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Wideband and wide-angle flat Radomes
using dielectric and ferrite layers

mohammad khalaj-amirhosseini and sayed mohammad javad razavi

A new structure is proposed in this article, to operate as wideband and wide-angle flat Radome. In this structure several dielec-
tric and ferrite layers are placed successively, one next to the other, to behave as a matched layer. First, the relationship
between the permittivity and permeability of a required fictitious mixed material is obtained. Then the required permittivity
and permeability of dielectric and ferrite layers are obtained at desired incidence angle. The performance of the proposed
structure is investigated and validated using some theoretical and simulation examples.
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I . I N T R O D U C T I O N

Radomes are important components of antenna systems
because they are sheltering structures to protect antennas
against severe weather such as high winds, rain, icing, and/or
temperature extremes [1]. On the other hand, Radomes must
not interfere with normal operation of the antennas and so
the input reflection of Radomes must be negligible at the
usable frequency band of the protected antennas. So far,
several structures have been introduced as Radomes such as
single dielectric layer [2–6], multilayer dielectric slab [6–8],
metal space frame [9–11], grooved dielectric layer [12], stream-
lined metallic [13], and inhomogeneous planar layer [14]. In
this paper, we propose a new structure to operate as wideband
and wide-angle flat Radome. In this structure several dielectric
and ferrite layers are alternately located beside each other to
behave as a single matched slow wave layer. First, the relation-
ship between the permittivity and permeability of a required fic-
titious mixed material is obtained. Then the required
permittivity and permeability of dielectric and ferrite layers
are obtained at desired incidence angle. The performance of
the proposed structure is investigated and validated using
some theoretical and simulation examples.

I I . R A D O M E S D E S I G N

In this section, the idea to design wideband Radomes using
dielectric and ferrite layers is presented. Figure 1(a) shows
the cross section of a flat Radome of thickness d composed
of a fictitious mixed material of permittivity 1rm and of per-
meability mrm, called mixed material Radome (MMR). There

have been quite a few patents based on this structure by com-
posite materials [15, 16]. Also, Fig. 1(b) shows the cross section
of a flat Radome of thickness d consisting of N cascaded basic
structures, i.e. a ferrite (mr) layer between two dielectric (1r)
layers. We call this Radome as dielectric ferrite Radome
(DFR), which is consisting of 2N + 1 successive dielectric and
ferrite layers. It is proved in the next section that the perform-
ance of the DFRs can be an approximation of that of MMRs.
The thickness Dz in Fig. 1(b) is given by

Dz = d
2N

. (1)

It is assumed that the incidence plane wave propagates in the
free space obliquely with an angle of incidence ui. Also, two
different polarizations are possible, one is the TM and the
other is the TE. Of course, we know that the wave radiated by
an antenna can be decomposed into many plane waves with
different incidence angles. We would like to design the structures
shown in Fig. 1 as Radomes in a wide incidence angle and at a
wide frequency range. To analyze and design the proposed struc-
tures, the undesirable phenomena such as losses, frequency dis-
persion, and surface waves have not taken into account.

A) MMR design
The chain parameter matrix of the equivalent layer is given
by [17]

Tm = Am Bm

Cm Dm

[ ]
= cos(kmd) jZm sin(kmd)

jZ−1
m sin(kmd) cos(kmd)

[ ]
, (2)

where km and Zm are the propagation coefficient and the
characteristic impedance of the MMR, respectively, given by

km = k0

��������������������
mrm1rm − sin2 (ui)

√
, (3)
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Zm =

h0mrm��������������������
mrm1rm − sin2 (ui)

√ , TE,

h0

1rm

��������������������
mrm1rm − sin2 (ui)

√
, TM,

⎧⎪⎨
⎪⎩ (4)

in which k0 ¼ 2pf/c (c is the velocity of the light) and h0 are
the wave number and the impedance wave, respectively, in
the free space. The reflection coefficients from two surfaces
of the MMRs are given by [17]

GTE = mrm cos(ui) −
��������������������
mrm1rm − sin2 (ui)

√
mrm cos(ui) +

��������������������
mrm1rm − sin2 (ui)

√ , (5)

GTM = − 1rm cos(ui) −
��������������������
mrm1rm − sin2 (ui)

√
1rm cos(ui) +

��������������������
mrm1rm − sin2 (ui)

√ . (6)

To have no reflection at desired incidence angle ui ¼ u0

(similar to Brewster’s angle), one of the following relations
has to be held according to (5) and (6):

cos2 (u0)m2
rm − 1rmmrm + sin2 (u0) = 0, TE,

cos2 (u0)12
rm − mrm1rm + sin2 (u0) = 0, TM.

{
(7)

The relations in (7) translate the fact that the characteristic
impedance of the MMR in (4) should be equal to that of free
space, in order that the matching condition be satisfied. From

(7), the relationship between the permittivity and permeability
of the mixed material has to be as follows:

1rm = mrm − m2
rm − 1
mrm

sin2 (u0), TE,

mrm = 1rm − 12
rm − 1
1rm

sin2 (u0), TM.

⎧⎪⎪⎨
⎪⎪⎩ (8)

It is seen that the required permittivity or permeability is
dependent on the desired incidence angle. Here, we are
looking for simultaneous validation of (8) for both TE and
TM waves. In a special case of u0 ¼ 08, which is the practical
case for Radomes, the required permittivity and permeability
must be equal to each other, i.e. 1rm ¼ mrm, which gives a
characteristic impedance equal to h0 at ui ¼ 08. In this case,
the magnitude of TE and TM reflection coefficients becomes
the same for all incidence angles as deduced from (5) and
(6). Finally, substituting (8) in (5) and (6) yields us the follow-
ing relations for the reflection coefficients of the surfaces,
which are zero at ui ¼ u0:

GTE =
1 −

������������������������������
1 + m−2

rm
sin2 (u0) − sin2 (ui)

cos2 (u0)

√

1 +
������������������������������
1 + m−2

rm
sin2 (u0) − sin2 (ui)

cos2 (u0)

√ , (9)

GTM = −
1 −

������������������������������
1 + 1−2

rm
sin2 (u0) − sin2 (ui)

cos2 (u0)

√

1 +
�����������������������������
1 + 1−2

rm
sin2 (u0) − sin2 (ui)

cos2 (u0)

√ . (10)

B) DFR design
The construction of desired MMR materials is actually not
practical. So, we approximate them by cascading N basic
DFR structures as shown in Fig. 1(b). The chain parameter
matrix of the whole DFR can be written as follows:

T = A B
C D

[ ]
= (TdT f Td)N , (11)

in which Td and Tf are the chain parameter matrices of the
dielectric and ferrite layers, respectively, as follows:

Td = cos(kdDz/2) jZd sin(kdDz/2)
jZ−1

d sin(kdDz/2) cos(kdDz/2)

[ ]
, (12)

T f =
cos(kf Dz) jZf sin(kf Dz)

jZ−1
f sin(kf Dz) cos(kf Dz)

[ ]
. (13)

In (12) and (13), the propagation coefficients and the
characteristic impedances are as follows:

kd = k0

��������������
1r − sin2(ui)

√
, (14)

kf = k0

��������������
mr − sin2(ui)

√
, (15)

Fig. 1. (a) The cross section of a flat Radome of thickness d composed of a
fictitious mixed material (MMR). (b) The cross section of a flat Radome of
thickness d consisting of 2N + 1 dielectric and ferrite layers alternately (DFR).
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Zd =

h0��������������
1r − sin2 (ui)

√ , TE,

h0

1r

��������������
1r − sin2 (ui)

√
, TM,

⎧⎪⎨
⎪⎩ (16)

Zf =
h0mr���������������

mr − sin2 (ui)
√ , TE,

h0

���������������
mr − sin2 (ui)

√
, TM.

⎧⎨
⎩ (17)

The chain parameter matrices of dielectric and ferrite
layers assuming Dz ≪ l0, where l0 is the wavelength in free
space, can be approximated by

Td �

1 jh0 k0Dz/2
jh−1

0 k0 1r − sin2 (ui)( )Dz/2 1

[ ]
, TE,

1 jh01
−1
r 1r − sin2 (ui)( )k0Dz/2

jh−1
0 1rk0Dz/2 1

[ ]
, TM,

⎧⎪⎪⎨
⎪⎪⎩

(18)

T f �

1 jh0mrk0Dz
jh−1

0 m−1
r mr − sin2 (ui)
( )

k0Dz 1

[ ]
, TE,

1 jh0 mr − sin2 (ui)
( )

k0Dz
jh−1

0 k0Dz 1

[ ]
, TM.

⎧⎪⎪⎨
⎪⎪⎩

(19)

Therefore, the chain parameter matrix of a DFR with thick-
ness 2Dz ≪ l0, can be approximated by

Tdf = TdT f Td

�

1 jh0(mr + 1)k0Dz
jh−1

0 (m−1
r (mr − sin2 (ui))

+(1r − sin2 (ui)))k0Dz
1

⎡
⎣

⎤
⎦, TE,

1
jh0(1−1

r (1r − sin2 (ui))

+(mr − sin2 (ui)))k0Dz
jh−1

0 1r + 1( )k0Dz 1

⎡
⎣

⎤
⎦, TM.

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

(20)

On the other hand, the chain parameter matrix of the
MMR (2) with thickness 2Dz ≪ l0, can be approximated by

Tm �

1 j2h0mrmk0Dz
j2h−1

0 m−1
rm

×(mrm1rm − sin2 (ui)
)
k0Dz

1

⎡
⎣

⎤
⎦, TE,

1
j2h01

−1
rm

mrm1rm − sin2(ui)
( )

k0Dz
j2h−1

0 1rmk0Dz 1

⎡
⎣

⎤
⎦, TM.

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

(21)

Comparing (20) with (21), the following relationships are
obtained between the permittivity and permeability of
MMRs and those of DFRs for TE and TM polarizations,

respectively:

mrm = mr + 1
2

,

1rm = 1r + 1
2

− (mr − 1)2

2mr(mr + 1)
sin2 (ui),

TE,

⎧⎪⎪⎨
⎪⎪⎩ (22)

1rm = 1r + 1
2

,

mrm = mr + 1
2

− (1r − 1)2

21r(1r + 1)
sin2 (ui),

TM.

⎧⎪⎨
⎪⎩ (23)

It is seen that the equivalent permittivity or permeability
varies with respect to the incidence angle, respectively, for
TE and TM polarizations. At normal incidence, ui ¼ 0, the
equivalent permittivity and permeability are the same for
both TE and TM polarizations. Also, it is interesting to note
that the equivalent permittivity and permeability are, respect-
ively, the average of permittivities and permeabilities of the
layers, at normal incidence, i.e. 1rm ¼ (1r + 1)/2 and mrm ¼

(mr + 1)/2.
The above discussion leads us to design of DFRs. We choose

either the permittivity or the permeability of the required mixed
material and then use (8) to obtain the other one. Then, the
required permittivity and permeability of dielectric and ferrite
layers can be obtained from (22) or (23) at desired incidence
angle. Of course, we have to actually choose the required per-
mittivity and permeability of dielectric and ferrite layers equal
to each other because u0 is near to zero in Radomes.

Moreover, the chain parameter matrix of a DFR (11) can be
used to find its reflection and transmission coefficients, as
follows:

G = (A − Z0C)Z0 + (B − Z0D)
(A + Z0C)Z0 + (B + Z0D)

, (24)

T = 2Z0

(A + Z0C)Z0 + (B + Z0D)
, (25)

where Z0 is the transverse characteristic impedance of the free
space given by

Z0 =
h0

cos(ui)
, TE,

h0 cos(ui), TM.

{
(26)

I I I . U N D E S I R A B L E P H E N O M E N A

In the proposed Radomes such as the conventional ones, there
are some undesirable phenomena such as insertion phase
delay, surface waves, losses, frequency dispersion and vari-
ation by temperature and power. In this section, two undesir-
able phenomena of insertion phase delay and surface waves
are studied. It is assumed that 1rm ¼ mrm ¼ (1r + 1)/2 ¼
(mr + 1)/2 for MMRs and DFRs to keep u0 ¼ 0 according to
(8), (22), and (23).

A) Non-ideal ferrites
In the proposed structure the ferrite layers have been con-
sidered lossless and of permittivity equal to 1. However, in
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practice, the permittivity of ferrites may be greater than one
along with they are lossy. In both cases, the discussion
above the proposed structure could be still justifiable as
shown below.

If the permittivity of ferrite layers is considered as 1rf = 1,
then one can obtain the following relations instead of (22) and
(23):

mrm = mr + 1
2

,

1rm = 1r + 1rf

2
− (mr − 1)2

2mr(mr + 1)
sin2 (ui),

TE

⎧⎪⎪⎨
⎪⎪⎩ , (27)

1rm = 1r + 1rf

2
,

mrm = mr + 1
2

− (1r − 1rf )2

21r1rf (1r + 1rf )
sin2 (ui),

TM.

⎧⎪⎪⎨
⎪⎪⎩ (28)

Again, the equivalent permittivity and permeability are,
respectively, the average of permittivities and permeabilities
of the layers, at normal incidence.

Now, if the ferrite layers have an attenuation factor equal to
af = 0, their chain parameter matrices are modified from
(13) to the following one:

T f =
cosh (af + jkf )Dz

( )
Zf sinh (af + jkf )Dz

( )
Z−1

f sinh (af + jkf )Dz
( )

cosh (af + jkf )Dz
( )

[ ]

=
cos(kf Dz) jZf sin(kf Dz)

jZ−1
f sin(kf Dz) cos(kf Dz)

[ ]

×
cosh (af Dz) Zf sinh (af Dz)

Z−1
f sinh (af Dz) cosh (af Dz)

[ ]
. (29)

It is seen that the chain matrix of a lossy ferrite layer is a
multiplication of that of lossless ferrite layer by a matrix
that indicates the insertion loss of the layer. So, the loss of
ferrite and also dielectric layers can be extracted from the cal-
culations and be considered as insertion loss.

B) Insertion phase delay
Ignoring Radome wall interface reflection effects, the insertion
time delay (the difference between time delay of Radome and
free space of the same thickness) can be expressed as follows
for conventional dielectric Radomes, MMRs, and DFRs,
respectively:

TDR = d
c

1r��������������
1r − sin2 (ui)

√ − 1
cos(ui)

( )
, (30)

TMMR = d
c

mrm1rm��������������������
mrm1rm − sin2 (ui)

√ − 1
cos(ui)

( )
, (31)

TDFR � TMMR

= d
c

(1r + 1)2

2
������������������������
(1r + 1)2 − 4 sin2 (ui)

√ − 1
cos(ui)

( )
. (32)

As seen from (30) to (32), it results that TMMR ≥ TDFR .

TDR for the same thickness and permittivity.

C) Surface waves
From [17], the surface waves of a magneto-dielectric slab
(MMR) have the following cut-off frequencies:

fc =
nc

2d
���������
12

rm − 1
√ , (33)

where n ¼ 0, 1, 2, . . . for TMn and TEn modes. Also, one can
determine the phase constant (b) of dominant modes TM0

and TE0 along the surface of the Radomes from the following
relationship:

tan k0
d
2

���������������
12

rm − (b/k0)2
√( )

= 1rm

���������������
(b/k0)2 − 1
12

rm − (b/k0)2

√
. (34)

After finding out b from (34), the attenuation factor of
surface waves perpendicular to the Radome surface can be
obtained as follows:

a =
���������
b2 − k2

0

√
. (35)

For DFRs, (33)–(35) can be approximately used through
substituting (1r + 1)/2 for 1rm.

I V . E X A M P L E S A N D R E S U L T S

In this section the operation of the proposed structure, DFR,
as a wideband and wide-angle Radome is validated using
some examples. Figures 2–4 illustrate the magnitude of TE
and TM reflection coefficients of DFR and MMR at frequency
f ¼ 10 GHz versus mr and 1r, d and ui, respectively, consider-
ing N ¼ 1, 2, 3, and 4 cascaded basic structures. The assump-
tions of Figs 2–4 are (d ¼ 5 mm and ui ¼ u0 ¼ 08), (mr ¼ 1r ¼

2 and ui ¼ u0 ¼ 08), and (mr ¼ 1r ¼ 2, u0 ¼ 08 and d ¼
5 mm). The nulls appeared in Figs 2 and 3 are due to the
fact that DFR acts almost as an MMR when its thickness is
a half of the wavelength (inside DFR). Also, Figs 5 and 6 illus-
trate the magnitude of TE and TM reflection coefficients of
DFR and MMR of thickness d ¼ 5 mm at frequency f ¼
10 GHz versus ui assuming u0 ¼ 458 for TE and TM polariz-
ations. Assuming u0 ¼ 458 for TE polarization requires mr ¼

2, 1r ¼ 1.25, mrm ¼ 1.5, and 1rm ¼ 1.083 and that for TM
polarization requires mr ¼ 1.25, 1r ¼ 2, mrm ¼ 1.083, and
1rm ¼ 1.5. From Figs 2–6 the accuracy of design relations
(8), (22), and (23) is verified and it is seen that as the
number of cascaded basic structures is increased the perform-
ances of DFRs approach those of MMRs which has no reflec-
tion at ui ¼ u0.

Now, consider two DFRs of thickness d ¼ 5 mm, N ¼ 4,
and mr ¼ 1r ¼ 2 and 1.2 (u0 ¼ 08) and also two simple
homogeneous dielectric layers of thickness d ¼ 5 mm (the
same as for DFRs) and 1r ¼ 2 and 1.2. Figures 7 and 8 illus-
trate the magnitude of TE and TM reflection coefficients of
two DFRs along with those of two dielectric layers versus
incidence angle and the frequency as a parameter. Also,
Figs 9 and 10 illustrate the magnitude of TE and TM
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reflection coefficients of two DFRs versus frequency and the
incidence angle as a parameter. It is seen from Figs 7–10
that the reflection coefficients of DFRs are much less than
those of dielectric layers with the same permittivity and

thickness. In other words, for a given value of the reflection
coefficient, the allowed frequency and incidence angle
ranges of DFRs are larger than those of dielectric layers.
Therefore the potential superiority of DFRs with respect

Fig. 6. The |GTE| and |GTM| of DFR and MMR at f ¼ 10 GHz versus
ui, assuming d ¼ 5 mm, mr ¼ 1.25, 1r ¼ 2, mrm ¼ 1.083, and 1rm ¼ 1.5
(u0 ¼ 458 for TM).

Fig. 3. The |GTE| and |GTM| of DFR at f ¼ 10 GHz versus d, assuming
mr ¼ 1r ¼ 2 and ui ¼ u0 ¼ 08 (those of MMR are minus infinite).

Fig. 2. The |GTE| and |GTM| of DFR at f ¼ 10 GHz versus mr and 1r, assuming
d ¼ 5 mm and ui ¼ u0 ¼ 08 (those of MMR are minus infinite).

Fig. 4. The |GTE| and |GTM| of DFR and MMR at f ¼ 10 GHz versus ui,
assuming d ¼ 5 mm and mr ¼ 1r ¼ 2 (u0 ¼ 08).

Fig. 5. The |GTE| and |GTM| of DFR and MMR at f ¼ 10 GHz versus ui,
assuming d ¼ 5 mm, mr ¼ 2, 1r ¼ 1.25, mrm ¼ 1.5, and 1rm ¼ 1.083 (u0 ¼

458 for TE).

Fig. 7. The |GTE| and |GTM| of a DFR with d ¼ 5 mm, N ¼ 4 and mr ¼ 1r ¼ 2
(u0 ¼ 08) and those of a homogeneous dielectric layer with d¼ 5 mm and
1r ¼ 2.
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to dielectric layers for operating as wideband and wide-
angle Radomes has now been proved. Also, it is seen that
as the permittivity and permeability of DFRs and dielectric
layer Radomes are chosen smaller, useful frequency band
and incidence angle range are increased, which is an

evident fact. Therefore, to obtain better performance for
DFRs, we should choose 1r ¼ mr and d as low as possible.

Finally, Fig. 11 demonstrates the propagation of TE polar-
ized wave, at frequency 10 GHz and ui ¼ 208, created by a
horn antenna with +208 beam-width in front of a DFR
(d ¼ 5 mm, N ¼ 4, and mr ¼ 1r ¼ 2) and a dielectric layer
(d ¼ 5 mm and 1r ¼ 2). This figure has been obtained from
the full-wave simulator CST software. It is seen that the reflec-
tion of wave from DFR is much weaker than that of the dielec-
tric layer Radome. In fact, Fig. 11 validates Fig. 7.

V . C O N C L U S I O N

A new structure was proposed to operate as wideband and
wide-angle flat Radome. In this structure several dielectric
and ferrite layers are placed alternately beside each other to
behave as a matched slow wave layer, while the permittivity
and permeability of dielectric and ferrite layers are chosen

Fig. 10. The |GTE| and |GTM| of a DFR with d ¼ 5 mm, N ¼ 4, and mr ¼ 1r ¼

1.2 (u0 ¼ 08).

Fig. 9. The |GTE| and |GTM| of a DFR with d ¼ 5 mm, N ¼ 4, and mr ¼ 1r ¼ 2
(u0 ¼ 08).

Fig. 8. The |GTE| and |GTM| of a DFR with d ¼ 5 mm, N ¼ 4, and mr ¼ 1r ¼

1.2 (u0 ¼ 08) and those of a homogeneous dielectric layer with d ¼ 5 mm and
1r ¼ 1.2.

Fig. 11. The absolute of electric field for TE polarized incident wave at f ¼
10 GHz simulated by CST software. (a) a homogeneous dielectric layer with
d ¼ 5 mm and 1r ¼ 2. (b) a DFR with d ¼ 5 mm, N ¼ 4, and mr ¼ 1r ¼ 2
(u0 ¼ 08).
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equal to each other. The performance of the proposed struc-
ture was investigated and validated using some theoretical
and simulation examples. It was observed that the reflection
coefficients of DFRs are much less than those of dielectric
layers with the same permittivity and thickness. Also, it was
seen that as the permittivity of DFRs is decreased, useful fre-
quency bandwidth and incidence angle range are increased.
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