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Abstract. This paper overviews the state-of-the-art of
substrate integrated waveguide (SIW) techniques in the
design and realization of innovative low-cost, low-profile
and low-loss (L3) millimeter-wave antenna elements,
feeding networks and arrays for various wireless applica-
tions. Novel classes of multilayered antenna structures and
systems are proposed and studied to exploit the vertical
dimension of planar structures to overcome certain limita-
tions in standard two-dimensional (2-D) topologies. The
developed structures are based on two techniques, namely
multi-layer stacked structures and E-plane corners. Differ-
ent E-plane structures realized with SIW waveguide are
presented, thereby demonstrating the potential of the pro-
posed techniques as in multi-polarization antenna feeding.
An array of 128 elements shows low SLL and height gain
with just 200 g of the total weight. Two versions of 2-D
scanning multi-beam are presented, which effectively com-
bine frequency scanning with beam forming networks.
Adding the benefits of wide band performance to the mul-
tilayer structure, two bi-layer structures are investigated.
Different stacked antennas and arrays are demonstrated to
optimize the targeted antenna performances in the smallest
footprint possible. These structures meet the requirement
for developing inexpensive compact millimeter-wave
antennas and antenna systems. Different structures and
architectures are theoretically and experimentally studied
and discussed for specific space- and ground-based appli-
cations. Practical issues such as high-density integration
and high-volume manufacturability are also addressed.
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1. Introduction

The radio-frequency range from 30 to 300 GHz is de-
fined as millimeter-waves or extremely high-frequency
waves. This frequency range provides diversified advan-
tages, depending on specific applications. To number
a few, radiation penetrates many common barrier materials,
thus enabling concealed objects to be seen [1], the band-
width is increased which can enhance the spatial resolution
for imaging, wireless localization and data rate in commu-
nication system [2]-[3]. Short-range and frequency-reus-
able wireless communication systems have gained enor-
mous importance in the last years such as at 60 GHz which
has been recognized as the most attenuated band with its
atmospheric absorption. Recently, emerging applications
and renewed interests are being reported such as imaging
sensors for security and biomedical applications as in [4]
and [5] and E-band back-haul interconnectivity for next
generation wireless high-throughput cellular base-stations.
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Fig. 1.

Tllustrative description of a high-density integrated
device for millimetre-wave applications.

To enable a widespread acceptance of millimeter-
wave circuits and systems in commercial markets, high-
density and mass-producible integration techniques need to
be developed with low cost. These techniques should deal
with challenging issues in the design and development of
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the RF front-end and baseband components (Fig. 1). High-
gain, high-efficiency, and potentially multi-beam scheme
are essential for system cost reduction because the power
budget is usually expensive and difficult to meet in practice
over such frequency ranges. Such large antenna arrays
should also incorporate devices and circuits in connection
with associated feed network. Furthermore, various dis-
continuities within a large feed network should be avoided
or used with caution since noise emitted or interference
created alters or deteriorates the radiation performance.
This is a well-known problem for commonly used planar
microstrip, coplanar waveguide or other unbounded planar
systems [6]. However, Substrate Integrated Waveguide
(SIW) satisfies the foremost part of described constraints.

SIW structures preserve most of the advantages of
conventional metallic waveguides, namely high quality-
factor and high power-handling capability with self-con-
sistent electrical and mechanical shielding [7-9]. The most
significant advantage of SIW technology is the possibility
to integrate all the components on the same substrate,
including passive components, active elements, and even
antenna. SIW circuits can be easily produced with various
techniques such as laser drilling, photo-imageable process
or other similar processing techniques to satisfy the de-
mand of a more fabrication precision over the millimeter-
wave frequency range [10]. Different antenna feeds and
beamforming networks (BFN’s) have been extensively
studied and demonstrated with the SIW schemes and
promising results have been obtained [11-16].

Since a number of years, different concepts have been
proposed, studied and developed using the third dimension
(the vertical dimension) of planar structures to overcome
the bottleneck problem of gain, size and footprint within
the planar structures. In the following, we will present and
discuss various types of antenna arrays and feeding com-
ponents including innovative feeding mechanisms made of
SIW structures. The developed structures are based on two
techniques: multi-layer structure and E-plane corner. Since
the multi-layer based components are well known, we will
just highlight the H-to-E interconnects in the first section.
Different antennas, antenna feeds, beam forming networks
and components realized in stacked structure or with E
corner are detailed. Those schemes show their great flexi-
bility and design capability for low-cost and high-density
millimeter-wave applications. Structure designs and pro-
totype results for various applications will be examined.
A different design option for future development is
discussed.

2. SIW E-plane Components

Bends are essential components in microwave sys-
tems. They can be built over H-plane or E-plane and are
considered simple components in the standard waveguide
technology. However, it seems critical to adopt the designs
in new technologies such as SIW in the E-plane. The E-

plane corner is very useful in multi-polarization antenna
feeding or to layer-to-layer coupling or feed-through in
systems. In this section, two H-to-E interconnect versions
in SIW technology are presented.

Fig. 2. H-to- E-plane interconnects: a) standard corner bend
(typel), b) corner with cavity (type2).

2.1 H-to-E Interconnect

The first interconnect is a real corner, as shown by the
TE,p wave that continues along the vertical line [17]. To
realize the corner, a vertical line is inserted into a horizon-
tal line. A slot was made, having the width of the vertical
line substrate thickness and the length equal to the vertical
line equivalent waveguide width. The vertical line is termi-
nated by a non-metalized section having the width of the
equivalent waveguide and the length equal to the horizon-
tal line substrate thickness. The vertical and horizontal
layers making up the corner were fabricated using a con-
ventional printed circuit board (PCB) process, before
manually introducing the vertical layer in the horizontal
one.

In the second version, the vertical guide is placed at
the middle of a cavity in the end of feeding guide [18].
Hence, the maximum power is coupled to the H-plane
guide. The cavity’s length determines the operating fre-
quency range of the transition. Its width must stay below
a certain limit in order to avoid the excitation of parasitic
TE;, mode, whereas the TE,, mode is not critical because
of the symmetry of the structure. The photograph of the
prototype is illustrated in Fig. 6. The measured bandwidth
(return loss < -15dB) of 11.9% covers frequency band
from 71 GHz to 80 GHz. The measured insertion loss is
<-2.3dB over the entire bandwidth. The conductor,
dielectric and leakage losses of the SIW add 1.5 dB to the
total insertion loss of the transition. The E2H corner has
a good agreement between its simulated and measured
S-parameters.

fo Bandwidth Insertion loss
(GHz) (%) dB
Type 1 35 25 0.5
Type 2 77 11.9 1.5

Tab. 1. Performances of the two H-to-E plane interconnects
illustrated in Fig. 2

The second version presents the narrowest bandwidth
as shown in Tab. 1. In fact, the performance of this struc-
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ture depends on the cavity’s length. This structure is more
robust at higher frequency.

2.2 E-plane T-junction

A simple application of the SIW E-plane corner is
related to the design of an E-plane T-junction which pre-
sents the function of a transition from one planar SIW
structure to another SIW structure perpendicular to the
former as well as it acts as a power divider. The junction is
constructed by the insertion of a vertical SIW line in the
middle of the second line as shown in Fig. 3a. To match
the inserted line, two step impedance transformers are used
at the corner level. The photograph of a fabricated proto-
type is shown in Fig. 3b. The 6002 substrate with
0.508 mm of thickness is chosen for this design. The SIW
T-junction provides an insertion loss less than 0.5 dB. The
measured return loss is better than 10 dB over 19% of the
considered bandwidth (31-37.4 GHz) compared to wider
than 30 to 38 GHz in the simulated one (23.5%). In addi-
tion, the measured phase imbalance of the SIW T-junction
is less than +4 degree from 32 GHz to 38 GHz.

Port3

a) b)

Fig. 3. Topology (a) and photograph (b) of the SIW E-plane
T- junction [17].

2.3 E-plane Magic-T

A Magic-T is known as one of the core components
in the development of power combiners/dividers, balanced
mixers, balanced amplifiers, and feeding networks of an-
tenna arrays. The particularity of the proposed magic-T
structure lies in the fact that it represents the first 3D
magic-T conventional structure based uniquely on SIW
technology without using multilayer technology or slotline-
to-SIW transition as in [19]. The proposed structure lies on
the design of an H-plane folded magic-T, to which a 180
degree H-plane bend is added in order to redirect the signal
to the horizontal plane. The inductive posts are added to
ensure low reflection. The 6002 substrate with 0.508 mm
of thickness is used in this design. The measured return
loss is better than 15 dB for the 30-38 GHz bandwidth at
the two input ports. The power splitting is well equalized
around 3.5+0.5 dB in the measurement from 31 to 38 GHz.
The isolation between the sum and difference ports is bet-

ter than 20 dB and 54 dB from 30 to 38 GHz in simulation.
The measured in-phase phase imbalance is +2.5 degree and
the out-of-phase phase imbalance +7.5 degree, respec-
tively.

a) b)

Fig. 4. Topology (a) and photograph (b) of the E-plane SIW
magic-T [17].

3. 3-D Millimeter-Wave SIW Antenna
and Components

In the following, we will present various types of an-
tenna arrays and feeding networks that show great flexibil-
ity and design capability of SIW for low-cost, low-profile,
low-loss (L3) and high-density millimeter-wave applica-
tions. To simplify our presentations and discussions,
selected and representative results are shown to highlight
interesting features and attractive performances of those
new antenna techniques for millimeter-wave applications.

3.1 Fermi Tapered Slot Antenna Array for
Imaging Applications

The antenna architecture for imaging applications
should satisfy pre-defined conditions in term of high gain
and low side lobe level (SLL). In addition, low cost and
light weight characteristics are always required for highly
integrated, reliable and portable systems. In fact, those
systems are generally duplicated to achieve better resolu-
tion, which increase the structure weight and total volume.
The proposed design takes into account all those con-
straints.

The Villeneuve distribution is used for sidelobe re-
duction [20]. This scheme is developed for the design of
Taylor linear arrays when the number of elements is too
small for the sampling of a continuous Taylor distribution,
generally achieving better results in term of efficiency.
Fig. 5a shows one 1/16 power divider and one 4-stage H-
plane SIW power divider that make use of equal and un-
equal-split T-junction power dividers to achieve the re-
quired aperture distribution. H-plane bends are used to
compensate different delays generated by the imbalanced
power splitting arrangement [21]. The equal power divi-
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sion in the 4™ stage of the power divider represents a com-
promise that is needed due to the tight dimensions dictated
by the element spacing. This modification preserves the
3 dB beamwidth at same value and degrades the SLL. All
transmission coefficients fluctuate around the ideal cou-
pling factor in the band of 30 to 40 GHz. With reference to
the magnitude, the errors are 5%, 4.56%, 13.13% and
23.71% respectively. Similar to the previous 1/16 power
divider, an 8-way T-junction power divider (Fig. 5b) is
designed in order to accommodate the feeding for eight
samples of the above-discussed 1x16 linear array, thus
forming the proposed integrated 8x16 planar antenna array.

1% stage

a) b)

Fig. 5. Simulated E-field magnitude distribution obtained by
HFSS at 35 GHz, along the unequally distributed 1/16
and 1/8 principal power dividers [24].

End fire element is chosen to ensure initial high gain
and broadband characteristics for the array. Fermi-TSA
(tapered slot antenna) structure is used as element to reduce
the beamwidth [22]. Corrugation is introduced to reduce
the resulting antenna physical width without degradation of
performance [23]. At 35 GHz, the simulated gain is about
19.4 dBi and 18.4 dBi is obtained in measurement. The
mutual coupling between the elements of antenna arrays
must be taken into account during the design process. The
previously described antenna topology has been studied to
evaluate the isolation levels between two adjacent elements
along their E-plane. The isolation is about 13 dB between
the elements aligned and separated by 0.68 Ay. The dielec-
tric is subtracted in the central region and the isolation
between the two elements is 3 dB lower. To explain this
improvement, simulated E-field distributions are shown in
Fig. 6 along the antipodal Fermi-TSA structures with and
without the substrate removal. In the modified antenna, the

a) b)

Fig. 6. Simulated E-field magnitude distribution obtained by
HFSS along two Fermi-TSA elements at 35 GHz:
(a) without the substrate removal, and (b) with the
substrate removal [24].

field is more spread along the transverse section. In fact,
the air gap creates discontinuities and the field is confined
along the air gap. The air slotted version gives more than
1 dB gain improvements. The gain of one simulated Fermi-
TSA element in the presence of a second passive element is
2 dB lower than that of a single element. The coupling is
very small between two elements disposed in the parallel
arrangement.

Fig. 7a illustrates this novel planar array composed of
8x16 antenna elements of corrugated antipodal Fermi-TSA,
and fed with an SIW power divider [24]. A 45degree ro-
tated E-to-H-plane interconnect ensures, with eight 1x16
and one 1x8 power dividers, the construction of one block
feeding network for 128 antenna element array [24]. The
whole antenna is fabricated with standard PCB process.
The gain of the planar array is 27 dBi, and the SLL is bet-
ter than 26 dB in both E-plane and H-plane as shown in
Fig. 7b, the beamwidth is about 5.15 degrees in the E-plane
and 6.20 degrees in the H-plane. The total weight of the
array is less than 200 g, showing an important advantage of
SIW technology in payload efficiency for space and air-
borne applications. The next step is the integration of phase
shifters and distributed amplifiers into the SIW feeding
lines to ensure agility and functionality of the antenna
systems.

b)

Fig. 7.

(a) Photograph of the proposed three-dimensional
architecture of 128 element antenna array, (b) E-plane
and H-plane radiation pattern performances of the
8x16 SIW corrugated Fermi-TSA planar array at
35 GHz [24].

3.2 2-D Scan Multi-Beam Antenna

The phase control of the array of one dimensional (1-
D) frequency scanning arrays is realized by using micro-
strip Rotman lens in [25] and SIW parabolic reflector in
[25], to alleviate the radiation loss of the former microstrip
design. The planar array is fed by using multiple R lenses
in [26], where the azimuth scanning is obtained by feeding
each input of the vertically placed lens. However, such
a complex architecture is not suitable for cost effective pla-
nar integration. Furthermore, all the cited published to-
pologies occupy large space, and they are not suitable for
feeding conformal arrays, where 360° scan coverage is
essential.
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Fig. 8. Fabricated SIW 2-D multibeam antenna, the E plane
and H plane are defined with reference to the radiating
element [18].

The 2-D scan antenna proposed in [18] is currently
under review and further development. Only one of the
final prototypes is given here for information. One port
leaky-wave antenna (LWA), steering from backward to
forward directions including the broad side, is studied and
implemented in the SIW technology. The azimuth plane
scanning of multi-beam antenna (MBA) is obtained
through the phase control of array of nine 1-D elevation
plane frequency scanning LWAs, each fed through the
vertical corner on the array port contour of the Rotman
lens. The complete antenna prototype fabricated on single
Rogers RT/Duriod 6002 substrate with &=2.94 and
0.508 mm thickness is simulated through Ansoft HFSS.
The periodic frequency scanning antenna has poor radia-
tion efficiency because of the existence of an open stop-
band around broad side in the narrow frequency band. In
this work, SIW LWA using the concept of reflection can-
cellation is developed. Directional pattern characteristics
are studied and demonstrated from -37° to +18° by chang-
ing frequency from 58 GHz to 78 GHz at an interval of
1 GHz. A matched termination is designed, validated and
integrated to realize single port LWA.

A 2-D scanning multi-beam conformal array is real-
ized by utilizing Rotman lens BFN feeding nine leaky-
wave wave antennas (LWAs) in the azimuth plane for E-
plane steering and natural frequency scanning property of
1x8 LWA for H-plane steering. The whole 3-D circuit is
constructed after fabricating nine LWAs and then inserted
into the slots made on the Rotman lens BFN. The antenna
array has seven inputs for beam switching, four dummy
ports for sidewall absorption and nine LWAs on the con-
tour of the Rotman lens. The lens is synthesized to distrib-
ute the desired amplitude to the radiating elements located
on the output ports of the Rotman lens contour.

The experimental results are shown in Fig. 9. The 2-D
scanning capability of this multi-beam antenna by covering
an azimuth angle of 71.8° (by changing the phase distribu-
tion i.e. by changing the input ports 1-7 over 6.6% of array
bandwidth at 74.5 GHz) and an elevation angle of 13.5°
(by changing frequency from 73 to 78 GHz at each port) in
the cross plane. The wideband matching condition (28.5%
of 2:1 VSWR bandwidth) is achieved at 70 GHz for the
LWA. The multi-beam antenna can efficiently cover the

solid angle of (49°, 84.5°) to (120°, 70°) ((phi, theta)) by
multiple beams. Due to its attractive advantages, the pro-
posed MBA is suitable for various scanning applications
such as automotive radar and RF switchable software-de-
fined radio. An inexpensive wideband matched termination
with satisfactory performance is integrated for sidewalls
and also for LWA. This makes the antenna system readily
usable; particularly for E-band low-cost commercial car
radar applications. The power reaching the output port of
the LWA can easily be minimized by just increasing the
number of slots without increasing the size of the MBA,
for which the vertical dimension can be explored.
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Fig. 9. (a) Measured H-plane patterns excited at Input port 4

versus frequency. (b) Measured E-plane patterns ex-
cited from ports 1-7 at 75 GHz.

The multi-dimensional scanning phased array systems
have numerous applications in today’s wireless and satel-
lite communications for sending and receiving power si-
multaneously in a multi-user environment. The traditional
design of a phased array system consists of power divid-
ers/combiners and phase shifters, which were implemented
in standard waveguide technology. The cost and weight of
such a phased array system makes practically unsuitable
for today’s fully integrated system on substrate implemen-
tation. The proposed corner can also be used to implement
multi-dimensional scan multi-beam antenna as described in
[27]. All the efficient phased array system is designed on
low loss substrate and fabricated in SIW technology.

3.3 Multilayer Butler Matrix

In the systems employing switched beam antennas,
the antenna arrays are associated with BFN to produce
multiple beams. To reduce the foot print, we can act on one
of these two parts. In the latter session, we act on the an-
tenna using the third dimension to conserve the same sur-
face. In this design and the next one, we present bilayered
structures. These structures present the height integrity
quality, but also present a relatively larger bandwidth than
the planar counterparts.

Butler matrices to scan one dimensional (1-D) linear
array were only presented in [28]. The Butler matrix has
been considered to be the most attractive BFN option due
to its ability to form orthogonal beams, its design simplic-
ity and its lossless property and high beam crossover. In
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a planar structure, C crossovers are required to form the
. oz (V)
beam patterns, for Nx/N matrix is S [N (zk—l _1)}

k=1

When the number of crossovers involved in the im-
plementation of conventional Butler matrices is high,
a larger size will be required. For instance, for a matrix
having 32 ports, the number of crossovers is 416, which is
very large and it could introduce a higher level of transmis-
sion loss (typical 1 dB in the described 4x4 Butler matrix
design by crossover). For this reason, a configuration free
from crossovers becomes attractive. The double-layer
structure is constructed in [29] using a combination of
hybrids with broad-wall slot coupling and changes of lay-
ers at places in connection with the E-plane couplers. The
required phase shift is obtained by H-plane coupler incli-
nations. The change of layers occurs at places for the sec-
ond couplers stage and no crossing is required on the same
layer.

R R,
o S o o & o

Normalized magnitude (dB)

!
_4»%0 -70 -50 -30 -10
Angle (Degree)

10 30 50 70 90

a)

-4
E)90 -70 -50 -30 -10 10 30 50 70 90
Angle (Degree)
b)

Fig. 10. Photograph and radiation patterns of: a) four ALTSA
elements antenna array, b) four slots antenna array, fed
by a 4 x4 Butler matrix made of STW [29].

The difficulty is the limitation in the fabrication of
such double layers PCB, especially for the metalized holes
connection to the middle ground of the assembly, and for
the air gap between the layers. In fact, Sum of epoxy with
permittivity of 3.5 and 0.03 of loss tangent is used; addi-
tional loss and less power equality are observed. The de-
signed matrix has a dimension of 51x28 mm? which is
considerably smaller than planar form (about 60% foot
print reduction). The simulation of the developed matrix
shows excellent performances in the bandwidth of 22 to
26 GHz, with £1dB power equality, a 0.35 dB of loss in
the central frequency and the required phase shift between
output ports.

To demonstrate the performance of the proposed ma-
trix, the designed matrix is used to feed a four short end-
fire ALTSA antenna. The measured antenna main beam is
directed to -32, 10, -10, and 35 degree, respectively, as
shown in Fig. 10a. A broadside 4 x 4 array antenna with
longitudinal slots etched on the broad wall of the SIW has
also been integrated with the proposed matrix, four beams
are produced at (-41, -12,-16, 44) degrees as shown in
Fig. 10b.

3.4 Multi-layer Six-port Junction

The six-port junction circuit is a passive interferome-
ter device that essentially consists of several couplers,
power dividers and one wideband phase shifter (if neces-
sary), and it can be considered as a black box with two
inputs and four outputs [30]. Six-port was proposed for the
development of low-cost and high-efficient direct-conver-
sion software-defined transceivers and can also use as
antenna feed network [31].

a) b)

Fig. 11. Bi-layer six-port: a) Topologies of the bilayer
structure, b) photograph of the realised prototype with
microstrip-SIW transition and V-connectors [32].

A novel dual layered six-port front-end circuit using
the SIW technology was presented and demonstrated [32].
The proposed six-port architecture makes use of multilayer
couplers, providing a wide coupling area through two slots;
a new broadband SIW phase shifter composed of two H-
plane stub lines and two SIW power dividers (Fig. 11a).
The two-layer coupling structure is very attractive to meet
the requirement for low-loss and low-cost as well as high-
density integration. The six-port junction was designed
with Rogers RT/Duroid 6002 substrate with relative di-
electric permittivity of 2.94 and substrate thickness of
0.254 mm. Differences between port-to-port transmission
parameters, namely S31 and S61, S42 and S62, S32 and
S52, are close to zero. Furthermore, the phase differences
between S31 and S41, S51 and S61, S32 and S42, S62 and
S52 are close to 90°. The proposed integrated six-port
circuit was realized (Fig. 11b) and demonstrates an excel-
lent performance over a large bandwidth. Simulation and
measured results show that the proposed six-port circuit
can easily operate at 60 GHz for V-band system applica-
tions.
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3.5 Layer-Stacked Antenna

Multi-layer stacked antennas present the same
advantage than the bi-layer junctions presented above, in
term of integrality and bandwidth. Four different structures
are presented in this subsection.

3.5.1 Yagi-like Array

A novel low-cost, small-footprint and high-gain an-
tenna array is presented for applications over the V-band
[33] and W-band [34]. Presented for the first time in [35],
the stacked Yagi antennas use the third dimension to con-
trol the gain. Designed at 5.8 GHz as the first demonstra-
tion prototype, the usual spacing between parasitic ele-
ments is quite large and imposes air gaps as the substrate
would be too thick to realize. At 60 GHz and higher, with
relative substrate permittivity of 2.2 or even higher, the
spacing is within the standard processing range, which is in
this case, 0.15X4 (wavelength in the dielectric) corre-
sponding to a thickness of 0.508 mm.

A single element stacked Yagi antenna fed by micro-
strip shown in Fig. 12a is studied in order to obtain the
desired performance. The radiating element configuration
consists of two substrate layers with 0.254 mm of thick-
ness. The circular patch is etched on the top of Layer 2, the
feed lines etched on the top of Layer 1 and the ground at its
bottom. The spacing is within the standard range which is
between 0.15A and 0.3A. This standard range was deter-
mined in [35] at 5.8 GHz. The gain rises steadily when the
number of elements increases up to 89 elements, then
begins to get saturated as illustrated in Fig. 12b. Compared
to the work of Stutzman [36], the antenna gain for the same
number of elements is 2.5 dB more in our configuration.
The gain drops about 0.2 to 0.5 dB because of the dielec-
tric loss. The measured Yagi antenna attains a gain of
11 dBi over 4.2% of bandwidth with three directors. Yagi
antenna is simulated using Ansoft HFSS v12.0.

SIW technology is used to design its feed network.
Longitudinal slots in the SIW top metallic surface are used
to drive the array antenna elements. A 4x4 array including
the one-to-four power divider is realized with SIW tech-
nology as shown in Fig. 12¢c. To avoid the excitation of
surface waves, arrays of metallic via holes are placed
around the array. The measured results of S-parameters
show a 7% bandwidth. A gain of 18 dBi is achieved, which
is in good agreement with the simulated results. We ob-
serve that the bandwidth increases with the SIW feeding
technique compared to the microstrip scheme. The proto-
typed 4x4 array has a size of 28x24x2.4 mm (including the
distributed network feeding). Such a very small footprint
technique leads to a far field around 16 cm at 60 GHz that
allows a very close scanning unlike standard horn antenna.
In [34], the ring shaped director elements are vertically
stacked over the circular patch over W-band. To increase
the bandwidth of this antenna, the resonant frequencies of
the patches and slots are also set to be close to each other.
The director elements are etched on low-cost Rogers/Du-

roid 5880 substrate with thickness of 0.12A4. This structure
shows a gain of 18 dBi.
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Fig. 12. Vertically stacked Yagi-like antenna array: a) Side
view of one patch feed by microstrip line. b) Gain
versus number of element. ¢) Stack-up view of the 4x4
antenna array. d) Photograph of the array [33].

An interesting property of the proposed Yagi antenna
is that the directors can control the direction of the main
beam. An alternated configuration of the array is studied. It
is composed of Yagi elements oriented in different direc-
tions with geometrical offset with respect to each other,
allowing for a significant 6 dB reduction of SLL in both
simulation and measurement.

3.5.2 Broadside Rod Antenna

In [34], the director’s conductors are avoided and the
dielectric cube acts as rode. The rod can be rectangular or
tapered in one plane or rod is tapered linearly to a point in
both the E- and H-planes [37]. Rectangular cubes of low-
permittivity material are placed on top of each 1x4 antenna
array (Fig. 13a), to increase the gain of the circular patch
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antenna elements by 3 dB. Measured impedance band-
widths of the 4x4 antenna array (Fig. 13b) is about
7.5 GHz (94.2-101.8 GHz) at 19 dB measured gain level,
with radiation patterns and gains of the array remaining
nearly constant over this bandwidth. The measured radia-
tion efficiency of 81 percent is obtained. But the rod
structure can be profiled to achieve a better gain.

b)

Fig. 13. a) 1x4 antenna array with dielectric cube. b) Photo-
graph of the fabricated 4x4 antenna array with dielec-
tric cubes [34].

Compared with previous millimeter-wave SIW slot
antennas, the antenna structures presented in this section
result in higher gain, larger bandwidth and higher radiation
efficiency with a more stable (less dispersive) gain within
the operational bandwidth. The fabrication effort of this
array involving dielectric cubes is significantly reduced
compared to the 4x4 antenna array which, instead of di-
electric cubes, uses vertically stacked Yagi-like parasitic
director elements.

3.5.3 Integrated Pyramidal Horn Antenna Made of
Low-cost Multilayer Structure

A novel wideband integrated pyramidal horn antennas
which can be made of low-cost multilayered structures is
presented in [39] for wideband gigabyte point to point
wireless applications over E-band (71-76 GHz, 81-86 GHz,
and 94.1-97 GHz) [38]. The proposed antenna radiates
along the broadside to the substrate. SIW is used to feed
the proposed integrated horn antenna. Fig. 14 shows the
configuration of a waveguide-based horn antenna and its
waveguide feed. On the top metallic surface at the end of
SIW, a transverse slot is deployed to drive the horn an-
tenna. To synthesize the horn walls, metalized via holes are
used. The horn walls are made of metallic via holes for
which the opening of the horn is flared in steps from the
second layer to the upper layers. In each layer, the width

and length of the aperture are increased incrementally.
Simulation results showed that, increasing the aperture of
the antenna (by increasing the number of layer), would
increase the gain. A low-cost multilayer standard printed
circuit board (PCB) process is utilized to fabricate the
proposed multilayer integrated horn antenna on standard
Rogers substrate. Measured bandwidth of the antenna is
35 GHz (70-105 GHz) while a relatively constant gain of
10 + 1 dB is obtained over most of the bandwidth.

)

Fig.14. Structure of a multilayer integrated horn antenna:
a) 3D view, b) side view, c) the fabricated antenna
[38].

3.5.4 High-efficient Patch Antenna Array for E-band
Gigabyte Point-to-Point Wireless Services

A low-cost, high-gain, and high-efficiency 4x4 cir-
cular patch array antenna for gigabyte point-to-point wire-
less services at E-band (81-86 GHz) was presented in [39].
The proposed antenna structure consists of two layers as
shown in Fig. 15. The feed network is placed at the bottom
layer while the circular patches are on the top layer. The
bottom layer is used to support the design of the SIW
feeding network and power dividers which are made of
a20 mil Rogers/Duroid 6002 substrate. The top layer
which is made of 20 mils Rogers/Duroid 5880LZ substrate
involves circular patches that are fed through longitudinal
slots etched on the SIW top surface. Low-cost PCB process
is again used to fabricate the antenna prototype in two
layers.
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Fig. 15. Geometry, 3-D view and photograph of the fabricated
4x4 antenna array prototype [39].

design BW Gaip thickness
(GHz) (dBi) ()
4x4 Yagi-like array 60GHz 58-62 19 0.627
4x4 Yagi-like array 94GHz 94-101 19 0.635
4x4 array with rod 94.2-101.8 19 1.2
Horn 70-105 10 1.17
4x4 Bi-layer array 81 - 86 18.5 0.51

Tab. 2. Comparison between different antennas.

Tab. 2 summarizes the developed multilayer stacked
structures. The dimensions of the parasitic elements as well
as the spacing between those elements are critical parame-
ters. In fact, the distance is limited by the thickness of
available commercial substrates. Compared to the Yagi-
like antenna, the number of layers is reduced from six
layers to two layers in [39]and the thickness of the antenna
is also reduced from 0.627 A to 0.51A. Compared to the rod
array, the thickness of the antenna is reduced from 1.2 A to
0.51X in the new structure and also the number of layer is
reduced from three layers to two layers. To achieve this
gain, the distance between the elements was optimized.
This optimized structure can be combined with the pre-
sented (Yagi, rod) techniques to maintain the gain without
increasing the foot print. Bandwidth and radiation effi-
ciency present almost the same order in these structures.

The gain in the different arrays is constant over the band-
width of interest.

4. Conclusions

A new class of compact and integrated 3-D planar ar-
rays with the benefits of the SIW technology have been
proposed, studied, and demonstrated. Four multilayer-
stacked arrays have shown a very small footprint with gain
and bandwidth improvement. Two multilayered structure
are examined (Butler matrix and six port junctions) which
can be associated and integrated with the stacked antenna
to build very compact transceivers with steerable beam.
A planar array, constructed with end-fire antenna ensuring
a high gain, is also presented. The proposed architecture is
less complex given the fact that vertical and horizontal
PCB pieces are easily connected like LEGO blocks. With
the integration of phase shifters and distributed amplifiers
into the SIW feeding lines, it can be expected that a series
of new active array antennas can be developed, which
provide a very attractive design alternative for a wide range
of microwave and millimeter-wave system applications.
Finally, a 2-D scanning multibeam conformal array is re-
alized by utilizing Rotman lens BFN feeding nine LWAs in
the perpendicular configuration. The same concept of the
LWA associated with end-fire antenna and Butler matrix is
used to cover two planes. This work suggests that the pro-
posed concept provides light-weight, low-cost, high per-
formance, and full-integration solutions for imaging and
other microwave and millimeter-wave applications.
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