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ABSTRACT

The scattering solutions for multiple rectangular metallic gratings in a perfectly conducting plane excited by the TE and TM delta
sources are presented using an overlapping T-block method. A reflectarray composed of rectangular metallic gratings shows fan-
beam radiation patterns that are useful for an electromagnetic fence. The scattering characteristics of multiple rectangular gratings
were computed in terms of total radiated power and antenna directivity. The design method of a fan-beam reflectarray to obtain high

directivity was also compared with superdirective radiation and parabolic reflector phase.
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1. INTRODUCTION

An electromagnetic fence [1]-[5] is a virtual fence operated
by an electromagnetic wave that is unrecognizable with human
eyes. Since the electromagnetic fence is physically non-existent,
conceptual, and software-driven, human beings or animals can
physically trespass over the fence. However, the software can
perceive the trespassing and an alarm of intrusion may be
transmitted to a central control unit with wireless network [6],
[7]. This means that we can detect the locations of intruders
very easily with divided and named electromagnetic fences. In
order to increase the resolution of intrusion position, we need to
increase operating frequency which results in smaller
wavelength. Recently, a millimeter-wave electromagnetic fence
has been investigated in [5], [8]. The millimeter-wave
technology has been extensively studied to build up broadband
multimedia wireless communication systems [9]. In [8], the
millimeter-wave was used to detect foreign object debris on
runways.

Rx antenna

Tx antenna
Fig. 1. Concept of electromagnetic fence

Fig. 1 shows a conceptual diagram of an electromagnetic
fence in terms of bistatic operation. A transmitting (TX)
antenna in Fig. 1 radiates an electromagnetic wave to a
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receiving (Rx) antenna. When obstacles are present in the line
of sight (LOS) of an electromagnetic wave, they generate a
scattered signal to an Rx antenna. At the Rx part, we can
analyze received signals to determine the existence of obstacles
and identify the signal signature of them. As is well known, the
millimeter-wave has strong LOS characteristics [9] and the
millimeter-wave frequency band facilitates precise operation of
the electromagnetic fence. Among the components of a
millimeter-wave communication system, it is not easy to
increase output power of a high power amplifier (HPA). The
cost of high performance HPA increases very rapidly with
respect to output power. Therefore, we need to have very high
gain antenna to satisfy the link budge of an electromagnetic
fence system.

Fig. 2. Example of a two-dimensional metal-only reflectarray
[13]

A reflectarray [10]-[13] was proposed in 1963 to obtain
versatile beamforming characteristics. Since a reflectarray can
be manufactured with metal only [13], a metal-only reflectarray
shown in Fig. 2 is a promising candidate for millimeter-wave
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applications. A metal-only reflectarray has easy fabrication,
high antenna gain, high efficiency, and wide bandwidth. The
concept of a metal-only antenna is widely used in [14], [15]. A
novel approach based on superposition of overlapping
rectangular metallic gratings was proposed to obtain scattering
solutions of multiple gratings and design a fan-beam
reflectarray [13]. The metal-only reflectarray illustrated in Fig.
2 is made of a feed and parallel-plate arrays. The reflectarray in
Fig. 2 may be approximately modelled with multiple
rectangular gratings [13].

In this work, we propose scattering solutions of multiple
rectangular metallic gratings in a perfectly conducting plane
excited by the TE and TM delta sources to maximize the
antenna gain of a two-dimensional (2D) metal-only antenna. In
order to analyze the overall characteristics of the metal-only
antenna, we use the same method presented in [13]. Using an
overlapping T-block method [13], we will deduce the
simultaneous equations for the TE- and TM-modes. Solving
these equations yields the radiation patterns and antenna
directivity of a 2D metal-only antenna with a delta source.

2. SIMULATION ALGORITHM
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Fig. 3. Geometry of multiple rectangular metallic gratings
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Consider the multiple rectangular gratings in a perfectly

conducting plane shown in Fig. 3 illuminated by the TE ( EZ)
and TM (H ,) delta sources. In terms of the Hankel function,

the incident and reflected H, and E, fields within a
source block are represented as, respectively,

Sy(x,y)= %{Hél) [kZny (%o yo)]
+ H(gl) [kZny (XO'_yO)]}
S, (x,y) = %{Hén R, (%6, o)
- Hél) [kZ ny (Xm_yo)]}'

Ry (X,¥) = (x=X) +(y-y)?

K, = @y 11,6, , and H{V(-) is the zeroth order Hankel

where

function of the first kind.

Based on a standard mode-matching procedure, the HZ

and EZ fields within a T-block (—d < y<0) can be
formulated as

H,(X,y)= qu cosa,, (x+a)cosé&, (y+d)
-0 @)

E,(x,y)=Y p,sina,(x+a)sin&, (y+d) @
m=1
where (|, and P, are unknown modal coefficients for the

TM- and TE-modes with respect to discontinuity at Yy = 0,
and 2a are depth and width of a
=ms(2a),

respectively, d

rectangular groove in Fig. 3, respectively, &
— 2 2 —
o=k —a), and K = o,/ ue .

2.1 TM-Mode Analysis

m

For the TM-mode analysis, the H, and E, fields
continuities at Y =0 should be enforced. In terms of the
overlapping T-block method in [13], the EX field continuity

at Y =0 is automatically satisfied due to virtual current
cancellation based on the Green's function relation. Multiplying

the H, field continuity a y=0 by
Cosal(p)(X_T(p)+a(p)) ( I :0,1’“. and
p=-N,-N+1,---,N—-1,N ) and integrating over

T(p) _a(p) <X <-|-(p) +a(p)
solutions for the TM-mode as

yields the scattering

N 0
S 3PP TE -TOa) =50 @

n=—Nm=0

()

m

M th unknown TM modal coefficient of the N th T-block

where the total number of grooves is 2N +1, (" is the

T™(x',y") inFig. 3, () is a geometric parameter for
the P thT-block, a'® =l (2a”),

1M (x,;a2™) = cos(eMd M)aMa, 5™
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(p) (p) (p)
-cosa ™ (x—T™ +a'™) dx 3. NUMERICAL COMPUTATIONS
(1+2vi)¢
(X )= _.[o (egz Py )(égz _ CZ) To verify our approach, we check the H, and H, field
|
aza(® c=a(P) ® continuities at Y =0 for the TM and TE delta source
fml (XO’ &) dv | /l—v (v-i)2 excitations, respectively. As the truncated number of modes in

e~ S region (1) in (5) and (10) increases, the H, and H, fields
fol (Xg:€) = (-1)"e" 0 4 (1) e

i i C)] between regions (1) (Y < 0) and (1) (Y > 0 become more
(1) gitael _ gishoracd

continuous, thus confirming that our solutions in (5) and (10)

are well-behaved.
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_ [,2 2 _
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Ol = OOy, and O is the Kronecker delta.
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\ — d=d

r
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2.2 TE-Mode Analysis

Similar to the TM-mode analysis, we utilize the overlapping
T-block approach to obtain the scattering analysis of the TE-

mode. By multiplying the H, continuity at Y =0 with

Mormalized total radiated power [dB]

-5

sina®(x-T®+a®)  ( 1=12,-- and ;

P=-N,—N+1,---,N-1,N ) and integrating with 10’ 01 02 03 0a 05
respectto X , we get Normalized height of a delta source, y, /4,

(a) Total radiated power
9
Z zp(n) (n)(T(p) -T™: a(p)) = S(p) (10) _ B
d=d -0.054, T
n=-Nm=1 sl —d=d, -~
_____ d=d +0.054 ,

where pr(nn) is the M th unknown TE modal coefficient for 7 ’

the N th T-block, ~—<{

<
{

1
I[(;n)(xo; a(p)) - lul(n) 5{1(1”) COS(frg”)d (n))a(n)é-r:p

Directivity for trlg TM-mode [dB]

4.
1 .
——sin(cMd ™) 1)
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Normalized height of a delta source, y /4
(g sm 4 1 & ] oo
[”7 a 5 +1 (XO) (b) Antenna directivity
® — |k2y IT(p)+a(p) H (€N [k Rxo(XOv yo)] . Flg 4, Behavrllors of-t-otal r:drllat-er(:vlp(;v:er and antenna N
irectivity versus the position of the elta source wit
o Ralov) 6 N1 M- 0.025%,, T=0 .
. =1, =4, a=0U. , 1 =014,
sin al‘p)(x—T(p) +a®)ydx 0 Y,
. % =0, e” =g, =¢,,and ©” =
I (x,) = — Kol [ (1+2vi)y? 2= Fo MG AT L = My
m\~0/) =
0 5(5 _am)(é: —C ) (13) The geometric dimensions of multiple rectangular gratings in
fH (X 5) q |a:a(n)’0:a(p) Fig. 3 are chosen to show superdirective radiation proposed in
mi 3707 =k 1v2 (v-i)2 [16]. In this computation, we assume that @ =a ,
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T™ =nT . the total number of grooves 2N +1=3, the
number of modes M =4 for simplicity. For the TM plane-
wave incidence, the cavity resonance formed by a rectangular
groove or the IT-mode [16] is found with the variation of d,

when a=0.0254,, and T =0.14, . Note that A,

denotes a free-space wavelength. This procedure to find d
has been verified in [16]. The determined value for d is
d, =0.2199274, . However, the plane-wave incidence

[16] is not realistic in practical applications. In order to find the
feasibility of superdirective radiation, we need to use a delta
source excitation.

Fig. 4 shows the behaviors of total radiated power and
antenna directivity versus the position of the TM delta source

Y, - The scattered fields from multiple rectangular grooves are
i
normalized with 2 HO[k, R,(0,0)]. when d=d,

and Y, goes to zero, the total radiated power for the TM

delta source in Fig. 4(a) becomes very large. These
characteristics indicate that superdirective radiation for a plane-
wave incidence results in large radiation power for a delta

source excitation. In addition, when d deviates from d,,

the total radiated power becomes smaller. However, in Fig.
4(b), we compute the antenna directivity of multiple
rectangular grooves with superdirective radiation. In this case,
the directivity is less than 9 [dB], thus confirming that the
concept proposed in [16] is not applied to the delta source
excitation.

For the TE plane-wave incidence, the cavity resonance or the
IT -mode is not observed in our numerical computations and
total radiated power and directivity for the TE delta source are

kept in normal value. This is because the groove width 2@ is
very small compared to the wavelength and thus the PEC with
multiple corrugated grooves almost acts as a plain PEC plane.

Table 1. Calculated d ™ [mm] for the TM delta source

n d (n) n d (n) n d (n)
0 0.007 10 1.394 20 0.559
1 2.494 11 1.161 21 0.103
2 2.461 12 0.905 22 2.124
3 2.405 13 0.627 23 1.624
4 2.327 14 0.327 24 1.102
5 2.227 15 0.005 25 0.557
6 2.105 16 2.159 26 2.489
7 1.961 17 1.792 27 1.900
8 1.794 18 1.403 28 1.289
9 1.605 19 0.992 29 0.656

In order to design a high directivity antenna, we use the
variation of d as [13]

™V | 2
d®=d,|1- 21 -, (14)
TO /10
where TM =nT ,

T,=16d, - RAxTW+TM 4+ atMW 1™
RA (= f,/T,) is arelative aperture of multiple rectangular
gratings, f, is a focus, O, is the maximum depth of

grooves, and ﬂg is a guided wavelength within a rectangular

groove. Note that (14) is obtained based on the phase of a
parabolic reflector [13].

16 ﬂ
f =55 [GHz]
12 T — 1 =60 [GHz]
————— 1 =65[GHz]
8

Directivity for the TM delta source [dB]

Observation angle, O [Degree]
Fig. 5. Calculations of the TM-mode directivity versus an
observationangle & with N =29, M =3,

a=05[mm], T=2[mm], x,=0,

Yo =80[mm], & =&, =&y 14" = 1, = g1,
RA =075 d, =10[mm], T, =120[mm], and

d™ defined in Table 1

Fig. 5 illustrates the behaviors of antenna directivity versus
an observation angle @ for the TM delta source excitation,

where @ =tan'(Xly) . For f =60 [GHz], the

parameter d (m is calculated with (14) and shown in Table 1.

When d ™ > 2,12, d™ can be less than A412 by

using the periodicity of a reflection coefficient. The Y,

position of a delta source is determined with

Yo = fo —dy4,/4, . InFig. 5, the reflected main-beam for

the TM delta source isat @ = 0° and the directivities for 55,
60, 65 [GHz] are 13.7, 15.6, 13 [dB], respectively. This
indicates that our design formula (14) works very well for a
high directivity antenna.
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Directivity for the TE delta source [dB]

Observation angle, O [Degree]
Fig. 6. Calculations of the TE-mode directivity versus an
observationangle @ with N =19, M =3,

a=2[mm], T=45[mm], x,=0,
y, =115.793[mm], £ =¢, = &,,
n) —

H
T, =180[mm],and d™ defined in Table 2

=u, = 1y, RA =075 d, =15[mm],

Table 2. Calculated d (m [mm] for the TE delta source

n d(n) n d(n) n d(n) n d(n)
0 0.013 |5 2.012 |10 | 1.609 | 15 | 2.005
1]3164 |6 1484 | 11 0.601 16 0.517
213020 |7 0.859 12 2.696 17 2.131
312780 |8 0.139 | 13 | 1.495 | 18 | 0.450
412444 |9 2.522 14 0.199 19 1.873

Similar to Fig. 5, Fig. 6 illustrates the behaviors of the TE-
mode directivity. The simulation was performed based on
Table 2. The calculated directivities for 55, 60, 65 [GHz] are
obtained as 14, 15, 10.5 [dB], respectively.

4. CONCLUSION

The TE and TM scattering equations to obtain high antenna
directivity were proposed for multiple rectangular metallic
gratings in a perfectly conducting plane excited by delta
sources. Utilizing a standard mode-matching technique
combined with an overlapping T-block method, we obtained
the simultaneous equations for the TE- and TM-modes. To
obtain high directivity, we changed the depth of grooves in
terms of superdirective radiation and parabolic reflector phase.
Our computations showed that superdirective radiation is not
suitable for the delta source. However, the depth variation
based on parabolic reflector phase produced very high
directivity with fan-beam radiation.

Using the design algorithm for a delta source and the phase
center information of a feed, we can design very high
directivity fan-beam reflectarray with an arbitrary feed.

fence

In the future work, we will fabricate a metal-only fan-beam
reflectarray for an electromagnetic fence. To accomplish this,
we will need to design a two-dimensional feed which radiates
the two-dimensional TE- or TM-modes.
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