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Abstract—This paper presents an efficient analysis method for
a novel continuous transverse stub (CTS) antenna. As opposed to
state-of-the-art CTS antenna designs, the proposed architecture
achieves circular polarization using a single CTS array and
without any polarization converter. The structure consists of long
radiating slots/stubs fed by over-moded parallel-plate waveguides.
More precisely, the transverse electromagnetic (TEM) mode and
the first transverse electric (TE1) mode of the feeding waveguides
are used to generate a circularly-polarized field. The array is
analyzed using a spectral mode-matching method. First, the
active reflection coefficient of the infinite array is derived in
closed form. A windowing approach is then adopted to compute
the radiation patterns of finite-size arrays. Numerical results
obtained with this method are in excellent agreement with full-
wave simulations, carried out with a commercial software. The
performance of this class of CTS antennas has been investigated
using the developed model. It is theoretically demonstrated that
the proposed array can be designed to attain an axial-ratio (AR)
lower than 3 dB over a 52.9% relative bandwidth at broadside.
Furthermore, the active input reflection coefficient is lower than
-10 dB over a 40.8% relative bandwidth when the array steers its
main beam at θ0 = 45

◦. This solution is an attractive candidate
for next generation satellite communication terminals.

Index Terms—Continuous transverse stub array, circular po-
larization, oversized parallel-plate waveguides.

I. INTRODUCTION

THE growth of satellite communication (Satcom) applica-

tions in Ka-band has boosted the development of novel

antenna solutions with wide-band performance, wide-angle

scanning capabilities, and low-form factor [1]. Continuous

transverse stub (CTS) arrays have received particular attention

from the community due to their low profile and wideband

performance [2]–[4]. They consist of arrays of stubs or open-

ended parallel-plate waveguides (PPWs), which radiate in free

space and may be fed either in series or in parallel. A series-

fed CTS array [5] comprises stubs, finite in height, placed on

the upper plate of a PPW. The beam is spatially steered by

varying the angle of incidence of the wave launched into the
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Martin-d’Héres, France.
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feeding PPW. On the other hand, standard parallel-fed CTS

arrays [6], [7] adopt long slots in a metallic plane fed by a

corporate network of mono-modal PPWs, supporting the TEM

mode. Such network typically excites with the same amplitude

and phase each slot. The parallel-fed architecture exhibits very

wide-band capabilities owing to the mutual coupling of the

slots [8].

However, the main drawback of CTS arrays is that, due

to their radiation mechanism, they are inherently linearly-

polarized. Circular-polarization (CP) has become an essential

feature for Satcom applications for enhancing the robustness

of the satellite communication links [9]. Existing solutions to

achieve CP typically rely on add-on linear-to-circular (LP-to-

CP) converters, placed in proximity of the radiating slots [10],

[11]. Nevertheless, the use of LP-to-CP converters impacts on

the overall size and thickness of the antenna system and, at

the same time, introduces additional losses.

A novel concept is here proposed for CTS arrays. The main

underlying idea is based on the bi-modal operation of the

antenna. Over-moded PPWs are employed to feed the radiating

elements. In particular, both the slots and PPWs should support

the fundamental TEM and the first transverse electric (TE1)

modes. The transverse electric fields of these two modes

are orthogonally-polarized and therefore, if properly excited,

are able to radiate a CP field. This novel CTS architecture

relies on a single radiating aperture, rather than on two

arrays geometrically-organized in an egg-crate configuration,

as recently proposed in [12]. Indeed, the radiating aperture in

[12] consists of orthogonally-oriented long slots, series-fed by

a corporate network of mono-modal PPWs. Thus, the radiation

mechanism of the CTS antenna that we propose may provide

CP fields resorting to a single aperture, which supports two

orthogonally-polarized modes.

An efficient numerical tool is crucial to explore the po-

tential of the structure described above. The proposed anal-

ysis method is based on a spectral mode-matching technique

(MMT). This numerical tool builds on the work in [13], ex-

tending it to over-moded CTS arrays. In particular, the model

provides a closed-form expression for the active impedance

of an infinite array excited by the TE1 mode. The active

impedance under TEM mode operation is also accurately pre-

dicted for slots and PPWs supporting the two selected modes,

which also constitutes a futher new contribution with respect

to [13]. Furthermore, the radiation patterns of finite-size arrays

are derived using a windowing approach. Design guidelines are

also discussed for achieving a wideband impedance matching

and low axial-ratio (AR). Several examples are presented to

provide the reader with an useful deepening for different

design goals arising in practical applications. The insight pro-
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(a) Perspective view.

(b) Cross-sectional view taken along the xz-plane.

Fig. 1. Geometry of the problem. Only three dielectric slabs are shown for
the layered media for the sake of clarity.

vided by the proposed analysis is of considerable importance

on the study of the antenna’s potentialities and limitations. The

versatility of the tool to analyze the array under different and

precisely controlled excitations (single-mode, multimode) is

fundamental to perform fast and accurate parametric studies.

The impact of the array parameters on the antenna’s matching

and radiation performance are exhaustively displayed and

discussed, thus easing the design of a circularly-polarized

SatCom terminal antenna.

The paper is organized as follows. In Section II, the active

impedance of the radiating slots is derived for an infinite

circularly-polarized CTS array under both TEM and TE1

mode operation. In Section III, numerical results are validated

by comparison with full-wave simulations. In Section IV,

radiation properties and AR performance for a finite-size array

are derived. In Section V, design guidelines are outlined.

Furthermore, Section VI shows a representative example of

a possible design in Ka-band. Finally, Section VII concludes

the paper.

II. ANALYTICAL MODEL

Fig. 1 shows the geometry of the problem under consider-

ation. An infinite array of slots on a ground plane is fed by

over-moded PPWs. The width of the slots is a and they are

infinitely-extended along the y-axis. In order to guarantee a bi-

modal behavior of the PPWs, we restrict our analysis to values

of a between λ/2 and λ, where λ is the operating wavelength

in the medium filling the PPWs. The inter-element spacing

along the x-axis is d. The PPWs are filled with a material

of permittivity ǫr1. The modes are considered propagating

along the z-axis. The metallic parts are considered lossless

and, hence, modeled as perfect-electric conductor (PEC). The

slots radiate into a planar multi-layered medium. The number

of media can be arbitrarily chosen and their height is indicated

by hq with q ∈ N
+. Each medium has permittivity ǫr,q+1,

where q ∈ N
+.

By virtue of the equivalence theorem, a magnetic field

integral equation (MFIE) is derived to formulate the electro-

magnetic problem by enforcing the continuity of the tangential

component of the magnetic field on the slots:

ẑ × [Hi(x, y, z) + Hr(x, y, z)− Ht(x, y, z)] |on D= 0 (1)

where D = {(x, y, z) ∈ R
3 : nd < x < a + nd with n ∈

Z,−∞ < y < +∞, z = 0}.

In (1), Hi(x, y, z), Hr(x, y, z), and Ht(x, y, z) are, respec-

tively, the incident, reflected and transmitted magnetic field at

the discontinuity z = 0. A simple graphical representation of

the fields is shown in Fig. 1(b). The two incident fields are

given by

HTEM
i =

+∞
∑

n=−∞

HTEM
PPW(x− nd, y)

∏

a

(

x− a
2
− nd

)

e−ikx0nd

(2)

HTE1

i =
+∞
∑

n=−∞

HTE1
PPW(x− nd, y)

∏

a

(

x− a
2
− nd

)

e−ikx0nd

(3)

when the array is excited by a TEM or a TE1 mode, respec-

tively. In turn, the expressions for the reflected and transmitted

fields are

Hr = −
+∞
∑

n=−∞

HPPW(x− nd, y)
∏

a

(

x− a
2
− nd

)

e−ikx0nd

(4)

Ht =

∫

R2

Gt
HM (x− x′, y − y′)Mt (x

′, y′) dx′dy′ (5)

where
∏

a (x) = 1 for −a/2 < x < a/2 and null elsewhere,

kx0 = k0 sin θ0 cosφ0 with (θ0, φ0) the beam pointing direc-

tion, and Mt (x, y, z) is the transverse magnetic distribution on

D and its expression can be found in [13]. Furthermore, Gt
HM

is the transverse dyadic Green’s function for the half-space

over the slots. The latter may be evaluated in the presence

of a layered medium using an equivalent transmission-line

model as in [14]. The extended forms of H
TEM

PPW
, H

TE1

PPW
,

and HPPW in (2), (3), and (4), respectively, are provided in

[13]. It is important to notice that only the TEM and TE1 mode

excitations are considered in (2) and (3) for the incident field

even if, since λ/2 < a < λ, the TM1 mode can propagate

as well. Since possible mutual couplings between TEM and

TM1 modes may occur along any eventual discontinuities, a

possible solution to cut-off the TM1 mode relies on feeding the

slots with longitudinally-corrugated PPWs [21]–[25]. In the

following we will exclude the TM1 mode to feed the structure.

By replacing (2) or (3), (4), and (5) in (1), a MFIE

is obtained. This equation can be approximately solved by
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truncating the series to 2M-1 PPW’s modes and 2Nf+1

Floquet’s modes, and applying the Galerkin’s method to (1).

Two different linear problems arise for the two selected modes.

For each mode, the matrix-based form yields
[

Y TE,TE Y TE,TM

Y TM,TE Y TM,TM

] [

VTE

VTM

]

=

[

I01

I02

]

(6)

where VTE =
[

V TE
0 , V TE

1 , . . . , V TE
M−1

]

and VTM =
[

V TM
1 , . . . , V TM

M−1

]

are the scalar mode functions of TE and

TM modes in the PPWs, respectively. Depending on the

type of impinging field we consider (i.e., TEM (2) or TE1

(3)), the known terms I01 and I02 take a different form. The

mathematical expression of the admittance matrix in (6) can

be found in [13].

A. Active admittance for TEM-excitation

For completeness, we report the main results for the TEM

mode given in [13]. The constant term in (6) is given by

I01 =











iV TEM
inc

√
aY TE

0

0
...

0











, I02 =







0
...

0






(7)

where V TEM
inc = 1 (V/

√
m) and Y TE

0 = 1/ζ with ζ the intrin-

sic impedance of the medium inside the PPWs. By inverting

(6), the scalar mode functions V TE
m=0,...,M−1

and V TM
m=1,...,M−1

can be calculated and the fields on the aperture expressed in

a closed-form. The active admittance of the radiating slots

can be then derived. The mathematical expression of the

normalized active admittance is given by

Ȳ TEM
act = − 1

∣

∣V TE
0

√
a
∣

∣

2

∫

D

Ht · M*
t, TEM dxdy (8)

Mt, TEM = − iV TE
0√
a

∏

a

(

x− a
2

)

e−ky0y ŷ (9)

In (8), Ht takes into account the contribution of all higher

order modes in the PPWs and the mutual coupling among

feeding waveguides (see (5)). In (9) Mt, TEM considers only

the effect of the fundamental mode within the PPWs.

The extended form of the normalized active admittance (8)

is given in [13].

B. Active admittance for TE1-excitation

When the array is excited by a TE1 mode, the incident fields

are expressed by (3). In this case, the known term of the linear

system (6) is given by

I01 =

















0
V

TE1

inc
Y TE
1

kTE
1

π√
2a

0
...

0

















, I02 =













iVincY
TE
1

kTE
1

2ky0√
a

0
...

0













(10)

where V TE1

inc = 1 V/
√
m, Y TE

1 =

√

k2 −
(

kTE
1

)2
/(ζk), and

kTE
1 =

√

(π/a)2 + k2y0 with ky0 = k0 sin θ0 sinφ0, whereas

k0 and k are wave-numbers in free space and in the medium

inside the PPWs, respectively. In (10), the non-null entry of I02

takes into account the coupling between TE and TM modes

which occurs when the antenna beam is steered in planes φ 6=
{0◦, 180◦}.

As for TEM mode, by solving (6) the scalar mode functions

V TE
m=0,...,M−1

and V TM
m=1,...,M−1

are found. The electromag-

netic field on the plane of the slots is therefore completely

determined. The active admittance can be then expressed as

Ȳ TE1

act = − 1
∣

∣V TE
1

√
a
∣

∣

2

∫

D

Ht · M*
t, TE1 dxdy (11)

where

Mt, TE1 = Mx
t,TE1

x̂+My
t,TE1

ŷ (12)

with

Mx
t,TE1

= −
√

2

a

π
a
V TE
1 e−iky0y

√

k2y0 + (π/a)2

+∞
∑

n=−∞

sin
(π

a
(x− nd)

)

×
∏

a

(

x− a
2
− nd

)

e−ikx0nd

(13)

My
t,TE1

= −
√

2

a

iky0V
TE
1 e−iky0y

√

k2y0 + (π/a)2

+∞
∑

n=−∞

cos
(π

a
(x− nd)

)

×
∏

a

(

x− a
2
− nd

)

e−ikx0nd

(14)

The complete expression the active admittance (11) is given

in Appendix A.

III. NUMERICAL RESULTS

The model presented in Section II allows to compute the

active impedance per unit length Zact = 1/Ȳact. The obtained

results have been extensively validated by using a commercial

full-wave simulator (i.e., CST STUDIO SUITE® [32]). The

simulation setup is shown in Fig. 2. A waveguide port is

used to launch the TEM and TE1 modes into the radiating

slot, respectively. Furthemore, a Floquet’s port is considered

on the top of the air-box, placed above the radiating slot.

Unit-cell boundary conditions are enforced on the lateral

faces of the model. The reference plane of the derived active

Fig. 2. Simulation setup of the CTS array unit-cell. The structure is periodic
along x- and y-axes.
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(a) Real part of the active impedance versus frequency.
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(b) Imaginary part of the active impedance versus frequency.

Fig. 3. Active impedance for TEM-mode excitation versus frequency along
the plane at φ = 90◦ for θ0 = 30◦. The parameters used in the simulation
are a = 0.5c/ (fmin

√
ǫr1), d = 1.07a, h = 0.5c/ (fmin

√
ǫr2), and

ZTEM = ζ.

parameters is located over the slot. The main parameters of

the structure are set as fmin = fTE1

cut−off , fmax = 2fmin,

and a = 0.5c/(fmin

√
ǫr1). These settings guarantee that only

the fundamental (i.e., TEM) and the first two higher order

modes (i.e., TE1 and TM1) can propagate into the PPWs.

Furthermore, only one dielectric layer is considered over the

slots with an arbitrary height h1 = 0.5c/(fmin

√
ǫr2). Finally,

the spatial periodicity of the array is d = 1.07a and the length

of the slot is dy = λmax/30. Note that CTS arrays are one-

dimensional periodic structure based on long slots. In this

case, such a very small periodicity along the slot is only used

to numerically-validate the proposed tool and avoid possible

artifacts due to periodicity along the slot using [32]. Several

combinations of ǫr1 and ǫr2 have been considered in order to

validate the numerical tool and provide some design guidelines

in various scenarios.

A. TEM-mode excitation

The TEM case is here considered since the results in [13]

were validated only for single-mode PPWs, i.e. for a < λ/2.

The number of Floquet’s modes required to get a stable

convergence is Nf = 10, while the number of PPW’s modes

is M ≥ 5 both for the E-plane (i.e., φ = 0◦) and the

H-plane (i.e., φ = 90◦). The real and the imaginary parts

of the normalized active impedance versus frequency are

shown in Fig. 3 along the H-plane. An excellent agreement

is observed between the proposed tool and full-wave results.
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(a) Real part of the active impedance versus frequency.
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ℑ
{
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1
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(ǫr1, ǫr2) = (2, 4)

(ǫr1, ǫr2) = (1, 1)

(b) Imaginary part of the active impedance versus frequency.

Fig. 4. Active impedance for TE1-mode excitation versus frequency along
the plane at φ = 0◦ for θ0 = 30◦. The parameters used in the simulation
are a = 0.5c/ (fmin

√
ǫr1), d = 1.07a, h = 0.5c/ (fmin

√
ǫr2), and

ZTE1
= 1/Y TE

1
.

Similar results are obtained along the E-plane and are not

reported for the sake of brevity. Finally, it is important to

note that the active S-parameter corresponding to the case

ǫr1 = ǫr2 = 1 is less than -10 dB over a 66.6% band along

the H-plane (i.e., for φ = 90◦) when the array is pointing at

θ0 = 30◦.

B. TE1-mode excitation

In this subsection, we validate the active impedance cal-

culation for the TE1-excitation. Fig. 4 depicts the real and

imaginary parts of the normalized active impedance versus

frequency along the plane φ = 0◦. An excellent agreement is

observed also in this case between the proposed numerical tool

and full-wave results. One gets stable convergence for all the

cases in Fig. 3 considering M ≥ 8 and Nf ≥ 10. This method

has been validated for several combinations of ǫr1 and ǫr2,

showing always an excellent agreement in comparison to full-

wave results. For the sake of completeness, Fig. 5 plots real

and imaginary parts of the active impedance, normalized to the

wave impedance ZTE1
= 1/YTE1

of the TE1 mode versus the

scan angles along the plane φ = 0◦ at f0 = (fmin + fmax) /2.

Finally, we also report the active S-parameter Sact =
(Zact − aZTE1

)/(Zact + aZTE1
) along the E-plane (i.e.,

φ = 90◦) versus frequency (see Fig. 6(a)) and scan angles

θ0 (see Fig. 6(b)). A stable convergence has been achieved by

considering M ≥ 10 PPW’s modes and Nf = 10 Floquet’s
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(b) Imaginary part of the active impedance versus scan angles θ.

Fig. 5. Active impedance for TE1-mode excitation versus scan angles θ0
along the plane φ = 0◦ at f0 = (fmin + fmax) /2. The parameters
used in the simulation are a = 0.5c/ (fmin

√
ǫr1), d = 1.07a, h =

0.5c/ (fmin
√
ǫr2), and ZTE1

= 1/Y TE
1

.

modes. The results shown in Fig. 6 illustrate that a very wide-

band performance is obtained for the TE1 mode in both E-

and H-plane. To give an example, for the case ǫr1 = ǫr2 = 1,

the active S-parameter is less than -10 dB over a 48.8% band

(refer to Fig. 6(a)) along the E-plane (i.e., at φ = 90◦), when

the array is pointing at θ0 = 30◦. On the other hand, Fig. 6(b)

demonstrates a ±51.9◦ scanning range.

IV. RADIATION PATTERN

The computation of the radiation pattern in far-field zone

has been carried out by considering the embedded element

pattern of the array [16]. The goal of this section is to analyze

advantages and limitations of the proposed CTS array for the

generation of CP. It is worth mentioning that no pure CP can

be achieved by employing the TEM and the TE1 modes in

the PPWs. In fact, as detailed in [15], the transverse E-field

profile of the TE1 mode presents a cosine-like distribution with

respect to the x-component, whereas the E-field profile of the

TEM mode is uniform all over the slot. This means that only

at the center of each radiating slot the TEM and TE1 modes

can have equal amplitude. Conversely, the two modes are in

quadrature by default [15].

A. Embedded element pattern

The far-field of the array is asymptotically evaluated [18].

A windowing approach is considered to truncate the current
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(a) Active S-parameters versus frequency for θ0 = 30◦.
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Fig. 6. Active S-parameters for TE1-mode excitation versus frequency (a) and
scan angles θ0 (b) along the plane φ = 90◦ at f0 = (fmin + fmax) /2. The
parameters used in the simulation are a = 0.5c/ (fmin

√
ǫr1), d = 1.07a,

and h = 0.5c/ (fmin
√
ǫr2).

along the y−axis direction [19]. Please note that this approach

accounts for mutual coupling among array cells [16], [17].

Fig. 7 shows the embedded element pattern obtained by set-

ting fmax = 2fmin, a = 0.5c/(fmin

√
ǫ1), dy = c/(30fmin),

d = 1.07a, and ǫr1 = 1 and considering no dielectric layer

covering the slots. The array is steering the beam at broadside

at the frequency f0 = (fmin+fmax)/2. The full-wave results

were obtained computing the transverse field distribution of

the two modes on the plane of the aperture and making them

radiate in the upper half-space. The simulation setup adopted

in the commercial software is shown in Fig. 2. Fig. 7 shows

that there is an excellent agreement between full-wave results

and our in-house tool.

B. Axial ratio

An important parameter to evaluate the purity of the CP

generation is the axial ratio [18].

This preliminary study considers that the input power (i.e.,

Ptot = 1W ) is equally splitted on each mode (i.e., TEM and

TE1). The scalar modal functions V TEM
inc and V TE1

inc in (7) and

(10), respectively, are chosen accordingly, yielding:

V TEm
inc =

√

1

Y TE
m dy

, m = {0, 1} (15)

where V TE0

inc = V TEM
inc . It is worth noting that the power

ratio between the two modes can be optimized to improve the

polarization purity of the antenna.
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Fig. 7. Polar components of the embedded radiation pattern at the frequency
f0 = (fmin + fmax)/2. The parameters used in the simulation are a =
0.5c/ (fmin

√
ǫr1), and d = 1.07a.

The results have been validated by full-wave simulations

and are shown in Fig. 8. The AR is lower than 1.5 dB over

a 39.5% band (refer to Fig. 8(a)) and ±60◦ scanning range

(refer to Fig. 8(b)) along the plane at φ = 90◦ at the central

frequency. Table I presents a summary of the performance

achieved by the design considered in this example. The param-

eters of the array are ǫr1 = ǫr2 = 1, a = 0.5c/
(

fmin

√
ǫr1

)

,

and d = 1.07a. The script BWf stands for the frequency band-

width of the infinite array under consideration and BWθ for

its scanning range at f0 = (fmin + fmax) /2. This summary

relates to the beam-steering in the plane φ = 90◦. Such plane

is the one generally used for scanning in CTS arrays [6] for

parallel-fed architectures since it is devoid of grating lobes.

TABLE I
PERFORMANCE OF PROPOSED CTS SOLUTION

BWf (%) BWθ

Sact < −10 (dB) 48.8 ∗ ±51.9◦ ∗∗

AR < 3 (dB) 58.1 ∗ ±90◦ ∗∗

AR < 1.5 (dB) 39.5 ∗ ±60◦ ∗∗

∗ The array is steering the beam at (φ0, θ0) = (90◦, 30◦);
∗∗ The reference frequency is f0 = (fmin + fmax) /2.

V. DESIGN GUIDELINES

This section discusses the choice of key design parameters

and investigates the maximum achievable performance of the
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(a) AR versus frequency along the main planes at θ0 = 30◦.
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Fig. 8. Axial ratio versus frequency (a) along the main planes at θ0 = 30◦

and versus scan angles θ0 (b) at f0 = (fmin + fmax)/2. The parameters
used in the simulation are a = 0.5c/ (fmin

√
ǫr1), and d = 1.07a.

proposed array, in terms of bandwidth, impedance matching,

scan range and axial ratio. This study relies on extensive

parametric analyses performed using the fast in-house tool

presented and validated. The obtained results confirm the

broadband and wide-angle scanning capabilities of the pro-

posed circularly-polarized CTS array.

A. Reflection coefficient

First, we study the impact of the geometry on the input

matching. One can indeed determine the best d/a ratio be-

tween the array periodicity and the width of the slots by

monitoring the active reflection coefficients for TEM and TE1

modes, respectively. We take as a representative example a

structure comprising air-filled PPWs that radiate in free space

(i.e., ǫr1 = ǫr2 = 1) and we evaluate the performance for

different scan angles in the planes φ = 0◦ and φ = 90◦. By

using the tool presented in Section II, the active S-parameters

when the array is fed by either a TEM or a TE1 mode are

plotted in Fig. 9. Let us remind that the width of the slots a
of the proposed CTS array must be such that λ/2 < a < λ.

This fact indicates that the active S-parameters may no longer

be frequency-independent in the plane φ = 90◦, as for the

case studied in [13]. In fact, the maps in Fig. 9 indicate that

the best value of the ratio d/a is strongly dependent on the

scanning range and the bandwidth one would like to achieve.

The width of the slots a is taken as half the longest wavelength

in the considered frequency range.
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Fig. 9. Maps of the active S-parameter as a function of frequency and the
ratio d/a for both TEM ((a), (c), and (e)) and TE1 ((b), (d), and (f)) modes.
The air-filled PPWs radiate in free space. Several scan angles in the planes
φ0 = 0◦ and φ0 = 90◦ are considered.

To give an idea, when the array is steering the beam at

broadside, the trend is that the best matching for the TEM

mode is obtained by choosing d/a → 1, as shown in Fig. 9(a),

whereas for TE1 mode by value of d/a as large as possible

(see Fig. 9(b)). In particular, the active reflection coefficient is

smaller than -10 dB by choosing d/a such that 1 < d/a ≤ 1.4,

in case of TEM mode excitation. On the contrary, the best

input matching when the array is fed by TE1 modes is reached

for d/a ≈ 1.92. Thus, the stricter constraint is imposed by the

TEM mode configuration and a good trade-off sizing is found

choosing d/a ≈ 1.4.

To conclude, let us focus on the φ = 90◦ plane, where

no grating lobes occur. As shown in Fig. 9(c) and Fig. 9(d),

the trend is the same as for broadside radiation. In this case,

|Sact| < −10 dB is given by choosing d/a ≈ 1.1 for TEM

mode and d/a ≈ 1.96 for TE1 mode. This means that the

ratio between array period and width of the slots achieving

the largest bandwidth operation is, in this case, d/a ≈ 1.1.

For sake of completeness, we report also the maps along the

plane φ = 0◦ in Fig. 9(e) and Fig. 9(f).

0.5 0.6 0.7 0.8 0.9 1

1.1

1.2

1.3

1.4

1.5

1

1

1

2

2

2

3

3

3

4

4

4

5

5
6

frequency/fmax

d
/
a

Axial ratio (dB)

1

2

3

4

5

6

(a) Broadside radiation.

0.5 0.6 0.7 0.8 0.9 1

1.1

1.2

1.3

1.4

1.5 1

1

1

2
2

2

3

3

3

4

4

4

5

5
6

frequency/fmax

d
/
a

Axial ratio (dB)

1

2

3

4

6

5

6

7

(b) (θ0, φ0) = (30◦, 90◦).

Fig. 10. Maps of the AR as a function of frequency and the ratio d/a. The
air-filled PPWs radiate in free space. (a) Broadside array. (b) Array steering
the beam at θ0 = 30◦ along the plane φ0 = 90◦.

B. Circular polarization

Finally, the behavior of the axial ratio as a function of

frequency and d/a ratio is studied to draw design guidelines

for high-purity circularly polarized radiation. The slots are still

considered as being air-filled and radiate in free space (i.e.,

ǫr1 = ǫr2 = 1). Fig. 10(a) reports the parametric study when

the array is steering the beam at broadside, whereas Fig.10(b)

shows the results for pointing at (φ0, θ0) = (90o, 30o) . We

can first notice that the AR gets worse as the scan angle

θ0 is different from zero. Moreover, AR decreases when

f/fmax → 1, as the cut-off frequency of the TE1 mode is

fixed at the lowest frequency. It is also worth noting that this

condition mitigates issues due to the dispersion between the

TEM and TE1 modes within the PPWs.

The results above imply that the AR performance improves

as the ratio d/a is such that d/a → 1. This trend is intuitive

because a smaller array periodicity implies lower side lobe

levels in far-field zone. However, as discussed in Section V-

A, low values of d/a penalize the input matching when the

array is excited by a TE mode, especially at low frequencies.

Thus, the optimal sizing relies on specific design goals. A

practical case study is discussed in Section VI.

VI. FINITE-SIZE ARRAY DESIGN

The goal of this section is to show a representative example

of a possible design by using the guidelines provided in

Section V. The antenna performance is monitored within the

frequency range 20-40 GHz. The dual-mode CTS array con-

sists of four air-filled radiating slots that radiate in free space.

The length of the slots along y−axis is dy = 5λmax ∼ 74.9
mm, whereas their width is a = 0.5c/(fmin) ∼ 7.49 mm.

About the choice of the array periodicity d, a trade-off occurs

between the input matching and axial ratio performance, as

detailed in Section V-B. Recalling the arguments in Section

V-A, the best sizing for the input matching is given by

1.1 < d/a < 1.4 while scanning along φ = 90◦. On the

contrary, the largest axial ratio bandwidth operation is for

d/a → 1. Thus, the best choice for the array periodicity is

d = 1.1a ∼ 8.20 mm.

The input reflection coefficient of the slots is displayed in

Fig. 11 as function of both frequency and scan angles under

TEM and TE1 mode operation, respectively. It is worth noting

that the input reflection coefficient is computed in an infinite
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Fig. 11. Maps of the input reflection coefficient as a function of frequency
and the scan angles θ0. The air-filled PPWs radiate in free space. (a) TEM
and (b) TE1 mode operation. The array is steering the beam along the plane
φ0 = 90◦.

periodic environment. Fig. 11(a) confirms the flat behaviour

of the active input impedance for TEM mode operation. This

result is also valid in a monomodal enviroment, as detailed

in [13]. As shown in Fig. 11(b), the TE1 mode operation

limits the antenna performance since its frequency response

worsens at low frequencies due to the location of the cut-off

frequency of the TE1 mode at fmin = 20 GHz. Furthermore,

the input reflection coefficient worsens in scanning for both

modes. Thus, it follows that the largest bandwidth operation

shows up at broadside where the relative bandwidth is about

52.9%. Besides, a wide scanning range is observed as well.

Indeed, the active reflection coefficient |Sact| is lower than -

10 dB in a 40.8% relative bandwidth when the array steers its

main beam at θ0 = 45◦ in the plane φ = 90◦ (see Fig. 11).

The E-field polar components are calculated using a win-

dowind approach as in Section IV and are plotted at the central

frequency f0 = 30 GHz for different scan angles in Fig.

12(a)-(b). The axial ratio is also plotted as function of the

scan angle θ0 in Fig. 12(c). From Fig. 12(a)-(b), a ∼ 3 dB

scan loss is observed while scanning at 45◦. Such dual-mode

CTS array is then classifiable as wide-scanning antenna [20].

Furthermore, it is also clear from Fig. 12(a)-(b) that the two

modes radiate two far-field orthogonal components. This is

evident by looking at the end-fire radiation: Eφ presents a

null radiation at the end-fire direction since the TE1 mode has

a cosine-like profile over the x−axis direction of the slots (i.e.,

null at the edges); on the contrary, Eθ is non-null at the end-

fire direction since the TEM mode has an uniform distribution

along the radiating slots. Moreover, it can be noticed from Fig.

12(c) that the scanning range for which AR < 3 dB is up to

±76◦ at 30 GHz in the plane φ = 90◦.

Besides, the axial ratio is plotted as function of frequency

and scan angle θ0 in Fig. 13. By varying the scan angle along

the plane φ = 90◦, the axial ratio is computed in the pointing

direction of the array. The results show that the AR frequency

bandwidth is stable almost all over the entire scanning range

of investigation. In other words, the AR does not significantly

deteriorate with scan losses. This is clearly visible from Fig.

12(a) and (b): the maximum amplitude of the two far-field

orthogonal components are reduced simultaneusly in scanning.

Thus, as shown in Fig. 12(c), the AR is lower than 3 dB

around the pointing angle of the array. This means that the
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Fig. 12. (a), (b) Polar components of the radiation pattern at the frequency
f0 = 30 GHz for different scan angles. (c) Axial ratio versus scan angle θ0
at the frequency f0 = 30 GHz. The array is steering the beam along the
plane φ0 = 90◦.

antenna performance is mainly curtailed by the input matching

behaviour under TE1 mode operation.
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Fig. 13. Axial ratio as a function of frequency and scan angle θ0. The air-
filled PPWs radiate in free space. The array is steering the beam along the
plane φ0 = 90◦.
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Fig. 14. Maps of the AR as function of the power ratio PTEM/PTE1
and (a)

frequency for broadside radiation or (b) scan angle θ0 at the central frequency
f0 = 30 GHz. The air-filled PPWs radiate in free space. The array is steering
the beam along the plane φ0 = 90◦.

To conclude, it is worth noting that the input matching of

the antenna might be improved by placing dielectric layers

on the top of the slots [26]. As an example, Fig. 6(a) shows

that placing a dielectric layer of relative permittivity ǫr2 = 2
slightly improves the antenna matching when the slots are fed

by the TE1 mode.

A. Input power optimization

Section IV-B analyzes the radiation properties of the an-

tenna by considering half of the input power for TEM and

TE1 mode excitation, respectively. In this case, a voltage

excitation given by (15), corresponding to a unitary overall

input power, was considered for each mode. Nevertheless, this

may not be the optimum power split between the two feeding

modes. Indeed, the amplitudes of the impinging modes can be

optimized in order to further improve the AR performance of

the antenna. The amplitudes of the voltage waves of the input

modes are related to their power ratio as follows

V TE1

inc = V TEM
inc

√

ZTE
1

η0

√

PTE1

PTEM

(16)

where η0 and ZTE
1 are the free space and TE1 mode char-

acteristic impedances, respectively, whereas PTEM and PTE1

are the input power of TEM and TE1 modes, respectively.

By enforcing the amplitude of TEM mode V TEM
inc such that

the maximum input power is Ptot = PTEM + PTE1
=1

W, the ratio PTE1
/PTEM may be varied to analyze the AR

performance of the array. This analysis is reported in Fig.

14. In particular, in Fig. 14(a) the frequency behaviour of the

dual-mode CTS array is studied when the beam is steered

at broadside. In Fig. 14(b) the AR is plotted versus the

scan angle θ0 at the central frequency f0 = 30 GHz. From

Fig. 14(a), it turns out that the best power split is achieved

for PTE1
/PTEM ∼ 1.1 which is rather close to the case

previously analyzed (i.e., total power equally splitted for the

two feeding modes). On the other hand, for scanning at a

defined frequency of operation, from Fig. 14(b) it emerges

that the optimum power split for maximizing the scan range

at 30 GHz is given by PTE1
/PTEM ∼ 0.82. However, as

explained in the first part of this section, the input matching

of the antenna is satisfactory up to ±45◦ in the plane φ = 90◦.

Such a scanning range is easly achieved for equal power

division between the two feeding modes. Specifically, when

PTE1
/PTEM = 1 the proposed dual-mode CTS array exhibits

an AR lower than 3 dB up to ±75.8◦ at the central frequency

f0 = 30 GHz.

B. Feeding system

In this sub-section, we briefly discuss a possible feeding

system of the circularly-polarized CTS array. A dual-mode

pillbox coupler, inspired by the architectures presented in [30],

[31], can be designed to excite a corporate feed-network made

of bimodal longitudinally-corrugated PPWs (LCPPWs). The

unit-cell of a LCPPW line is depicted in Fig. 15. We restrict

our analysis to PPWs with height between half a wavelength

and a wavelength. The use of LCPPWs is needed in order

to decouple the TEM and TM1 modes since this latter is

degenerate with the TE1 mode [21]–[25]. In particular, the

TE1 and TM1 modes are orthogonally-polarized and then they

do not couple. On the other hand, TEM and TM1 modes

have the same field orientation and can easily couple each

other. This is clear by comparing the dispersion diagrams

of conventional and longitudinally-corrugated PPW lines as

shown in Fig. 16(a) and (b), respectively. Both PPW and

LCPPW lines are filled with air. The geometrical parameters

of the LCPPW unit-cell are hTE1
= 0.5λmax ∼ 7.49 mm,

hTEM = 0.5λmin ∼ 2.99 mm, wcorr = λmax/20 ∼ 0.74
mm, and pcorr = λmax/10 ∼ 1.49 mm. In Fig. 16, it can be

noticed that the fundamental TEM mode is non-dispersive in

both PPW and LCPPW lines. Moreover, using LCPPWs the

TE1 and TM1 modes are no longer degenerate. The structure

operates in a bi-modal regime within the bandwidth 23.5-38.3

GHz. The corrugations slightly shift the cut-off frequencies

of LCPPW modes with respect to those of standard PPWs.

(a) Perspective view.

(b) Side view (xz-plane). (c) Front view (xy-plane).

Fig. 15. Unit-cell of the dual-mode LCPPW. The structure is periodic along
y-axis direction. (a) Perspective view. (b) xz-plane view. (c) xy-plane view.
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Fig. 16. Dispersion diagram of TEM, TE1, amd TM1 modes. (a) PPW and
(b) LCPPW.

As result, the effective operative bandwidth is reduced from

66.6% to 50.1%. A summary of the cut-off frequencies of

different modes is presented for both conventional PPW and

LCPPW in Table II.

Additionally, the slots can be fed using coaxial probes or

crossed dipoles placed in the very proximity of the aperture

[27]–[29]. The latter solution helps in mitigating the different

dispersive behaviour of TEM and TE1 modes. Indeed, the

inter-modal dispersion occuring between TEM and TE1 modes

is alleviated either feeding the slots as close as possible to the

radiating aperture or at higher frequencies (see Fig. 16). The

latter observation also emerged from the study carried out in

this paper. Thus, the results presented in Section VI will be

not be strongly affected by considering the dispersion and the

feeding system of the antenna. Therefore, the authors believe

that this contribution gives a valid starting point to address

the design of such proposed dual-mode CTS array. In other

words, in this section we proposed some ideas to engineer

the dispersion and the feeding system of the antenna. Note

that there might be several other ways in addition to the ones

proposed here.

TABLE II
CUT-OFF FREQUENCIES COMPARISON BETWEEN PPW AND LCPPW

PPW LCPPW

TEM mode fPPW
co,TEM = 0 Hz fLCPPW

co,TEM = 0 Hz

TE1 mode fPPW
co,TE1

= 0.5fmax fLCPPW
co,TE1

= 0.59fmax

TM1 mode fPPW
co,TM1

= 0.5fmax fLCPPW
co,TM1

= 0.96fmax

* The symbols fPPW
co,m and fLCPPW

co,m represent the cut-off
frequencies of the m-th mode in conventional and longitudi-
nally corrugated PPW, respectively.

VII. CONCLUSION

An in-depth study of a novel circularly-polarized CTS array

has been presented. The array is based on long radiating slots

fed by over-moded PPW lines. Two orthogonally-polarized

modes (i.e., TEM and TE1) are employed to feed a shared ra-

diating aperture and, thus, generate circularly-polarized fields

in the far-field zone. A fast in-house numerical tool has been

developed to address an efficient analysis of this class of

CTS arrays. In particular, the tool is able to provide the

active reflection coefficient and radiation properties of open-

ended over-moded stubs, when both TEM and TE1 mode

excitations are considered. The proposed analysis method

is then used to highlight advantages and limitations of this

new antenna concept focusing on the array performance, and

to provide design guidelines. The AR of the radiated field

is evaluated for broadside radiation and scanning along the

principal planes of the array. All the results have been validated

by full-wave simulations, showing a very good agreement. It

has been demonstrated that the presented circularly-polarized

CTS array architecture is suitable for wideband, wide-angle

scanning applications. More precisely, the AR is lower than 3

dB over a 52.9% relative bandwidth for broadside radiation.

Furthermore, the active input reflection coefficient |Sact| is

lower than -10 dB over a 40.8% relative bandwidth when

the array steers its main beam at θ0 = 45◦ along the plane

parallel to the slots. Furthermore, practical designs of finite

arrays have been discussed and several solutions to excite

the array minimizing the intermodal dispersion have been

presented. The small form factor and low profile of the antenna

make such architecture an interesting candidate for the next

generation of satellite communication systems, in particular,

for Ka-band terminals in Satcom applications.

APPENDIX A

ACTIVE ADMITTANCE FOR TE1 MODE

The mathematical expression of the normalized active ad-

mittance for TE1 mode is given by

Ȳ TE1

act = − 1
∣

∣V TE
1

√
a
∣

∣

2

[

ΨTE1

1x +ΨTE1

2x +ΨTE1

1y +ΨTE1

2y

]

(IA.1)

where

ΨTE1

1x = −

√

2

a
π
a

(

V TE
1

)∗

d
√

k2y0 + (π/a)2

M−1
∑

m=1

(

cTM
m

Y TM
m

V TM
m − cTE

m

Y TE
m

V TE
m

)

×
Nf
∑

n=−Nf

Γm(kxn)G̃
HM
xx Γ1(−kxn)

(IA.2)

ΨTE1

2x = −

√

2

a
π
a

(

V TE
1

)∗

d
√

k2y0 + (π/a)2

M−1
∑

m=0

(

bTM
m

Y TM
m

V TM
m − bTE

m

Y TE
m

V TE
m

)

×
Nf
∑

n=−Nf

Λm(kxn)G̃
HM
xy Γ1(−kxn)

(IA.3)

ΨTE1

1y =

√

2

a
iky0

(

V TE
1

)∗

d
√

k2y0 + (π/a)2

M−1
∑

m=1

(

cTM
m

Y TM
m

V TM
m − cTE

m

Y TE
m

V TE
m

)

×
Nf
∑

n=−Nf

Γm(kxn)G̃
HM
yx Λ1(−kxn)

(IA.4)
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ΨTE1

2y =

√

2

a
iky0

(

V TE
1

)∗

d
√

k2y0 + (π/a)2

M−1
∑

m=0

(

bTM
m

Y TM
m

V TM
m − bTE

m

Y TE
m

V TE
m

)

×
Nf
∑

n=−Nf

Λm(kxn)G̃
HM
yy Λ1(−kxn)

(IA.5)

where Y TE
m and Y TM

m are the wave admittance of TE and TM

modes, respectively, in PPW and the expressions of Γ (kx),
Λ (kx), cTE

m , cTM
m , bTE

m , and bTM
m can be found in [13].

Moreover, kxn = kx0 + 2πn/d and GHM
ij is the Fourier

transform of the (i,j)-th entry of the Green’s dyad GHM .
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