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Abstract—A linear array of surface-wave launchers (SWLs) is
presented for surface-wave (SW) beam steering on a grounded
dielectric slab (GDS). Specifically, a two-element array of directive
Yagi-Uda like SWL antennas (operating between 21–24 GHz) is
investigated. By varying the relative phase difference between
SWL elements, the excited SW field distribution can be steered.
In addition, a six-element linear array of SWLs with nonuniform
weighting is also presented. If metallic gratings are placed on
top of the GDS, the bound SW mode can be transformed into
a radiated leaky-wave (LW) mode and directive beam patterns
can be generated in the far field. A specific elliptical grating
configuration is also investigated demonstrating single frequency
cylindrical-sector LW beam steering. These slotted SWL arrays
can be useful for novel SW beam scanning designs, millimeter
wave power distribution systems and new LW antennas.

Index Terms—Leaky-wave (LW), leaky-wave antenna (LWA),
surface-wave (SW), surface-wave launcher (SWL).

I. INTRODUCTION

R ECENTLY surface-wave launcher (SWL) antennas have
been recognized as a practical feeding technique for

planar leaky-wave antennas (LWAs). In these applications, a
bound cylindrical surface-wave (SW) mode is excited on
a grounded dielectric slab (GDS) and propagation occurs along
the guiding surface. Ground plane slots define these SWLs
and the slotted configurations act as magnetic dipole sources
for the 2-D LWAs [1]–[4]. Furthermore, these SWL antennas
can be placed in an array achieving SW beam scanning. By
varying the relative phase difference between SWL elements,
the generated SW field pattern can be scanned. Such a SWL
array configuration has applications for novel single frequency
leaky-wave (LW) beam steering antennas [5], [6].

This paper investigates a two-element linear array of directive
Yagi-Uda like SWL antennas [1]–[3]. The generated SW field
pattern is steered by changing the relative phase difference

between SWL elements as shown in Fig. 1. The slotted
SWLs are spaced apart on the bottom of the
GDS and a SW mode is excited on top of the guiding
surface. The substrate properties and height ( ,

, and ) characterize the SW phase constant
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Fig. 1. The two-element array of SWLs considered in this work. (a) The slotted
magnetic dipole sources are appropriately placed apart �� � � ��� and each
element is described by a main radiating driven slot, tuning elements, and sec-
ondary reflector slots. (b) Generated �� SW mode that is bound to the GDS
(top). (c) The SWLs are placed on the edge of a ground plane (bottom). (d) By
variation in the relative phase difference between SWL elements �� � � �� �
the SW beam pattern can be steered.

( at 22 GHz) of the guided-wave
mode [7]. Sections II and III explain the operation of a single
SWL element and arrayed configuration, respectively.

Furthermore, a six-element linear array of SWLs with
nonuniform weighting is also presented. This extension of
the two-element design suggests that known array theory can
be applied to other complex SWL configurations. Section IV
describes a binomial weighting distribution for minimal SW
sidelobe levels [8] while calculated weights are determined to
direct the main SW beam using the Godara method [9].

To observe the SW beam patterns generated by the SWLs the
evanescent field distribution on top of the GDS was measured
[10]. A near-field probe was translated along an arc centered
at the SWL elements. The measured fields along this arc give
indication of the SW field distributions on the guiding surface
and thus can define the SW beam pattern. Section V further
describes this measurement technique.

By the addition of periodic metallic gratings, on top of the
GDS, a partially reflecting surface (PRS) is defined and LWs
can be excited [3]–[6], [10]–[17] and steered along the guiding
surface, as shown in Fig. 2. A continuous elliptical grating con-
figuration is investigated in Section VI. Thus by using the afore-
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Fig. 2. By variation in � the two-element SWL array (bottom) cylindrical��
SWs can be steered on the GDS (top) and with appropriate boundary conditions
LWs can be generated. (a) Two-element SWL array. (b) By the addition of a
continuous strip PRS cylindrical-sector LWs can be excited and thus directive
beam patterns can be steered in the far field. (c) The elliptical grating configura-
tion and an illustration of the steered SW beam patterns (top), produced by the
SWL array, for � � � and � � ��� .

mentioned SWL array, controlled SW beam steering can dictate
the region of LW field excitation and thus direct beam patterns
in the far field for single frequency beam steering [5], [6].

II. INDIVIDUAL SWL ELEMENTS FOR PLANAR SW EXCITATION

To excite the dominant SW mode on the GDS, coplanar
waveguide transmission line fed SWLs were utilized. These
Yagi-Uda like directive SWLs were realized by half wavelength
slots in the ground plane. Such slots have magnetic field dis-
tributions which can inductively couple to the dominant
SW mode of the GDS. Essentially, the single SWL element is
described by a main radiating slot (length of 1.92 mm) with
two secondary reflector (individual length of 2.75 mm) and
four tuning elements (individual length of 0.65 mm), as shown
in Fig. 1(a). Feeding the SWL with a coplanar waveguide
transmission line realizes a planar SW excitation mechanism
[1]–[6], [17].

A. Directive SWL Operation

Dimensions of the SWL are shown in Fig. 3. Forward SW di-
rectivity is achieved by using the secondary reflector slots (so

Fig. 3. Physical dimensions of the single directive SWL. The coplanar wave-
guide transmission line feed has a center strip and gap width of 0.1 and 0.05 mm,
respectively.

that the magnetic current on the slots leads the current on the
main slot by 90 ). Consequently, the SW fields add construc-
tively at the main radiating slot. At the secondary reflector slots,
the field distributions add destructively and, hence, cancel. This
results in a directive SW propagating in the direction.

Generally, reflector based SWLs have a reflector that is
slightly longer than the main slot [2]. The secondary slots were
folded to achieve side by side placement for the desired arrayed
configuration. Without such folding the SWL elements would
physically touch. This is unwanted. In fact, minimum mutual
coupling is required [8] between the SWLs for efficient arrayed
operation.

By changing the lengths of the tuning slots (or shorted
stubs for the coplanar waveguide transmission line) the input
impedance of the SWLs can be matched to 50 acting as
shorted stubs for the coplanar waveguide transmission line.
Furthermore, the reflector slots act as a controlled element,
adjusting the directivity in the forward direction at the cost
of decreasing the operating bandwidth of the SWLs [2].

B. Generated SW Beam Pattern

To characterize the generated SW field distributions along the
guiding surface, measurements were completed and compared
against simulated and analytical values for the single SWL el-
ement. Simulations were performed along the air-dielectric in-
terface of an infinite slab to determine field strength values. A
commercially available full-wave solver was used, i.e., Ansoft’s
High Frequency Structural Solver (HFSS). Analytical values
were obtained using (1) and results are in good agreement. Fig. 4
illustrates the directive SW beam pattern in the forward di-
rection. The field distribution on the slab is directly
proportional to the magnitude of the SW beam pattern on the

Authorized licensed use limited to: Symon Podilchak. Downloaded on March 22, 2009 at 16:52 from IEEE Xplore.  Restrictions apply.



PODILCHAK et al.: SWLs FOR BEAM STEERING 357

Fig. 4. Measured, simulated and analytical SW field distribution for the direc-
tive SWL (normalized and shown in linear units). To measure and simulate the
single SW beam an individual SWL element was placed at the center of a GDS.
Furthermore, the analytical SW beam pattern should be symmetric in both the
��� directions. Since the investigated directive SWL has only a main beam in
��� direction, the analytical SW beam was ignored for the ��� direction.

guiding surface and is described in [1] as a sinusoidal-Gaussian
function

(1)

where is the phase constant of the SW propagating along
the guiding surface, is the physical length of the main radiating
slot and defines the angle along the azimuth. For this design,
the SW propagation constant is dictated by the electrical
properties of the GDS ( , and

).
When compared to simulated and measured values the an-

alytical model provides a good agreement in the forward
direction only, since (1) takes into account the SW generated
by the main radiating slot and ignores the secondary effects of
the tuning elements and reflector slots. Furthermore, a signif-
icant amount of back lobe radiation is shown in the measured
and simulated values due to the coplanar waveguide transmis-
sion line feed, tuning elements and parasitic reflector slots. The
analytical SW beam pattern of (1) excludes these second order
effects and thus explains the observed deviation.

Measurement and analytical results for the SW beam patterns
are shown at 22 GHz, while the simulated pattern was deter-
mined at 24 GHz. Maximum field strength values were observed
for these two frequencies. The shift is likely due to the optimal
performance (minimum reflection loss values) of the individual
SWL element as shown in Fig. 5. Deviations are a likely re-
sult of substrate variations, fabrication tolerances and difficulty
in modeling the metal thicknesses near the slots due to micro-
fabrication.

Fig. 5. Reflection coefficient of the directive SWL antenna. Simulation and
measured results are in good agreement. Measured results suggest that the SWL
has a reflection loss greater than 10 dB from 21 to 24 GHz.

C. Single SWL Performance

Measurements were completed for a single directive SWL
and a reasonable reflection coefficient was observed. The
reflection coefficient is less than 10 dB from 21 to 24 GHz as
shown in Fig. 5. The SWLs were designed for a 50- system
impedance and, thus, were optimized for a good match to the
coplanar waveguide transmission line feed. Simulation and
measured results are in good agreement. A slight shift is ob-
served between the measured and simulated values as discussed
in the last section.

III. AN ARRAY OF SWLS

Two directive SWLs were embedded at the edge of the ground
plane of the dielectric slab, with an element spacing of

to minimize SW sidelobe levels. Mea-
surements of the SW beam patterns were conducted at 22 GHz,
while simulated values were collected at 24 GHz. Analysis was
completed at these two distinct frequencies due to the observed
minimal reflection loss values for the individual SWL elements
within the array ( at 22 GHz [24 GHz] for mea-
sured [simulated]) as shown in Fig. 6 and as previously dis-
cussed for the single SWL element. The SW beam scanning
capabilities of the array were also investigated by using the
measurement setup described in Section VI. Results were com-
pared to simulated values and to analytical equations, all are in
good agreement.

A. Performance Analysis of the Two-Element Array

A performance measure of the array can be the isolation
between elements and the reflection loss of a single element
within the array. Measured and simulated values are compared
in Fig. 6. The reflection losses are below 20 dB for both the
measured and simulated values. Furthermore, the coupling
between each element is below 15 dB. These values may be
reasonable for such an arrayed configuration of directive SWLs.

B. Array Factor and Total SW Beam Pattern

The SW field pattern generated by the two-element array of
SWLs can be determined by standard array theory. The element
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Fig. 6. Measured and simulated mutual coupling �� � between two elements
of the directive SWL array. Since the two-element array is symmetric it is ex-
pected that �� � � �� �. The simulated and measured reflection loss �� �
of a single directive SWL (in the two-element array) is also shown. As expected
results are similar to the single SWL element.

factor describing the generated SW field pattern on the guiding
surface can be described by (1). If the SWL elements are placed
along the axis (as shown in Figs. 1 and 2) the array factor can
be derived from [8]

(2)

where is the spacing and is the relative phase difference
between SWLs elements. Thus, the total magnitude of the SW
field distribution on the aperture can be determined by the
multiplication of the array factor and SW field pattern

generated from a single SWL element

(3)

C. Measured SW Beam Patterns

The directive SW beam patterns generated by the two-ele-
ment array of SWLs are shown in Figs. 7–10. Measured, simu-
lated, and analytical beam patterns are in good agreement. The
polar plot of Fig. 7(a) illustrates the SW beam pattern with no
phase difference between SWL elements (shown in linear units).
The back lobe SW radiation (generated by coplanar waveguide
transmission line feed and tuning and reflector slots) was simu-
lated by placing the SWLs at the center of the slab as shown in
Fig. 7(b). Futhermore, Figs. 8–10 display the normalized beam
pattern in dB with , 60 and 90 .

The SW beam patterns can be further steered by turning on
or off the left or right SWLs within the array. Results illustrate
the SW beam pattern on the GDS with the left SWL turned on
as shown in Fig. 11. Essentially, when the left or right SWL ele-
ments are independently turned on or off, SW power is reflected
away from the unexcited SWL antenna. Similar results are ex-
pected if the right SWL is on and the left SWL is off (SW beam
pattern can be steered to ) due to the symmetry of the
SWL array. Thus, by turning on or off the left or right SWLs,
extended SW beam scanning is possible.

Fig. 7. Normalized polar plot of the SW beam pattern of the two-element array
of SWLs (shown in linear units) with no phase variation between elements �� �
� �. Results are in good agreement. (a) Measured, simulated, and analytical
beam patterns in the forward ��� direction with the SWLs placed at the edge
of the slab. (b) The back lobe SW radiation (generated by coplanar waveguide
transmission line feed and tuning and reflector slots) was simulated by placing
the SWLs at the center of the slab. A physical model was not realized since
measured and simulated results were in good agreement for the edge placement
of the SWLs as in (a).

IV. A LINEAR ARRAY OF SIX SWLS WITH

NONUNIFORM WEIGHTING

Section III has outlined that an array of two SWLs can be
modeled with analytical SW beam patterns and standard array
theory. Measured, simulated and analytical results are all in
good agreement and depict the SW field distribution on the
GDS. This section investigates the possibility of a six-element
linear array of SWLs with nonuniform weighting. Specifically, a
binomial weighting distribution is utilized for minimal sidelobe
levels [8]. In addition, calculated weights are determined for di-
recting the main SW beam to a desired location (at )
using the Godara method [9]. These two examples suggest that
known array theory can be applied to other configurations of
SWLs for advanced SW beam steering.
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Fig. 8. Normalized SW beam pattern of the two-element array of directive
SWLs shown in dB with a��� phase variation between elements. An 8 shift
in the main beam is observed. Sidelobes are developed 12 dB below the main
beam and 75 away from the main beam.

Fig. 9. Normalized SW beam pattern of the two-element array of directive
SWLs shown in dB with a ��� phase variation between elements. A 12.5

shift in the main beam is observed. Sidelobes are developed 10 dB below the
main beam and 87 away from the main beam.

A. Binomial Distribution

Binomial weighting in a linear array can create an array
factor with no sidelobes [8], provided that the element spacing
is . Such a weighting distribution was applied to
the aforementioned six-element array of directive SWLs. The
normalized binomial weights were chosen from the sixth row
of Pascal’s triangle. They are as follows: ,

, and (where the elements are
labeled left to right). The total analytical beam pattern can be
defined by (3), where the array factor is

(4)

Fig. 10. Normalized SW beam pattern of the two-element array of directive
SWLs shown in dB with a ��� phase variation between elements. A 18
shift in the main beam is observed. Sidelobes are developed 7 dB below the
main beam and 102 away from the main beam.

Fig. 11. Results for the left SWL turned on and the right SWL turned off (right/
left description as displayed in the inset of the above figure). Simulated SW
beam pattern and comparison to both SWLs on (with � � �� ). The main SW
beam is steered to � � ��� with reduced sidelobe levels.

The analytical SW beam pattern is compared to the simulated
(as shown in Fig. 12) and results are in good agreement.

B. Fixed Weight Beam Forming

The Godara method [9] provides a design formula to calculate
the nonuniform weights required to steer a main beam and place
nulls at desired locations. If the main SW beam is positioned at

and nulls are desired at and the
normalized weights are as follows:

(5)

If the array factor is determined by (4) with weights described
by (5) and an element factor dictated by (1), the analytical SW
beam pattern can be calculated. A good agreement is achieved
between the simulated SW beam pattern and the analytical
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Fig. 12. Analytical and simulated SW beam patterns for a six-element array of
SWLs (spacing � � � ��). As expected the binomial weighting distribution
achieves no sidelobes in both the simulated and analytical beam patterns.

Fig. 13. Analytical and simulated SW beam patterns for a six-element array of
SWLs (spacing � � � ��). The main beam is steered to � � �� and nulls
are placed at � � � and � � ��� .

model as shown in Fig. 13. Both main beams are steered to
. Nulls are positioned at and for the

analytical model and and for the simulated
SWL array. The first sidelobe (less than 10 dB from main
lobe) appears at and for the analytical and
simulated SW beam patterns, respectfully.

V. A TECHNIQUE TO MEASURE THE SW FIELDS AND,
HENCE, THE SW BEAM PATTERNS

To observe the evanescent SWs generated by the SWLs,
measurements were completed and compared against simulated
and analytical values for a single SWL and the two-element
array. This section explains the measurement technique em-
ployed (and analogous simulation procedure) to determine the
field distribution and, hence, SW beam patterns on top of the
GDS [10]. Results are shown in Figs. 4, 7–11.

Essentially, the steered SW beam patterns were measured by
a near-field probe in 5 steps (on top of the GDS) on an arc
centered (radius and ) at the SWL el-
ements. Specifically, the single SWL element was placed in the
center of the ground plane of the slab while the SWL array was
placed at the edge of the high permittivity substrate (board size:

Fig. 14. Surface-wave beam pattern measurement system. (a) A near-field
probe (on top of the GDS and 0.5 mm above the air-dielectric interface) was
used to measure the evanescent SW field distribution along the edge of an arc
on the guiding surface. The system was connected to a VNA for measurement
recording. (b) The SWLs were excited (on the bottom) and absorber was used
to minimize reflections. (c) The probe was mounted on a modified rotation
stage and the SW beam patterns were measured on the GDS (top).

15 cm 15 cm). For the SWL array the SW beam was con-
trolled by adjusting the phase at the input of the SWL elements
using a mechanical phase shifter (see Fig. 14).

The measured fields along this arc represent the SW field dis-
tributions at a significant distance from the SWL antenna source
and thus can represent the SW beam pattern on the GDS. In ad-
dition, the raw measurements were aperture gated (to eliminate
multiple reflections from the edges of the guiding structure and
unwanted image sources) and time gated (to minimize high fre-
quency noise, multiple reflections due to cable bending and field
probe discontinuities from VNA measurements) as described in
[18] and [19].

VI. A SPECIFIC ANTENNA APPLICATION FOR SINGLE

FREQUENCY LW BEAM STEERING

If a 2-D continuous metallic grating is placed a suitable dis-
tance from the two-element SWL array (and on top of the GDS)
LWs can be excited. The printed metallic grating, defines an ef-
fective PRS and LW radiation is achieved by a fast
spatial harmonic. Curvilinear gratings are optimal since the pe-
riodic metallic strips are conformal to the phase front generated
by the SWLs [4]. Such a 2-D LWA can excite backward or for-
ward cylindrical LWs generating pencil and conical-sector beam
patterns for specified scan angles [3]–[6].

Physically, the guided SW mode becomes perturbed by
the addition of the continuous strip gratings and the bound SWs
are diffracted. The propagating SW on the aperture inductively
couples to the strips and the current distribution (on the strips)
radiates and defines the far-field beam pattern. Essentially, suit-
able conditions are appropriate for cylindrical LW exci-
tation on the guiding surface. The cylindrical LW modes are of
order , since the generated far-field beam patterns have
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Fig. 15. Measured gain � in the far field. Shown in linear units and normal-
ized for the elliptical grating at 21.61 GHz with � � ���� , ��� , ��� ,
��� , 0 , and ��� .

a dependence. In general, multiple types of LW modes (re-
lated to the specific PRS configuration) can exist on 2-D planar
guiding surfaces and hence the total beam pattern is related to
the superposition of these individual LW field distributions on
the aperture [20].

Since the steered SW fields from the SWL array are directed
within a certain region on top of the GDS, the cylindrical LWs
are contained within a specified region as well. The LW fields
within this region are similar in nature to full cylindrical
LW modes but with an obvious dependence. Essentially, the
steered SW field distribution dictates the region of LW field
excitation demonstrating single frequency conical-sector beam
steering in the far field.

A. Continuous Elliptical Gratings

The investigated LWA is shown in Fig. 2 and is defined by
an elliptical grating. A vector function can be defined to
describe the curvature of the th concentric ring (in mm)

(6)

where the separation between each ring is 6 mm and the thick-
ness of the strips is 1.25 mm [17].

B. Measured LW Beam Patterns

Measured 2-D beam patterns for the continuous elliptical
strip grating are shown in Figs. 15 and 16 at 21.61 and
22.54 GHz, respectively. Results are normalized and shown
in linear units and the far-field beam pattern measurement
technique is further described in Section VI-D. At 21.61 GHz
the main conical-sector beam traces the path of a narrow cone

Fig. 16. Measured gain � in linear units and normalized for the elliptical
grating at 22.54 GHz with � � ��� , 0 , and ��� .

from at with an element tunning
range of , , , , 0 and .
Minor beam steering is observed at this frequency since the
generated pencil beam is very close to broadside. In addition,
since the design is completely symmetric, it is expected that for

the main beam will be contained within
at . Furthermore, for a

secondary beam is clearly observed at and
due to increased SW sidelobe power levels.

As expected with this LWA, with an increase in frequency
the main beam scans towards end fire and an increase in the az-
imuth steering range is possible as shown in Fig. 16. An inter-
esting result is observed with this elliptical grating for increased
frequencies (21.72 GHz ). At 22.54 GHz
and for , the main conical-sector beam is split into two
distinct pencil beams at and . While
for the main beam is located at and

. It should be noted that side lobes are observed
6 dB below the main pencil beam for relative phase differences
of between SWL elements.

Thus, these results from the preliminary elliptical design are
indeed promising. With appropriate PRS design, efficient single
frequency LW beam steering can be realized with further pencil
beam control and reduced sidelobe levels.

C. General Discussion

These results suggest that multiple LW modes can exist on
this specific elliptical grating (which has similarities to that of
the straight grating [21]) as a function of frequency and azimuth
and that total beam pattern in the far field is the superposition of
multiple beam patterns [20]. For example, with
the main beam is located at and a secondary beam
is observed with significantly less magnitude at .
Thus, the strength of the LW field excitation is dependant on
the direction of propagation of the guided-wave mode along the
aperture (which is steered and excited by the two-element SWL
array) and that two distinct beam patterns can be generated in
the far field from this elliptical grating.

D. Measurement Technique for the 2-D Gain Patterns

The 2-D far-field beam patterns were determined by mea-
suring the elliptical grating LWA in an anechoic chamber. A
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mechanical phase shifter (phase slope ) was cali-
brated at 21.5 GHz achieving the varied phase differences be-
tween the two SWL elements. Gain measurements were con-
ducted over a broad frequency span of interest, 18–24 GHz
(using an Anritsu 37377C VNA with 201 data points), while the
LWA was translated in the azimuth and elevation (using a New-
port ESP7000 Universal Motion Controller) in 1 increments
for and . Sample results
were plotted in elevation and azimuth (with contour defining
gain) as shown in Figs. 15 and 16.

VII. CONCLUSION

An array of SWLs has been demonstrated. By varying the rel-
ative phase difference between a pair of directive SWLs, on the
bottom of a GDS, bound SWs can be steered. By a rela-
tive phase difference between SWL elements, a shift of in
the position of the main SW beam was realized. Measured, sim-
ulated and analytical SW beam patterns are in good agreement.

A six-element linear array of SWLs with nonuniform
weighting was also developed. A binomial distribution was
utilized for minimal sidelobe levels in the main SW beam.
Calculated weights were also determined for directing the main
SW beam to a desired location at . This extension
of the two-element SWL design suggests that known array
theory can be applied to other complex SWL arrays for single
frequency SW, and furthermore, LW beam steering structures.

Specifically, with the addition of periodic metallic gratings
(on top of the GDS and using the two–element SWL array)
cylindrical LWs can be steered. A continuous elliptical grating
configuration was presented and measured beam patterns are
shown at 21.61 and 22.54 GHz. At 21.61 GHz, the beam is con-
tained within at for a relative
phase difference between SWLs. With an increase in frequency
the main pencil beam scans toward endfire with an increased
steering range in the azimuth. At 22.54 GHz, the main con-
ical-sector beam splits into two distinct pencil beams located
at and . Such a SWL array can be applied
to other grating configurations for novel single frequency LW
beam steering antennas.
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