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Abstract—A simple single-layer reconfigurable leaky-wave an-
tenna (LWA) is presented that has polarization agility as well
as beam-scanning functionality. This LWA system realizes a
scanned beam that can be switched between all of its linear
polarization (LP) and circular polarization (CP) states using
only one DC biasing source. A slot-loaded SIW-based LWA is
first explored to attain CP performance with continuous beam
scanning through broadside. This CP LWA realizes a measured
CP performance with a 3 dB gain variance within 2.75−3.35 GHz
for scan angles ranging from −28.6◦ to +31.5◦. A row of shorted
stubs is then incorporated into the CP LWA to obtain similar
LP performance. Finally, by introducing PIN diodes into this
LP LWA configuration to facilitate reconfigurable connections
between the main patch and the shorted stubs, the radiated
fields can be switched between all of its CP and LP states.
Measured results of all three antennas confirm their simulated
performance. It is demonstrated that the main beam of the
polarization-reconfigurable LWA can be scanned from −31.5◦

to +17.1◦ with gain variations between 9.5 and 12.8 dBic in its
CP state, and from −34.3◦ to +20◦ with them between 7.8 and
11.7 dBi in its LP state.

Index Terms—Beam scanning, circular polarization (CP), lin-
ear polarization (LP), leaky-wave antenna (LWA), polarization-
reconfigurable, traveling wave.

I. INTRODUCTION

MODERN wireless communications rely on antenna sys-

tems that deliver high performance multi-functionality.

Leaky-wave antennas (LWAs) are popular examples. They

have inherent beam-steering features associated with the

source frequency. They have simple feed structures and are

easy to fabricate [1]–[8]. These LWA features are critical since

they reduce the cost and complexity of the antenna systems

developed for many aircraft, missile, and satellite applications.

Various LWA beam scanning properties have been reported.

When the fundamental mode of a periodic leaky-wave struc-

ture is excited, the main beam can be scanned only in the

forward quadrant by varying the frequency. Examples include
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a periodic half-mode microstrip-line LWA [9] and a transverse-

slot loaded substrate integrated waveguide (SIW) [10]. On

the other hand, when the n = −1 spatial harmonic of an

one-dimensional (1-D) periodic LWA is excited, backward-

to-forward beam steering can be realized [11]–[13]. Un-

fortunately, because they have an inherent stopband, these

LWAs cannot steer their main beam through broadside without

significant gain loss. Two conditions should be satisfied simul-

taneously to eliminate the open stopband. First, a continuous

transition between the backward and forward phase constant

curves is required. Second, the attenuation constant must also

have a similar smooth transition, i.e., it should not have

any large jumps or zero values in the neighborhood of the

broadside radiation region [14]–[16]. A variety of structures

have been reported to suppress the open stopband associated

with LWAs. For instance, one can close the stopband in a

1-D periodic LWA by using additional radiating elements,

impedance matching techniques, groundless spoof plasmon

(SP) structures or dielectric image line-based structures [14]–

[20]. One can also elect to employ composite right/left-handed

(CRLH) transmission line-based designs [21]–[27].

Note that all of the aforementioned antennas are linearly

polarized. Although circular-polarized continuous beam steer-

ing through broadside has been reported [28], [29], scanning-

capable, polarization-reconfigurable antennas have not. While

these multi-functionalities would enhance system capacity and

avoid polarization mismatch [30]–[35], it is nevertheless rather

challenging to attain polarization reconfiguration in a LWA

structure, especially when its main radiator and ground plane

are inherently connected with numbers of shorting vias. This

is particularly true if PIN diodes are used for the switches

since their polarities are difficult to isolate and bias.

To date, very few 1-D LWAs have been reported to target

this issue. In [36], a LWA was reported in which its unit cell is

constructed with two microstip lines and two CRLH sections.

Choosing the current path along one microstrip line and one

CRLH section facilitates exciting one linear polarization (LP)

state. The other is produced when the other microstrip line and

CRLH section pair is selected. Hence, this system achieves two

LP states using two independent configurations rather than one

augmented with switching devices having realizable biasing

circuits. In [37], two CRLH lines were located symmetrically

to radiate the orthogonal ±45◦ LP states. Both LP and circular

polarization (CP) states were then attained by introducing two

different feed networks to separately excite the two CRLH

lines with the appropriate amplitudes and phase differences.

In this paper, a polarization-reconfigurable LWA is devel-
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Fig. 1. Top view of the CP LWA. Photograph of the prototype antenna is
shown in the bottom inset.

oped with continuous backward to forward beam scanning

and with the ability to switch between all of its LP and CP

states. To achieve the final design, two variations of non-

reconfigurable LWAs, i.e., a CP LWA and a LP LWA, are

investigated, fabricated and measured. This work introduces

for the first time the realization of polarization reconfigurabil-

ity with a single feed network. This feature is achieved with

a single slot-loaded main patch by introducing PIN diodes

that connect the antenna’s patch and shorted stubs rather

than by combining two radiating elements with different feed

networks [37]. Practical DC biasing lines are demonstrated and

applied to switch the PIN diodes into their ON and OFF states

with only one DC biasing source. In this manner the final

reconfigurable LWA achieves switchable polarization states

with continuous beam scanning while maintaining a simple

feed along with low-profile and easy-integration properties.

Its optimized design was fabricated and tested. The measured

results of this prototype verify that its main beam can be con-

tinuously scanned from −31.5◦ to +17.1◦ with gain variations

between 9.5 to 12.8 dBic in its CP state, and from −34.3◦ to

+20◦ with them ranging from 7.8 to 11.7 dBi in its LP state.

The paper is organized as follows. Section II presents the

CP LWA with continuous beam scanning through broadside.

Section III describes the shorted-stub loaded LP LWA that

also exhibits continuous beam scanning. The polarization-

reconfigurable, continuous beam scanning LWA is developed

in Section IV. The measured and simulated results for each

antenna are presented and compared. Conclusions and a com-

plete summary of the performance characteristics of the CP,

LP, and polarization-reconfigurable LWAs are given in Section

V.

II. BEAM STEERABLE CP LWA

A CP LWA with continuous beam scanning through broad-

side was initially developed. The design, simulation, fabri-

cation, and measurement of this antenna are presented. The

measured and simulated performance characteristics are in

good agreement.

A. Antenna Configuration

The CP LWA configuration is shown in Fig. 1. It employs

a two-layer copper-clad substrate. The permittivity (εr), loss

tangent (tanδ), and height of the substrate were selected to

be 3.02, 0.001, and 3.175 mm, respectively. The width of the

substrate is Ws. The main patch is etched on the top layer

and centered on the substrate. It has the width Wm, where

Wm < Ws. The bottom layer is a solid metallic ground

plane. The main patch is terminated with two symmetrical,

centrally printed tapered matching pads, one at each end. The

tapering of each end pad occurs over the length Lt. Their

widths vary from Wb (the wide width, connected to the main

patch and with Wb < Wm) to Wa (the narrow width connected

to the terminations). These tapered structures are a simple and

effective method to attain a wide band impedance matching.

The LWA is fed from the left side with a SMA and is

terminated with a 50 Ω load on the right side. The 50 Ω load

is used to absorb any power of the traveling wave remaining

in the guiding structure to prevent it from being reflected

back towards the SMA. The coaxial SMA’s inner conductor

has a diameter of 1.28 mm. It is connected directly to the

narrow width of the left tapered pad. Its outer conductor has

the diameter 4.1 mm and is connected directly to the ground

plane.

A row of closely spaced vias with a center-to-center distance

S short the upper edge of the main patch to the bottom ground

plane. The diameter of these vias is d1, where 2d1 > S. A

second row of vias short the lower edge of the main patch to

the bottom ground plane. They are separated by a much larger

center-to-center distance P and have the diameter d2. These

two rows of vias form a substrate-integrated-waveguide (SIW)

structure.

Two groups of slots, i.e., a set of vertical slots and a set

of horizontal slots, are etched on the main patch. The width

and length of each vertical slot are Wst and Lst, respectively.

They are Wsl and Lsl, respectively, for each horizontal slot.

The vertical slots are centrally etched on the main patch. The

horizontal slots are etched at a distance T from the upper row

of shorting vias. The partially open edge formed by the bottom

row of shorting vias (with large separation) leads to some

power leakage into the far field in the horizontal xy-plane.

The antenna radiates primarily in the transverse yz-plane.

The slot-loaded, partially open-edge, SIW unit cell of the

CP LWA is shown in the inset of Fig. 2. The length and

width of this unit cell are P (the period) and Ws, respectively.

The horizontal and vertical slots are clearly displayed. Half of

each horizontal slot is shared with the neighboring unit cells.

The upper side of the unit cell is completely shorted with the

narrowly-spaced vias; the other is shorted with two half-vias,

the other halves being shared with the neighboring unit cells.

To achieve a radiation efficiency greater than 90% over the

entire operating band of frequencies, a total of at least nine

unit cells must be employed in the finite LWA shown in Fig. 1.

B. Working Mechanisms

Compared to a conventional open-edge SIW based antenna

that radiates through its fundamental n = 0 mode [9], the

antenna in Fig. 1 can radiate through its n = −1 spatial har-

monic. This radiation mechanism is facilitated by the periodic

structure formed with both the horizontal slots and vertical

slots. Fig. 2 shows the dispersion diagrams of the unit cell for

the n = −1 and n = 0 harmonics. They were obtained using

the Eigenmode solver in the high-frequency structure simulator

(HFSS) [38]. Note that the dispersion diagrams obtained from



IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION MANUSCRIPT 3

Unit cell

(rad/m)
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Fig. 3. Normalized attenuation constant of the CP LWA unit cell as a function
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the eigenmode simulation provide a good approximation of

the antenna properties. The actual dispersion diagrams can

be calculated from the main beam angles obtained from the

finite antenna simulations and validated with the corresponding

experimental results. It is known that the leaky wave region

is on the left side of the air line, and the main beam direction

is determined approximately by the following equation [1]:

θ(f) ≈ sin−1

[βn(f)

k0(f)

]

(1)

where for a specific frequency, θ is the main beam direction of

the radiation pattern measured from the broadside. The term

k0 is the wave number in free space, and βn is the phase

constant of the n-th leaky mode, e.g., the n = −1, 0 modes.

The dispersion diagram for the n = −1 spatial harmonic indi-

cates that the phase constant achieves a continuous transition

between its backward and forward curves. Fig. 3 shows the

corresponding normalized attenuation constant (α/k0) of the

CP LWA unit cell as a function of the source frequency. One

observes that the attenuation constant has stable values within
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Fig. 4. Top view of E-field distribution on the surface just above one unit
cell of the main patch of the optimized CP LWA at 2.8 GHz for four time
snapshots separated by a quarter period.

TABLE I
OPTIMIZED VALUES FOR THE CP LWA DESIGN PARAMETERS

Parameter Ws Wm Lst Wst Lsl Wsl P

Value (mm) 80 45 36 8 30 5 43.5

Parameter S T d1 d2 Lt Wa Wb

Value (mm) 2.9 9.5 1.6 3 20 7.5 30

the operational frequency band from 2.5 to 3.35 GHz. There

is only a small fluctuation around 2.955 GHz, i.e., around the

transition frequency at which the broadside radiation occurs,

which arises from a minor amount of reflection from the

unit cell. Furthermore, the attenuation constant values are

positive and no zero value is found in the neighborhood of

the transition frequency. The behaviors of both the phase and

attenuation constants of the n = −1 spatial harmonic confirm

that the band gap of this CP LWA has been mitigated.

The current CP design was motivated by a previously

reported asterisk-shaped slot-loaded partially open-edge SIW-

based LWA that accomplished LP beam scanning [39]. The

CP beam scanning feature is realized by optimizing the

dimensions of the horizontal and vertical slots that are etched

on the main patch with HFSS Optimetrics, i.e., the HFSS

parameter analysis. For a clear illustration of the CP properties,

top views of the electric field just above one unit cell for

four time snapshots with a quarter period separation are given

in Fig. 4 at 2.8 GHz. It is seen that the tangential electrical

field at t = 0 is distributed mainly across the vertical slot,

and is along the −y direction. Analogously, at t = T/4, the

tangential electrical field is mainly distributed normal to the

open-edge of the patch along the −x direction. The E-field

distributions at t = T/2 and t = 3T/4 are along the +y and +x
directions, respectively. It is clear that the tangential electrical

field exhibits a sequential delay in a clockwise direction in

one period. Consequently, the antenna radiates a left-handed

circular polarization (LHCP) beam. On the other hand, note

that when the antenna is fed from the right side and terminated

on the left side, a right-handed circular polarization (RHCP)

beam is radiated.

C. Simulated and Measured Results

The optimized design parameters of the CP LWA are listed

in Table I. This design was fabricated, and the resulting

prototype is shown in the bottom inset of Fig. 1. The measured

and simulated S-parameters are compared in Fig. 5. The

simulated |S11| ≤ −10 dB frequency bandwidth ranges from
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Fig. 5. Measured and simulated S-parameters of the optimized CP LWA.
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Fig. 6. Simulated radiation patterns of the CP LWA at five frequencies
within its bandwidth. Solid line: Co-polarization (LHCP); Dash line: Cross-
polarization (RHCP).
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Fig. 7. Simulated 3D realized gain patterns of the CP LWA at three
frequencies within its operating bandwidth: (a) 2.65, (b) 2.955, and (c) 3.25
GHz.

2.54 to 3.37 GHz, while the measured one is from 2.47 to

3.39 GHz. The observed peak in the |S11|, −10.7 dB, occurs

at 3.02 GHz, near the measured transition frequency, 3.025

GHz. This feature is associated with the minor fluctuation

of the attenuation constant values in that neighborhood. The

measured and simulated |S21| values agree well. Within the

measured bandwidth, the measured |S21| values decrease as

the frequency increases, ranging from −7.5 to −24.0 dB.
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Fig. 8. Measured radiation patterns of the CP LWA at five frequencies
within its bandwidth. Solid line: Co-polarization (LHCP); Dash line: Cross-
polarization (RHCP).

Fig. 6 shows the simulated co-polarization (LHCP) and

cross-polarization (RHCP) radiation patterns at five frequen-

cies within the simulated −10 dB impedance bandwidth. As

the dispersion diagram in Fig. 2 indicates, the CP LWA

radiates a backward beam at lower frequencies. At 2.65 GHz

the beam points into the −34◦ direction and then into the

−18◦ direction at 2.8 GHz. The main beam points at the

broadside direction at 2.955 GHz. With a further increase in

the frequency, the main beam direction moves towards the

forward quadrant, e.g., it points into +14◦ and +32◦ at 3.1

and 3.25 GHz, respectively. Fig. 7(a), 7(b), and 7(c) show,

respectively, the 3D realized gain patterns at 2.65, 2.955, and

3.25 GHz. It is clearly seen that the CP LWA radiates a fan

beam at each frequency that has a narrow beamwidth with

respect to the yz-plane and a wide beamwidth with respect to

the zx-plane. It is found that the simulated main beam angles

obtained from the full-wave simulation of complete antenna

agree very well with the ones retrieved from the dispersion

diagrams in Fig. 2.

The antenna far-field radiation patterns were measured using

the Satimo multi-probe spherical near-field system StarLab-18

located at Xiamen University, China. The measured radiation

patterns are depicted in Fig. 8 at five frequencies within the

measured −10 dB impedance bandwidth. The measured LHCP

beam points into the −34.3◦, −17.2◦, 0◦, +17.2◦, and +31.5◦

directions at 2.7, 2.85, 3.025, 3.2, and 3.35 GHz, respectively.

Note that for a given beam direction the measured frequency

is slightly higher than its simulated value. This blue shift is

consistent for all of the measured patterns. As a consequence,

the frequencies at which the measured patterns are reported

were selected to be higher than those simulated in order that

the beam directions are nearly the same. In summary, the

measured prototype verifies the continuous scanning of the

main beam of the CP LWA antenna from the backward to

forward directions through broadside.

Fig. 9 shows the simulated and measured realized gain

values and the axial ratio (AR) values as functions of the



IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION MANUSCRIPT 5

2.6 2.8 3 3.2 3.35
0

3

6

9

12

15

Freq (GHz)

R
ea

liz
ed

 g
ai

n 
(d

B
ic

) 
an

d 
ax

ia
l r

at
io

 (
dB

)

 

 

Simulated gain

Measured gain

Simulated AR

Measured AR

Fig. 9. Measured and simulated realized gain and axial ratio values of the
CP LWA as functions of the source frequency.

source frequency. The AR values were obtained at the main

beam angle for the corresponding frequency. The simulated

AR ≤ 3 dB bandwidth is from 2.65 to 3.25 GHz (600

MHz), and the realized gain varies between 11.3 and 13.6

dBic over the same range. The measured frequency band was

from 2.75 to 3.35 GHz (600 MHz). The measured realized

gain variance is between 10 and 13 dBi, i.e., only a 3 dB

gain variance. The measured AR values are below 3 dB

except when the frequency is around 3.025 GHz, the measured

transition frequency. The already noted small fluctuation in

the attenuation constant values near the transition frequency

is responsible for this behavior. However, the associated minor

reflections from the unit cell were exacerbated by small

fabrication inaccuracies, leading to the increased AR values.

The maximum measured AR value was 4.1 dB at 3.0 GHz.

Recall that realized gain is proportional to the term (1-|S11|
2).

The differences between the simulated and measured |S11|
values at the transition frequency, 3.025 GHz, in Fig. 9 lead to

negligible changes in this factor. On the other hand, the fabri-

cation errors introduce differences between the corresponding

two orthogonal field components that create the CP fields.

This perturbation more significantly impacts their balance and,

hence, the AR values near the critical transition frequency.

III. BEAM STEERABLE LP LWA

While a CP LWA is a good candidate for the satellite

communications, many applications simply require LP perfor-

mance. It was found that the CP LWA could be modified to

obtain just LP fields. A shorted-stub loaded version facilitated

the realization of a LP LWA with continuous beam scanning

through broadside. The design, simulation, fabrication, and

measurement of this antenna are presented. The measured and

simulated performance characteristics are in good agreement.

A. Antenna Configuration and Analysis

The shorted-stub loaded LP LWA unit cell is shown in

Fig. 10(a). As illustrated, the shorted stub extends directly

from the lower edge of the patch towards the lower side of the

Shorting vias

Shorting via A Shorting via B

Shorted stub

Vertical slotHorizontal slot

(a) 

(b) 

L

3d

W

Fig. 10. LP LWA details. (a) Unit cell configuration. (b) Dispersion diagrams
of the n = −1 and 0 spatial harmonics (L = 15 mm, W = 9 mm, d3 = 2
mm).

substrate. The stub is centered with respect to the vertical slot

and is shorted to the ground with the indicated via B. Because

of the position of the stub, these additional shorted vias are

centered with respect to two of the original shorted vias A.

The shorted via B has a diameter d3; it connects the lower

end of the stub to the bottom ground plane. The length and

width of the shorted stub are L and W , respectively. Fig. 10(b)

shows the dispersion diagrams of the n = 0 and n = −1
harmonics for the shorted-stub loaded LP LWA. They were

obtained using the HFSS Eigenmode solver. It is clear from the

intersections with the light line that the shorted-stub loaded LP

LWA can realize continuous beam scanning from the backward

to forward directions with a continuous transition near 3.0

GHz.

The LP LWA was constructed with nine shorted-stub loaded

unit cells as shown in Fig. 11. To explain the LP operating

mechanisms of the shorted-stub loaded LP LWA, top views of

the electric field just above one unit cell for four time snap-

shots with a quarter period separation are given in Fig. 12 at

2.8 GHz. It is observed that the tangential E-fields are mainly

distributed across the vertical and horizontal slots and normal

to both edges of the shorted stubs and the bottom edge of the

patches. The E-fields on the vertical slots are oriented along

the y-direction and again lead to strong magnetic currents

along the x-direction [40], [41]. The tangential E-fields are
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Fig. 11. Top view of the shorted-stub loaded LP LWA. Photograph of the
prototype antenna is shown in the bottom inset.
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Fig. 12. Top view of E-field distribution on the surface just above one unit
cell of the main patch of the optimized LP LWA at 2.8 GHz for four time
snapshots separated by a quarter period.

oriented normal to the edges of the shorted stubs introduced

in this case, but in opposite directions on opposite sides.

Similarly, the electric fields across the horizontal slots are

oriented in opposite directions on opposite sides of the vertical

ones. Their combination produces two main effects. First, the

shorted stubs reduce the strengths of the E-fields along the

bottom open-edges of the patches and, thus, the associated y-

directed magnetic currents. Second, the horizontal slots again

provide fine tuning of the overall y-directed magnetic currents.

By optimizing the dimensions of the shorted stubs and the

horizontal slots, their contributions to the far-field cross-pol

radiation are reduced significantly. Thus, LP far-fields are

realized by the effective magnetic currents oriented along the

x-directions produced by the vertical slots. The optimized

values (in millimeters) for the shorted stubs and the horizontal

slots are: L = 45, W = 9, d3 = 2, and Lsl = 25.

B. Simulated and Measured Results

The antenna model shown in Fig. 11 was simulated and

optimized with HFSS. The optimized design parameter values

(in millimeters) are the same as those listed in Table I except:

Ws = 165, Wst = 9, and Lsl = 25. A prototype of this

LP LWA was fabricated. A photo of it is also included at the

bottom inset of Fig. 11.

Fig. 13 shows the measured and simulated S-parameters of

the optimized LP LWA. The simulated |S11| ≤ −10 dB band-

width is from 2.78 to 3.22 GHz (440 MHz). The corresponding
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Fig. 13. Measured and simulated S-parameters of the optimized LP LWA.
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Fig. 14. Simulated radiation patterns of the LP LWA at five frequencies within
its bandwidth. Solid line: Co-polarization; Dash line: Cross-polarization.

measured bandwidth is from 2.77 and 3.3 GHz (530 MHz).

The peak |S11| value is −9.5 dB at 3.07 GHz. The measured

|S21| values are below −12.6 dB from 2.77 to 3.3 GHz, and

they agree well with their simulated values within the −10 dB

impedance bandwidth.

Fig. 14 shows the simulated co-polarization and cross-

polarization radiation patterns for the shorted-stub loaded LP

LWA at five frequencies within its impedance bandwidth, and

Fig. 15 displays the measured ones. Again, a slight blue shift

of the frequency-dependent pattern occurs, i.e, the measured

co-polarization main beam points into the −34.3◦, −14.3◦,

0◦, +14.3◦, and +25.7◦ directions at 2.85, 3.0, 3.1, 3.2, and

3.275 GHz, respectively. On the other hand, the simulated

beam angle is −32◦, −14◦, 0◦, +14◦ and +26◦ at 2.8, 2.925,

3.03, 3.125, and 3.2 GHz, respectively.

Fig. 16 shows the simulated and measured peak realized

gain and cross polarization values of the LP LWA as functions

of the source frequency. It is clear that the measured peak

realized gain curve is similar to the simulated one. The

measured peak realized gain increases from 12.7 dBi at 2.85

GHz to 13.0 dBi at 3 GHz, and then decreases to 9.55 dBi

at 3.25 GHz. It is noted that there is a droop in the measured
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Fig. 15. Measured radiation patterns of the LP LWA at five frequencies within
its bandwidth. Solid line: Co-polarization; Dash line: Cross-polarization.
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Fig. 16. Measured and simulated realized gain and cross polarization (cross
pol.) values of the LP LWA as functions of the source frequency.

value at 3.1 GHz, the transition frequency, to 10.6 dBi. From

2.85 to 3.275 GHz, the measured realized gain variance is

3.45 dB. The measured cross polarization level (obtained at

the main beam angle at the corresponding frequency) is stable

across the operating frequency band and peaks at 3.1 GHz

with the value −7.9 dB.

IV. POLARIZATION-RECONFIGURABLE CONTINUOUS

BEAM SCANNING LWA

To facilitate the development of the desired polarization

agile LWA, reconfigurable technology is implemented into

the shorted-stub loaded LP LWA structure to switch the

polarization between the available CP and LP states. Because

the LP LWA was derived from the CP version by introducing

the shorted-stubs, switches are introduced between the original

main patch and the shorted stubs to obtain the desired polar-

ization reconfigurability. PIN diodes were selected for those

switches; the associated biasing arrangements were developed.

The ON-OFF states of the PIN diodes connect or disconnect

the shorted stubs to the main patch, yielding the desired

selectivity between the LP or CP states.

Shorting vias

SMA

50

load

Substrate

Tapered pad

Shorted stub
Shorting via B

Vertical slot Horizontal slot

Main patchShorting via A

Tapered pad

DC biasing line

Rectangular strip

DC+

DC (Ground plane)

z
x

y

z
x

y Shorted stub

W

L
2tL

1tW

dcW 1tW

1tL

D2

D1

L1 L2

Shorted stub

Fig. 17. Top view of the polarization-reconfigurable LWA. The bottom left
inset shows the shorted stubs and the right inset shows the diode placements
and biasing arrangements.

Fig. 18. Photograph of the fabricated polarization-reconfigurable LWA
prototype.

The configuration of the polarization-reconfigurable LWA

is illustrated in Fig. 17. Details of the modified shorted stub

design and the diode placements and biasing arrangements are

given in the insets. The stubs were modified to accommodate

the presence of the PIN diodes. To connect them to the main

patch, the end of the stub nearest to the main patch was tapered

to match it to a small rectangular strip whose width matched

the much smaller dimensions of the diode. PIN diodes were

then introduced to connect the stub to the strip and the strip

to the main patch. The PIN-loaded small rectangular strips

have the length Lt1 and the width Wt1. The trapezoidal-shaped

taper has its bottom width equal to the shorted stub width W
and its top width equal to the strip width Wt1. Its height is the

length of the taper Lt2. When the diodes are switched OFF,

the CP LWA configuration is attained. It is noted that if the

rectangular-shaped stubs were used, a coupling issue between

the rectangular-shaped stubs and the main radiating patch

arises that will deteriorate the CP state of the polarization-

reconfigurable antenna. The trapezoidal-shaped taper structure

and the small connecting strips between the main patch and

the shorted stubs overcome this coupling issue. In particular,

the dimensions of the taper structure and the small strips must

be carefully optimized to achieve good performance for both

the CP and LP states.

As shown in Fig. 17, the two diodes D1 and D2 are aligned

in reverse along the x-axis, i.e., the positive polarities of the

two diodes are soldered to the two ends of the rectangular
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Fig. 19. Measured and simulated S-parameters of the optimized polarization-
reconfigurable LWA operating in its CP state.

strip. One negative polarity end is soldered to the main patch;

the other one is soldered to a shorted stub and, hence, is

connected to the ground plane through its via B. The DC

biasing lines are printed along the y-axis parallel to the patch

edge. They are oriented orthogonal to and are centered in

the middle between two of the thin rectangular strips. One

can prevent the RF signals from coupling to the DC bias

lines and still maintain DC continuity with various approaches.

For example, one could utilize meander lines, i.e., distributed

inductors, between each end of the DC biasing lines and

one of the rectangular strips [42]. However, it was found

that they significantly deteriorate the radiation performance

of our design. On the other hand, a popular and widely

used method is to incorporate chip inductors to block the RF

signals. These lumped elements introduce insignificant effects

on the antenna’s radiation performance [43], [44]. As depicted

in the bottom right inset of Fig. 17, inductors L1 and L2 were

introduced into our design. They connect the adjacent ends

of the DC lines present on both sides of each thin rectangular

strip to it. Consequently, only one DC source voltage is needed

to bias all of the diodes; and, hence, all the diodes can be

switched ON and OFF simultaneously. The DC+ in the upper

half of Fig. 17 represents the positive polarity of the DC

voltage. It is applied to the right most bias line through a

small pad that is connected directly to it and to the positive

pole of the DC source by a wire passing through a small hole

drilled through the substrate and the ground plane. The DC−
is the negative polarity of DC voltage, which is connected

directly to the ground plane. Thus, the DC circuit for biasing

the diodes incorporated into this polarization-reconfigurable

LWA is simple and effective.

The dimensions of the biasing circuits, including the tapered

shorted stubs, were optimized to achieve good radiation and

matching performance in both the LP and CP states. The

parameter values (in millimeters) of the LP LWA design that

had to be modified are: Ws = 200, Wst = 8, L = 30, and

W = 12. The values for the design parameters (in millimeters)

of the thin rectangular lines connecting the main patch and the

shorted stubs are: Lt1 = 9.2, Wt1 = 1, Lt2 = 10, Wdc = 0.8.

This optimized design was fabricated and the prototype

2
R
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L

1
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1
R

Fig. 20. Equivalent circuit for the Coilcraft 0402HP chip inductors.

−60 −40 −20 0 20 40 60
−40

−30

−20

−10

0 2.7GHz
2.85GHz

2.975GHz
3.05GHz

3.125GHz

θ (deg)C
o−

 a
nd

 c
ro

ss
−

po
l. 

ra
di

at
io

n 
pa

tte
rn

s 
(d

B
)

Fig. 21. Simulated radiation patterns of the optimized polarization-
reconfigurable LWA at five frequencies within its CP bandwidth. Solid line:
Co-polarization (LHCP); Dash line: Cross-polarization (RHCP).

polarization-reconfigurable LWA is shown in Fig. 15. All of

the diodes used for this prototype were the Bar50-02L PIN

diodes produced by Infineon Technologies with a 0403 surface

mount packaging [45]. According to its datasheet, this diode

is equivalent to a resistance of 4 Ω in its ON state and to a

parallel circuit with a capacitance of 0.07 pF and a resistance

of 5.0 KΩ in its OFF state. Coilcraft chip inductors 0402HP-

30NX EU (30 nH) with a self-resonant frequency (SRF) at 2.9

GHz were also used. It is an important design consideration

for any reconfigurable antenna with a biasing network to select

inductors with an appropriate SRF. The inductor’s SRF should

be chosen to be within the desired operating band. According

to the datasheet in [46] and confirmed by communications

with Coilcraft’s technical support, the Coilcraft chip induc-

tors 0402HP-30NX EU (30 nH) have an SRF of 2.9 GHz

and they can block RF signals within the desired operating

band, 2.7−3.2 GHz, while maintaining DC continuity. The

presence of the inductors can be modeled by their equivalent

circuit shown in Fig. 20 in [47], where R1, R2, and Rvar

denote resistors, and C1 and Lind represent a capacitance and

inductance, respectively. This circuit introduces a parallel LC

resonance within its SRF operating band that yields a very high

impedance and, hence, blocks the coupling of the RF currents

to the biasing lines [48]. Moreover, a drop in the antenna’s

gain would occur if the operating frequency was outside the

SRF operating band [49]. Full-wave simulations validate that

the SRF effects of the inductors have little influence on the

antenna’s performance.
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Fig. 22. Measured radiation patterns of the optimized polarization-
reconfigurable LWA at five frequencies within its CP bandwidth. Solid line:
Co-polarization (LHCP); Dash line: Cross-polarization (RHCP).
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Fig. 23. Simulated AR values as functions of the observation angle at five
operating frequencies for the optimized polarization-reconfigurable LWA in
its CP state.

A. Polarization-Reconfigurable LWA Working in Its CP State

When all of the diodes are switched OFF, i.e., there is no

voltage applied between DC+ and DC−, the shorted stubs

are disconnected from the main patch; and, hence, CP beams

are radiated. The measured and simulated S-parameters are

shown in Fig. 19. The simulated |S11| ≤ −10 dB frequency

bandwidth is from 2.5 to 3.3 GHz (800 MHz), while the

measured one is from 2.48 to 3.38 GHz (900 MHz). Note that

a higher than predicted |S11| value occurs at 2.66 GHz. Addi-

tional simulations and measurements have determined that it

is caused by either component tolerances or soldering effects

associated with the PIN diodes and inductors. Furthermore, the

measured |S21| is below −9.2 dB throughout this measured

bandwidth.

Figs. 21 and 22 show the simulated and measured radiation

patterns of the optimized polarization-reconfigurable LWA at

five frequencies within its CP bandwidth, respectively. The

simulated LHCP beam scanning angle is −30◦, −12◦, 0◦,
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Fig. 24. Measured AR values as functions of the observation angle at five
operating frequencies for the optimized polarization-reconfigurable LWA in
its CP state.

+8◦, and +16◦ at 2.7, 2.85, 2.975, 3.05, and 3.125 GHz,

respectively. The measured result is −31.5◦, −14.3◦, 0◦,

+11.4◦, and +17.1◦ at at 2.75, 2.9, 3.05, 3.15, and 3.2 GHz,

respectively. Figs. 23 and 24 show, respectively, the simulated

and measured AR values as functions of the observation angle

at five operating frequencies. One finds in Fig. 23 that at

the transition frequency (2.975 GHz), the simulated AR ≤ 3

beamwidth is from −2◦ to +8◦, i.e., 10◦. For other frequencies,

it is much wider, i.e., more than 25◦. On the other hand,

the beamwidths for the measured AR ≤ 3 values in Fig. 24

are wider than 20◦ at those five operating frequencies. Fig.

25 shows the simulated and measured realized gain and AR

values as functions of the source frequency from 2.7 to 3.2

GHz. The measured AR values are all below 3.0 dB within

this entire frequency band (500 MHz), while the simulated AR

≤ 3 dB bandwidth is from 2.7 to 3.13 GHz (430 MHz). The

measured AR values are slightly higher than their simulated

ones. This difference is again correlated with the fabrication

inaccuracies. They lead to small changes in the power radiated

by the orthogonal field components and, hence, impact the

AR outcomes. The measured gain values are within the range

9.5 (at 3.2 GHz) to 12.8 (at 2.85 GHz) dBic. The simulated

realized gain values vary between 10.7 and 13.15 dBic over

the CP bandwidth. The measured and simulated results are

observed to be in reasonable agreement from 2.75 to 3.15 GHz

(400 MHz). The simulated total efficiency of the polarization-

reconfigurable LWA in its CP state is shown in Fig. 26. It

varies from 75% and 88% within the frequency band between

2.7 and 3.2 GHz.

B. Polarization-Reconfigurable LWA Working in Its LP State

When the DC voltage is applied to the bias lines, all of

the diodes are switched ON. The polarization-reconfigurable

LWA is then in its LP state. Fig. 27 shows the measured and

simulated S-parameters versus the source frequency for the

polarization-reconfigurable LWA working in its LP state. The

measured |S11| values are below −10 dB from 2.7 to 3.3 GHz

(600 MHz), except very near to the transition point (i.e., −9.0
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Fig. 25. Measured and simulated realized gain and axial ratio values of
the optimized polarization-reconfigurable LWA operating in its CP state as
functions of the source frequency.
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Fig. 26. Simulated total efficiency of the optimized polarization-
reconfigurable LWA operating in its CP and LP states.

dB at 3.05 GHz). The simulated |S11| ≤ −10 dB frequency

bandwidth is from 2.56 to 3.24 GHz (680 MHz). Additional

simulations and measurements have determined that the higher

than predicted |S11| values around the transition point result

are caused by fabrication inaccuracies. The measured and

simulated |S21| values are also shown in Fig. 27. The measured

|S21| values are less than −14.0 dB (at 2.75 GHz) over the

entire LP frequency bandwidth. The measured S-parameters

agree reasonably well with their simulated values. The simul-

taneous low |S11| and |S21| values indicate good radiation

performance.

Fig. 28 shows the simulated co-polarization (LHCP)

and cross-polarization (RHCP) patterns of the polarization-

reconfigurable LWA for five frequencies within its LP state

bandwidth. The simulated LHCP main beam directions are

−36◦, −16◦, 0◦, +14◦, and +24◦ at 2.7, 2.85, 2.985, 3.075, and

3.15 GHz, respectively. Thus, it is verified that the main beam

scans from backwards to forwards through broadside with

increasing frequency. The measured co-polarization (LHCP)

and cross-polarization (RHCP) patterns are shown in Fig. 29.

The main beam directions are −34.3◦, −17.1◦, 0◦, +14.3◦, and
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Fig. 27. Measured and simulated S-parameters of the optimized polarization-
reconfigurable LWA operating in its LP state.
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Fig. 28. Simulated radiation patterns of the optimized polarization-
reconfigurable LWA at five frequencies within its LP bandwidth. Solid line:
Co-polarization; Dash line: Cross-polarization.
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Fig. 29. Measured radiation patterns of the optimized polarization-
reconfigurable LWA at five frequencies within its LP bandwidth. Solid line:
Co-polarization; Dash line: Cross-polarization.
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TABLE II
COMPARISONS BETWEEN THE CP, LP AND POLARIZATION-RECONFIGURABLE LWAS DEVELOPED IN THIS PAPER

Antenna
frequency sweep

Scan range Peak gain Broadside gain Gain variance
for beam scan

Sim. CP LWA 2.65-3.25 GHz −34
◦ to +32◦ 13.6 dBic 13.4 dBic 2.3 dBic

Mea. CP LWA 2.75-3.35 GHz −34.3◦ to +31.5◦ 13 dBic 12.3 dBic 3 dBic

Sim. LP LWA 2.8-3.2 GHz −32
◦ to +26◦ 13.7 dBi 11.7 dBi 3.3 dBi

Mea. LP LWA 2.85-3.275 GHz −34.3◦ to +25.7◦ 13 dBi 10.6 dBi 3.45 dBi

Sim. polarization-reconfigurable
2.7-3.125 GHz −30

◦ to +16◦ 13.15 dBic 12.6 dBic 2.45 dBic
LWA with CP state

Mea. polarization-reconfigurable
2.75-3.2 GHz −31.5◦ to +17.1◦ 12.8 dBic 11.8 dBic 3.3 dBic

LWA with CP state

Sim. polarization-reconfigurable
2.7-3.15 GHz −36

◦ to +24◦ 13 dBi 11.3 dBi 4 dBi
LWA with LP state

Mea. polarization-reconfigurable
2.75-3.2125 GHz −34.3◦ to +20◦ 11.7 dBi 10.5 dBi 3.9 dBi

LWA with LP state

+20◦ at 2.75, 2.9, 3.05, 3.15, and 3.2125 GHz, respectively.

The measured scanning range agrees well with the simulated

one. The simulated and measured realized gain and cross

polarization values are shown in Fig. 30 as functions of the

source frequency. The measured realized gain varies between

7.8 (at 3.2125 GHz) and 11.7 (at 2.9 GHz) dBi across the

−10-dB bandwidth from 2.75 to 3.2125 GHz (462.5 MHz).

The simulated realized gain varies between 9.0 (at 3.15 GHz)

and 13.0 (at 2.85 GHz) dBi over the frequency band from 2.7

to 3.15 GHz (450 MHz). The measure realized gain values are

lower than the simulated one. This outcome is consistent with

the fact that the measured radiation patterns shown in Fig. 29

have wider half-power beamwidths than their simulated ones.

The measured cross polarization levels over the LP frequency

band 2.75 to 3.2125 GHz (463.5 MHz) range from −9.5 (at

3.05 GHz) to −6.0 (at 2.75 GHz) dB. The corresponding

simulated values range from −11.0 (at 2.875 GHz) to −8.0

(at 3 GHz) dB over the frequency band from 2.7 to 3.15 GHz

(450 MHz). In comparison with their simulated values, the

measured lower realized gain and higher cross polarization

levels arise from inconsistent diode performance (all of the

PIN diodes are switched ON for this LP state), as well as from

fabrication and assembly errors. It is observed that the cross-

polarization levels of the polarization-reconfigurable LWA in

its LP state are higher than those of the fixed LP LWA. One

could achieve similar cross-pol levels in its LP state, but at a

cost of a deterioration in its CP performance. The cross-pol

increase arises from the presence of the DC bias lines required

to control the diode states. The simulated total efficiency of the

polarization-reconfigurable LWA in its CP state is also shown

in Fig. 26. It varies from 74% and 84% within the frequency

band between 2.7 and 3.2 GHz.

V. CONCLUSION

A polarization-reconfigurable, beam scanning LWA was de-

veloped in this paper. It was demonstrated that scanning from

the backward to the forward directions is continuous through

broadside and that the antenna can be switched between its

LP and CP states. This final optimized system was realized

from two other reported antennas. Both a slot-loaded SIW-

based CP LWA and a shorted-stub loaded modification of it

to obtain a LP LWA were also designed, simulated, fabricated,
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Fig. 30. Measured and simulated realized gain and cross polarization (cross
pol.) values of the optimized polarization-reconfigurable LWA operating in its
LP state as functions of the source frequency.

and measured. It was shown that the main beam of both of

these non-reconfigurable antennas could also be scanned from

the backward to the forward directions through broadside.

The prototypes of all three antennas verified their simulated

performance characteristics. A complete comparison between

the performance characteristics of these three antennas is given

in Table II. The CP LWA beam was scanned continuously from

−28.6◦ to +31.5◦ with a 3 dB gain variation. The LP LWA

beam was scanned continuously from −34.3◦ to +25.7◦ with

a 3.45 dB gain variation. The main beam of the polarization-

reconfigurable LWA was scanned continuously from −31.5◦

to +17.1◦ with a 3.3 dB gain variation in its CP state and from

−34.3◦ to +20◦ with a 3.9 dB gain variation in its LP state.

The measured performance characteristics of all three antennas

were shown to be in reasonable agreement with the simulated

values. Note that the scanning range of the LWAs developed

in this paper was determined by considering several perfor-

mance characteristics. These include specific levels of their

impedance matching, axial ratio, and gain variation values. The

optimized reconfigurable LWA has a simple configuration, and

its biasing circuits are easily realized. It is a highly promising

antenna for future wireless communication systems requiring
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multi-functionality and high capacity.
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