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Abstract Multi-band operation of the elements of elec-
tromagnetic systems can result in merging multiple systems
and cost reduction. A challenge for multi-band operation is
the circular polarization which is frequently a requirement
for these systems. However, circular polarization can be
obtained from linearly polarized waves using transmission-
mode or reflection-mode linear to circular polarization con-
verters. Therefore, advanced multi-band reflection-mode
linear to circular polarization converters are proposed in
this paper. Two versions of the polarizers are designed with
different design methodologies. The first polarization con-
verter has 3 dB axial ratio bandwidths of 29.3, 21.8, and
7.6% on 2, 8, and 12 GHz with 15° permitted incident angle
difference. The second polarization converter with incident
angle range of 25° (0, = 23° and 0,,,, = 48°) has 17.8,
10, and 22.5% bandwidths on 2, 5.5, and 8 GHz, respec-
tively. In addition, the bandwidths can be improved to 32.1,
28.3, and 26.5% by reducing the incident angle range to 10°
with 6_;, = 30° and 6,,,, = 40°. Finally, a prototype of the
second polarization converter is fabricated and simulations
are met by measurement results.

1 Introduction

Metamaterials are periodic structures with various shapes
to obtain certain functionalities such as polarization con-
version [1-6], wave absorption [7-12], and negative refrac-
tion [13-16] at desired frequencies. A notable application
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of metamaterials is the conversion of linearly polarized
electromagnetic wave to circular polarization (CP) in
the range of microwave to optical frequencies. Although
realization technologies of these metamaterials are com-
pletely dissimilar for different frequencies, principles of
operations, design techniques, and simulation methods are
almost similar [1-6]. A characteristic for circularly polar-
ized electromagnetic wave is that the wave with right-hand
circular polarization (RHCP) is usually reflected with left-
hand circular polarization (LHCP) from a target. In addi-
tion, radar and imaging systems generally involve transmit-
ted and received waves those should be separated in their
antenna sections. Therefore, a key method for the separa-
tion of transmitted and received waves is to use circular
polarization. Furthermore, circularly polarized receivers
are widely spread in all electromagnetic wave applications.
Radar systems, earth stations, scanners, and satellite sys-
tems are examples of these applications.

CP can be obtained from the circularly polarized
antenna elements using regular methods such as multi-feed
antennas, helical antennas, and spiral antennas. [17-20].
Another method is the sequential rotation technique that
produces the CP from the array of linearly polarized anten-
nas with unique angular and phase arrangements [21-24].
Reflection-mode linear to circular polarization converters
(RMCPs) and transmission-mode linear to circular polari-
zation converters (TMCP) based on metamaterials are
alternative methods to produce CP from linearly polarized
waves. Operating methods of most of TMCPs are similar.
They usually provide 90° phase difference between TE
and TM waves of an incident wave to produce the outgo-
ing wave with CP. A simple method is to provide a condi-
tion that the TE and TM waves have different phase speeds.
For example, parallel conductive plates and parallel dielec-
trics use this method [1]. Another method is to construct
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a structure with different equivalent transmission line cir-
cuits for TE and TM modes that produces 90° phase differ-
ence between TE and TM transmissions. Examples of this
method are patch and lines, and meandered lines [1].

RMCPs use similar methods, only they should pro-
duce 90° phase difference between TE and TM reflections
instead of the transmissions. Viable examples are helical
structures on a surface [25] and dipole array structures [26].
Polarization converters have some advantages over the pre-
vious methods, and they are now essential in many electro-
magnetics applications [1]. However, they are affected by
limited bandwidth; hence, the bandwidth improvement is of
major interest in the literature [25, 27]. Also, dual-band and
multi-band polarization converters can improve the appli-
cations of electromagnetic systems significantly [28-32].

In many electromagnetic systems, the main limitation of
bandwidth of total system is on the 3 dB axial ratio (AR)
bandwidth. Moreover, all features of these systems are
typically able to have multi-band operations excepting AR
which is the main limitation. Thus, multi-band linear to cir-
cular polarization converters can improve the performance
of these systems, significantly. In addition, the RMCP can
be used for many electromagnetic systems such as imaging
and radar systems [33, 34]. However, among various avail-
able structures for RMCPs [1, 25-32, 35], an RMCP with
multi-band, wideband, and wide-angle capabilities together
are not reported yet. Bandwidth is very important for practi-
cal applications since the bandwidth improvement improves
the fabrication tolerances and enables the use of wideband
signals. In addition, wide-angle feature makes possible the
employment of wide-beam antennas in real applications.

Consequently, multi-band RMCPs with wideband and
wide-angle advantages are proposed in this paper. The pro-
posed multi-band metamaterial RMCPs are based on two
design methods. The first one based on equivalent trans-
mission line circuit with 15° permitted incident angle dif-
ference has 29.3, 21.8, and 7.6% bandwidths on 2, 8, and
12 GHz, and the second one is designed to reduce the dis-
tances between operating frequencies using simulation
optimizations. The bandwidths of second metamaterial are
17.8, 10, and 22.5% at 2, 5.5 and 8 GHz, with 0, = 23°
and 0,,,, = 48°. Also, the bandwidths can be improved to
32.1, 28.3, and 26.5% by reducing the incident angle differ-
ence to 10°. Finally, simulations are validated by measured
results and good agreements are observed.

2 Multi-band RMCP based on equivalent
transmission line circuit
The proposed RMCPs are based on dual-layer patch

arrays similar to the dual-band RMCP [35]. Two methods
are proposed for constructing multi-band RMCPs; the
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first method uses the equivalent transmission line circuit
to obtain the dimensions, and the second method obtains
the dimensions using simulation optimizations. The sec-
ond RMCP has wider angle of incidence range and its
operating frequencies are closer to each other which is
an advantage. However, the initial structure is obtained
using the analytical method and then by violating the lim-
itations of this method, the results are improved as will
be indicated in next section.

The design approach is similar with the dual-band
dual-layer RMCP using the equivalent transmission line
circuit as indicated in Fig. la. Dual-layer RMCPs have
indeed TE and TM equivalent transmission line circuit
models; however, the circuit models are similar and only
values of the components Y, Y}, Y5, Y, and Y, are differ-
ent. The substrate width is 3.2 mm and e, = 3.9. Patch
sizes are obtained by matching the calculated TE suscep-
tance of the first layer patches with required susceptance

_ ke
N e B U gss

L
e s
€ Yo1
Dielectric
yl: d
Substrate ky 1
Y; \&
e T Yo~ U T _Ess
-]- Ysz -L 1
Air or Foam
z Gap )];1 d,
l 2
y X

PEC T T

Fig. 1 a Equivalent transmission line circuit for dual-layer RMCPs
and b unit cell of the proposed dual-layer RMCP based on patch
arrays
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at the desired frequencies for CP. The detailed analytical
method is available in [26, 35, 36] and only brief expla-
nations are provided here. The X component of propaga-
tion constant, k., is unique in Fig. 1a and equals k; sin 6 in
all layers due to the boundary conditions and
k, =4 /kl2 - k)% for ith th layer, where k, = \/€_rzko~ Charac-

zI

teristic impedances of the ith th layer for TE and T™
modes are Y™ = weye, /k, and Y'E =k, /wp, with
€0 = €, = 1 and the relative permittivity of substrate is
€,;1 = 3.9. The reflection coefficients, for 45° polarization
angle of the incident wave, should meet I'"E = 5 T'™ for
RHCP and LHCP reflection, where
I'= (Y, - Y;y)/ (Y, + Yy,) for both TE and TM waves [36].
Y™ and Y¥TF are TM and TE input admittances of circuit
without considering YTM and YST]E. Input admittances are
therefore Y;,; = Y; +Ys1 for both TE and TM modes.
Consequently, required admittance for the patch array of
the first layer is [26]

™ ™ ™
—j(Y™M 4+ YI™M) + v] YIE 4 ¥
YTM +J(YTM+YTM) il |’
(H

where the admittances and are pure imagi-
nary for negligible losses Usmg equivalent transmission
line circuit in Fig. la for both TE and TM modes, one
obtains [36]

TE _ :pTE
Ysl Jreq J sl,req —

YTM YTE YTM

v Ym2 +/Y; tan (k,d,)
Yl +j mztan(k d)

1

| =JBy =

where Y, is the input admittance of sec-
ond layer. Y;; can be obtained by substituting

for both TE and TM situations. YIM, Y'M and YF are
dependent on shapes of the frequency-selective surfaces
(FSSs) in (1) and (2). Unit cell of the proposed RMCP is
indicated in Fig. 1b. The TM and TE surface admittances
of ith layer (: = 1,2) are given by [37]

[ 2ougw, JTW:
Y™ = _]<—g> In (cos 2—) 3)
/e w,
and
2wyl zll in2
YIE = PE N in ((cos = ) (1 — S 0 , 4)
st 2 21, 2
ﬂﬂeff €eff

respectively, where e, = (e, + 1)/2 and 5.5 = v/ o/ €€y
Equations (3) and (4) are lines that pass from the origin as

functions of frequency. Consequently, dimensions should
be tuned to obtain a B5T1Ereq curve that can be connected by a

straight line from the origin at desired frequencies. Slope of
the B'F line can be controlled by the dimensions /; and /).
Required and calculated TE susceptances of the first layer
patches for CP reflection are indicated in Fig. 2 with the
given dimensions at 8 = 40°. It can be observed that the
required and calculated TE susceptances meet at on 1.3, 2,
8, and 12 GHz. In addition, it can be observed in Fig. 3 that
the simulated structure has zero AR at the same frequen-
cies. CST frequency domain solver is used for all simula-
tions. The dimensions are almost similar, only 7, w’2 and l’1
are slightly changed to compensate the coupling effects,
which is not considered in the equivalent transmission line
circuit. The first and third frequencies are for RHCP, and
the second and fourth frequencies are for LHCP. Polariza-
tions of the reflected wave can be changed by changing the

Yip = Yip + Y = Y = j¥, cot (k,pd, ) in this equation as polarization of incident wave from 45° to 135°, explicitly.
v v d v nd However, bandwidth of the first operating frequency is low,
Y, =jB, =Y, EACRRIL ( z1 1) — Icot ( 22 2) and therefore, it is not considered. Therefore, it can be
1 ’ . . o e
Y, + [/Ysz + Y, cot (kzzdz)] tan (kzldl) observed that this RMCP has 15° permitted incident angle
(2)
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Fig. 3 Simulated AR of the 9

reflected wave from dual-

layer RMCP with dimen-

sions [, = 14.85, I/, = 14.63, g b

wy, = 1.58, w’2 =137,d, =22, =

d, =11.25,1, =293, l’1 =2.79, z

wy =3.15,and w}| = 2.03 (all 5‘:

in mm) 3 |
0

difference with 29.3, 21.8, and 7.6% bandwidths on 2, 8,
and 12 GHz.

3 Multi-band RMCP violating limits of equivalent
transmission line circuit

Large distances between three frequencies reduce the
practical application in multi-band systems, as the realiza-
tion of other components will be problematic. This is due
to large distances between the wavelengths which yield to
large differences in dimensions of the components. In addi-
tion, in practical multi-band applications, the frequencies
are usually closer [38, 39]. Consequently, the dimensions
of RMCP with similar structure as indicated in Fig. 1 are
optimized to obtain the third frequency band between 2 and
8 GHz. This is actually obtained by violating limitations of
the previously introduced equivalent transmission line cir-
cuit method, consciously. It means that the dimensions are
purposely assumed outside the tolerance of theory so that
the coupling effects change the susceptances at lower fre-
quencies as will be indicated shortly.

Dimensions of the second RMCP based on simulation
optimizations are I, =33, I, =31, w, = 3.5, w} =3.05,
dy =32 d,=81,=66, =3 w =7, and v, =6.2
(all in mm). AR of the reflected wave from this RMCP is
indicated in Fig. 4 for different incident angles. It can be

8 10 12 14
Frequency (GHz)

observed that the three operating frequencies are about 2,
5.5, and 8 GHz. These frequencies can be used for satel-
lite applications. The incident angle range is assumed to be
25° with 6,,;, = 23° and 6,,,, = 48°. Therefore, the mini-
mum 3 dB AR bandwidths for 2, 5.5, and 8 GHz are 17.8,
10, and 22.5%, respectively. Also, the interesting point is
the wide bandwidths at 8 GHz in all angles of the incident
wave. However, for other frequencies, the bandwidths can
be improved by reducing the range of incident angle to 10°
with 6,,,, = 30° and 6,,,, = 40°, which yields to the 32.1,
28.3, and 26.5% bandwidths.

Nevertheless, simulation results in Fig. 4 are in agree-
ment with the results of equivalent transmission line circuit
for higher than 8.5 GHz as can be observed in Fig. 5. How-
ever, the results will be in agreement for less than 5.5 GHz,
if l; is increased to 6 mm. For the frequencies between
5.5 and 8.5 GHz, the susceptance of this RMCP is corre-
sponding to the values for l’1 between 3 and 6 mm. There-
fore, limitations of the equivalent transmission line circuit
are violated for lower frequencies where the wavelengths
are larger and coupling effects are stronger to obtain the
desired results.

In addition, operating frequencies of this RMCP appear
to be controllable by changing separation between the
ground plane and the second layer FSS. It can be observed
in Fig. 6 that by reducing d, the frequencies are closer, and
the required propagation angle is smaller. This can be better

Fig. 4 Simulated AR of the 9
reflected wave from dual-layer
RMCP with dimensions /, = 33,
1’2 =3Lw, =7, w’1 =6.2, 6
wy =3.5,w), =3.05d, =32, =
dy =81, =6.6,and /| =3 (all z
in mm) %
3
0
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Fig. 5 Required and calculated 0.05
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Fig. 7 AR of the reflected wave 9
from dual-layer RMCP with dif-
ferent values of d, at 8 = 30°
6
@
2
e
<
3
0

; ; Receiver antenna with

RMCP e 0°/30°/60°/90°/120°/150°

; Reflected wave'with polarization angles
LHCP 3t-2"GHz and
RHEP at 5.5 and 8 GHz

Transmitter antenna with
&5“ polarization angle
Fig. 8 Schematic of the measurement setup of the proposed RMCP

observed in Fig. 7 where ARs of the reflected wave are
indicated at # = 30° for the RMCPs with different values of
d,.

Schematic of the measurement setup for the proposed
RMCP is indicated in Fig. 8. The propagation angle of
incident wave, 6, is 40°, and the polarization angle of the
transmitter is 45°. AR is obtained by rotating the receiver
antenna and recording the ratio between maximum and
minimum received powers at all rotation angles in a given

Frequency (GHz)

frequency. Photograph of a 35 cmXx30 cm prototype and
the measured AR of reflected wave are indicated in Fig. 9.
Rectangular patches of the proposed RMCP are printed
on both sides of a substrate with 3.2 mm thickness and
€, = 3.9. The substrate is separated 8§ mm from the ground
plane using pieces of foams. Measurement is achieved
using three sets of horn antennas for the frequency ranges
1.8-3 GHz, 3.9-6 GHz, and 6.9-10 GHz. Two antennas
are used for each frequency band: one for transmitter with
45° polarization angle and the other for receiver with dif-
ferent polarization angles as indicated in Fig. 8. The meas-
ured AR in Fig. 9, which is obtained from the ratio between
maximum and minimum received powers at all rotation
angles, indicates good agreements with simulated AR.

4 Conclusions

In this paper, multi-band RMCPs are proposed which can
help improve the performance and reduce the costs in
electromagnetic systems, significantly. Two methods are
presented for designing these polarization converters. The
first method, based on equivalent transmission line circuit,
formed a polarization converter with 3 dB AR bandwidths
of 29.3, 21.8, and 7.6% on 2, 8, and 12 GHz, respectively,
and the 15° permitted incident angle difference. The second

AR (dB)

——— Simulation @® Measurement

6
Frequency (GHz)

Fig. 9 Realized multi-band RMCP and the measured AR of the reflected wave with d, = 8 mm at § = 40°
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method, violating the equivalent transmission line circuit
limits, made a polarization converter with total incident

angle range of 25° (0

min — 23° and 0 ax = 48°) and 17.8,

10, and 22.5% bandwidths on 2, 5.5, and 8 GHz, respec-
tively. Finally, the second polarization converter is fabri-
cated and tested successfully.
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