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ABSTRACT This paper presents a new design technique to develop a multi-layer radome for ultra-wide-
band, dual-polarized radar and communication systems. In the proposed technique, a multi-layer radome
is designed using a combination of A-sandwich structures, which are not used in conventional multi-layer
radomes. In contrast with conventional radomes, this technique enables a substantial increase of bandwidth
with a negligible change in the overall radome thickness. In addition, it provides excellent RF performance,
thermal isolation, and mechanical strength. Three different multi-layer radomes for different bandwidths
are designed. Parameters such as co-polarization mismatch and depolarization ratio are used to evaluate the
proposed dual-polarized radome as a function of incident angle and frequency. To validate this new technique,
a 5A-sandwich radome is designed to operate from 1 GHz to 14 GHz and its RF performance is evaluated by
measuring S-parameters. The proposed radome is further investigated by measuring the radiation patterns
of horn antennas at different bands (S-, C-, X- and Ku-bands) with and without the radomes. The measured
losses recorded are below 0.5 dB with an absolute error less than 0.05 dB between the calculations and
measurements. An S-band electronically scanned active phased array antenna is also used to evaluate the
radome as a function of incident angles. In this case, the maximum recorded losses are below 0.4 dB and
the absolute errors between the calculations and measurements are below 0.1 dB. The proposed technique
and radome can be used in different applications such as surveillance systems, earth exploration satellite,
aeronautical radio-navigation, and especially in dual-polarized weather radars that require a high polarization
performance.

INDEX TERMS A-sandwich, dual-polarized, multi-band,multi-layer, planar, radar, radome, ultra-wide band
(UWB), wideband.

I. INTRODUCTION
A radome, an acronym originates from radar dome, is a
structure placed over an antenna to protect it from the envi-
ronment such as wind, temperature, dust, rain, snow, etc.,
[1]–[6]. Ideally, the radome must pass electromagnetic
waves without any degradation of electromagnetic (EM)
performance of the enclosed antenna. The radome can be
manufactured in the desired shape based on its application
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such asmarines, aircraft, missiles, and other vehicles carrying
the radar. Therefore, the structural integrity of the radome
competes with its electromagnetic transparency and the level
of competition depends on the requirements related to a par-
ticular application environment. The radome is a more criti-
cal component in weather applications where dual-polarized
radar systems are implemented. Radome enables target accu-
racy for polarimetric radar products such as the differen-
tial reflectivity (ZDR) and linear depolarization ratio (LDR)
[7]–[11]. A mismatch between the horizontal (H) and ver-
tical (V) polarization radiation patterns, as well as a rise of
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FIGURE 1. Conventional and proposed radome. In (a) Monolithic,
A-sandwich, B-sandwich, C-sandwich, and in (b) Proposed multi-layer
radome for ultra-wide-band applications.

the cross-polarization components, produced because of the
radome, introduce a bias in the measurements of ZDR and
LDR [9]–[11].

The simplest radome is a single-wall structure [4], [12],
which is a homogeneous half-wavelength thick dielec-
tric material, as shown in Fig. 1a. Electromagnetic waves
typically experience less reflection when impinging on the
dielectric substrate in the bore-sight direction. However,
reflection gets worse as the oblique incident angle increases.
This condition is true especially in case of transverse-electric
polarization due to the lack of Brewster’s angle [13]. Further-
more, these radomes have narrow bandwidth usually notmore
than 6–10%. Therefore, radars are equipped with a spherical
shaped radome in order to maintain the bore-sight incidence
condition. In addition, these radomes are very heavy and thick
at low frequencies. Another radome configuration used to
minimize RF reflections is the A-sandwich radome (Fig. 1a),
which consists of two thin dielectric skins separated by a
core having low dielectric material [14]–[16]. The reflection
can be lowered by the mutual cancellation of the reflections
between the skins. This type of radome has a high strength-
to-weight ratio comparing to a single wall structure. In addi-
tion, different dielectric constants and thicknesses for the skin
as well as the core can be considered for optimized reflection
in both E- and H-polarizations at oblique incidence angles.

In the current situation, most researchers are focusing
to design one platform for multiple applications. Such as
diverse types of antenna for communications, electronic
warfare, weather radar, aircraft surveillance, security, and
defense sectors that cover multiple frequency bands such as

S-band (2 GHz - 4 GHz), C-band (4 GHz - 8 GHz), X-band
(8 GHz - 12 GHz), etc., [17]. Multi-function and shared
aperture capabilities reduce the number of RF systems
needed during deployment and allow improved mobility
and operational agility, while maintaining high spectral
efficiency [18]–[23]. These multi-function radars require
ultra-wide band (UWB) radomes along with a wide scanning
angle in both V- and H-polarization. Besides, the radome
should be thick and lightweight, A-sandwich structures can
be tuned to be broadband structures, by choosing the permit-
tivity and thickness of each layer properly. The bandwidth of
this type of radomes can be further enhanced by increasing
the core thickness by its integral multiples. However, this
increases the overall thickness of the radome and decreases
themechanical strength due to the use of low-density material
as a thick core layer [24].

Multi-layer structures may have any number of layers
required to achieve desired properties such as low transmis-
sion loss over a wide frequency band or to incorporate desired
environmental and structural features. In the last decade, few
works have been reported for multi-layer radome specifically
for UWB characteristics. A flat multi-layer radome with
passbands having odd times of selected central frequency
was proposed in [25]. This multi-layer radome comprises of
five or more layers, in which each layer was designed as
an electromagnetic matching layer at the arbitrarily selected
design frequency. In another work, a gradedmaterial structure
was optimized for broadband radome application by using
a hybrid method [26]. In [27], another broadband graded
porous wall structure with 4 layers was designed ranging
from 1 GHz to 18 GHz. Another wideband flat radome
using inhomogeneous planar layers was proposed in [28].
However, these radomes are expensive and have high fabri-
cation complexity. Currently, wide band radomes have been
designed using a frequency selective surfaces (FSS), which
help reducing the overall thickness of the radome [29]–[31].
However, these radomes have limited bandwidth and high
insertion loss due to use of conducting materials to design
FSS.

In this paper, a new ultra-wide-band radome is modeled,
constructed, and validated. The design methodology of the
proposed multi-layer radome relies on several A-sandwich
structures as shown in Figs. 1b and 2, which are not used
in conventional multi-layer radome. The proposed structure
allows for increasing the bandwidth while having a negligible
change in the overall thickness of radome. The proposed
configuration also provides greater strength and rigidity in
the mechanical design and gives more degrees of freedom
for the electrical design [32]. In addition, co-polarization
mismatch and depolarization ratio of proposed radome have
been discussed. These features are limited in previous pro-
posed radome. Three different multi-layer radomes having
three different bandwidths are designed and analyzed. The
performance of the proposed radomes is analyzed using
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FIGURE 2. Different multi-layer radomes for different bandwidth (a) A-sandwich (b) 2A-sandwich
(c) 3A-sandwich (d) 4A-sandwich (e) 5A-sandwich.

various parameters such as co-polarization mismatch and
depolarization ratio. To validate the proposed design method-
ology, a multi-layer radome operates from 1 GHz to 14 GHz
is designed, fabricated, and tested.

II. RADOME DESIGN AND REQUIREMENTS
The design procedure proposed is summarized in the flow
chart illustrated in Fig.3. This procedure starts with a selec-
tion of the lowest frequency in the band required. The expres-
sion (1) can be used to compute the thickness of the core of
the A-sandwich radome [24].

tc =
λo

2π
√
εc − sin2(θi)

[
π − tan−1

(
Num
Den

)]
(1)

Num = 2(εs − 1)
√
εsεc sin(2φs) (2)

Den = (εs + 1)(εc − εs)+ (εs − 1)(εs + εc) cos(2φs) (3)

φs =
2π ts
λ0

√
εs − sin2(θi) (4)

where tes = tis = ts are the thicknesses of external and
internal skin, tc is the core thickness, εs is the skin permit-
tivity, εc is the core permittivity, θi is the incident angle from
the normal to the planar radome and λo is the free space
wavelength.

Multiple A-sandwich structures can be combined to
form a wideband radome. The core thickness (tc) of
each A-sandwich modifies (decreases) as the number of
A-sandwiches increases. Hence, there will be a negligible
change in the overall radome thickness. The core thickness
(tc) for multiple A-sandwich radome can be modified using

proposed piece-wise analytical expression (5). This simpli-
fied expression is obtained by using parametric analysis based
on the transmission line model [14]. The middle skin tms =
2ts has twice the thickness compared to internal and external
thickness.

tc(nAsand) = 4tce−3n + tce−0.3n (5)

where n is the number of A-sandwich structures.
Middle skin layers of the proposed radome should offer

sufficient mechanical strength. Whereas, the external layer
of the radome should also bear environmental impacts from
dust, rain, snow etc. For designing this type of high perfor-
mance radomes that satisfy these conditions, two different
materials either as an external or middle skin are required.
These materials may have different permittivities and differ-
ent thicknesses. Therefore, proposed analytical expression (6)
can be used to estimate the thicknesses of different skins with
respect to their permittivities.

ts2 = ts1

(
ε2s1 + ε

2
s1δ

2
s1

ε2s2 + ε
2
s2δ

2
s2

)1/4

(6)

where δ is the tangent loss.

A. BANDWIDTH
The bandwidth of the radome is highly dependent upon the
number of A-sandwiches. As the number of A-sandwiches
increases, the bandwidth increases with a trade-off of slight
increment in radome thickness. The approximate percentage
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FIGURE 3. Flow-chart of proposed radome design.

bandwidth of the radome can be calculated by using the
proposed analytical expression (7). This expression is also
derived using parametric analysis based on the transmission
line model proposed in [14].

BW (%) = 125e
n
20 − 159e−

5
4 n (7)

B. CO-POLARIZATION MISMATCH
There are two main polarization components (horizontal and
vertical) of plane wave incident onto the radome’s wall.
The transmission difference between these components is
the main factor in many applications. For example in dual
polarized weather radar systems, the main goal of active
phased array antenna is to maintain a differential reflectivity
(ZDR) better than 0.1 dB, which is the transmission difference
between H- and V-polarization components in logarithmic
form [33], [34]. Transmission difference between H- and
V-polarization of a radome creates a mismatch (CMdB) in
co-polarization radiation patterns of antenna systems. This
causes errors in the measurements of radar systems. The
CMdB is given by

CMdB = TV − TH (8)

where TV and TH are the transmissions of the V- and
H-polarization components, respectively.

TABLE 1. Material constitutive parameters.

TABLE 2. Proposed radome types and thicknesses.

FIGURE 4. S21 vs. frequency of different multi-layer radomes.

FIGURE 5. VSWR vs. frequency of different multi-layer radomes.

C. DEPOLARIZATION RATIO
The transmission difference of H- and V-polarization com-
ponents can also affect the depolarization ratio (DPR). When
this ratio is high, it deteriorates the cross-polarization per-
formance of the radar or communication system. e.g for
an antenna with −40 dB cross-polarization enclosed by a
radome having a depolarization ratio of −10 dB, the total
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FIGURE 6. Multi-layer: A-sandwich radome (a) Schematic (b) S-parameters (c) H-pol transmission loss (d) V-pol
transmission loss (e) Co-polarization mismatch (f) Depolarization ratio.

cross-polarization would be −30 dB. This adverse effect
is critical for a polarimetric radar system that requires
high isolation (<−40 dB) between polarization channels [7],
[8], [35]. The intensity of the depolarization ratio depends
on the amplitude and phase of the complex transmission
coefficients of both polarizations. And these coefficients
depend upon the incident angle and the tilt of the plane of
polarization. All these parameters must be determined and
taken into account at the appropriate stage. For purely V- or

H-polarization, the cross-polarization vanishes, as in each
case, one of the resolved components is zero. This depolariza-
tion ratio of any radome type can be calculated using (9) [14].

DPR =

√
1− 2kcos(φV − φH )+ k2

cot2θi + 2kcos(φV − φH )+ k2tan2θi
(9)

where k = |TV | / |TH | and (φV −φH ) is the phase difference
of respective polarizations.
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FIGURE 7. Multi-layer: 3A-sandwich radome (a) Schematic (b) S-parameters (c) H-pol transmission loss (d) V-pol
transmission loss (e) Co-polarization mismatch (f) Depolarization ratio.

III. PROPOSED MULTI-LAYER RADOMES
Based on the design guidelines, shown in Fig. 3, equations
(1) - (7) are used to obtain the dimensions (thickness) of
each layer of these multi-layer radomes for different band-
widths. Table 1 presents the constitutive electrical param-
eters of materials of different radome types, and Table 2
presents the calculated thickness of each layer. The trans-
mission line model in the appendix section (A1) - (A11)
[14] is then used to obtain the insertion loss S21 and voltage

standing wave ratio (VSWR) of these radomes. It can be seen
in Figs. 4 and 5, the bandwidth of each radome increases
as the number of A-sandwiches increases. Considering a
threshold of S21 ≥ -0.4 dB and VSWR ≤ 2, A-sandwich
radome has 86%, 2A-sandwich has 125%, 3A-sandwich has
140% and 4A-sandwich has 151% and 5A-sandwich has
158% bandwidths.

Three proposed multi-layer radomes (A-sandwich,
3A-sandwich, and 5A-sandwich) are further analyzed

199374 VOLUME 8, 2020



Z. Qamar et al.: UWB Radome for High-Performance and Dual-Polarized Radar and Communication Systems

FIGURE 8. Multi-layer: 5A-sandwich radome (a) Schematic (b) S-parameters (c) H-pol transmission loss (d) V-pol
transmission loss (e) Co-polarization mismatch (f) Depolarization ratio.

using formulation presented in [14]. The first radome is
A-sandwich radome, as shown in Fig. 6a. The total thickness
of this radome is 1.15in, as shown in Table 3. This radome
operates from 1GHz to 4 GHz (Fig. 6b) and presents an inser-
tion loss of 0.053 dB for H- and V-polarizations. Fig. 6c,d
shows a 2-D graph of insertion loss for both polarizations
at oblique incident angles. The red line is an insertion loss
threshold equals to 0.3 dB, which shows that radome works
up to 55◦. The 0.1 dB mismatch as a threshold can be
observed in both polarizations for an oblique incident angle

up to 39◦, as shown in Fig. 6e. The depolarization ratio should
be better than -10 dB. This radome shows good performance
in its respected bandwidth at an incident angle up to 90◦,
as shown in Fig. 6f.

The second radome is the combination of three modified
A-sandwich structures, as shown in Fig. 7a. It can be seen
in Table 3, the overall thickness of the proposed radome
is slightly increased by 0.13in. This radome operates from
1 GHz to 9 GHz (Fig. 7b) and presents an insertion loss
of 0.11 dB in both H- and V-polarizations. Fig. 7c, d shows
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FIGURE 9. Validation of 5A-sandwich (a) Prototype (b) Measurement setup for testing in S-band and C-band
(c) Simulated and measured S-parameters (d) Simulated and measured S21.

FIGURE 10. Measurement setup for 5A-sandwich radome for testing in
S-band, C-band, X-band and Ku-band using the near-field planar range
system.

2-D insertion loss for both polarizations for oblique incident
angles. Similarly to the first radome, the red line represents
the threshold equals to 0.3 dB, which shows that this radome
also works up to 54◦. The 0.1 dB co-polarization mismatch
(Fig. 7e) as a threshold can be observed in both polarizations
for an oblique incident angle up to 39◦. As shown in Fig. 7f,

TABLE 3. Performance of proposed A-, 3A- and 5A-sandwich radome
types.

the depolarization ratio is reduced to 43◦ with respect to
-10 dB threshold as the bandwidth of this radome is wider
than the previous one.

The third radome is the combination of five modified
A-sandwich structures, as shown in Fig. 8a. It can be seen
in Table 3, the overall thickness of the proposed radome
is 1.37in, which is slightly increased by 0.22in and 0.09in
compare to A-sandwich and 3A-sandwich radome, respec-
tively. The proposed radome can operate from 1 GHz to
14 GHz (Fig. 8b) and presents an insertion loss of 0.2 dB
for both polarizations. Fig. 8c, d shows 2-D insertion loss
for both polarizations at oblique incident angles. Similarly
to previous radomes, the red line represents the 0.3 dB
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FIGURE 11. Measured co- and cross-polarization radiation patterns of horn antennas with and without
proposed radomes (a) E-plane @ 3 GHz (b) H-plane @ 3 GHz (a) E-plane @ 5 GHz (b) H-plane @ 5 GHz
(a) E-plane @ 10 GHz (b) H-plane @ 10 GHz (a) E-plane @ 14 GHz (b) H-plane @ 14 GHz.
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FIGURE 12. (a) Measurement setup. Measured co- and cross-polarization radiation patterns of microstrip phased
array at 3 GHz with and without proposed radomes at oblique angles (b) 0◦ (c) −15◦ (d) +15◦ (e) −30◦ (f) +30◦.

threshold, which shows that radome works up to 50◦. The
0.1 dB co-polarization mismatch (Fig. 8e) can be observed
in both polarizations for an oblique incident angle up to 37◦.
As shown in Fig. 8f, again the depolarization ratio has slightly
reduced up to 39◦ incident angle for the entire bandwidth.

IV. VALIDATION OF THE PROPOSED RADOME
To validate the proposed design, the 5A-sandwich radome
is constructed using RF materials available in our labora-
tory that have a similar performance of materials used by
companies that develop operational radomes. Fig. 9 shows

a picture of the 5A-sandwich radome and close up picture of
the radome stack-up. Polytetrafluoroethylene (PTFE) mate-
rial with εr = 2.2 and δ = 0.0009 is used as an exter-
nal/internal skin layers due to its hydrophobic properties. The
advantages of using Teflon based material to obtain wetless
radome surface are discussed in detail in [6], [35]. PTFE
provides very low δ (0.0009 at 10 GHz) and offers great
chemical resistant properties, small water absorption, and
high-temperature resistance. Rogers 4350B with εr equals to
3.48 and δ of 0.004 is used as middle skin layers. For core
material, Rohacell 71HF with εr of 1.09 and δ of 0.0038 is
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TABLE 4. Performance of proposed 5A-sandwich radome as a function of
frequency.

TABLE 5. Performance of proposed 5A-sandwich radome at 3 GHz as a
function of incident angle.

used. Thesematerials are joined together by using epoxy resin
as a bond-ply/prepreg. The measured εr and δ of epoxy are
2.83 and 0.09, respectively. All these commercially available
materials are used to validate the concept of achieving a
multi-layer radome with ultra-wide bandwidth characteris-
tics. Fig. 9b shows the measurement setup along with dielec-
tric rod antennas that work in S- and C-bands. These rod
antennas have a narrow bandwidth, that restricts the complete
measurement of the proposed radome. The S-band antenna
is used to measure the frequency range from 2.7 GHz to
3.6 GHz and the other two C-band antennas are used to
measure the frequency range from 4 GHz to 4.8 GHz and
7.1 GHz to 8 GHz, respectively. The simulated and measured
S-parameters are in a good agreement as shown in Fig 9c, d.

For the evaluation of the proposed structure, radiation
patterns of horn antennas at 3 GHz, 5 GHz, 10 GHz, and
14 GHz are measured with and without proposed radome in
the near-field anechoic chamber at Radar Innovation Labo-
ratory at The University of Oklahoma, as shown in Fig. 10.
The co- and cross-polarization radiation patterns of these
horn antennas with and without radomes are in good corre-
spondence, as shown in Fig. 11. It can be seen in Table 4,
the losses with and without the proposed radome, is recorded
as 0.114 dB at 3 GHz, 0.2562 dB at 5 GHz, 0.3121 dB at
10 GHz and 0.4183 dB at 14 GHz, in the bore-sight direc-
tion.The absolute errors between calculated and measured
values at all frequencies are below 0.05 dB.

The proposed radome is also evaluated by measuring the
radiation patterns of an electronically scanned active phased
array antenna at 3 GHz for an oblique angles from −30◦

to +30◦ in the near field chamber as shown in Fig. 12.
Table 5 presents the measured losses of an active phased array
with and without radome as 0.176 dB, 0.250 dB, 0.221 dB,
0.327 dB and 0.311 dB at 0◦, −15◦, +15◦, −30◦, +30◦,

TABLE 6. Comparison of proposed radome performance with previous
work.

respectively. The absolute errors between the calculated and
measured values at all scanning angles below 0.1 dB.

The proposed radome is compared with previous work.
As summarized in Table 6, the proposed radome discussed
about co-polarization mismatch and depolarization (cross-
polarization) ratio, which are highly required parameters for
dual polarized applications. Moreover, all previous structures
have high insertion loss compared to proposed radome, which
is less than 0.5 dB in the broadside. FSS based wideband
radomes, presented in [25]–[27], are thinner than proposed
radomes due to small number of layers. However, these
radomes have limited bandwidth. The proposed radome cov-
ers the frequency range from 1 GHz to 14 GHz, which is nar-
rower than the multilayer structures presented in [29]–[31].
However, the materials used in these radomes have differ-
ent permittivities and are required to develop separately.
Therefore, the fabrication complexity in all these radomes
is also high. The presented technique allows utilizing the
commercially available materials to design the proposed
radome.

V. CONCLUSION
In this paper, a new technique to design an ultra-wide-band,
high performance, multi-layer radome for dual-polarized
radar and communication systems is presented. The pro-
posed radome provides excellent RF performance, thermal
isolation, andmechanical strength. Co-polarizationmismatch
less than 0.1 dB and depolarization ratio better than 10 dB
for oblique incident angles up to 40◦ is recorded, which
is ideal for dual-polarized weather radars. To validate the
proposed radome design technique, a multi-layer radome
with ultrawideband characteristics that operates from 1 GHz
to 14 GHz is designed, fabricated, and tested. Calculated
and measured results are in excellent agreement. The RF
performance of the proposed radome is also evaluated by
measuring the radiation patterns of horn antennas at four
different frequencies i.e. 3 GHz, 5 GHz, 10 GHz and 14 GHz.
The measured losses with and without proposed radome are
recorded as 0.114 dB, 0.2562 dB, 0.3121 dB and 0.4183 dB
with absolute errors below 0.05 dB compared to calculated
values. Moreover, the radiation patterns of an electronically
scanned active phased array antenna for 3 GHz frequency at
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different scanning angles, with and without proposed radome
are also measured and evaluated. The losses are 0.176 dB,
0.250 dB, 0.221 dB, 0.327 dB and 0.311 dB at 0◦, −15◦,
+15◦,−30◦,+30◦, respectively. The absolute errors between
the calculated and measured values at all scanning angles are
below 0.1 dB. The proposed radome can be used in different
applications ranges from 1 GHz to 14 GHz, such as surveil-
lance systems, earth exploration satellite, aeronautical radio-
navigation, and especially in dual-polarized weather radars
that require a high parametric performance. The proposed
method can be implemented for higher frequencies.

APPENDIX
The equivalent transmission line model has also been imple-
mented to extract the frequency response of different types of
radomes [14]. This model can use lossy dielectrics, therefore,
they are fully characterized by ε and δ, whereas the perme-
abilityµ= 1 is considered. Equations (A1)-(A11) are used to
calculate the overall reflection and transmission coefficients
of proposed radome for perpendicular and parallel polariza-
tions.

0V =
B0
A0
, TV =

1
A0

(A1)

0H =
D0

C0
, TH =

1
C0

(A2)

The A0, B0, C0 andD0 are found using the recursive formulas

An =
e+ψn

2
[An+1(1+ Yn+1)+ Bn+1(1− Yn+1)] (A3)

Bn =
e−ψn

2
[An+1(1− Yn+1)+ Bn+1(1+ Yn+1)] (A4)

Cn =
e+ψn

2
[Cn+1(1+ Zn+1)+ Dn+1(1− Zn+1)] (A5)

Dn =
e−ψn

2
[Cn+1(1− Zn+1)+ Dn+1(1+ Zn+1)] (A6)

where

AN+1 = CN+1 = 1, BN+1 = DN+1 = 0 (A7)

Yn+1 =
cosθn+1
cosθn

√
εn+1(1− jδn+1)µn
εn(1− jδn)µn+1

(A8)

Zn+1 =
cosθn+1
cosθn

√
εn(1− jδn)µn+1
εn+1(1− jδn+1)µn

(A9)

ψn = tnγncosθn (A10)

γn =
√
jωµn(σn + jωεn) = jω

√
µnεn(1− jδn) (A11)

where n = 0, 1, 2, 3, . . . .,N , where N is the number of
layers, tn is the thickness of each layer, δ is the tagent-loss
and θn is the complex angle of refraction in the nth layer.
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