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Abstract

Introduction. The resolution of the problem of radio polarimetry in multiposition microwave screening sys-
tems (MMSS) with aperture synthesis requires the use of antennas with a high level of cross-polarization dis-
crimination (XPD) in a wide spatial angle. The radio images are reconstructed in MMSS at distances commensu-
rate with the aperture of the antenna structures. Therefore, the value of the spatial angle, at which high XPD is
required, can reach 30°. This leads to a new problem of creating an antenna configuration of the X and Ku
band, the application of which in MMSS will resolve the problem of constructing a radio image of depolarized
microwave radiation scattered on the human body in the form of hidden dangerous objects.

Aim. To develop a double-ridged receiving antenna for long-term operation in MMSS with an XPD level of 28 dB
at a spatial angle of 30° and operating frequencies of 8...20 GHz.

Materials and methods. The requirements for the receiving antenna in MMSS were determined. Theoretical
justifications were proposed for the choice of antenna design. Aperture synthesis was used to construct micro-
wave images in MMSS. The stages and results of modelling broadband double-ridge antennas were presented
using the CST Studio software broadly applied for three-dimensional electro-magnetic field modelling. The re-
sults of modelling pyramidal and conical double-ridged antennas, as well as those in circular and elliptical
waveguides, were analyzed. The designed antenna was tested in an anechoic chamber. The measurement re-
sults were compared with those obtained during simulation.

Results. An elliptical double-ridged horn antenna with a VSWR of no more than 2 and cross-polarization dis-
crimination in a spatial angle of 30° of no less than 28 dB for the frequency range that covers an octave was
designed and constructed.

Conclusion. The developed antenna can be used in MMSS for the purpose of detecting the effect of micro-wave
radiation depolarization as hidden dangerous objects on a human body. Such characteristics of the antenna as its
high XPD value in a wide spatial angle will allow the future introduction of microwave polarimetry in MMSS.
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AHHOTauuA

BeepeHue. [ns pelleHns 3a4a4m pajMononspyuMeTpuy B MHOTOMO3NLMOHHbBIX MUKPOBOIHOBLIX JOCMOTPOBbIX
cncrtemax (MMZAC) ¢ anepTypHbIM CUHTE30M HEOHBXOAMMO MCMOJIb30BaTh aHTEHHbI C BbICOKMM YPOBHEM KPOCCMOo-
napu3aumoHHon paseasku (KMP) B LUMPOKOM NPOCTPaHCTBEHHOM yrie. BocctaHoBNeHMe pagnon3obpaxeHunii B
MMAC NponcxoanT Ha AUCTaHLMSAX, COM3MEPUMBIX C pa3mMepamy anepTypbl aHTEHHLIX CTPYKTYP, MO3TOMY 3Hauye-
H/e NMPOCTPAHCTBEHHOrO Yr/1a, B KOTOPOM HEeO6X0AMMO BbINOAHEHMe TpeboBaHMs BbiCokol KIMP, MoxeT goctu-
rate 30°. Takum 0bpa3om, BO3HMKaeT HOBas 3ajava CO34aHNsA aHTEHHON CTPYKTypbl X- 1 Ku-agrnana3oHoB, npume-
HeHwne koTopoi B MM/C no3sonnno 6bl pelunTs 3ajady NOCTPOeHUS paamon30bpaxeHns Aenonspru3oBaHHOMo
MWKPOBOIHOBOTIO V3/1y4YeHNSs, PaCCeAHHOr0 CKPbITbIMM OMacHbIMY 06 beKTaMM Ha Tesle YenoBeka.

Lienb pa6oTbl. PazpaboTka NpMeMHOM aHTeHHbI XeCTKOM KOHCTPYKLMW 419 AOATOBPEMEHHON 3KCnayaTaumm B
MMZC c yposHem KIP 28 4B npu npocTtpaHcTBeHHOM yrae 30° 1 pabounx yactotax 8... 20 Ty,

MaTepuanbl n metoabl. OnpegeneHbl TpeboBaHWA ANA NpuemMHOM aHTeHHbl B MMAC. MpurBeseHbl TeopeTu-
yeckre 060CHOBaHNSA AN BbIbOpa KOHCTPYKUMN aHTeHHbI. B paspabotaHHoit MM/AC Ana nocTpoeHns MUKpo-
BOJIHOBOIO N306paXeHWsa NCNOMb3yeTcs anepTypHbI CUHTE3. MpeAcTaBeHbl 3Tanbl U pe3ynbTaThl MOAENNPO-
BaHWVS LUMPOKOMONOCHbLIX ABYXrpebHeBbIX aHTEHH B MporpaMmMe TpexMepHoro MoAennpoBaHUA 3aeKTpomar-
HUTHOro nonga CST Studio. PaccMOTpeHbl pe3ynbTaThl MOAENNPOBaHUA ABYXTPE6HEBbLIX aHTeHH: NMpaMuiab-
HOM, KOHWNYEeCKOW, B KPYrnoM 1 3AANNTUYECKOM BOHOBOAAX. [1pon3BeAeHO CpaBHeHVe pe3yibTaToB n3mepe-
HVSA B 6e335X0BOV KaMepe ANA MakeTa NolyYeHHOM aHTeHHbI 1 pe3ybTaToB MOAENVPOBAHNS.

Pe3ynbTaTbl. Pa3spaboTaHa 1 U3roTos/ieHa ABYXrpebHeBas 3AANMNTUYeCKas aHTeHHA XeCTKOM KOHCTPYKLUMK, €
KCBH He 6onee 2 1 KpoccnonsprsauoHHOM pa3Ba3Koli B MpocTpaHcTBeHHOM yrie 30° He meHee 28 ab B ana-
nasoHe 4acToT, NepeKpbIBatoLLEeM OKTaBY.

3akntoueHume. AHTeHHa MoxeT 6bITb Mcnonb3oBaHa B MMAC ansa getekTnpoBaHus sddekTa genonspusaynm
MVKPOBOJ/IHOBOIO M3/y4YeHUs CKPbITbIMU OMAacHbIMW 06bekTamu Ha Tesne yenoBeka. Beicokoe 3HauveHue KIMP
aHTEHHbI B LUMPOKOM MPOCTPAHCTBEHHOM Yrfe No3BOANT B AaNbHelLLeM BHeAPUTb MUKPOBOAHOBYO NOAAPU-
meTputo B MMZAC.

KntoueBble cnoBa: AByxrpebHeBast pynopHas aHTeHHa, KpOCCNoAspn3aLoHHas pasBaska, JMannTnyeckas
AByXrpebHeBast aHTEHHa
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3aLMA LUNPOKOMONOCHOW ABYXrpebHEeBOM PyNnOpHOWM aHTEHHbI C LUMPUHOM paboyeli nonockl 6onee oKkTaBbl U Bbl-
COKVM YPOBHEM KPOCCMONAPU3aLMOHHONM pa3sasku // VI3B. By3os Poccuun. PagmnoanektpoHmka. 2019. T. 22, Ne 5.
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Introduction. Currently, multiposition micro-  place of operation is designed to continuously scan
wave screening systems (MMSSs) often use cross-  the flow of people for hidden explosive devices and
polarisation methods to detect metal objects on the  automatic weapons on the human body and in back-
human body [1]. The MMSS shown in Fig. 1 at the  packs. It uses the radio polarimetry method [2, 3], in
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Fig 1. Multiposition microwave screening system (MMSS)
at the place of operation

which broadband double-ridge antennas are used to
obtain complete information about the scattered field
from the target [4, 5]. The necessity of ensuring a
high level of cross-polarisation discrimination (XPD)
[6, 7] in the antenna structures used to obtain reliable
results comprises a complex technical task for the
frequency range having more than an octave of over-
lap [8, 9]. XPD (Cross Polar Discrimination — XPD
[10]) refers to the minimum ratio of amplitudes of
linear components of the electromagnetic field of
main and cross-polarisation defined in the Ludwig-3
coordinate system [11] for a given spatial angle.

In the MMSS developed by the authors of this pa-
per, aperture synthesis is used to build a microwave
image. A significant limitation for the construction of
radio images in cross-polarisation [1] is the unsatisfac-
tory XPD value of the used antenna.

When carrying out the experiment described in
[1], the minimum XPD value for the task of classify-
ing dangerous objects on the human body is estab-
lished: 5.0 in main polarisation and 0.2 in cross-
polarisation, which is 28 dB. For the developed
MMSS [12], it is necessary to maintain this value
during the detection in the area of reflected radiation
analysis (Fig. 2, 3).

The multiposition system (Fig. 2) consists of two
antenna arrays located at an angle of 45° to the X-
axis. The inspection area includes the area for the
analysis of past radiation 2 and the analysis area of
reflected radiation 3 [13]. From the location and size
of the reflected emission analysis area 3, it follows
that the spatial angle at which the specified XPD
value is to be maintained must be at least 30°.

In the first MMSS version [12], Vivaldi printed an-
tennas were used (Fig. 3); however, in the process of
developing a system for detecting hidden objects by
means of cross-polarisation scattering analysis, it was
found that the XPD of these antennas failed to meet the

Y

45° 270 ~[45°

> <

Fig. 2. MMSS location scheme:
1 —direction of the main lobes of the transmitting antennas in
the array; 2 — zone of analysis of transmitted radiation;
3 — zone of analysis of reflected radiation

requirements, since its level in the angle of 30° was only
4 dB at linearly polarised radiation. In a spatial angle of
more than 30° at frequencies above 14 GHz, this antenna
begins to dominate the cross-component, while the dis-
crimination value drops to —10 dB. These parameters
prohibit the use of this antenna to detect hidden danger-
ous objects described in [1].

Other Vivaldi antenna parameters in the operat-
ing range of 8...18 GHz:

— voltage standing wave ratio (VSWR) less than 1.8;

—the average value of the directional factor is 9 dBi;

— the width of the main lobe at the level of 3 dB
in the dielectric substrate x0z (E-plane) 70...60°, in
the cross-polarised plane y0z (H-plane) 85...30° are
generally unsatisfactory for systems with aperture
synthesis within the spatial angle of 30°.

Fig. 3. Vivaldi antenna used in MMSS
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The considered receiving antenna is additionally
distinguished by its structural fragility and instability, as
well as the insufficient repeatability of its electrody-
namic parameters from sample to sample.

Work objective. To develop a receiving antenna
with a high XPD level, operating in the X and Ku
frequency ranges, by means of which to reliably
solve the problem of restoration of radio images in
the developed MMSS for microwave radiation, depo-
larised by the scattering of dangerous objects con-
cealed on a human body.

In the developed receiving antenna, we set out to
achieve the described parameters and eliminate the
noted design flaws.

Research methods. Broadband structures de-
veloped on the basis of double-ridge antennas are
well-known and widely used [4, 5]. In [4], the au-
thors consider a double-ridge pyramidal horn pow-
ered by a coaxial cable; here the size of the struc-
ture and obtained electrodynamic parameters are
given, but the XPD level is not indicated. In order
to estimate this parameter, an electrodynamic sim-
ulation of the double-ridge pyramidal horn antenna
was carried out using the CST STUDIO SUITE.
Additionally, in order to determine XPD within the
spatial angle of 30°, a double-ridge conical horn
antenna and elliptical waveguide were modelled.

For antenna coordination, a double-ridge structure
of exponential shape was used (Fig. 4), given by the
expression:

1_e(XZ

d(@) =y +(y2 - y1)——,

Lo )

where y;, y, are the coordinates y of the beginning
and end of the exponential part of the double-ridge
structure; o — the exponent coefficient; h — horn
length. Double-ridge structures of the considered

antennas were fed by a coaxial cable with a wave
resistance of 50 Ohm.

Let us estimate the aperture size for the pyrami-
dal horn. According to [14], the H-shaped waveguide
formed by two ridges in a rectangular waveguide has
a lower critical frequency for the main wave type
Hio in comparison with a rectangular waveguide.
The wave type Hyg is also the main wave type for
the pyramidal horn. The exponential shape of the
ridges ensures the matching of the H-shaped wave-
guide and the aperture of the rectangular pyramidal
horn. Let us use the formula for the waveform in the
pyramidal horn to estimate the relationship between
the aperture size and the Hyq directivity factor [15]:

D =0.64(4nab/2.2),

where a and b are the transverse aperture dimensions.
According to [16], the width of the directional pat-
tern (DP) in the E-plane y0z BWg while in the

H-plane, x0z is related to the size of the horn by the ratio:
a=>53A/BWg; b=80A/BWy.

Then the required DF =10 dBi at an average frequency
of 13 GHz for a 60° wide main lobe can be obtained for
sizes a=22 mm u b =30 mm.

Due to the double-ridge structure inside the aper-
ture at the antenna output (in the section Zc Fig. 6), a
wave of the type Hy; is formed in the conical horn. Let
us consider a simplified model of round waveguide
radiation excited at the wave H;, [15] to determine the
maximum size of the aperture required for the for-
mation of the directivity factor (DF) equal to the DF of
the previously-used Vivaldi antenna. When limiting the
size of a round waveguide within
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Fig. 4. Double-ridged pyramidal horn model:
1 - 50-ohm coaxial waveguide with fluoroplastic insulator; 2 — exponential metal arris
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for DF, the following formula is valid:

)2 (1+ Ji-T15207c )’

D =(mc/A ,
4.775\1-1.54)/c

©)

where c is the diameter of the horn aperture; A is the
wavelength of electromagnetic radiation. Thus, for
the average frequency range of 13 GHz and DF =10 dBi,
it is necessary to have ¢ =25 mm.

Modelling. Fig. 4 presents the analysed model of
the double-ridge pyramidal horn antenna. The shape
of the ridge 2 is defined (1), the dimensions
a=22mm and b=30mm are selected to obtain
the required DF according to (3).

For this model, the frequency dependencies of
VSWR (Fig. 5, b) and XPD within the spatial angle of
30° were obtained (Fig. 5, a) for different values of the
a coefficient. The above graphs show that the coeffi-
cient o significantly influences the XPD level, while
VSWR for all the above a values does not exceed 2.
The optimal value for this task is the value o =-0.1,
however, the obtained XPD value 18 dB min does not
meet the stated requirement of 28 dB, while produc-
tion errors will further degrade this parameter.

Therefore, we decided to study the conical horn.
Fig. 6 shows the model of the conical double-ridge

8 10 12 14 16 f, GHz
-12 [ [ [ [
14— a=-0.25
N
-16— -0.15

horn antenna under study, consisting of two parts: the
horn itself with an aperture of the diameter c and a
circular waveguide of the radius 8 mm. The ridge
structure has an exponential edge shape d(z), given
by (1). The ridges are beveled on the short-circuit
wall side for better coordination.

According to the limits set (3), the values of
VSWR and XPD within the spatial angle of 30° for
the diameter of the horn 16, 20, 25 and 30 mm are
calculated (Fig. 7).

According to the results of modelling, the model
of the double-ridge conical antenna has a VSWR no
greater than 2 in the upper frequency range and XPD
no less than 25 dB in the frequency range with over-
lapping in the range equal to 1.8. The DF at 13 GHz
for the aperture ¢ =25 mm corresponds to a value of
10 dBi calculated per (3). At the same time, the XPD
frequency dependency (Fig. 7, a) shows that with an
aperture diameter of more than 20 mm, it deteriorates
significantly. This is due to the out-phase of the coni-
cal horn: for larger aperture diameters, the phase dis-
tribution in the antenna aperture will be different
from the uniform, i.e. non-incoherent, distribution.
Based on the results shown in Fig. 7, the required
level of XPD within the spatial angle of 30° is

VSWR
1.8
1.6
14

1.2

1.0

Fig. 5. Frequency dependences of the parameters of the pyramidal horn:
a—XPD; b—VSWR in a spatial angle of 30°

. AA 465 yf 10

Fig. 6. Double-ridged cone model:
1 - 50-Ohm coaxial waveguide with fluoroplastic insulator; 2 — exponential metal ridge
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Fig. 7. Frequency dependences of the parameters of the conic horn: a — XPD in a spatial angle of 30°; b — VSWR
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Fig. 8. Model of an elliptical double-ridged antenna: 1 — 50-Ohm coaxial waveguide with fluoroplastic insulator

achieved by reducing the aperture size to 16 mm. It
should be noted that it is impossible for the aperture
to approach the size of the round waveguide because,
in this case, the minimum operating frequency of the
antenna would increase unacceptably.

The required electrodynamic and design parame-
ters can also be obtained in a double-ridge antenna
developed based on an elliptical section waveguide.
The elliptical shape of the waveguide eliminates the
degeneration of the wave type Hqq, which is charac-

teristic of a circular waveguide, as well as providing
fixation of the polarisation plane [17].

We assumed that the location of the ridges along
the small axis of the elliptical waveguide would im-

VSWR

1 |
8 10 12 14 16

a

f, T

prove the XPD value within the spatial angle of 30°.
Fig. 8 shows a 3D model of an elliptical double-ridge
antenna (1 — 50-Ohm coaxial cable with a fluoro-
plastic insulator, terminated with SMA connector).

Figs. 9, 10 show the frequency dependencies of
VSWR, XPD within the spatial angle of 30°, DP width
in E- and H-plane, BWE and BWj and DF. These
results were obtained at the following elliptical an-
tenna sizes:

— transverse dimensions of an elliptical wave-

guide in the aperture plane ag xby =11x7 mm?,
where a, and by are the major and minor semi-

axes of an ellipse, respectively;

8 10 12 14 16
-30 [ [ [ [

f, GHz

XPD, dB
b

Fig. 9. Frequency dependencies of the parameters of the elliptical double-ridge antenna: a — VSWR; b — XPD in a spatial angle of 30°
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Fig. 10. Frequency dependences of the parameters of the an elliptical double-rib antenna:
a — radiating pattern by level =3 dB in E-plane (blue line) and H-plane (red line); b — DF

— ridge thickness 3.4 mm;

— slit width at the power source 1 mm;

—antenna length 68 mm.

The conical external shape of the antenna reduc-
es the reception of foreign radiation by its aperture
compared to a cylindrical antenna. Increasing the
size on the right end of the antenna added rigidity
and stability to the entire structure.

In the antenna aperture plane, there is a small
fluoroplastic ring, which, according to the results of
the simulation, significantly reduces the level of
cross-polarised radiation in the lower part of the fre-
quency range.

Modelling of the elliptical double-ridge antenna
gave the following parameters:

- VSWR <2

— XPD in a spatial angle of 30° not less than
30 dB in the overlapping frequency range 2.2;

— the width of the main lobe and DF meet the re-
guirements to ensure the reception of the signal from
the target in the analysis area of the reflected micro-
wave radiation (see Figs. 2, 3).

Results. Fig. 11, a shows the layout of the manu-
factured double-ridge elliptical antenna. The results of
the study of its electrodynamic parameters in the plane

—60 —40 —20 0 20 40 0,..°
| | |

—60 —40 -20

a - b
Fig. 11. Elliptical double-beam antenna:

a — model; 6 — installation
in the ECCOSORB VHP-2-NRL absorber array

set by the angle ¢ (see Fig. 8) are shown in Fig. 12.
XPD distribution is based on the deviation angle 6
from the antenna axis symmetry (see Fig. 8).

In order to preserve the XPD level during the
formation of an ensemble of receiving elliptical dou-
ble-ridge antennas, it is necessary to use an absorb-
ing material, for example, ECCOSORB VHP-2-
NRL. Fig. 11, b shows a photo of the antenna in the
ECCOSORB VHP-2 absorber array in the anechoic
chamber in which measurements were made [18].
The analysis of the results of experimental studies of
the developed and manufactured elliptical double-

XPD, dB

Fig. 12. Theoretical 1 and experimental 2 dependences of the parameters of an elliptical double-ridge antenna
at a frequency of 18 GHz in the plane ¢ =45°: a —normalized to the maximum gain ratio; b — XPD
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ridge antenna shows that the experimental data and
the results of modelling are well correlated. The XPD
value of the manufactured antenna at a frequency of
18 GHz within the spatial angle of 30° is better than
30 dB; with a decrease in the frequency, the level of
discrimination increases. This is entirely consistent
with the results of the simulation that allows the use
of antennas in MMSSs.

Conclusion. A double-ridge elliptical antenna was
developed and manufactured, with VSWR <2 and

XPD in a spatial angle of 30° not less than 28 dB in the
frequency range overlapping octave. The antenna can
be used in MMSSs to detect the effect of microwave
radiation depolarisation by hidden dangerous objects on
the human body. Structurally, the double-ridge antenna
is assembled in three parts — the upper and lower halves
of the elliptical waveguide and the double-ridge plate,
which are joined together in one piece with screws. Alt-
hough this design meets the tight design tolerances set
by the simulation, it requires high production standards.
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