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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°m.
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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 ljng

The wave falls obliquely onto the surface of the antenna
and is reflected (top of Fig.1la). Its electric field
Ei(Ex.,0, Ey) is

E;, =E - cos(ot — k,x—k,z) . (1)

Here, E?(EQ,O, ES) is the field amplitude, ® — circular
frequency, t — time, k (k,,0,k,) — wave vector, Oxyz is
the Cartesian coordinate system. The following
relationships will be used: wave period T =27/w,

frequency — v=1/T, k., =k cosv, k, =ksinv,

module  |k|=k =kZ+k? =21/L, w=ck/\e.p, .

c :]/,/so uo » where v is the grazing angle of a wave, A —

wavelength, &, — relative permittivity, p, — relative
magnetic permeability in the external dielectric over the
antenna, ¢ — speed of light in vacuum, gq and p, — electric

and magnetic constants. The value c/ JEelte IS the wave

velocity in the dielectric and (c/Jaepe), Tv =£€0Em /O,

o, &y and p, are the wave velocity, Maxwell relaxation
time, conductivity, relative permittivity, and relative
magnetic permeability in the metal, respectively.

The model assumes that X, a and b are much greater
than the length of the Debye screening in the antenna Lp,
and neglects the edge effects at its boundaries. The
grazing angles of waves and k, are the same when falling
and reflecting [4, 5]. Exp. (1) defines the field of the
reflected wave after replacing “i” — “r” and k, — K, .

The electric fields E; and E, lie in the plane of incidence,

and the corresponding magnetic fields Hi(O, Hiy,O) and
H; (0, Hy, 0) are normal to it,
T>>1y. 2

The antenna is much thicker than Lp. The
components E;, and E,, of the electric fields that are
normal to the irradiated surface, induce the charge Qjng

Antenna

Fig. 1. a) The incidence of an electromagnetic wave on the
antenna and its connection to the ground. The radiation
generates current |, and voltages V,, V4, and Vs b) The
equivalent circuit of detector D.

under it and current l;,y =—0Q;,q /0t in the antenna bulk,

charge Qi:d on the opposite surface and current ljgsq in

the load. In this case, the inequality (2) ensures neutrality
of the antenna bulk [5].

The relation 15,4 = ling —(aQ;]d /6t) follows from

conservation of charge, where 6Q;q /8t 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 2, it is
possibe to use the antenna voltage V, relatively to the
ground and its capacitance C,. The current

aQi;d /6t =Cy (8Va/8t) and

load = ling _Ca(ava/at)' 3)

Integration  of the surface charge  density

—&g Se[Eiz‘z:o +E ] over 2a-2b gives Qj,g and

12|2=0

ling = 1o -sin(ot), (4)

where Iy =10+ 1.,

I,y = —4ce, & bsin (kacosv) EioZ, (5)
\} TR CoS L

and substitution “i” — “r” in (5) gives Iy, .
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2.2. Powers of fluxes inherent to incident (W;) and
reflected (W,) radiation, and also power (Wj) in the

antenna load
T
jov(t)dt /T .

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

equals <Pi>=<ui>~(c/m), where (u;) =g &, E?‘Z/Z

is the energy density [5], and
(6)

After replacing “i” — “r” in (P;), (u;) and (W;), this
expression sets the power (W,).

For the low power (W;), 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

The time-averaged quantity v equals (v)

(W,) = 4ab(R;)-sinv .

Iind=—I0Re(iei(°t) (4) creates the voltage V, =ReV,

on the antenna, where V,=ReV,, and power
(W) =(I;n4Va) in the load,
()

(W) = 156 )[6].

2(62 + B2
2.3. Coefficient of matching the radiation and antenna

load

The substitution (W;), (W,) and (W) with (5), into the
condition of conservation of energy (W;)=(W;)+(W,)
and the introduction of the conductivity of the incident
radiation =; = 12 /(2(w})),

ia2
5. —ace, | S Dsin’(kacoso)
He @ sinv

gave the relation:

(®)

ES/ED =(62+B2 -Gy, )/(6% +B% + G ).

Using it, the coefficient of matching the radiation and
antenna load becomes 1= (W,)/(W;),

4
@) ©

was deduced, in which k = (62 + BZ)/(GZi ).

If x=1, the coefficient n =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 ;= G. From the
latter, it immediately follows that the wide limits of the

change in conductivity X; provide the same ones in the
conductivity G.

The inequality B = 0 does not change the situation,
but increases the range of the necessary values ;. In this
case, each G corresponds to two B values with equal
modules, but with different signs.

The model operates with the conductivity %;, the
radiation resistance is equal to the value 1/Z;. The value
n 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 v
the size a rises, Xi/b (8) oscillates with the period
(A/2)/cosv and is damped. It is the largest at

a=a, =0.185)/cosv, which is close to(A/4)/cosv .

The three-dimensional plot in the figure shows that for
any a value, %; /b rises, if v is reduced.
%; deduction is based on the ratio I,y =—0Qq /0t .

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

Lp. That is, the inequality [(c/,/smpm )~sinum]-T >>Lp
must be satisfied. Here, v, 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 v and also if the values e, . are close
to em, um, respectively, this inequality transforms into
v >> Lp/A. Substitution v = Lp /A and a = anax in EXp. (8)
defines the boundary of the X; (8) validity:

%, <<EP ~18.2ceg4 e, /11 b/ L -

10°
=
o)
= 100
e
Al
109
> i =7/
Q’-, 10 . v=r/4
'—i ./.’ .\. X
= / Ng g
l/? 136 " - !
0 gl 0002 4 0004

Fig. 2. At the bottom of the figure, the dependence Z;/b on the
size a of the antenna for the grazing angle v =n/4 is placed,
where X; (8) is the conductivity of the incident radiation. The
three-dimensional plot is the dependence =;/b on a and v.
When plotting, it was accepted g =p,, A=3-10°m and
Lp=5-10"" m[11].
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2.5. The variation of radiation conductivity over a wide
range

The angle v changes the conductivity X; by orders of
magnitude. It can be qualitatively explained as follows.
Both relations jy =—0Hp, /0z and  jp, = 0H, /X

follow from the Maxwell equation VxH, =], in the
antenna, where H,, and j, are the magnetic field and
conduction current density, respectively.

The field Hy, ~exp(-z/dg), where d is the

thickness of the skin layer [5]. On the other hand, the
incident wave (1) defines the dependence of Hyy on x in
the form of the harmonic function kcosv-x. The
relations j. ~1/d, and j,, ~kcosv follow from
these dependences. When changing the angle v, the wide
range of changes in ju, causes similar ranges for current
lio (5)and =; ~ 13.

The situation is significantly different from that in
an antenna with the tangential initial current. There, due
to the small dy values, Hy, 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 (Wg)

Fig. 1b shows the diode D equivalent circuit in the load.
It has the active (detecting) part: differential resistance ry
and capacitance Cq4, and also intrinsic series resistance r.
For example, in a Schottky diode, this is the energy
barrier and the resistance of the base, respectively. The
impedance of active part is Zy =ry +1/(iCqy»). The

current through the detector I =Re{va/(rs+zd)}

creates the voltage V, = Re{va Z, /(rs +2Z4 )} and

power (Wy)=(l4Vy) on the active part,

n(W; 1
(W ; > = %_ . (10)
1+(r,Cy o) fy
Since rq >>r, in the detectors, for simplicity, here
and below the sum rq + r; was replaced with ry.

3.2. Responsivities of the detector R4 and receiver R,

The supply source (Fig. 1a) sets in the diode voltage-
current characteristic 1(V) the operating voltage V,, and
current lo,, where | is the total current through the diode,
and V is the voltage across it.

The current Iy generated by radiation is

=V—d+BVd2'

Iy

g (11)

where ry :]/(dl/dv and the coefficient of non-

o,

linearity B=(d2|/dV2)‘V7V /2. The quadratic term
v,

causes the direct current [3<Vd2>. If it flows only through
the resistance rq, then the detector response voltage
equals V. = B<Vd2>rd. Because <Vd2>:(Wd>rd, the
responsivity of the active part of detector equals
Rud :|Vr65|/<Wd> :|ﬁ| rd2 :

In the common case (Wy)<(W,), because of

incomplete matching the radiation with load, and losses
in it, R, <R,y. The equal signs take place in their

absence. Then, the responsivity of the receiver R, is as
high as possible for the used diode.
Exp. (10) allows one to get R, =nR,,,,, where

B r

R R L S
1+ (I’S Cd (,0)2 G

vm T

(12)

is the responsivity R,, 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 V.. are high,
and they do not contribute into Y. The inductance Ly, is
used for matching the radiation with load. The
capacitance C, connects it to the ground. Parasitic
capacitances at the inputs of the detector and voltmeter
are connected in parallel with the capacitances C, and
Cn, respectively, and are summed with them. They will
not be recorded separately.

It was deduced:

2
G:1+rdrs(cdoa2) 1, M _
1+(rst(D) g 2 ( 1 J
N
n®
L, 1
* 0\)
B=C,o— m 5= Cho, (13)
2 1
I+ Lhyo—
m [ m(*) me

where r, is an active resistance of the inductance L, and

C =C,+ {cd /[1+(rs C4 co)z]} +C,,. (14)
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Table. Experimental characteristics of the diodes [7-10]

Diode
1 2 3 4

Parameter
rg, Q 8.6:10° | 5.0-10* 3.2:10° | 3.1-10%
Cq 105F 20 17 0 0
re, Q 3 10 0 0
B, AIV? 92:10° | 5.4:10* | 47-107 | 49-10™
Rm: VIW 4810° | 2.3-10* 4.8:10° | 4.8-10"
NEP, W 7.8:10% [ 12:10% | 4810 | 8310
NEP,, W L1-10* (3510 | 59-10™ | 8.4-107"
Loy 10 H 3.0 3.1 38 3.8
Source [71 [8] [9] [10]

If Ly, = Lino, Where
LmO:i 1+\/1—4[rm(c§‘—cm)@]2 Ry (15)

2
® m

z(cf—cm)

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 L, and capacitances
CatCqy, Cp.

4. Examples of specific diodes

In the examples below, the experimental characteristics
of the diodes [7-10] were used. They and L, are listed in
Table 1. The dimensions of antenna a = b =\/4, A =4ab
and C,=gye,A/(0.11)=6.6:10"F, C, =10 " F, r,=0
and also A = 3-10"* 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
C/=C,+C, for C4<<C,+C,. In the diodes 1-3,
the bias voltage V,,=0, in the diode 4 the voltage
[Vop| = 0.076 V at the current [l = 1.1-10 2 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° H so
created.

Fig. 3 shows the dependences of the matching
coefficient n on the angle v for the diode 1 and different
inductances. In the maxima n =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].

I

0 0,000010
A

1

Lm—"‘leCI= 0.
(1/1.1). 1.1, 1

0 0.5 1 1.5

Fig. 3. Dependences of the coefficient of matching the radiation
with the antenna load n (9) on the angle v for the diode 1 and
different inductances L. The characteristics of the diode are
given in Table. At L., = Ly, (15), the reactive component B = 0.
In the inset at the top, the beginning of the n dependence on L,
for L, = 0 is shown.

-1 |:|(l

103

SR

-10°?

Fig. 4. Inductances L, and angles v for which n = 1. Each angle
corresponds to two values L. In the inset, the beginning of
the dependence of L, on v with the diode 4 is shown.
The conductivity %; for the values used in plotting Fig. 2, b = a.

In Fig. 4, solid lines show the values L, and v, at
which n =1 for the diode 1, and dot lines show this for
the diode 4. Two values of the inductance L, correspond
to each angle v. They are shown by lines of the same type
but of different thicknesses. The dashed line shows the
radiation conductivity %;.
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10° - 1010

Solid lines:
diodes
L 103

- 106

R..V/IW

R.V/IW

- 104

Fig. 5. Solid lines are the dependences of responsivities
inherent to the receivers R, for the diodes 1, 2, 3 and 4 on the
angle v and inductances L,=Lgo. The dashed-dotted line
indicates a decrease in R, if the inductance with active
resistance r,, =0.19 Q is used for the diode 1. The dashed line
in the figure shows an increase in R, under the assumption that
the diode 2 has the intrinsic series resistance ry= 0.

Now let’s consider Fig.5. On it, the solid lines
represent the responsivity of receiver R, with the diodes
1-4 and inductances L, = Lyo. The rise of resistance rq
increases R, . In the diodes 3 and 4, the resistance r, =0,
and at the maxima R, = Rq.

In a mental experiment, the active resistance of the
inductance operating with the diode 1 was taken equal
rh=019Q. The quality of the inductance
Q=Lmow/r,, =100 corresponds to it. The loss in
resistance r,, of part of the power incoming in the load
reduces the receiver R,. 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 R,. The dashed line in the
figure indicates this.

4.1. Minimal wavelength when matching and r;=0
m=0

In the limiting case of resistances r;=0 and r,=0,
quantities Ry, (12) and (13) are simplified to
Rim=|B|ra/G and G=1ry, respectively, and
R, =Ry =|B|rs- R, does not depend on the frequency to
the smaller of frequencies 1/t, and 1/t . Here, 1y,

and 14, 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 1/t,,, is of the order of
10" Hz, while that of the frequency 1/t has the order
of 10“Hz [l1], the wavelength 3-10°m
corresponds to it.

Thus, the minimum wavelength of the device lies in
the infrared range.

and

4.2. Noise equivalent power (NEP)

NEP equals to the power of the radiation incident on the
antenna (W; ), at which |Vies| =Vigise . Here, Vigiee is the

noise voltage at the input of voltmeter measuring the
response voltage. Noises of different nature create the
voltage Viise- L€t US represent it, as the sum of the
voltages of these noises, and estimate by the upper limit.

Table shows NEP for Ve =V 1V

noise noise
John
Vn0|se =2

Johnson noise and v;gise = ,/quopAf ry is the voltage of

the diode shot noise [12]. Here, kg, Tk, Af 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 Vpoise [12]. Let us take

this into account by adding the term Vno,se.

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

where

kgTcryAf is the voltage of the thermal

It was

and therefore the antenna charge Qno,se, current into

earth and, finally, voltage Vno,Se . This voltage does not

exceed Qnoise /Ct , where C, =C,+C, +C, is the sum
of capacitances charged with the noise current. To

estimate the order of the greatest v,

noise
ph _
Vioise =

value, let’s

accept nmse /Ct with QnOIse =g)€; Eno,Se A, where

EP . 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 At. The
expression for the time-averaged square of fluctuations
of the N/At 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 (Wnoise). Let’s write down

(Wigise ) = €0 € \E ( no,se)z (c/m) A. From the above

expressions at At=1/Af, the estimated formula
VRN —(30¥41%4/15) 2 14 (, A (keTi 4 A £¥4[ch3Ac )

noise™
follows, where hp, is the Planck constant.

The noise equivalent power values NEPg, in

which Vigiee =V v Sh, +V2 are shown in Table.

Both NEP and NEPy, are calculated for Af =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" 2 W/HZ'? [7]).
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I'enepauisi cTpymy, HOPMAJIBLHOIO 10 NMOBEPXHi AHTEHH, €JEKTPOMATHITHUMM XBHJISIMU Ta HOro 3aCTOCYBaHHS
Y BUCOKOYYT/JIMBOMY NpuiimMaui

B.H. lo6poBoabcbKuii

AHoTanist. Po3riisiHyTO TeHepyBaHHS [IOYaTKOBOIO CTPYMY, HOPMaJbHOTO 0 IOBEPXHI aHTEHH, €JIeKTPOMAarHiTHUMHU
xBwisiMu. [lokaszaHo, mo KyT koB3aHHs (ab0 MajaiHHA) XBWII 3 €JNEKTPHYHUM BEKTOPOM Y IUIOMIMHI, HOPMAJIBHUM JIO
MMOBEPXHI, 3MIHIOE OIip BHIPOMIHIOBAaHHS y IIMPOKOMY Miama3oHi HWOro 3Ha4YeHb. Ll BIACTUBICTH TO3BOJIIE
Y3TrOJUKYBAaTH IMIEJAaHCH BUIPOMIHIOBAHHS Ta HaBaHTa)KeHHs. IIpONIOHYETHCS BUKOPHUCTOBYBATH IO BJIACTUBICTH JUIS
CTBOPEHHS BHCOKOYYTJIMBOTO TpHiiMada BHIIPOMIHIOBaHHS. Y 3B’S3Ky 3 LM 3aBJIaHHAM I100yJOBAaHO MOJIENb
JICTEKTYBAaHHA BXIJHOTO CHTHAJy BUIIPOMIHIOBAaHHS KBaJPaTHYHUM JETEKTOPOM TIPSIMOTO JETEKTYBaHHSI B
CTalliOHApPHOMY pEXHMi 3 I1070M, BKJIIOYEHUM SIK HaBaHTaxeHHA. OTpuMaHi pe3ynbTaTH AOBOAATH, L0 Ai0X 3
BHCOKHM JU(EpeHIiaJIbHAM OTIOPOM MOKe e(eKTHBHO MPAIIOBATH 3 aHTEHOIO. [1i1BHIIeHHS Omopy 301IbIIye HAPYTY
BIATYKY NIE€TEKTOpa, HOro YyTJIMBICTH 1 3MEHINye €KBIBaJICHTHY IIyMOBY IOTY)KHICTh HpHilMada BUIIPOMiHIOBAaHHS.
MokiiBe BIOCKOHAJICHHS IMX XapaKTEPHCTHUK Ha TMOPAAKH. Po3risHyTHIT MexaHi3M Moke OyTH 3acTOCOBaHHI 10
JIETEKTOPiB 1H(PAaYEepPBOHOTO [ialma3oHy CIEKTpa, i 30UIbIIEHHS MOBXUHHM XBIJI, B NPHUHIHWII, HE OOMEXye iHoro
(yHKIIOHYBaHHS.

KirouoBi cnoBa: y3rompkeHHS iMIeNaHCIB BUIPOMIHIOBAaHHS Ta HABAaHTAKEHHS, KBaJAPATHUIHWN NETEKTOp, HHU3BbKa
€KBiBaJICHTHA IITyMOBAa MOTYXXHICTb, Aiox IIIoTTki.
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