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Abstract—Guided surface-waves (SWs) on planar substrates are
generally an adverse effect that can degrade the performance of
monolithic integrated circuits and antenna arrays. However, with
appropriate boundary conditions, such SWs can be harnessed as
an efficient means of power transport achieving bound propaga-
tion along a dielectric slab. Furthermore, by the addition of planar
metallic grating configurations an effective dielectric constant can
be achieved, refracting cylindrical SWs transmitted from a cen-
tral surface-wave launcher (SWL) source. Specifically, two metallic
grating lenses are investigated for millimeter-wave frequencies of
operation, offering either the convergence or divergence of bound
SWs. In addition, design concepts are extended to a novel planar
coupler. These metallic grating lenses and directive SWL sources
can be useful for new quasi-optical millimeter-wave circuits and
planar leaky-wave antennas.

Index Terms—Lens, surface-wave (SW), surface-wave launcher
(SWL).

I. INTRODUCTION

T HE CONCEPT OF lensing at microwave and millimeter-
wave frequencies has been seen in many antenna feeding

networks and power distribution systems [1], [2]. In these de-
signs dielectric lens are generally used to control field distribu-
tions propagating from a central source; i.e., two different mate-
rials are used to achieve refraction. In [2], a dielectric lens (or air
gap) within a grounded dielectric slab (GDS) was investigated
for cylindrical TM surface-wave (SW) focusing from a network
of surface-wave launchers (SWLs). That proposed power com-
biner was novel, but practical fabrication of such a design would
be difficult since a finely shaped dielectric lens would be re-
quired within a main GDS.

In an effort to ease fabrication in such complex systems new
planar lenses are proposed. Specifically, by utilizing printed
metallic grating configurations (placed on top of a GDS, as
illustrated in Fig. 1) control of guided SWs is possible [3]. The
investigated lenses (Fig. 2) offer the divergence and conver-
gence of cylindrical SWs. Printed lens sources are realized by
directive SWL elements [4] (which have been previously used
in the design of planar leaky-wave antennas [5], [6]). In the
presented lens configurations (for bound and guided-wave
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Fig. 1. (a) SW source in the ground plane and (b) planar grating lens on top of
the GDS. Origin defined on the air-dielectric interface at the center of the main
slot of the directive SWL. Note: Illustration not to scale.

propagation) the radial electric field of the excited TM SW
mode couples to the gratings and the majority of the electric
field near the strips is contained within the slab, suggesting the
excitation of a hybrid microstrip mode [7], [8].

In addition, such grating lenses and SW sources [4] can be
utilized in the design of quasi-optical millimeter-wave circuit
systems [1], [2] and novel planar antennas. Specifically, if a
SWL array (as presented in [6]) is utilized as shown in Fig. 3,
new types of planar circuits can be realized. For instance, by
changing the relative phase difference between two transmit
SWL array elements propagating SWs can be
routed to specific receiver SWLs. A grating lens can also be used
for improved directivity and isolation. Secondary circuits, such
as amplifiers and or antennas can be connected to the receiver
SWLs for increased diversity and functionality. Furthermore,
such grating lenses can also be used in conjunction with planar
antennas for beam control in the far-field.

II. SW SOURCES FOR BOUND PROPAGATION

The planar sources for directive SW propagation are realized
by slots in the ground plane of a dielectric slab and are fed by
coplanar waveguide transmission lines [4]–[6]. The frequency
of operation and slab characteristics ( mm,

) defines this bound SW propagation along the
guiding surface.

A. Field Distributions Generated by the SW Source

The magnitude of the field distribution along the guiding
surface was measured by placing the SWL at the edge of a large
GDS and results are compared to simulated values (Fig. 4). The
evanescent TM SW field distributions were sampled above the
guiding surface as further described in Fig. 5. Results are also
compared to a typical cylindrical-wave with rea-
sonable agreement. Minor deviations are observed and are likely
a result of substrate surface roughness, reflections from the edge
of finite substrate, and dielectric thickness and probe height vari-
ations along the guiding surface.

Physically, the SWL couples energy into the dominant TM
SW mode of the slab and thus a useful comparison can be
between the rate of TM field strength roll off away from the
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Fig. 2. Planar lens configurations (dimensions in mm) for (a) diverging and
(b) converging of SWs. Periodicity for the grating: 0.8 mm. (a) Width of three
inner strips 0.15 mm, remaining strips 0.9 mm. (b) Strip width 0.9 mm.

Fig. 3. Application to planar millimeter-wave circuit systems. An array of
transmit SWLs can steer guided-waves to specific receiver SWLs by changing
the relative phase difference between elements �� � � � � �. Secondary
circuits can be amplifiers, antennas, filters and/or other passive and active
elements. A grating lens can also be used for performance improvements.

source as shown in Fig. 4. For instance for mm,
dB/mm V/m for the analytical

[simulated] measured field distribution. In addition, TE SWs
can also exist on the GDS since operation is above the cutoff
frequency of the TE SW mode of the slab (19.47 GHz).

The full field distribution can also be analyzed.
Fig. 6(a) shows the forward directed cylindrical-wave gradually
spreading out along the guiding surface; V/m in the
confined 1 520 mm region (defined by mm and

mm). In addition, the folded secondary slots

Fig. 4. Measured [simulated] values were obtained at 23 [24] GHz by ob-
serving the field distributions above the guiding surface. Reflection loss values
are also shown for the planar directive SWL.

Fig. 5. Technique to observe the evanescent TM SW field distribution 0.5 mm
above the guiding surface (an analogous procedure, using Ansoft’s HFSS near
field analysis, was utilized for simulations). (a) The system was connected to
a VNA and field strength values were collected using a near-field probe in 1
mm increments for � � ��� ��	 mm. (b) The probe was mounted on a linear
translation stage and field values were measured on top of the GDS. (c) The
SWL was excited and absorber was used to minimize reflections (bottom).

increase forward directivity while exciting TE SWs in the
directions as shown in the field distribution, specifi-
cally V/m for mm.

B. Performance of the SWL

Measured and simulated reflection losses are shown in the
inset of Fig. 4. A slight frequency shift is shown; i.e., minimum
reflection loss is observed at 22.2 [23.6] GHz in the measure-
ments [simulations]. These slight deviations may be attributed
to slab height and dielectric variations, fabrication tolerances,
and slot modeling difficulties due to microfabrication.

Additional investigations may also be required to illustrate
the bound nature of the excited SWs and, thus, describe further
their performance and general operation. For instance, the neg-
ligible parasitic far-field radiation from a single SWL element
and the minimal insertion loss between two sources can further
illustrate this bound and guided-wave propagation:

1) Parasitic Radiation Into the Far-Field: The majority of
the excited SW power is bound to the slab and not radiated [4].
Measured gain values ( dB) are observed at 22.25 GHz (in
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Fig. 6. Simulated TM and TE field distributions, �� � and �� �, at 24 GHz:
(a) single SWL. (b) Diverging. (c) Converging lenses.

the upper half region, ) as shown in Fig. 7(a), with a rea-
sonable agreement to the simulated values at 24 GHz. Compa-
rable simulated results, i.e., gain values, are observed for .
These far-field measurements were completed in an anechoic
chamber and absorber was placed at the edges of the finite sub-
strate to resemble an infinite slab. In addition, simulations as-
sumed an infinite GDS for fair comparison.

2) Transmit Power Between Two SWLs: Measured inser-
tion loss values are above 20 dB ( dB/mm) from 19.5 to
24.5 GHz as shown in Fig. 8(a). The realized test circuit utilized

Fig. 7. Parasitic far-field radiation, �� �� � � ��, from a single SWL (a) and
with lenses (b). E plane referenced to main slot of the SWL.

Fig. 8. Insertion loss, � � in dB (a) between 2 SWLs (b).

2 SWLs separated by mm as shown in Fig. 8(b). Fur-
thermore, these SWLs were placed a significant distance apart

and consequently the circuit may be reasonable for
a simple transmission analysis.

Thus these results suggest the utilized SWL sources can ef-
ficiently couple energy into the dominant SW mode of the slab
providing bound and unidirectional guided-wave propagation.

III. GRATING LENSES AND SYSTEM APPLICATIONS

The diverging and converging metallic grating lenses were
designed to achieve controlled SW propagation along a dielec-
tric slab. Specifically, by the addition of these planar lenses, the
excited TM SW field distributions can capacitively couple to
the metallic strip segments, altering the phase velocity of the
guided-wave, realizing refraction. The resultant field distribu-
tion on the GDS generated by the SW source and grating lenses
are shown in Fig. 6(b) and (c).

A. Planar Grating Lens for SW Divergence

The divergence of TM SWs can be observed at 24 GHz in
Fig. 6(b). For instance, the field distribution is V/m
in the 1840 mm confined region (defined by mm
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Fig. 9. (a) Simulated reflection loss values of the SW source and grating lenses.
(b) Results of a novel 4-port hybrid coupler and increased performance using
a grating lens. Through and isolated power defined as �� � and �� �. Power
is directed to the through port by a relative phase difference (of 60 ) between
transmit SWL sources.

and mm). This suggests a 1.66 dB increase
in area when compared to the single SWL source (when fixed

domains and field strength values are compared) thus sug-
gesting increased spreading of TM SW power along the guiding
surface. Moreover, field strength values increased by 9.5 dB at

mm and mm when compared to the single
SW source. Reduced cross polarization levels are also observed
( V/m). In addition, the majority
of the SW power is still bound and not parasitically radiated as
shown in Fig. 7(b). Reflection loss values are also below 30 dB
as shown in Fig. 9(a) at 24 GHz.

B. Planar Grating Lens for SW Convergence

In contrast, SWs converged towards the -axis for
mm as shown in Fig. 6(c). In addition,

V/m in the 640 mm confined region (defined
by mm and mm) suggesting a
7.51 dB decrease in area (for fixed domains and field strengths).

The TM field distributions were reduced by 9.5 dB when
compared to the single SWL source at mm and

mm. High cross polarizations levels are also shown
at mm and mm for the field strength
plot ( V/m). Improvements in
the layout of the converging lens could minimize these high
cross-polarization levels (or the TE SW excitation could be
completely eliminated by the utilization of a single mode slab).
Furthermore, the majority of the SW power is still bound
and not radiated into the far-field as shown in Fig. 7(b) and
reflection loss values are below 18 dB as shown in Fig. 9(a).

C. Guided-Wave Power Routing for Planar Circuit Systems

Using a two element array of SW sources a novel coupler
can be realized. Essentially guided-waves are routed towards
SWL receiver ports by changing the phase difference between
transmit SWLs. Coupler performance can be improved by the
addition of the diverging grating lens (since it offers best reflec-
tion loss values at the SWL design frequencies, 23–24 GHz).
Specifically, if two transmit SWL sources are placed at the
origin (ports 1 and 2) and receiver elements (ports 3 and 4)
are placed at mm as shown in the layout of the
Fig. 9(b) inset, transmit [isolated] power can be increased
[decreased] by at least 2.5 [15] dB. These results may be
reasonable since similarities are observed in the measured and
simulated values for the transmission test circuit (Fig. 8).

IV. CONCLUSION

Control of cylindrical SWs excited from a central SWL
source have been investigated using planar metallic grating
lenses. Surface-wave field distributions are provided at 23 GHz
along with parasitic far-field radiation measurements. Metallic
grating lenses were also developed for controlled SW propaga-
tion along the utilized GDS. Concepts are extended to a planar
quasi-optical power coupler with isolations [directivities]

dB [ dB] observed at 23.5 GHz.
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