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I. INTRODUCTION 

Site attenuation (SA) is a measure of the performance of an 

open-area test site (OATS) that is used to calibrate the electro-

magnetic compatibility (EMC) antennas for field strength mea-

surements and radiated emission measurements [1–14]. An 

example of an OATS is the open-field EMC antenna calibra-

tion facility at the Korea Research Institute of Standards and 

Science. This facility has gained wide acceptance as a national 

standard for an open-field site.  

The SA of an OATS is a measure of the transmission path 

loss of the space with a ground plane (open-field site or half-

space) between the transmit (TX) and receive (RX) antennas. 

Many researchers have reported various approaches for theoreti-

cal calculations of SA [2–14]. Most of the research into SA cal-

culation has employed the concept of insertion loss (known as a 

substitution loss [15]) with and without considering the test site. 

However, the effects of including antenna baluns and cables 

cannot be considered individually from the loss of the half-space 

and all other parts because all these effects are incorporated in 

the concept of SA. Calculable dipole antennas have also been 

developed and used as standard antennas [13, 14, 16–18]. For 

example, Salter and Alexander [13, 14] analyzed insertion loss 

for calculating the SA using a two-port model and the scatter-
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ing parameters of a calculable standard dipole antenna. 

The authors [19] directly derived a new equation for the SA 

measurement system without using substitution loss. Their SA 

measurement system included TX and RX antennas (i.e., calcu-

lable dipole antenna with a 3-dB 180° hybrid balun in the fre-

quency range of 30 MHz to 1 GHz). The equation was derived 

using the concept of power mismatch and dissipative loss, which 

was used to perform an error analysis of the SA [4] and an an-

tenna factor calculation [16, 20]. The authors calculated only the 

value of the SA using the concept of power loss to calculate the 

SA of a calculable dipole antenna [19]. 

This paper extends and clarifies two types of SA formula us-

ing the concept of power loss for the treatment of the OATS. 

The first is an SA formula related to knowing only the value of 

the SA. The other is an SA formula that analyzes the effects of 

each part of the SA. Additionally, the constituent losses of the 

SA measurement system are discussed in detail using the de-

rived SA formula. The analysis of the results showed that the 

SA of the OATS can be successfully characterized individually 

from the SA measurement system and that the SA is expressed 

as two kinds of losses: the balanced port-mismatch losses of the 

TX and RX baluns and the half-space dissipative loss. This pa-

per deals only with the classical SA. The resultant classical SA 

was in good agreement with the results derived from the S-

parameters using the substitution loss, and with the measured 

results [13].  

II. ANALYSIS OF THE SITE ATTENUATION  

MEASUREMENT SYSTEM 

1. Total Power Losses 

Fig. 1 shows the configuration of the SA measurement sys-

tem using calculable dipole antennas with a 3-dB hybrid coupler 

and two phase-matched coaxial lines on the OATS. Two dipole 

antennas were located along the x-axis (horizontal polarization, 

HP) or the z-axis (vertical polarization, VP) above a ground 

plane. The height of the TX antenna was ℎଵ, and the height of 

the RX antenna was ℎଶ. Additionally, d was the distance be-

tween the TX and RX antennas. 

Fig. 2 details the power mismatch and dissipative loss factors 

of the SA measurement system, as well as the basic structure of 

the calculable dipole antenna with a 3-dB hybrid coupler and 

two phase-matched coaxial lines that were used in the SA 

measurement. The dipole antenna had a length of 𝐿 and a ra-

dius of 𝑎. The balun was designed such that its complex S-

parameters could be easily measured. Two semi-rigid cables with 

a length of 𝐿஻ from the 3-dB hybrid coupler were connected to 

the antenna terminal, as shown in Figs. 1 and 2. A 50-Ω load 

was connected to the sum port (Σ) of the hybrid, and a matched  

 
Fig. 1. Site attenuation measurement system. Antennas are placed 

horizontally or vertically. 

 

 
Fig. 2. Site attenuation measurement system. 

 

measuring instrument was connected to the other port (Δ) using 

a coaxial cable with a length of 𝐿ଶ. The inner conductors of the 

two semi-rigid cables were connected to the balanced dipole 

elements, while the outer conductors were in contact with each 

other electrically (i.e., short-circuited at the feeding point of the 

dipole elements). Since this structure was perfectly symmetrical, 

the two matched output voltages of the balun had the same am-

plitude and a phase difference of  radians. The details of calcu-

lable dipole antenna analysis using the concept of power mis-

match and dissipative loss are given in [4, 15, 18]. 

The TX antenna was excited by a signal generator (SG) 

through a coaxial cable, and the 3-dB hybrid coupler and RX 

antenna received the signal radiated by the TX antenna through 

the OATS, as shown in Fig. 2. The SA accounted for all power 

losses occurring between the RX and TX antennas over the 

ground plane. Two kinds of losses generally occur: conjugate 

mismatch losses and dissipative losses. Mismatch losses occur at 

the inputs and outputs of the hybrid baluns, the output of the 

SG, and the input of the receiver—details shown in Eqs. (4a), 

(4c), (4e), (4g), and (10). Dissipative losses occur in the cables, 

the hybrid baluns (Eqs. (4b), (4f ), and (11)), and the half-space 

(Eqs. (4d)). The power losses experienced by the SA measure- 
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ment system can be represented individually by these mismatch 

and dissipative losses. Each parameter referenced in Fig. 2 is 

listed in Table 1. 

Assuming only passive devices existed between the SG and 

the measuring receiver, the total power losses can be represented 

as follows: 
 

𝑇௉௅ ൌ
Power available from SG, 𝑃்

Power delivered to receiver, 𝑃ோ
 

ൌ ቄ𝑀୉
ሺଵሻ𝐾ୈ

ሺଵሻቅ  

∙ ቄ𝑀େ
ሺଵሻ𝐾୆

ሺଵሻ𝑀୅
ሺଵሻ𝐾୅ୗ୅𝑀୅

ሺଶሻ𝐾୆
ሺଶሻ𝑀େ

ሺଶሻቅ 

            ∙ ቄ𝐾ୈ
ሺଶሻ𝑀୉

ሺଶሻቅ 

  ൌ 𝑀் ∙ 𝑀ௌூ்ா ∙ 𝑀ோ , 

 

 

(1)
 

where 𝑀் and 𝑀ோ  are the power mismatch and dissipative 

losses in the TX part (SG−coaxial cable) and the RX part (coax-

ial cable−receiver), respectively, and 𝑀ௌூ்ா denotes the power 

mismatch and dissipative losses of the site with a ground plane 

between the two antennas that included the baluns. In compari-

son to 𝑀் and 𝑀ோ, the site power loss 𝑀ௌூ்ா was significant-

ly large. 
 

2. Site Attenuation 

SA is defined as the minimum site power loss between the 

two antennas including the baluns obtained as the RX antenna 

scans over a given range of height values. The commonly used 

ranges of ℎଵ, ℎଶ, and 𝑑 in the SA calculation are listed in 

Table 2 [1]. For the given values of 𝑑, ℎଵ, and ℎଶ, the theoretic- 

Table 2. Values used for calculating site attenuation (unit: m) 

Polarization 𝑑 ℎଵ ℎଶ௠௜௡ ℎଶ௠௔௫

HP 3 2 1 4

10 2 1 4

30 2 1 6

VP 3 2.75 1 4

10 2.75 1 4

30 2.75 1 6

 
cal SA of the OATS was defined from 𝑀ௌூ்ா as follows: 

  

𝑆஺ ൌ 10 logଵ଴ሼ𝑀ௌூ்ாሺ𝑑, ℎଵ, ℎଶሻሽ  ሺdBሻ, (2)
 

where 𝑀ௌூ்ா is the minimum value of the power loss. 
 

𝑆஺ ൌ 10 logଵ଴ ቄ𝑀஼
ሺଵሻሺ𝑑, ℎଵ, ℎଶሻቅ  

൅10 logଵ଴ ቄ𝐾஻
ሺଵሻሺ𝑑, ℎଵ, ℎଶሻቅ 

           ൅10 logଵ଴ ቄ𝑀஺
ሺଵሻሺ𝑑, ℎଵ, ℎଶሻቅ 

൅10 logଵ଴൛𝐾஺ௌ஺ሺ𝑑, ℎଵ, ℎଶሻൟ 

           ൅10 logଵ଴ ቄ𝑀஺
ሺଶሻሺ𝑑, ℎଵ, ℎଶሻቅ 

൅10 logଵ଴ ቄ𝐾஻
ሺଶሻሺ𝑑, ℎଵ, ℎଶሻቅ 

൅10 logଵ଴ ቄ𝑀஼
ሺଶሻሺ𝑑, ℎଵ, ℎଶሻቅ ሺdBሻ,

 

 

 

 

 
 

 

(3)
 

where 
 

𝑀஼
ሺଵሻ ൌ

𝑃௖
ሺଵሻ

𝑃௕ଵ
ሺଵሻ ൌ

ቚ𝑍ௗ
ሺଵሻ ൅ 𝑍்

ሺଵሻቚ
ଶ

4𝑅ௗ
ሺଵሻ𝑅்

ሺଵሻ , 
 
(4a)

 

Table 1. List of each parameter 

Parameter Description 

𝑃் Available power from SG

𝑃ோ Delivered power to receiver

𝑃௕
ሺଵሻ

, 𝑃௖
ሺଵሻ

 Available powers from each section of the TX part 

𝑃௔ଵ
ሺଵሻ

, 𝑃௕ଵ
ሺଵሻ

, 𝑃௖ଵ
ሺଵሻ

 Delivered powers to each section of the TX part 

𝑃௔
ሺଶሻ

, 𝑃௕
ሺଶሻ

, 𝑃௖
ሺଶሻ

 Available powers from each section of the RX part 

𝑃௕ଵ
ሺଶሻ

, 𝑃௖ଵ
ሺଶሻ

 Delivered powers to each section of the RX part 

𝑀஺
ሺଵሻ

, 𝑀஼
ሺଵሻ

, 𝑀ா
ሺଵሻ

 Power mismatch losses at each section of the TX part 

𝐾஻
ሺଵሻ, 𝐾஽

ሺଵሻ Power dissipative losses in each section of the TX part 

𝑀஺
ሺଶሻ

, 𝑀஼
ሺଶሻ

, 𝑀ா
ሺଶሻ

 Power mismatch losses at each section of the RX part 

𝐾஻
ሺଶሻ, 𝐾஽

ሺଶሻ Power dissipative losses in each section of the RX part 

𝐾஺ௌ஺ Power loss between the TX and RX antennas including the ground plane

𝑍௧
ሺଵሻ, 𝑍்

ሺଵሻ, 𝑍ௗ
ሺଵሻ, 𝑍௕ଵ

ሺଵሻ  Impedances of each section of the TX part

𝑍௧
ሺଶሻ, 𝑍்

ሺଶሻ, 𝑍ௗ
ሺଶሻ, 𝑍௕ଵ

ሺଶሻ Impedances of each section of the RX part

𝑍௔
ሺଵሻ Input impedance from the TX antenna terminal to the RX antenna

𝑍௔
ሺଶሻ Input impedance from the RX antenna terminal to the TX antenna

𝛤 , 𝛤௅ Reflection coefficients of SG and RX, respectively 

𝛤஻ଵ, 𝛤஻ଶ Reflection coefficients of the TX and the RX baluns, respectively 
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 𝐾஻
ሺଵሻ ൌ

𝑃௕ଵ
ሺଵሻ

 𝑃௕
ሺଵሻ  ൌ

4𝑅்
ሺଵሻ𝑅௕ଵ

ሺଵሻ

ቚ𝑍ௗ
ሺଵሻ ൅ 𝑍்

ሺଵሻቚ
ଶ อ

𝑍ଵଵ
் ൅ 𝑍ௗ

ሺଵሻ

𝑍ଵଶ
் อ

ଶ

, 
 
 

(4b)
 

 

  𝑀஺
ሺଵሻ ൌ

𝑃௕
ሺଵሻ

𝑃௔ଵ
ሺଵሻ ൌ

ቚ𝑍௕ଵ
ሺଵሻ ൅ 𝑍௔

ሺଵሻቚ
ଶ

4𝑅௔
ሺଵሻ𝑅௕ଵ

ሺଵሻ ,              

 
 

(4c)
 

𝐾஺ௌ஺ ൌ
𝑃௔ଵ

ሺଵሻ

𝑃௔
ሺଶሻ ൌ

4𝑅௔
ሺଵሻ𝑅௔

ሺଶሻ

ቚ𝑍௕ଵ
ሺଵሻ ൅ 𝑍௔

ሺଵሻቚ
ଶ อ

𝑍ଵଵ
஺ ൅ 𝑍௕ଵ

ሺଵሻ

𝑍ଵଶ
஺ อ

ଶ

, 

 

 

(4d)
 

𝑀஺
ሺଶሻ ൌ

𝑃௔
ሺଶሻ

𝑃௕ଵ
ሺଶሻ ൌ

ቚ𝑍௕ଵ
ሺଶሻ ൅ 𝑍௔

ሺଶሻቚ
ଶ

4𝑅௔
ሺଶሻ𝑅௕ଵ

ሺଶሻ , 

 

 

(4e) 
 

𝐾஻
ሺଶሻ ൌ

𝑃௕ଵ
ሺଶሻ

𝑃௕
ሺଶሻ ൌ

4𝑅்
ሺଶሻ𝑅௕ଵ

ሺଶሻ

ቚ𝑍௕ଵ
ሺଶሻ ൅ 𝑍௔

ሺଶሻቚ
ଶ อ

𝑍ଵଵ
ோ ൅ 𝑍௔

ሺଶሻ

𝑍ଵଶ
ோ อ

ଶ

,  

 

 

(4f ) 
 

𝑀஼
ሺଶሻ ൌ

𝑃௕
ሺଶሻ

𝑃௖ଵ
ሺଶሻ  ൌ

ቚ𝑍ௗ
ሺଶሻ ൅ 𝑍்

ሺଶሻቚ
ଶ

4𝑅ௗ
ሺଶሻ𝑅்

ሺଶሻ ,   

 

 

(4g)
 

and 𝑃௖
ሺଵሻ

 is the power available from the coaxial cable, 𝑃௕ଵ
ሺଵሻ

 is 

the power delivered to the TX hybrid balun, 𝑃௕
ሺଵሻ

 is the power 

available from the TX hybrid balun, 𝑃௔ଵ
ሺଵሻ

 is the power delivered 

to the TX antenna, 𝑃௔
ሺଶሻ

 is the power available from the RX 

antenna, 𝑃௕ଵ
ሺଶሻ

 is the power delivered to the RX hybrid balun, 

𝑃௕
ሺଶሻ

 is the power available from the RX hybrid balun, and 𝑃௖ଵ
ሺଶሻ

 

is the power delivered to the coaxial cable. Additionally, 𝑍௔
ሺଵሻ ൌ

𝑅௔
ሺଵሻ ൅ 𝑗𝑋௔

ሺଵሻ
 is the input impedance from the TX antenna 

terminal to the RX antenna, 𝑍௔
ሺଶሻ ൌ 𝑅௔

ሺଶሻ ൅ 𝑗𝑋௔
ሺଶሻ

 is the input 

impedance from the RX antenna terminal to the TX antenna as 

shown in Fig. 2, 𝑍௕ଵ
ሺଵሻ

 is the input impedance from the input 

terminal of the TX hybrid balun to the SG, 𝑍௕ଵ
ሺଶሻ

 is the input 

impedance from the input terminal of the RX hybrid balun to 

the receiver, and 𝑍௜௝
஺  is the impedance parameters of the TX 

and RX antennas as a two-port network. The input impedances 

can also be expressed using the impedance parameters as follows: 
 

 𝑍௔
ሺଵሻ ൌ 𝑍ଵଵ

஺ െ
𝑍ଵଶ

஺ 𝑍ଶଵ
஺

𝑍ଶଶ
஺ ൅ 𝑍௕ଵ

ሺଶሻ , 

 

(5a) 

 𝑍௔
ሺଶሻ ൌ 𝑍ଶଶ

஺ െ
𝑍ଵଶ

஺ 𝑍ଶଵ
஺

𝑍ଵଵ
஺ ൅ 𝑍௕ଵ

ሺଵሻ . 
 

(5b)
 

To evaluate Eqs. (5a) and (5b), the method of moments 

(MoM) has been widely used [12, 16, 17, 21]. In this study, the 

piecewise sinusoidal basis function with a Galerkin procedure 

was employed. 

Since the hybrid balun had a 100 Ω balanced port and 50 Ω 

unbalanced port [13], the 𝐾஻
ሺଵሻ ൌ 1/𝑀஼

ሺଵሻ
 from 𝑍்

ሺଵሻ ൌ 𝑍௔
ሺଵሻ/ 2 

and 𝑍௕ଵ
ሺଵሻ ൌ 2𝑍ௗ

ሺଵሻ
 for the TX part. The 𝐾஻

ሺଶሻ ൌ 1/𝑀஼
ሺଶሻ

 from 

𝑍்
ሺଶሻ ൌ 𝑍௔

ሺଶሻ/2 and 𝑍௕ଵ
ሺଶሻ ൌ 2𝑍ௗ

ሺଶሻ
 were also obtained for the 

RX part. Then, the SA of Eq. (3) was expressed as follows. 
 

𝑆஺ ൌ 10 logଵ଴ ቄ𝑀஺
ሺଵሻሺ𝑑, ℎଵ, ℎଶሻቅ 

൅10 logଵ଴ሼ𝐾஺ௌ஺ሺ𝑑, ℎଵ, ℎଶሻሽ 

൅10 logଵ଴ ቄ𝑀஺
ሺଶሻሺ𝑑, ℎଵ, ℎଶሻቅ ሺdBሻ. 

 

 

(6) 
 

 

Substituting Eqs. (4c)–(4e) into Eq. (6), the SA in decibels 

can be expressed in a simplified form as follows: 
 

𝑆஺ ൌ 10 logଵ଴ ቐ
ቚ𝑍௕ଵ

ሺଶሻ ൅ 𝑍௔
ሺଶሻቚ

ଶ

4𝑅௕ଵ
ሺଵሻ𝑅௕ଵ

ሺଶሻ อ
𝑍ଵଵ

஺ ൅ 𝑍௕ଵ
ሺଵሻ

𝑍ଵଶ
஺ อ

ଶ

ቑ   

(7)
 

SA can be determined even if only Eq. (7) is used. However, 

employing the Eqs. (3) and (6) is useful for analyzing the effects 

of each part of the SA. Eq. (14) (see below) can also be used to 

consider the constituent losses of the SA measurement system 

and thus considering the two types of SA expression.  
 

3. Power Losses on the Coaxial Cables 

To consider all the constituent losses of the SA measurement 

system, 𝑀் and 𝑀ோ must be evaluated. The power losses on 

the coaxial cables connected to the SG and receiver are ex-

pressed as follows: 
 

𝑆் ൌ 10 logଵ଴ሼ𝑀்ሽ 

ൌ 10logଵ଴ ቄ𝑀ா
ሺଵሻ𝐾஽

ሺଵሻቅ ሺdBሻ, (8) 
 

𝑆ோ ൌ 10 logଵ଴ሼ𝑀ோሽ 

ൌ 10logଵ଴ ቄ𝐾஽
ሺଶሻ𝑀ா

ሺଶሻቅ ሺdBሻ (9)
 

where the respective mismatch losses are given as follows: 
 

𝑀ா
ሺଵሻ ൌ

𝑃்

𝑃௖ଵ
ሺଵሻ ൌ

ቚ𝑍௧
ሺଵሻ ൅ 𝑍ீቚ

ଶ

4𝑅ீ𝑅௧
ሺଵሻ , 

(10a)

𝑀ா
ሺଶሻ ൌ

𝑃௖
ሺଶሻ

𝑃ோ
ൌ

ቚ𝑍௧
ሺଶሻ ൅ 𝑅௅ቚ

ଶ

4𝑅௅𝑅௧
ሺଶሻ ,  

(10b)
 

and the dissipative losses are as follows: 
 

𝐾஽
ሺଵሻ ൌ

𝑃௖ଵ
ሺଵሻ

𝑃௖
ሺଵሻ 

ൌ
4𝑅𝑡

ሺ1ሻ
𝑅𝑑

ሺ1ሻ

ห𝑍𝑡
ሺ1ሻ

൅ 𝑍𝐺ห
2 ቤ൬

𝑍0 ൅ 𝑍𝐺

𝑍0
൰

1 െ 𝛤𝐺𝑒െ2𝛾𝐿1

2𝑒െ𝛾𝐿1
ቤ

2

, 
(11a)

 

𝐾஽
ሺଶሻ ൌ

𝑃௖ଵ
ሺଶሻ

𝑃௖
ሺଶሻ 

ൌ
4𝑅௧

ሺଶሻ𝑅ௗ
ሺଶሻ

ቚ𝑍்
ሺଶሻ ൅ 𝑍ௗ

ሺଶሻቚ
ଶ อ൭

𝑍଴ ൅ 𝑍்
ሺଶሻ

𝑍଴
൱

1 െ 𝛤୆ଶ𝑒ିଶఊ௅మ

2𝑒ିఊ௅మ
อ

ଶ

.

 

 

 

(11b) 
 

 

In Eqs. (10) and (11), 𝑃௖ଵ
ሺଵሻ

 is the power delivered to the co-

axial cable, and 𝑃௖
ሺଶሻ

 is the power available from the coaxial 

cable. The propagation constant of a lossy transmission line is 
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given by γ = α + jβ where α and β are the attenuation and phase 

constants of the dielectric between the inner and outer conduc-

tors of a coaxial cable. Additionally, β is given by ω√(εμ), where 

ω = 2πf (f is the frequency) is the angular frequency, and ε and 

μ are the permittivity and permeability of the dielectric inside 

the coaxial cable, respectively. The analysis results of each part of 

the SA measurement system are shown later.  

The individual impedances of each section are as follows: 
 

 𝑍௧
ሺଵሻ ൌ 𝑍଴

1 ൅ 𝛤஻ଵ𝑒ିଶఊ௅భ

1 െ 𝛤஻ଵ𝑒ିଶఊ௅భ , 
  

(12a)
 

𝑍ௗ
ሺଵሻ ൌ 𝑍଴

1 ൅ 𝛤 𝑒ିଶఊ௅భ

1 െ 𝛤 𝑒ିଶఊ௅భ , 
 

(12b)
 

𝑍்
ሺଵሻ ൌ 𝑍ଵଵ

் െ
𝑍ଵଶ

் 𝑍ଶଵ
்

𝑍ଶଶ
் ൅ 𝑍௔

ሺଵሻ, 
 

(12c)
 

𝑍௕ଵ
ሺଵሻ ൌ 𝑍ଶଶ

் െ
𝑍ଵଶ

் 𝑍ଶଵ
்

𝑍ଵଵ
் ൅ 𝑍ௗ

ሺଵሻ, 
 

(12d)

and  

𝑍௧
ሺଶሻ ൌ 𝑍଴

1 ൅ 𝛤஻ଶ𝑒ିଶఊ௅మ

1 െ 𝛤஻ଶ𝑒ିଶఊ௅మ , 
 

(13a)
 

𝑍ௗ
ሺଶሻ ൌ 𝑍଴

1 ൅ 𝛤௅𝑒ିଶఊ௅మ

1 െ 𝛤௅𝑒ିଶఊ௅మ
,   

 

(13b)
 

𝑍்
ሺଶሻ ൌ 𝑍ଶଶ

ோ െ
𝑍ଵଶ

ோ 𝑍ଶଵ
ோ

𝑍ଵଵ
ோ ൅ 𝑍௔

ሺଶሻ,  
 

 

(13c)
 

𝑍௕ଵ
ሺଶሻ ൌ 𝑍ଵଵ

ோ െ
𝑍ଵଶ

ோ 𝑍ଶଵ
ோ

𝑍ଶଶ
ோ ൅ 𝑍ௗ

ሺଶሻ, 
(13d)

 

where 𝑍௜௝
்  and 𝑍௜௝

ோ  are the impedance parameters of the TX 

balun and RX balun, respectively, as a two-port network. 

III. CALCULATED SITE ATTENUATIONS 

The calculated results showed that the SA of Eq. (3), which 

was derived from the concept of power mismatch and dissipa-

tive loss, produced the same result as that of the SA derived 

from the S-parameters by the National Physical Laboratory 

(NPL) [13].  

To calculate the SA, a thin-wire kernel approximation with a 

segment length of 0.0125 was used for the piecewise sinusoidal 

Galerkin’s MoM analysis. The dipole radius (a = 3.175 mm; 30 

MHz ≤ f  < 300 MHz and a = 0.794 mm; 300 MHz ≤ f  < 1 

GHz) was chosen to be less than 0.007 (thin-wire approxima-

tion), and a nominal value of 50  was used for the characteris-

tic impedance 𝑍଴. A coaxial cable (RG-214/U; the velocity of 

propagation was 66% of the velocity in free space; dielectric con-

stant, 𝜀௥ ൌ 2.3) with a length of 10 m was selected for the nu-

merical calculation. This cable had an attenuation of 0.049 

dB/m at 50 MHz, 0.069 dB/m at 100 MHz, 0.165 dB/m at 

500 MHz, and 0.269 dB/m at 1,000 MHz [22].  

To validate the theoretical analysis, the SA results were com-

pared with the results of the experiments [13], as shown in Ta-

ble 3. Table 3 also shows the SA calculated by the NPL using 

the S-parameters [13]. In [13], MININEC was used for the 

dipole length and the antenna calculations, while the present 

study employed the piecewise sinusoidal basis functions with a 

Galerkin procedure. The difference between the calculated and 

MININEC SA was less than 0.09 dB, excepting 866 MHz. 

Additionally, the difference in the dipole length was less than 

0.007 for the seven frequencies. These differences were due to 

the differences in the basis functions. 

The results showed that the calculated SAs obtained using 

the power mismatch and dissipative loss concept were in good 

agreement with the results derived from the S-parameters as 

well as with the experiments. 

Fig. 3 shows the frequency characteristics of the theoretical 

SA for the horizontal and vertical polarizations at given distanc-

es of 3 m, 10 m, and 30 m. The detailed values of the SAs calcu-

lated in this paper are shown in Tables 4, 5, and 6. In these Ta-

bles, the resonant dipole lengths for a calculable dipole antenna 

with a 3-dB hybrid balun at the frequency range of 30 MHz to 

1 GHz are shown for the 24 individual frequencies. The heights 

of the RX antenna and the minimum attenuation at the given 

distances and frequencies are also shown. 

The results of the calculated SA shown in Tables 4, 5, and 6  

 

Table 3. Measured and calculated site attenuation 𝑆஺; d = 10 m, ℎଵ = 2 m 

f (MHz) 
Calculated in this work 

NPL [13] 

Calculated (MININEC) Measured

Dipole length, L (m) ℎଶ (m) 𝑆஺ (dB) Dipole length (m) ℎଶ (m) 𝑆஺ (dB) ℎଶ (m) 𝑆஺ (dB)

95.0 1.502 3.60 21.65 1.509 3.60 21.74 3.61 21.67

124.0 1.147 2.76 24.99 1.157 2.76 25.07 2.75 24.83

141.5 1.018 2.41 25.76 1.011 2.42 25.83 2.44 25.78

187.0 0.757 1.83 27.85 0.761 1.84 27.89 1.84 27.73

272.0 0.517 1.26 31.22 0.525 1.26 31.20 1.24 31.03

300.7 0.476 1.13 31.77 0.475 1.14 31.84 1.15 32.09

866.0 0.163 1.29 41.20 0.162 1.29 41.50 1.40 42.25
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(a) 
 

 

(b) 

Fig. 3. Calculated site attenuations for the horizontal polarization 

(a) and vertical polarization (b). 

 

were compared to the results of the S-parameters expression 

given in [13]. The calculated SAs were better matched to the S-

parameter SA as the distance between the TX and RX antennas 

increased. However, in the low frequency range of 30–90 MHz 

at the 3-m distance, the differences between the calculated SA 

and the S-parameter SA were greater but still less than ±0.73 

dB. This difference was thought to be due to how the conver-

sion errors of the impedance- and S-parameters affected the 

height pattern of the RX antenna under the strong mutual cou-

pling of the antennas and ground plane. However, more research 

is needed. 

IV. CONSTITUENT LOSSES FOR THE SITE  

ATTENUATION MEASUREMENT SYSTEM 

As shown in Eq. (1), the total power losses of the SA mea- 

surement system for the OATS with a pair of calculable dipole 

antennas with a 3-dB hybrid balun consisted of 𝑀், 𝑀ோ, and 

𝑀ௌூ்ா. In other words, the total power loss of the SA measure-

ment system consisted of a combination of the TX part (SG–

coaxial cable) and the RX part (coaxial cable–receiver) of the  

power mismatch and dissipative losses in the open-field site 

transmission path loss 𝑀ௌூ்ா as follows: 
 

𝑇௉௅ሺ𝑑, ℎଵ, ℎଶሻ ൌ 10logଵ଴ሼ𝑀்ሺ𝑑, ℎଵ, ℎଶሻሽ 

          ൅10logଵ଴ሼ𝑀ௌூ்ாሺ𝑑, ℎଵ, ℎଶሻሽ 

     ൅10logଵ଴ሼ𝑀ோሺ𝑑, ℎଵ, ℎଶሻሽ 

ൌ 𝑆் ൅ 𝑆஺ ൅ 𝑆ோ  ሺdBሻ, 

 

 
 

(14)

where 𝑆் and 𝑆ோ are the power losses (mismatch and dissipa-

tive losses) of thse TX and RX parts at a minimum site trans-

mission path loss, respectively. 

The total power losses of the SA measurement system are  

tabulated (in dB) in Table 7 for several different frequencies 

using the 3-m distance as an example. As indicated by the data 

in Table 7, the SA of an OATS can be characterized individually 

from the loss of the OATS and all other parts using the power 

mismatch and dissipative loss factors. Also, 𝑆் and 𝑆ோ were 

calculated to be in the order of 0.490 to 2.690 decibels; hence, 

𝑆் ൅ 𝑆ோ ൏ 𝑆஺. Therefore, the site power loss 𝑀ௌூ்ா was signif-

icantly large. 

As mentioned previously, since the hybrid balun had a 100 Ω 

balanced port and 50 Ω unbalanced port [13], the 𝑀஼
ሺଵሻ

=𝑀஺
ሺଵሻ

 
 

Table 4. Calculated site attenuation 𝑆஺ for d = 3 m

d =  

3 m 

f 

(MHz)

Dipole 

length, 

L (m) 

HP (ℎଵ= 2 m) VP (ℎଵ= 2.75 m)

ℎଶ 
(m) 

𝑆஺ 
(dB) 

ℎଶ 
(m) 

𝑆஺ 
(dB) 

30 4.805 2.37 10.15 2.81 10.57

35 4.114 4.00 11.14 2.58 11.83

40 3.596 4.00 11.11 2.73 12.71

45 3.194 4.00 10.75 2.93 13.24

50 2.872 3.81 10.60 3.00 13.46

60 2.389 3.04 10.32 2.83 13.54

70 2.045 2.44 10.06 2.57 14.28

80 1.787 2.02 11.03 2.39 16.02

90 1.587 1.86 12.77 2.18 17.75

100 1.426 1.72 13.34 1.88 19.07

125 1.138 1.32 15.79 3.02 19.66

150 0.946 1.10 16.95 2.63 21.01

175 0.809 1.00 18.24 2.25 22.45

200 0.707 2.38 20.35 3.19 24.10

250 0.564 1.84 21.60 2.56 25.34

300 0.468 1.48 23.42 3.01 27.11

350 0.408 1.25 24.82 2.51 28.16

400 0.357 1.07 25.62 2.88 29.34

500 0.285 1.43 27.82 2.80 31.19

600 0.237 1.16 29.15 2.74 32.72

700 0.202 1.42 30.36 2.70 34.01

800 0.177 1.22 31.56 2.67 35.14

900 0.157 1.08 32.41 2.65 36.14

1,000 0.141 1.26 33.24 2.63 37.06
  



KIM et al.: CALCULATION OF SITE ATTENUATION FOR CALCULABLE DIPOLE ANTENNAS 

151 

  
 

 

and 𝐾஻
ሺଵሻ ൌ 1/𝑀஼

ሺଵሻ
 from 𝑍்

ሺଵሻ ൌ 𝑍௔
ሺଵሻ/2  and 𝑍௕ଵ

ሺଵሻ ൌ 2𝑍ௗ
ሺଵሻ

 

for the TX part. The 𝑀஼
ሺଶሻ

=𝑀஺
ሺଶሻ

 and 𝐾஻
ሺଶሻ ൌ 1/𝑀஼

ሺଶሻ
 from 

𝑍்
ሺଶሻ ൌ 𝑍௔

ሺଶሻ/2 and 𝑍௕ଵ
ሺଶሻ ൌ 2𝑍ௗ

ሺଶሻ
 were also obtained for the 

RX part. In other words, the unbalanced port-mismatch loss 

(𝑀஼
ሺଵሻ

, 𝑀஼
ሺଶሻ

) and the dissipative loss (𝐾஻
ሺଵሻ

, 𝐾஻
ሺଶሻ

) in the baluns 

were abbreviated to each other. These results are also shown in 

Table 7. As a result of elimination, therefore, the SA consisted of 

two kinds of losses (see Eq. (6)), specifically the balanced port-

mismatch losses of the TX and RX baluns, 𝑀஺
ሺଵሻ ൅ 𝑀஺

ሺଶሻ
, and 

the half-space dissipative loss, 𝐾஺ௌ஺. Table 7 lists both these 

losses in the SA as well as the values of the percentage compari-

son of the SA components. 

Fig. 4 shows the mismatch loss 𝑀஺
ሺଵሻ ൅ 𝑀஺

ሺଶሻ
 in the SA for 

24 frequencies. 𝑀஺
ሺଵሻ ൅ 𝑀஺

ሺଶሻ
 was less than about 0.5 dB at all 

the frequencies at the 3-m distance, except for a few low ones 

(30, 60, 70, and 80 MHz). For the HP at all three distances, the 

mismatch loss was within about 0.5 dB at frequencies over 90 

MHz. However, the mismatch loss was within about 0.5 dB at 

frequencies over 45 MHz for the VP at all three distances. 

As shown in Fig. 4, for the 30-MHz HP at the 3-m distance 

(the worst case of the three distances), the mismatch loss 
 

𝑀஺
ሺଵሻ ൅ 𝑀஺

ሺଶሻ ൌ 1.597 dB, about 18.7% of the half-space dissi- 

 

pative loss 𝐾஺ௌ஺. This was due to the fact that the mutual cou-

pling effects between the two antennas and the ground plane 

became large at the low frequencies for the 3-m distance. How-

ever, the variation of the input impedance of the TX and RX 

antennas was very small because the mutual coupling effects 

between the two antennas and the ground plane was reduced at 

frequencies above about 90 MHz. Therefore, the mismatch loss 

𝑀஺
ሺଵሻ ൅ 𝑀஺

ሺଶሻ
 gradually decreased. 

The average value of the mismatch loss (𝑀஺
ሺଵሻ ൅ 𝑀஺

ሺଶሻ
) for the 

24 frequencies was within 3.84% of the half-space dissipative 

loss (𝐾஺ௌ஺) for the HP and 1.54% for the VP at the 3-m dis-

tance. As for the 10-m distance, it was within 1.13% and 0.81% 

of the half-space dissipative loss for the HP and the VP, respec-

tively. Additionally, for the 30-m distance, the average value of 

the mismatch loss was within 0.63% and 0.58% of the half-

space dissipative loss for the HP and the VP, respectively. 

As a result, the half-space dissipative loss 𝐾஺ௌ஺ was the do-

minant component in the SA, because the mismatch loss 

𝑀஺
ሺଵሻ ൅ 𝑀஺

ሺଶሻ
 was less than 3.84% (the average value) of the 

half-space dissipative loss 𝐾஺ௌ஺ for all three distances. In addi-

tion, the mismatch loss of the HP was larger than that of the 

VP because the HP had a stronger mutual coupling with the 

ground plane than the VP did.  

Table 5. Calculated site attenuation 𝑆஺ for d = 10 m 

d = 

10 m 

f 

(MHz) 

Dipole 

length,  

L (m) 

HP (ℎଵ= 2 m) VP (ℎଵ = 2.75 m)

ℎଶ 
(m) 

𝑆஺ 
(dB) 

ℎଶ  

(m) 
𝑆஺ 

(dB) 

 30 4.805 4.00 21.07 4.00 19.28

 35 4.114 4.00 20.94 4.00 19.77

 40 3.596 4.00 20.53 4.00 20.14

 45 3.194 4.00 20.73 4.00 20.68

 50 2.872 4.00 21.09 4.00 20.76

 60 2.389 3.40 22.08 3.99 21.48

 70 2.045 4.00 21.75 3.51 21.99

 80 1.787 4.00 20.89 3.23 22.73

 90 1.587 3.79 21.38 2.89 23.65

 100 1.426 3.40 22.28 2.62 24.37

 125 1.138 2.74 25.05 2.16 26.01

 150 0.946 2.28 26.06 1.81 27.50

 175 0.809 1.95 26.96 1.56 28.74

 200 0.707 1.71 28.73 1.37 29.81

 250 0.564 1.37 30.05 1.10 31.70

 300 0.468 1.14 31.86 1.00 33.29

 350 0.408 1.00 33.30 2.47 34.95

 400 0.357 3.05 34.61 2.15 35.96

 500 0.285 2.42 36.74 1.71 37.71

 600 0.237 2.01 38.15 1.42 39.18

 700 0.202 1.60 39.33 1.22 40.44

 800 0.177 1.40 40.60 1.06 41.55

 900 0.157 1.24 41.50 1.59 42.68

 1,000 0.141 1.11 42.31 1.43 43.55

Table 6. Calculated site attenuation 𝑆஺ for d = 30 m

d =  

30 m

f  

(MHz)

Dipole 

length, 

L (m)

HP (ℎଵ = 2 m) VP (ℎଵ = 2.75 m)

ℎଶ  
(m)

𝑆஺  
(dB)

ℎଶ
(m)

𝑆஺
(dB)

30 4.805 6.00 33.05 6.00 31.00

35 4.114 6.00 34.16 6.00 31.40

40 3.596 6.00 35.29 6.00 31.83

45 3.194 6.00 35.63 6.00 32.20

50 2.872 6.00 35.25 6.00 32.42

60 2.389 6.00 34.91 6.00 32.50

70 2.045 6.00 34.89 6.00 32.62

80 1.787 6.00 33.73 6.00 32.82

90 1.587 6.00 34.03 6.00 33.17

100 1.426 6.00 34.29 6.00 33.64

125 1.138 6.00 35.92 6.00 34.75

150 0.946 6.00 36.13 5.35 36.10

175 0.809 6.00 36.71 4.62 37.31

200 0.707 5.45 38.30 4.06 38.36

250 0.564 4.36 39.63 3.26 40.19

300 0.468 3.63 41.42 2.73 41.71

350 0.408 3.11 42.84 2.34 42.93

400 0.357 2.72 43.63 2.05 44.06

500 0.285 2.18 45.81 1.64 45.94

600 0.237 1.81 47.21 1.37 47.48

700 0.202 1.56 48.42 1.17 48.78

800 0.177 1.36 49.73 1.03 49.90

900 0.157 1.21 50.64 1.00 51.01

1,000 0.141 1.09 51.47 2.47 51.92
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V. CONCLUSION 

The two types of SA formulas for an OATS were presented 

using the power loss concept for the SA measurement system  

 

directly without the use of a substitution loss. Additionally, the 

constituent losses of the SA measurement system were consid-

ered using the derived SA formula. The analysis of the results 

showed that the SA of the OATS could be successfully charac-

Table 7. Calculated mismatch and dissipative losses of the SA measurement system for d = 3 m 

Horizontal polarization 

d = 3 m

 

f 

(MHz) 

𝑆் (dB) 𝑆஺ (dB) 𝑆ோ (dB)  

𝑀஺
ሺଵሻ ൅ 𝑀஺

ሺଶሻ
 

(dB) 

൭
𝑀஺

ሺଵሻ ൅ 𝑀஺
ሺଶሻ

𝐾஺ௌ஺
൱ 

ൈ 100 ሺ%ሻ

𝑀ா
ሺଵሻ

 

(dB) 

𝐾஽
ሺଵሻ

 

(dB) 

𝑀஼
ሺଵሻ

 

(dB) 

𝐾஻
ሺଵሻ

 

(dB) 

𝑀஺
ሺଵሻ

 

(dB) 

𝐾஺ௌ஺ 

(dB) 

𝑀஺
ሺଶሻ

 

(dB)

𝐾஻
ሺଶሻ

 

(dB)

𝑀஼
ሺଶሻ

 

(dB)

𝐾஽
ሺଶሻ

 

(dB)

𝑀ா
ሺଶሻ

 

(dB) 

50 
0.490 0.0 10.60 0.0 0.490  

0.604 6.04 0.108 0.382 0.136 -0.136 0.136 10.00 0.468 -0.468 0.468 0.120 0.370 

100 
0.690 0.0 13.34 0.0 0.690  

0.428 3.320.094 0.596 0.130 -0.130 0.130 12.91 0.298 -0.298 0.298 0.475 0.215 

500 
1.650 0.0 27.82 0.0 1.650  

0.085 0.310.022 1.628 0.047 -0.047 0.047 27.74 0.038 -0.038 0.038 1.632 0.018 

1000 
2.690 0.0 33.24 0.0 2.690  

0.042 0.130.007 2.683 0.023 -0.023 0.023 33.20 0.019 -0.019 0.019 2.685 0.005 

Vertical polarization 

d = 3 m

 

f 

(MHz) 

𝑆் (dB) 𝑆஺ (dB) 𝑆ோ (dB)  

𝑀஺
ሺଵሻ ൅ 𝑀஺

ሺଶሻ
 

(dB) 

൭
𝑀஺

ሺଵሻ ൅ 𝑀஺
ሺଶሻ

𝐾஺ௌ஺
൱  

ൈ 100 ሺ%ሻ

𝑀ா
ሺଵሻ

 

(dB) 

𝐾஽
ሺଵሻ

 

(dB) 

𝑀஼
ሺଵሻ

 

(dB) 

𝐾஻
ሺଵሻ

 

(dB) 

𝑀஺
ሺଵሻ

 

(dB) 

𝐾஺ௌ஺ 

(dB) 

𝑀஺
ሺଶሻ

 

(dB)

𝐾஻
ሺଶሻ

 

(dB)

𝑀஼
ሺଶሻ

 

(dB)

𝐾஽
ሺଶሻ

 

(dB)

𝑀ா
ሺଶሻ

 

(dB) 

50 
0.490 0.0 13.46 0.0 0.490  

0.069 0.52 0.024 0.466 0.030 -0.030 0.030 13.39 0.039 -0.039 0.039 0.459 0.031 

100 
0.690 0.0 19.07 0.0 0.690  

0.217 1.150.074 0.616 0.102 -0.102 0.102 18.86 0.115 -0.115 0.115 0.607 0.083 

500 
1.650 0.0 31.19 0.0 1.650  

0.122 0.390.028 1.622 0.061 -0.061 0.061 31.07 0.061 -0.061 0.061 1.622 0.028 

1000 
2.690 0.0 37.06 0.0 2.691  

0.052 0.140.008 2.683 0.026 -0.026 0.026 37.01 0.026 -0.026 0.026 2.683 0.008 

 

  

      
           (a)                                                        (b) 

Fig. 4. Calculated mismatch loss 𝑀஺
ሺଵሻ ൅ 𝑀஺

ሺଶሻ
 for the horizontal and vertical polarizations.
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terized individually from the SA measurement system and that 

the SA is expressed as two kinds of losses: the balanced port-

mismatch losses of the TX and RX baluns and the half-space 

dissipative loss. This approach enables the separation and analy-

sis of the SA’s constituent power losses. It may also be useful for 

further studies on uncertainty evaluation. This paper deals only 

with the classical SA; the normalized SA will be presented in a 

future study. 

 

This work was initially based on the KRISS/University co-

operative research program. This work was also partially sup-

ported by the 2016 Yeungnam University Research Grant.
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