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Phased Array With Pattern Shaping and Scan Loss
Reduction for Millimeter Waves

Ralph M. van Schelven , Waqas H. Syed , Giorgio Carluccio , Member, IEEE, Kostas Doris , Member, IEEE,

Anton de Graauw, Andrea Neto , Fellow, IEEE, and Daniele Cavallo , Senior Member, IEEE

Abstract— In this work, we investigate antenna architectures
to implement dual-mode operation in phased array designs.
Planar slot antenna elements are used in array configuration,
in combination with artificial dielectrics layers (ADLs) located
in the close proximity of the array, to achieve pattern shaping.
The artificial dielectric superstrate supports the propagation of
leaky waves that can be optimized to enhance the gain in a specific
angular region or to enlarge the array field of view. By controlling
the amplitude and phase of the antenna elements, the radiation
patterns can be combined to realize either wide or narrow
beams. This concept present advantages for both millimeter-wave
(mm-wave) communication and radar applications. A design
of a four-element array fabricated in standard printed circuit
board (PCB) technology validates the feasibility of the dual-mode
operation. The measured results also show good agreement with
simulations.

Index Terms— Artificial dielectric layers (ADLs), leaky waves,
millimeter-waves (mm-waves), pattern diversity, pattern shaping,
phased array.

I. INTRODUCTION

IN MILLIMETER-WAVE (mm-wave) communication and
radar applications, radiation pattern diversity has become

an attractive property for the antenna systems. For exam-
ple, base stations in wireless cellular networks will com-
prise antenna arrays that can switch between narrow or
wide beams to achieve optimal capacity for different user
distributions [1]. Multimode operation of antennas that can
dynamically change the radiation beamwidth allow to reuse
for multiple purposes the limited number of output channels
available from mm-wave integrated circuits (ICs). Another
advantage of implementing a single antenna system with a
variable beamwidth is the smaller area usage compared with
two separate antennas. The multimode operation can be simply
achieved with digital excitation of antennas operating in free
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space. However, for well-defined scenarios where the beam
efficiency is important (the radiated power needs to be within
±θdesign), the use of wide angle impedance matching (WAIM)
that support leaky waves can be beneficial. The leaky waves
that propagate along the structure can focus the radiation
in some desired directions [2]. Specifically here, we target
a double-operation mode scenario. For one mode of opera-
tion side, we aim at a phased array capable of maintaining
high gain over a wider scan range, up to ±45◦. The same
array should also be able to generate a single beam with a
beamwidth up to ±45◦.

The two modes of operation would not be simply realized
with an array in free space, while a superstrate supporting a
leaky wave aiming at roughly θdesign = ±45◦ can facilitate
them both. In fact, phased arrays in free space are charac-
terized by scan loss, i.e., a reduction of gain as a function
of scan angle. It is known that a WAIM layer such as the
one originally proposed in [3] can mitigate this problem. This
electrically thin dielectric layer located in the close vicinity
above a phased array antenna by supporting a leaky wave that
enhances the radiation toward a fixed direction compensates
the scan loss. Different types of WAIM structure have been
subsequently investigated, using artificial dielectrics or meta-
materials to improve the performance, either in scanning range
or operational bandwidth [4], [5], [6]. Similarly, an array of
isotropic elements phased to first focus in the near-field will
naturally radiate a wide far-field beam. However, to achieve a
good beam efficiency over a limited angular range, the element
pattern of each radiator can be controlled by the superstrate
supported leaky wave.

In this work, we investigate the possibility of enhancing
the radiation of single and multiple slot antennas by means
of a WAIM realized using artificial dielectrics layers (ADLs).
Being planar and very close to the array plane, the WAIM
can be integrated with the array in a single printed circuit
board (PCB). A dispersion analysis of the leaky modes
supported by the ADLs is presented, as well as a tradeoff
analysis between off-broadside gain enhancement and interele-
ment mutual coupling. These studies are computationally very
efficient by exploiting closed-form expressions to describe
artificial dielectrics in the spectral domain [7], [8], [9], [10].
The artificial dielectric superstrate supports leaky waves that
can be optimized to enhance the gain in a specific angular
region [11], [12], [13], [14]. The same concept was originally
proposed mainly within the scope of obtaining highly directive
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Fig. 1. Slot in the presence of an ADL superstrate, with the characteristic
geometrical parameters.

radiation [15]. As typical for WAIM or leaky wave antennas,
the bandwidth of operation is inversely proportional to the
leaky wave angle of radiation from broadside. Accordingly,
since here we target relatively wide field of view of ±45◦,
a design tradeoff between bandwidth and scan angle is shown
in this article to reach approximately 13% relative bandwidth,
defined as −1 dB gain variation.

II. SLOT WITH ADL SUPERSTRATE IN FREE SPACE

To illustrate the antenna concept, we first assume that the
slot radiators and the ADL superstrate are in free space.
Although not physically realizable, this ideal case allows
highlighting the main radiation mechanism.

A. Single Slot

The geometry under consideration is shown in Fig. 1 and
consists of a slot oriented along x , in the presence of a
two-layer ADL superstrate. Each ADL is realized as a doubly
periodic array of electrically small square patches. The period
p is assumed to be smaller than a quarter wavelength, within
the frequency band of investigation. The width of the gaps
between the patches is w, and the relative shift between the
top and bottom layers is s. The distance between the slot plane
and the bottom ADL is h1 and the distance between the two
ADLs is h2. The slot is assumed to be electrically narrow, with
width ws , much smaller than the wavelength, while the slot
length is indicated as ls . For the calculation of the directivity
and radiation patterns, only the upper hemisphere is considered
in this section. For example, this can be realized in practice
with a cavity-backed slot, which radiates only in the upper
half-space.

When the ADLs are illuminated by a near source rather
than a plane wave, the procedure presented in [7] can be
used to evaluate the far-field of the source in the presence
of the ADLs. The approach involves expanding the radiated
field from the source in a spectrum of plane waves and
using the equivalent transmission line model in Fig. 2. For
each plane wave, characterized by the wavenumbers kx and
ky along the x- and y-directions, the propagation constant
on the line is given by kz = (k2

0 − k2
ρ)

1/2, where k0 is

Fig. 2. Transmission line equivalent circuit of a source in the presence of
two ADLs, for both the TE and TM waves.

the free space wavenumber and k2
ρ = k2

x + k2
y . Z T i

0 is the
characteristic impedance of the transmission lines for either
the transverse magnetic (TM) or the transverse electric (TE)
modes: Z T M

0 = ζ0kz/k0 and Z T E
0 = ζ0k0/kz , where ζ0 =

120π �. The ADLs are represented in the circuit by two shunt
reactances (X T i

1 and X T i
2 ), where T i can refer to either TM

or TE components of the wave. This circuit allows to define
the spectral dyadic Green’s function of ADL stratification,
which can be derived from the current and voltage solutions of
these transmission lines when fed by a unit voltage generator
at z = 0. If we assume the two layers to be identical, the
equivalent reactance X T i is known in closed-form as a function
of the geometrical parameters [8]

X T M = −1

B
, X T E = −1

B
(

1 − k2
ρ

2k2
0

) (1)

where B is the susceptance of the layers, given by

B = jωε0
p

2π

∑
m �=0

|sinc(πm w
p )|2

|m| Fm(h2, p, s) (2)

with

Fm(dz, p, s) = − j − cot

(
− j2π |m|h2

p

)

+ e j2πm s
p csc

(
− j2π |m|h2

p

)
. (3)

The spectrum of the magnetic current on the slot is defined
assuming a sinusoidal distribution in the longitudinal direction

Ml(kx) = 2k0
cos(kxls/2) − cos(k0ls/2)(

k2
0 − k2

x

)
sin(k0ls/2)

(4)

and edge-singular in the transverse direction

Mt (ky) = J0
(
kyws/2

)
(5)

where J0 is the Bessel function of the first kind and zeroth
order. The electric field in the far-field on a hemisphere with
radius r0 can be found for all the observation angles θ0 and
φ0 using the stationary phase point approximation as

Eξ (r0, θ0, φ0) ≈ jkz0Gem
ξ x (kx0, ky0, z = h1 + h2)

× Ml(kx0)Mt (ky0)
e− jk0r

2πr0
(6)
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Fig. 3. (a) Normalized patterns of a slot in free space and in the presence
of the ADL superstrate. The geometrical parameters of the structure are: ls =
λ0/2, ws = λ0/15, h1 = 0.08λ0, h2 = 0.03λ0, p = 0.2λ0, w = 0.06λ0, and
s = 0.3 p. (b) Dispersion curve of the TM0 leaky wave pole supported by
the structure.

where ξ can refer to the x , y, or z component of the
field, kx0 = k0 sin θ0 cos φ0, ky0 = k0 sin θ0 sin φ0, and
kz0 = k0 cos θ0. Gem

ξ x is the electric field Green’s function
in the ξ -direction due to x-oriented magnetic currents and
is evaluated from the transmission line in Fig. 2, above the
stratification (z = h1 + h2).

Fig. 3(a) shows the normalized patterns of the slot in the
presence of the ADLs at a single frequency f = f0 in the two
principal planes. The geometrical parameters of the structure
are: ls = λ0/2, ws = λ0/15, h1 = 0.08λ0, h2 = 0.03λ0,
p = 0.2λ0, w = 0.06λ0, and s = 0.3 p, where λ0 is the free
space wavelength at f0. The normalized patterns of the slot in
free space, i.e., without the ADL superstrate, is also shown as
a reference.

A clear increase in normalized patterns in the E-plane is
visible toward θ = ±35◦, which corresponds to the TM0 leaky
wave supported by the structure. Fig. 3(b) shows the disper-
sion curve of the leaky wave pole. The pole can be found
by solving the dispersion equation ZTM

up = 0, where Z TM
up

is the impedance seen upward from the slot through the TM
transmission line model of the stratification, as shown in Fig. 2.
The sign of the square root kz = ±(k2

0 − k2
ρ)

1/2 is chosen such
that we consider the poles of Green’s function located on the
bottom Riemann sheet. The angle of maximum radiation in the
element pattern can be related to the leaky wave pole as [16]

θLW = tan−1

⎛
⎜⎝ Re{kρ,LW }

Re
{√

k2
0 − k2

ρ,LW

}
⎞
⎟⎠. (7)

The imaginary part of the leaky wave pole is related to
the attenuation constant of the leaky wave and can be used

Fig. 4. (a) Array of four slots in the presence of an ADL superstrate in free
space. The slots are displaced in the y-direction by a distance of dy = λ0/2.
(b) Normalized radiation patterns of the array while scanning to broadside
direction and to 35◦ . Also the element pattern shape is shown.

to determine the required distance between the slot and the
truncated edges of the ADLs, such that diffraction from the
edges of the structure becomes negligible.

Although a simple slot in free space has a constant radi-
ation pattern in the E-plane and would therefore satisfy our
requirement for a broad element pattern, this is not practically
implementable. As the slot radiates the same amplitude toward
±90◦ as to broadside, the finiteness of the ground plane
will cause significant diffraction and the pattern would be
strongly dependent on the size of the ground plane. The ADL
superstrate allows for an increase in gain toward a certain
angle, while decreasing the power radiated to angles larger
than θLW , making the patterns less sensitive to the truncation
of the ground plane.

B. Array of Slots
We now consider the same slot element in an array config-

uration, as shown in Fig. 4(a). As an example, we consider
four slots that are displaced by a distance dy in the y-direction
and fed with a linear phase shift for scanning in the E-plane.
This number of elements is realistic considering the limited
number of channels coming from a mm-wave chip. Fig. 4(b)
shows the normalized radiation pattern of the array of four
slots, with dy = λ0/2. The pattern is shown for broadside
and scanning to 35◦. Also the element pattern as designed in
Section II-A is shown. By applying a phase shift between the
individual antenna excitations, the resulting radiation pattern
can be found by multiplying the array factor with the element
pattern. It can be seen that the leaky waves characterizing the
element patterns can be used to enhance the directivity of the
array when scanning in specific directions.

To implement a variable beamwidth, instead of applying
a linear phase shift between the excitation of the four slots,
one can apply a quadratic phase distribution [17], placing a
virtual focus point behind the array, as shown in Fig. 5(a). This
configuration creates a diverging pattern that realizes a large
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Fig. 5. (a) Geometry of the array for the quadratic phase shift. (b) Normalized
radiation patterns of a single slot and of the array of four slots while focusing
in the near-field.

beamwidth. For the four-element array, the phase difference
between the outer and inner elements can be calculated by
assuming virtual sources located along a circle centered around
a focus point. This is achieved by applying a phase shift to the
inner elements equal to βq = k0 d , where d = R−(P2

2 +F2)1/2

is the distance between the inner elements and the circle and
R = (P2

1 + F2)1/2 is the radius of the circle. This is combined
with a tapered amplitude of the excitations A = [0.6 1 1 0.6],
to reduce the oscillations in the pattern. In the array under
consideration, P1 = 1.5dy and P2 = 0.5dy. Fig. 5(b) shows
the pattern of the array with a phase distribution of φ =
[0◦ 101◦ 101◦ 0◦] (corresponding to F = 0.7λ0), normalized
to the broadside value of the isolated element pattern, which
is also shown. It can be seen that by applying a quadratic
phase shift between the elements, the pattern of the array
is still wide and the amplitude is about 6 dB higher than
that of an isolated element resulting in higher transmitted
power.

By switching between the linear phase shift and the near-
field focus, the same array can be used both to scan to large
angle with enhanced gain and to have a wide field of view.

III. STUDY ON GAIN ENHANCEMENT AND

MUTUAL COUPLING

In Section II, only radiation properties were considered.
However, as shown in [18] there is an immediate relationship
between the maximum achievable gain from multiple slots and
the mutual coupling.

Dielectric superstrates can be used to reduce the mutual
coupling, as done for example in [19] and [20]. The strategy
in those works was to optimize the distance between the
antenna array and the superstrate such that the direct space
wave between two elements and the leaky wave reflected by
the superstrate would have opposite phase and cancel out.

Fig. 6. Geometry under consideration for the study on the gain enhancement
and the mutual coupling, consisting of cavity-backed slots with an ADL
superstrate.

This cancellation requires relatively large distances between
array and superstrate, in the order of half wavelength. On the
contrary, in this work, we investigate much smaller height
(<λ/10) between array and superstrate, which are required to
increase the gain at wide angles away from broadside, for scan
loss reduction. In such a configuration, the direct space wave
and the leaky wave have similar phase at the neighboring slot
and do not cancel out, and thus, the presence of the superstrate
results in a direct increase in mutual coupling. This latter
causes a deterioration of active impedance matching when
scanning.

To address the tradeoff between gain enhancement at large
angles and mutual coupling, a study is done, similar to the
one presented in [18], for cavity-backed slots in the presence
of the ADL superstrate, as shown in Fig. 6. The slots are
oriented along x , and both the cavity-backed slots and the
ADLs are considered to be printed on a dielectric with relative
permittivity εr = 3.5. When including the dielectric layers,
(1)–(4) can still be used, but replacing ε0 and k0 with εav and
kav , i.e., the average permittivity and wavenumber between
the media above and below the ADL or the slot plane.
A parametric study is performed, where the distance between
the slot array and the ADL superstrate, h1, is varied, as well
as the effective refractive index of the ADL by varying the
value of w. Since the slots are identical, the mutual coupling,
S12, is found from the mutual admittance as [21]

S12 = −2Y12Y0

(Y11 + Y0)2 − Y 2
12

(8)

where Y0 is the normalization admittance of the two slots.
The mutual admittance can be evaluated as a spectral integral
as [18]

Y12 = −1

(2π)2

∫ 2π

0

∫ ∞

0
|M(kρ, α)|2Ghm

xx,up(kρ, α)

× e− jkρ cos(α−π/2)dy kρdkρdα (9)

where M(kρ, α) = Ml (kρ, α)Mt (kρ, α) from (4) and (5), and
kρ and α are related to the spectral variables kx and ky as
kρ = (k2

x + k2
y)

1/2 and α = tan−1(ky/kx). Ghm
xx,up is the

x-component of the spectral Green’s function for magnetic
fields due to magnetic currents oriented along x , for the
medium above the slots, which is found analytically as
described in Section II (see Fig. 2), and dy is the center-to-
center distance between the slots.

The self-admittance can be computed as the sum of two
terms

Y11 = Y11,up + Y11,down (10)

Authorized licensed use limited to: TU Delft Library. Downloaded on February 20,2023 at 07:53:22 UTC from IEEE Xplore.  Restrictions apply. 



VAN SCHELVEN et al.: PHASED ARRAY WITH PATTERN SHAPING AND SCAN LOSS REDUCTION FOR mm-waves 163

Fig. 7. (a) S12 and (b) �G of the element pattern of the cavity-backed slots
in the presence of the ADL superstrate while varying h1 and w.

with

Y11,up = −1

(2π)2

∫ 2π

0

∫ ∞

0
|M(kρ, α)|2Ghm

xx,up(kρ, α)kρdkρdα

(11)

and

Y11,down = −1

2π

∫ ∞

−∞
1

wcav

×
∞∑

m=−∞
|Mt (kym)|2Ghm

xx,down (kx, kym)|Ml(kx)|2dkx

(12)

with kym = −(2πm)/wcav being the wavenumbers of the
Floquet modes accounting for the periodic nature in the
y-direction enforced by the cavity side walls [22]. Ghm

xx,down
is the x-component of the spectral Green’s function of the
stratification below the slots. For a fair comparison of S12, one
must make sure that the slots are well-matched, and therefore,
we impose Y0 = Y11. Besides, the mutual coupling, the gain
enhancement, defined as �G = G(45◦)−G(0◦), is found from
the isolated element patterns for every h1 and w.

Fig. 7 shows the resulting S12 and �G at a frequency of
30 GHz, while varying h1 from 400 to 1600 μm, and w from
750 to 1504 μm. This variation in w corresponds to a variation
in the effective refractive index of the ADL from 2.5 to 5.
The other geometrical parameters are: ls = 5 mm, ws =
0.2 mm, wcav = 1.3 mm, dy = 5 mm, h2 = 0.2 mm, p =
1.2 mm, and s = 0. Comparing the maps in Fig. 7(a) and (b),
it can be seen that a gradient of increasing �G corresponds
to increasing values of mutual coupling. During the design
phase, it was observed that geometries resulting in a mutual
coupling between two elements above −15 dB lead to large
variations in the active input impedance of the four-element
array when scanning in a ±45◦ angular range. Therefore, from
this simplified study of a two-element array, combinations of
the parameters h1 and w that provide a mutual coupling of
−15 dB or lower are considered for the design. For these
values of S12, the gain difference is close to 0 d B for lower
values of h1 and increasing to about 2 dB for higher values
of h1. However, larger distances from ADL also yield to more
dispersive patterns and larger impedance variation with the
frequency.

Fig. 8. Geometry of the array of cavity-backed slots in the presence of an
ADL superstrate.

Fig. 9. (a) Top view of the slot array. (b) 3-D view of an array element with
feeding structure.

IV. ARRAY DESIGN

An array design operating around 30 GHz is presented in
this section, based on the schematic geometry shown in Fig. 8.
It consists of four cavity-backed slot antennas in the presence
of a two-layer ADL superstrate separated by an air gap. Both
the array and the ADL superstrate can be fabricated using the
standard PCB technology, where a foam layer can be used to
realize the air gap between the slots and the ADL.

A more detailed figure of the designed array is shown in
Fig. 9. Based on the tradeoff presented in Section III, the
following geometrical parameters are derived: ls = 6.6 mm,
ws = 0.75 mm, wcav = 3.4 mm, lcav = 12.2 mm, and
hcav = 1 mm. The cavity is realized with via walls and the
slot is fed with a grounded co-planar waveguide (GCPW),
which in turn is connected to an integrated coaxial line to
reach the feeding network below the ground plane. The GCPW
is terminated on a short circuit with a via, where the slot is
tapered to a narrower width wgap = 100 μm. The total size
of the slot plane and the ADLs in the x- and y-directions is
7.5 mm × 17 mm.

The dimensions of the ADLs are p = 1.2 mm, w = 0.4 mm,
and s = 0. The layer stack-up of the demonstrator board is
shown in Fig. 10(a). Three versions of the demonstrator are
realized with different feeding networks to achieve various
radiation cases, i.e., broadside, scanning to 45◦ and the wide
beam. The broadside, scanning, and broad beam feeding
networks are shown in Fig. 10(b)–(d), respectively.

Fig. 11 shows the active S-parameters of the four individual
slots for the three different excitations under consideration.
It can be seen that a −10 dB impedance matching is achieved
in the band from 29 to 31 GHz. The simulated radiation
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Fig. 10. (a) Stack-up of the demonstrator board. Bottom views of (b) broad-
side, (c) scanning, and (d) broad beam boards, showing the feeding networks.

Fig. 11. Magnitude of the active S-parameters of the four individual antenna
elements for the broadside beam, while scanning and for the broad beam.

patterns of the array for the three different excitations are
shown in Fig. 12. For the broadside array, both the E- and
H-plane patterns are shown for 30 GHz in Fig. 12(a), while
the E-plane patterns for multiple frequencies are shown in
Fig. 12(b). The E-plane patterns at different frequencies are
reported in Fig. 12(c) and (d), for scanning to 45◦ and for
the wide beam case, respectively. It can be observed that
the patterns are stable with frequency within the band of
investigation. Also, when comparing Fig. 12(b) and (c), it can
be seen that the gain while scanning to 45◦ is approximately
equal to the gain for broadside scanning, as targeted by the
design. Fig. 12(d) shows that the same array can be used to
generate a broad pattern when exciting all the four slots with
a quadratic phase distribution, thus increasing the effective
isotropic radiated power compared with exciting a single slot
of the array. The feeding network is designed to achieve a
voltage amplitude taper of A = [0.6 1 1 0.6] and a phase
distribution of φ = [0◦ 106◦ 106◦ 0◦]. The quadratic phase
distribution and the amplitude taper can be optimized to obtain
a flat top hat pattern at a certain frequency. However, due to
the frequency dispersion of the patterns a slight dip in the
broadside direction appears at other frequencies within the
band.

Fig. 12. Gain patterns of the four-element array for (a) broadside scanning
(both E- and H-planes) at 30 GHz, and for multiple frequencies around the
band of interest for (b) broadside scanning, (c) scanning toward 45◦ in the
E-plane, and (d) near-field focus in the E-plane.

Fig. 13. Photographs of fabricated demonstrator boards. (a) Top view of
array without ADL superstrate. (b) Bottom view of broadside board. (c) Top
view of assembled PCBs. (d) Overview of assembled PCBs.

V. MEASUREMENTS

Three prototype demonstrator boards have been manufac-
tured for the experimental validation of the design. Each board
has a different feeding network implemented to excite the
array, as shown in Fig. 10, to realize a narrow beam to
broadside and 45◦ as well as the broad beam. The three boards
for the three different excitation modes are fabricated in the
standard PCB technology. The photographs of the PCB are
presented in Fig. 13. The artificial dielectric superstrate is
fabricated as a separate board and can be attached on top of
the three slot arrays.

Top mounted solderless Rosenberger 02K722-40MS3 50 �
PCB connectors [23] are used to connect to the input of the
feeding networks. The array and the broadside feeding network
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Fig. 14. Measured magnitude of the S-parameters of the three boards.
(a) Broadside, (b) scanning, and (c) broad beam.

can be seen in Fig. 13(a) and (b), where as Fig. 13(c) and (d)
show pictures of the assembled boards with the ADL super-
strate. A back-to-back version of the feeding network has also
been manufactured to assess the losses of the feeding lines.

The measured and simulated reflection coefficients of the
three boards are shown in Fig. 14. The roughness of copper
is included in the simulation performed in HFSS using the
Groiss method [24], with a root mean square roughness of
2.8 μm [25]. The S-parameters from all the three boards
show a fair agreement with simulations, given the typical toler-
ances of mm-wave PCBs. The observed differences, especially
in 14(a), could also be explained with a small underestimation
of losses in the simulation compared with the measurements.
Moreover, an accurate characterization of the connector was
not performed, which can result in additional measurement
errors. It is worth to note that the reflection coefficients in
Fig. 14 are lower than the previously presented levels at the
slot terminals in Fig. 11, because of the added losses of the
feeding networks.

Fig. 15 shows the measured normalized E-plane patterns
(co- and cross-polarizations) for the three excitations for
several frequencies. All the patterns are normalized to the
maximum of broadside array at 30 GHz. It can be seen that
the patterns while pointing to the broadside direction [see
Fig. 15(a)] and while scanning to 45◦ [see Fig. 15(c)] are
stable with frequency, whereas the broad beam [see Fig. 15(e)]
shows more variations. This is in line with the simulated
patterns as shown in Fig. 12. Also it can be seen that the
measured amplitude for the broadside case and while scanning
is approximately equal, and the broad beam is around 5 dB
lower, again as is expected from simulation (see Fig. 12).
Finally, it can be seen that the cross-polarization amplitude
for all the three excitation cases is lower than −20 dB.

A comparison between the normalized patterns from the
simulation and from the measurements at 30 GHz is shown in
Fig. 16. A good agreement can be seen for the broadside case,

Fig. 15. Measured and normalized E-plane patterns of the array for several
frequencies in broadside direction (a) co- and (b) cross pol., scanning to 45◦
(c) co- and (d) cross pol., and the wide beam (e) co- and (f) cross pol. All
patterns are normalized to the maximum of broadside array at 30 GHz.

both for the E- and H-planes, and while scanning to 45◦. For
the broad beam, some discrepancy can be observed between
the measured and simulated patterns, since the measured beam
appears to be slightly narrower and does not exhibit the
two-peak characteristics of the simulated pattern.

To explain this difference in the patterns, a tolerance study is
performed on several parameters, according to the information
provided by the manufacturer and from the material datasheets:
h1 is varied from the nominal value in the range ±200 μm, w
is ±50 μm, the amplitude of the elements is ±2 dB, and the
phase of the elements is ±15◦. Also the dielectric constant of
the Rohacell foam is varied from εr = 1 to 1.2. Fig. 17 shows
several patterns in gray obtained by varying the parameters,
compared with the measured pattern in black. It can be seen
that the tolerances can explain the discrepancy as the black
curve falls within the range of gray patterns.

Fig. 18(a) reports a comparison between the simulated and
measured values of the gain as a function of frequency for the
broadside array, showing a good agreement. The losses of the
broadside feeding network are shown in Fig. 18(b), both from
the simulations and measurements. The feeding network losses
are measured by means of a back-to-back structure as in the
inset of Fig. 18(b) and divided by 2 to account only for half
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Fig. 16. Comparison between normalized patterns from HFSS and mea-
surements for the broadside case (a) E- and (b) H-plane, (c) E-plane while
scanning to 45◦ , and (d) E-plane for the broad beam.

Fig. 17. Tolerance study on the pattern of the broad beam. The considered
parameters are: h1, w, A, εr of the foam, and the phase distribution along the
array.

Fig. 18. (a) Comparison between the simulated and measured values of the
gain and the realized gain for the broadside array. (b) Measured ohmic losses
of the broadside feeding network.

of the transition. The oscillatory behavior in the measurement
is due to some reflection occurring at the connectors, which
is not accounted for in the simulations. It can be seen that

approximately 1.3–2.3 dB of losses can be attributed to the
feeding network in the band 28–32 GHz.

VI. CONCLUSION

We presented a study of planar slot antennas with artificial
dielectric superstrates to realize pattern shaping. Based on the
analysis of leaky waves propagating along the artificial dielec-
tric slab, the shape of the element pattern can be manipulated
to enlarge the beamwidth. When used in array configuration,
such an element can achieve reduced scan loss. The same array
can also be used to radiate a pattern with large beamwidth
using quadratic phase illumination.

A study was done on the relationship between the gain
difference between broadside and 45◦ due to the leaky waves
and the mutual coupling between antenna elements within
an array. This study led to a tradeoff between matching and
scan performance. An array design with a stable gain (gain
difference ≈0 dB) in the scan range ±45◦ was concluded to
be a good tradeoff between impedance matching and radiation
performance.

A PCB prototype of the array for 30 GHz operation was
manufactured and tested. Three arrays were fabricated, with
different feeding networks to realize a beam in broadside
direction, scanning to 45◦ and a broad beam. The measured
results showed a good agreement with simulations, with a gain
variation as a function of scan angle and frequency of less than
1 dB within a ±45◦ field of view and a 28–32 GHz bandwidth.

The proposed array concept has potential to be used in
multimode mm-wave phased array with electronic control of
phase and amplitudes of the elements.
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