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Abstract. Generation of the initial current normal to the surface of antenna by 

electromagnetic waves has been considered. It has been shown that the angle of grazing (or 

sliding) for the wave with the electric vector in the plane normal to the surface varies the 

radiation resistance over a wide range. This property allows matching the radiation 

impedances and loads. Here, it has been proposed to use this property to create a highly-

sensitive radiation detector. In relation with this task, a model of the radiation detection of 

the input radiation signal by a direct quadratic detector in the stationary mode with the 

diode included as the load has been considered. The obtained results prove that a diode with 

the high differential resistance can effectively operate with the antenna. The rise of the 

resistance increases the detector response voltage, its responsivity, and decreases the 

receiver noise equivalent power. Improvement of these characteristics by orders of 

magnitude is possible. The considered mechanism allows detectors to operate in the 

infrared spectral range, and the increase in the wavelength, in principle, does not limit its 

functioning.  
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1. Introduction 

In electromagnetic radiation receivers with an antenna, 

radiation generates current in the antenna and creates the 

energy flux into its load. If an incidence of the radiation 

is not normal, the current has tangential and normal 

surface antenna components. Usually, the first from them 

is applied [1]. By contrast, in this paper, application of 

the normal current is discussed.  

It is shown that the grazing angle of the wave varies 

the radiation resistance over a wide range. Due to this, it 

is possible to realize the full matching the radiation with 

different loads, at which all energy incident on the 

antenna enters into them. This property is proposed to be 

used in the high responsive receivers. 

A detector is a known type of antenna load. In this 

case, the responsivity and noise equivalent power (NEP) 

are main figures of merit for the receiver. They define the 

minimum signal power that it can detect when 

suppressing external noise. In the paper, a model of 

direct quadratic detection of an input signal with a load 

diode in a stationary mode is constructed. It showed that 

a diode with a high differential resistance can effectively 

operate with the antenna in question. The rise of this 

resistance increases the voltage of its response and 

responsivity, and decreases the NEP of receiver. They 

improve its performances by orders of magnitude. 

The features of the receiver considered in this paper 

are as follows. A metal plate of a simple shape operates 

as an antenna. A plane wave, period of which is much 

longer than the Maxwell relaxation time in the antenna, 

obliquely falls on its surface. Therefore, the normal to 

surface antenna component of this wave electric field and 

the respective field of reflected wave both induce space 

charge under the surface. Its change in time generates 

initial current, which charges the opposite surface of the 

antenna, and creates current in the load connected 

between it and the ground. The antenna thickness is 

much greater than the length of the Debye screening, 

therefore, the bulk of the antenna is neutral, this surface 

is equipotential, and only the capacitance between it and 

the ground defines the reactive component of the antenna 

impedance. The inductance of the load is used to match it 

and the antenna. 

The numerical calculations presented in the 

examples are performed for the wavelength 3·10
–3
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This length is included in the actively studied THz/ 

sub THz frequency range and is close to the wavelength 

of Internet [2, 3]. In the calculations, the characteristics 

of the Schottky diodes and tunneling ones, described in 

the literature, have been taken.  

The proposed method for improving the properties of 

receivers can be used, starting from the infrared range, and 

increasing the wavelength, in principle, does not limit it. 

Fig. 1 displays the named receiver design features. 

They will be considered below. 

2. Matching the radiation with the load of antenna 

The conditions for matching the radiation with the 

antenna load were derived as based on the laws of charge 

and energy conservation. 

2.1. Induced current Iind 

The wave falls obliquely onto the surface of the antenna 

and is reflected (top of Fig. 1a). Its electric field 

 izixi EE ,0,E  is 

 

)cos(ω0 zkxkt zxii  EE .   (1) 

 

Here,  000 ,0, izizi EEE  is the field amplitude, ω – circular 

frequency, t – time,  zx kk ,0, k  – wave vector, 0xyz is 

the Cartesian coordinate system. The following 

relationships will be used: wave period  2T , 

frequency T1 ,  cos kkx ,  sin kkz ,  

module  222
zx kkkk , eeck  , 

001 c , where υ is the grazing angle of a wave, λ – 

wavelength, εe – relative permittivity, μe – relative 

magnetic permeability in the external dielectric over the 

antenna, c – speed of light in vacuum, ε0 and μ0 – electric 

and magnetic constants. The value eec   is the wave 

velocity in the dielectric and  eec  ,  m0M , 

σ, εm and μm are the wave velocity, Maxwell relaxation 

time, conductivity, relative permittivity, and relative 

magnetic permeability in the metal, respectively. 

The model assumes that λ, a and b are much greater 

than the length of the Debye screening in the antenna LD, 

and neglects the edge effects at its boundaries. The 

grazing angles of waves and kx are the same when falling 

and reflecting [4, 5]. Exp. (1) defines the field of the 

reflected wave after replacing “i” → “r” and zz kk  . 

The electric fields Ei and Er lie in the plane of incidence, 

and the corresponding magnetic fields  0,,0 iyi HH  and 

 0,,0 ryi HH  are normal to it,  

 

MT .  (2) 

 

The antenna is much thicker than LD. The 

components Eiz and Erz of the electric fields that are 

normal to the irradiated surface, induce the charge Qind  

 

Fig. 1. а) The incidence of an electromagnetic wave on the 

antenna and its connection to the ground. The radiation 

generates current Il and voltages Va, Vd, and Vres. b) The 

equivalent circuit of detector D. 

 

 

under it and current tQI  indind  in the antenna bulk, 

charge 
*
indQ  on the opposite surface and current Iload in 

the load. In this case, the inequality (2) ensures neutrality 

of the antenna bulk [5].  

The relation  tQII  *
indindload  follows from 

conservation of charge, where tQ  *
ind  is the bias 

current from the antenna, when neglecting the 

contribution of the side surfaces. If the distance between 

the antenna and ground is much smaller than λ, it is 

possibe to use the antenna voltage Va relatively to the 

ground and its capacitance Ca . The current  
 

 tVCtQ aa  *
ind  and 

 

 tVCII aa  indload .   (3) 

 

Integration of the surface charge density 


















000 zrzzize EE  over ba 22   gives Qind and  

 

 tII  sin0ind ,   (4) 

 

where 000 ri III  , 
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and substitution “i” → “r” in (5) gives Ir0 . 
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2.2. Powers of fluxes inherent to incident Wi and 

reflected Wr radiation, and also power W1 in the 

antenna load 

The time-averaged quantity v equals   Tdttvv
T


 

0 
 . 

The module of Pointing’s vector of incident wave (1) 

equals  eecuP  ii , where 2
2

0
0 ieiu E  

is the energy density [5], and 
 

 sin 4 ii PabW .   (6) 

 

After replacing “i” → “r” in Pi, ui and Wi, this 

expression sets the power Wr. 

For the low power Wi, the admittance Y = G + iB 

between the antenna and ground was introduced, where 

G and B are its active and reactive components, 

respectively, and i is the imaginary unity. The current 

 tiiII  eRe0ind
  (4) creates the voltage 



 aa VV Re  

on the antenna, where 


 aa VV Re , and power 

aVIW indl   in the load, 

 

 22

2
0

l

2 BG

GI
W


 [6].     (7) 

2.3. Coefficient of matching the radiation and antenna 

load 

The substitution Wi, Wr and W1 with (5), into the 

condition of conservation of energy ri WWW  l  

and the introduction of the conductivity of the incident 

radiation  iii WI 22
0 ,  

 










sin

)cos (sin
 4

2

0

ka

a

b
c

e

e
i ,   (8)

 
 

gave the relation:  
 

   iiizrz GBGGBGEE  222200
.  

 

Using it, the coefficient of matching the radiation and 

antenna load becomes iWWl , 

 

 


12

4
      (9) 

 

was deduced, in which    iGBG  22
.  

If κ = 1, the coefficient η = 1, and agreement is 

complete. The selection of the load equality B = 0 can be 

implemented (see Section 3.3). Then the condition of 

complete agreement is simplified to Σi = G. From the 

latter, it immediately follows that the wide limits of the 

change in conductivity Σi provide the same ones in the 

conductivity G. 

The inequality 0B  does not change the situation, 

but increases the range of the necessary values Σi . In this 
case, each G corresponds to two B values with equal 
modules, but with different signs.  

The model operates with the conductivity Σi , the 
radiation resistance is equal to the value 1/Σi . The value 
η differs from the entered power ratio in the load and 
antenna [7]. 

2.4. Radiation conductivity 

The two-dimensional plot at the bottom of Fig. 2 
demonstrates that, if at the given grazing angle υ  
the size a rises, Σi /b (8) oscillates with the period 

   cos2  and is damped. It is the largest at 

 cos185.0maxaa , which is close to    cos4 . 

The three-dimensional plot in the figure shows that for 
any a value, Σi /b rises, if υ is reduced. 

Σi deduction is based on the ratio tQI  indind . 

It is correct, when during one period the radiation 
penetrates into the antenna deeper than the Debye length 

LD. That is, the inequality    Dsin LTc mmm   

must be satisfied. Here, υm is the sliding angle in the 
metal, and the square brackets correspond to the speed of 
propagation inherent to radiation normal to its surface. 
For small angles υ and also if the values εe , μe are close 
to εm , μm , respectively, this inequality transforms into 
υ >> LD /λ. Substitution υ = LD /λ and a = amax in Exp. (8) 
defines the boundary of the Σi (8) validity: 

D02.18 Lbc ee
b
ii  . 

 
Fig. 2. At the bottom of the figure, the dependence bi  on the 

size a of the antenna for the grazing angle υ = π/4 is placed, 
where Σi (8) is the conductivity of the incident radiation. The 

three-dimensional plot is the dependence bi  on a and υ. 

When plotting, it was accepted εe = μe , λ =3·10–3 m and 
LD =5·10–11 m [11]. 
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2.5. The variation of radiation conductivity over a wide 

range 

The angle υ changes the conductivity Σi by orders of 

magnitude. It can be qualitatively explained as follows. 

Both relations zHj mymx   and xHj mymz   

follow from the Maxwell equation mm jH   in the 

antenna, where Hm and jm are the magnetic field and 

conduction current density, respectively. 

The field  scmy dzH exp~ , where dsc is the 

thickness of the skin layer [5]. On the other hand, the 

incident wave (1) defines the dependence of Hmy on x in 

the form of the harmonic function xk cos . The 

relations scmx dj 1~  and cos ~ kjmz  follow from 

these dependences. When changing the angle υ, the wide 

range of changes in jmz causes similar ranges for current 

Ii0 (5) and 
2
0~ ii I . 

The situation is significantly different from that in 

an antenna with the tangential initial current. There, due 

to the small dsc values, Hmy sharply decreases with rising 

z, and this makes it difficult to implement the wide range 

of changes in the radiation conductivity. 

3. Detector in the antenna load 

3.1. Power in the active part of the detector Wd  

Fig. 1b shows the diode D equivalent circuit in the load. 

It has the active (detecting) part: differential resistance rd 

and capacitance Cd , and also intrinsic series resistance rs . 

For example, in a Schottky diode, this is the energy 

barrier and the resistance of the base, respectively. The 

impedance of active part is   ddd iCrZ 1 . The 

current through the detector  











dsad ZrVI Re  

creates the voltage  











dsdad ZrZVV Re  and 

power ddd VIW   on the active part, 

 

  GrCr

W
W

dds

i
d

1

1
2




 .    (10) 

 

Since rd >> rs in the detectors, for simplicity, here 

and below the sum rd + rs was replaced with rd . 

3.2. Responsivities of the detector Rvd and receiver Rv 

The supply source (Fig. 1a) sets in the diode voltage-

current characteristic I(V) the operating voltage Vop and 

current Iop , where I is the total current through the diode, 

and V is the voltage across it. 

The current Id generated by radiation is 
 

2
d

d

d
d V

r

V
I  ,     (11) 

 

where  
opVVd dVdIr


1  and the coefficient of non-

linearity   222

opVV
dVId


 . The quadratic term 

causes the direct current 2
dV . If it flows only through 

the resistance rd , then the detector response voltage 

equals ddres rVV 2 . Because ddd rWV 2 , the 

responsivity of the active part of detector equals 
2
ddresvd rWVR  .  

In the common case id WW  , because of 

incomplete matching the radiation with load, and losses 

in it, vdv RR  . The equal signs take place in their 

absence. Then, the responsivity of the receiver Rv is as 

high as possible for the used diode. 

Exp. (10) allows one to get vmv RR  , where 

 

  G

r

Cr
R d

ds

vm 





2
1

         (12) 

 

is the responsivity Rv , if full matching the radiation with 

load takes place. 

3.3. Components G and B of the admittance Y between 

antenna and ground  

Let us assume that in the load (Fig. 1a) the resistances of 

the supply source and voltmeter measuring Vres are high, 

and they do not contribute into Y. The inductance Lm is 

used for matching the radiation with load. The 

capacitance Cm connects it to the ground. Parasitic 

capacitances at the inputs of the detector and voltmeter 

are connected in parallel with the capacitances Ca and 

Cm , respectively, and are summed with them. They will 

not be recorded separately. 

It was deduced: 
 

 
  2

2

2

2

1

1

1

1





















m
mm

m

dds

dsd

C
Lr

r

rCr

Crr
G , 




















 m

m
mm

m
m

*
t C

C
Lr

C
L

CB
2

2 1

1

, (13) 

 

where rm is an active resistance of the inductance Lm and 
 

    mdsda
*
t CCrCCC 

2
1 .   (14) 
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If Lm = Lm0, where 

 

  
  
























m
m

*
t

m
*
tm

m
CCC

CCr
L

1

2

4111
2

20 ,     (15) 

 

the equality B = 0 is valid. Its appearance is related  

with the resonance of currents in the oscillatory contour 

that it formed by the inductance Lm and capacitances 

Ca + Cd , Cm . 

4. Examples of specific diodes  

In the examples below, the experimental characteristics 

of the diodes [7-10] were used. They and Lm0 are listed in 

Table 1. The dimensions of antenna a = b =λ/4, A = 4ab 

and   1.00 AC ea = 6.6·10
–14

 F, Cm = 10
–11

 F, rm = 0 

and also λ = 3·10
–3

 m were taken. The diodes 1 and 2 are 

the Schottky ones. In the diodes 3 and 4, the tunneling 

contact between metals was used. This made it possible 

to put rs = 0 in them, and Exp. (14) is simplified to 

Ct
*
 = Ca + Cm for Cd << Ca + Cm . In the diodes 1–3,  

the bias voltage Vop = 0, in the diode 4 the voltage  

|Vop| = 0.076 V at the current |Iop| = 1.1·10
–12

 A. 

Note that matching the inductance can be created by 

a coplanar stripline open-circuited stub. The diode 1 in 

the paper [7] operates with the inductance 1.2·10
–10

 H so 

created. 

Fig. 3 shows the dependences of the matching 

coefficient η on the angle υ for the diode 1 and different 

inductances. In the maxima η = 1, and they are higher 

than the highest value of the ratio 0.45 powers in the 

receiver with this diode for the antenna with the initial 

tangential current [7]. 

 
 
Fig. 3. Dependences of the coefficient of matching the radiation 

with the antenna load η (9) on the angle υ for the diode 1 and 

different inductances Lm. The characteristics of the diode are 

given in Table. At Lm = Lm0 (15), the reactive component B = 0. 

In the inset at the top, the beginning of the η dependence on Lm 

for Lm = 0 is shown. 

 

 

 
Fig. 4. Inductances Lm and angles υ for which η = 1. Each angle 

corresponds to two values Lm. In the inset, the beginning of  

the dependence of Lm on υ with the diode 4 is shown.  

The conductivity Σi for the values used in plotting Fig. 2, b = a. 

 

 

 

In Fig. 4, solid lines show the values Lm and υ, at 

which η = 1 for the diode 1, and dot lines show this for 

the diode 4. Two values of the inductance Lm correspond 

to each angle υ. They are shown by lines of the same type 

but of different thicknesses. The dashed line shows the 

radiation conductivity Σi . 

Table. Experimental characteristics of the diodes [7-10] 

        Diode                   

Parameter 

1 2 3 4 

rd, Ω 8.6·102 5.0·104 3.2·106 3.1·1010 

Cd, 10–15 F 20 17 0 0 

rs, Ω 3 10 0 0 

β, A/V2 9.2·10–3 5.4·10–4 4.7·10–7 4.9·10–10 

Rvm, V/W 4.8·103 2.3·104 4.8·106 4.8·1011 

NEP, W 7.8·10–13 1.2·10–12 4.8·10–14 8.3·10–17 

NEPph, W 1.1·10–11 3.5·10–12 5.9·10–14 8.4·10–17 

Lm0, 10–11 H 3.0 3.1 3.8 3.8 

Source [7] [8] [9] [10] 
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Fig. 5. Solid lines are the dependences of responsivities 

inherent to the receivers Rv for the diodes 1, 2, 3 and 4 on the 

angle υ and inductances Lm = Lm0 . The dashed-dotted line 

indicates a decrease in Rv , if the inductance with active 

resistance rm = 0.19 Ω is used for the diode 1. The dashed line 

in the figure shows an increase in Rv under the assumption that 

the diode 2 has the intrinsic series resistance rs = 0. 
 

 

Now let’s consider Fig. 5. On it, the solid lines 

represent the responsivity of receiver Rv with the diodes 

1–4 and inductances Lm = Lm0. The rise of resistance rd 

increases Rv . In the diodes 3 and 4, the resistance rs = 0, 

and at the maxima Rv = Rvd . 

In a mental experiment, the active resistance of the 

inductance operating with the diode 1 was taken equal 

rm = 0.19 Ω. The quality of the inductance 

1000  mm rLQ  corresponds to it. The loss in 

resistance rm of part of the power incoming in the load 

reduces the receiver Rv . The dash-dotted line in the 

figure illustrates this. 

In the second experiment, the resistance rs = 0 was 

adopted for the diode 2. This increased the power in the 

active part of detector and Rv . The dashed line in the 

figure indicates this. 

4.1. Minimal wavelength when matching and rs = 0, 

rm = 0 

In the limiting case of resistances rs = 0 and rm = 0, 
quantities Rvm (12) and (13) are simplified to 

GrR dvm   and drG 1 , respectively, and 

2
dvdv rRR  . Rv does not depend on the frequency to 

the smaller of frequencies tunτ1  and freeτ1 . Here, tun  

and freeτ  are the characteristic tunneling times and mean 

free paths of electrons in the metal, respectively. For the 
barrier 2.9 [10] estimated from the uncertainty relation 

for energy, the magnitude of tunτ1  is of the order of 

10
15

 Hz, while that of the frequency freeτ1 has the order 

of 10
14

 Hz [11], and the wavelength 3·10
–6

 m 
corresponds to it. 

Thus, the minimum wavelength of the device lies in 

the infrared range. 

4.2. Noise equivalent power (NEP) 

NEP equals to the power of the radiation incident on the 

antenna iW , at which noiseres VV  . Here, Vnoise is the 

noise voltage at the input of voltmeter measuring the 

response voltage. Noises of different nature create the 

voltage Vnoise. Let us represent it, as the sum of the 

voltages of these noises, and estimate by the upper limit. 

Table shows NEP for 
sh

noise
John

noisenoise VVV  , where 

frTkV d KB
John

noise 2  is the voltage of the thermal 

Johnson noise and dop rfqIV  2sh
noise  is the voltage of 

the diode shot noise [12]. Here, kB, TK, Δf and q are the 

Boltzmann constant, absolute temperature, the voltmeter 

bandwidth and electron charge, respectively. 

A fluctuation in the number of thermal photons 

incident on the receiver increases Vnoise [12]. Let us take 

this into account by adding the term 
ph

noiseV . It was 

defined as follows. 

Of the parts of receiver included before the detector, 

the antenna has the largest area. Fluctuation of the 

number of photons falling on it from the environment 

causes noises of the electric field normal to its surface 

and therefore the antenna charge 
ph
noiseQ , current into 

earth and, finally, voltage 
ph

noiseV . This voltage does not 

exceed tCQph
noise , where dmat CCCC   is the sum 

of capacitances charged with the noise current. To 

estimate the order of the greatest 
ph

noiseV  value, let’s 

accept tCQV ph
noise

ph
noise   with AEQ e

ph
noise0

ph
noise  , where 

ph
noiseE  is the noise of electric field.  

Let’s denote as N the number of photons with a 

fixed energy of single photon, which are incident onto 

this antenna within a small time interval Δt. The 

expression for the time-averaged square of fluctuations 

of the N/Δt rate was derived in the book [12].  

The insertion of energy into it and integration over  

the energy gives the root-mean-square fluctuation  

of the energy flux noiseW . Let’s write down 

    AcEW eee 
2ph

noise0noise . From the above 

expressions at Δt = 1/Δf, the estimated formula 

       tPlee CchfTkAV 434145
KB

434121
0

4543ph
noise 1530 

follows, where hPl is the Planck constant. 

The noise equivalent power values NEPph, in 

which 
ph

noise
sh

noise
John

noisenoise VVVV  , are shown in Table. 

Both NEP and NEPph are calculated for Δf = 1 Hz, and 

their results are expressed in units [W]. The noise 

equivalent powers can be orders of magnitude smaller 

than those of receivers operating with antennas having a 

tangential initial current (see, for example, 

NEP = 1.2·10
–12

 W/Hz
1/2

 [7]). 
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5. Conclusion 

Generation of the initial current normal to the surface of 

antenna by electromagnetic waves has been discussed. 

The model of direct quadratic detection of the input 

signal in the stationary mode by a diode included in the 

load has been constructed. 
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Генерація струму, нормального до поверхні антени, електромагнітними хвилями та його застосування  

у високочутливому приймачі 

В.Н. Добровольський 

Анотація. Розглянуто генерування початкового струму, нормального до поверхні антени, електромагнітними 

хвилями. Показано, що кут ковзання (або падіння) хвилі з електричним вектором у площині, нормальним до 

поверхні, змінює опір випромінювання у широкому діапазоні його значень. Ця властивість дозволяє 

узгоджувати імпеданси випромінювання та навантаження. Пропонується використовувати цю властивість для 

створення високочутливого приймача випромінювання. У зв’язку з цим завданням побудовано модель 

детектування вхідного сигналу випромінювання квадратичним детектором прямого детектування в 

стаціонарному режимі з діодом, включеним як навантаження. Отримані результати доводять, що діод з 

високим диференціальним опором може ефективно працювати з антеною. Підвищення опору збільшує напругу 

відгуку детектора, його чутливість і зменшує еквівалентну шумову потужність приймача випромінювання. 

Можливе вдосконалення цих характеристик на порядки. Розглянутий механізм може бути застосований до 

детекторів інфрачервоного діапазону спектра, і збільшення довжини хвилі, в принципі, не обмежує його 

функціонування. 

 

Ключові слова: узгодження імпедансів випромінювання та навантаження, квадратичний детектор, низька 

еквівалентна шумова потужність, діод Шотткі. 

В.Н. Добровольський 
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