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Abstract  In this report, the structure of slightly exposed sheath dipole antenna is studied by theoretical analysis. The 

transmission line theory is used to discuss the input impedance behavior of the full-sheath and exposed sheath dipole antennas 

with different conductivity sheaths. The equations of the input impedance in the case of the slightly exposed sheath dipole 

antenna is obtained. In addition, the modification of the theoretical analysis is performed and a parasitic part is added. The 

effective approximate equation of the slightly exposed sheath dipole antenna to obtain the input impedance is presented. 
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1. Introduction 
Recently, high quality of seawater wireless 

communications is required. The acoustic waves and the 

optical waves have been widely used in the seawater 

communications because of their low propagation loss 

characteristics. However, the main problem is that these 

two kinds of waves can be easily affected by the 

surrounding environment, such as obstacles under the 

seawater, resulting in the unstable communication. The 

electromagnetic waves can be expected for the accurate 

location estimation of under-seawater divers in the muddy 

seawater, which make it possible to achieve the reliable 

communication in the seawater.  

The use of electromagnetic waves for the communication 

in the seawater has been studied. However, the EM waves 

are attenuated exponentially in the seawater due to the high 

conductivity, and the attenuation constant is -10.9 dB/m at 

100 kHz. In order to protect the RF-circuits and the antenna 

conductor, a sheath is added to the antenna conductor in 

the seawater. In the previous study [1, 2], the sheathed 

dipole antenna was proposed and the transmission factor 

between transmitting and receiving antennas was evaluated 

by the full wave numerical analysis. In the case of exposed 

sheath dipole antenna, the transmission factor is nearly 40 

dB higher than the case of full-sheath dipole antenna. 

When the length of the sheath equals to the half of the 

length of the antenna, the transmission factor is the largest 

when the length of the sheath changes. However, the 

calculation time increases greatly when the distance 

between the two antennas increases by using numerical full 

wave analysis. The theoretical method to analyze the full-

sheath dipole antennas have been performed [3-8]. The 

approximated theoretical expression for the input 

admittance of an insulated antenna immersed in a highly 

conducting medium have been presented, and the 

experimental results agree well with the theoretical results. 

However, in the cases of the exposed sheath dipole 

antennas, the theoretical equations of the input impedance 

haven’t been derived. The numerical results of the input 

impedance predicted by the theory haven’t been presented. 

In this report, the structure of slightly exposed sheath 

dipole antenna is studied by the theoretical analysis. The 

input impedance behavior in the cases of full-sheath and 

exposed sheath dipole antenna is discussed. The results of 

an approximated expression of the input impedance in the 

case of a slightly exposed sheath dipole antenna is derived 

and several numerical results are presented. 

 

2. Structure of exposed sheath dipole in seawater 
Figure 1 shows the structure of the slightly exposed 

sheath dipole antenna in the seawater. a and b represent the 

radius of the conducting wire and the sheath, respectively. 

L is the half length of the dipole antenna.  is the length of 

the exposed region of the antenna. Region 1 is the sheath 

of the antenna with the relative permittivity and the 

conductivity of r1 and 1, respectively. Region 2 is 

seawater with the relative permittivity and the conductivity 

of r2 and 2, respectively. kL is the wave number along the 

z direction. k1 and k2 are the wave numbers of the region 1 

and region 2, respectively. 
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Figure 1 Structure of exposed sheath dipole antenna in 

the seawater 

 

3. Theoretical analysis of the sheathed antenna 
In this structure, both the relative permittivity inside and 

outside the sheath are 80 (r2=r2=80). When the 

conductivity 1 is sufficiently smaller than the 

conductivity 2, the relation |k1|<<|k2| can be satisfied. 

When the outside medium is highly conducting at the 

operating frequency, the insulated antenna is essentially a 

coaxial line with a very extensive imperfect outer 

conductor in which the electromagnetic field is that 

associated with the volume density of free-charge current 

through the constitutive relation J=E [5]. Conventional 

transmission-line theory is applicable. 

As For the TM01 mode electromagnetic components as 

shown in Figure 2, the equations of electromagnetic field 

in cylindrical coordinate system is given by [9] 
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where, 𝐻଴
ሺଵሻ

 and 𝐻ଵ
ሺଵሻ

 are the 0th- and1st-order of the 

first kind Hankel functions, respectively. 𝐻଴
ሺଶሻ

 and 𝐻ଵ
ሺଶሻ

 

are the 0th- and1st-order of the second kind Hankel 

functions. kr1, kr2 are wave numbers in radial direction in 

the region 1 and 2. The wave number along z direction, kL 

can be represented by kr1 and k1 or kr2 and k2.  

In order to calculate kL, the boundary condition should 

be applied. On the surface of the antenna, the electric field 

in the z direct ion is 0.  On the surface of the sheath,  the 

 
Figure 2 Section of sheathed dipole antenna 

 

electric field in the z direction is continuous, and the 

magnetic field in the direction is continuous. The 

equations of boundary condition are 

 𝐸௭ଵሺ𝑟 ൌ 𝑎ሻ ൌ 0 (9) 
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 𝐻థଵሺ𝑟 ൌ 𝑏ሻ ൌ 𝐻థଶሺ𝑟 ൌ 𝑏ሻ (11) 

Substitute the electromagnetic field equations into the 

boundary conditions, the equation which is contained kr1, 

kr2 can be obtained as follow: 
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By applying the thin wire approximation and |k1|<<|k2| 

to equation above, the wave number kL along the infinite 

length sheath is given by 

 𝑘௅ ൌ 𝑘ଵඨ1 ൅
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௞మ௕ுభ
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 (13) 

Since the sheath region of the dipole antenna can be 

regarded as a transmission line, the model can be 

considered as a limited loaded transmission line.  

When the conducting wire is totally inside the sheath 

(< 0), the model can be regarded as Figure 3. 

It can be considered that the model consists of two 

transmission lines of length L, which ends is open. The 

function of input impedance is given by  

 𝑍௜௡
ை ൌ െ𝑗2𝑍௖௔𝑐𝑜𝑡𝑘௅𝐿 (14) 

The associated characteristic impedance of the 

transmission-line Zca is given by 

 𝑍௖௔ ൌ
఍మ௞ಽ

ଶగ௞మ
𝑙𝑛

௕

௔
 (15) 

where, 

 𝜁ଶ ൌ
ఠఓబ

௞మ
 (16) 

The Figure 4 shows the results of the input impedance 
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by theoretical analysis and the FDTD analysis in the case 

of the full-sheath antenna when the conductivity of the 

Figure 3 Equivalent model of the full-sheath antenna 

 

 

(a) 1=0.01 S/m 

 

(b) 1=0.05 S/m 

 

(c) 1=0. 1 S/m 

Figure 4 Input impedance (full-sheath) 

 

region 1 changes from 0.01 S/m to 0.1 S/m. These cases are 

all satisfied with the restriction of |k1|<<|k2| and thin wire 

Figure 5 Equivalent model of the slightly exposed 

sheath antenna 

 

 

(a) 1=0.01 S/m 

 

(b) 1=0.05 S/m 

 

(c) 1=0. 1 S/m 

Figure 6 Input impedance (exposed) 
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theory. The theoretical results are represented by red line, 

and FDTD results are represented by blue line. The solid 

lines represent resistance, while the dashed lines represent 

reactance. The results of the theory almost agree with the 

results of the FDTD analysis in all frequency band. 

When the conducting wire is slightly exposed to the 

outside of the sheath (> 0), the model can be regarded as 

Figure 5.  

It can be considered that the model consists of two 

transmission lines of length L, which the ends is shorted by 

seawater because of its high conductivity. The function of 

input impedance is given by 

 𝑍௜௡
ௌ ൌ െ𝑗2𝑍௖௔𝑡𝑎𝑛𝑘௅𝐿 (17) 

The Figure 6 shows the results of the input impedance 

by theoretical analysis and the FDTD analysis in the cases 

of slightly exposed sheath antenna when the conductivity 

of the region 1 is changed from 0.01 S/m to 0.1 S/m. 

Although in the low frequency band, the results of theory 

have some differences with FDTD results, the results of the 

theory almost agree with the results of the FDTD analysis 

in high frequency band. In addition, it is shown that the 

input impedance will change greatly depending on the 

presence or absence of the slightly exposed structure. 

 

4. Modification of theoretical analysis 
In the case of slightly exposed, the disagreement of the 

theoretical analysis and the FDTD analysis can be seen in 

the low frequency band. This is because the exposed 

regions are connected by the seawater, and the conductivity 

of the seawater is 4 S/m. The conductivity of the seawater 

is not as large as a conducting wire. Therefore, the end of 

the transmission-line cannot be considered as merely a 

shorted circuit. The parasitic part, Zt, should be added to 

the end of the transmission-line as shown in Figure 7. In 

this case, the input impedance of the antenna is given by 

 𝑍௜௡ ൌ 2𝑍௖௔
௓೟ା୨௓೎ೌ௧௔௡௞ಽ௅

௓೎ೌା୨௓೟௧௔௡௞ಽ௅
 (18) 

If Zt is considered as infinity, which meaning the end of 

the transmission-line is open, the equation (14) can be 

obtained. If Zt is considered as zero, which meaning the 

end of the transmission-line is shorted by wire, the 

equation (17) can be obtained. However, in the case of the 

exposed sheath antenna, if Zt is considered as zero, the 

disagreement of the theoretical analysis and the FDTD 

analysis will appear in the low frequency band. Therefore, 

it’s necessary to obtain the value of Zt. 

Zt is produced by the conductive current in seawater 

between two ends of the exposed antenna. It is difficult to 

define it  in the equations through theoretical analysis.  

 
Figure 7 Equivalent model of the slightly exposed 

sheath antenna with considering Zt 

 

  

Figure 8 Input impedance (exposed) with considering Zt 

 

Therefore, the full-wave analysis has been applied to 

obtain Zt.  

In FDTD analysis, the input impedance seen by the 

feeding point can be obtain. At the end of the transmission 

line, the load impedance is Zt with the characteristic 

impedance Zca. Zt can be obtained as the load impedance of 

a transmission line by using the equation (18). The value 

of Zt obtained by FDTD analysis can be applied to 

theoretical analysis. The results of theoretical analysis and 

FDTD analysis are obtained as shown in Figure 8. 

As shown in Figure 8, the results of the modified 

theoretical analysis are in agreement with the results of 

FDTD analysis in all frequency bands. Although the full 

wave analysis has been used, it is only used to obtain the 

parasitic part, Zt, of the exposed sheath antenna. In addition, 

it will save time to calculate a model with only one antenna 

compared to calculating a transmission model with two 

antennas by using full wave analysis. Furthermore, if the 

correct value of input impedance is obtained, the received 

power and transmission characteristics can be obtained 

through theoretical analysis. 

 

5. Conclusion 
In this report, theoretical analysis of the input 
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impedance of the full-sheath and exposed sheath dipole 

antenna has been performed respectively.  

In the case of full-sheath dipole antenna in seawater, the 

function of input impedance has been derived theoretically. 

The results show that the theoretical analysis has good 

agreement with full wave analysis under the effect of 

different conductivity of the sheath. 

In the case of exposed sheath dipole antenna in seawater, 

firstly the function of input impedance has been derived by 

using theoretical analysis. However, in the low frequency 

band, the disagreement between the theoretical analysis 

and full wave analysis has occurred. Then, the modified 

theoretical analysis has been performed and a parasitic part, 

Zt, has been added. The effective approximate equation has 

been obtained. 

This theoretical method can make the calculation of the 

input impedance for sheath dipole antenna in seawater in 

short time easily. Although in the case of exposed sheath 

antenna in seawater, FDTD analysis is used in the 

improvement of the theoretical analysis, it takes less time 

to calculate an antenna than the transmission model. In this 

way, the value of input impedance of the sheath antenna in 

seawater can be obtained, which will make it easier to 

calculate the received power and transmission factors in 

transmission model by theoretical analysis. 

 

Acknowledgement 

This research was conducted as a joint research with 

Nozomu Ishii, Niigata University, Masaharu Takahashi, 

Chiba University and Hiroshi Yoshida, JAMSTEC. This 

work was partly supported by JSPS KAKENHI Grant 

Number 1103533. 

 

reference paper 
[1] H. Sato, et. al., "Dipole Antenna With Sheath-Cover 

for Seawater Use," 2017 International Symposium on 
Antennas and Propagation (ISAP 2017), 1376, pp.1-2, 
30 Oct.- 2 Nov. 2017, Phuket, Thailand. 

[2] S. Xu，et. al.， "Design of Sheathed Dipole Antennas 
for Seawater Use," IEICE General Conf., ABS-1-13，
pp.24-25, Sept. 2019. 

[3] R. King, "Theory of the terminated insulated antenna 
in a conducting medium," in IEEE Transactions on 
Antennas and Propagation, vol. 12, no. 3, pp. 305-318, 
May 1964. 

[4] K. Iizuka, "An experimental study of the insulated 
dipole antenna immersed in a conducting medium," in 
IEEE Transactions on Antennas and Propagation, vol. 
11, no. 5, pp. 518-532, September 1963. 

[5] R. King, S. Mishra, Kuan Lee and G. Smith, "The 
insulated monopole: Admittance and junction 
effects," in IEEE Transactions on Antennas and 
Propagation, vol. 23, no. 2, pp. 172-177, March 1975. 

[6] T. T. Wu, R. W. P. King, D. V. Giri, "The insulated 
dipole antenna in a relatively dense medium", Radio 
Sci., vol. 8, pp. 699-709, July 1973. 

[7] R. W. P. King, K. M. Lee, S. R. Mishra, G. S. Smith, 
"The insulated linear antenna: Theory and 
experiment", J. Appl. Phys., vol. 45, pp. 1688-1697, 
Apr. 1974. 

[8] R. W. P. King, L. D. Scott, "The cylindrical antenna 
as a probe for studying the electrical properties of 
media", IEEE Trans. Antennas Propagat., vol. AP-19, 
pp. 406-416, May 1971. 

[9] J. A. Stratton, Electromagnetic Theory, N. Y., New 
York:McGraw-Hill Book Co., Inc., pp. 545-554, 1949. 

 

- 55 -



 
 
    
   HistoryItem_V1
   TrimAndShift
        
     範囲: 現在のページ
     トリム: 無し
     シフト: 移動 下 by 11.91 ポイント
     ノーマライズ(オプション): オリジナル
      

        
     32
     1
     0
     No
     0
     320
     Fixed
     Down
     11.9055
     0.0000
            
                
         Both
         2
         CurrentPage
         6
              

       CurrentAVDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus3
     QI+ 3.0b
     QI+ 3
     1
      

        
     0
     5
     0
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     範囲: 現在のページ
     マスク座標:  横方向, 縦方向オフセット 29.42, 6.43 幅 545.10 高さ 45.96 ポイント
     マスク座標:  横方向, 縦方向オフセット 31.25, 757.43 幅 535.91 高さ 56.07 ポイント
     オリジナル: 左下
      

        
     1
     0
     BL
            
                
         Both
         CurrentPage
              

       CurrentAVDoc
          

     29.4151 6.4263 545.0992 45.9611 31.2536 757.4315 535.9069 56.0726 
      

        
     QITE_QuiteImposingPlus3
     QI+ 3.0b
     QI+ 3
     1
      

        
     0
     5
     0
     1
      

   1
  

    
   HistoryItem_V1
   AddNumbers
        
     範囲: 全てのページ
     フォント: Times-Roman 10.5 ポイント
     オリジナル: 中央下
     オフセット: 横方向 0.00 ポイント, 縦方向 39.69 ポイント
     前置文字列: - 
     後置文字列:  -
     レジストレーションカラーを使用: いいえ
      

        
     1
     1
      -
     BC
     - 
     1
     51
     TR
     1
     0
     405
     287
    
     0
     1
     10.5000
            
                
         Both
         2
         AllDoc
         1
              

       CurrentAVDoc
          

     [Doc:NumPages]
     0.0000
     39.6850
      

        
     QITE_QuiteImposingPlus3
     QI+ 3.0b
     QI+ 3
     1
      

        
     0
     5
     4
     5
      

   1
  

 HistoryList_V1
 qi2base





