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Abstract: A broadband polarization rotator built on single substrate is presented in this work. The
device is designed for operation in the K and Ka bands. A slant array is used to achieve polarization
rotation by 90◦ in a reflective manner. Broadband has been obtained, with the operation frequency
range covering 15–45 GHz for 3 dB criteria, which is almost 100% fractional bandwidth. In addition,
the insertion loss is less than 0.3 dB over a moderate broad incident angle from 0◦–20◦. Furthermore,
the polarization conversion ratio can be as high as 0.95. By using a bi-static method, the fabricated
prototype is measured, and the measured results demonstrate satisfactory agreement with the
simulation ones. In comparison with other reflective designs in the literature, this design provides
good bandwidth as well as polarization conversion ratio. Miniaturization can be investigated to
increase the angular stability.

Keywords: polarization rotator; broadband; angular stable; reflective; frequency selective surface;
slant array

1. Introduction

Polarization manipulation is a key function in a wide range of electronic systems.
Polarization rotators are therefore employed in communication [1], radar detection [2] and
radio astronomy [3]. A polarization rotator changes the polarization state of the incident
wave into its orthogonal polarization direction, or rotates the linear polarization by 90◦ [4].
Such functionality can be realized by various techniques, such as Faraday rotator [5],
roof-top mirror [6], and periodical structure [7]. Among these techniques, the periodical
structure is one of the most popular methods owing to its flexibility in unit cell design and
good performance [7–32].

Two types of polarization rotator can be made using periodical structures, i.e., the
transmission type [7–15] and the reflection type [16–26]. The transmission type requires the
incident wave travel through the whole structure to realize 90◦ rotation. For the reflection
type, the incident wave is reflected back to the same side with 90◦ polarization rotation. It
is found that polarization rotators working in the transmission type usually exhibit higher
insertion loss and narrower band, in comparison with the reflection type. In light of this
fact, the reflection type is preferred for low loss and wideband operation, and extensive
investigation into this area has been conducted.

A split-ring and patch array was used to realize polarization rotation [16]. Such design
was a typical way for creating 180◦ phase difference so that the resultant polarization could
be rotated [33]. This structure, however, exhibited limited bandwidth of 57.5%. A very
similar design used split rectangular ring (SRR) enclosed with a cross dipole was reported
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in [17]. The main drawback of this design is low polarization conversion ratio (PCR).
Double-SRR structure was also investigated [18], however, the PCR was not improved
considerably. Another modified design was based on dual-slit loop enclosed with a cross
dipole, which did not produce better PCR or wider bandwidth [19]. Double-L unit cell was
designed and two cascaded dielectric layers in [20]. The L-shaped strips were embedded
in the dielectric layers to provide broadband operation. However, the fabrication will be a
bit more complicated. A very interesting design using perforated array was reported [21].
The bandwidth can be as broad as 110% with satisfactory PCR. The main difficulty is
that fabrication on dielectric with a large number of via holes. Based on the split circular
ring, a switchable reflective design was realized [22]. The bandwidth of this structure is
around 35%, much narrower than other designs. A slant fractal array was employed to
produce wideband polarization rotation with PCR as high as 0.9 [24]. This design is very
instructive to create multi resonance in the passband. Three dimensional structures were
also developed [25,26]. Although, these 3D designs are very interesting, the fabrication is
difficult and no significant improvement has been observed in terms of bandwidth and
PCR. There are many designs that have been reported, and the authors shall apologize to
these contributors for not being able to include these works in this paper.

It is therefore worthy of further investigation to develop easy fabrication and wide-
band polarization rotator. In this paper, a reflective slant array is proposed to achieve
polarization rotation. The unit cell is a slant strip, where the ends are loaded with stubs
and the middle is loaded with patch. This is done to create multi resonance in the pass
band, as well as to improve the in-band insertion loss. Such a structure is built on a single
substrate, where the front layer is patterned with unit cells and the bottom layer is metal
ground. Broadband has been realized, and good angular stability is also observed. It is
demonstrated that such structure has very low insertion loss and very high PCR.

The remaining parts are organized as follows. Section 2 describes the design, opti-
mization and parametric study; Section 3 presents measurement and results; and Section 4
concludes this work.

2. Structure and Analysis

For a train of x-polarized wave, when incident on the periodical array, the output
wave will be y-polarized. The unit cell of the proposed wideband reflective polarization
rotator is shown in Figure 1. To achieve polarization rotation, the periodical array is slantly
arranged, and the unit cell consists of a capital I shape and a patch at the middle. The
PTFE substrate is 1.5 mm thick. Additionally, the dielectric constant of the substrate is 2.65.
The back layer is a reflection metal plane. The parameters of the final design are shown in
Table 1.
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Table 1. The key parameters for the unit cell.

Parameters p a b w g h l

Value/mm 3.9 1.7 1.1 0.12 1 1.5 3.8

For a reflection type polarization rotator, the reflection coefficients are used to charac-
terize the conversion. If the incident wave is x-polarized, the reflected wave may have two
components, the x-component and the y-component. These components are characterized
using Rxx and Ryx, representing the ratios coupled to x-component and the y-component
from the incident x-polarized wave. The simulation was conducted by using commercial
software HFSS. By employing periodical boundary, only the unit cell is needed to predict
the response of the polarization rotator. The simulated results are plotted in Figure 2,
where three resonant frequencies (18.2 GHz, 27 GHz, 39.4 GHz) are clearly observed. The
−3 dB bandwidth reads as 30 GHz (from 15 GHz to 45 GHz), showing a 100% fractional
bandwidth. The insertion loss is very low, less than 0.3 dB in the central region of the pass
band. It has to be mentioned that, since the structure is symmetrical for x-polarized and
y-polarized waves, Rxy is identical to Ryx and Rxx is identical to Ryy. In this connection,
only Ryx and Rxx are plotted. The parametric study in coming part also shows that the
variation in these coefficients is negligible within the fabrication accuracy. Therefore, the
above observations can be made in the context of fabrication accuracy.
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Figure 2. The simulated results. (a) The reflection coefficients in the range of 10–50 GHz; (b) the
polarization conversion ratio.

The PCR can be calculated using [16]:

PCR =

∣∣Ryx
∣∣2

|Rxx|2 +
∣∣Ryx

∣∣2 . (1)

The PCR defines the fractional power of the y-polarized component in the reflected
power. It is found that the majority region of the passband shows a PCR as high as 0.94.

The evolution of the design is presented in Figure 3a. Slant dipole array has been
reported to be able to produce polarization rotation [32]. However, it is seen that single
layer slant dipole array does not produce very good bandwidth. The end is then loaded to
minimize the design, which is manifested by the shift of the first resonance to the lower
frequency side. The loading, however, makes the in-band insertion loss worse, which is due
to that the far distance between the first and the second resonances. Therefore, the middle
of the dipole is loaded with a patch, which creates another resonance near 27 GHz. This
design eventually reaches a good balance between bandwidth and in-band insertion loss.
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Figure 3. The evolution of the design and the equivalent circuit. (a) Evolution process: design (1)
is a skewed strip array; design (2) is an end-loaded array; and design (3) is further loaded in the
middle with a patch; (b) Equivalent circuit. The v-direction is an inductive effect; the u-direction is a
capacitive effect.

An equivalent circuit for slant array can be described using Figure 3b, where the
unit cell acts as an inductor to the v-direction, and a capacitor to the u-direction [33,34].
Therefore, the reflection coefficients can be written as:{

Ryx =
√
(1− cos ∆ϕ)/2

Rxx =
√
(1 + cos ∆ϕ)/2

, (2)

where ∆ϕ is the phase difference between Rv and Ru [33]. In this connection, for a polariza-
tion rotator, the phase difference ∆ϕ shall be −180◦.

To shed some light on the principle, the current distribution at the three resonate
frequencies is plotted in Figure 4. The first resonance takes place at 18.2 GHz, where the
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length of the dipole (including the loaded stubs) corresponding to half wavelength in the
substrate, which can be estimated using:

λg =
λ0√
εeff

=
c

f0
√

εeff
, (3)

where εeff is the effective dielectric [35]. The peak region on the bottom layer can be
clearly recognized. For the second resonance at 27 GHz, it is clearly seen from the current
distribution on the bottom layer that standing wave takes place. One peak and two valleys
can be seen on the bottom layer. For the 39.4 GHz resonance, the current is almost restricted
to the patch region. The current distribution does verify that the patch creates more
resonances in comparison to the loaded dipole.
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(bottom row). The first column is for the front layer and the second column is for the bottom layer.

To investigate the sensitivity of each parameter, systematic parameter study has been
conducted. The analysis is presented in Figure 5. Since the designed value for w was only
120 µm, the step was set to 10 µm (the fabrication accuracy), roughly 8% relative error to
the designed value. A much larger step (100 µm) was used for other parameters. This
step would produce 10% error to the parameter g (designed value 1 mm), very close to the
relative error of w. It is seen that the most sensitive parameter is the length of the unit cell
p. And it is found that the second resonance is more liable to change of p. The length of
the patch a and the width b also produce variation to the second resonance, however, is
less influential in comparison to p. Other parameters are less sensitivity. These simulation
results imply that 10 µm fabrication accuracy is sufficiently good for this design.



Electronics 2021, 10, 916 6 of 11
Electronics 2021, 10, x FOR PEER REVIEW 7 of 12 
 

 

 
Figure 5. Parametric study for parameters (a) a, (b) b, (c) g, (d) h, (e) l, (f) p, (g) w, (h) θ. The fabrication accuracy is 10 μm, 
the step is 10 μm for w and 100 μm for other parameters. 

10 20 30 40 50
-60

-50

-40

-30

-20

-10

0
Parametric study-a

Frequency/GHz

dB
Ryx Rxx

a=1.8

a=1.7
a=1.6

a

10 20 30 40 50
-60

-50

-40

-30

-20

-10

0
Parametric study-b

Frequency/GHz

dB

Ryx
Rxx

b=1.2

b=1.1

b=1

b

10 20 30 40 50
-60

-50

-40

-30

-20

-10

0
Parametric study-g

Frequency/GHz

dB

Ryx

Rxx

g=1.1

g=1
g=0.9

g

10 20 30 40 50
-60

-50

-40

-30

-20

-10

0
Parametric study-h

Frequency/GHz

dB

Ryx
Rxx

h=1.6

h=1.5 h=1.4

h

10 20 30 40 50
-60

-50

-40

-30

-20

-10

0
Parametric study-l

Frequency/GHz

dB

Ryx
Rxx

l=3.9

l=3.8
l=3.7

l

10 20 30 40 50
-60

-50

-40

-30

-20

-10

0
Parametric study-p

Frequency/GHz

dB

Ryx Rxx

p=3.8
p=3.9

p=4

p

10 20 30 40 50
-60

-50

-40

-30

-20

-10

0
Parametric study-w

Frequency/GHz

dB

Ryx
Rxx

w=0.11

w=0.12

w=0.13

w

10 20 30 40 50-60

-50

-40

-30

-20

-10

0

Frequency/GHz

dB

Parametric study-θ

Rxx
Ryx

θ=0°

θ=10° θ=20°

（a） （b）

（c） （d）

（e） （f）

（g） （h）

Ryx (1.8)

Rxx (1.8)

Ryx (1.7)

Rxx (1.7)

Ryx (1.6)

Rxx (1.6)

Ryx (1.0)

Rxx (1.0)

Ryx (1.1)

Rxx (1.1)

Ryx (1.2)

Rxx (1.2)

Ryx (1.1)

Rxx (1.1)

Ryx (1.0)

Rxx (1.0)

Ryx (0.9)

Rxx (0.9)

Ryx (1.6)

Rxx (1.6)

Ryx (1.5)

Rxx (1.5)

Ryx (1.4)

Rxx (1.4)

Ryx (3.9)

Rxx (3.9)

Ryx (3.8)

Rxx (3.8)

Ryx (3.7)

Rxx (3.7)

Ryx (3.8)

Rxx (3.8)

Ryx (3.9)

Rxx (3.9)

Ryx (4.0)

Rxx (4.0)

Ryx (10°)

Rxx (10°)

Ryx (0°)

Rxx (0°)

Ryx (20°)

Rxx (20°)

Ryx (0.13)

Rxx (0.13)

Ryx (0.12)

Rxx (0.12)

Ryx (0.11)

Rxx (0.11)

Figure 5. Parametric study for parameters (a) a, (b) b, (c) g, (d) h, (e) l, (f) p, (g) w, (h) θ. The fabrication accuracy is 10 µm,
the step is 10 µm for w and 100 µm for other parameters.

3. Fabrication and Measurement

The fabricated polarization rotator is shown in Figure 6. The fabricated dimensions are
200 mm long and 200 mm wide. The substrate was first cut using a high-precision six-axis
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drilling/milling machine (HANS-F6M, Mason PCB, (Shenzhen, China)). Then, the pattern
was etched out using the etching process. Surface quality control process was employed
during fabrication. By using an industry microscope (SuperEyes, (Shenzhen, China)), the
fabrication accuracy can be examined and measured after calibration. The key parameters
are marked using the rule tool of the microscope. It can be seen that the fabrication accuracy
is better than the expected value of 10 µm, showing satisfactory fabrication accuracy.
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Measurement was conducted using a free space method, as shown in Figure 7. The
system was connected to a pair of broadband horns working from 12–40 GHz. A vector
network analyzer (VNA, Cyear AV3276D, (Qingdao, China)) generated the input signal to
the transmitting horn and collected the signal from the receiving horn. Radar absorption
material (RAM) was mounted surrounding the sample to reduce scattering waves. In order
to eliminate residual noise, time-gating technique was applied. The elevators were fixed
on the wooden ground, and the horns were fixed on the top panel of the elevator. By
averaging several rounds of measurement in combination with time-gating technique, the
measured results demonstrated good repeatability. Due to the physical size of the horns,
we only managed to measure the case of θ = 20◦. However, it is sufficient for the proof
of concept.

The measurement procedures are as follows:

1. Background measurement on open air. The measurement was conducted by placing
the bottom layer of the sample to the sample location so as to produce total reflection.
This is due to that the bottom layer is the metal layer.

2. Recording the transmission coefficient of the VNA (S21_air). This was due to using the
bi-static method to collect the reflected signal from the sample, as can be seen from
Figure 7.

3. Measurement on sample for the reflection from x-polarization to x-polarization Rxx,
and recording the transmission coefficient of the VNA (S21_xx).

4. Measurement on sample for the reflection from x-polarization to y-polarization Ryx,
and recording the transmission coefficient of the VNA (S21_yx).

5. Calculating the reflection coefficients by using Rxx = S21_xx − S21_air, and Ryx =
S21_yx − S21_air. This is done to remove the background effects.
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based on VNA technology.

The measured results are plotted in Figure 8. It is seen that the measured results are in
good agreement with the simulation. For the reflection coefficients, the measurement was
conducted from 12 GHz to 40 GHz. The resonate frequencies agree with the simulation,
only show slight frequency shift. The depth of resonance for the measure results are less
than that of simulation. In addition, the measured PCR is also satisfactory good, larger
than 0.92 in in most part of the passband. The discrepancy between the measurement and
simulation may be attributed to that the PCB produces more loss than simulation. Larger
loss in turn causes lower resonance and more insertion loss.

A comparison of this work with that in the literature is presented in Table 2. These
selected designs are all of reflection type fabricated with no more than two layers. The
comparison is made in regard to bandwidth, layers and realized PCR. It is seen that
the bandwidth of structures made of two layers is wider than the design in this work.
However, compared to single substrate, this work provides broadband operation, up to
100%. Furthermore, the PCR is satisfactorily high, up to 0.95 by simulation, and better than
0.92 for measurement. Such results demonstrate that this design can be used for broadband
polarization rotation with sufficiently good PCR.
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Figure 8. Comparison between measurement and simulation. (a) Rxx and Ryx; (b) PCR. Measurement
was conducted at 20◦.

Table 2. A performance comparison of reflective polarization rotators presented in literature.

Ref. Freq. (GHz) 3 dB Bandwidth (%) Layers PCR

[16] 5.5–10.5 62.5% 1 0.88
[17] 5–9.7, 11.2–15 63.5%, 29% 1 0.6
[18] 5–10.8 73% 1 0.6
[19] 5.6–11.4 66% 1 0.75
[20] 6–34 140% 2 0.8
[21] 15–55 116% 2 0.89
[22] 2.42–3.52 37% 2 -
[23] 8–18 68.6% 1 0.65
[24] 8–23 100% 1 0.9
[25] 4–6 40% 2 0.9
[26] X-band, Ku-band 16.1%, 20% 2 0.86

This work 15–45 100% 1 0.95

Actually, to achieve wideband property, more resonances have to be created. The
method used in [17] is a dual split-ring structure. Unfortunately, the PCR or bandwidth was
not improved, though two resonances were created. The reason might be that the coupling
between the two resonances was not balanced. The same issue is also found with [20],
where the PCR is 0.8 over the passband. The perforated array is itself a multi-resonance
structure, although the fabrication is a bit more complicated. In [24] the fractal structure is
also a multi-resonance structure producing wideband operation with 0.9 PCR. Actually,
the slant I shape is also capable of creating polarization rotation. By loading the patch at
the middle, more resonances are induced. This is instructive to design wideband reflective
polarization rotator by using multi-resonance structures. The only challenge is to increase
the angular stability. One possible approach is to minimize the unit cell.

4. Conclusions

A broadband polarization rotator has been realized based on single substrate. The
prototype was measured using the free-space method. The unit cell consists of an I-shaped
dipole loaded at the center with a rectangular patch so as to create more resonance. The
fractional −3 dB bandwidth reads 100% and the measured PCR is better than 0.92. Such a
structure can be used as wideband polarization rotator with very high PCR. The design
based on single substrate enable easy fabrication using common PCB materials. In regard
to the angular stability, only 20◦ is realized, and there still space for further improvement
by using miniaturization methods. The bandwidth enhancement is also a good direction
for further improvement.
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