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Abstract—The integral equations describing the common 

current (CM) along twisted-wire pairs (TWPs) above a ground 

plane are derived. It is shown that the CM current along TWPs is 

approximately equal to the one generated by a wire above a 

ground plane with equivalent radius. In addition, it is verified that 

the near field radiated by both TWPs and one wire above the 

ground are also “identical”. The analytical results provide a 

general proof to the CM equivalent circuit that was developed only 

under engineering guess. Moreover, the obtained results are 

validated by using the commercial software FEKO and good 

agreements are obtained.     

Keywords—Common mode (CM), Common mode equivalent 

circuit, field-to-wire coupling, near field, twisted-wire pair (TWP).  

I.  INTRODUCTION  

Transmission line (TL) model was extensively used to 
predict the response of multi-conductor transmission line 
(MTL) [1]-[6] under the assumption of electrically small cross-
section dimension of the line, the sum of the line currents at any 
cross-section of the line is zero, and the response of the line is 
quasi-TEM. However, the sum of the line currents at any cross-
section is not always equal to zero if there is a floating terminal 
i.e., no connection to the ground, connected to any differential 
line in the MTL cables. Under that reason, the common current 
(CM), the so called the antenna mode current, is generated along 
the differential line connected to floating terminals [7]. In the 
past recent years, different methods were proposed to improve 
the TL model so as to obtain the exact CM current along its line. 
e.g., in [8], the current induced along a finite wire above the 
ground irradiated by plane wave electromagnetic was predicted 
by using perturbation method, and the telegrapher’s equations 
were extended at very high frequencies to include radiations 
effects of an infinite line above the ground by Nitsch and 
Tkachenko in [9]. More recently, their method was extended to 
be applicable to MTL cables with finite length [10].   

    To evaluate the antenna mode current along two parallel 
wires in free space, Vukicevi et al [11] have developed integral 
equations from the scattering theory and it was shown that these 
integral equations can be reduced to a pair of TL-like equations 
with equivalent line parameters. As consequence, the antenna 
mode current can be obtained by only solving the TL-like 
equations. In [12] and [13], it was shown that the CM current 
induced along the TWP wires can be approximated by using the 
CM equivalent circuit. However, this is only an engineering 
guess that was suggested without any mathematical proof. In this 
paper  our  purpose is to develop  generalized integral equations  

 
 

Fig. 1.  The equivalent CM circuit of TWP. 

that help us to predict the CM current induced along TWPs wires 
as well as its near field.  

II. MATHEMATICAL FORMULATION 

In this section, The CM equivalent circuit, proposed in [12] 

and used in [6] and [13], is proved by using Maxwell’s integral 

equations. The principle of the CM circuit is to replace the TWP 

by one wire with same height above the ground, Fig. 1, with 

equivalent radius given as  

𝑟eq,CM = 𝑟w√𝑠/𝑟w .                                 (1) 

 Let’s suppose a TWP running above ground plane with 

height ℎ, and it is irradiated by electromagnetic plane wave as 

shown in Fig. 2. The TWP has twist pitch 𝑝, the saparation 

between the wires is 𝑠 and wire radius 𝑟w. The total length of 

each wire is ℒ, and they extend along the z-axis with distance 

ℒ𝑧 = 𝛼𝑝ℒ/2𝜋.    

A. Derivation of the Integral Equations  

By following the same procedures used in [9] and [11]. The 
scattered field irradiated from the TWP is given as [13]   

𝐸⃗ sct = −𝑗𝜔𝐴 − ∇⃗⃗ Φ                                     (2a) 

𝐴 (𝑟 ) =
𝜇0

4𝜋

2𝜋

𝑝𝛼
∫ ∑ 𝐼𝑛(ℓ

′) (𝑛⃗ l𝑛(ℓ
′)𝑔1(𝑟 − 𝑟 𝑛

′) −2
𝑛=1

ℒ

0

−𝑛⃗ l𝑛
̃(ℓ′)𝑔2(𝑟 − 𝑟 𝑛

′̃)) 𝑑ℓ′                                                       (2b) 

Φ(𝑟 ) = −
1

𝜇0𝜖𝑜𝑗𝜔
∇⃗⃗ ∙ 𝐴                            (2c) 

where 𝐼𝑛(ℓ
′) are the current along the TWP wires, 𝐴  and Φ are 

the magnetic vector potential and the scalar electric potential, 
respectively. The vector 𝑟 𝑛

′ is the position vector of the source 
point, for the case of the TWP is given as  

 

𝑠 

2𝑟w√𝑠/𝑟w 

ℎ 

2𝑟w 

ℎ 
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Fig. 2. A TWP above a ground plane and irradiated by a plane wave along the 

side-fire excitation.   

 

 𝑟 𝑛
′ = 𝑥𝑛(ℓ

′)𝑎 𝑥 + 𝑦𝑛(ℓ
′)𝑎 𝑦 + 𝑧𝑛(ℓ

′)𝑎 𝑧                 (3a) 

𝑥𝑛(ℓ
′) = ℎ +

𝑠(−1)𝑛+1

2
cos(𝛼ℓ′)                       (3b) 

𝑦𝑛(ℓ
′) =

𝑠(−1)𝑛+1

2
sin(𝛼ℓ′)                              (3c) 

𝑧𝑛(ℓ
′) =

𝑝𝛼ℓ′

2𝜋
                                                 (3d) 

The quantity 𝛼 = 1/ ((
𝑠

2
)
2

+ (
𝑝

2𝜋
)
2

)
1/2

is the rotation 

parameter of the TWP, the vectors 𝑛⃗ l𝑛(ℓ
′) and 𝑛⃗ l𝑛

̃(ℓ′) are the 

unit tangent vector along the TWP real and image wires, 
respectively, and they are given as  

𝑛⃗ l𝑛(ℓ
′) =

−𝑠𝛼(−1)𝑛+1

2
sin(𝛼ℓ′) 𝑎 𝑥 +

𝑠𝛼(−1)𝑛+1

2
cos(𝛼ℓ′) 𝑎 𝑦 +

𝑝𝛼

2𝜋
𝑎 𝑧        (4a)   

𝑛⃗ l𝑛
̃(ℓ′) =

𝑠𝛼(−1)𝑛+1

2
sin(𝛼ℓ′) 𝑎 𝑥 +

𝑠𝛼(−1)𝑛+1

2
cos(𝛼ℓ′) 𝑎 𝑦 +

𝑝𝛼

2𝜋
𝑎 𝑧         (4b)                                                                         

The functions 𝑔1(𝑟 − 𝑟 𝑛
′)  and 𝑔2(𝑟 − 𝑟 𝑛

′̃)  are the green 

functions of the real TWP wires and their images with respect to 
the ground, respectively, and they are given by [13] 

𝑔1(𝑟 − 𝑟 𝑛
′) =

e−𝑗𝑘‖𝑟⃗⃗ −𝑟⃗⃗ 𝑛
′ ‖

‖𝑟 −𝑟 𝑛
′‖⏟    
 

real TWP wires

, 𝑔2(𝑟 − 𝑟 𝑛
′̃) =

e
−𝑗𝑘‖𝑟⃗⃗ −𝑟⃗⃗ 𝑛

′̃ ‖

‖𝑟 −𝑟 𝑛
′̃‖⏟    

mirrored  wires

    (5a,b) 

where 𝑘 = 2𝜋𝑓/𝑐  is the wavenumber in which 𝑓  is the 
frequency and 𝑐  is the speed of light in the free space. Note 

that 𝑟 𝑛
′̃ is the image of the vector 𝑟 𝑛

′ with respect to the ground 
plane, finally 𝑟 = 𝑥𝑎 𝑥 + 𝑦𝑎 𝑦 + 𝑧𝑎 𝑧 is the position vector where 

the scattered field is measured (observed).     

B. The CM Current Along the TWPs 

Now let’s derive the CM current along the TWPs wires by 

using the integral equations (2a-b). Since the wires are assumed 

to be perfectly conducting, the total tangential electric field 

should equal to zero. Under the assumption of the thin wire 

approximation, this condition can be expressed as 

𝐸⃗ ∙ 𝑛⃗ l𝑚(ℓ
′) = (𝐸⃗ sct + 𝐸⃗ inc) ∙ 𝑛⃗ l𝑚(ℓ

′) = 0          (6) 

where 𝑚 = 1 or 2 for wire 1 or 2, respectively. 

We should indicate that  𝑛⃗ l𝑛(ℓ
′) ∙ 𝑛⃗ l𝑚(ℓ)  and 𝑛⃗ l𝑛

̃(ℓ′) ∙ 𝑛⃗ l𝑚(ℓ)  

have the following expressions 

𝑛⃗ l𝑛(ℓ
′) ∙ 𝑛⃗ l𝑚(ℓ) =

𝑠2𝛼(−1)𝑛+𝑚

4
cos 𝛼(ℓ − ℓ′) + (

𝑝𝛼

2𝜋
)
2
    (7a) 

𝑛⃗ l𝑛
̃(ℓ′) ∙ 𝑛⃗ l𝑚(ℓ) =

𝑠2𝛼(−1)𝑛+𝑚

4
cos 𝛼(ℓ + ℓ′) + (

𝑝𝛼

2𝜋
)
2
    (7b) 

By inserting (7a) and (7b) into (2b) we get the following 

𝐴 (𝑟 𝑚) ∙ 𝑛⃗ l𝑚(ℓ) =
𝜇0

4𝜋

2𝜋

𝑝𝛼
∫ ∑ 𝐼𝑛(ℓ

′) {
𝑠2𝛼(−1)𝑛+𝑚

4
(cos𝛼(ℓ − ℓ′)𝑔1(𝑟 𝑚 −

2
𝑛=1

ℒ

0

𝑟 𝑛
′) − cos𝛼(ℓ + ℓ′) 𝑔2(𝑟 𝑚 − 𝑟 𝑛

′̃)) + (
𝑝𝛼

2𝜋
)
2

(𝑔1(𝑟 𝑚 − 𝑟 𝑛
′) − 𝑔2(𝑟 𝑚 − 𝑟 𝑛

′̃))} dℓ′  

(8) 

Note that 𝑔1(𝑟 𝑚 − 𝑟 𝑛
′) = 𝑔1(𝑟 𝑛 − 𝑟 𝑚

′ )  and by taking the 

following approximation for the condition ℎ ≫ 𝑠, we have 

𝑔2(𝑟 𝑚 − 𝑟 𝑛
′̃) ≅ 𝑔2(ℓ − ℓ

′) =
exp(−𝑗𝑘√(2ℎ)2+(

𝑝𝛼

2𝜋
)
2
(ℓ−ℓ′)2)

√(2ℎ)2+(
𝑝𝛼

2𝜋
)
2
(ℓ−ℓ′)2

    (9) 

By using the above results, the following equation is obtained 

𝐴 (𝑟 1) ∙ 𝑛⃗ l1(ℓ) + 𝐴
 (𝑟 2) ∙ 𝑛⃗ l2(ℓ) =

𝜇0

4𝜋

2𝜋

𝑝𝛼
∫

𝑠2𝛼

4

ℒ

0
(𝑔1(𝑟 1 − 𝑟 1

′) −

𝑔1(𝑟 1 − 𝑟 2
′))𝐼CM(ℓ

′)dℓ′ +
𝜇0

4𝜋

2𝜋

𝑝𝛼
∫ (

𝑝𝛼

2𝜋
)
2ℒ

0
(𝑔1(𝑟 1 − 𝑟 1

′) +

𝑔1(𝑟 1 − 𝑟 2
′) − 2𝑔2(ℓ − ℓ

′))𝐼CM(ℓ
′)dℓ′                                 (10) 

where 𝐼1(ℓ
′) + 𝐼2(ℓ

′) = 𝐼CM(ℓ
′) 

By following the same method performed in [11] for the CM 

case, and summing the equations resulted from (6) for (𝑚 =
1,2 ) and with the equation (2a), the following equation is 

obtained 

∇⃗⃗ Φ(𝑟 1) ∙ 𝑛⃗ l1(ℓ) + ∇⃗⃗
 Φ(𝑟 2) ∙ 𝑛⃗ l2(ℓ) + 𝑗𝜔 (𝐴

 (𝑟 1) ∙ 𝑛⃗ l1(ℓ) +

𝐴 (𝑟 2) ∙ 𝑛⃗ l2(ℓ)) = 𝐸⃗
 inc(𝑟 1) ∙ 𝑛⃗ l1(ℓ) + 𝐸⃗

 inc(𝑟 2) ∙ 𝑛⃗ l2(ℓ)        (11) 

The quantities 𝑔1(𝑟 1 − 𝑟 1
′) and 𝑔1(𝑟 1 − 𝑟 2

′) have the following 

expressions 

𝑔1(𝑟 1 − 𝑟 1
′) =

exp(−𝑗𝑘√
𝑠2

2
(1−cos𝛼(ℓ−ℓ′))+(

𝑝𝛼

2𝜋
)
2
(ℓ−ℓ′)2)

√𝑠
2

2
(1−cos 𝛼(ℓ−ℓ′))+(

𝑝𝛼

2𝜋
)
2
(ℓ−ℓ′)2

    (12a) 

𝑔1(𝑟 1 − 𝑟 2
′) =

exp(−𝑗𝑘√
𝑠2

2
(1+cos𝛼(ℓ−ℓ′))+(

𝑝𝛼

2𝜋
)
2
(ℓ−ℓ′)2)

√𝑠
2

2
(1+cos 𝛼(ℓ−ℓ′))+(

𝑝𝛼

2𝜋
)
2
(ℓ−ℓ′)2

    (12b) 

Now let’s make a comparison between 𝑔(ℓ − ℓ′) =

(𝑔1(𝑟 1 − 𝑟 1
′) + 𝑔1(𝑟 1 − 𝑟 2

′))/2 and 𝑔3(ℓ − ℓ
′), where 𝑔3(ℓ −

ℓ′) is given as 

𝑔3(ℓ − ℓ
′) =

exp(−𝑗𝑘√𝑟eq,CM
2 +(

𝑝𝛼

2𝜋
)
2
(ℓ−ℓ′)2)

√𝑟eq,CM
2 +(

𝑝𝛼

2𝜋
)
2
(ℓ−ℓ′)2

             (13) 

where 𝑟eq,CM is given in equation (1) 

The results of the comparison are presented in the Fig. 3. 

It is evident that the green function 𝑔(ℓ − ℓ′) and 𝑔3(ℓ − ℓ
′) 

values are “identical”. As consequence, it is possible to replace 

𝑔(ℓ − ℓ′) by 𝑔3(ℓ − ℓ
′) in the equation (10). 

To see if it is possible to neglect the term1 = (𝑠
2𝛼/

4)(𝑔1(𝑟 1 − 𝑟 1
′) − 𝑔1(𝑟 1 − 𝑟 2

′))  with respect to the term2 =

(𝑝𝛼/2𝜋)2(𝑔1(𝑟 1 − 𝑟 1
′) + 𝑔1(𝑟 1 − 𝑟 2

′) − 2𝑔2(ℓ − ℓ
′)) , we 

generate Fig. 4. 

We can conclude that term 1 ≪ term 2 , as fact of that 

term 1 can be neglected in the equation (10) 

In the other hand ∇⃗⃗ Φ(𝑟 1) ∙ 𝑛⃗ l1(ℓ)  and ∇⃗⃗ Φ(𝑟 2) ∙ 𝑛⃗ l2(ℓ) 

represent the directional derivative of the potential Φ in the 

direction 𝑛⃗ l1(ℓ)  and 𝑛⃗ l2(ℓ) , respectively. Since 𝑟 1  and 𝑟 2  are 

pointing to two points which they are very near to each other’s, 

the following mathematical approximation can be taken 

∇⃗⃗ Φ(𝑟 1) ∙ 𝑛⃗ l1(ℓ) + ∇⃗⃗
 Φ(𝑟 2) ∙ 𝑛⃗ l2(ℓ) ≅ ∇⃗⃗

 Φ (
𝑟 1+𝑟 2

2
) ∙ (𝑛⃗ l1(ℓ) +

𝑛⃗ l2(ℓ)) = ∇⃗⃗
 Φ (

𝑟 1+𝑟 2

2
) ∙ (2

𝑝𝛼

2𝜋
𝑎 𝑧)                                         (14a) 

∇⃗⃗ Φ(𝑟 1) ∙ 𝑛⃗ l1(ℓ) + ∇⃗⃗
 Φ(𝑟 2) ∙ 𝑛⃗ l2(ℓ) ≅  

𝜕Φ(ℎ,0,𝑧)

𝜕𝑧
2
𝑝𝛼

2𝜋
= 2

𝜕Φ(ℎ,0,
𝑝𝛼ℓ

2𝜋
)

𝜕ℓ
           

                                                                                            (14b) 

where the CM voltage is defined as [11] 

𝑠 

Side-fire excitation 𝐸⃗ inc 

𝑘⃗  

Ground plane 

𝑟w 

𝑥 

𝑧 

ℎ 
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(a) 

 
(b) 

Fig. 3. The comparison between the green functions 𝑔(ℓ − ℓ′) and 𝑔3(ℓ − ℓ
′) 

shows a good agreement. 

 

VCM(ℓ) =
Φ(𝑟 1)+Φ(𝑟 2)

2
≅ Φ(

𝑟 1+𝑟 2

2
)                (15) 

We perform the same approximation for the expression  

𝐸⃗ inc(𝑟 1) ∙ 𝑛⃗ l1(ℓ) + 𝐸⃗
 inc(𝑟 2) ∙ 𝑛⃗ l2(ℓ) to get the following 

𝐸⃗ inc(𝑟 1) ∙ 𝑛⃗ l1(ℓ) + 𝐸⃗
 inc(𝑟 2) ∙ 𝑛⃗ l2(ℓ) ≅ 2

𝑝𝛼

2𝜋
𝐸𝑧
inc (ℎ, 0,

𝑝𝛼ℓ

2𝜋
)     (16) 

By inserting (10) and (14)-(16) into (11) and performing the 

change of variable  𝑧 = 𝑝𝛼ℓ/(2𝜋), the following equation is 

obtained   
𝜕VCM(ℎ,0,𝑧)

𝜕𝑧
+ 𝑗𝜔

𝜇0

4𝜋
∫ (𝑔3(𝑧 − 𝑧

′) − 𝑔2(𝑧 − 𝑧
′))𝐼CM(𝑧

′)d𝑧′
ℒ𝑧

0
= 𝐸𝑧

inc(ℎ, 0, 𝑧)  

(17) 

The equation (17) has the same form for the CM current 

along one wire above ground [8] 

To derive the second TL-like equation, the same steps are 

followed. The definition of the CM voltage is given as  

VCM(ℓ) =
Φ(𝑟 1)+Φ(𝑟 2)

2
= −

1

𝜇0𝜖𝑜𝑗𝜔
𝛻⃗ ∙ (

A⃗⃗ (𝑟 1)+A⃗⃗ (𝑟 2)

2
)    (18) 

where 

A⃗⃗ (𝑟 1) + A⃗⃗ (𝑟 2) ≅
𝜇0

4𝜋

𝑝𝛼

2𝜋
𝑎 𝑧 ∫ (2𝑔3(ℓ − ℓ

′) − 2𝑔2(ℓ − ℓ
′))𝐼CM(ℓ

′)dℓ′
ℒ

0
  (19) 

Note that equation (19) is obtained by using all the 

approximations used above with the approximation 𝐼1(ℓ
′) =

𝐼2(ℓ
′) ≅ 𝐼CM(ℓ

′)/2. By making the same change of variable 

and inserting (19) into (18), the following equation is obtained 
𝜕

𝜕𝑧
∫ (𝑔3(𝑧 − 𝑧

′) − 𝑔2(𝑧 − 𝑧
′))𝐼CM(𝑧

′)d𝑧′ + 𝑗𝜔4𝜋𝜖0
ℒ𝑧

0
VCM(𝑧) = 0   (20) 

which is also identical to the one derived for the one wire above 

ground shown in [8]. The CM current can be obtained by 

solving equations (17) and (20) by using the same method used 

in [8] and [13].  

The scattered field radiated by the TWP and one wire above 
the ground are given by [13] 

1) TWP scattered field 

𝐸⃗ T
sct  = 𝐸⃗ TWP

sct + 𝐸⃗ image
sct                                (20a) 

 
(a) 

 
(b) 

Fig. 4. The comparison between term 1 and term 2 shows that term1 is 

extremely small compared with term 2. 

𝐸⃗ TWP
sct =

−𝑗𝜂0𝑘

4𝑝𝛼
∫ ∑ (1 +

1

𝑗𝑘𝑅𝑛
−

1

𝑘2𝑅𝑛
2) 𝐼CM(ℓ′)𝑛⃗ 𝑙𝑛(ℓ

′)Ψ(𝑅𝑛)
2
𝑛=1 dℓ′

ℒ

0
−

−
−𝑗𝜂0𝑘

4𝑝𝛼
∫ ∑ (1 +

3

𝑗𝑘𝑅𝑛
−

3

𝑘2𝑅𝑛
2) 𝐼CM(ℓ′)(𝑛⃗ 𝑙𝑛(ℓ

′) ∙ 𝑎 𝑅𝑛)𝑎 𝑅𝑛Ψ(𝑅𝑛)
2
𝑛=1 dℓ′

ℒ

0
(20b) 

𝐸⃗ image
sct =

𝑗𝜂0𝑘

4𝑝𝛼
∫ ∑ (1 +

1

𝑗𝑘𝑅̃𝑛
−

1

𝑘2𝑅̃𝑛
2) 𝐼CM(ℓ′)𝑛⃗ 𝑙𝑛

̃(ℓ′)Ψ(𝑅̃𝑛)
2
𝑛=1 dℓ′

ℒ

0
−

−
𝑗𝜂0𝑘

4𝑝𝛼
∫ ∑ (1 +

3

𝑗𝑘𝑅̃𝑛
−

3

𝑘2𝑅̃𝑛
2) 𝐼CM(ℓ′)(𝑛⃗ 𝑙𝑛

̃(ℓ′) ∙ 𝑎 𝑅̃𝑛)𝑎 𝑅̃𝑛Ψ(𝑅̃𝑛)
2
𝑛=1 dℓ′

ℒ

0
   (20c) 

𝑅𝑛 = ‖𝑟 − 𝑟 𝑛
′‖   ,       𝑅̃𝑛 = ‖𝑟 − 𝑟 𝑛

′̃‖              (20d) 

Ψ(𝑅) =
e−𝑗𝑘𝑅

𝑅
                                       (20e) 

𝑎 𝑅𝑛 = 𝑅⃗
 
𝑛/‖𝑅⃗ 𝑛‖      ,       𝑎 𝑅̃𝑛 = 𝑅⃗

 
𝑛
̃/‖𝑅⃗ 𝑛

̃‖            (20f) 

2) One wire scattered field 

𝐸⃗ sct = 𝐸⃗ wire
sct + 𝐸⃗ image

sct                               (21a) 

𝐸⃗ wire
sct =

−𝑗𝜂0𝑘

4𝜋
∫ (1 +

1

𝑗𝑘𝑅𝑟
−

1

𝑘2𝑅𝑟
2) 𝐼CM(𝑧

′)𝑎 𝑧Ψ(𝑅𝑟)d𝑧′
ℒ𝑧
0

−

−
−𝑗𝜂0𝑘

4𝜋
∫ (1 +

3

𝑗𝑘𝑅𝑟
−

3

𝑘2𝑅𝑟
2) 𝐼CM(𝑧

′)(𝑎 𝑧 ∙ 𝑎 𝑅𝑟)𝑎 𝑅𝑟Ψ(𝑅𝑟)d𝑧′
ℒ𝑧
0

  (21b) 

𝐸⃗ image
sct =

𝑗𝜂0𝑘

4𝜋
∫ (1 +

1

𝑗𝑘𝑅𝑖
−

1

𝑘2𝑅𝑖
2) 𝐼CM(𝑧

′)𝑎 𝑧Ψ(𝑅𝑖)d𝑧′
ℒ𝑧
0

−

−
𝑗𝜂0𝑘

4𝜋
∫ (1 +

3

𝑗𝑘𝑅𝑖
−

3

𝑘2𝑅𝑖
2) 𝐼CM(𝑧

′)(𝑎 𝑧 ∙ 𝑎 𝑅𝑖)𝑎 𝑅𝑖Ψ(𝑅𝑖)d𝑧′
ℒ𝑧
0

    (21c) 

𝑅𝑟 = ‖𝑅⃗ 𝑟‖ = ‖(𝑥 − ℎ)𝑎 𝑥 + 𝑦𝑎 𝑦 + (𝑧 − 𝑧
′)𝑎 𝑧‖   (21d) 

𝑅𝑖 = ‖𝑅⃗ 𝑖‖ = ‖(𝑥 + ℎ)𝑎 𝑥 + 𝑦𝑎 𝑦 + (𝑧 − 𝑧
′)𝑎 𝑧‖   (21e) 

𝑎 𝑅𝑟 = 𝑅⃗
 
𝑟/‖𝑅⃗ 𝑟‖      ,       𝑎 𝑅𝑖 = 𝑅⃗

 
𝑖/‖𝑅⃗ 𝑖‖            (21f, g) 

III. VALIDATION OF THE CM EQUIVALENT CIRCUIT 

In order to obtain the equivalent CM circuit of TWP, the 

following conditions should be satisfied: 

(1) The CM current of TWP and the straight wire along the 

z-axis are the same. 

(2) The scattered field produced by the TWP is equal to that 

of the straight wire outside the TWP. 

In order to validate the accuracy of CM equivalent circuit,   
we perform a comparison between the results obtained by (20a) 
and (21a). The MoM result obtained by the commercial FEKO 
software is also presented for validation [14]. The parameters of  
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(a) 

 
(b) 

Fig. 5. The CM current magnitude induced along one wire and a TWP above 

the ground. (a) The CM current distribution. (b) The frequency response. 

 
(a) 

 
(b) 

Fig. 6. The x-component of the near field radiations of one wire and a TWP 

above the ground. (a) The field distribution. (b) The field frequency response. 

the TWP are chosen as 𝑟w = 0.5 mm, 𝑠 = 4 mm, 𝑝 = 5 cm, 
ℎ = 5 cm, and the TWP is extended along the z-axis with length 
ℒ𝑧 = 1 m. The TWP and EM wave incidence are the same as 
both shown in Fig. 2, where a floating load 𝑅 = 100 Ω  is 
connected to both terminals of the TWPs. It is worth noting that 
the floating load has no effect on the CM current along the TWP. 
Our numerical results are plotted in Figs. 5 and 6, and good 
agreements are obtained. This indicate that the CM equivalent 
circuit can be used to approximate both CM current and the near 
field of a TWP above a ground plane. 

IV. CONCLUSION   

In this paper, we have developed the integral equations of 
TWPs by using the scattered theory. The CM current along a 

TWP connected to floating terminals and also its near field have 
been predicted with very good accuracy. It has been shown that 
the antenna mode current along one wire above the ground is 
“identical” to the CM current generated by the TWPs above the 
ground. In addition, it has been proven that the CM equivalent 
circuit can be used to predict both CM current along a TWP and 
the corresponding near field. 
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