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Abstract — Scattering of plane electromagnetic waves
by a dielectric circular cylinder in the vicinity of a
conducting strip is presented. Two methods of solution
are introduced. The first is an exact solution in which the
scattered field from conducting strip is expressed in
terms of Fourier series of radial and angular Mathieu
function of unknown coefficient. Meanwhile the scattered
field from the circular cylinder is expressed in terms of
Fourier series of Bessel functions of unknown coefficient.
The unknown coefficient can be obtained by enforcing
the boundary conditions. The application of the boundary
condition requires the use of the addition theorem of
Mathieu to Bessel functions and vice versa. The second
method is based in an asymptotic technique introduced
by Karp and Russek for solving scattering by wide slit.
The technique assumes the total scattered field from
the strip and the dielectric cylinder as the sum of the
scattered fields from the individual element due to a
plane incident wave plus scattered fields from factious
line sources of unknown intensity located at the center of
every element. The line sources account for the multiple
scattering effect. By enforcing the boundary conditions,
the intensity of the line sources can be calculated.
Numerical examples are calculated using both methods
showing excellent agreement in all cases.

Index Terms — Dielectric cylinder and conducting strip,
multiple-scattering, scattering cross section.

L. INTRODUCTION

The scattering of a plane electromagnetic waves by
a perfectly conducting strip grating was the subject of
many investigations [1] and [2]. Different methods have
been used for solving such a problem, among them is the
self-consistent method [3]. This method is based on the
previous knowledge of the responses of the isolated
objects in the multi-object scattering problem. In an
approximate treatment the self-consistent method was
used by Karp and Russek [4]. The solution is restricted
to the case where the spacing between the objects is
much greater than the maximum dimension of any one
object. This technique has been extended to the case
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of scattering of plane waves by wide double wedges
(Elsherbeni and Hamid [5]). Hansen [6] used the integral
equation approach in order to calculate the diffracted
field of a plane acoustic wave through two or more
parallel slits in a plane screen.

Scattering by dielectric cylinders has also been
widely investigated. Yousif and Kohler [7], presented
Mueller scattering matrix elements and the cross sections
for the scattering of an electromagnetic plane wave from
two infinitely long, parallel, circular dielectric cylinders
at oblique incidence. Dunster [8], studied the case of two
parallel infinite dielectric cylinders, of equal diameter and
dielectric constant, illuminated by a plane electromagnetic
wave. Henin et al. [9], presented a rigorous semi-
analytical solution for scattering from an array of circular
dielectric cylinders due to an obliquely incident plane
wave.

Recently, the scattering by two dielectric coated
elliptic cylinders [10] and by metamaterial coated elliptic
cylinders [11] has been addressed. In addition, pattern
equation method has been developed for solving problems
of scattered electromagnetic waves by dielectric coated
conducting bodies [12] and [13]. Also scattering of
electromagnetic waves by inhomogeneous dielectric
gratings loaded with conducting strips were investigated
by Yamasaki [14].

The TM and TE scattering by a conducting strip
loaded by a circular dielectric cylinder was presented
by Karunaratne et al. [15] and [16]. They restrict their
solution to the case of radial orientation of the strip with
respect to the dielectric cylinder center. They employed
the integral equation formulation along with the moment
method in solving this problem.

Two major objectives are addressed in the present
paper. The first is to show the application of the addition
theorem of Mathieu to Bessel function and vice versa.
The second is to solve a mixed objects problem such as
a dielectric cylinder and perfectly conducting strip as
multiple scattering problem. The restriction in [15] has
been released in our work and the conducting strip can
take any orientation. An exact analytical solution based
on boundary value method along with an approximate
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solution based on the technique in [4] of a plane
electromagnetic wave incident a dielectric circular
cylinder near a conducting strip are considered.

II. FORMULATION OF THE PROBLEM

Figure 1 shows the cross sections of an infinitely
long dielectric circular cylinder near a conducting strip
of infinite length with their axes parallel to the z-axis.
The conducting strip has a width 2d and the dielectric
cylinder has radius a and permittivity €. The center of
the of dielectric circular cylinder is located at the origin
of the global coordinates (p, ¢,z). In addition to the
global coordinate system, a local coordinates (u, v, z) is
defined at the center of the conducting strip which is
located at (o = b, ¢ = 0).
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Fig. 1. Geometry of the problem.

A plane wave, with e/“* time dependence, is incident
with an angle ¢, with respect to the x-axis of the global
coordinate system and polarized in z-direction:

EL = e~Jkopcos(d— o), D
where k, is the wave number of free space. The incident
wave can be expressed in terms elliptic wave function of
the local coordinates at the center of the conducting strip:
Ezinc — m e~ Jkobcosg, z j—n

n=0
I]en(h, 4) Sen(h,nc) Sen(h, cospoy)
N(E)(h)
]on(h (c) Son(h Uc)SOn(h COS¢01)
N (R)

)

where
$o1 = ¢o — B-

Jen(h, ¢.) and jo,(h, {.) are respectively the even and the
odd modified Mathieu functions of the first kind and
order n. Also, Se,(h,7n.) and So,(h,n.) are respectively
the even and the odd angular Mathieu functions of order
n. N9(r) and N (h) are normalized functions. The
arguments of the Mathieu functions are h = k,d, and
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n = cosv, where u and v are elliptical cylindrical
coordinates defined by:
x =d coshucosv, y=d coshusinv. 3)
The incident wave is also expanded in terms of
Bessel functions of the circular cylindrical coordinates:

B =) 2k M(kop) cosn( - 4o)

_ (05 n=0

| xn—{l_n>o. 4)

The scattered field from the conducting strips can be
expressed in terms of local coordinates as:

BF =BTy A He (5D Sealhnd). (5)
n=0
While, the scattered field inside the dielectric circular
cylinder is given by:
EZSCi = Z B, ]n(kp) cos Tl(¢ - ¢o); (6)
n=0

and the scattered field outside the dielectric cylinder is
given by:

B0 =) Gl (op) cosn(@ = go). ()
n=
The total field outside the dielectric cylinder is:
ECOL’ ElTLC +ESS +EZSCO, (8)

This total field must satisfy the boundary conditions:
EL°t = 0, on the surface of the conducting strip, (9)
Efot = 3¢ on the surface of dielectric cylinder, (10)
HY" = H3, on the surface of dielectric cylinder. (11)
To apply these boundary condition E, and E, must
be expressed in terms of circular cylindrical coordinate
system (p, ¢, z) when applying the boundary conditions
on the cylinder surface, while they must be expressed in
terms of elliptical coordinates when applying boundary
conditions on the strip surface. This is done using the
addition theorem of Mathieu function, from elliptical to

circular cylindrical coordinates is:

He$Y (1, ) Se, (h,1)

T ®
= \g DD k()
Dep(a) Js(kop) Rsm, (12)
Rym = [Hs(f)m(kob) cos(s¢p —mp) +
(=1)™ HSD, (kob) cos(sgp +mp)],
and from circular cylindrical to elliptical coordinates is:
H eop) cosn(@ = 90) = ) WonJer (1,82 SexChin)

+Z°° Xew Jor(h,50) Soc(hme) (13)
V2m

N (ay)
Nys = Hi‘ls(kb) cos(sp + n¢>o) + (—~1)°H (kb)cos(sB — ney),

N(o) ” )Z (D Dof(ay)

{H(”s(kb) sin(sB — ngo) + (=1 HS, (kb) sin(sB + ney)}.
Employing equation (13) into (7) and applying
boundary condition (9), at ¢. = 1, then multiplying both
sides of the resulting equation by Se,, (h,n.) and integrate

Wen = (])(g $) De[(al) Nps

X tn =

793
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over v from 0 to 27, we obtain:

]en (h 1) -n —]kbcasqﬁuo
A e 1)< NO ()
€n 4 n

1 [ee}
Sen(h, cospgq) +EZPZOCZ,WM,>. (14)

Employing (12) into (5), and applying Boundary
condition (10), then multiplying both sides of the resulting
equation by cosmg and integrating over ¢ from 0 to 2,
we obtain:
2j7™ Im(koa) cos(me,) + 21/ (koa)

DoAY (P My + Gt HY ()
n= p=

cos(me,) = Ym By cos(md,) Jim(ka),

(2 m=0
=] 3o 09

My = [HS2 (ko) + (—1)P HE, (kob) | cosop).
To apply the boundary condition Hi** = H3" on the
surface of the dielectric cylinder, one must obtain H‘”C

HS, and H3, using, Hy = i‘;’s ‘Ziz.
Applying boundary condition (11), we obtain:

2j7™ Jm(koa) cos(me,) + 21 Jy, (ko)

Y a4y (e
n=0 p=0

+Cm Xm H,(f)l(koa) cos(ma,)
= \/g_r By, cos(my) xm Jm(ka). (16)
From equations (14), (15) and (16), one can get:
[Z][c] = [c], 17)

P 00 g A UE
%0 = \Z TH (e, @) Lan = HeP(h,1)

> O DM, (19)
s=0

ii = Xi COS(L'¢0)
+\/§ ]]i(grr a) © ]en (h: 1)
2 JHy(gy,a) £un =0 He P (h, 1)
(s-n)
Woiy (O Def WMy, (19)
JIm(er, a)

Im = 2j7™ cos(md,)

JHp (&, @)
_ppdmien @) ]]m(gr: a) ® Jen (h,1) e ~Jkbcos, j_"
]Hm(srr a) n=0 He(l)(h 1) N(e)(h)
Senth,cospon) ). (N DL (WM, (20)

Jm(&r,a) = Jin(ka) ]r’n(koa) - \/s_rlm(koa) Jm(ka), (21)
JHy (7, @) = V& Hy2 (@) J1n (k@) = Hyy' (k@) S (K@), (22)
The scattered electric field in the outer region can

be obtain from (7), by employing asymptotic Hankel
(2m+1)

e}(kop G

function expression HV (k,p) = + 00 as:

J_
grotse — \Fm eIt/ P(¢) = c(kop)P($),  (23)

P@) = 2me <o N 4 ()" S (hycos( — )

+\/§ Zn =0Cn(—j)" cosn(p — ¢,), 24)
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III. APROXIMATE SOLUTION

The approximate solution follows the technique that
was established by Karp and Russek [4]. To apply this
technique one needs to obtain the far scattered field from
conducting strip and the dielectric cylinder due to both
plane wave and line source excitations. Although this
solution is approximate, it produces accurate results and
it is much easier to compute compared to the exact
solution. This is because it doesn’t have matrix equation
to form and solve like the exact solution.

A. Plane wave excitation of the conducting strip

Consider the plane wave of equation (2), is incident
on the conducting strip. The scattered field from the
conducting strip is expressed in equation (5).

Applying the boundary conditions on the conducting
strip surface and multiplying both sides of the resulting
equation by Se, (h,7n.) and integrating over v, from 0 to
27, one obtains:

i—m —]k b cos¢, ]em(h 1) Sem(h COS¢01) (25)
Hel (h, NS (h)

Once the coefficients are calculated the scattered

electric field in the outer region is given by Equation (7).
€) L i )m
Since He,,,”(h,{) = J_z

it can be represented in terms of circular cylindrical
coordinates (h{ = k,p.). In this case the total scattered
field is given by:

EZ(S) = C(kgé)oc) f;(hﬂ b, ¢, ¢0) ’ (26)

Filh,b, b, 0) = 21 ) (=)™ AnSen(h,cospo).  (27)
n=0

Ap =—j

) and for large h{

B. Line source excitation of the conducting strip

Consider a line source of unit intensity placed at
(x0,¥o) With respect to the coordinates at the center of
the conducting strip, then the z-component of the electric
field due to such a line source can be expressed as:

e Sewm(h o) ¢
E = [Zm 0 N(e)( ) m(hrn)
{Jem(h, 3o) HelP(h, Q) . S0,(h,1o) Sou(h)
Jem(h,OHeLP(h,¢)  NO(h)
{/om(h. () HoD(h,9)  u>uo
,(28)
Jom(h,O) HolP(h,¢)  u <ug

1/2
1(s3 1(sé 2 X2 V2

o = d2+1 7 d2+1 — , (29

x [y
=gy o= tant 2, (30)
so = ((x0)? + (x0)?)/2. (31)
The scattered field from the strip can be written as:
ES = 42 D, HeP(h, Q) Sen(h,1). (32)

n=0

Matching the boundary condition corresponding to



E, and multiply both sides of the resulting equation by
Se,, (h,m) and integrating over v, from 0 to 2m, we get:

He " (h,45) Jen(h, 1) Seq(h,no) 33)
HeP(h,1) NO(h)
Once the coefficients are calculated the scattered
electric field in the outer region is:

EZ(Z) = C(kopc) gs(ht ¢cr ZOt 7]0)' (34)

D, = —

where
gs(hr ¢cr {Or T)O) = \/% Z _Oj_n Dn Sen(h' COS¢C)' (35)

C. Plane wave excitation of the dielectric cylinder
The plane wave of equation (1) is considered incident
on the dielectric cylinder, which can be expanded as in
equation (4). The scattered field inside the dielectric
circular cylinder is given by equation (6) while the
scattered field outside the dielectric cylinder is given by
equation (7). The total field outside the dielectric cylinder
is:
Efot = E"¢ + E5°°. (36)
This total field must satisfy the boundary conditions:
E°t = B and HY* = H3', on the surface of the
dielectric cylinder. Applying these boundary condition:
J T leo@) + X Cn HiV (k@) = XmBy Jn(ka), (37)
J7Y (k6@ + Xom Co HiY (@) = 2By /27 J'n(ka). (38)
Solving (37) and (38), we obtain:

(V& Jnlko@) I (ka) )" (ko) (k)

Ton (k) B (k0) = & 11, (k) H (ko)
39
Once the coefficients are calculated the scattered
electric field in the outer region is:

EZ(S) = c(kop) fe(a, &, b, b)), (40)
fela, &, b, o) = \/g Z _0(—]‘)"6" cosn(¢ = ¢o). (41)

C, =

D. Line source excitation of the dielectric cylinder

Consider a line source of unit intensity placed at
(po, o) With respect to the coordinates at the center of
the conducting strip, the z-component of the electric field
due to such a line source can be expressed as:

inc
E;

Zw_OZKn Hél)(kopo)]n(kop)cosn(d) — o) ,p < Po

(D, 2en e Ceop) In(kopo)cosn(e = #0) . > po

(42)
The scattered field inside the dielectric circular
cylinder is given equation (6), while the scattered field

outside the dielectric cylinder is given by:
B3 =) B HP(kop) cosn@—g,).  (43)

n=0

Applying boundary conditions (37), and (38), gives:
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(Ver Jnlleo®) )" (k@) =)', (e (k) )
o (1n0e@) B (o) = VE T (Kka) D ()

HP (kopy).  (44)
Once the coefficients are calculated the scattered
electric field in the outer region is:

EZ(S) = c(kop) gc(a, &, @, pos Do), (45)
9@, &, P, Por Po) = \Ez =0(—j)n E, cosn(¢p — ¢,).
(46)

Now consider the problem of the dielectric cylinder
and the conducting strip shown in Fig. 1. Assuming a
fictitious line source C, at the center of the conducting
strip, the far scattered field from the dielectric cylinder is:
ES¢ = c(kop) [fc(a, &, ¢, o) + Cagc(a, &, ¢, b, 0)]. (47)
The partial scattered field from the conducting strip
can be determined in two ways. The first at ¢ = 0, the
value of ES¢[c(k,p)]™! can be considered as the
intensity of a line source times the response (43), i.e.,
ES¢ = C(kop) [fc(a: Er '¢i ¢o) +
ngc (a' Ery ¢' b' 0)] Is (h' ¢c' (0' 770)- (47)
Second, this partial scattered field is given by:
EPSS = c(kope) C1 gs(h, e, Go,M0)- (48)
From (43) and (44):

G = fe(a, & ,0,¢,) + C29.(a, & ,0,b,0). (49)
Similarly, the far scattered field from the conducting
strip due to the fictitious line source C; and incident
plane wave is given by:

E = c(kopc) [fs(ar b, e, Po1)
+Clgs (h: ¢C' (Oc' 770c)- (50)
The partial scattered field from the dielectric cylinder

can be determined in two ways. The first at ¢, = © — 8,
the value of EsS[c(k,p.)]~! can be considered as the
intensity of a line source times the response (46), i.e.,
EPS¢ = c(kop) [fs(h, b, (m — B), o1) +
Clgs(hr (T[ - .8) , (06! T]OC)] gc(ar Er) (l), Po, ¢0) (51)
Second, this partial scattered field is given by:

EPS¢ = c(kop) Co gc(a, &r, @, Po, do)- (52)
From (70) and (71), one can obtain:
C; = fs((h, b, (m — B), ¢o1))
+C1 gc(h, (m = B) , {ocsMoc)- (53)
From (49) into (53):
o _ fe(@e 0.00) + T, (b, (x=B) )9 (35, 0.0.0)
' 1_gs(hv(Tc_B)'C)Oc'nOc)gc(algﬂolblO)
Once ¢, and ¢, are obtained, one can determine the
z-component of the total scattered field from the present
system as:

E; = c(kop)P(¢), (54)
P(p) = fc(_a: & @, P0) + C29c(a, &, ¢, b,0)
+e—]k0b cos¢ [f;‘(h' b' (d) - ﬁ)' ¢01)
+C195(h, (@ — B), ocs Moc )] (55)
The plane wave scattering properties of a two-

dimensional body of infinite length are conveniently
described in terms of the echo width, i.e.,
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w(p) = IP($)I%. (56)

IV. RESULTS AND DISCUSSION

In order to check our computational accuracy our
results for both exact and approximate solution are
compared with the published data b Karunaratne et al.
[15]. Inthisexample,a = 0.51,d = 0.25 4, b = 0.75 2,
B =0°¢.=4.0 and ¢, = 90°. Results shown in Fig.
2 corresponding to this case are in excellent agreement
compared with those of the same case published in [15].

a=05k b=0T5A
d=025A g =40
._--. ﬁ=DD ¢U: 900
Exact
---------- Approx

180

270

Fig. 2. Normalized far field pattern of a plane wave
scattered by dielectric cylinder touching a conducting
strip.

The results presented next are for some cases of
different directions of the incident wave and different
orientation of the conducting strip. Both methods
presented earlier are used in our calculations of the
normalized far field pattern for each case. In general
excellent agreement for both methods is noticed. The
first case is of a plane wave normally incident on a
dielectric cylinder and conducting strip with § = 0°. As
can be seen from Fig. 3 the forward and backscattering
echo widths are similar. Results of both methods agrees
very well here at all angles. As the conducting strip
orientation changes to B = 20° keeping the same
direction of the incident wave at ¢p, = 90, the scattering
field in the forward direction is changed as shown in Fig.
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4. All other parameters in first and second case are kept
the same as illustrated in Figs. 3 and 4.

The scattering field was calculated again for different
conducting strip orientation in order to show the effect
of the orientation on the forward and backscattering
fields. Figure 5 illustrates three cases of the echo width
scattering pattern at g = 0°, § =45° and B =90°,
respectively. As one can see from Fig. 5, the forward
scattered field is forming more lobes as f increases while
the backscattered field is decreasing. That shows there is
a substantial change in the forward and backscattering
fields with the change of the conducting strip orientation.

1T

A

05A b=2
05N g=7

0
0
o

wm o
nonn

00 ¢,= 90

Exact
----- Approx.

0 90 180 270 360
[4v]e]

Fig. 3. Normalized far field pattern of a plane wave
scattered by dielectric cylinder near a horizontal
conducting strip.

7 T a=05Ak b=20A
d=05A £=7.
Pt =9

0
B=200 ¢, = 90°

— ot
..... Approx.

0 0 180 270 360
¢

Fig. 4. Normalized far field pattern of a plane wave
scattered by dielectric cylinder near a tilted conducting
strip.
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The direction of the incident wave is changes in
the following two cases. Firstly, we are taking ¢, = 0°,
and considering B = 90° in which the conducting strip
is facing the incident plane wave followed by the dielectric
cylinder. As shown in Fig. 6, the pattern shows a
maximum forward scattered field while the backscattered
field is minimal.

T a=05Ak b=20A
d=05A £=7.0
12 — ¢, = 90"
. —E:Uo
8084 - .- p=ss0
= “==e= f=900
0.4 —

0 90 180 270 360
GO

Fig. 5. Normalized far field pattern of a plane wave
scattered by dielectric cylinder near a tilted conducting
strip at different tilt angles.

—H

0 90 180 270 360
[13]0]

Fig. 6. Normalized far field pattern of a plane wave
scattered by dielectric cylinder near a vertical conducting
strip.

Secondly we are taking ¢», = 180, and considering
B =90° in which the dielectric cylinder is facing the
incident plane wave followed by conducting strip. As
shown in Fig. 7, the pattern shows a maximum forward
scattering echo width while the backscattering echo width
is relatively higher than the previous case.

V. CONCLUSION

Scattering of an electromagnetic wave by a dielectric
cylinder in the vicinity of a conducing strips is achieved.
The far field pattern of this system is illustrated for
different cases of strip orientation and different directions
of the incident plane wave. It is found that back scattering
echo width can be minimized by placing the conducting
strip facing the incident plane wave followed by the
dielectric cylinder.
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Fig. 7. Normalized far field pattern of a plane wave
scattered by dielectric cylinder near a vertical conducting
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REFERENCES

[1] R.I. Primich, “Some electromagnetic transmission
and reflection properties of a strip grating,” I. R. E.
Trans. on Antennas and Propagation, vol. 5, pp.
176-182, 1957.

[21 M. D. Arnold, “An efficient solution for scattering
by perfectly conducting strip grating,” Journal of
Electromagnetic Waves and Applications, vol. 20,



798

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

no. 7, pp. 891-900, 2006.

J. W. Young and J. C. Bertrand, “Multiple
scattering by two cylinders,” Journal of Acoustic
Society of America, vol. 58, pp. 1190-1195, 1975.
S. N. Karp and A. Russek, “Diffraction of waves
by a wide slit,” Journal of Applied Phys., vol. 27,
pp. 353-361, 1956.

A. Elsherbeni and M. Hamid, “Diffraction by a
wide double wedge,” IEEE Trans. on Antennas and
Propag., vol. 32, pp. 1262-1264, 1984.

E. B. Hansen, “The diffraction of a plane wave
through two or more slits in a plane screen,” Applied
Science Research, vol. B8, pp. 73-83, 1959.

H. A. Yousif and S. Kohler, “Scattering by two
penetrable cylinders at oblique incidence. I. The
analytical solution,” J. Opt. Soc. Am., vol. 5, no. 7,
July 1988.

M. Dunster, “Electromagnetic wave scattering by
two parallel infinite dielectric cylinders,” Studies in
Applied Mathematics, vol. 131, pp. 302-316, 2013.
B. H. Henin, A. Z. Elsherbeni, and M. Al Sharkawy,
“Oblique incidence plane wave scattering from an
array of circular dielectric cylinders,” Progress In
Electromagnetics Research, PIER, 68, pp. 261-279,
2007.

H. Ragheb and E. Hassan, “Multiple scattering of
plane electromagnetic waves by two dielectric
coated conducting strips,” 2005 IEEE/ACES Inter-
national Conference on Wireless Comm. and Applied
Computational Electromagnetics, Honolulu, Hawaii,
USA, Apr. 3-7, 2005.

B. N. Khatir and A. Sebak, “Transverse electric
wave scattering by parallel metamaterial coated
elliptic cylinders,” EMTS 2007 - International URSI
Commission B - Electromagnetic Theory Symposium,
Ottawa, Canada, July 26-28, 2007.

A. G. Kyurkchan, D. B. Demin, and N. 1. Orlova,
“Solution based on the pattern equation method
for scattering of electromagnetic waves by objects
coated with dielectric materials,” Journal of Quant-
itative Spectroscopy and Radiative Transfer, vol.
106, pp. 192-202, 2007.

A. G. Kyurkchan and E. A. Skorodumova, “Solving
of problems of electromagnetic waves scattering

ACES JOURNAL, Vol. 34, No. 5, May 2019

by complex-shaped dielectric bodies via the pattern
equations method,” Journal of Quantitative Spectro-
scopy and Radiative Transfer, vol. 110, pp. 1335-
1344, 2009.
[14] T.Yamasaki, “Scattering of electromagnetic waves
by inhomogeneous dielectric gratings loaded with
conducting strips-matrix formulation of point
matching method,” 2016 international Conference
on Mathematical Methods in Electromagnetic
Theory, 2016.
M. G. Karunaratne, K. A. Michalski, and C. M.
Butler, “TM scattering from a conducting strip
loaded by a dielectric cylinder”, IEE Proceedings,
vol. 132, pt. H, no. 2, pp. 115-122, Apr. 1985.
M. G. Karunaratne, K. A. Michalski, and C. M.
Butler, “TE scattering from a conducting strip
loaded by a dielectric cylinder,” IEE Proceedings,
vol. 132, pt. H, no. 6, pp. 375-383, Oct. 1985.

(18]

[16]

Hassan Ragheb was born in Port-
Said, Egypt, in 1953. He received the
B.Sc. degree in Electrical Engin-

e el
., eering from Cairo University, Egypt,
A in 1977 and the M.Sc. and Ph.D.
N degrees in Electrical Engineering
Y from the University of Manitoba,

Winnipeg, Canada, in 1984 and
1987, respectively. From 1987 to 1989, he was a
Research Assistant in the Department of Electrical
Engineering, University of Manitoba. From 1989 to 2016
he was with the Department of Electrical Engineering at
the King Fahd University of Petroleum and Minerals,
Saudi Arabia, where he was a Professor of Electrical
Engineering. In January 2018 he joined the Electrical
Engineering Department at the British University in
Egypt where he is currently a Professor of Electrical
Engineering. His research interests include electro-
magnetic scattering by multiple and coated objects,
microstrip antennas, phased arrays, slot and open ended
waveguide antennas.



	ACES May 2019 all with numbers.pdf
	09_ACES_Journal_20170526_SL_AZE header.pdf
	I. INTRODUCTION
	II. SIX-PORT NETWORK DESIGN
	The layout of the power divider with equal power division and 0  phase difference (in-phase) between its output ports that used in the construction of the six-port network and its fabricated prototype are depicted in the respective Figs. 3 and 4. The ...

	III. THE FABRICATED SIX-PORT NETWORK AND ITS PERFORMANCE
	IV. CONCLUSION
	ACKNOWLEDGMENT
	REFERENCES





