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PARTIAL DIELECTRIC LOADED TEM HORN AND REFLECTOR ANTENNA
DESIGNS FOR ULTRAWIDE BAND GROUND PENETRATING RADAR SYSTEMS

A.S. TURK, A.K. KESKIN, M. ILARSLAN

This paper deals with ultra-wide band (UWB) TEM horn antenna designs and their usage as feeder of para-
bolic reflector, which are suitable for down-looking and forward-looking vehicle-mounted impulse GPR
systems, respectively. On this scope, partial dielectric loaded, Vivaldi form and array configurations of the
TEM horn structure are investigated, designed, simulated and measured. Vivaldi shaped TEM horn fed para-
bolic reflector antenna prototype is proposed to reach hyper-wide band impulse radiation performances from
300 MHz up to 15 GHz for multi-band GPR operation that can provide both deep and high resolution imag-
ing. The gain and input reflection performances are demonstrated with measurement results.

Keywords: Ultra-wide band antenna, TEM horn, Parabolic reflector, Ground penetrating radar, Impulse

radiation.
I. INTRODUCTION

Ultra wide band (UWB) antennas have been us-
ing increasingly in many applications of high-speed
wireless communication, high resolution noise radar,
RF jamming and EMC test systems. The operational
frequency bands of the impulse and UWB radar sys-
tems can be very broad starting from VHF band up
to millimeter waves. The UWB operation provides
some critical advantages, such as improved detection,
adaptive ranging and target resolution performances.
There are a few types of UWB antennas which oper-
ate at various frequency bands, such as horn, spiral,
bi-conical and log-periodic arrays [1].

In recent years, ground-penetrating radar (GPR)
has become a leading non-destructive testing and
through-wall imaging technology for the detection,
identification, and imaging of subsurface structures
and buried objects such as pipes, mines, gaps, water
channels, tunnels, roads and concealed bodies [2]. The
central frequency and bandwidth of the GPR signal
are the key factors for the detection performance. The
higher frequencies are needed for better resolution,
nevertheless the lower frequency bands are preferred
to detect something buried too deep due to the dra-
matically increased wave attenuation in the soil with
increasing frequency. Thus, UWB GPR systems are
proposed to benefit from both low and high frequen-
cies. For impulse GPR, the impulse durations can
vary from a few nanoseconds to hundred picoseconds
corresponding to a broad spectrum from 100 MHz to
10 GHz. It can be extended up 15 GHz for stepped-
frequency GPR systems, which use microwave tom-
ography methods for high resolution imaging [3].

The target detection and identification perform-
ance of the GPR depends significantly on the proper
design of the UWB transmitter and receiver (T/R) an-
tennas, which should have high gain, narrow beam, low
side lobe and input reflection levels over the wide oper-
ational frequency band [2]. On this scope, TEM horn
and double-ridged horn antennas (DRHA) are one of
most favorites due to their high gain, narrow beam and
low input reflection characteristics over 20: 1 bandwidth
ratio [3]. The TEM horn antenna consists of a pair of
triangular or circular slice shaped conductors forming
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some V-dipole [4]. The partial dielectric loading (PD)
techniques can be applied to improve the UWB gain
performances [5]. For instance, the PD-TEM horn
was introduced by Turk as an efficient UWB impulse
radiator over 20:1 frequency band [6-7]. Furthermore,
its array combination was designed to obtain extended
UWRB characteristics up to 50:1 [8].

The DRHA operates at very wide frequency band
by using ridges inside the horn that adjust the up-
per and lower cut-off frequencies of the propagating
modes [9]. The antenna gain is sufficiently high and
almost stable over the wide band. Dielectric aperture
loading methods (i.e. hemispherical lenses) can be ap-
plied to improve the gain performance at high frequen-
cies. Nevertheless, such big lenses increase the physi-
cal dimensions and weight of the antenna. Hence, the
partial dielectric lens loading has also been proposed
for DRHA to improve the gain performance and to
eliminate radiation pattern deterioration without sig-
nificant changes on the antenna sizes and weight [10].

This paper starts with a generic survey for UWB
TEM horn antenna types, which are most suitable
design models for multi-sensor adaptive, stepped-
frequency and impulse mode UWB GPR systems.
For example, the partial dielectric loaded TEM
(PDTEM) horn, Vivaldi shaped TEM horn (PDVA)
and array combinations have been introduced by
Turk, as efficient UWB impulse radiators operating
from 150 MHz up to 10 GHz [6-8]. A novel version of
Vivaldi shaped TEM horn design is proposed as feeder
of the parabolic reflector (PR) to obtain hyper-wide
band antenna characteristics from 200 MHz up to 15
GHz. The partially loaded transmission line antenna
method (PLTLM) and the analytical regularization
method (ARM) are used for proper designs of TEM
horn feeder and reflector antennas, respectively. The
antenna models were designed and measured between
0.1—15 GHz. The antenna gain, VSWR and radiation
pattern performances are presented and compared
with standard 1-18 GHz DRHA. It is shown that
PDTEM and PDTEM-PR designs are highly suitable
for multi-band GPR operations, due to advantages of
up to 10 dB enhanced gain performances over 1:100
bandwidth ratio.
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II. PLTLM PROCEDURE FOR TEM HORN
ANALYSIS

TEM horn is a kind of travelling wave antenna.
Hence, its structure can be considered as combination
of micro-strip transmission line segments, which are
characterized by their local geometrical and constitu-
tional structure parameters. The staircase modelling
is used for the analysis. 3D antenna geometry is firstly
divided into N number of elementary cells, which are
chosen locally homogeneous and sufficiently small
in wavelength. Then, the structure is reduced to the
equivalent 1D transmission line with corresponding
characteristic impedance definitions. The input im-
pedance of each line segment and its characteristic
impedance are expressed as [6]:
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where, 3, is propagation constant, /,is segment length,
wyis segment width, d, is segment height, L is the total

arm length, B, :E\/u’,’s'} and ZN*!' is the equiva-
c

lent antenna line output impedance. The input and
local reflection coefficients of the n#k segment line are
given by Egs. (3) and (4):
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Using the Eq. (4), the discrete voltage and cur-
rent distribution functions over the antenna line are
determined as follows:
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Vo, and I, coefficients are calculated iteratively us-
ing the initial values, such as the excitation voltage at
the antenna line feed and the source impedance. The
integral equation techniques are used to compute ra-
diated field. This method is faster than direct numeri-
cal techniques [7].

III. PARTIAL DIELECTRIC LOADED TEM
HORN ANTENNA DESIGNS

TEM horn structure consists of a pair of triangu-
lar or circular slice shaped conductors forming some
V-dipole structure and characterized by L, d, oo and 6
parameters which correspond to the arm length of an-
tenna, feed point gap, conductor plate angle and ele-
vation angle, respectively [4]. The conventional TEM
horn shows band pass filter-like gain behavior due to
the arm length that limits the lower cut-off frequency
of the radiated pulse. Thus, diclectric filling and par-
tial dielectric loading techniques are employed to
broaden the operational band up to twice [5-6].

Some TEM horn, PDTEM horn, PDVA and
PDTEM horn array design configurations are given
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in Table 1 and Fig. 1, with the gain and VSWR meas-
urement results shown in Fig. 2. It is seen that partial
dielectric loading approach used in PDVA-10 can
attain two times broadened gain characteristics than
VA-10 with a VSWR level less than 2. The grating arm
model PDVA structure in Fig. 1c, which is basically
Vivaldi shaped wing version of the PDTEM horn is
a special design proposal for metal detector adaptive
operation of GPR [7].

Table 1
UWB GPR antenna designs
Fig| Model Physical Descriptions
a=20°,0=60°,d=0.15cm,
| TEM-10 L=10cm, ¢,= 1, air-filled
4 'PDTEM- a=20°,0=60°,d=0.15cm,

10 L =10cm, e,.= 3, dielectric loaded
a=20°,0€(0°-160°), d=0.4 cm,

b LA L="10cm, &,= 1, air-filled
o=20°,0¢e(0°-160°), d= 0.4 cm,
PDVA-10 L =10cm, &= 3, dielectric-loaded
a1=20°,01=90°,d1=0.25cm, L;=45cm,
PDTE- aperture: 10 cm x 15 cm; o = 20°,

Ic MA-45 0,=f(1)e (0°-120°), = 0.2 cm, L,=25cm,
Dielectric profile: e,= 3.5, aij=4 cm, a,= 13
cm, bh=3cm,hp=9cm, hs=7cm, r=5.5cm
a=20°0¢€(0°-160°), d=0.5 cm,
L=30cm, g,= 2.1, dielectric-loaded

2 | PDVA-30

dielectric \

\
. N

. resistive
| sheet

gap /

plate
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(©
Fig. 1. TEM horn design illustrations: (a) PDTEM horn
geometry (side view); (b) Vivaldi form TEM horn (side
view); (c) PDTEM horn array (3D view, adapted from [8])
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For vehicle mounted systems, the array combi-
nation of PDVA with TEM horn antenna can be pro-
posed (see Fig. 1c¢) for hyper-wide band GPR opera-
tions to extend bandwidth ratios up to 50:1 (150 MHz
to 10 GHz) [8]. Moreover, partial dielectric loading
method can also yield about 5 dB gain increment for
standard double-ridged horn antenna structures [10].
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Fig. 2. Antenna gain characteristics
of TEM horn designs

The geometrical view of the Vivaldi shaped TEM
horn designed as an UWB feeder for parabolic reflector
is shown in Fig. 3. The near field illumination of this
antenna is calculated by PLTLM (see Section IT) and
then, the ARM procedure described in Section IV is
used for computation of the UWB reflector radiation.

Fig. 3. Designed PDTEM horn feeder
for parabolic reflector

IV. ARM FORMULATION FOR PARABOLIC
REFLECTOR

Scalar diffraction problem of an infinitely long,
smooth, longitudinally homogeneous and perfectly
conducting cylindrical obstacle corresponds to the
Dirichlet boundary condition for E-polarized inci-
dent wave. Considering that XOY plane cross section
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is denoted by the closed contour S, the incident and
scattered scalar wave functions (#/(p) and #*(p)) must
satisfy the Helmholtz equation given in Eq. (6) and
the Dirichlet boundary condition in Eq. (7) [11].

(A+k2)us(p)=0, peR*\S (6)

w'(p)=u'(p)=—u'(p), peS ()
where, S smooth contour of the domain Din 2D space
R? that belongs to the smoothness class C2,o [11].
' (p) and w7 (p) are limiting values of u*(p)in
the inner and the outer sides of .S, respectively. The
solution of the BVP is written in Eq. (8) using Green’s
formula and the boundary condition in Eq. (7).

- | [HO (klq-pDZ(p) [, = (@), q.peS (8)

s(-) s(+)
where, Z(p)= ou(p) ou(p)

on on
unit outward with respect to S normal of the point p.
The unknown function Z(p) is constructed by solv-
ing Eq. (8), and using parameterization of the .S con-
tour specified by the function n(0)=(x(6), »(0)) that
smoothly parameterizes the contour .§ by the points
of 0 [-m,n]. The integral equation representation of
the first kind in Eq. (8) can be equivalently rewritten
by means of the n1(0) parameterization as follows:
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Oe [—n,n] ©)

with the unknown function Zp(t) and the given func-
tion g(0), where,

Z(8)=1(0)Z(n(6)), g(6) =—u' (n());

, pedS;nisthe
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2
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Here K(6,7) function is rather smooth sec-
tion of the Green’s function in comparison with

In| ZSin% | part that represents the main singular-

ity of the Eq. (4). The functions in Eq. (9) are repre-
sented by their Fourier series expansions with ks,m,
zm, gm coefficients. Subsequently, one can obtain an
infinite system of the linear algebraic equations of the
second kind [11]:

2+ Y ksmin=8,, S=£12,. (12)
where,
l;s,m = _ZTSTm |:ks,—m +%85’08m,0 :|,
zAn = Tzlzn’gA = _2ngs
rnzmax(l,lnlm), n=0,x1,%£2,.. (13)

and 9, is the Kronecker delta function. Finally, the
scattered field w’(q) for ge R? are obtained by the
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integral equation representation of the Eq. (9) with
any required accuracy by the truncation method [12].

The ARM procedure is derived for analysis of
scattering from parabolic reflector antenna. The 2-D
cylindrical reflector structure illustrated in Fig. 4
is considered. The cross-section of the reflector is a
parabolic arc of the outer focus b, inner focus a and
thickness c. It is modeled in ARM as a closed contour
L goes from point A4 to point D and back to 4 which
corresponds to 0<[-n,mt]. The total contour L which
consists of four parts is defined as:

L=L,+Lg.+Lcy+Lpy,; Total contour length (14)

L= btan(@j ; Outer contour length (15)

L.p =atan (w] ; Inner contour length (16)

Lge = Rne
pe 1}; Edge contour lengths (17)
LDA = RTEC2
where
b-a

Cl - )
I +cosyy,

b-a
= 18
: I +cosyy, (18)

Wy =—V,, =44° and the edge-rolling coefficient Ris 1.

The parameterization of the contour line is sepa-
rately implemented from A4 to D and back to 4 by
means of the variable /e [A, D] as follows [13]:
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where
l:(6+1c)L/(27c) ; le[O,L]—)(O,t)e[—n,n] (23)

P =W + [(\lfoz Vo )I/LAB] (24)

P2 =WV —[(\Voz “yo ) = Lge)/(Lep = Lye )] (25)

The PDVA model TEM horn feeder is assumed
to be located on the focus of the reflector. The near
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field illumination of the PDVA-30 on the reflector is
defined as the incident wave at ARM algorithm.

V. UWB REFLECTOR DESIGN
AND PERFORMANCES

The geometry of the designed reflector antenna
with PDVA-30 feeder is given in Fig. 4, with the nu-
merical ARM results shown in Fig. 5. This structure
can also be adapted for offset feeding, which is more
suitable in forward-looking GPR applications due to
low tilt angle.
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Fig.4. 2D cross-section geometry of parabolic reflector
antenna with PDTEM horn feeder

The measurement results plotted in Figs. 6-7
show that radiated impulse signal has highly narrow
beam widths and 10 dB improved gain performances
can be achieved over 50:1 bandwidth, from 300 MHz
up to 15 GHz.
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Fig. 5. ARM simulation results of the normalized
radiation patterns
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Fig. 6. Time domain transformations of 15 GHz
impulse radiation gain measurements for different
observation angles
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Fig. 7. Antenna gain measurement results; (Bold) PDVA
fed parabolic reflector, (Solid) 1-18 GHz double ridged
horn antenna, (Dashed) PDVA

VI. CONCLUSION

In this study, different design forms of TEM horn
antennas, which are dielectric loaded, Vivaldi shaped
and array versions, were surveyed for UWB GPR
systems. The partial dielectric loaded Vivaldi shaped
TEM horn (PDVA) combined with parabolic reflec-
tor was introduced to achieve high antenna gain and
narrow beam width characteristics over an ultimate
wide band greater than 50:1. The PLTLM and ARM
algorithms are used to make pre-design of the PDVA-
PR in a fast way.

It is shown that antenna attains highly efficient
UWRB radiation performances, which is suitable for
multi-band forward-looking ground-penetrating ra-
dar operations.
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IIpuMeHeHre YACTHYHO 3aNOJHEHHBIX IUIJIEKTPUKOM
AHTEHH PYNMOPHOTO W ped)IEKTOPHOTO THIIOB JJISi CBEPXIIH-
POKOMOJIOCHBIX MOANOBEPXHOCTHBIX paanoiokaTopos / A.C.
Typk, A.K. Keckun, M.Unapcnan // [pukiiagHast panvo-
3JIEKTPOHUKA: Hay4.-TexH. xXypHaia. — 2013. — Tom 12. —
Ne 1. — C.99—-104.
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CTtatbs MocBsilIeHa pa3padoTKe CBEPXIIMPOKOIOI0C-
HbiX (CLLIT) TEM-aHTeHH pyloOpHOIo TUIA U UX UCTIONb-
30BaHUIO B KauyecTBe OOJyyaTesst sl nmapabonyeckKoro
oTpaxaresisi, KOTOpble MpeaHa3HauYeHbl IJ1s1 YyCTAaHOBJIEH-
HBIX Ha TPAHCTIOPTHBIX CPEICTBAX CMOTPSIIIIAX BHU3 U BITE-
peln UMIMYJbCHBIX TeopajapoB, COOTBETCTBEHHO. C 3TOM
1I€JIbI0 OBLIU UCCIEN0BaHbl, CKOHCTPYMPOBAHBI, TPOMOJIE-
JINPOBAHbI U U3MEPEHBI YACTUYHO 3aMOJHEHHbIE JUJIEK-
TPUKOM aHTCHHBI BUBaibIM M KOHGUTYpallMM MaccuBa
TEM-pynopos. C ucnosib30BaHUEM aHTEHHBI BuBanbau B
dopme TEM-pynopa B kauecTBe 00J1ydaTesi mapadboamnye-
CKOI1 3epKaJIbHON aHTEHHBI MTPeU1araeTcst 10CTUYb rUIep-
IIMPOKOI MOJOChI UMIYJIbCHOTO u3nydeHus ot 300 M
1o 15 I'T'u i1st paGoThl B cOCTaBE MHOTOIMATIA30HHOT'O T'€0-
panapa, 4To MOXeT 00eCreunThb MoydyeHUue n300paxkeHust
Ha [JTyOMHE C BBICOKUM pa3pelieHrueM. YCUIeHue U oTpa-
>KEHUE MO BXOAY COOTBETCTBYIOT pe3y/ibTaTaM U3MEPEHUIA.

Katouegvle crosa: CBepXUIMPOKONONOCHASI aHTEHHA,
TEM-pynop, mapaboJiMuecKuil oTpaxkaTesib, reopanap,
UMITYJIbCHOE U3JTy4YeHUe.

Wan. 07. bubmmorp.: 13 Ha3B.

YK 537.874

3acTocyBaHHS YACTKOBO 3aMOBHEHHMX [lieJIeKTPUKOM
aHTeH PYNOPHOro Ta ped)IeKTOPHOrO TUMIB AJisi HAAUIUPO-
KOCMYroBHX TianoBepxHeBux panionokaropiB / C. Typk,
A.K. Keckin, M.Inapcnan // [lpukianHa paaioenekTpo-
Hika: HayK.-TexH. XypHai. — 2013. — Tom 12. — Ne 1. —
C. 99—104.

CrarTsi mpuUCBsAYeHA PO3poOLll HAAIIUPOKOCMYTO-
BuX TEM-aHTeH pymopHOro TUIy Ta iX BUKOPUCTAHHIO
SIK OIpOMiHIOBaya sl TapabojiiyHOro BimOuBayva, sIKi
MpU3HAYEHi Ul BCTAHOBJEHUX Ha TPAHCIOPTHUX 3a-
cobax Takux, IO AUBIATHCS BHU3 i BEpen iMITYyJIbCHUX
reopamapis, BiIIToBimHO. 3 IIi€I0 METOIO OYJIM TOCIiIKEHI,
CKOHCTPYIOBaHi, MPOMOJIEIIOBaHI Ta BUMipsIHi YaCTKOBO
3aIllOBHEHI MieJIeKTpUKOM aHTeHU BiBaibii Ta KoHpiry-
pauii MmacuBy TEM-pymnopiB. 3 BUKOPUCTaHHSIM aHTEHU
BiBanbai y ¢hopmi TEM-pynopa sk onpoMiHioBaya mapa-
00J1iYHOI J3epKATbHOI AaHTEHU MPOIMOHYETHCS JOCSITH Ti-
MepLIMPOKi CMYTH iMITyJIbCHOTO BUTTpOMiHIOBaHHs Big 300
MTI'u o 15 I'Ti it poGoTH B CKilali 6araTocMyroBUX Ieo-
paiapis, 110 MOXe 3a0€3MeYUTH OTPUMAaHHS 300paKeHHS
Ha IJIMOMHI 3 BUCOKOIO pO3ibHO 3aaTHicTIO. [TocuieH-
HS i Bi3epKaJeHHS 110 BXOJY BiZIlTOBIiAaIOTh pe3yIbTaTam
BUMipIOBaHb.

Karouoei croea: HapmmpokocMyroa aHteHa, TEM-
pynop, mapaboyiyHuii BinOuBay, reopajaap, iMIYJIbCHE
BUITPOMiHIOBaHHSI.
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