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a b s t r a c t 

Background and objectives: The Electromagnetic/Circuit cosimulation method represents a valuable and 

effective strategy to address those problems where a radiative structure has to interact with external 

supporting circuitries. This is of particular concern for Magnetic Resonance Imaging (MRI), radiofrequency 

(RF) coils design, where the supporting circuitry optimisation represents, generally, a crucial aspect. This 

article presents CoSimPy, an open-source Python circuit simulation library for Electromagnetic/Circuit 

cosimulations and specifically optimised for MRI, RF coils design. 

Methods: CoSimPy is designed following an Object-orientated programming. In addition to the essential 

methods aimed to performed the Electromagnetic/Circuit cosimulations, many others are implemented 

both to simplify the standard workflow and to evaluate the RF coils performance. In this article, the the- 

ory which underlies the fundamental methods of CoSimPy is shown together with the basic framework 

of the library. 

Results: In the paper, the reliability of CoSimPy is successfully tested against a full-wave electromag- 

netic simulations involving a reference setup. The library is made available under https://github.com/ 

umbertozanovello/CoSimPy together with a detailed documentation providing guidelines and examples. 

CoSimPy is distributed under the Massachusetts Institute of Technology (MIT) license. 

Conclusions: CoSimPy demonstrated to be an agile tool employable for Electromagnetic/Circuit cosim- 

ulations. Its distribution is meant to fulfil the needs of several researchers also avoiding duplication of 

effort in writing custom implementations. CoSimPy is under constant development and aims to represent 

a coworking environment where scientists can implement additional methods whose sharing can repre- 

sent an advantage for the community. Finally, even if CoSimPy is designed with special focus on MRI, 

it represents an efficient and practical tool potentially employable wherever electronic devices made of 

radiative and circuitry components are involved. 

© 2022 The Authors. Published by Elsevier B.V. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Electromagnetic (EM) simulation tools unquestionably represent 

 fundamental resource in antennas and electronic devices design 

1–4] . Moreover, their role is becoming of great importance in solv- 

ng electromagnetic compatibility issues for a generic device un- 

er test [5–7] . In many of these applications, radiative elements 

nteract with supporting circuitries defining the final behaviour 

f the device. This is of specific concern in Magnetic Resonance 

maging (MRI) radiofrequency (RF) coil design. Except for partic- 
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lar cases [ 8 , 9 ], RF coils extensively deploy lumped circuitries for 

uning, matching and, when needed, decoupling. Each of these el- 

ments has to be optimised to obtain the targeted performance 

f the RF coil. This means that, in principle, EM simulations have 

o be repeated for each tuning, matching and decoupling condi- 

ion. Due to the strong interaction between the RF coil and the 

adiated subject, in most simulations a human body model, or at 

east a part of it, has to be included in the domain to obtain re-

iable results [10–12] . This obviously leads to a significant compu- 

ational demand, limiting optimisations based on full EM simula- 

ions. EM/Circuit cosimulation represents an efficient and effective 

trategy to address the above limitations [13–16] . In this approach, 

 single multiport EM simulation is performed involving only the 
nder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Fig. 1. Basic framework of the cosimulation library. 
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adiative parts of the RF coil. The S matrix and the associated EM 

eld are extracted and used as input to the circuit simulation envi- 

onment. Here, each port is replaced by the relevant circuitry and 

he S matrix of the connected RF coil, together with the generated 

M field, is efficiently recomputed. 

Whereas an EM/circuit cosimulation feature is provided by 

any commercial EM simulation bundles ( e.g. CST, Ansoft, Agilent, 

tc.), to the best of the authors’ knowledge, only one attempt has 

een made to provide the community with a freeware tool [ 17 , 18 ].

owever, this tool has been implemented in Matlab which is not 

n open-source software. In this paper, CoSimPy, an open-source 

ython library developed for harmonic EM/circuit cosimulations, is 

resented. 

After a multiport RF coil has been simulated and both the S 

atrix and generated EM field are available, its connection with 

nother circuit can either concern each port separately ( single port 

onnections ) or the RF coil as a whole ( full ports connection ). In sin-

le port connections , one or more RF coil ports are independently 

eplaced by proper circuits described by their S matrices. Such cir- 

uits can either consist of single port lumped elements ( e.g. tuning 

nd decoupling capacitors) or multi-port circuits ( e.g. T, PI match- 

ng networks). In full ports connection , all the ports can be involved 

imultaneously in the connection with a multiport external net- 

ork [ 19 , 20 ] 

CoSimPy can easily manage all these scenarios offering a handy 

ool for performing RF coil design and optimisation. In addition, 

 few limitations of the previous work [18] have been addressed 

 e.g. connections with multiport networks, resistors and inductors 

s external lumped elements). The library has been developed al- 

owing easy scalability and implementation of custom methods. 

In the following sections, the basic framework of the library is 

hown and the fundamental equations governing the main meth- 

ds are reported. Finally, the reliability of the suggested implemen- 

ation is tested against full-wave EM simulations and the results 

re reported. 

. Framework 

The basic framework of CoSimPy is sketched in Fig. 1 with solid 

lack lines. RF_Coil is the main class of the library representing 

he simulated multiport device. An RF_Coil instance has two prop- 

rties: s_matrix and em_field . The two properties are instances of 

he S_Matrix and EM_Field classes, respectively. The S_Matrix class 

s responsible for storing the S matrix of the simulated RF coil 

anaging all the operations which can involve such a matrix ( e.g. 

onnection of the RF coil with other networks). This class has 

wo basic properties, namely, S and frequencies . The former is an 

 fs × n p × n p array collecting all the S matrices associated with 
2 
he n p -port RF coil defined over n fs frequency values. The latter is 

 one dimensional array listing all the n fs frequency values over 

hich the S matrices are defined. The EM_Field class is responsi- 

le for storing and managing the EM fields generated by the RF 

oil. This class has four main properties, namely, e_field, b_field, fre- 

uencies and nPoints. e_field and b_field are n ff × n p × 3 × n pt ar- 

ays collecting the three Cartesian components of the electric field 

nd magnetic flux density, respectively, defined over n ff frequency 

alues. A different EM field distribution is associated with each of 

he n p ports of the RF coil corresponding to the EM field generated 

ver n pt Cartesian spatial points when the relevant port is supplied 

ith 1 W incident power and all the other ports are closed on 

heir characteristic impedance. The nPoints property is a 3-element 

ist containing the number of spatial points along the three Carte- 

ian dimensions of the simulated domain and allows to reconstruct 

he three-dimensional field distribution. The frequencies property is 

 one dimensional array listing the n ff frequencies over which the 

M field is defined. This array is a subset of the homonym property 

f the S_Matrix class. 

The flow describing the connection between the RF coil and a 

eneric external network, represented by an RF_Coil and S_Matrix 

nstance respectively, is sketched in Fig. 1 by the red dashed lines. 

hen a connection is performed, the RF_Coil instance invokes a 

edicated method defined within the S_Matrix class. This method 

eturns a new S_Matrix instance relevant to the connected RF coil 

nd an array of complex coefficients, P inc . Such coefficients repre- 

ent the new powers incident to the n p ports of the RF coil which

re modified by the connection with the external circuitries. As 

uch, they allow to obtain the EM field associated with the con- 

ected RF coil. Indeed, the coefficients P inc serve as input for an 

M_Field class method returning the appropriate EM_Field instance. 

oth the obtained S_Matrix and EM_Field instances become the 

roperties of the new RF_Coil instance representing the connected 

F coil. 

. Methods 

The connection between the RF coil and a generic multiport 

etwork can be divided into two different stages. In the first stage 

he S matrix of the connected RF coil is computed. In the sec- 

nd stage, each port of the connected RF coil is supplied with 

 W incident power closing all the other ports on a characteris- 

ic impedance. The powers incident to all the ports of the uncon- 

ected RF coil are then computed. Such powers are then used to 

btain the EM field generated by each port of the connected RF 

oil as shown below. 

Even if, for the sake of practicality, two different methods are 

rovided in CoSimPy for single port connections and full ports con- 
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Fig. 2. S matrices connection. 
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ection , both the methods return the result by calling the same 

outine. This routine manages the connection as the cascade be- 

ween the S matrix of the unconnected RF coil and another generic 

 matrix whose number of ports is higher than that of the uncon- 

ected RF coil. The procedure is sketched in Fig. 2 a. S 0 , S C and S 1 

epresent the S matrices associated with the unconnected RF coil, 

he supporting circuitries and the connected RF coil, respectively. 

 0 and n 1 represent the number of ports of the unconnected and 

onnected RF coil, and also correspond to the number of input and 

utput ports of the supporting circuitries, respectively. 

According to this procedure, if the i th port of the unconnected 

F coil is not involved in the connection, it will be straight con- 

ected to the relevant o th output port. From the S C viewpoint, its 

 th row will be made of all zeros except 1 at the o th column and

ts o th row will be made of all zeros except 1 at the i th column. 

In order to express S 1 as a function of S 0 and S C , it is useful to

plit S C into four submatrices as it follows: 

 

C = 

(
S C 

11 
S C 

12 

S C 
21 

S C 
22 

)
(1) 

here S C 
11 

is a n 0 × n 0 matrix, S C 
12 

is a n 0 × n 1 matrix, S C 
21 

is a 

 1 × n 0 matrix and S C 
22 

is a n 1 × n 1 matrix. With reference to (1), 

 

1 is given by: 

 

1 = S C 
21 

[ 
S 0 

−1 − S C 
11 

] −1 

S C 
12 

+ S C 
22 

(2) 

There exist particular conditions where (2) cannot be used to 

ompute S 1 since the inverse of the relevant matrices does not ex- 
3 
st. One such example is S 0 representing a PI or T network fully 

omposed of port characteristic impedances. In these cases, the al- 

orithm tries to compute the impedance matrices Z 0 and Z C as- 

ociated with S 0 and S C . If Z C is divided in four submatrices fol- 

owing the same criteria used in (1), the impedance matrix of the 

onnected RF coil can be obtained as: 

 

1 = Z C 
22 

− Z C 
21 

Z 0 
−1 

[ 
I − Z C 

11 
Z 0 

−1 
] −1 

Z C 
12 

(3) 

here I is a n 0 × n 0 identity matrix. S 1 is therefore obtained con- 

erting Z 1 . If one or more impedance matrices that have to be in- 

erted in (3) are singular, the algorithm raises a Singular matrix 

xception which can be handled externally to the library. In order 

o obtain the new EM fields generated by each port of the con- 

ected RF coil, it is necessary to compute the powers incident to 

ll the n 0 ports of the unconnected RF coil when the n 1 ports of

he connected RF coil are alternatively supplied with 1 W incident 

ower and all the other n 1 - 1 ports are closed over a character- 

stic impedance. The new EM fields can be therefore obtained as 

he linear combination, weighted by the square root of the n 0 in- 

ident powers, of the EM fields generated by the n 0 ports of the 

nconnected RF coil [13] . 

Fig. 2 b gives a graphical representation of the workflow when 

he EM field generated by the j th port of the connected RF 

oil is investigated. In Fig. 2 b, the Z ′ 
0 

represent the characteristic 

mpedances of the ports of the connected RF coil. Defining S CL as 

he S matrix resulting from the connection of S C and the n 1 - 1 

haracteristic impedances, it is possible to identify four submatri- 



U. Zanovello, F. Seifert, O. Bottauscio et al. Computer Methods and Programs in Biomedicine 216 (2022) 106684 

c

S

w

m

v

w  

c

i

V

w

t

i  

i  

c

P

w  

s

n

p

∠

p

i

c

t

w

t

e

c

p

t

o

F

w

m

i

4

e

a

t

e

(

1

E

f

±
s

b

d

i

p

l

i

s  

c

o  

t

p

t

t

C

P

v

m

t

r

a

i

p  

C

u

t

m

c

a

 

S

s

r

p

p

o

v

c

u

c

c

t

t

5

s

b

0

a

u

e

fl

c

a

1

e

u

i

o

t

w

es: 

 

CL = 

(
S CL 

11 
S CL 

12 

S CL 

21 
S CL 

22 

)
(4) 

here S CL 

11 
is a n 0 × n 0 matrix, S CL 

12 
is a n 0 × 1 matrix, S CL 

21 
is a 1 × n 0 

atrix and S CL 

22 
is a 1 × 1 matrix. According to this definition, the 

oltage waves incident to the n 0 ports of the unconnected S matrix, 

hen supplying the j th port of the connected RF coil with 1 W in-

ident power and closing all the other ports on their characteristic 

mpedances, can be obtained as: 

 

+ 
0 , j 

= 

[
I − S CL 

11 
S 0 

]−1 
S CL 

12 

√ 

Z ′ 
0 , j 

P inc, j (5) 

here V + 
0 , j 

is a n 0 length vector, Z ′ 
0 , j 

is a real value representing 

he characteristic impedance of the supplied port, I is a n 0 × n 0 
dentity matrix and P inc,j is the power incident to the j th port and

t is equal to 1 W. The power incident to the k th port of the un-

onnected RF coil, can be obtained as: 

 inc, j,k = 

∣∣V 

+ 
0 , j,k 

∣∣2 

Z 0 ,k 
(6) 

here V + 
0 , j,k 

is the k th element of V + 
0 , j 

, Z 0, k is a real value repre-

enting the characteristic impedance of the k th port of the uncon- 

ected RF coil. 

The power in (6) can be "de-phased" with respect to the other 

owers, based on the phase of the corresponding incident voltage: 

 V + 
0 , j,k 

. The complex factor that allows taking into account this de- 

hasing at the different ports is given by e 
i ∠ V + 

0 , j,k where i is the 

maginary unit. 

The powers incident to all the n 0 ports of the unconnected RF 

oil, when all the n 1 ports of the connected RF coil are alterna- 

ively supplied with 1 W incident power, can be collected, together 

ith the relevant de-phasing factors, in a n 0 × n 1 matrix P 
inc 

. If 

he three Cartesian components of the magnetic flux density and 

lectric field, generated in n pt spatial points by the unconnected RF 

oil when the n 0 ports are alternatively supplied with 1 W incident 

ower, are collected in a 3 × n pt × n 0 multidimensional matrix F 0 , 

he analogous matrix, F 1 , relevant to the connected RF coil, can be 

btained as: 

 

1 = F 0 P 1 / 2 
inc 

(7) 

here, by definition, P 1 / 2 
inc, j,k 

= 

√ | P inc, j,k | e i ∠ V + 
0 , j,k and the matrix 

ultiplication is performed over the last two indices of F 0 result- 

ng in a F 1 matrix whose dimension is 3 × n pt × n 1 . 

. Results 

To test the reliability of the cosimulation algorithm, the ref- 

rence setup of Fig. 3 has been conceived. The setup consists of 

 34 cm × 18 cm × 40 cm phantom (relative electric permit- 

ivity equal to 80 and electrical conductivity equal to 0.47 S/m) 

xposed to the RF field generated by two square loop RF coils 

side length equal to 10 cm) sharing one conductor and placed 

 cm far from the phantom surface. In a first stage, a 7-port 

M FDTD (finite-difference-time-domain) simulation has been per- 

ormed with Sim4Life [21] over a frequency bandwidth equal to 

60 MHz with a central frequency equal to 128 MHz and 24 kHz 

paced samples. The resulting 7 × 7 S matrix of the RF coil has 

een extracted together with the electric field and magnetic flux 

ensity inside the phantom. The EM field has been exported on an 

sotropic Cartesian grid with side equal to 4 mm and both the S 
4 
arameters and EM field have been imported in the circuit simu- 

ation environment through specific CoSimPy routines. 

In the following stage, each simulated port has been replaced, 

n the circuit simulation environment, by the lumped elements 

hown in Fig. 3 . In particular, ports from 4 to 7 have been con-

eived for tuning the RF coils and have been replaced by the series 

f a tuning capacitor C t and a resistor R . Port 3 has been conceived

o decouple the two RF coils and has been replaced by a decou- 

ling capacitor C d . Finally, ports 1 and 2, which represent the ac- 

ual supply ports of the two RF loop coils, have been connected 

o a 2-port matching network made of two capacitors C m1 and 

 m2 and a resistor. The output ports of the matching networks, 

 N1 and P N2 represent the supply ports of the final RF coils. The 

alue for the resistances has been set to 1 Ω leading, approxi- 

ately, to a ratio between the unloaded and loaded quality fac- 

ors equal to 4 for the whole RF coil. A genetic optimisation algo- 

ithm [22] has been used, in combination with the cosimulation 

lgorithm, to find the values of the four capacitors which max- 

mise the total power accepted by the RF coils. The obtained ca- 

acitor values are C t = 22 pF, C d = 41 pF, C m1 = 240 pF, and

 m2 = 38 pF. 

The behaviour of the 2-port RF coil obtained in the circuit sim- 

lation environment has been compared with the outcomes ob- 

ained simulating the same 2-port device in Sim4Life. 

Fig. 4 shows the comparison results. To provide an idea of how 

uch the lumped elements, substituting the ports, affect the RF 

oil behaviour, the results related to the 7-port original simulation 

re also reported. 

In Fig. 4 a and b, both the absolute value and the phase of the

 11 and S 12 scattering parameters are compared. The results are 

hown only for S 11 and S 12 parameters since the problem is recip- 

ocal and symmetric. 

In Fig. 4 c the power deposited on a phantom axial slice is re- 

orted as a function of its longitudinal index when port 1 is sup- 

lied with 1 W incident power and the remaining port is closed 

n its characteristic impedance. 

Finally, in Fig. 4 d the same comparison is performed for the 

alue of the magnetic flux density along the longitudinal line 

rossing the centre of the phantom. 

To give an example of a standard CoSimPy workflow, the code 

sed to import the external data from Sim4Life, to generate the 

lass instances, to connect the 7-port RF coil to the external cir- 

uitries and to extract the results in numpy ndarrays , is reported in 

he Appendix with reference to the problem analysed in this sec- 

ion. 

. Discussion 

The matching between the results obtained from the circuit 

imulation environment and the 2-port simulation is satisfactory 

oth in terms of S parameters (S 11 average relative error equal to 

.7 % and 5% for the absolute values and phases respectively, S 12 

verage relative error equal to 3 % and 0.8 % for the absolute val- 

es and phases respectively) and field quantities (average relative 

rror equal to 0.4 % and 0.2 % for the electric field and magnetic 

ux density respectively). 

The optimisation algorithm, involved in the estimation of the 

apacitor values for the 2-channel, 7-port reference problem, took 

bout 5 min to run on an Intel® Core TM i7–10,510 U CPU and about 

91,500 iterations to meet the converge criteria ( i.e. at least 150 it- 

rations without any improvement). In each iteration, (2) was eval- 

ated and the total accepted power was maximised by minimis- 

ng the 1-norm of the vector composed by the real eigenvalues 

f the S 1 
H 

S 1 matrix, where H means conjugate transpose [23] . In 

his case, the knowledge of the S matrix of the connected RF coil 

as sufficient to estimate the optimisation objective and the pow- 
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Fig. 3. Setup used for the validation of the cosimulation algorithm. 

Fig. 4. Comparison between cosimulation and simulation results. 
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rs incident to the unconnected RF coil ports were not calculated. 

n principle, there could exist circumstances where the EM field 

istribution is involved in the definition of the optimisation func- 

ion. In such cases the knowledge of the S matrix of the connected 

F coil is no more sufficient, the powers incident to the uncon- 

ected RF coil ports have to be computed with (5) and (6) and 

he new EM field distribution has to be obtained through (7). The 

ncrease of computation time depends on the number of ports of 

he unconnected/connected RF coil and the number of points in 

hich the EM field is defined. With regard to the reference prob- 

em proposed in Section 4 , the time needed by the optimisation 

lgorithm for completing the same number of iterations, increased 

rom 5 min to 2 h and 20 min. Such an increase is mainly due
5 
o (7) where the matrix multiplication involves a large n pt × n 1 
atrix (382,500 × 7 in the reference problem) and has to be re- 

eated for each component both of the electric field and mag- 

etic flux density, for a total of six times. This however represents 

n "embarrassingly parallel" workflow and an improvement of the 

ode involving a parallel strategy would be of reasonable effort and 

ignificant benefit. Furthermore, even if the reference RF coil has 

een optimised at a single frequency value, there could be cases 

here the RF coil is designed to work at multiple frequencies and 

ts behaviour has to be consequently optimised [ 16 , 24 ]. Whereas 

oSimPy is designed to deal with S matrices and EM fields defined 

t multiple frequencies, the code basically repeats all the opera- 

ions for a number of times equal to the number of frequency val- 
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Table 1 

Collection of CoSimPy input/output methods and relevant file formats. 

S_Matrix EM_Field RF_Coil 

Method Description Method Description Method Description 

IMPORT importTouchstone The method generates an S_Matrix 

instance importing the S-, Z- or 

Y-parameters from a Touchstone 

file. 

Import file formats: 
• Rev. 1.1 IBIS Open Forum [25] ; 
• Multi-column, multi-row ASCII 

file. 

importFields_s4l The method generates an EM_Field 

instance importing the EM field 

from “.mat” binary files. The files 

are generated by the Export Tool 

of Sim4Life, exporting the EM 

field on a regular grid. 

saveRFCoil The method allows 

to save all the data 

relevant to the 

RF_Coil instance 

into a proprietary 

binary file with 

“.cspy” extension. 

importFields_cst The method generates an EM_Field 

instance importing the EM field 

from: 

Multi-column, multi-row ASCII 

files; 
• “.h5” binary files. 
• The files are generated by the 

Export Tool of CST, exporting the 

EM field on a regular grid. 

EXPORT exportTouchstone The method exports the S-, Z- or 

Y- parameters, defined within the 

S_Matrix instance, into a 

Touchstone file. 

Export file formats: 
• Rev. 1.1 IBIS Open Forum [25] ; 
• Multi-column, multi-row ASCII 

file. 

exportXMF The method exports the EM field, 

defined within the EM_Field 

instance, in an “.h5” file. A “.xmf”

file is also generated in 

combination with the previous 

“.h5” file. 

loadRFCoil The method allows 

to generate an 

RF_Coil instance 

loading all the 

data from a 

previously saved 

“.cspy” binary file. 
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o
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es. Even in this perspective, the code could be sensibly improved 

onsidering a parallelization strategy. 

Along with the fundamental methods described in Section 3 , 

any others have been implemented both to simplify and accel- 

rate the workflow. Examples includes methods for importing and 

xporting the EM field distribution, importing and exporting the 

 parameters, saving and loading the RF_Coil instance according 

o a proprietary binary format, plotting the EM field distribution 

nd the S parameters, computing voltages and currents at the RF 

oil ports, computing the RF coil TX/RX sensitivities, computing 

he electric power density and the total power deposited inside a 

on-zero conductivity load and computing the total power balance 

elevant to the RF coil ( i.e . the relative amount of the power ac-

epted, radiated, lost in supporting circuitries and deposited into 

 load). Table 1 collects all the input/output methods available 

long with the present version of CoSimPy. In the table, the gener- 

ted/expected file formats are briefly described beside the relevant 

ethods. 

At the time of writing, other methods are being implemented 

nd they will be available in the future versions of CoSimPy to- 

ether with a parallelization of the code. These include methods 

or computing the Q matrix [26] , for computing RF coil figures 

f merit ( e.g. g-factor, filling factor [ 27 , 28 ]), for exporting the EM

eld distribution in different formats (at the time of writing, only a 

ethod has been implemented to export the EM field distribution 

n XMF format), for importing the EM field distribution according 

o the format adopted by different EM simulation software (only 

im4Life and CST are accounted at the time of writing) and for in- 

eracting with external EM simulation software through disposable 

PIs. 

The main idea supporting the development of CoSimPy is to 

rovide a free and handy tool to perform MRI RF coil EM/Circuit 

osimulations also complementing existing EM simulation tools 

 29–32 ] already pursuing the "open-source imaging" philosophy 

33] and other commercial tools where a circuit simulation inter- 

ace is still missing [21] . Furthermore, CoSimPy is designed to be 

asily integrated in a homemade Python code ( e.g. personalised op- 

imisation algorithms, customised parametric analyses). In this per- 

c

6 
pective, CoSimPy could be useful even in those cases where the 

M full-wave simulations are performed with a simulation bundle 

omprehensive of a circuit simulation interface [ 34 , 35 ]. 

To the best of the authors’ knowledge, CoSimPy represents 

he only open-source alternative to an already existing EM/Circuit 

osimulation Matlab-based tool [ 17 , 18 ]. In this regard, CoSimPy is 

ompletely Python-based, addresses some of the limitations of the 

revious tool and embeds a series of methods aimed to charac- 

erise an MRI RF coil behaviour and performance. 

With respect to other open-source RF circuit simulation tools, 

ot specifically intended for EM/Circuit cosimulations [ 36 , 37 ], 

oSimPy differs not only for the implementation of the routines 

ble to manage the interaction between supporting circuitries and 

enerated EM field. Indeed, all the CoSimPy methods have been 

esigned trying to make their use as straightforward as possible in 

he framework of MRI RF coil design and optimisation. 

Finally, even if CoSimPy has been developed with the focus on 

RI, it can be utilised, as it is, in many other contexts where a 

wo-way link between EM and circuit simulations is needed ( e.g . 

icrowave engineering, hyperthermia, antenna design) [ 38–41 ]. 

. Conclusion 

In this paper, CoSimPy, an open-source Python library, devel- 

ped for EM/circuit cosimulations, has been presented and suc- 

essfully tested against full-wave simulations. The basic frame- 

ork of the library has been shown together with the fundamen- 

al equations deployed by its main methods. A reference setup has 

een proposed to validate the library results comparing them with 

hose obtained through an independent simulation. 

CoSimPy has been designed with the aim of providing a free, 

ractical and effective tool to perform MRI RF coil EM/Circuit 

osimulations. Furthermore, to propose a coworking environment 

here scientists can implement additional methods whose sharing 

an represent an advantage for the community. 

CoSimPy is available on the GitHub repository ( https://github. 

om/umbertozanovello/CoSimPy ). In addition to the source code, a 

https://github.com/umbertozanovello/CoSimPy
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Fig. A.1. Example of a typical workflow using CoSimPy. The code makes reference to the problem analysed in Section 4 . 
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ocumentation is made available detailing the different methods, 

roviding examples and guidelines for the installation. 
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ppendix 

In this section, the essential part of the code used in the con- 

ext of the reference problem proposed in Section 4 , is reported. 

he two following preliminary arrangements have to be fulfilled: 

1. The S parameters, obtained from the 7-port full-wave simula- 

tion, are saved according to the Touchstone file format spec- 

ifications Rev. 1.1 provided by the IBIS Open Forum [25] . The 

Touchstone file, “s_param.s7p”, is therefore saved in the same 

directory of the Python script; 

2. A directory named “Field” is created in the same directory of 

the Python script. Inside the “Field” directory, the electromag- 

netic field distributions, generated by 1 W power incident to 
7 
each of the seven ports of the simulated device, are stored. Each 

file is named “b(e)field_port < n > .mat”, where “b” and “e” are 

used for magnetic and electric field distributions respectively 

and “< n > ” denotes the port number (ranging, for the relevant 

case, from 1 to 7). These files are generated by Sim4Life on an 

isotropic Cartesian grid and represent the standard binary for- 

mat used by Sim4Life for exporting the EM field distribution. 

The code is shown in Fig. A.1 . After importing the library, the 

apacitor and resistor values are declared (lines 5 – 10). Then, 

he S parameters and EM field distributions, previously computed 

hrough the full-wave simulation performed with Sim4Life, are im- 

orted (lines 15 and 17) and the RF_Coil instance of the 7-port 

evice is generated (line 19). The S_Matrix instances relevant to 

he external circuitries are therefore defined (lines 24 – 32) and 

he 2-port RF_Coil instance is obtained connecting the original 7- 

ort RF_Coil instance to the external circuitry (line 37). Finally, the 

 parameters and EM field distributions are extracted from the 

_Matrix and EM_Field instances, respectively, into numpy ndarray , 

o allow for further manipulations external to CoSimPy (lines 37 –

5). 
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