, we determine the coil path design based on the 
calculated surface current as follows: 𝑃𝑃i = 𝑀𝑀𝑀𝑀𝑀𝑀(𝜓𝜓) +
𝑠𝑠𝑠𝑠𝐴𝐴𝑠𝑠 ∙ {𝑀𝑀 − (1/2)} (𝑀𝑀 = 1,2, … , 𝑁𝑁c) , 𝑠𝑠𝑠𝑠𝐴𝐴𝑠𝑠 = {𝑀𝑀𝑀𝑀𝑀𝑀(𝜓𝜓) −
𝑀𝑀𝑀𝑀𝑀𝑀(𝜓𝜓)}/𝑁𝑁c , where 𝑁𝑁c  defines how finely the surface 
current is represented. Note that contour lines of the 
surface current correspond to the coil path and the 
polarity of 𝜵𝜵𝜓𝜓  represents the direction of the current 
flowing on the coil path. 

Optimal values of 𝜆𝜆sample and 𝜆𝜆coil depend on |𝑩𝑩0| of 
interest because of the characteristics of 𝑅𝑅sample  and 
𝑅𝑅coil. At this perspective, we obtain the coil shape for each 
calculated stream function with different 𝜆𝜆sample  and 

𝜆𝜆coil  and evaluate the SNR of each shape to find the 
optimal values. 

  In this study, we employed homogeneous sample. Some 
research used anatomically accurate body model to assume an 
actual MR experiment 14),15),30). For example, Kim et al. 14) 
conducted the simulation with FDTD using rat model to evaluate 
the coil for deep region imaging such as liver (Depth from coil 
surface: ~ 10 – 40 mm) and they include the regions such as 
backbone and muscle in the main part of the field of view (FOV) 
region. However, our target is a kidney and our main part of FOV 
is homogeneous and small compared to those of Kim et al. 
because the kidney is located the side of the backbone and near 
surface of the body (Depth from coil surface: ~ 5 – 15 mm) 2), 
suggesting the acceptability to use the homogeneous model.  
 

33..  RReessuullttss  aanndd  DDiissccuussssiioonn  
    

  Figure 1 shows the configuration for the inverse 
problem analysis, the calculated stream functions and 
coil shapes. In Figs. 1(a) and (b), the cylinder with a 
diameter of 48 mm was the imaging object (as rat body) 
and a cuboid of 10 × 10 × 20 mm3 located at a depth in 
the range of 4 – 14 mm from the surface of the body was 
the ROI (as rat kidney). The coil surface was half of the 
cylindrical side (diameter 50 mm, length 40 mm) and the 
location of the coil was 1 mm above the surface of the 
body. Region Signal of the target points was the ROI, a 
cuboid with dimensions of 10 × 10 × 20 mm3 located at a 
depth in the range of 5 – 15 mm from the coil surface (2 
mm interval, 𝑀𝑀signal = 396). Region Noise of the target 
points was a cylinder (diameter 48 mm, length 50 mm) 
except for Region Signal (2 mm interval, 𝑀𝑀noise = 
11,348). The field distribution in Region Signal and Noise 
was 𝑩𝑩t, signal = 1 ∙ �̂�𝒙 + 0 ∙ �̂�𝒚 + 0 ∙ �̂�𝒛  (a.u.) and 𝑩𝑩t, noise = 𝟎𝟎  
(a.u.), respectively. Note that the direction of 𝑩𝑩0 was z-
axis.  

 
FFiigg..  11  Initial setup for inverse problem analysis, calculated stream functions, and coil shapes with 
𝜆𝜆sample, 𝜆𝜆coil = 1e-5, 1e0 and 1e5. Coil surface, Region Signal and Region Noise in xy-plane (a) and in xyz-
space (b). Orange area, pink cuboid and blue cylinder corresponds to coil surface, Region Signal and Noise, 
respectively. (c) Calculated stream function. Color map range of stream function 𝜓𝜓 is [𝑀𝑀𝑀𝑀𝑀𝑀(𝜓𝜓), 𝑀𝑀𝑀𝑀𝑀𝑀(𝜓𝜓)] 
and corresponds to [blue, red]. (d) Coil shapes with 𝑁𝑁c = 4. Red and blue winding are right- and left-
handed loop, respectively. Size of coil surface in (c) corresponds to that in (a) and (b). The scale in (d) is 
same as (c). 
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We calculated the stream functions with different 
𝜆𝜆sample and 𝜆𝜆coil (= 1e-5, 1e-4, …, 1e5) in the case of 
𝑁𝑁h =  20 (Fig. 1(c)). We obtained the coil shapes with 
𝑁𝑁c = 4 (Fig. 1(d)). As #1 for an example, the higher 𝜆𝜆coil 
yielded the shorter winding length and larger open angle 
(the angle formed by OQmax and OQmin, where Qmax 
and Qmin are points on the coil with maximum and 
minimum y-coordinates respectively, and O represents 
the origin). As #9 for an example, the higher 𝜆𝜆sample 
promoted the shorter winding length and smaller open 
angle. For #7, the shape was unique compared to others 
and was excluded from further discussion due to its 
extremely low SNR (Fig.3(d), Fig.4(d), and Fig.5(d) as 
mentioned later).  

Figure 2 shows |𝐵𝐵1
−|  (= (𝐵𝐵1,x

2 + 𝐵𝐵1,y
2)1/2, where 𝐵𝐵1,x 

and 𝐵𝐵1,y  are calculated using Eq. (5)) maps of coils 
designed with 𝜆𝜆sample, 𝜆𝜆coil = 1e-5, 1e0 and 1e5. The 
lower 𝜆𝜆sample  and 𝜆𝜆coil  enhanced |𝐵𝐵1

−|  homogeneity, 
resulting in the lower 𝐴𝐴𝐴𝐴𝐴𝐴. (|𝐵𝐵1

−(𝑅𝑅𝑅𝑅𝑅𝑅)|)  because of the 
objective function 𝑓𝑓(𝒔𝒔) ~ 𝐿𝐿signal = |𝑩𝑩t, signal − 𝑪𝑪signal𝒔𝒔|2 . 
For example, the homogeneity of # 4 and # 3 was 51.7 % 
and 33.0 %, respectively.  

Figure 3 shows the dependencies of evaluation factors, 
such as the signal, noise, and SNR, on 𝜆𝜆sample and 𝜆𝜆coil, 
in the case of |𝑩𝑩0| = 7 T (𝑓𝑓0 = 298 MHz). The signal was 
evaluated as |𝑩𝑩0|2𝐴𝐴𝐴𝐴𝐴𝐴. (|𝐵𝐵1

−(𝑅𝑅𝑅𝑅𝑅𝑅)|). 𝑅𝑅coil was calculated 
using Eq. (2) with the following parameters: 𝜑𝜑 = 0.5 mm, 
𝜌𝜌 = 1.68 × 10-8 Ω∙m, and 𝜎𝜎 = 0.55 S/m 14). 𝑅𝑅sample was 
calculated using Eq. (5) and the magnetic vector potential 
as the following: 

𝑨𝑨 = {𝜇𝜇0𝑗𝑗
4𝜋𝜋 } ∮ ( 𝑑𝑑𝒍𝒍

|𝒓𝒓−𝒓𝒓𝟎𝟎|)𝑃𝑃
. (14)  

The signal intensity was higher at the left-center regions 
(𝜆𝜆coil = 1 and 𝜆𝜆sample < 1) compared to other regions 
(Fig.3(a)). 𝑅𝑅sample (≤ 28.4 Ω) was dominant compared to 
𝑅𝑅coil (≤ 1.68 Ω) (Figs. 3(b) and (c)) and the maximum 
SNR was 1305 and at the right-bottom corner region 

(𝜆𝜆coil =  1e-5 and 𝜆𝜆sample  =  1e+5) in Fig. 3(d). The 
corresponding coil shape was # 9 in Fig. 1(d) (winding 
length: 285 mm, open angle: 74.8 degrees).  

Figure 4 shows the evaluation factors for |𝑩𝑩0| = 0.3 T. 
The dependence of the signal on 𝜆𝜆sample and 𝜆𝜆coil was 
similar to that in |𝑩𝑩0| = 7 T. However, the intensity was 
lower because it is proportional to |𝑩𝑩0|2 (Fig. 4(a)). 𝑅𝑅coil 
(≤ 0.347 Ω) was dominant compared to 𝑅𝑅sample (≤ 52.3 
mΩ) (Figs. 4(b) and (c)). The maximum SNR was 17.9 and 
at the center-bottom region (𝜆𝜆coil = 1e-5 and 𝜆𝜆sample = 
1) in Fig. 4(d). The corresponding coil shape was # 8 in 
Fig. 1(d) (winding length: 358 mm, open angle: 91.3 
degrees).  
 Figure 5 shows the evaluation factors for |𝑩𝑩0| = 6.5 mT. 
The dependence of the signal on 𝜆𝜆sample and 𝜆𝜆coil was 
similar to that in other |𝑩𝑩0| but the intensity was lower 
(Fig. 5(a)). 𝑅𝑅coil (≤ 51.0 mΩ) was dominant compared to 
𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  (≤ 24.3 µΩ) (Figs. 5(b) and (c)). The maximum 
SNR was 0.0232 and near the center region (𝜆𝜆coil = 1 and 
𝜆𝜆sample =1e-1) in Fig. 5(d). The corresponding coil shape 
(winding length: 407 mm, open angle: 108 degrees) was 
similar to # 4 (rather than # 5) in Fig. 1(d). Although 𝑅𝑅coil 
was dominant compared to 𝑅𝑅sample, the maximum SNR 
was not at the upper left region ( 𝜆𝜆coil =  1e5 and 
𝜆𝜆sample =  1e-5), suggesting that higher 𝜆𝜆coil  ( > 1) 
decreases |𝐵𝐵1

−| and lower 𝜆𝜆sample increases 𝑅𝑅coil.  
Inductance and quality factor are also important 

indicators for coil. Figure 6 shows the inductance, 
𝑄𝑄unloaded  (quality factor with unloaded condition), and 
𝑄𝑄loaded (quality factor with loaded condition) dependence 
on 𝜆𝜆sample and 𝜆𝜆coil in the case of |𝑩𝑩0| = 7 T, 0.3 T, and 
6.5 mT. We calculated the inductance by the following 
equation 31): 

𝐿𝐿 = 𝑠𝑠𝑠𝑠𝑠𝑠 ([
𝐿𝐿11 ⋯ 𝐿𝐿1𝑛𝑛

⋮ ⋱ ⋮
𝐿𝐿𝑛𝑛1 ⋯ 𝐿𝐿𝑛𝑛𝑛𝑛

]) , (15) 

 
FFiigg..  22   |𝐵𝐵1

−| maps of coil designed with 𝜆𝜆sample, 𝜆𝜆coil = 1e-5, 1e0 and 1e5. (a) Region where x = [0, 24], y 
= [-24, 24], z = 0. (b) Region where x = [0, 24], y = 0, z = [-25, 25]. Unit of color map is µT. Plotted rectangular 
regions correspond to the region of interest (Region Signal in Fig. 1). 
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𝐿𝐿𝑖𝑖𝑖𝑖(𝑖𝑖 = 𝑗𝑗) = 𝜇𝜇0𝑝𝑝
2𝜋𝜋 (𝑙𝑙𝑙𝑙 (𝜇𝜇0𝐴𝐴

𝑝𝑝𝑝𝑝 ) + 0.25) , (16) 

𝐿𝐿ij(𝑖𝑖 ≠ 𝑗𝑗) = 𝜇𝜇0
4π ∮ ∮

𝑑𝑑𝒓𝒓i ∙ 𝑑𝑑𝒓𝒓j

|𝒓𝒓j − 𝒓𝒓i|𝐶𝐶i𝐶𝐶j

, (17) 

where 𝑝𝑝 is the perimeter of the coil, 𝐴𝐴 is the area enclosed 
by the coil, 𝑝𝑝 is the wire radius, 𝐶𝐶i is the i-th coil path, 𝒓𝒓i 
is the position vector on 𝐶𝐶i, and 𝒓𝒓i is the unit vector along 
𝐶𝐶i. Note that in this calculation, the inductance does not 
depend on the frequency. We calculated the quality 
factors by the following equation 1): 

𝑄𝑄unloaded = 2𝜋𝜋𝑓𝑓0𝐿𝐿
𝑝𝑝coil

, (18) 

𝑄𝑄loaded = 2𝜋𝜋𝑓𝑓0𝐿𝐿
𝑝𝑝coil + 𝑝𝑝sample

. (19) 

The optimal coil shape of 7 T, 0.3 T, and 6.5 mT (# 9, # 
8, and the shape similar to # 4 in Fig. 1 (d)) had 
inductance of 0.30, 0.42, and 0.54 µH, 𝑄𝑄unloaded of 59.08. 
24.11, and 154.25 (a.u.), and 𝑄𝑄loaded  of 723.46, 24.11, 
and 180.62 (a.u.), respectively. Segmented capacitors are 
used for tuning and matching of a coil in the step of 
fabrication. For the making low-frequency coils, to 

increase the inductance considering the coil tuning, we 
can increase the number of turns by overwrapping the 
several windings at the location of current path 
determined by the proposed method. 

Specific absorption rate (SAR) is also important 
parameter for safety regulation of power transmission 
especially for RF transmit coils 1). However, our paper 
focuses on the receive coil and most of the papers 
regarding the receive only coil do not consider SAR 32). 

We confirmed that the optimal 𝜆𝜆coil  and 
𝜆𝜆sample depend on the static magnetic field intensity of 
|𝑩𝑩0|. The optimal coil shape for 7 T, 0.3 T, and 6.5 mT (# 
9, # 8, and the shape similar to # 4 in Fig. 1 (d)) had the 
winding length of 285, 358, and 407 mm, and the open 
angle of 74.8, 91.3, and 108 degrees, respectively. This 
suggests that the coil shape achieving the optimal SNR 
in lower |𝑩𝑩0| become larger compared to that in higher 
|𝑩𝑩0|  to enhance 𝐴𝐴𝐴𝐴𝐴𝐴. (|𝐵𝐵1

−(𝑝𝑝𝑅𝑅𝑅𝑅)|)  by allowing an 
increase of 𝑝𝑝coil and 𝑝𝑝sample. 
 

44..  CCoonncclluussiioonn  
 

We proposed a novel method based on inverse problem 

 
FFiigg..  33  Signal, noise and SNR dependence on 𝜆𝜆sample and 𝜆𝜆coil in the case of |𝑩𝑩0| = 7 T. (a) Signal (a.u.). 
(b) Coil resistance (Ω). (c) Sample resistance (Ω). (d) SNR (a.u.). Plotted rectangular region indicated by 
the arrow corresponds to the maximum value. 

 

 
FFiigg..  44  Signal, noise and SNR dependence on 𝜆𝜆sample and 𝜆𝜆coil in the case of |𝑩𝑩0| = 0.3 T. (a) Signal 
(a.u.). (b) Coil resistance (Ω). (c) Sample resistance (Ω). (d) SNR (a.u.). Plotted rectangular region indicated 
by the arrow corresponds to the maximum value. 

 
FFiigg..  55  Signal, noise and SNR dependence on 𝜆𝜆sample and 𝜆𝜆coil in the case of |𝑩𝑩0| = 6.5 mT. (a) Signal 
(a.u.). (b) Coil resistance (Ω). (c) Sample resistance (Ω). (d) SNR (a.u.). Plotted rectangular region indicated 
by the arrow corresponds to the maximum value. 
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analysis to design a single-channel RF receive coil with 
an optimized SNR in MRI scanner of a variety of static 
magnetic field intensity |𝑩𝑩0|. We defined the objective 
function with terms related to the signal, coil resistance 
noise and sample resistance noise. By minimizing the 
function and evaluating the balance of two terms related 
to the noise, we obtained the optimal coil shape for |𝑩𝑩0| 
of interest in case that the ROI is rat kidney. The coil 
shape achieving the optimal SNR in lower |𝑩𝑩0| became 
larger compared to that in higher |𝑩𝑩0|  to enhance 
𝐴𝐴𝐴𝐴𝐴𝐴. (|𝐵𝐵1

−(𝑅𝑅𝑅𝑅𝑅𝑅)|)  by allowing an increase of 𝑅𝑅coil  and 
𝑅𝑅sample.  

In the future, we explore the configuration of our 
method to obtain the coil shape more suitable to each 
scanner configuration such as the direction of |𝑩𝑩0|. For 
the target region, we will verify the potential expansion 
to other regions/organs rather than rat kidney for 
preclinical applications of small animals. In addition, we 
will conduct the comparison of the coil designed using 
proposed method with coils designed using other 
conventional methods by AC analysis using 
electromagnetic simulation and experimental evaluation. 
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