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Abstract

In this study, an attractive ultra-thin metasurface (MS) converter is proposed for both K-band (18-27 GHz) and Ka-band (27—
40 GHz) having the superior performance of the linear-to-linear polarization (LP-LP) conversion and the linear-to-circular
polarization (LP-CP) conversion. Its operating bandwidth for the LP-LP conversion is approximately over 18.6-26.7 GHz
(lower part of the K-band) with a conversion efficiency of more than 90% and over 19.55-24.8 GHz (upper part of the
K-band) with a polarization conversion ratio (PCR) value of more than 99%. In addition, its operating bandwidth for the
LP-CP conversion (a left-handed circular polarization (LHCP)) is nearly between 31.8 and 40.5 GHz (Ka-band) with a PCR
value of more than 99%. The converter can achieve a PCR value greater than 90% for both the LP-LP and LP-CP conversions
for an oblique incidence wave with an incidence angle up to 40°. The design also provides mono-static radar cross section for
the 18.6-26.7 GHz frequency range, where the LP-LP conversion is provided. The proposed structure can be considered to
be ultra-thin having a thickness of 1 mm corresponding to 0.075A in the LP-LP and 0.12A in the LP-CP cases concerning the
center frequency. The cost-effective bandwidths (BWCESs) are 210 and 34 for the LP-LP and LP-CP conversions, respectively.
Free-space experiments were carried out at X-band and Ku-band to validate our design.
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1 Introduction

The term “electromagnetic (EM) wave polarization” charac-
terizes the temporal orientation of its electric field component
oscillating at a fixed point in space. The direction of the EM
wave could be altered via polarization converters. There are
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numerous applications of EM wave polarization converters
including but not limited to the minimization of the radar
cross section (RCS) in stealth platforms [1], antenna design
[2], wireless communication [3], and sensors [4].
Traditional polarization converters can be implemented by
ways of birefringence [5] and anisotropy [6] effects. Their
weak anisotropy, bulky form in volume, angle-dependent
polarization response, and significant power loss limit their
widespread usage in practical applications. Additionally,
these converters call for specialized equipment for phase
calculation and large propagation distances. Polarization
converters relying on a metasurface (MS) structure could
be harnessed to overcome these drawbacks. MS polariza-
tion converters have been developed with high resonance
properties in a variety of frequencies, including microwave
[7], terahertz [8], infrared [9], and visible light [10] bands.
Reflective [11] and transmittive [12] types are the two main
types of MS designs used in converter applications. While
the reflective type, which is of our main concern in this
study, converts the polarization of an incoming wave after
its reflection from the MS structure involving a short ter-

Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s13369-024-09358-y&domain=pdf
http://orcid.org/0000-0001-8106-0053

Arabian Journal for Science and Engineering

mination (metal ground), the transmittive type transforms
the polarization of the incoming wave after passing through
the MS design with essentially no short termination. Reflec-
tive and transmittive MS polarization converters could be
realized in a variety of forms including the linear-to-linear
polarization (LP-LP) conversion and the linear-to-circular
polarization (LP-CP) conversion, depending on the kind of
wave polarization used in the conversion design. While, in
LP-LP applications, the direction of the electric field of the
reflected wave shifts by 90° (Cross-polarization conversion
[13] (CPC)) or does essentially have no shift (0°) (Co-
polarization conversion [14]) after reflection of an incoming
wave with linear polarization, the direction of the electric
field of the reflected wave circularly rotates after reflection
of an incoming wave with linear polarization for LP-CP [15]
applications.

After a careful literature survey of reflective type MS
polarization converters in the literature, it has been noted that
they have drawbacks of (i) massive sizes [16], (ii) narrow-
band operating frequency band [17], (iii) higher sensitivity
to incidence angle for oblique incidence waves [18], (iv)
limited polarization conversion capability (either the LP-LP
conversion only [19] or the LP-CP conversion [20] only),
(v) not superior conversion efficiencies [21], and (vi) com-
plex or challenging implementation of designs [22]. In this
study, we propose a new reflective type MS-based polar-
ization converter to overcome all the previous drawbacks.
It consists of three layers: the bottom layer entirely con-
structed of a rectangular copper, the intermediate dielectric
layer made of FR-4 material, and the top layer formed by
a gamma (I') and a square copper shapes. This converter
has a thickness of 1 mm and can achieve both the LP-
LP and LP-CP conversions in the K-band (18-27 GHz)
and Ka-band (27-40 GHz). The LP-LP conversion occurs
in the frequency range between 18.55 and 26.9 GHz with
a polarization conversion ratio (PCR) value of more than
90% and a PCR value of more than 99% in the frequency
range 19.55—24.8 GHz with two resonance frequencies at
20.24 GHz and 23.66 GHz, respectively. The LP-CP con-
version produces a left-handed circular polarization (LHCP)
and occurs in the frequency range over 31.3 — 40.5 GHz
with an ellipticity conversion efficiency of more than 99%.
The proposed converter still results in acceptable PCR val-
ues (greater than 90%) for an incidence angle of 40° or
both LP-LP and LP-CP conversions. Aside from this, when
compared with earlier studies, it has the following unique
advantages of having a thinner thickness (0.075A for LP-LP
conversion and 0.12) for LP-CP conversion) and a broader
the cost-effective bandwidth (210 and 34 for LP-LP and LP-
CP, respectively).
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(a)

Fig.1 Schematic view of the proposed MS-based converter: a Top view
and b side view

2 Unit Cell Design and Retrieval Parameters

The commercial 3D full-wave electromagnetic simulation
program-the CST Microwave Studio was operated to opti-
mize the geometrical parameters of the proposed MS-based
polarization conversion unit cell. In obtaining simulation
results (reflection coefficient), the frequency domain solver
was run with an accuracy of le — 12, the unit cell bound-
ary conditions were adjusted in the x — y orientation,
and the Floquet ports were positioned in the z orienta-
tion.

For the proposed design to work as a polarization con-
verter, an MS-based structure was chosen to be symmetrical
to the orthogonal plane. Figure 1 depicts the proposed polar-
ization converter which is made up of three layers: the bottom
layer created entirely of the copper reflector with an elec-
tric conductivity of 0 = 5.8 x 107 S/m, the intermediate
layer having a dielectric medium with the FR-4 material
with a dielectric constant of €, = 4.3 and a loss tangent of
tand = 0.025, and the top layer composed of two separated
regions with a I'—shape and a square-shape both of which
are of the copper material. Figure 1a illustrates the geomet-
rical dimensions of the unit cell on the top layer, whereas
Fig. 1b shows the thickness of each layer and the electro-
magnetic wave components’ orientation in x—, y— and z—
directions.

The periodicity of the proposed MS-based converter unit
cell is P = 2 mm, the thickness of the copper material is
t = 0.035 mm, the thickness of the dielectric is d = 1 mm,
and the normal distance from either top or left (or bottom or
right) end of the unit cell to the beginning of the I'—shape
(the square-shape) is s = 0.1 mm. Remaining dimensions
are as follows: a = 1.55 mm, b = 1.05 mm, and g = 0.15
mm.



Arabian Journal for Science and Engineering

Fig.2 a Reflection coefficients
in dB, b reflection coefficients in
linear, and ¢ polarization ellipse
values of the proposed
MS-based converter
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3 Simulation and Results
3.1 Reflection Coefficients

The electromagnetic wave reflected from the MS-based con-
verter in Fig. 1 in general contains two field components: a
cross-polarized reflected field, which has a polarization that is
perpendicular to the a polarization of the incident wave, and a
co-polarized reflected field, which has polarization identical
to that of the incident wave. Assuming that the reflected wave
components can be written in the principal directions of the
Cartesian coordinate system, the Jones reflection coefficient
matrix (R) can be written in the following form to examine
co- and cross-polarization components of the reflected wave

[23]:

S

where Ry, and R, are the co-polarized reflection compo-
nents, and Ryy and Ry, are the cross-polarized reflection
components.

For an incident wave linearly polarized in x—direction
with an electric field E;; (or y—direction with an electric field
E;y), they will be then reflected waves x — and y—directions
(E/x and E,). Therefore, Ry, Ryy, Ryy, and Ry, quantities
in the R matrix in (1) could be expressed as:
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Therefore, the following power relations between incident
and reflected waves can be derived from (2) as
Ep B =B = (IRl + [Ryal?) | Ei 3)
for a linearly-polarized incident wave with polarization in
the x —direction and

Ep B =B = (IR P+ Ry ) |Es )
for a linearly-polarized incident wave with polarization in the
y—direction. Here, E, - 1s the reflected electric field in vector
form.

Figs.2a and b, respectively, illustrate the reflection coef-
ficients of the proposed converter in dB and linear scales
for a linearly-polarized incident wave with polarization in
y—direction. It is seen from Figs.2a and b that there is an
LP-LP conversion in the frequency range of 18.55 — 26.9
GHz (a bandwidth of 8.35 GHz) because |Ryy| value in dB
is lower than —10 dB. Specifically, |Ryy| attains values of
approximately —30 dB —37 dB at resonance frequencies of
20.24 GHz and 23.66 GHz. Similarly, the proposed converter
has an operation of LP-LP conversion, although relatively
narrower than the former bandwidth, over a frequency range
of 43.55 — 45.3 GHz (a bandwidth of 1.75 GHz). Besides,
the converter has a LP-CP conversion over a frequency range
of 31.8 — 40.45 GHz where |Ry,| = |Ryy| = —5 dB.
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Fig. 3 Separating the x — y components of the incident E field into
u — v components

Two requirements must be met in order for a circu-
lar polarization to occur. Firstly, the amplitudes of electric
field components of the reflected waves in the x— and
y—directions must almost be equivalent, secondly, the polar-
ization ellipse § has to be 90° [24]. Fig. 2c. demonstrates that
the phase difference between Ry, and Ry, is about 90° in the
frequency range 31.8-40.45 GHz.

3.2 Reflection Coefficients in the u — v Plane

To further understand the mechanism behind the working
principle of the proposed MS-based polarization converter,
assume that an incident wave is linearly polarized in the
x—direction and propagating in the z—direction. Consider-
ing the u — v plane in Fig. 3, it can be decomposed into two
components in the +u—direction and the +v—direction. It
is noted that the portion of the incoming electric field inten-
sity that is in the + u—direction must be reflected in the +
u—direction. In addition, the part coming in the + v— direc-
tion must be reflected in the - v— direction for the linear
polarization conversion. Mathematically, this incident wave
could be written for the exp(+ jwt) time reference as [ 14, 25]:

E; = §Eiye % = (0, + DE;p) e 7%, ®)

where k is the wavenumber in free-space.
On the other hand, the reflected wave could be expressed

by:
RE; et = 3Ry Epye ik

s A jkz A N ik
= ( Eru + UErv) €+‘] ‘ = (urquiu + vrvaiU) e+j Zv

(6)

where r,,, and ry, are the complex co-polarized reflection
coefficients in the u— and v—directions, respectively.

Extending the above analysis after considering both co-
and cross-polarized reflection coefficients, E"r in (6) can be
generalized to

@ Springer

-

Er = [a(ruuEiu + ruvEiv) + 0(rowEiy + rouEiu) | 5.
(7N

It can be re-written in a component (compact) form as

|:Eru] _ |:ruu Vuv:| |:Etu:| ’ (8)
E.y vy Tvo E;y

where 7, and r,, are the complex cross-polarized reflection
coefficients in the u— and v—directions. Similar to the def-

initions in (2), the reflections coefficients r,,, ryu, ryv, and
ryp are defined as

Ery i
Tuu = E = [Fruule! %,
tu |E;y=0
E,, .
Fyv = E = |ruyle’#,
w | E;,=0
Ery j
Fvu = E = |ryule’#,
1 E;y=0
Epy i
vy = E = |ryyle??, ©
iv |E;,=0

where [ryuyl, [rovls [Fuvls [Fouls @uus Qvvs @uv, and @y, are
the magnitudes and phases of co- and cross-polarized reflec-
tion coefficients ry,,, ryy, ryy, and ry,,, respectively. For the
cross-polarized conversion, the incident wave with polar-
ization in the +y—direction must reflect in the +u— and
—v—directions so that the reflected wave becomes linearly
polarized in the 4+-x —direction as illustrated in Fig. 3. There-
fore, for circular polarization, |7, | = |ry,| and Ap = @, —
@uy = Fr/2 (an RHCP will be present when Agp = +1/2,
and an LHCP will be present when Agp = —m/2).
Furthermore, the polarization efficiency n of the proposed
polarization converter for an incoming wave with linear
polarization in the y—direction can be evaluated as [26]:

1= IRof + [Ro . (10

Figure 4a illustrates the values of |r,|, |ryy|, and n. It is
seen from Fig.4a that n approaches nearly unity. Besides,
examining Ag is sufficient to evaluate the type of polariza-
tion.

The LP-LP occurs in the frequency region 18.55 —
26.9 GHz, in which the phase difference is in the ranges
[—144°, —163°] and [+170°, +217°] whereas the frequency
difference in the resonance frequencies 20.24 GHz and 23.66
GHz are equal to exactly 180°. The LP-CP occurs in the
region 31.3—40.5 GHz in which the phase difference is in the
range [—83°, —100°] which means that the polarization here
is LHCP (see Fig.4b).
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Fig.4 Dependence of reflection
coefficients of the proposed
MS-based converter in the u — v
plane: a Magnitudes of
reflection coefficients in #— and
v—directions and the
polarization efficiency n and b
phases of reflection coefficients
in u— and v—directions and Ag
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3.3 Polarization Conversion Ratio

The PCR can be considered to be a helpful metric for
polarization conversion for incident waves in the x— and
y-directions, respectively [24, 27]:

PCR = (11)

In the case of electric field in the x-direction if all the
incident waves are reflected in the y-direction then the PCR
in (11) is maximum and equals to one, in this case the cross-
polarization is maximum. But if all the incident waves are
reflected in the same direction x, then the PCR is minimal
and equal to 0, in this case the co-polarization is maximum. If
the incident waves reflect in both x — and y—directions, then
the elliptical polarization occurs. The circular polarization is
a special case of elliptical polarization where the reflected
waves in both x— and y—directions are equal and the phase
difference between them equals 90°.

Figure 5a demonstrates the PCR of the MM converter.
it is noticed that an LP-LP conversion happens with PCR
greater than 90% in the frequency range 18.55-26.9 GHz,
whereas the PCR in the frequency range 19.55-24.8 GHz
is greater than 99%. The LP-LP almost covers all the K-
band frequency, and in more than 5 GHz of the 8 GHz
K-band frequency range, the PCR is above 99%, indicating
that the obtained result could be considered ideal. Figure 5a
also shows that the proposed design achieves linear polariza-
tion conversion in the range of 43.5—45.35 GHz for V band
under normal incidence.

For the oblique incident waves, four oblique incident
angles (0°, 15°, 30°, 45°) were taken into consideration (see
Fig.5b). There is essentially no difference between the 15°
oblique incident and the direct incident waves; the 30°
oblique incident waves have a PCR of more than 90% in
the frequency range of 18.75-27.6 GHz and more than 97%
in the frequency range of 19.35-26 GHz; whereas the 45°
oblique incident waves have a PCR of more than 90% in the
frequency range of 19-26.45 GHz and could reach 99% in
the frequency 20 GHz.
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3.4 Ellipticity

Circular polarization conversion capacity of polarization
converters is determined by Stokes Parameters. Stokes
Parameters are as follows [28].

So = E? + E3,
S, =2E1E; cos(¢),

S| = E? — E3,
S3 = 2E 1 E; sin(¢).

The ellipticity e could be determined from Stoke’s Parame-
ters by dividing S3 by Sp as in the equation as follows:

S3 2Rynyysin8
ST p 2. p 2
S0 Ryx"+ Ry,

12)

Itis noted from (12) that the following two conditions must
be simultaneously met to attain maximum e value for the
LP-CP conversion: The first condition is Ry, = R, and the
second condition is § = :F%- for the second condition if the
polarization ellipse angle is —7, which indicates that S3 =
—So0, then the circular polarization is left-handed (LHCP)
and e = —1 in (12); vice versa if the polarization ellipse
angleis + % which indicates that S35 = + S0, then the circular
polarization is right-handed (RHCP) and e = +1in(12). The
frequency range 31.8-40.45 GHz (more than half of the Ka-
band) is the range where the LP-CP occurs with an efficiency
of more than 99% (see Fig.5c). As e value is almost —1, the
LP-CP here is LHCP.

The four propagation oblique waves (0°, 15°,30°, 45°)
were investigated, just as in the PCR scenario (see Fig. 5d).
The LP-CP efficiency in the frequency band of 32.15-38.9
GHz is almost more than 99% for the 15° incident wave.
The ellipticity for the 30° incident wave is above 90% in the
frequency range 31.3 — 40.5 GHz and greater than 95% in
the range 33.15-38 GHz. For the 45° oblique incident waves
the ellipticity is greater than 80% in the range of 33.3-40.3
GHz but could not exceed 85%.

@ Springer
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3.5 Numerical Parameter Analysis

Numerical parameter analysis for the selection of critical geo-
metric parameters of the proposed MS-based polarization
converter is presented in Fig. 6. As can be seen in Figs. 6a—d,
a, b, d, and g parameters were examined for optimum con-
version rates with the parameter sweeping method in CST. It
is also presented in Figs. 6a—d that the most efficient polar-
ization conversion ratios of the proposed design occur at the
values of a = 1.55 mm, » = 1.05 mm, d = 1 mm and
g = 0.15 mm. Figure 6e shows the effects of MS unit cell
components on the polarization converter. As seen in Fig. 6e,
the gamma shape of the converter serves as the dominant part
and the square shape of the converter serves as the regulating
part.

@ Springer
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3.6 Axial Ratio in dB

The axial ratio characteristic of the reflected wave was exam-
ined to provide an explanation for the LP-CP capacity to
convert when a linearly polarized wave aroused the structure.
The orthogonal component ratio of an E field is known as
the axial ratio AR. Two orthogonal E field components with
identical amplitudes and a phase difference of 90° make up
an LP-CP polarized field. The LP-CP conversion capability
AR of the proposed converter is explained using the reflection
coefficients (Ryy and Ryy) as below [29, 30]:

[Rl” + |Ru[ +va

AR = (13)
Ry [+ |Ro|* = va

where,

a= |Ry>"4+ ‘ny|4+2|Ryy|2‘ny|zcos 25 14
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Fig.6 PCR and ellipticity 1
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Even if in antenna and some applications an AR value
less than 3 dB indicates the presence of LP-CP, 1 dB will
be utilized as the reference value for the AR of the proposed
converter to guarantee an exceptionally great performance.
As it is cleared from Fig.5e, AR is less than 1 in the fre-
quency range 30.8— 41.45 GHz which means that the LP-CP
conversion is achieved in this range.

3.7 Surface Current Analysis

Examining the surface current in the upper and lower sur-
faces of the projected metamaterial converter is yet another
analysis to better understand the working mechanism. For
this reason, all resonant frequencies (20.24 and 23.66 GHz)
of the converter’s resonating metal were studied. The mag-
netic and electric fields and the polarization effect are related
in the way shown below [31, 32]:
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Fig.7 MM converter’s surface current intensity

where the vectors J and M represent the current den-
sity of both electricity and magnetism, correspondingly. In

% @ Springer
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Fig.8 PCR and e values a with
1.5 scaling factor b with 2.25
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addition, the self and linked electric and magnetic polar-
ization are denoted by the letters ®ee, Com, Otme anNd Ay
The surface current densities at the upper and lower sur-
faces are depicted in Fig. 7 at the two resonance frequencies
(20.24 and 23.66 GHz). Furthermore, the color bar’s blue
and red hues in this figure stands for the lowest and highest
surface current densities, correspondingly. As it is demon-
strated, the current densities on the metal terminal surface
and metasurface are going in the opposite orientations. There
is magnetic resonance at these two RFs because the surface
current arrangement of the two RFs is anti-parallel.

3.8 Tunable Design with Scaling

The operating bandwidths will be shifted to the Ku- and K-
bands by multiplying each parameter of the proposed con-
verter with a 1.5 scaling factor, where the periodic array is
3 mm and the thickness is 1.5 mm. The LP-LP now covers
the frequency range over 12.2-18 GHz with a PCR value
of more than 90%, whereas the LP-CP is in the frequency
range of 20.3—27 GHz with an ellipticity e of more than 99%
(see Fig. 8b). Scaling with 2.25 scaling factor will switch the
operating bands to the X- and Ku- bands. The LP-LP oper-
ating bandwidth of our design here is in the frequency range
of 8.2-12 GHz with a PCR of more than 90%, whereas its
LP-CP operation is more than 99% in the frequency range
13.85-18 GHz (see Fig. 8b).

3.9 Radar Cross Section Reduction

In military and stealth platform applications, it is still difficult
to reduce the RCS over a wide frequency range. This can be
accomplished by diverting the scattered electromagnetic field
in the unwanted direction. RCS can indeed be realized from
2D-planar structures like LP-LP converters because of the
metamaterial’s limited and flat structure. The proposed unit
cell in the form of 2 x 2 identify matrix is analyzed using
mono-static RCS analysis as shown in Fig.9a. The element
1 is the matrix inclined at 0° whereas the element O is the
matrix inclined at 4+ /2 in the azimuth plane. For the LP-LP
operating frequency range from 18.6 to 26.7 under normal
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incidence, the mono-static RCS reduction of the proposed
converter (20 x 20 produced prototype) in reference to PEC
is simulated as shown in Fig. 9b. This converter exhibits more
than 10 dBsm reduction in RCS over the frequency band
with two peaks when compared to PEC. The peaks, which
come from the optimal polarization conversion behavior PCR
approaches 100% at these frequencies, are at 20.24 GHz (33
dBsm) and 23.66 GHz (23 dBsm).

3.10 Experimental Results

The scaled MM-based polarization converter was created by
arranging 45 x 45 unit cells (a total of 2025 unit cellsona 2.2
mm-thick plate of the FR-4 material). In order to guarantee
unitcell boundary conditions, the number of unitcells in Ms
was chosen to be higher than those previously produced in
the literature [33-35]. Figs. 10a and b show the experimen-
tal setup for free-space measurements used to validate our
design. The vector network analyzer (VNA) purchased from
Keysight Technologies (N9923A) could measure scattering
parameters up to 26.5 GHz. To transmit electromagnetic
waves to the manufactured polarization converter and inter-
cept reflection signals from it, two horn antennas purchased
from Pasternack Company were utilized. These antennas can
operate over 1 — 18 GHz and have a height of 20.4 cm
and width of 16 cm. Two coaxial cables with a length of
120 cm were used to connect the VNA to the antennas. The
thru-reflect-line calibration technique was used to calibrate
the measurement setup. For co-polarized tests, the trans-
mitter and the receiver antennas were placed in the same
orientation. However, the receiver antenna was rotated 90°
while the transmitting antenna was at its original position
for cross-polarization measurements. After calibration, the
line standard’s reflection and transmission S-parameters were
measured to verify the calibration process. Figure 10c shows
that while there is a small variation between the numerical
and experimental findings for LP-LP conversion, the results
are nearly identical for the LP-CP conversion. The dispar-
ity could be explained by the following three factors. First,
the measurement setup employs quasi-plane waves while the
simulation uses optimal normal incident EM waves. Second,
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Fig.9 a Matrix arrangement

(2 x 2 array) of the designed
unit cell and b measured RCS
reduction of the proposed design
(20 x 20 array)

(o e n o/ o e ele
(o e/w(a/l e e ele

a
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Fig. 10 a schematic view of
measurement setup b fabricated
metamaterial sample ¢
experimental and numerical
reflection coefficient results

(a)

the manufactured sample’s finite size presents challenges
while the numerical sample’s limitless size does not. Third,
fabrication and measurement errors can partly alter the mag-
nitudes (and phases) of co- and cross-polarized reflection
coefficients.

4 Comparison

The findings of the proposed converter will be contrasted
with those of past studies in several aspects. In this compar-
ison, the wavelength A will be chosen in the center of each
operational bandwidth. Table 1 lists the performance of the
proposed converter as well as a few previously known polar-
ization converters. For a more comprehensive analysis the
cost-effective bandwidth is represented [36]:

Refl. Coef.
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BWcEg = R (16)

v

where RBW is the relative bandwidth having a value of
2(fmax - fmin)/(fmax + fmin)s Ry = Tv/)h3 is the volume
of a unit cell, and T, is the total volume of a unit cell.

Although designs of some previous studies in Table 1 have
athickness (less than 1 mm) smaller than that of the design of
the proposed structure, the proposed design has the follow-
ing unique advantages. First, the BWcg value of our design
(210) is the higher value and superior to those of the previ-
ous studies (the highest value is 57) for the LP-LP operation.
Second, in terms of efficiency, the proposed design has the
highest value of approximately 99% in nearly all of its oper-
ating bandwidth. Third, our design has an angular resistance
of oblique incidence up to approximately 40° for its nominal
operations.
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Table 1 Comparison of the

proposed M.S—based polarization Ref. ][3(?1{12] Type +EIf. i:su(lir 90%) Rin Ry Ry BWer
converter with several reported
polarization converters Ref. [37] 18-40 LP-LP+90%  40° 0120 034r 00133 57
Ref. [38] 13.8-40 LP-LP+94%  30° 0.18%.  032% 0019 51
Ref. [39] 254-314  LP-CP+90%  25° 0020 0.67. 0013 165
35.4-422  LP-CP+90%  25° 0.04r  09% 0033 55
Ref. [40] 162-167  LP-CP+90%  — 0070 0.19x 0002 14
179-432  LPLP+75%  30° 0120 034r 0014 59
This Paper  18.6-26.7  LP-LP+90%  45° 0.075.  0.15%  0.0017 210
31.8-40.5 LP-CP+99%  30° 0120 0241 0007 34

5 Conclusion

An ultra-thin metamaterial converter has been developed,
simulated, scaled, manufactured, and tested. Both LP-LP and
LP-CP could be achieved for Ka- and K-bands. The PCR is
over 99% in most of the LP-LP operating bandwidth at the
frequency range of 19.55 —24.8 GHz. The ellipticity is more
than 99% over 31.8 — 40.5 GHz in the Ka-band. The pro-
posed design provides an excessively thin structure (0.075A
and 0.121 for LP-LP and LP-CP, respectively) and thus is
appropriate for compact circuit applications. The design also
offers a mono-static RCS less than 10 dBsm in the frequency
range between 17.86 GHz and 26.7 GHz where the linear
polarization is achieved. Free-space measurements were con-
ducted over 7 — 17 GHz to validate our design. It is noted that
simulated and measured co- and cross-polarization reflection
coefficients in generally good agreement over the entire fre-
quency band.
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