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ABSTRACT This paper presents an accurate procedure to design, characterize and test a radome for
millimeter-wave applications. In this procedure, an accurate analytical model is presented to design a
radome structure that takes into consideration the bandwidth, losses, reflections and depolarization factor
as a function of frequency and incident angle. To guarantee a good operational electrical performance,
the proposed procedure includes a material characterization and accurate test procedure based on the
free-space Gaussian beam method and time gating filtering technique. Four radomes (two-monolithic and
two A-sandwich) at 82 GHz and 94 GHz are designed, characterized and tested to validate the proposed
technique. Results obtained with this procedure are compared with numerical simulations and experimental
results. This method is shown to be accurate and versatile for radomes in mm-Wave applications.

INDEX TERMS A-sandwich, mm-Wave, monolithic, multi-layer, radome, W-band.

I. INTRODUCTION

Radomeis an essential part of radar or communications sys-
tems where its main task is to protect a system against
wind, rain, pollution and other environmental elements with
a structure that is electromagnetically transparent for the sys-
tem. Electromagnetic transparency consists of low-reflection,
low-insertion loss, and minimum distortion of signal polar-
ization [1]. The radome also provides mechanical strength to
protect the antenna from wind loading and provides stability
and integrity for mitigating environmental conditions such
as temperature, humidity and pressure. Also, the radome
reduces the operation and maintenance cost of the system and
increases its life span [1], [2].

Radio frequencies (RF) available for radar and satel-
lite communication systems have been expanded into
millimeter-wave (mm-Wave), specifically W-band, to accom-
modate the increased bandwidth requirements. Impressive
data rate throughput capacity that W-band offers is another
important feature that attracts various communication tech-
nologies. For instance, International Telecommunication
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Union (ITU) the main regulatory agency in this area, allo-
cated frequency segments of 71 GHz to 76 GHz for transmit-
ting and 81 GHz to 86 GHz for receiving in satellite services
[3]. A frequency band from 76 GHz to 81 GHz is also used
in cruise control radars for autonomous car systems [4]. The
atmospheric radio window for imaging millimeter-wave radar
applications in astronomy, defense, and security applications
is used at 94 GHz [3], [5], [6]. All major commercial radar
and satellite operators show high interest toward allocations
of W-band slots for radar and satellite communication, obvi-
ously planning to implement their commercial projects in
W-band in the near future [7].

Several radome configurations are used to minimize
RF reflections, including half-wave, A-sandwich, dou-
ble A-sandwiches, and multiple A-sandwiches, as shown
in Fig. la [8]. The best-suited configuration for a particu-
lar application depends on the mechanical requirements of
radome and its operating frequency. Monolithic (half-wave)
can provide the best uniformity, but usually, it is only applica-
ble when radome and antenna are fixed together as otherwise,
the incident angle can vary dramatically during antenna scan-
ning and cause highly unstable EM performance degradation.
Whereas multi-layer radome provides more bandwidth and a
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FIGURE 1. Types of Radomes; (a) Monolithic, (b) B-sandwich, (c) A-sandwich, (d) Double A-sandwich, and (e) Multiple A-sandwich.

large scanning range. Another advantage of the multi-layer
radome is its high strength-to-weight ratio required by some
applications, such as spacecraft. A-sandwich is typically used
multi-layer radome in most applications. It consists of three
layers: two high-density skins and low-density core material.
The permittivity of the skins is greater than the core per-
mittivity. The duality of A-sandwich is called B-sandwich
(Fig. 1b), in which the permittivity of the skins is lower than
the core permittivity. Double A-sandwich radome, also called
C-sandwich (Fig. 1d), has five layers and enables the resid-
ual reflections from individual A-sandwiches to be further
canceled. A typical double A-sandwich radome consist of
two core layers (foam or honeycomb) separated by a central
skin layer along with two skin layers on the outside of each
core-forming interior and exterior of the radome. Radome
wall having more than two A-sandwich is called a multiple
A-sandwich radome (Fig. le). The electrical characteristics
of any type of radome depend on three parameters. The first
one is thickness, second is permittivity, and the third is the
angle of incidence. The overall transmission characteristics
of radome are further affected by the polarization angle which
is determined by the radome normal, incident direction, and
polarization of the electromagnetic (EM) wave.

Different types of radomes and their impact over a radar
and communication system have been reported [2], [9]-[17].
Some of them for high frequencies and others for low fre-
quencies i.e. C-band, X-band, etc. However, very little work
has been reported for radomes in high frequencies, espe-
cially for W-band. The mitigation of the wet antenna effect
from the reflector dish antenna at 72 GHz and 84 GHz
has been reported in [2]. An automotive radome has been
designed using an anti-reflection surface from 76 GHz to
81 GHz [18], [19].

In this paper, an accurate procedure to design, character-
ize and test a radome for W-band applications is presented.
An analytical model to perform the design trade-off of a
radome that takes into consideration the bandwidth, losses,
reflections, and polarization as a function of incident angle
is utilized. Moreover, the dependence of permittivity on tem-
perature for radome materials is also discussed. To support
the development of good performance radomes, the pro-
posed procedure includes a material characterization having
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an accurate test procedure based on the free-space Gaussian
beam method and time gating filtering technique. To validate
the proposed method, four radomes (two-monolithic and two
A-sandwich) at 82 GHz and 94 GHz were designed, char-
acterized and tested. Good agreements are obtained between
calculated, simulated and measured results.

Il. THEORY
The expressions (1) and (2) can be used to compute the
dimensions of monolithic and multi-layer radomes, respec-
tively [8], [14]. These expressions require the condition of
zero transmission loss. In other words, all the layers com-
puted using these expressions should be lossless. However,
the transmission line model has subsequently been discussed
considering the lossy materials for radome design. Moreover,
these expressions also provide the radome dimensions at an
oblique angle. For the monolithic radome wall (Fig. la),
the material’s thickness (t,,) relative to its permittivity (&;)
is an integral multiple of half-wavelength.

ty = L 1))

2v/&r — sin®(6;)

where 6; is the angle of incidence, 1, is the free space wave-
lengthand N =1, 2, 3, ... is the number of order.

In the case of multi-layer radome (A-, B- and C-sandwich),
the thickness can be varied by modifying the thickness of the
core layers concerning its permittivity and skin parameters
(thickness and permittivity) using (2).

A Ni
L —”[Nn—tan_l( ”’)] @)
27/ ec — sin(6)) Den

Num = 2(e5 — 1) /&5 sin(2ey) 3)
Den = (g5+1)(ec—&5)+(g5— (g5 +ec) cosLps)  (4)

_ 27 tg N
s = o \ &s — sin”(6;) 5

where ¢, is the skin thickness, 7. is the core thickness, &; is
the skin permittivity and . is the core permittivity. To lam-
inate a multi-layer radome prepreg or bond ply is required
to combine different materials (skin and core) to design any
multi-layer radome. Moreover, the exterior skin layer of the
radome also requires coating/paint to safe the radome from
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FIGURE 2. Representation of a planar multi-layer radome using the
equivalent transmission line model.

environmental hazards. The permittivity and thickness of
these prepreg/bond ply and coating slightly affect the EM
performance of radome such as a shift in the resonant fre-
quency. For ease of radome designing, bond ply and coating
are previously being ignored due to the small thickness of
these materials. However, there will be a significant effect at
mm-Wave range. Therefore, the effective permittivity (gqf)
of the skin and bond ply/coating can be calculated using (6),
which can be used in (2) to obtain the core dimensions for
multi-layer radome design.

N
tn
= _— 6
Eeff n218"<t1+t2+...+t;v> ©

where ¢, and f, are the permittivity and thickness of each
material, respectively.

A. TRANSMISSION LINE MODEL

The equivalent transmission line model has also been imple-
mented to extract the frequency response of different types of
radomes, as shown in Fig. 2 [20]. Using this model, single
homogeneous material for monolithic radome or multiple
layers of different electrical parameters and thicknesses can
be combined to form any type of multi-layer radome shown
in Fig. 1. This model can use lossy dielectrics, therefore, they
are fully characterized by ¢ and tand, whereas the perme-
ability u = 1 is considered. The field analysis can be seen
in Fig. 2. Equations (7)-(17) are used to calculate the overall
reflection and transmission coefficients of proposed radome
for perpendicular and parallel polarizations.

o= By _ 1 D
Dy 1

Ly=—, T)=—= @
Co Co

The Ag, By, Co and Dy are found using the recursive
formulas

e+.‘//)l
Ay = T[AnJrl(l + Y )+ B =Y, )l (9)
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7"//51
e
B, = 5 [Anr1(1 = Ypy) + Byr1(1+ Y )l (10)
et
Gy, = T[Cn+l(1 + Zut1) + Dpp1(1 = Zyp )] (1)
e_llfn
Dn = ) [Cn+1(1 - Zn+1) +Dn+1(1 +Zn+l)] (12)
where
Anvt1 =Cny1 =1, Bny1=Dyy1 =0 (13)
0, 1 — jtand
Ypi) = cosOpy1 | enti( 'J andp41)fin (14)
cosby en(1 — jrand,) pun+1
0, 1 — jtané
Zosl = COSOp41 en( j.al’l n)/"vn+1 (15)
costy \ ent1(1 — jtandp41)iin
Yn = tyYncosty (16)
Yn = \/jwﬂn(gn + jwey) :jw\/:u'ngn(l — jtandy)
(I7)
wheren =0, 1, 2,3, ..., N, where N is the number of layers,

t, is the thickness of each layer and 6, is the complex angle
of refraction in the n™ layer.

B. TEMPERATURE EFFECT ON MATERIALS

Many useful materials for designing radomes have limited
resistance to heat, whereas some materials that are tough
at moderate temperatures become extremely brittle at low
temperatures. The selection of materials is very critical as
high/low temperatures may rule out many materials that are
even satisfactory. Even some materials, survive at extreme
temperatures, have a notable change in their electrical proper-
ties such as the permittivity of the material. Material tolerance
on this parameter, especially for mm-Wave range at high/low
temperature, is sometimes insufficient. Therefore, the change
in permittivity at different temperatures should be known
in order to predict the frequency response of the radome.
The change in permittivity at different temperatures can be
calculated using the expression (18) [21].

= 2a,8T (18)

where §¢, is the change in relative permittivity, §7 is the
change in temperature and «; is the thermal coefficient expan-
sion (TCE) in ppm/°C.

C. DEPOLARIZATION EFFECT

There are two main polarization components (perpendicular
and parallel) of plane wave incident onto the radome’s wall.
The transmission difference of these two components can
induce a cross-polarization. When radome depolarization is
high, it deteriorates the cross-polarization performance of
the radar or communication system. This adverse effect is
critical for a polarimetric radar system that requires high
isolation (>40 dB) between polarization channels [17]. The
intensity of the depolarization ratio depends on the ampli-
tude and phase of the complex transmission coefficients.
And these coefficients depend upon the incident angle and
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TABLE 1. Radome materials [21]-[23].

Material € Tand TCE (Boresight)
(W-band) | (W-band) (pp/ °C)
Core RohaCell 51HF 1.048 0.0135 334
Nomex 1.10 0.0030 -
Divinyll cell HP 1.07 0.0030 40.0
Polyurethane FR3703 1.04 0.0017 35.0
Skin RO5880 2.19 0.0013 237
PTFE Gortex 2.00 0.0002 -
Fiber Glass-E 6.30 0.0037 5.00
Fiber Glass-S 6.00 0.0020 2.90
Fiber Glass-D 4.60 0.0015 3.00
Kevlar 49 3.70 0.0020 -5.00
Quartz 3.60 0.0120 0.55
Prepreg/bond ply | 3M Adhesive 2.35 0.0250 5.84
E-glass Epoxy 4.20 0.0160 6.30
D-glass Epoxy 3.45 0.0090 8.90
Spectra epoxy 2.80 0.0040 6.40
Quartz epoxy 3.20 0.0110 7.20
Paint/coating Hirec100 4.47 0.0139 -
Cytonix 3.00 0.0200 -
Esscolam10 3.00 0.0090 -

the tilt of the plane of polarization. All these parameters
must be determined and taken into account at the appro-
priate stage. For purely parallel or perpendicular incidence
the cross-polarization vanishes, as in each case, one of the
resolved components is zero. This polarization factor of any
radome type can be calculated using 19 [1].

1 — 2kcos(¢p) — ¢p1) + k>
Dpg = 2 212
cot?0; + 2kcos(¢p) — 1) + k*tan®6;

where k = |T| | / |T)| and (¢ — ¢ ) is the phase difference of
respective polarizations and 6; is the angle of incidence. The
depolarization effect was evaluated for different radomes and
the results are discussed in the following section.

(19)

lll. MATERIALS FOR RADOME

Currently, many materials are used to design radomes hav-
ing permittivity ranging from 1 to 10 and tangent-loss from
0.0003 to 0.011 in the W-band range. Comparative data on
these materials are shown in Table 1 [21]-[23]. For mono-
lithic and A-sandwich’s skin layers, Rogers-5880 has been
used. This material has dimensional stability, relatively low
electrical losses at high frequencies (tand = 0.0009) and
good copper adhesion. As systems move to higher frequen-
cies, other substrate materials have high losses and quite
expensive compared to Rogers-5880 [24].

In the case of core material in A-sandwich radome,
Rohacell-51HF is widely used. This material has a smaller
cell structure that takes up less resin. At any rate, the mechan-
ical and thermal properties of Rohacell remain unchanged.
This material is used as a structural core in connection with
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vacuum infusion processes. The cell size of this material
represents an optimal compromise between low resin uptake
and better bonding of the facings to the foam core [25].

For prepreg/bond ply, 3M adhesive transfer tape has been
used. This material has a high-temperature acrylic adhesive,
which can be exposed to 232°C. This material has exceptional
perfect values even at extreme temperatures. This material
also has low out-gassing properties, which is an important
consideration for the automotive, aerospace and electronics
industries [26]. Moreover, this material has a high bonding
strength that allows a strong connection between the skin and
core layers.

IV. DESIGN, FABRICATION, AND MEASUREMENTS

For the radome design, firstly chosen materials are char-
acterized over the entire W-band range from 75 GHz to
110 GHz. Then, four different types of radomes (Fig. 8)
are designed, simulated in commercially available Ansoft
HFSS and measured. Three radomes (two monolithic and one
A-sandwich) are designed for 82 GHz at a boresight incident
angle. These radomes can be used in satellite communication
systems that cover a frequency range from 81 GHz to 86 GHz.
The thickness of monolithic radomes is considered in such
a way that they provide good results at 45° tilted angle for
94 GHz frequency band. Then another A-sandwich radome
is designed for the same 94 GHz band tilted at 45°. These
radomes can be used in imaging mm-Wave radar and defense
applications. The dimensions of the proposed radomes are
shown in Table 2. For monolithic radomes, different thickness
of the material is not easily available, therefore material
(Rogers-5880) of different thicknesses are laminated together
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characterization of proposed radomes and (b) Graphical representation of the top view of the MUT setup for

testing a material over incident angle 6.

using a compatible prepreg/bond ply to obtain the desired
thickness, making it a quasi-monolithic radome. The physical
and electrical dimensions of prepreg are also considered in the
modeling and designing process to obtain accurate results.

A. MEASUREMENT SETUP

As shown in Fig. 3a, 9-axis mm-Wave scanner is used for the
characterization of materials and radomes. This state to the
art system has a position accuracy up to 35 um. A vector
network analyzer (Copper Mountain C4209) is connected
with two frequency extenders (FE), which cover the entire
W-band. Linear positioners are used to align (x—, y— and
z— axis) the frequency extenders, antennas, and MUT. Two
lenses corrected conical horn antennas operating at W-band
are used for this setup. This antenna has a gain of 26 dBi with
a 3 dB beam-width of 7° and 9° in the E- and H-plane, respec-
tively. Unlike spot focusing antennas, this lens corrected
antenna generates plane wavefront at a very short distance
of the antenna, which allows characterizing the materials and
radomes at a very short distance. However, the size of the
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material under test (MUT) and 3 dB beamwidth (634p) of the
antenna in the E-and H-plane restricts the distance between
the antenna and the MUT as shown in Fig. 3b.

This system can measure the transmission and reflection
coefficient at boresight, whereas only the transmission coef-
ficient at oblique incident angles. Free space thru, reflect and
delay line (TRL) measurement technique is used to charac-
terize materials and/or radomes at boresight. This free-space
calibration method is contact-less and able to accommodate
large and flat sheets of materials [27], [28]. To measure
the materials/radomes at oblique incident angles, the thru
response (TR) calibration technique is used. Finally, after
each calibration method, time gating technique is imple-
mented to eliminate the effects of the reflections from the
system [29]-[31].

B. MATERIAL CHARACTERIZATION AND TEMPERATURE
EFFECT

Fig. 4 shows the measured and simulated permittiv-
ity and tangent-loss of Rogers-5880 and Rohacell-51HF.
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FIGURE 4. Simulated and measured constitutive electrical parameters of
radome’s materials. (a) Permittivity. (b) Tangent loss.
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FIGURE 5. Dependence of dielectric constant on temperature for
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The measured permittivity is recorded 2.16 and tangent loss
0.002-0.006 for the entire W-band band from 75 GHz to
110 GHz. For Rohacell-51HF, the permittivity equals to
1.05 and tangent loss ranges from 0.013 to 0.016 are recorded.

As previously mentioned, the permittivity of the material
changes as the temperature changes. Therefore, the change
in permittivity at a different temperature should be known
to predict the frequency response of the radome. The
temperature-dependent permittivities of all the chosen mate-
rials are calculated using (18) and shown in Fig. 5. The
core material RohaCell-51HF has permittivity tolerance from
1.042 to 1.054 over a temperature range from —60°C to
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(Radome 1), (b) Monolithic 35t order (Radome 2), (c) A-sandwich 3¢
order (Radome 3) and (d) A-sandwich 279 order (Radome 4).

120°C. Whereas the skin Rogers-5880 has a permittivity
tolerance ranges from 2.048 to 2.232 and the prepreg/bond
ply has ranged from 2.347 to 2.352. To estimate the
change in frequency, the radomes are simulated with per-
mittivities calculated at —60°C and 120°C temperatures
using (18).

Rogers-5880 at extreme temperature is more disperse com-
pared to Rohacell and 3M adhesive, therefore 3 order
half-wave monolithic radomes using Rogers-5880 is simu-
lated in Ansoft HFSS at 82 GHz resonant frequency, as shown
in Fig. 6 The simulation clearly shows that the resonant
frequency is slightly shifted due to the change in temperature.
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In case of low temperature i.e. —60°C, the frequency-shifted
to 81.27 GHz, whereas 83.19 GHz resonant frequency is
obtained for high (120°C) temperature. This shows that Over
the temperature range from —60°C to 120°C, a maximum
change of resonant frequency is 1.45%
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C. 82 GHz BORESIGHT RADOMES

As discussed earlier, the distance between the antenna and
MUT depends upon the size of the material and the antenna’s
beam-width. Therefore, 3¢ order A-sandwich radomes is
measured at boresight considering the different distances for
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(b) Incident angle domain for parallel polarization.
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accurate measurements. It can be seen in Fig. 7, the relative results is 2.63% for a distance of 12 cm. These measurement
error (%) in the measurements with respect to the expected errors reduce as the distance between the antenna and the
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MUT reduces i.e. 2.16% for 6 cm and 1.9% for 3 cm. How-
ever, measurements at oblique incident angles are difficult for
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3 cm due to the sample size. Therefore, all the radomes are
measured with a distance of 6 cm from the antenna.
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(f) A-sandwich 29 order at 94 GHz (45°).

In the 1¥ order monolithic radome, shown in
Fig. 9(a and c) (frequency versus S-parameters), Si; less
than —20 dB and the worst Sy; of —0.02 dB are recorded in
both perpendicular and parallel polarization for a frequency
band from 78 GHz to 87 GHz. The S-parameters as a func-
tion of the steering angle for 82 GHz frequency are shown
in Fig. 9(b and d). The max relative error of the radome is
0.3% in the frequency domain and 0.6% in the incident angle
domain up to 60°.

In the 3@ order monolithic radome, shown in
Fig. 10(a and c) (frequency versus S-parameters), Sy less
than —20 dB and the worst So; of —0.08 dB are recorded in
both perpendicular and parallel polarization for a frequency
band from 80 GHz to 84 GHz. The S-parameters as a
function of the steering angle are shown in Fig. 10(b and d).
The max relative error of the radome is 0.35% in the fre-
quency domain and 0.75% in the incident angle domain up
to 60°.
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In the 3™ order A-sandwich radome, shown in
Fig. 11(a and c) (frequency versus S-parameters), S11 less
than —20 dB and the worst Sy; of —0.2 dB are recorded in
both perpendicular and parallel polarization for a frequency
band from 81 GHz to 83 GHz. The S-parameters as a function
of the steering angle are shown in Fig. 11(b and d). The max
relative error of the radome is 1.15% in the frequency domain
and 3.4% in the incident angle domain up to 60°.

D. 94 GHz 45° TILTED RADOMES

In this subsection, the performance analysis of two mono-
lithic radomes (previously designed at 84 GHz frequency
band having an incident angle at boresight direction) is
conducted at 94 GHz frequency having 45° tilted inci-
dent angle. This 1* order monolithic radome, as shown in
Fig. 12(a and ¢) (frequency versus S-parameters), the worst
S21 of —0.05 dB are recorded in both perpendicular and
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TABLE 2. Characterized dimensions and electrical properties of materials used for proposed radomes.

Radomes \ Type \ Frequency (GHz) \ Materials \ Er \ tand \ thickness (mm)
1 Monolithic | 82@ boresight Rogers-5880 | 2.16 | 0.006 1.010
1torder 94 @ 45° tilted angle Cuclad6700 2.30 | 0.0025 0.076
Rogers-5880 | 2.16 | 0.006 0.134
2 Monoithic 82@ boresight Rogers-5880 | 2.16 | 0.006 3.260
37 order 94 @ 45° tilted angle Cuclad6700 2.30 | 0.0025 0.076
Rogers-5880 | 2.16 | 0.006 0.380
3 A-sandwich | 82@ boresight Rogers-5880 | 2.16 | 0.006 0.254
374 order 3M adhesive | 2.35 | 0.025 0.160
Rohacell-51HF | 1.05 | 0.016 5.650
3M adhesive | 2.35 | 0.025 0.160
Rogers-5880 | 2.16 | 0.006 0.254
4 A-sandwich | 94@ 45° tilted angle | Rogers-5880 | 2.16 | 0.006 0.254
2"dorder 3M adhesive | 2.35 | 0.025 0.160
Rohacell-51HF | 1.05 | 0.016 4.560
3M adhesive | 2.35 | 0.025 0.160
Rogers-5880 | 2.16 | 0.006 0.254

parallel polarization for a frequency band from 90 GHz to
96 GHz. The S-parameters as a function of the steering angle
are shown in Fig. 12(b and d). The max relative error of the
radome is 3% in the frequency and incident angle domain.
In the 3@ order monolithic radome, shown in
Fig. 13(a and c) (frequency versus S-parameters), the worst
S21 of —0.4 dB are recorded in both perpendicular and
parallel polarization for a frequency band from 90 GHz to
96 GHz. The S-parameters as a function of steering angle
are shown in Fig. 13(b and d). The max relative error of the
radome is 4% in the frequency and incident angle domain.
In the 2™ order A-sandwich radome, shown
in Fig. 14(a and c) (frequency verses s-parameters), the worst
S21 of —0.6 dB are recorded in both perpendicular and
parallel polarization for a frequency band from 92 GHz to
96 GHz. The S-parameters as a function of steering angle
are shown in Fig. 14(b and d). The max relative error of the
radome is 5% in the frequency and incident angle domain.

E. DEPOLARIZATION EFFECT ON PROPOSED RADOME

Experimental characterization in the depolarization ratio
(DPR) of a radome is sensitive to phase accuracy measure-
ment, cross-polarization of the antennas, alignment and spac-
ing between MUT and antennas, and size of the MUT. In this
setup, the antennas have a cross-polarization of —30 dB
and antenna beamwidth of 9°. For the MUT dimensions
(26 cmx 16 cm), the projected beamwidth in the MUT surface
is slightly larger than the MUT dimensions. This limita-
tion prevents accurate measurements of DPg. This limi-
tation can be solved replacing the antennas with narrow
pattern beamwidth. Ideally, the beamwidth projected to the
MUT should be half the MUT dimensions. It also helps
to minimize edge effects and coupling between antennas.
Increasing the size of the MUT is another option, however,
it limits the maximum incident angle. Fig. 3b illustrates this
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limitation. Fig. 7 presents the relative errors are induced
in the transmission coefficient measurements for different
spacing between antenna and MUT. By reducing the spacing,
lower errors can be induced due to the antenna coupling
for having large beamwidth or smaller MUT dimensions.
Fig. 15 illustrates the depolarization effect of DPg produced
by the four types of radomes. In all cases, the DPr was
calculated using the expression (19) and then overlapped
with simulation results in HFSS. For all the cases (a to d),
excellent agreements were found. Small discrepancies were
found for the Monolithic radome (3" order) due to numerical
simulation errors due to the thickness of the material. One
important and practical observation of the results presented,
is the monolithic radomes induce less cross-polarization than
A-sandwich radomes.

V. CONCLUSION

In this paper, an accurate procedure to design, characterize
and test a radome for millimeter-wave applications is pre-
sented. An analytical model to perform the design trade-off
of a radome that takes into consideration the bandwidth,
transmission losses, reflections and depolarization of a mul-
tilayer radome as a function of incident angle and frequency
is presented. For validation, four different types of radomes
(monolithic and A-sandwich radomes) at 82 GHz and 94 GHz
were designed, fabricated and tested. For boresight, relative
errors below 1.15% in the transmission coefficient versus
frequency were obtained between the proposed model, simu-
lated and measured results. Relative errors below 3.4% were
obtained for the same radomes when those were evaluated
over an incident angle. Errors less than 5% were obtained
for a 45° tilted radome over the incident angle. High errors
are due to the small sample and antenna beamwidth used
in this setup. A trade-off between accuracy and scanning
range was discussed. Large scanning range (>30°) requires
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large spacing between antennas and MUT, and antennas
with narrow beamwidths. Taking into consideration the fab-
rication tolerances are more sensitive at higher frequen-
cies, prior characterization of the material (dimensions and
electrical properties) is required to guarantee high perfor-
mance radome. The proposed procedure is ideal for radomes
where applications require low reflections, low transmis-
sion/insertion loss and minimum signal polarization distor-
tion. The advantage of having a 9-axis mm-Wave RF scanner
with 35 m position accuracy enables position correction that
helps to minimize alignment errors and improves accuracy of
material and radome characterization.
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