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ABSTRACT A polarization rotator based on loaded parallel strip-lines is theoretically and experimentally
investigated. The unit cells are short-stub loaded parallel strip-lines. The arrays on the front and back layers
are rotated by 90° to each other. By loading the stubs, good coupling between the two layers is obtained. Such
a structural rotation along with the loading stubs allow the y-polarized wave to be converted to x-polarized
wave through field coupling. A broad transmission bandwidth of 30% (86-116 GHz) by using the proposed
structure has been reached. In addition, the PTFE substrate is only 0.25 mm thick, which is less than 0.1A
at 86 GHz. Such a thickness allows the polarization rotator to be easily mounted on antenna radomes. The
fabricated prototype demonstrates good agreement between simulation and measurement results.

INDEX TERMS Polarization rotator, periodical structure, strip-lines, wideband, angular stability.

I. INTRODUCTION

Periodical structures have been intensively investigated for
a broad range of applications, such as frequency selective
surface (FSS) [1], radar antenna radomes [2], antenna gain
enhancement [3], [4], absorber [5], [6] and so forth. They
are also used to manipulate polarization [7]-[16], generating
orbital angular momentum [17], [18], and are consequently
employed in many remote sensing [19] and communica-
tion [20] systems.

A polarization rotator rotates the linearly polarized inci-
dent wave by a certain angle, in most cases 90°. There
are largely two catalogues of polarization rotator, i.e., the
reflection type [7]-[13] and the transmission type. For the
reflection type, oblique incidence is required in order to
avoid blockage by the radiating source. The transmission
type [21]-[24] is widely used in applications where polar-
ization separation is demanded. To fulfill this functionality,
there are a good versatile of designs, such as the substrate
integrated waveguide (SIW) [21], slant lines [22], coupling
slots array [23], and so on. The SIW structure requires many

The associate editor coordinating the review of this manuscript and

approving it for publication was Jaime Laviada

shorting pins, which inevitably increases the fabrication cost
and is less suitable for millimeter wave range, though good
performance may be obtained. Slant line structure requires
multi-layer structure to achieve satisfactory bandwidth. Cou-
pling slots array does not show very good bandwidth or
angular stability.

This paper reports a transmission type ultra-thin polar-
ization rotator using periodically loaded parallel strip-lines,
for the application of a 94 GHz imaging system requiring a
minimal bandwidth of &5 GHz. Only one substrate is used in
this design, and both sides are patterned with unit cells. The
unit cells on the back layer are rotated by 90° with regard to
the front layer to obtain polarization rotation. By introducing
a stub on the strip, good coupling can be achieved. Compared
to other types of polarization rotator, low profile, easy fabrica-
tion and good bandwidth are observed. Particularly, the PTFE
substrate is only 0.25 mm thick, making it easy to be mounted
on many antenna systems. In addition, only one substrate is
needed and common PCB etching technique is competent to
fabricate such structure. Furthermore, this structure produces
satisfactory angular stability.

The following parts are organized as follows: Section II
is devoted to the theory and design, Section III presents the
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fabrication and measurement, and Section IV summarizes
this work.

Il. THEORY AND DESIGN

A. DESIGN CONSIDERATIONS

Suppose a train of vertically polarized EM wave, when inci-
dent on a rotator, its polarization should be rotated by a certain
angle 6. As an example, the EM wave is rotated from vertical
polarization to horizontal polarization, as shown in Fig. 1.
The front layer can be considered as a receiving array, and
the back layer is equivalent to a radiation array. Through
coupling between the front and back layers, the power can be
transmitted from the front side to the back side. To achieve
polarization rotation, the current distribution on the back
layer should be rotated with respect to the front layer by the
same angle. Therefore, the structure on the back layer should
be identical to that on the front layer, but rotated by an angle
of 90°.

Horizontal
polanzatlon

e
I, H rH L“\\

i

Front layer

FIGURE 1. An illustration of polarization rotation from vertically
polarized state to horizontally polarized state.

Using the mathematical description, the output field can be
calculated by the transmission matrix

Eox — Tx Txy Eix 1)
Eqy Ty, Ty || Ey|
If the incident field is polarized along the y axis, then one has

{ Eox = TxyEiy

@
Eoy = TyyEiy.

Therefore, the transmission coefficient Ty is preferred to be
close to unity (0 dB) and Ty, close to O though not possible.

In the design of an FSS, slot array is a type of bandpass
filter, and the patch (strip) array functions as a band rejection
filter. In this regard, the slot array is usually used in design of
bandpass polarization rotator [23], [24]. Actually, the polar-
ization rotation takes place when the current induced by the
incident wave can be rotated by 90° on the exit array. There-
fore, two conditions may be considered to guide the design.
One is the structural rotation between the incident layer and
the exit layer, the other is a sufficient strong coupling between
these two layers.
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FIGURE 2. Response of two-trip array. (a) Current on the front layer;
(b) current on the back layer; (c) Txy, Tyy and Ryy of this structure.

The simplest structure is a vertical metal strip on the front
layer and a horizontal strip on the back layer. Such a structure,
however, does not produce very good coupling, as shown in
Fig. 2. The conversion from y-polarization to x-polarization
is almost null. Therefore, the transmission coefficient Ty is
very small, below -50 dB as shown in Fig. 2. Even using
the slot array [24], the rotation of structure by 90° does not
guarantee a good polarization rotator. This is due to that the
current on the front layer cannot be coupled to the back layer.
Therefore, a good coupling route has to be created so as to
enable this function.
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In order to enhance the coupling, a stub has been added
near the end of each strip, considering that the stub can change
the direction of current. By loading the stub, the coupling
effect is greatly enhanced. The position of the stub is defined
by s as shown in Fig.1.

To determine the initial value of each parameter, the fol-
lowing methods may be employed. The length of each strip
shall be approximately half a wavelength. For a substrate
supported strip line, I ~ Aig/2, and A, is the equivalent
wavelength

R 3
Eeff  foEeit
where, e is the effective dielectric [25]. The available min-
imal thickness of the substrate is 0.25 mm. Other parameters
are limited by 2 (g +w) +a < p.

Through optimization, the best structure can be achieved.
The final structure of the unit cell is shown in Fig. 1, and
the optimized parameters are listed in Table 1. The current
distribution on each layer is plotted in Fig. 3. It is seen that
the major area of current distribution on the front layer is on
the vertical strip and the connection part between the vertical
strip and the stub, and for the back layer the major area is
on the horizontal strip and the connection part between the
horizontal strip and the stub. Coupling between the front layer
and the back layer takes place at the connection area.

dB(A/m)

FIGURE 3. Current distribution at 94 GHz on (a) the front layer; (b) the
back layer.

The simulated results are presented in Fig.4, where the
8 parameters are all plotted. It is seen that for the x-polarized
wave, the reflection coefficient R, is very high over the
simulated frequency range of 75-130 GHz. It is almost -
1 dB in the central range, indicating that the x-polarized
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TABLE 1. Key parameters of the polarization rotator.
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FIGURE 4. Simulated results of the optimized structure at normal
incidence.

wave cannot be transmitted through this structure. Therefore,
in later discussion, we only use the y-polarized wave for
incidence. For the y-polarized wave, Ry, is sufficiently small
in the central frequency range, smaller than -10 dB. And the
Ty is as good as -1 dB, showing that polarization rotation
takes place for the y-polarized wave.

An equivalent circuit model for the polarization is shown
in Fig.5. A trip line can be modelled using a series inductor
L and capacitor Cp, [26]. The end stub can be considered as a
capacitor Cg [25]. The coupling can be described using C,y,
and the dielectric usually shows a transmission line property,
denoted by a phase shifter [27]. Since the y-polarized wave
will be rotated to x-polarized wave. The coupling from input
porty to output port y should be null. Similarly, coupling from
the input port for x to the circuit should be null since the
transmission coefficients for x polarized wave is very large.

-

Input port: y

N

Input port: x

FIGURE 5. An ideal equivalent circuit model for the polarization rotator.

B. PARAMETRIC STUDY

In order to investigate the sensitivity and influence of each
parameter, as well as to shed some light on the working princi-
ple, a systematic parametric study has been conducted. We set
the sweep step to 10 um, which is actually the fabrication
accuracy. Also, the dielectric permittivity is studied since this
parameter is frequency dependent [28] and will also create
adverse effect on the performance.
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FIGURE 6. Parametric study of the stub (a) g and (b) s.

Since the stub plays a critical role in this design, the length
of the stub g and the position s are investigated first and
the results are shown in Fig.6(a) and Fig.6(b). It is seen
that increasing g will broaden the bandwidth and increase
the amplitude of the reflection coefficients. The central fre-
quency also undergoes slight shift to lower frequency side.
This is due to that the length of the stub will affect the
current path. Variation of s within the fabrication accu-
racy does not affect the response significantly. This may
be explained by the current distribution in Fig.3, where
the coupling takes place at the connection part, while
the end of each strip does not have very strong current
distribution.

The length of the unit cell p and the length of the strip / less
sensitive to the small variation in length (10 xm), as shown
in Fig. 7.

The parameter w and d do not produce too much effect
on the response, as shown in Fig. 8(a) and Fig.8 (b). This
is reasonable since the width of each strip does not affect
the current path too much. The thickness d does affect the
relative permittivity by the microstrip line theory, however
not so noticeably in this case. It is seen from Fig.8(c) that
higher permittivity will redshift the central frequency. In this
design, the provided permittivity is 2.65.

The angular stability is shown in Fig. 9(a). It is seen that
the bandwidth is not affected remarkably. The transmission
from y-polarization to y-polarization is slightly increased.
Such results indicate very good angular stability, at least up to
30° incident angle. In many systems, this angle is sufficiently
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FIGURE 7. Parametric study of the unit cell (a) p and (b) /.

large for oblique incidence. For systems of normal incidence,
it provides very large margin for components positioning.

It is noted from Fig.9(a) that there is a second resonance
near 80.4 GHz. In order to investigated the origin of this
resonance, the current distribution at 80.4 GHz is simulated.
It is well recognized that there is another current path at
the strip line on the opposite part of the stub as indicated
in Fig.9(b). The second resonance may be attributed to this
additional current path.

IIl. FABRICATION AND MEASUREMENTS

The fabricated polarization rotator is shown in Fig.10 (a) and
Fig.10(b). The substrate is PTFE of 0.25 mm thick. The
fabricated dimensions are 280 mm long and 200 mm wide.
The substrate was first cut using a high-precision six-axis
drilling/milling machine (HANS-F6M). And then, the pattern
was etched out using the etching process. Surface quality
control process was employed during fabrication. By using
an industry microscope (SuperEye), 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 within 5 um,
better than the expected value of 10 wm. Such accuracy
is sufficiently good, as can be seen from the plots in the
parametric study section.

Measurement was conducted using a quasi-optical bench,
as shown in Fig.11. The system was connected to a pair
of W-band extenders (VDI WR-10+). The extenders were
driven using a VNA (Cyear AV3276D). A pair of corrugated
horns were used for creating Gaussian beam and for receiving
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FIGURE 8. Parametric study. (a) w; (b) d; (c) er.

signal. Two ellipsoidal mirrors were employed to refocus
the divergence beam, generating a planar wave front at the
location of the sample holder. The detailed description of
the quasi-optical system is directed to reference [29]. Radar
absorption material (RAM) was mounted on the horns to
reduce standing waves. Locating holes were drilled to pre-
cisely determine the incident angle. A slot calibration was
first conducted between the W band extenders. In order to
eliminate residual noise, time-gating technique was applied.

The first measurement was conducted on air as back-
ground, and the transmission coefficient S2;_,ir was recorded.
After that, the sample was presented for measurement. Three
parameters are measured, the transmission from y- polar-
ization to y- polarization Tyy, the transmission from y-
polarization to x-polarization Ty, and the reflection from y-
polarization to y-polarization Ryy. For Ty, the transmission
coefficient for sample S»1_yy, was recorded, and therefore
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FIGURE 9. Angular stability study. (a) Angular dependent response;
(b) current distribution at 80.4 GHz with 20° incidence.
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FIGURE 10. The fabricated polarization rotator. (a) photograph; (b)
photograph under an industrial microscope.

Tyy = S21_yy — S21_air- To measure Ty, the receiving horn and
extender have to be rotated by 90°. The reflection background
was measured by placing a metallic plate at the location of
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FIGURE 11. The Measurement set up using a quasi-optical bentch.

the sample. By fixing the sample holder to different locating
holes, the incident angle can be changed.

The measured results are plotted in Fig. 12. It is seen
that the measured results are slightly redshifted. But overall,
the agreement between simulation and measurement is suf-
ficiently good. Ripples can be observed in the transmission
band, with the average insertion loss being 1.5 dB. Ripples
are caused by residual scattering of the reflectors and multi
reflections of the horns. The reflection s11(y->y) is below -
15 dB, and the transmission coefficient s21(y->y) is nearly -
10 dB. These results demonstrate that the conversion from
the y-polarized wave to x-polarized wave has been realized
through this very simple structure. In addition, the angular
stability is also good enough, showing 20° stability. It is
also observed that an irregular point exists near 80.4 GHz by
simulation. And the measurement of this point takes place
near 83-85 GHz. With the increase in the angle of incidence,
the irregular point becomes more apparent. Fortunately, this
irregular point does not lie in the frequency region of polar-
ization rotation. In this connection, the presence of this point
does affect the performance significantly.

The phase of Ty, at normal incidence is compared and
shown in Fig. 12(d). It is seen that the measurement is in
agreement with simulation within 8 degree. The linearity is
excellent and good group delay can be derived.

Actually, the bandwidth can also be defined using the
polarization conversion ratio (PCR) as defined in [30]. The
angular dependent PCR is plotted in Fig.13. It is clear that
the bandwidth for 0.707 PCR can be maintained between
88-106GHz. For 0.8 PCR, the bandwidth is 90-105GHz.
Tabulated data are listed in Table 2.

TABLE 2. Tabulated data for PCR at normal incidence.

Freg/G g5 90 95 100 105 110
Hz

Sim. 0.69  0.88 0.88 0.87 0.87 0.86
Meas. 0.63  0.87 0.89 0.88 0.85 0.85

In addition, this structure can also be studied in terms of the
Brewster angle by using ¢p = arctan (4/85 /eair), as shown
in [30]. Since the relative permittivity of the substrate & is
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FIGURE 12. Measurement results. (a) Txy; (b) Tyy; (c) Ryy: (d) comparison
of the Ty phase at normal incidence.

2.65 and it is 1 for air, the Brewster angle ¢p finds to be
58°. It implies that it is possible to separate two orthogonal
components when an un-polarized light is incident on the top
layer at 58°.

In Table 3, a comparison of the transmission type polar-
ization rotator is presented. It is seen that for single layer
structure, this work gives a good tradeoff between number
of substrate layer, bandwidth and thickness.
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TABLE 3. Comparison of the performance of existing polarization
rotators.

Ref. PCR PCR BW (%) Layer Thickness
[21] >0.92 10% 2 0.15%
[22] >0.70 15% 3-4 0.13%
[23] >0.90 8% 1 0.053%
[24] >0.92 10% 2 0.95M1
[30] >0.93 75% 3 0.15%
[31] >0.92 8% 2 0.2
This work >0.85 30% 1 0.1A

IV. CONCLUSION

A very simple structure for the applications of millime-
ter wave polarization rotator has been realized. The unit
cell consists of a pair of loaded strip lines. The stub is
designed so as to increase the coupling between the inci-
dent and exit polarizations. The structure on the front and
back layers are rotated by 90° to each other. Substrate
thickness is only 0.11 at 86 GHz, showing a very thin
design. The rotator works at 86-116 GHz, indicating a broad-
band property. Good angular stability can be maintained
from 90-105 GHz.
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