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Abstract. The receiving antenna is an important part 

of a radio channel that requires electrodynamic ap-
proach in mathematical simulation of its characteristics. 
Since the invention of radio, and due to further theoreti-
cal studies of radio signal transmission, the following 
situation has arisen: researchers’ attention to receiving 
antennas is inversely proportional to the factor by which 
their number exceeds the number of transmitting anten-
nas. We address the problem of building a receiving 
antenna electrodynamic model in terms of a waveguide 
representation of HF field. Structurally, the antenna is 
considered as metal wires of a finite length and arbitrary 
configuration. Current distribution in antenna is calcu-
lated using the long-line theory and normal-mode ap-
proach. The mathematical representation of the receiv-
ing antenna electrodynamic model is calculation expres-
sions for receiving coefficients of normal modes. They 
reflect the effects of receiving antenna characteristics, 

including its directional pattern, on effectiveness of the 
incident HF field energy conversion into the energy of 
the driven current waves and final distribution of net 
current in antenna. These expressions are used to derive 
the expression to calculate the effective length of the 
receiving antenna. 

The obtained mathematical expressions of the re-
ceiving antenna electrodynamic model do not contradict 
the principle of antenna reciprocity. 

We present calculation formulas for the receiving 
coefficients and excitation of the isotropic antenna elec-
tromagnetic model. 
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INTRODUCTION 

Most problems in designing communication systems 
are solved by the mathematical simulation method. The 
simulation is aimed at developing a calculation model of 
radio channel – the part of the communication channel 
in which an information signal has a spatial distribution 
[Khakhinov, Kurkin, 2006]. These models are exhaust-
ively characterized by a transfer function and determine 
characteristics of the output signal (voltage or current 
modulation at the output of the receiving antenna) with 
known characteristics of the input signal (voltage or 
current modulation at the input of the transmitting an-
tenna). Structurally, the model of radio channel general-
ly consists of a transmitting antenna-feeder system, ra-
dio propagation environment, and receiving antenna-
feeder system. In this case, the transfer function of the 
radio channel can be represented as a product of transfer 
functions of each of the components. 

In the high-frequency (HF) communication, a compo-
nent of the radio channel is the Earth—ionosphere wave-
guide. Antenna-feeder systems are metal wires, the current 
distribution in which is calculated from the long-line theory 
[Aizenberg et al., 1985] or from the skin-effect theory 
[Vainshtein, 1988], using Leontovich approximate bound-
ary conditions [Leontovich, 1985]. Electrodynamic models 
of transmitting and receiving antennas are defined by the 
electromagnetic field representation.  

Within the waveguide representation of HF radio prop-
agation in the Earth – ionosphere waveguide, a normal-
mode approach (NMA) was developed [Kurkin et al., 
1981] to calculate field characteristics with account for the 

current distribution in an arbitrary transmitting antenna 
[Kurkin, Khakhinov, 1984]. The first results of the simula-
tion of a decameter radio channel based on NMA are re-
ported in [Altyntseva et al., 1987]. However, the radio 
channel of interest did not include a receiving antenna, i.e. 
a result of this work was an HF radio propagation model 
analogous to that described in [Ponomarchuk et al., 2014]. 
Khakhinov [2004] presents a simplified model of radio 
decameter radio channel with isotropic transmitting and 
receiving antennas.  

It seems to be impossible to use the known theorem 
of antenna reciprocity [Feinberg, 1961] to find the cur-
rent value at the output of the receiving antenna. The 
theorem implies that the directional response of the arbi-
trary antenna is the same for transmission and reception, 
but it is impossible to calculate the current distribution in it.  

The current distribution in a receiving antenna was first 
calculated by Khakhinov [2000a], using NMA in electro-
dynamic formulation of the problem. The first results ob-
tained during the development of the receiving antenna 
electrodynamic model in the waveguide representation of 
incident HF field were reported in [Khakhinov, 2002]. 

 
FORMULATION OF THE PROBLEM 

In the external HF field there is a receiving antenna 
made of metal wires of a finite length and arbitrary con-
figuration. It is assumed that the antenna keeps the 
structure of the external field. A geocentric coordinate 
system with the polar axis passing through the phase 
center of the transmitting antenna is used. The current 
distribution in the transmitting antenna can be expressed 
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as a product of two functions: I(r), which determines the 
spatial distribution, and u(t), which describes the time 
dependence and called a signal. Modeling of processes 
of signal propagation in HF radio channels is an objec-
tive of many studies. 

The purpose of this work is to construct a receiving an-
tenna electrodynamic model whose mathematical represen-
tation will allow us to calculate the current at the receiver 
end from characteristics of the external HF field. 

 
NORMAL MODE RECEIVING 
COEFFICIENTS 

The receiving antenna electrodynamic model uses 
the representation of the external electromagnetic field, 
which, in turn, is determined by the method of solving 
the electrodynamic problem of radio propagation. The 
receiving antenna model has been constructed in terms 
of the waveguide representation of HF field. For sim-
plicity and clarity, the spherically symmetric model of 
the Earth – ionosphere waveguide is considered. Field 
characteristics are calculated using NMA [Bremmer, 
1949, Kurkin et al., 1981, Khakhinov, 2000b]. 

Current is induced by the electric field component 
along the wire axis El whose value is taken at points infi-
nitely close to the wire surface [Vainshtein, 1988]. In the 
element of wire length dl, the electric field induces the 
electromotive force (EMF): 

( ) ( ) .l ld r E r dlε =   

In electrodynamics, the antenna wire is a long uni-
form line with EMF distributed along it. To calculate the 
current distribution in the antenna, adopt the traveling-
wave superposition method [Lavrov, Knyazev, 1965]. 

In the spherically symmetric waveguide, the incident 
electromagnetic field decays into a TM-type wave field 
(marked with «e») comprising the Er and Eθ electric field 
components and a TE-type wave field (marked with «m») 
comprising the Eφ component. The expression for EMF 
induced in the antenna element dl can be written as: 

[ ]
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Here er, eθ, eφ are unit vectors of the coordinate sys-
tem, r l=(rl, θ l, φ l) is the radius vector of the receiving 
antenna element, el is the unit vector along dl. 

In general, the expression for the jth component of 
the field is a set of normal modes 

( - /4)1( ) ( ) ( , ) .n li
j l n jn l jn ln

l

E r A R r D I j e
r

n θ π= ∑  (2) 

Here, An is the amplitude factor depending on the se-
lected system of units and transmitter power; Djn(I, φl) 
are normal mode excitation coefficients characterizing 
the distribution of emitted energy over normal modes of 
the transmitting antenna with specified current distribu-
tion I(r) [Kurkin, Khakhinov, 1984]; Rn and νn are ei-
genfunctions and eigenvalues of the corresponding 
boundary problems for TM and TE waves. 

The induced EMF generates two traveling current 
waves: from dl to the receiving end of the antenna and 

to the end of the antenna with load resistance Z. At the 
antenna ends, waves are partially reflected, partially 
absorbed in the load resistor or go away along the feeder 
line to the receiver. The current was calculated using the 
traveling-wave superposition method. Summing up all 
the components of the traveling and reflected waves, it 
is possible, according to [Lavrov, Knyazev, 1965], to 
derive an expression for the current at an arbitrary point 
of the antenna. The value of the current at the receiving 
end of the antenna can be written as 

0
( ) .Y ldj d

W
= ε  (3) 

Here, the function 
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determines the current distribution in the antenna in 
terms of loading conditions at both ends, W is the wave 
resistance of wire, k is the wavenumber, pF=(W–ZF)/ 
/W+ZF ) and pZ=(W–Z)/(W+Z) are  coefficients of cur-
rent reflection from antenna ends, ZF is the input re-
sistance of the feeder line loaded by a receiver, L is the 
antenna wire length. 

Substitute (1) in (3), using expressions (2) for the 
field components. The net output current at the antenna 
end rF=(rF , θF, φ F), loaded by the feeder line, is deter-
mined by integrating over the length of the receiving 
antenna: 

( ).e m
n l n li ie e m m

F n n n n nn
J A D P e D P en θ n θ= +∑  (4) 

In the integration, the linear antenna size smallness 
condition is used as compared with the distance to the 
transmitting antenna. Functions 
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characterize the level of induced current by TM- and 
TE-field components of a separate normal mode and are 
defined by parameters of the receiving antenna. There-
fore, it is logical to call ,e m

nP receiving coefficients of 
normal modes with corresponding polarization. 

Calculation expressions (5) constitute a mathemati-
cal representation of the receiving antenna electrody-
namic model in terms of the waveguide representation 
of HF field. They reflect the influence of characteristics 
of the receiving antenna, including its directional pattern 
(DP), on the efficiency of the conversion of the external 
HF-field energy into the energy of driven current waves 
and on the final net current distribution in the antenna. 
Depending on antenna design and boundary conditions 
at the ends, the current distribution with a node at the 
receiving end of the antenna can be formed; hence there 
is no signal in the receiver. The same result can be ob-
tained if the transmitter works from the direction in 
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which DP (normal mode receiving coefficients) has a 
low (close to zero) receive level. 

Khakhinov [2000a] shows that the normal mode re-
ceiving coefficients correspond to the expressions for 
normal mode excitation coefficients with arbitrarily 
specified net current distribution for transmission. Effi-
ciency of excitation and reception of normal modes by 
one antenna is the same for transmission and reception. 
This means that the resulting mathematical expressions 
of the receiving antenna electrodynamic model do not 
contradict the principle of antenna reciprocity. 

It is, however, necessary to construct antenna elec-
trodynamic models separately for receiving and trans-
mitting modes, depending on the task in hand. 

 
EFFECTIVE LENGTH 
OF RECEIVING ANTENNA 

One of the main characteristics of the receiving an-
tenna is its effective length (height), defined as the ratio 
of voltage at the receiver input (receiving end of the 
antenna) to incident wave field strength [Lavrov, 
Knyazev, 1965]: 

( ),
( )

F
d A F

F

Jh Z Z
E r

= +  (6) 

where ZA is the antenna resistance in terms of the load 
resistance Z.  

If the expression for Y(l) is transformed into 
( )( ) ,

A F

Y lY l
Z Z

=
+



 the expression for the current length of 

the antenna can be written as 

 ( )1 ,
( )

e m
n s n si ie e m m

d n n n n n
F
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E r

n θ n θ= +∑  (7) 

where e
nP  and m

nP  are defined by formulas (5) with the 

substitution of ( )Y l  for ( ).Y l  
 

ISOTROPIC ANTENNA MODEL  
In research problems it is often necessary to exclude 

the influence of directional responses of receiving 
and/or transmitting antennas, e.g. when studying the 
effect of geophysical parameters of radio channel on 
radiophysical characteristics of HF signal. The solution 
requires a radio channel model with antennas having 
isotropic DP in transmitting and receiving modes. 

In this problem it is sufficient to restrict ourselves to the 
WKB (Wentzel — Kramers — Brillouin) representation of 
radial functions [Kurkin et al., 1981] 

, ,-, .
e m e m
n niX iXe m

n nR C e e = +
   (8) 

Here Cn is the normalizing factor, Xn are determined 
by geophysical properties of the Earth — ionosphere 
waveguide. 

Apply the analysis method used in [Khakhinov, 
2000b]. It is based on the approximate Poisson summa-
tion formula [Popov, Potekhin, 1982]. Series (2) is con-
verted to the integral that is calculated by the stationary 
phase method. The resulting calculation formulas are 

simple, and each value has a known geometrical optics 
interpretation [Khakhinov, 2000b, 2002]. 

Separate in the formulas for ,e m
nD  [Kurkin, Kha-

khinov, 1984] functions responsible for the conversion 
of the excitation current energy in the transmitting an-
tenna into the HF-field energy and its distribution over 
normal modes. In the formulas for ,e m

nP , select functions 
determining the conversion of the incident HF-field 
energy distributed over normal modes into the current 
energy in the receiving antenna. These functions depend 
on electrical parameters and geometry of antennas and 
waveguide (electrical properties of the underlying sur-
face). A condition of antenna isotropy is the equality of 
these functions to a constant value (unity). Then, the 
standardized coefficients of excitation and reception of 
normal modes for isotropic antennas have the form 
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Here rI is the radial coordinate of the phase center of 
the transmitting antenna. 

 
CONCLUSION 

A receiving antenna electrodynamic model has been 
constructed using the normal-mode approach. The mod-
el is mathematically represented by formulas (5) to cal-
culate the normal mode coefficients e

nP  and m
nP . They 

reflect the influence of characteristics of the receiving 
antenna — primarily its directional response, when the 
energy of TE and TM waves of incident electromagnetic 
field is converted into the energy of current oscillations. 

The receiving antenna electrodynamic model ena-
bled us to complete the construction of the ionospheric 
radio channel model [Khakhinov, Kurkin, 2006] and 
derive a general expression for the transfer function. 
This model was utilized to analyze the results of oblique 
sounding, obtained from the ISTP SB RAS network of 
chirp ionosondes. 

The derived formulas for coefficients of excitation 
and reception of normal modes for wire antennas of 
virtually all types used in the HF band, are entered into 
the hardware and software complex of diagnostics and 
forecast of the ionosphere, plasmasphere, and HF radio 
channel. This complex has been developed at ISTP SB 
RAS and is widely used in basic and applied research.  

A program has been designed and registered [Kurkin 
et al., 2017], in which normal mode characteristics are 
calculated in terms of the properties used by the trans-
mitting antenna. We plan to register a program in which 
amplitude characteristics of HF signals are computed 
using the normal-mode approach in view of projected or 
used transceiver antenna-feeder systems.  

The work was performed with budgetary funding of 
Basic Research program II.12. The results were ob-
tained using the equipment of Center for Common Use 
“Angara” http://ckp-rf.ru/ckp/3056. 

http://ckp-rf.ru/ckp/3056
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