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Abstract 

The conventional circuit diagrams and graph-based circuit theory are used for the 
phase-independent circuits such as resistor-inductor-capacitor (RLC) circuits and 
semiconductor transistor circuits, rather than the phase-dependent circuits such as 
Josephson junction circuits and quantum-phase-slip (QPS) junction circuits. in the age 
of artificial intelligence (AI), we present an electromagnetic-field-based circuit theory 
to unify the phase-independent and phase-dependent electric circuits. This theory drives 
two general system models for all electric circuits, and visualizes the dynamics of 
circuit devices with electric-charge-flow (ECF) diagrams and the magnetic-flux-flow 
(MFF) diagrams. ECF and MFF diagrams enable electric circuits to be designed and 
analyzed like the molecules composed of two kinds of atoms; they are promising for 
the language to train AI-aided electronic-design-automation (EDA) tools. 

Keywords: charge-based circuit theory, flux-based circuit theory, ECF diagram, MFF 
diagram, Josephson junction circuit, QPS junction circuit, AI-aided circuit design. 
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Electric-charge-flow (ECF) Diagram 
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1. Introduction 

Electric circuits are charge-flow network implemented by interconnecting electrical 
devices with wires, where the charge carriers are driven by electric and magnetic fields; 
they are used to transmit electric energy and signals [1], for both analog and digital 
applications. Charges in electric circuits are driven by the electric and magnetic fields; 
the principles are described by the Maxwell’s equations, however, circuit analysis 
methods are still based on the graph-theory and the Kirchhoff's laws [2], which is firstly 
developed by Prof. Ernst Guillemin in 1930s [3]. For physical implementation, an 
electric circuit will be firstly drawn as a schematic to describe its physical structure, 
and for circuit analyses, it will be turned into a symbolic circuit diagram, The schematic 
is supported by electronic-design-automation (EDA) tools [4] for layout or the printed-
circuit-board (PCB) design. The symbolic circuit diagram is the structural abstraction 
of the schematic; it uses Kirchhoff's laws to model the electromagnetic principles in 
circuits, and can be processed by the SPICE (simulation program with integrated circuit 
emphasis) tools for numerical simulations [5-9].  

In the coming era of artificial-intelligence (AI), AI-aided tools for integrated circuits 
design are on the quick developing [10-12]. Do we still have to use the conventional 
schematics or symbolic circuit diagrams to train AI tools? Are there new circuit 
diagrams that are more suitable for the AI tools? In this article, we introduce an 
electromagnetic-field-based circuit theory and the charge-flux-flow diagrams to 
upgrade the circuit analysis methodologies for AI tools. The electric-charge flow (ECF) 
and magnetic-flux flow (MFF) diagrams are the functional abstractions of electric 
circuits [13, 14]. Three types of circuit diagrams are compared in Fig. 1. 

 
Fig. 1. Three kinds of circuit diagrams: (a) symbolic circuit diagrams used for circuit analyses, 

supported by SPICE tools; (b) the schematics for physical implementation, supported by EDA tools; (c) 

the electric-charge-flow (ECF) diagrams and magnetic-flux-flow diagram (MFF) diagrams for 

functional abstraction of electric circuits; they can be used to train artificial intelligence (AI) tools. 
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2. Evolution of circuit diagrams 

A. An overview 

The evolution of circuit diagrams is illustrated in Fig. 2, where a simple electric 
circuit and its circuit diagrams for different levels of abstraction are exhibited. 

1) Schematic is the wiring diagram for physical implementation: Fig. 2(a) is the 
schematic of the example circuit, which is implemented by connecting a battery and a 
lamp with wires to two terminals.  

2) Symbolic circuit diagram is the graph-theory-based model for deriving 
circuit equations: Symbolic circuit diagrams are the equivalent circuits composed of 
basic resistor-inductor-capacitor (RLC) elements, as shown in Fig. 2(b) and (c). The 
circuit is further modeled as an electric-charge pump (ECP) network for charge-based 
analysis, as shown in Fig. 2(d), and as a magnetic-flux pump (MFP) network for flux-
based analysis, as shown in Fig. 2(e). 

3) Electric-charge flow (ECF) diagram is the interaction diagram of ECP 
network, and Magnetic-flux flow (MFF) diagram is the interaction diagram of 
MFP network: ECF diagram is composed of ECPs and nodes, and MFF diagram is 
consisted of MFPs and loops, as shown in Fig. 2(f) and (g).  

 
Fig. 2. Diagrams for an example circuit; (a) a schematic; (b) circuit diagram with Thevenin’s 

equivalent; (c) circuit diagram with Norton’s equivalent; (d) charge-pump network; (e) flux-pump 

network; (f) ECF diagram; (g) MFF diagram. 
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B. Schematic for physical implementation 

Circuit schematics are wiring diagrams drawn according to the what-you-see-
is-what-you-get (WYSIWYG) principle; they consist of two kinds of objects: 

1) Circuit components. A block with pins represents a component in schematics; pins 
of components are connected to nodes with wires.  

2) Wires. Wires are conductors that connect component pins to nodes. 
Schematics emphasize the connections between components, they are drawn for 

circuit layout or printed-circuit-board (PCB) design with electronic-design-automation 
(EDA) tools. to further derive circuit equations for circuit analyses, a schematic will be 
redrawn with a symbolic circuit diagram. 

C. Symbolic circuit diagram for deriving circuit equations 

Symbolic circuit diagrams are equivalent circuits of schematics for circuit 
analyses; they are drawn with the equivalent circuit of devices. 

1) The functions of components in schematics are implemented with their equivalent 
circuits. Those equivalent circuits are described by the SPICE models in SPICE tools 
[5, 6, 15, 16]; they are consisted of basic elements, such as such as resistor (R), inductor 
(L), capacitor (C), PN junction, voltage and current sources [17-19]. 

2) The resistance, capacitance, and inductance effects of wires are implemented with 
RLC elements. For example, the resistance is implemented with a resistor inserted in 
wire; the electric field couplings between wires are implemented with the capacitors 
connected between nodes; the magnetic field couplings between wires are implemented 
with inductors coupled through mutual inductances. 

For instance, Fig. 2(b) and (c) are two symbolic circuit diagrams of the example 
circuit. In Fig. 2(b), the battery is modeled with the Thevenin’s equivalent circuit, and 
in Fig. 2(c) the battery is modeled with the Norton’s equivalent.  

Symbolic circuit diagrams are composed of nodes and branches; branches are 
implemented with basic two-terminal circuit elements. We can extract nodes, branches, 
and faces from diagrams and derive the circuit equations, based on the graph theory. In 
a given graph, assuming that the number of branches is b, the number of nodes is n-1 
(except the datum node), and the number of independent loops is f, each branch is 
defined by its branch current ibr and branch voltage vbr, and the number of variables is 
2b; the full-rank equations of ibr and vbr are set up by combining 

1) the VCR functions for branches,  
2) the equations of ibr at nodes, using Kirchhoff's current law (KCL), 
3) the equations of vbr in loops, using Kirchhoff’s voltage law (KVL). 
Those circuit equations are automatically derived in SPICE tools by using the general 

modified-nodal-analysis (MNA) method [20]. 
The symbolic circuit diagrams, are the mathematic model, rather than the physical 

model of electric circuits; the KCL and KVL are mathematic constraints, instead of the 
principles of electromagnetic fields.  

1) The KCL states that the algebraic sum of all the ibr flowing in and out of a node is 
null [21], which assumes that there are no extra charges stored at nodes.  
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2) The KVL states that the algebraic sum of all the vbr inserted in a loop is null [21], 
which assumes that there are no extra fluxes coupled in loops.  

However, in practical circuits, node voltages will attract charges gathering at nodes, 
and branch currents will induce magnetic fluxes in loops. To meet KCL and KVL, the 
circuit diagram for practical electric circuits will be amended using capacitors, 
inductors, mutual inductances: 

1) Capacitors are connected between nodes to store the charges aroused by node 
voltages. 

2) Inductors are inserted in branches to store the fluxes induced by branch currents. 
3) Mutual inductances between inductors are defined to the magnetic couplings 

between branches. 
The graph-theory-based circuit diagrams is disadvantageous for the circuits with 

mutual inductances. A circuit diagram will be a complex N-port network that is difficult 
to analysis, if it includes all the mutual inductances between branches.  

D. Challenges of conventional circuit theory 

The conventional circuit theory based on the symbolic circuit diagrams, has achieved 
great success in the design and analysis of phase-independent circuits such as normal 
resistor-inductor-capacitor (RLC) circuits and semiconductor electronic circuits. It 
meets challenges in the analyses of the phase-dependent circuits such as Josephson 
junction circuits [22-26] and quantum-phase-slip (QPS) junction circuits [27-32]. Here, 
the phase refers to the variables that are associated with the charges stored at nodes, the 
fluxes coupled in loops, and the charges or fluxes flowing through circuit elements. The 
differences between phase-independent and phase-dependent circuits are compared in 
Table 1. The disadvantages of the conventional circuit theory are:  

1) The VCRs are used to define phase-independent circuit elements such as the 
RLC elements and semiconductor transistors. Josephson junctions are defined with 
flux-current-relations (FCRs), and QPS junctions are described with charge-voltage-
relations (QVRs). 

2) The KCL and KVL are the laws for phase-independent circuits. The charge-
quantization law (CQL), instead of KCL, is used in the analysis of QPS-junction circuits, 
and the flux-quantization law (FQL), instead of the KVL, is used in the analysis of 
Josephson-junction circuits.  

Table 1. Features of phase-independent and phase-dependent circuits 
 Phase-independent circuits Phase-dependent circuits 

Definition of Elements VCR FCR for Josephson junctions; 

QVR for QPS junctions 

Circuit law at nodes KCL CQL for QPS circuits 

Circuit law at loops KVL FQL for Josephson circuits 

 

Symbolic circuit diagrams are the equivalent mathematic models of practical electric 
circuits, where, capacitors between nodes, inductors in branches, and the mutual 
inductances between branches, are the mathematic approaches to describe the effects 
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of electric and magnetic fields. By redefine the voltages with phase-dependent variables, 
the voltage-based MNA method can be upgraded to the so-called phased-based MNA 
method [16, 33], nevertheless, two problems remain unsolved. 

1) Conventional circuit diagrams will conceal the charge quanta at nodes, in 
modeling QPS junction circuits; they divide and assign the quantized charges stored at 
nodes to the capacitors connected between nodes. 

2) Conventional circuit diagrams will conceal the flux quanta in loops, in 
modeling Josephson junction circuits; they divide and assign the quantized fluxes 
coupled in loops to the inductors inserted in the loops, and the inductors are coupled 
with mutual inductances.   

E. Electromagnetic-flux-distribution models 

  To unify the design and analysis of phase-independent and phase-dependent circuits, 
we develop an electromagnetic-field-based circuit theory, based on the 
electromagnetic-flux distribution models [21]. In this theory, an electric circuit can be 
modeled as either an ECP network for charge-based analysis, or an MFP network for 
flux-based analysis. Fig. 2(d) shows the ECP network of the example circuit, and Fig. 
2(e) depicts the MFP network for the example circuit: 

1) ECP network is composed of electric-charge containers (ECCs) and electric-
charge pumps (ECPs), where ECPs pump charges in and out of ECCs, and ECCs store 
charges and generate nodal voltages to drive ECPs. The ECPs are the components of 
non-capacitance elements connected in seral; they are defined with QVR for both 
phase-independent and phase-dependent circuit elements. The ECCs are the nodes that 
store charges through capacitors connected between nodes. The charge-conservation 
law (CCL) of ECCs unifies the KCL and CQL for both phase-independent and 
phase-dependent circuits.  

2) The MFP network is composed of magnetic-flux containers (MFCs) and 
magnetic-flux pumps (MFPs), where MFPs pump magnetic fluxes in and out of MFCs, 
while MFCs preserve fluxes and generate loop currents to derive MFPs. The MFPs are 
the components of non-inductance elements connected in parallel; they are defined with 
FCR for both phase-independent and phase-dependent circuit elements. MFCs are the 
loops that preserve fluxes with self-inductances of loops and mutual-inductances 
between loops. The flux-conservation law (FCL) of MFCs unifies the KVL and 
FQL for both phase-independent and phase-dependent circuits.  

The features of ECP and MFP networks are summarized in Table 2. It is shown that 
one circuit can be modeled as an ECP network or an MFP network, like a coin has two 
sides. This is what we call the charge-flux duality in one circuit [21], similar with the 
waver-particle duality of light.  

To be noticed that ECP and MFP networks are composed of two kinds of objects 
more than just two kinds of circuit elements. The ECCs are more than just the 
vertexes in the graph shown in Fig. 2(d); they are objects that store charges with 
capacitances; the MFCs are more than just the loops of the graph shown in Fig. 2(e); 
they are objects that store fluxes with inductances. Conventional circuit diagrams are 
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not capable to depict the interactions between objects, for ECP networks and MFP 
networks.  

Table 2. Features of charge-distribution and flux-distribution networks 
 ECP network MFP network 

Energy carrier  Charge Flux 

Field container ECC MFC 

Field regulator ECP MFP 

Circuit laws CCL and 

energy conservtion law 

FCL and 

energy conservation law 

Diagram ECF diagram  MFF diagram 

 

F. Interaction Diagrams  

Electric-charge-flow diagram (ECF) [14] is the interaction diagram of ECP 
network, and magnetic-flux-flow (MFF) diagram [13] is the interaction of MFP 
network. The ECF and MFF diagrams for the example circuit are illustrated in Fig. 2(f) 
and (g). ECF and MFF diagrams are the graphic languages that implement the complete 
descriptions for any given electric circuit; they are promising to be used to train 
artificial intelligence (AI) for integrated circuit design. Details of the electromagnetic-
field-based circuit theory and the flux-charge-flow diagrams are described in the 
following sections:  

1) In section 3, we will derive two dynamic models of electric circuits, based on the 
Maxwell’s equations of electromagnetic fields.  

2) In section 4, we will introduce the flux-charge duality of electric circuits, and the 
concepts of charge-based and flux-based analyses. 

3) In section 5, the charge-based circuit theory and ECF diagrams are introduced.  
4) In section 6, the flux-based circuit theory and MFF diagrams are introduced. 
5) In section 7, the features and applications of the electromagnetic-field-based 

circuit theory are discussed and summarized.  
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3. Electromagnetics in electric circuits 

A. Components of electromagnetic fields 

Charges are the carriers of the fluids circulating inside electric circuits; the 
conservation law for charge fluids is 

0J
t


  




                                  (1) 

where ρ is the density of charges, J is the density of charge-flow.  
The dynamics of charges in electric circuits are exhibited in Fig. 3. Referring to the 

Maxwell’s equations [34], the electric field that derive the charge carriers passing 
through circuit devices, is consisted of three components: 
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1) The ECol is the Coulomb’s field set up by charges; 
2) The EFar is the Faraday’s field induced by magnetic field; 
3) The EMax is the Maxwell’s field induced by electric field.  

 
Fig. 3. Field components and their interactions with circuit devices in electric circuits. 

 
Three field components are derived from three potentials: 
1) The first one is the Coulomb’s scalar potential v; it is set up by charges, and is 

defined by the Poisson’s equation as 

2v



                                       (3) 

2) The second one is the Ampere’s vector potential AAmp; the third one is the 
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Maxwell’s vector potential AMax; AAmp is generated by currents, and AMax is induced by 
the variation of electric fields; they are defined by the equations 

2

2

Amp

Max

A J

E
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t





  

 
  



 

                               (4) 

The Coulomb gauge for two vector potentials is written as 

  0Am p M axA A   
 

                          (5) 

Specified to the lumped-parameter electric circuits, three electric fields are generated 
by the charges passing through electric devices: 

1) The Coulomb’s fields are generated by the charges gathered at nodes. Those 
charges are pumped in and out by circuit devices.  

2) The Faraday’s fields are induced by the currents in wires. Those currents are 
regulated by circuit devices. 

3) The Maxwell’s fields are induced by the variation of all the electric fields. The 
variation of electric fields is modified by circuit devices. 

Circuit devices are elements, such as resistors, PN junctions, Josephson junctions, 
and Quantum-phase-slip (QPS) junctions; Inside a circuit device, charges are driven by 
the electric field EDev, and passing through the device with a flow-rate JDev. The function 
of the electric device can be generally written as 

( , , ) 0D e v D e v D e vF E J t                         (6) 

B. Dynamics of circuit devices in lumped-parameter circuits 

Lumped-parameter circuits assume that the circuit dimension is much smaller than 
the length of the electromagnetic waves, and the power of the electromagnetic radiation 
can be ignored, thus, AMax in lumped-parameter circuits is neglected, namely 

0M axA 


                                   (7) 

Accordingly, Fig. 3 is simplified as Fig. 4. In the model, electric devices are driven 
by EDev and pump charges with a flow-rate JDev to nodes. The EDev comes from the 
Coulomb’s fields at nodes and the Faraday’s fields in wires; the Coulomb’s scalar 
potential at nodes and the vector potential AAmp in wires are meanwhile set up by the 
charges passing through the devices.  

By reversing the signal directions, Fig. 4 can be also redrawn as Fig. 5. In this model, 
electric devices are driven by JDev, and generate the AAmp in wires with a flow-rate EDev. 
The JDev is supplied by both the current that generates the AAmp in wires, and the 
displacement current of the charges at nodes. The EDev of the device sets up the 
Faraday’s fields in wires and the Coulomb’s fields at nodes, like the counter-force.  

Fig. 4 and 5 are the interaction models of electric devices with electromagnetic fields; 
they reveal that circuit devices work as either the electric-charge pumps (ECPs) [14] or 
the magnetic-flux pumps (MFPs) [14] in electric circuits: 

1) With EDev as input and JDev as output, the circuit device is a ECP that keep 
pumping charges from node to node with a flow-rate JDev. The input EDev is applied by 
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the Coulomb’s fields generated by the charges at nodes, and the Faraday’s fields 
induced by the currents in wires.  

2) With JDev as input and EDev as output, the circuit device is an MFP that keep 
charging fluxes into loops with a flow-rate EDev. The input JDev is supplied by the 
currents that preserve magnetic fields in wires, and the displacement currents induced 
by the Coulomb’s fields at nodes. 

Since electric devices have two working modes, one electric circuit will achieve two 
dynamic models, and two dynamic models exhibit the charge-flux duality of one 
electric circuit. 

 

Fig. 4. System model of electric circuits, in which, circuit devices pump charges to nodes. 

 

 
Fig. 5. System model of electric circuits, in which, circuit devices generate potentials to loops. 
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4. Electromagnetic-field-based circuit theory 

A. Charge-flux duality in one electric circuit 

The charge-flux duality in one electric circuit is similar with the wave-particle 
duality of light, as illustrated in Fig. 6. From the view of electric field, a circuit is an 
electric-charge distribution network, where electric charges are flowing from node 
to node, and is also a magnetic-flux distribution network, where magnetic fluxes are 
transferred from loop to loop, from the view of magnetic field. Accordingly, a circuit is 
treated as an ECP network, if charges are the energy carriers, or an MFP network, if 
fluxes are the energy carriers.  

 
Fig. 6. Charge-flux duality in one electric circuit 

 
For the lumped-parameter circuit analyses, the field components shown in Fig. 4 and 

5 are implemented by four variables, as illustrated in Fig. 7.  
1) Charge (Q) and voltage (v) are the variables used in the charge-based analysis 

for ECP networks.  
2) Flux (Φ) and current (i) are the variables used in the flux-based analysis for 

MFP networks.  

 

Fig. 7. Four variables used in circuit analyses. 
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B. Charge-based circuit analysis 

If charges are the energy carriers, a circuit is modeled as the ECP network, 
where the nodes that store charges with capacitances are the ECCs; the circuit devices 
that transfer charges to nodes are the ECPs.  

The Qn stored by an ECC is the flux of the electric fields thrusting through the surface 
of the node; it is defined by the integration of ρ as 

n n
n n nS V

Q E dS dV     


                        (8) 

The Qn stored in the ECC creates a node voltage vn; the node voltages drive ECPs to 
pump charges in and out of nodes. The total charge passed through an ECP is recorded 
by Qcp; the flow-rate of Qcp is accordingly the branch current icp of the ECP, 

cp
cp

dQ
i

dt
                                    (9) 

With Qcp as the output, the functions of both phase-independent and phase-dependent 
ECPs are defined with QVRs.  

C. Flux-based circuit analysis 

If fluxes are the energy carriers, a circuit is modeled as the MFP network, where 
the loops that store fluxes with inductances are the MFCs; the circuit devices that 
generate fluxes in loops are the MFPs.  

The Φm coupled in an MFC is the flux of the magnetic fields thrusting through the 
surface of the loop; it is defined by the integration of AAmp as 

m m
m m A m p mS l

B dS A dl     
 

                     (10) 

The Φm stored in the MFC induces the loop current im; the loop currents drive MFPs 
to generate positive or negative fluxes in loops. The total flux generated by an MFP is 
recorded by Φfp; the flow-rate of Φfp is the two-terminal voltage vfp of the MFP,  

fp
fp

d
v

dt


                                   (11) 

With the Φfp as the output, the functions of both phase-independent and phase-
dependent MFPs are defined with FCRs.  

D. Example of ECP and MFP networks 

The circuit example is shown in Fig. 8, where the wire has an inductance L1; the 
capacitance between two terminals is C1; the resistance of lamp is RL. Fig. 8 is a 
schematic of the circuit, which has two equivalent circuits for circuit analysis.  

The first equivalent circuit diagram is shown in Fig. 9(a), where the battery modeled 
with Thevenin’s equivalent is a current source VS in seral with a resistor RS. The ECP 
network is shown in Fig. 9(b). The Thevenin’s equivalent of the battery is defined as 
ECP-1, as shown in Fig. 9(c), and the resistor RL is defined as ECP-2, as shown in Fig. 
9(d). The Node-1 with the capacitor C1 is accordingly an ECC; the ECC stores the 
charges pumped in by ECP-1 and out by ECP-2.  

The second equivalent circuit diagram is shown in Fig. 10(a), and the MFP network 
is shown in Fig. 10(b). The Norton’s equivalent circuit of the battery is modeled as 
MFP-1, and the component of RL and C1 in parallel is defined as MFP-2; the Loop-1 
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with inductance L1 is accordingly an MFC; the MFC preserves the magnetic-flux 
pumped in by MFP-1 and out by MFP-2.  

 
Fig. 8. An example circuit. 

 

 
Fig. 9. Equivalent circuit of the example circuit: (a) circuit diagram with Thevenin’s voltage model; (b) 

equivalent ECP network; (c) equivalent circuit of ECP-1; (d) equivalent circuit of ECP-2. 

 

 
Fig. 10. Equivalent circuit of the example circuit: (a) circuit diagram with Norton’s current model; (b) 

equivalent MFP network; (c) equivalent circuit of MFP-1; (d) equivalent circuit of MFP-2. 
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Therefore, an electric circuit can be modeled as an ECP network to implement a 
charge-based circuit analysis, or an MFP network to conduct a flux-based circuit 
analysis, depending on what kind of energy carrier (charge or flux) is used. 
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5. Charge-based circuit analysis 

A. Objects of ECP network 

To conduct the charge-based circuit analysis, a given electric circuit is modeled as 
an ECP network, and is decomposed into a group of ECCs and ECPs, as shown in Fig. 
11, where the number of ECCs is X and the number of ECPs is Y.  

 
Fig. 11. Objects of ECP network: (a) Nodes also defined as ECCs; (b) ECPs. 

 

 

Fig. 12. Circuit parameters of ECP network: (a) capacitance matrix of ECCs; (b) inductance matrix of 

ECPs; (d) incidence matrix of the connections between ECCs and ECPs. 

 
1) For the Node-i (i =1, …, X) shown in Fig. 11(a), vn_i is the node voltage, and Qn_i 

is the charge contained in the ECC; Qe_i is the charge induced to the node by external 
voltage sources. 
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2) For the ECP-j (j =1, …, Y) shown in Fig. 11(b), vcp_j is the two-terminal voltage; 
Qcp_j records the charges flowing through the ECP, icp_j is accordingly the flow-rate of 
charges passed through ECP-j.  

B. Electric-charge containers 

The ECCs are the nodes coupled through mutual capacitances. The self and 
mutual capacitances of ECCs are defined in the capacitance matrix Cn, as shown in Fig. 
12(a). The charges stored in ECCs are preserved by the nodal voltages as 

n   n n eQ C v Q                                (12) 

where the state vectors of ECCs are defined as  

_1 _

_1 _

_ _

T

n n X
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e
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Q
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                       (13) 

C. Electric-charge pumps 

The nodal voltages of ECCs are applied to the terminals of ECPs, and ECPs 
pump charges in and out of the ECCs. For ECP-k shown in Fig. 13(a), its internal 
structure is illustrated in Fig. 13(b), where charge-pump elements (CPEs) are connected 
in serials (the number of CPEs is Zk) to transfer the same number of charges Qcp_k. CPEs 
are basic elements, such as resistors, PN junctions, QPS voltages; each of them is 
defined with a QVR, as illustrated in Fig. 14. 

 

Fig. 13. Structure of ECP: (a) symbol of ECP (b) components inside ECP. 

 

In the ECP-k, CPEs bear an elements-in-serial (EIS) voltage vEIS_k to transfer the 
same Qcp_k, and vEIS_k is sum of the two-terminal voltages of CPEs. Accordingly, the 
QVR of the CPEs in seral is 

_ _1 _

_ _
1

k

k

cp k cpe cpe Z

Z

EIS k cpe j
j

Q Q Q

v v


 









                             (14) 

This vEIS_k is supplied by three potentials: 
1) The first one is vcp; it is the potential applied by the nodal voltages; 
2) The second one is vb_k; it is the external voltage source; 
3) The third one is the electromagnetic forces induced by the magnetic fields inside 
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and between ECPs. 

 

Fig. 14. Typical charge-pump elements: (a) resistor; (b) PN junction; (c) QPS junction. 

 
ECPs are coupled through mutual inductances. The self and mutual inductances 

of ECPs are described by the inductance matrix Lcp, as shown in Fig. 12(b). The Lcp_k 
is the self-inductance of ECP-k; the Mcp_jk is the mutual-inductance between ECP-j and 
ECP-k, as illustrated in Fig. 15.  

 

Fig. 15. Mutual-inductance between two ECPs. 

 
Four state vectors for ECPs are defined as  
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                      (16) 

Then the function of ECPs in matrix is written as 
2

2

d

d t
    cp

E IS b cp cp

Q
v v v L                      (15) 

Since each CPE shown in Fig. 14 has a specific QVR, we can always have the QVR 
of CPEs in (14) written in matrix as 

 , , 0E I SF t E I S c pv Q                        (17) 
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The QVR for specific CPE is illustrated in Fig. 14.  

D. Interactions between ECCs and ECPs 

The connections between ECCs and ECPs are described by σn defined in Fig. 12(c). 
The positive terminal of ECP-k is connected at Node-x for σn_xk = 1, and the negative 
terminal is connected at Node-y for σn_yk = –1, as illustrated in Fig. 16. For the ECPs 
that have only one terminal connected to Node-i (i =1, …, X), their second terminals 
are assumed to be connected to the ground. 

 

Fig. 16. Connections of an ECP at nodes 

 
The interactions between ECPs and ECCs are described by two equations: 
First, the ECPs are driven by the nodal voltages, then the voltages at two terminals 

of ECPs are expressed by nodal voltages as 
T cp n nv σ v                                  (18) 

  Second, EPCs pump charges in and out of ECCs, and the charges contained in nodes 
comply with the charge-conversation law (CCL) as 

    n n c p c o n s tQ σ Q Q                           (19) 

where Qconst = [ Qconst_1 … Qconst_X ]T is the constant vector of ECCs.  

E. General system model of ECP networks 

An interaction system model of ECPs and ECCs is drawn by synthesizing all the 
circuit equations of ECP network, as shown in Fig. 17. In this model:  

1) The ECPs are driven by nodal voltages and external voltage sources, and pump 
charges to ECCs. 

2) The ECCs store charges with capacitances, and turn the charges linearly into nodal 
voltages, like charge-voltage convertors.  

3) The charge and energy exchanges between ECPs and ECCs comply with the CCL 
and the energy-conservation law; the CCL is a kind of mass conservation law.  

Therefore, the flux-based analysis will model any given circuit as an ECP network, 
and the ECP network will finally be described by the system model shown in Fig. 17 
and the parameters summarized in Table 3. 
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Fig. 17. General system model of ECP networks. 

 

Table 3. Circuit descriptions of ECP network 
 Variables 

Inputs vb: external voltage sources applied to ECPs 

Qe: external charges applied to ECCs 

Outputs vn: nodal voltages at ECCs 

Qcp: charges flowing through ECPs 

Interactions σn: incidence matrix between ECPs and ECCs 

Cn: self and mutual capacitances of ECCs 

Lcp: self- and mutual inductances of ECPs 

Devices FEIS (vEIS, Qcp, t) = 0 : QVR of CPEs in searl inside ECPs 

 

F. Electric-charge-flow diagram 

Electric-charge flow (ECF) diagram is the interaction diagram for ECP 
networks. It is the graphical expression of the system model in Fig. 17. The symbols 
of objects and their connections are exhibited in Fig. 18:   

1) A node (ECC) is symbolized with a circle shown in Fig. 18(a); the ground, which 
is the datum node, is represented with the symbol shown in Fig. 18(b). 

2) An ECP is implemented with a brick-shape block shown in Fig. 18(c). 
The non-zero elements of σn, Cn, Lcp are transformed into the directed lines 

connected between ECPs and ECCs, as illustrated Fig. 18(d). 
1) The non-zero elements of σn are turned into the directed lines connected between 

ECPs and nodes. The arrow indicates the direction of flows in ECPs. 
2) The non-zero elements of Cn are expressed by the double-arrow lines connected 

between two nodes; the two arrows are pointing to the nodes. 
3) The non-zero elements in Lcp are implemented by the double-arrow lines 

connected between two ECPs; the two arrows are pointing to the ECPs. 
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Furthermore, the non-zero elements in vb are implemented by the input arrows 
pointing to ECPs, while the non-zero elements in (Qe + Qconst) are represented with the 
input arrows pointing to nodes. The connections of objects in ECF diagrams are 
summarized in Table 4.  

 

 

Fig. 18. ECF diagram: (a) symbol of nodes; (b) symbol for the datum node; (c) symbol of ECPs; (d) an 

example ECF diagram. 

 
Table 4. Elements in matrices and their entities in ECF diagrams 

Matrix Element Entity in MFF diagram 

σn  σn_xk = 1 

 

A directed line connected between Node-x and ECP-k, 

with the arrow leaving Node-x.  

σn_yk = –1 A directed line connected between Node-y and ECP-k, 

with the arrow entering Node-y. 

Cn Cn_i = 1 The self-capacitance of Node-i.  

Cn_ij = –1 A double arraorw line with a weight of Cn_ij; it is 

connected between Node-i and Node-j; its two arrows are 

pointing to Node-i and Node-j.  

Lcp Lcp_k The self-inductance of ECP-k.   

Mcp_jk A double arraorw line with a weight of Mcp_jk; it is 

connected between ECP-j and ECP-k; its two arrows are 

pointing to ECP-i and ECP-j. 

vb vb_k A input for ECP-k, with a value of vb_k.  

Qe + Qconst Qe_i + Qconst_ i A input for Node-i, with a value of Qe_i + Qconst_ i.  

 
The application of ECF diagram is demonstrated in the following analyses of PN-

junction circuits. By tracing the charges stored in nodes, an ECF diagram can vividly 
depicts how ECPs transfer charges from node to node, how two ECPs are interacting 
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through mutual inductance, and how two ECCs are interacting through mutual 
capacitances.  

G. ECF diagram of PN-junction circuits 

A voltage-biased PN junction shown in Fig. 19(a) is as an ECP, which is a diode in 
transferring electric charges. It keeps pumping electric charges when the two-terminal 
voltage exceeds the threshold voltage VTH, as shown in Fig. 19(b), where the threshold 
voltage VTH is adjusted by the bias voltage, namely, VTH = VD – vb. In the following 
circuit analyses, the voltage-biased PN junctions is symbolized as shown in Fig. 19(c), 
for simplicity. 

 
Fig. 19. PN junctions working as ECP: (a) a voltage-biased PN junction; (b) the current-voltage 

characteristic; (c) a symbol for voltage-biased PN junctions. 

 

 
Fig. 20. (a) A PN-junction circuit and its (b) ECF diagram. 

 

Fig. 20(a) shows a charge-pump circuit implemented with the voltage-biased PN 
junctions; this PN junction circuit will pump charges from Node-1 to Node-2, under the 
driving of the clock signal Vin.  

The ECF diagram of the PN-junction circuit is shown in Fig. 20(b). It vividly depicts 
the charge-pumping principles, as illustrated in Fig. 21.  

1) A negative Vin induces an external charge Qe_1 to Node-1, and lowers the nodal 
voltage at Node-1, as shown in Fig. 21(a); the low voltage will turn on the junction D1 
to pump charges to Node-1.  
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2) With charges filling in Node-1, the voltage at Node-1 will increase to turn off the 
diode D1, as exhibited in Fig. 21(b).  

3) When the voltage Vin returns to zero, the voltage at Node-1 will turn on the junction 
D2 to pipe the charges from Node-1 to Node-2, as depicted in Fig. 21(c).  

4) Charges filling in Node-2 will further turn on the junction D3 to pipe the charges 
from Node-2 to the ground, as illustrated in Fig. 21(d).  

 

Fig. 21. Working principle of a PN-junction circuit depicted by ECP diagram. (a) voltage of Node-1 is 

lowered to turn on D1, when Vin is pulled from 0V to -5V; (b) D1 pumps charges into Node-1, until it is 

turned off by the increasing voltage of Node-1; (c) D2 is turned on to pipe the charges to Node-2, when 

Vin is returned to 0V; (d) D3 is turned on to pipe charges in Node-2 to ground, until node voltages turn 

the diodes off. 
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6. Flux-based circuit analysis 

A. Objects of MFP network 

To conduct the flux-based circuit analysis, we can redraw the given electric circuit 
as an MFP network, and extract all the MFCs and MFPs, as shown in Fig. 22, where X 
is the number of loops and Y is the number of MFPs. 

 
Fig. 22. Objects of ECP network: (a) Loops also known as MFCs; (b) MFPs. 

 

 

Fig. 23. Circuit parameters of MFP network: (a) inductance matrix of MFCs; (b) capacitance matrix of 

MFPs; (d) incidence matrix of the connections of between MFCs and MFPs. 

 
1) For the Loop-i (i =1, …, X) shown in Fig. 22(a), im_i is the mesh current; Φm_i is 

the flux coupled by the MFC; Φe_i is the external flux applied by external current 
sources or the magnetic dipoles coupled with the loop. 
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2) For the MFP-j (j =1, …, Y) shown in Fig. 22(b), ifp_j is the branch-current; Φfp_j 
records the magnetic-flux contributed by MFP-j in loops; vfp_j is accordingly the flow-
rate of fluxes generated by MFP-j. 

B. Magnetic-flux containers 

MFCs are the loops coupled through mutual inductances. The inductances of 
MFCs are defined by the inductance matrix Lm, as shown in Fig. 23(a). The fluxes 
stored in MFCs are preserved by the loop currents as 

  m m m eΦ L i Φ                              (20) 

where the state vectors of MFCs are defined as 
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C. Magnetic-flux pumps 

Loops currents of MFCs are applied to MFPs, and MFPs generate positive or 
negative fluxes in MFCs. For the MFP-k shown in Fig. 24(a), its general structure is 
exhibited in Fig. 24(b), where flux-pump elements (FPEs) are connected in parallel (the 
number of FPEs is Zk) to generate the same number of Φfp_k. The FPEs are basic 
elements, such as resistors, PN junctions, Josephson currents. Typical FPEs and their 
FCRs are seen in Fig. 25. 

 

Fig. 24. Structure of MFP: (a) a symbol of MFP (b) components inside MFP. 

 

In MFP-k, FPEs generate the same output Φfp_k by absorbing the elements-in-parallel 
(EIP) current iEIP_k; the iEIP_k is total currents shunted by FPEs. Accordingly, the FCR 
of the FPEs in parallel is expressed as 
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                          (22) 

This iEIP_k is supplied by three kinds of currents: 
1) The first one is ifp; it is the branch current supplied by loop currents; 
2) The second one is ib_k, it is the externally applied current source; 
3) The third one is the displacement current induced by the electric fields inside and 
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between MFPs. 

 
Fig. 25. Typical flux-pump elements: (a) resistor; (b) PN junction; (c) Josephson junction. 

 
MFPs are coupled through mutual capacitances. The capacitances of MFPs are 

defined by the capacitance matrix Cfp shown in Fig. 23(b). The Cfp_k is the self-
capacitance inside MFP-k; the Cfp_jk is the mutual-capacitance between MFP-j and 
MFP-k, as illustrated in Fig. 26.  

 

Fig. 26. Mutual-capacitance between two MFPs. 

 
Four state vectors of MFPs are defined as 
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The function in matrix for all the MFPs is written as 
2

2

d

dt
    fp

E IP b fp fp

Φ
i i i C                         (24) 

Since each FPE shown in Fig. 25 has a specific FCR, the FCR of FPEs in (22) can 
be generally written in matrix as 

 , , 0E I PF t E I P f pi Φ                        (25) 
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D. Interactions between MFCs and MFPs 

The connections between MFCs and MFPs are described by σm in Fig. 23(c). As 
illustrated in Fig. 27, loop currents im_x and im_y flow in the positive terminal of MFP-k, 
due to σm_xk = 1 and σm_yk = 1, while the im_z flows from in the negative terminal of MFP-
k, for σn_zk = –1. The MFPs that are inserted in only one MFCs, are also assumed to be 
inserted in the outer-loop. 

 

Fig. 27. Connections of an MFP in loops. 

 
The interactions between MFPs and MFCs are described by two equations: 
First, the MFPs are supplied by the loop currents, then the branch currents of MFPs 

are expressed with loop currents as 

T f p m mi σ i                                   (26) 

  Second, MFPs pump fluxes in and out of MFCs, and the fluxes contained in loops 
must comply with the flux-conversation law (FCL) as 

    m m f p c o n s tΦ σ Φ Φ                         (27) 

where Φconst = [ Φconst_1 … Φconst_X ]T is the constant vector of MFCs.  

E. General system model of MFP networks 

An interaction system model of MFPs and MFCs is drawn by combining the 
circuit equations of MFP networks, as shown in Fig. 28. 

1) The MFPs are driven by the loop currents and the external current sources, and 
pump magnetic fluxes to MFCs. 

2) The MFCs preserve the fluxes with inductances, and turn the fluxes linearly into 
loop currents, like flux-current convertors.  

3) MFPs and MFCs exchange magnetic fluxes and energies based on the FCL and 
the energy-conservation law; the FCL is a kind of mass conservation law. 

In the flux-based circuit analysis, a given circuit is modeled as an MFP network, is 
completely described by the system model shown in Fig. 28 and the parameters 
summarized in Table 5. 
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Fig. 28. General system diagram of MFP networks. 

 
Table 5. Circuit descriptions of MFP network 

 Variables 

Inputs ib: external current sources applied to MFPs 

Φe: external flux applied to MFCs 

Outputs im: mesh currents inside MFCs 

Φfp: fluxes generated by MFPs 

Interactions σm: incidence matrix between MFPs and MFCs 

Lm: self and mutual inductances of MFCs 

Cfp: self- and mutual capacitances of MFPs 

Devices FEIP (iEIP, Φfp, t) = 0 : FCR of devices inside MFPs 

 

F. Magnetic-flux-flow diagram 

Magnetic-flux flow (MFF) diagram is the interaction diagram of MFP networks. 
It is the graphical expression of the system model in Fig. 28. The objects and their 
connections for MFF diagrams are described in Fig. 29:   

1) An MFC is symbolized with a circle shown in Fig. 29(a);  
2) The outer-loop with its loop-current fixed as zero, is represented with the symbol 

shown in Fig. 29(b). 
3) An MFP is implemented with a brick-shape block shown in Fig. 29(c). 
The non-zero elements in σm, Lm, Cfp are turned into the connections between MFPs 

and MFCs, as illustrated in Fig. 29(d). 
1) The non-zero elements of σm are turned into the directed lines connected between 

MFPs and MFCs. The arrow indicates the MFF direction of MFCs  
2) The non-zero elements of Lm are expressed by the double-arrow lines connected 

between two MFCs; the two arrows are pointing to MFCs. 
3) The non-zero elements in Cfp are implemented by the double-arrow lines 

connected between two MFPs; the two arrows are pointing to the MFPs. 
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Moreover, the non-zero elements in ib are implemented by the input arrows pointing 
to MFPs, while the non-zero elements in (Φe + Φconst) are represented with the input 
arrows pointing to MFCs. Details of those connections are seen in Table 6.  

In MFF diagrams, the MFPs that have only one terminal connected to Loop-i (i =1, …, 
X), will have their second terminals connected to the outer-loop. 

 

Fig. 29. MFF diagram: (a) symbol of MFCs; (b) symbol for the outer-loop; (c) symbol of MFPs; (d) an 

example MFF diagram. 

 
Table 6. Elements in matrices and their entities in ECF diagrams 

Matrix Element Entity in MFF diagram 

σm σm_xk = 1 A directed line connected between Loop-x and MFP-k, 

with the arrow leaving Loop-x.  

σm_yk = –1 A directed line connected between Loop-y and MFP-k, 

with the arrow entering Loop-y. 

Lm Lm_i = 1 The self-inductance of Loop-i.  

Mm_ij = –1 A double arraorw line with a weight of Mm_ij; it is 

connected between Loop-i and Loop-j, with its two arrows 

pointing to Loop-i and Loop-j.  

Cfp Cfp_k The self-capacitance inside MFP-k.   

Cfp_jk A double arraorw line with a weight of Cfp_jk; it is 

connected between MFP-j and MFP-k, with its two arrows 

pointing to MFP-i and MFP-j. 

ib ib_k A input to MFP-k, with a value of ib_k.  

Φe + Φconst Φe_i + Φconst_ i A input to Loop-i, with a value of Φe_i + Φconst_ i.  

 
The application of MFF diagram is demonstrated in the following analyses of 

Josephson junction circuits. By tracing the fluxes coupled in loops, we can vividly see 
from the MFF diagram how MFPs transfer fluxes from loop to loop, how two MFPs 
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are interacting through mutual capacitances, and how two ECCs are interacting through 
mutual inductances.  

G. MFF diagram of Josephson junction circuits 

Dual to the voltage-biased PN junction, a current-biased Josephson junction shown 
in Fig. 30(a) is an MFP that works as a diode in transferring magnetic fluxes. It keeps 
pumping magnetic fluxes when the current flowing in two terminals exceeds the 
threshold current ITH, as shown in Fig. 30(b), where the threshold current ITH is adjusted 
by the bias current ib, namely, ITH = I0 – ib. In the following analyses, the current-biased 
Josephson junctions is represented with the symbol shown in Fig. 30(c). 

 
Fig. 30. Josephson junctions working as MPFs: (a) a current-biased Josephson junction; (b) the current-

voltage characteristic; (c) a symbol for current-biased Josephson junctions. 

 

 
Fig. 31. (a) A Josephson-junction circuit and its (b) MFF diagram. 

 

A typical single-flux-quantum (SFQ) digital circuit is shown in Fig. 31(a), which is 
a TTL-to-SFQ convertor used to transform the transistor-transistor-level (TTL) clocks 
into SFQ signals. Its MFF diagram is shown in Fig. 31(b). The working principle of 
TTL-TO-SFQ is intuitively interpreted by the MFF diagram in Fig. 32. 

1) As shown in Fig. 32(a), a negative Iin induces an external charge Φe_1 in Loop-1, 
and lowers the loop current in Loop-1; the low loop current will turn on the junction J1 
to pump a flux-quantum to Loop-1.  

2) With one flux-quantum filled in Loop-1, the loop current in Loop-1 increases and 
turns off the diode J1, as shown in Fig. 32(b).  
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3) When the current Iin returns to zero, the loop-current in Loop-1 will turn on J2 to 
transfer the flux-quantum from Loop-1 to Loop-2, as shown in Fig. 32(c).  

4) The flux-quantum pumped in Loop-2 will be further be transferred by J3 to the 
outer-loop, as shown in Fig. 32(d).  

 

 
Fig. 32. Working principles of a Josephson-junction circuit depicted by MFF diagram. (a) mesh current 

in Loop-1 is lowered to turn J1 on, when Iin is lowered from 0 mA to -1mA; (b) J1 pumps one flux 

quantum into Loop-1; the mesh current in Loop-1 is increased to turn J1 off; (c) J2 pumps the flux 

quantum into Loop-2, when Iin returns to 0 mA; (d) J3 pumps the flux quantum to the outer-loop. 

 

We have demonstrated the application of MFF diagrams in the design and analysis 
of various Josephson junction circuits such as superconducting quantum interference 
devices (SQUID) and SFQ circuits, more details can be find in the references [13, 14]. 
To be noticed that, the MFPs are called the magnetic-flux generators (MFGs) in the 
previous publications.  
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7. Discussion 

A. Comparison between PN-junction and Josephson junction circuits 

The comparison between the PN-junction circuit and the Josephson junction circuit 
is depicted in Fig. 33. In the conventional circuit theory, PN junction circuits and 
Josephson junction circuits seem to have nothing in common:  

1) PN junctions are phase-independent devices defined with VCRs, while 
Josephson junctions are phase-dependent devices defined with phase-current 
relations (PCRs). However, they are both treated as ECPs by conventional circuit theory, 
although they have totally different current-voltage characteristics.   

2) PN-junction and Josephson junction have totally different topologies in their 
application circuits, due to their totally different VCRs. Therefore, electronics 
engineers will fell it easy to read the PN-junction circuit shown in Fig. 33(c1), but will 
be confused by the Josephson junction circuit shown in Fig. 33(c2) for the questions 
such as, what is the physical entity of SFQ logics, and how to define the ‘0’ and ‘1’ 
states of SFQ logics. 

 
Fig. 33. Comparisons between the PN-junction and Josephson junction circuits, in junction models, 

circuit diagrams, and flow diagrams.  

 
  Our ECF diagram and MFF diagram visualizes the dynamics of electric circuits from 
the views of electric and magnetic fields. The ECF diagram shown in Fig. 33(d1) and 
the MFF diagram shown in Fig. 33(d2) share the same structure that reveal the charge-
flux duality between the PN-junction circuit and the Josephson junction circuit.  

1) Depicted by the ECF diagram shown in Fig. 33(d1), PN junctions are diodes in 
transferring the electric charges; the PN junction circuit is an ECP network with 
charges as energy carriers. 

2) Depicted by the MFF diagram shown in Fig. 33(d2), Josephson junctions are 
diodes in transferring magnetic fluxes; the Josephson junction circuit is an MFP 
network with fluxes as the energy carriers. 



Yongliang Wang, Shanghai Institute of Microsystem and Information Technology (SIMIT), Chinese Academy of Sciences (CAS) 

B. Duality between ECF diagram and MFF diagram 

ECF and MFF diagrams exhibit the duality in the system models shown in Fig. 17 
and Fig. 28. An ECF diagram is dual to an MFF diagram, if their circuit descriptions in 
Table 7 meet the duality principle [21]. However, the duality conditions for ECF 
diagram and MFF diagram cannot always be satisfied: 

1) There is an asymmetry between σn and σm. ECPs in ECF diagrams have only two 
terminals, while MFPs in MFF diagrams can have more than two terminals. Therefore, 
there are no more than two non-zero elements in the row of σn, while there is no 
limitation for the row of σm. In the references [13, 14], there are a lot of MFF diagrams 
which MFPs have more than two terminals. Those MFF diagrams are quite different 
with the conventional circuit diagrams where circuit elements always have two 
terminals.  

2) There are asymmetries between, Cn and Lm, and between Cfp and Lcp. It is not 
ensured to find an equivalent Cn for any Lm, and an equivalent Cfp for any Lcp, because 
the capacitances describe couplings of divergence fields, while the inductances describe 
the couplings of curl fields.  

Table 7. Descriptions of ECF and MFF diagrams 
 ECF diagram MFF diagram 

Inputs  vb, Qe ib, Φe 

Outputs vn, Qcp im, Φfp: 

Connections σn, Cn, Lcp:  σm, Lm, Cfp: 

Devices FEIS (vEIS, Qcp, t) = 0 FEIP (iEIP, Φfp, t) = 0 

Restriction Every ECP has only two lines 

connected to ECCs 

No restriction 

 

C. Circuit analysis using ECF and MFF diagrams 

The circuit analysis methods using ECF and MFF diagrams are exhibited in Fig. 34: 
First, a given circuit is modeled as an ECP network or an MFP network, depending 

on what kind of energy carrier (charge or flux) is based.  
Second, extract the circuit descriptions from the ECP network or the MFP network.  
Finally, draw the ECF diagram or the MFF diagram, and set up circuit equations 

accordingly, for circuit simulations and optimizations.  

D. Circuit design using ECF and MFF diagrams 

The circuit design methods using ECF and MFF diagrams are illustrated in Fig. 35: 
First, a given circuit design specification is implemented with the ECF diagram or 

the MFF diagram, in the conceptual design stage, where the design scheme can be 
directly vilified with the simulations of system models shown in Fig. 17 and 28.  

Second, export the circuit disruptions to build the ECP network or the MFP networks. 
Finally, transform the ECP network or the MFP network into schematics for physical 

implementations.  
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Fig. 34. Circuit analysis methods based on ECF and MFF diagrams. 

 

 

Fig. 35. Circuit design methods based on ECF and MFF diagrams. 

 

E. Insights to circuit design brought by ECF and MFF diagrams 

Our ECF and MFF diagrams reveal the interaction mechanisms of circuit devices 
with electromagnetic fields, for all kinds of electric circuits: 

1) A circuit depicted by ECF diagram, looks like a kind of molecule composed 
of ECPs and ECCs, and the connections defined in σn, Cn, and Lcp, are accordingly 
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the chemical bonds.  
2) A circuit depicted by MFF diagram, looks like a kind of molecule composed 

of MFPs and MFCs, with the connections defined in σm, Lm, and Cfp, as the chemical 
bonds.  

With ECF and MFF diagrams, the circuit design is similar to the design of molecules, 
and can be also supported by the AI tools based on machine-learning [12, 35-37].  

F. Advantages of ECF diagrams and MFF diagrams 

The features and applications of three kinds of diagrams are summarized in Table 8. 
The advantages of ECF diagram and MFF diagram are: 

1) ECF and MFF diagrams are the interaction diagrams of circuit devices and 
electromagnetic fields; they contain the complete descriptions of electric circuits, 
including all the electric couplings between nodes and the magnetic couplings between 
branches. Conventional circuit diagrams are mathematic model based on graph-theory 
and Kirchhoff’s laws, which are the approximations of practical circuits; they are not 
good at modeling the mutual inductances between branches.  
  2) ECF and MFF diagrams are the common physical language for both phase-
independent and phase-dependent circuits. The conventional circuit diagrams are the 
approximate models only suitable for phase-independent circuits. 
  3) ECF and MFF diagrams are the graphical expressions of circuit equations, 
and can be directly calculated. The analyses of conventional circuit diagrams require 
the expertise of circuit theory and the support of SPICE tools.  

In summary, our ECF and MFF diagrams realize the physical descriptions of 
electromagnetic fields in electric circuits, and unify the design and analysis for both the 
phase-independent and phase-dependent circuits; they will be more precise and 
powerful than the conventional circuit diagrams, in developing EDA tools. 

Table 8. Features of three kinds of electric circuit diagrams 
 Support Functions Components 

Schematic for 

implementaion  

Engineers + 

EDA tools 

To extract netlist for layout 

or PCB design 

1) devices with terminals 

2) undirected wires  

Symbolic circuit 

diagram 

Engineers + 

SPICE tools 

To be analysed for circuit 

equations derivation.  

1) basic circuit elements 

2) undirected wires 

ECF and MFF 

diagrams 

Engineers + 

AI tools 

Graphical expreesion of 

circuit equations  

1) two kinds of objects 

2) directed wires 
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8. Conclusion 

We present a general electromagnetic-field-based circuit theory to unify the design 
and analysis for both phase-independent and phase-dependent circuits. This theory is 
based on the physics of electromagnetic fields, and derives two dynamic models for 
electric circuits, directly from Maxwell’s equations rather than the Kirchhoff’s laws 
used in the conventional circuit theory. This theory develops ECF and MFF diagrams 
to visualize the interactions between circuit devices and electromagnetic fields. The 
ECF and MFF diagrams are the physical descriptions of electric circuits, different with 
the conventional circuit diagrams which are the structural models based on the graph-
theory and Kirchhoff’s laws. The major conclusions by this theory are follows:  

1) Electric circuits with charges as the energy carriers, are modeled as ECP networks, 
and electric circuits with fluxes as the energy carriers are modeled as MFP networks.   

2) An ECP network is composed of ECPs and ECCs, where ECPs exchange charges 
and energies through ECCs; its dynamics are described by the model shown in Fig. 17. 
An MFP network is consisted of MFPs and MFCs, where MFPs exchange fluxes and 
energies through MFCs; its dynamics are described by the model shown in Fig. 28.  

3) ECF diagrams are the interaction diagrams of ECP networks; they are the 
graphical implementations of the system model of ECP networks. MFF diagrams are 
the interaction diagrams of MFP networks; they are the graphical expressions of the 
system model of MFP networks.  

The ECF and MFF diagrams implement the physical descriptions for electric circuits, 
and make electric circuits to be designed and analyzed like the molecules composed of 
two kinds of atoms. They are more precise and concise to be read by artificial 
intelligence programs, than the conventional circuit diagrams, and therefore can be 
applied to develop the AI-aided EDA tools.  
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