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3. Conclusions
This Deliverable E6.7 lists the scientific contributions, journal and conference papers, in which
the work developed within RADAVANT has been presented.

Work related to RADAVANT's radar processing blocks and the radar antennas has been
published and disseminated in several important scientific, international and national, journal
and conference papers.
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ABSTRACT This article presents a thorough review on transmitarray devices particularly aiming antenna
beamsteering, gathering some of the most relevant solutions published by the scientific community in
the field. Firstly, the background for realising one- and two-dimensional antenna beamsteering with a
transmitarray is introduced. Subsequently, several examples of unit-cells for transmitarray implementation
and complete transmitarray designs presented in the literature are outlined. Each solution is analyzed in
detail, identifying the nature of its layout, e.g. based on microstrip patchs, frequency selective surfaces (FSS)
or metamaterials (MM), and the method employed to enable electronic reconfigurability, e.g. p-i-n diodes,
varactor diodes or Microelectromechanical systems (MEMS). In addition, some models with the capability
of controlling the wavefront polarization modes are also included herein since these are the base of hybrid
transmitarrays, i.e. transmitarray with both electronic beamsteering and polarization control. Finally, all the
models are compared against each other in order to highlight their benefits and limitations, summarizing
their main characteristics such as frequency of operation and bandwidth, insertion loss, physical dimensions

and maximum beamsteering range, when available.

INDEX TERMS antenna, beamsteering, beamforming, metamaterials, polarization, transmitarray;

. INTRODUCTION

NTENNA beamsteering is a very useful and desirable

technique in any wireless communication system since
it allow to dynamically adjust the antenna pattern and conse-
quently enhance reception [1]. Such feature is crucial to some
applications that require tracking of objects and adaptation
to dynamic scenarios with multi-path and moving scatterers,
e.g. base-station dynamic antenna alignment, wireless back-
haul links auto-alignment due to pole swaying and twisting
in the wind or mobile user tracking. Since such antenna
systems is focusing their energy toward the receiver, it is
increasing the useful received signal level and thus, lowering
the interference level. I.e. an higher Signal-to-inference Ratio
increases the capacity of the system and improves range and
the coverage area.

The most traditional manner of implementing beamsteer-
ing is by using arrays of antenna [1]-[3]. However, the
well known design limitations particularly regarding to the
feeding network implementation, lead to the introduction
of alternative techniques to perform beamsteering. In 1986,

VOLUME 4, 2016

McGrath firstly introduced in his paper [4] a microwave lens
with focusing and scanning capabilities, by simply connect-
ing two microstrip patch antennas using vias in both sides
of a planar structure, forming a spatial array of microstrip
patches, i.e. a transmitarray. Since then, transmitarray has
been seen as a feasible alternative to phased antenna arrays
and the focus of novel and extensive research nowadays.

Transmitarray [S]-[7] is the conventional name given to
structures that can modify the original radiation pattern of a
directional antenna source, e.g. horn antenna, when placed
at a distance sufficiently away from the its aperture. To the
set composed by the structure and the radiating source, it
is referred as transmitarray antenna [5]-[7]. Due to their
electromagnetic properties, such structures are be capable of
modifying the characteristics of the incident Electromagnetic
(EM) wave emitted by the source, and perform beamsteering,
focusing or even polarization control, by re-transmission of
the incident EM wave. Thus, one can imagine a transmitarray
acting, in a sense, like a lens, allowing to pass-through the
incident wave with an alteration (or not) of its direction of

This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/.
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propagation, as depicted in Fig. la. The direction to which
the incident wave is being re-radiated depends on the design
of the structure. These structures are commonly composed by
several resonant unitary elements (unit-cells) with a spatial
periodicity forming a planar array [5]-[7]. The unit-cells are
typically based on simple microstrip patches, or inspired by
metamaterials (MM) [8], [9] and frequency selective surfaces
(FSS) [10]-[13]. From a practical point of view, since trans-
mitarray structures are mostly implemented using Printed
Circuit Board (PCB) technology [S]-[7], by etching the unit-
cell geometries on a copper covered substrate, they benefit
from being planar and thus easy to integrate with other
peripherals. Furthermore, they are compatible with Surface
Mount Technology (SMT) allowing to reduce the size of
assemblies, and finally, since they have the electromagnetic
feeding source separated from the beamsteering network,
they offer higher degree of modularity to the system as
opposed to traditional antenna array. Thus due to their design
simplicity and, more importantly, due to the low manufac-
ture costs, they have been extensively utilized for numerous
antenna applications.

In order to achieve reconfigurability and enable fea-
tures, such as electronic beamsteering, polarization control
or frequency tuning, transmitarray are typically enhanced
by using p-i-n diodes, varactor diodes, radio frequency
(RF) or microelectromechanical-systems (MEMS) switches
or manufactured using tunable substrates as liquid crystal
or graphene. However, each of these methods present ad-
vantages and disadvantages, e.g. p-i-n and varactor diodes
are widely utilized in transmitarray designs from low RF to
around 30 GHz, mostly due to their size, easy integration in
PCB and low cost. However, they are limited when operating
at high frequencies (above 30 GHz), with insertion loss pro-
portional to the frequency of operation that arise from their
intrinsic parasitic parameters (series resistance, capacitance
and inductance). RF and MEMS switches are typically more
expensive than p-i-n/ varactors and prone to failure over
time, due to the wear and tear of the mechanical parts.
Alternatively, tunable dielectric materials, i.e. materials that
can have their electromagnetic properties (in particular e,.)
manipulated by an external stimulus (bias or voltage), such
as liquid crystal and graphene are also employed for transmi-
tarray implementations [14]-[20]. Furthermore, while liquid
crystal technology have been successfully employed in trans-
mitarray designs [14], it is more commonly used in reflec-
tarray implementations [21]-[24] or as grounded substrate
for conventional microstrip antennas [25]-[27]. Graphene
substrates, on the other hand, are typically used at THz fre-
quencies due to their unique electronic properties as reported
in [28], even though applications in antennas design at micro-
and millimeter-wave frequencies, have already been reported
in [29].

The research on transmitarray has always been paired
to the one on reflectarray [30], [31]. Reflectarray, which
operating principle is depicted in Fig. 1b, makes use of
the reflection principle (based on Snell’s law [30], [31]) to
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FIGURE 1: Generic model of (a) a transmitarray and (b) a reflec-
tarray antenna.

modify the properties of the re-transmitted EM wave. In
fact, the most significant difference between a transmitarray
and reflectarray is that, in the latter, all power is re-radiated
independent on the frequency or cell design. If the unit-cells
are not matched to the frequency of operation, the elements
will have small effect on the array response and the reflecting
ground plane will predominate. In the worst case scenario,
the reflected wave could have the same direction of the
original one [30], [31]. On the other hand, for a transmitarray,
if the structure is not well matched to the free-space or if
the unit-cells are not adapted to the frequency of operation,
the incident EM wave will be totally reflected back, resulting
in no transmission through the structure [5], [6]. Therefore,
a transmitarray is desirable to be the most "transparent” as
possible, introducing very low loss so the EM field of the
propagating wave is not severely attenuated, whereas the
reflectarray is desirable to be a perfect reflecting surface so
the incident wave can be entirely reflected.

However, although reflectarray have been successfully im-
plemented in [7], [30]-[36], the feed blockage remains a
challenge in implementation of such type of devices since
the feeding source is on the same side of the radiated field.
This may be a challenging depending on the final application
that can be overcome with the use of a transmitarray.

To this extent, this paper presents an overview of the
literature on transmitarray aiming antenna beamsteering. It
starts by introducing the theoretical background for antenna
beamsteering using a transmitarray. In particular, the mode
of operation of 1 dimensional (1D) and 2 dimensional (2D)
beamsteering with a transmitarray are described. Subse-
quently, a dedicated review based on several journal and
conference publications, is presented. The overview presents

VOLUME 4, 2016
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a critical analysis on several electronically reconfigurable
transmitarrays for antenna beamsteering, based on microstrip
patch, FSS or MM, employing either p-i-n diodes, varactor
diodes or MEMS switched to achieve reconfigurability. In
addition, several transmitarray models with polarization con-
trol capabilities are also included in this paper yielding to
the introduction of hybrid transmitarray, with both electronic
beamsteering and polarization control capabilities. Finally,
the most relevant transmitarray designs proposed by several
authors are compared against each other in order to highlight
its benefits and limitations. Their main characteristics such
as frequency of operation and bandwidth, insertion loss,
physical dimensions and maximum beamsteering range, are
then summarized.

The paper is organized as follows: section II presents the
mathematical ground for beamsteering with a transmitarray;
Section III outlines the state of the art on Transmitarray
covering in particular transmitarray for antenna beamsteer-
ing, polarization control and hybrid transmitarray, that enable
both features simultaneously. Finally, the main conclusions
are drawn in section IV.

Il. BEAMSTEEERING WITH A TRANSMITARRAY

A. THEORETICAL MODEL FOR 1D-BEAMSTEERING
The principle of beamsteering using a traditional transmi-
tarray can be compared to the one using a linear antenna
array. Figure 2 depicts both configurations for comparison.
In a linear antenna array, the phase shifting is applied to the
signal in each individual branch using a phase shifter [1]-
[3], whilst in a transmitarray the phase shifting is obtained
by controlling the phase delay introduced by each individual
elements of the transmitarray, as reported in [S]-[7], [37]-
[56].

When an incident Electromagnetic (EM) wave propagates
through a transmitarray of length [, composed by N elements
of periodicity p (Fig. 2b), it experiences a different phase
shifting ~,, expressed by (1), after penetrating each of the
elements of the array in the steering direction theta (6),

2
Y = )\—ﬂ-.p.n.sinﬁ = kg.p.n.sind, (D)
0
where ko = i—z is the wave number in free space.

Consequently, the transmission phase o, in the n'” ele-
ment, can be defined by (2),

on= oo tom,  i=012. @

where « is the phase of the incident EM wave at the input
of the transmitarray.

Therefore, the re-transmitted wave direction 6 can be
expressed as a function of the phase difference i) between
adjacent elements, i.e. progressive phase, using (3),

w =Qp —Qp-1= —VYn+ Vn-1=
= —ko.p.n.sind + ko.p.(n — 1).sind = 3)
= —kg.p.sinb.
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FIGURE 2: (a) Model of linear antenna array and (b) model of a
transmitarray for 1D beamsteering analysis.

N
7 Olo

Thus, by varying the phase «, of each array element in a
progressive way, the incident wave can be steered to a desired
direction 6 relative to the normal of the structure, defined by

),

= —ko.p.sinf & 0 = —sin~ ! <1/))\> @)
2w.p

However, since the phase distribution in the array is ap-
plied along a single direction only, the model for a lin-
ear transmitarray limits its application to 1D beamsteering.
Therefore, the main lobe of the radiation pattern of the
original antenna in which the transmitarray is applied, only
has the capability to be steered towards the output angle with
6 component, as reported in some of the references included
in the literature review [14], [37]-[39], [47], [48], [52], [53].

B. THEORETICAL MODEL FOR 2D-BEAMSTEERING

In order to extend the concept to 2-D beamsteering using
a transmitarray, it is proposed herein to characterise the
model by analogy with a planar antenna array. This vision
enable the transmitarray to have the control over the two
angular components theta (#) and phi (¢) of the output angle
direction, simultaneously, raising the limitation of 1D beam-
steering of the previous model. The transmitarray model for
2D beamsteering is depicted in Fig. 3.

Built on the theory of planar antenna arrays, presented
in [1] and [3], a progressive phase shift between adjacent
elements should occur along the X and Y directions of the
M x N array so 2D beamsteering could be enabled. Thus, by
expanding from (3), the relation between the two dimensional
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FIGURE 3: Proposed model for a transmitarray with 2D beam-
steering.

output directions (#,¢) and the progressive phase delay, is
given by (5),

Y= — ko.p.sin(6).cos(¢)
b (5)
Yy=— ko.p.sin(0).sin(¢)

where 9, and 1, are the progressive phase along X andY
axis, respectively, and p is the periodicity of the p X p array
elements.

Therefore, a M x N transmitarray would exhibit a relative
phase distribution that can be represented by the matrix (6),

— wx
Qaq q N AR

) )

by L ©

(€ E P P P € R ()

s

where o, ,, is the phase delay introduced by each individual
(m,n) element of the transmitarray. This representation is pro-
posed herein to facilitate the understanding of the progressive
phase along the transmitarray and will be further considered
herein.

From this analysis, it can be concluded that the output
steering direction (6,¢) depends on the transmission phase
Qum,n, Of each element of the 2-D transmitarray, and similarly
to (2) (linear case), the phase shifting in each individual
element can be described by (7),

Am,n = —VYm,n + g + 2mi, 1=0,1,2,..., @)

where the phase shifting of each element o, ,, is a periodic
function, and «;, , C [0, 27] such as in the 1-D case. Thus,
each element of the transmitarray must always be capable
to achieve at least 360° (27) of transmission phase shift, to
ensure a complete control of the output angle.
Notwithstanding, in order to directly match the output
angle direction obtained from the theory with the output
angle direction given either by simulation and experiments,
it is proposed, by this work, to apply in the theoretical
model a coordinate system conversion from Spherical co-
ordinates (represented by 6 and ¢ components) to Azimuth-
over-Elevation (represented by the pair Az/El). Therefore, the

4

(a) (b)

FIGURE 4: Axial representation of the (a) spherical coordinate
system (6/¢) and (b) Azimuth-over-Elevation coordinate system
(Az, El).

mathematical relation between spherical and Az/El coordi-
nates well detailed in [57], given by (8), has been applied
here:

sin(0).cos(¢p) = cos(El).sin(Az)
(3)
sin(0).sin(¢p) = sin(El)

The main differences between both coordinate systems
rely on the origin of the axis, as depicted in Fig. 4. From
the mathematical workout resultant of replacing (8) in (5), a
generic formula to calculate the output angle direction with
Az/El components provided by a 2D transmitarray, is given
by (9),

Wh=—ko.p.cos(El).sin(Az)
€))
Y, = — ko.p.sin(El)

lll. STATE-OF-THE-ART ON TRANSMITARRAY
ANTENNAS

A. TRANSMITARRAY FOR ANTENNA BEAMSTEERING
Several examples can be found in the literature for transmi-
tarray aiming antenna beamsteering. They comprise the use
of different materials, unit-cells designs and implementation
approaches. However, there is one requirement that must
be satisfied to use such structures to steer the main beam
of an antenna radiation pattern. The unitary element that
composes the transmitarray must have transmission phase
that can be varied (tunable) up to 360° (as mentioned in
section II-B), while the transmission magnitude (desirably)
remains constant over the bandwidth,. Therefore, this section
is focused on the review of transmitarray structures and unit-
cell elements, with reconfigurable capabilities that enable
electronic beamsteering.

1) Reconfigurable based on microstrip patches

Particularly in [37], a reconfigurable transmitarray for beam-
steering is proposed. The device is composed of a set of
patch antennas placed on each side of the array structure and

VOLUME 4, 2016

This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI

10.1109/ACCESS.2019.2924293, IEEE Access

Author et al.: Preparation of Papers for EEE TRANSACTIONS and JOURNALS

IEEE Access

connected by an electronically tunable phase-shifter, where
the innovation of the work relies on. The phase-shifter is
developed in transmission line technology and consists of a
microstrip directional coupler terminated with reflective LC
circuits, whose capacitance (C) is controlled by a varactor
diode. Consequently, by tuning the value of C, it is possible
to selected whether the terminations of the coupler are open-
or short- circuit and thus, control the phase-shift between
the input and the output of the transmitarray. Nevertheless,
this solution turned out to be limited in terms of phase range
and since several couplers are cascaded together to overcome
this issue, the size and complexity of the phase-shift network
is consequently increased. This forced a large separation
between the radiating elements, that were arranged in groups
of 4 elements and separated by 1.4 wavelengths, leading to
the reduction in the scan capability and to the appearing
of grating lobes. Therefore, a maximum of 9° of angular
shift is reported on the azimuth plane. The proposed solution
presents 700 MHz of bandwidth and 3 dB of insertion losses
but such values are advertised for the phase-shifter alone and
not for the complete transmitarray.

Remarkably in their work, Lau and Hum [5], [38]-[41]
have introduced several models of active unit-cells and of
electronically controlled transmitarray. Specifically aiming
antenna beamsteering, it is presented and characterized in
[38] and further improved in [39] a transmitarray element
(Fig. 5a) that consists of two microstrip patches on either
side of a ground plane coupled to a small slot aperture.
Each patch is split in half with a small gap in between, and
varactor diodes inserted to connect the two halves, while
another varactor diode is inserted at the center of the slot,
connecting the two sides of the slot. Together, all these
parts act as three coupled tunable resonators that provides a
variable phase-shift over 360° with 3 dB of insertion losses,
as reported in [39]. However, the losses are slightly increased
to 4.8 dB (over the same bandwidth), when the proposed
element is composing a 6 x 6 array and the biasing network
to control the varactors are included, as depicted in Fig. 5b
[39]. Nonetheless, the developed prototype achieved +25°
of electronically controlled beam scanning, in azimuth and
elevation planes independently, with a broadside directivity
of 20.8 dBi.

As alternative, a different unitary element is proposed
and characterized by the same authors in [40]. The unit-
cell for transmitarray applications explores the properties of
proximity-coupled feeding and aperture coupling [1]. In this
solution, the array element is implemented with microstrip
patches in both sides of the structure separated by a ground
plane. Each patch fed a differential microstrip transmission
line by mutual coupling. In one of the sides, possess a differ-
ential bridged-T phase-shifter composed by varactor diodes
and DC blocking capacitors. Both sides of the structure are
further interconnected also by aperture coupling through two
open slots etched in the ground plane. According to exper-
iments realized on a single unit-cell using the waveguide
method, which consists of a sample of the unit-cell enclosed
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(a)

(b)

FIGURE 5: (a) Reconfigurable element (exploded-view) and (b)
respective transmitarray prototype (images extracted from the work
presented in [39]).

between two waveguide flanges, it is notably achieved a
tunable phase range of around 425° and insertion loss in
average of 3.4 dB at 4.86 GHz. This model is however
limited by the narrow bandwidth of the radiating elements
and such drawback is mitigated, on a final prototype by
employing a stack of microstrip patches. The final array
element exhibits insertion losses of around 3.6 dB with a
phase range over 400°, but the bandwidth was increased from
100 to 500 MHz at the same central frequency. Subsequently,
a 6 x 6 reconfigurable transmitarray composed of active
elements of [40] is finally presented and evaluated in terms
of beamsteering performance in [41]. The prototype of the
transmitarray provides a scanning range of +50° in both
elevation and azimuth planes, with 2.2 dB of insertion losses
and 10% bandwidth (500 MHz) at 5 GHz.

Moreover, in [42], a novel unit-cell design is proposed and
characterized for an electronic control of the wave direction
using a transmitarray. It is composed of a passive microstrip
patch antenna with U-shape slot etched on the reception
plane, and an active patch with an etched O-shape slot in the
re-transmission plane, as depicted in Fig. 6a. The active O-
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(a)

(b)

FIGURE 6: (a) Unit-cell design and (b) transmitarray prototype for
antenna beamsteering (images extracted from the work presented in
[42] and [44], respectively).

shape is loaded with two p-i-n diodes (and in an alternative
design with RF- MEMS) that allow to control the transmis-
sion phase by alternatively activating diode states. A 15% of
bandwidth and around 3 dB of insertion losses at 10 GHz are
reported experimentally on a single unit-cell, evaluated using
the waveguide method also employed in [40]. Later in [43],
the same unit-cell design using MEMS presents a bandwidth
of 16% but 4 dB of insertions losses. In [44] the authors
presented a full characterization of a 20 x 20 transmitarray
comprising 800 p-i-n diodes and the respective feeding mesh.
The prototype is depicted in Fig. 6b. The authors state that the
proposed transmitarray exhibits a 2D beamsteering capability
with maximum ranges of +40° in elevation and £70° in
azimuth.

Another unit-cell for beamsteering transmitarray at Ka-
band based on p-i-n diodes is presented in [45]. The paper
starts by characterizing by simulations an novel unit-cell
design. In particular, this novel unit-cell design allows for
a 2-bit phase resolution and has an overall size of 5.1 X
5.1 x 1.3mm3 (\/2 x A/2 x \/8 at 29 GHz). The unit-cell
is composed of six metal layers printed on three substrates
as shown in Fig. 7b, of which the ones at the edges are O-
slot rectangular patch antennas loaded with two p-i-n diodes
for phase control. Similar to other cases already presented
[42], [44], the p-i-n diodes in each of the antennas are biased
in opposite states (one p-i-n diode is ON while the other is
OFF). By choosing which diode is ON at a given time, a 180°
phase-shift is achieved. Therefore, by combining the different
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FIGURE 7: (a) Schematic view of the 2-bit unit-cell and (b)
simulated radiation pattern for two angles (images extracted from
the work presented in [45]).

states of the receiving and transmitting layers, a total of four
phase.shifts can be achieved (0°, 90°, 180° and 270°). The
presented unit-cell is used to implement a 14 x 14 element
transmitarray in simulation environment whose beamsteering
range is reported up to —40°, as shown in Fig. 7b.

More recently, in [46] a new unit-cell for a beamsteering
transmitarray is presented. Each cell is comprised of four
stacked Rogers RO4350B double sided layer, as depicted
in Fig. 8a. Since one pair of layers (sub-element) can only
achieve 180°, this arrangement has to be replicated in order
to achieve the desired 360° of phase shift. Varactor diodes
are used in every layer to control, electronically, the ele-
ment phase-shift. Although the paper reports a bandwidth of
1 GHz for the unit-cell at 24.6 GHz, this value is defined
by the frequency range in which the phase-shift is above
360 degrees, and not from the S11 /S, filtering response as
normally characterized in this type of work. This unit-cell,
exhibits then a total insertion loss of around -5 dB obtained
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(a)

(b)

FIGURE 8: (a) Unit-cell design and (b) top view of assembled 6x6
transmitarray prototype (images extracted from the work presented
in [46]).

in simulation and -12 dB obtained experimentally. Finally in
[46] a 6 x 6 transmitarray composed of the aforementioned
unit-cell has been built (Fig. 8b). This transmitarray is able
to steer the main beam direction up to £50° in both the
azimuth and elevation planes, at 24.6 GHz, with a maximum
attenuation of 17 dB at the extremes of the steering interval.

2) Reconfigurable based on tunable metamaterials
Transmitarray composed of metamaterials (MM) to perform
antenna beamsteering are also reported in the literature.
Metamaterials are artificial man-made structured materials
able to produce electromagnetic properties (permittivity, per-
meability and refractive index) which are unusual or non-
existent in nature [8], [9] and such properties can be explored
for transmitarray designs.

It is the case of the work described in [14], [47] and [48],
where 1D beamsteering, i.e. main lobe limited to steering in
a single plane, is demonstrated using such type of materials.
These works [14], [47], [48] suggest new steerable antennas
by using controllable MM (electronically reconfigurable) to
form the transmitarray. Although implemented with different
resonant unit-cell designs, they all respect the same physical
principle: tunable refractive index structures are utilized to
electronically control the direction of the outcoming wave.

VOLUME 4, 2016

FIGURE 9: Prototype of a single opened fishnet unit-cell layer
(images extracted from the work presented in [14]).

The steering is achieved when the refractive index of the MM
structure is tuned, leading to a progressive phase distribution
along the structure, acting as a linear phased array.

For example, in [14] the authors have developed and
characterized an artificial gradient-index metamaterial by
designing a fishnet structure on a liquid crystal substrate. The
transmitarray was practical validated against measurements
conducted at 27.5 GHz. A beamsteering angular range lim-
ited to +5° was achieved by varying, in a gradient manner,
the bias of each array column. According to the authors,
the yielded angular range can be enhanced by staking more
layers of the one depicted in Fig. 9.

In [47] and [48], the authors have followed an alterna-
tive approach to design their transmitarray. Both presented
structures are composed of staked layers of periodically
printed sub-wavelength metallic resonators with embedded
microwave varactors. By adjusting the varactor diode, the
resonant characteristics of the unit-cell is modified control-
ling, in fact, the associated phase-delay between the first
and the last layer of the transmitarray. Consequently, the
associated effective refractive index of a single transmitarray
element is being adjusted. Accordingly, if a progressive phase
between adjacent elements is applied through the array in
order to perform beamsteering, the metamaterial exhibits a
gradient index of refraction, when seen as an whole.

Therefore in [47], 6 stacked layers of a double-layer I-
shaped unit-cell (Fig. 10a) are suggested as array element,
exhibiting 360° of phase-shift at 1.6 GHz while the varactor
is tuned from 0.1 pF to 1.9 pF, with insertion losses of 4
dB (averaged). Bandwidth is not referred by the authors. A
continuous scanning range of £30° in the azimuth plane is
achieved using a full wave simulator. Although it is stated
that experimental results obtained on a prototype are consis-
tent with simulation ones, the paper lacks a more elaborated
and physically grounded analysis of the results.

Notably in [48], a complete characterization of a meta-
material transmitarray composed by the unit cell presented
in Fig. 10b was performed. In addition to the transmitarray,
an array of microstrip patch antennas was also developed to
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(a) (b)

FIGURE 10: Metamaterial unit-cells for transmitarray antennas
presented by (a) Yongzhi S. et. al. and by (b) Jiang T. et. al. (images
extracted from the work presented in [47] and [48], respectively).

(a)

(b)

FIGURE 11: (a) Prototype of the MM beamsteering antenna and
(b) measured radiation pattern for different steering angles (images
extracted from the work presented in [48]).

serve as feeding source. The prototype, implemented on a
stacked layer structure (Fig. 11a), presents an angular steer-
ing range of £30° in azimuth verified under experiments at
4.7 GHz. Some samples of radiation pattern are demonstrated
by the authors in their paper and illustrated in Fig. 11b.

Although introduced as metamaterials by analyzing the
refractive index of the array element, it can be noticed that
such structures are in fact frequency selective surfaces. While
the unit-cell presented in [47] exhibits a low-pass filtering
frequency response, the unit-cell of reference [48] possesses
a band-pass filtering type. Herein, is when the term meta-
materials could be misleading due to large ambiguity of the
definition.

8

3) Reconfigurable based on FSS

Frequency selective surfaces [10]-[13] are, per se, a timely
topic on the field of (antennas and) propagation that have
been studied for years. A FSS is a spacial filter that ex-
hibits distinct resonant filtering characteristics e.g.: band-
pass, band-stop, high-pass or low-pass, that depend on the
format and on the dimensions of periodic resonant geome-
tries etched over a metallic coated substrate [10]-[13]. As
a spacial filter, these structures are able to allow or block
the propagation of an incident EM wave within a specific
frequency band and even control its propagation phase.

Much of the work about FSS relies on the study and
development of novel unit-cell designs for EM blockage
(shielding) or radio coverage enhancement [10]-[13]. How-
ever, new applications have recently emerged by exploring
the use FSS in various transmitarray implementations [49]—
[56], [58] and in novel antenna designs [59]-[61].

For example in [58], a wide-band transmitarray is sug-
gested by using a FSS of double square rings unit-cells. The
authors have demonstrated that the phase-shift introduced
by the transmitarray can be varied by simply modifying the
physical size of the squares, and such can be further improved
by stacking several layers of FSS on top of each others. In
fact, the concept of stacked layers separated by an air gap is
widely used for transmitarray implemented with FSS since it
allows to increase both the bandwidth and the transmission
phase of the structure, as thoroughly reported in [5], [51],
[54], [55], [58].

In particular, some examples can be found in [49]-[53] by
presenting reconfigurable transmitarray of FSS for antenna
beamsteering. The majority of the work utilizes varactor
diodes to electronically control the capacitance of the equiv-
alent LC circuit that characterizes the resonant unit-cell de-
sign, as presented by Russo et. al. in [49]-[51]. In their work,
a tunable pass-band FSS suitable for beamsteering operations
is proposed. The suggested FSS, depicted in Fig. 12a, is
evaluated by simulations in [49], [50] and experimentally
characterized in [51], also using the waveguide method
(Fig. 12b), previously described. The proposed structure is
capable of bandwidths ranging from 1% to 10% (with a few
modifications in original design) at 4 GHz, with a transmis-
sion amplitude that remains above 3 dB within the varactor
tuning range. Although the transmission phase obtained from
experiments varies by approximately 360° over the whole
bandwidth, making this design suitable for beamsteering, the
paper does not include the implementation of a complete
transmitarray and respective beamsteering characterization.

In [52], an active FSS based on the traditional squared-
slot design with band-pass filtering characteristics is imple-
mented for antenna beamsteering, as depicted in Fig. 13.
Varactor diodes are used to tune the FSS and control the
phase-shift, with range up to 360°, of a structure composed
of 5 stacked layers. In fact, the authors have demonstrated
on a physical prototype, illustrated in Fig. 13a, that through
different configurations of the bias voltages applied to the
varactors, a gradient phase distribution along the transmitar-
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FIGURE 12: (a) FSS transmitarray model and (b) respective unit-
cell prototype evaluated using the waveguide method (images ex-
tracted from the work presented in [50] and [51], respectively).

ray can be utilized to steer the radiation pattern of a horn
antenna. This corroborates with the facts presented for MM
transmitarray introduced in last section. Although the work
show its merits by presenting a tunable steering range of
4+30° in both azimuth and elevation plans at 5.3 GHz, as
depicted in Fig. 13b and Fig. 13c respectively, it is a fact that
such scanning angle can only satisfy one steering direction at
the time. Therefore, two-dimensional beamsteering, i.e. steer
the main lobe to a direction with two spatial components
as presented in Section II-B, is still unachievable with this
device.

Alternatively in [53], a tunable FSS with beam steering
capability is presented. The FSS is used as a transmitarray
with a bandpass characteristic centered at 12 GHz. The nov-
elty of the work relies on the FSS design which is composed
of capacitive (parallel electrodes) and inductive (vertical
wires) structures printed on a BST thick-film ceramic, as
illustrated in Fig. 14. The tunability is performed due to
the properties of the BST substrate that can be tuned by
applying an external electrostatic field across the material,
and not by using discrete components such varactors or p-i-
n diodes. By applying a DC field between the electrodes of
the capacitor, the effective permittivity is reduced resulting
also in a capacitance reduction. Experiments realized on a
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FIGURE 13: (a) 6 x 6 transmitarray prototype, (b,c) measured radi-
ation pattern in azimuth and elevation planes, respectively (images
extracted from the work presented in [52]).

40 x 40 FSS transmitarray (Fig. 14b), report a maximum
phase difference of 121° at 12 GHz when the bias voltage
is ranging from O V (untuned state) and 120 V (maximum
tuning state). Within such voltage range, the main beam
of a feeding horn antenna is steered up to +10° in the
azimuth plane, due to the low phase-shift (121°) produced
by the structure. Although showing its merits, the proposed
solution is one of a type in the literature, possible due to the
impractical voltage values necessary to apply for tuning the
structure and perform beamsteering limited 1-Dimension, in
comparison with other state-of-the-art proposals.

To withdraw such limitation, our research group has been
working on a reconfigurable transmitarray model for 2D
beamsteering. The transmitarray follows the phase distribu-
tion proposed by the theoretical model presented in sec-
tion II-B in order to enable antenna beamsteering in two
dimensional planes. With this mindset, it is presented in [54]
and further in [55] the characterization of a FSS transmitarray
with controlled beamsteering output direction in the two
main antenna planes (azimuth and elevation). Firstly in [54],
the theoretical model for 2D beamsteering has been applied
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(a) (b)

FIGURE 14: (a) FSS transmitarray model and (b) respective trans-
mitarray prototype (images extracted from the work presented in

[53D.

on a passive stacked-layer FSS inspired transmitarray. Based
on a square-slot pass-band unit-cell layout (as in [52]), the
2D beamsteering model was tested for several beamsteering
angles on a 5 x5 transmitarray with 5 stacked layers separated
by an air gap, at 5.35 GHz. The paper, which also includes
a parametric study to evaluate the ideal layer separation
distance and the ideal number of layers necessary to achieve
a desired phase-shift, reports beamsteering angles up to £25°
in both elevation and azimuth planes with 3° of error between
simulation and experimental validating the theoretical 2D
model. Although beamsteering is set by the value of each
of the 50 discrete SMT capacitor loaded in each layer, the
several output angles were achieved by hand-soldering the
capacitors for each angular configuration.

Subsequently in [55], the latter model has been improved
to enable electronically reconfigurable beamsteering. In the
addition to through-layer vias per unit-cell, a sixth layer
has been added to accommodate the feeding network, as
depicted in Fig. 15a. Varactor diodes replaced the discrete
SMT capacitors used in the passive transmitarray of [54]. A
beamsteering driver has been developed to control, individ-
ually, the overall capacitance value of each of the 25 cells
of the transmitarray. As result, beamsteering angles up to
+28° in azimuth and £+26° in elevation have been accom-
plished with the physical prototype of Fig. 15b. Two samples
of measured radiation pattern are depicted in Fig 15d and
Fig. 15e, for (+15°,+15°) and (+25°,425°), respectively.
The reconfigurable transmitarray exhibits insertion loss of
1.6 dB and 4.3 dB in simulation and experiments, respec-
tively. This compares with the experimental results obtained
in the passive model by presenting approximately 1.5dB of
excess loss at 5.2GHz, due to the intrinsic parasitic effect of
the selected varactor diodes.

Another design of FSS-based unit-cells for beamsteering
transmitarray is presented in [56]. The unit-cell is based on a
C-patch and ring slot loaded with p-i-n diodes (Fig. 16) and
is composed of two identical substrates with dimensions of
14 x 14 mm?. The ring slot is loaded by a rectangular gap and
is placed just beneath the gap of the C-patch. In this particular
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FIGURE 15: (a) Unit-cell model, (b,c) 5 X 5 transmitarray pro-
totype and (d,e) measured radiation pattern for (+15°,+15°) and
(+25°,+25°), respectively. (images extracted from [55]).
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FIGURE 16: Geometry of transmitarray unit-cell (image extracted
from the work presented in [56]).

unit-cell, the C-patches act as the receiver and transmitter,
while the ring slots act as a phase shifter. The phase shift
between the receiver and transmitter can be controlled by
modifying the length of the ring slot gaps. In order to change
the associated electrical length, each gap is loaded with p-i-n
diodes that allow a 180° of phase shift at 11.5 GHz. However,
since both terminals of the p-i-n diodes are short-circuited, a
second rectangular gap was introduced in the cell presented
in Fig. 16. This gap is 0.2 mm and is loaded with three 100 pF
capacitors in order to the current flow through the gap. The
first unit-cell was then simulated in a 12 x 12 transmitarray
to verify its beamsteering capabilities. For each of the cells
a single bias line is needed to control the ON/OFF state of
the p-i-n diodes. Simulation results show that, at 11.5 GHz,
a £40° in both azimuth and elevation planes is achieved. At
the moment there are not experiments on this structure.

B. TRANSMITARRAY FOR POLARIZATION CONTROL
Several transmitarray have been presented in last section all
aiming antenna beamsteering. However, transmitarray have
also been used to control the polarization of the re-radiated
EM, as the ones described as follows.

First introduced in [62] and further in [63], the authors
have presented a transmitarray with the objective of control-
ling the polarization of the wavefront. The proposed structure
is based on microstrip patch antennas, whose elements in the
outer side of the structure are physically rotated (o = 0°, 90°,
180°, and 270°) relative to the patch feeding point), to tilt
the polarization of the re-transmitted wave. The implemented
unit-cells and the respective transmitarray are depicted in
Fig. 17 [63]. The polarization of the re-radiated wave is
forced by tilting mechanically of each unit-cell enabling the
developed transmitarray to produce a circularly polarized
wave. Since the polarization control is performed through se-
quential rotation and no other mechanism was implemented
to automatically modify the properties of the transmitarray,
rather than mechanical movement, the suggested model is
considered a passive device.

Following the same approach, a novel passive transmitar-
ray was latter introduced in [64] by the same research group.
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(a)

(b)

FIGURE 17: (a) Patch unit-cell and (b) transmitarray model for
polarization control (images extracted from the work presented in
[63]).

This particular device exhibits an enhanced unit-cell also
based on microstrip patch with etched corners. A prototype
of the device measured a broadside gain of 22.8 dBi at the
simulated frequency with a 3 dB bandwidth of 20% in Right-
hand Cross Polarization RHCP and 3 dB axial ratio with
bandwidth of 24.4%.

With a novel unit-cell design and following a slightly
different methodology, a novel transmitarray was introduced
by Pfeiffer and Grbic in [65]. This design was implemented
by using cascading metallic surfaces to provide polarization
and wavefront control. Two transmitarray were developed
and tested experimentally both based on a quarter-wave plate
design that transforms a linearly polarized incident wave
into a circularly polarized transmitted wave, by exploring
the phase shift created between both faces of the structures.
Since the phase difference between two orthogonal E-field
components is a quarter of the wavelength (90°), when an
incident field is linearly polarized at (45°) relative to its
axes, the quarter-wave plate converts the transmitted field to
circular polarization.

In [66] another polarization controlled transmitarray has
been presented by stacking together several layers of rectan-
gle ring slot unit-cells, separated by an air gap. Remarkably,
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the proposed device is capable of realizing Left- and Right-
hand cross polarizations (LHCP/RHCP), and linear polariza-
tion, when excited by a linearly polarized feeding source
(Vivaldi antenna). This is achieved due to the enhanced
phased control given by the stacked layers but also by varying
the size of the unit-cell throughout the array. By varying
the X and Y dimensions of the rectangle ring slot element,
transmission magnitude and phase shift for both polarizations
can be achieved. Therefore, it is possible to perform a change
in polarization by adjusting the rotation angles of the feeding
antenna through the phase of the linearly polarized incoming
wave.

The main difference in the underlying principle between
both physical rotated and phase delayed unit-cells is well de-
tailed in [67]. The authors have presented a detailed compari-
son between both types of unit-cells through simulations and
practical validation in two different transmitarray prototypes.
Their study reveal that the transmitarray based on physically-
rotated unit-cells exhibits wideband cross-polarization filter-
ing characteristics, whereas the one with phase-shifted cells
can offer polarization diversity (linear- and cross- polariza-
tion) with similar performance to the former, but limited by
3 dB axial-ratio bandwidth and magnitude of the feeding
antenna [67].

After analyzing the presented examples, both loss and
bandwidth may be considered the two major challenges in the
design of a transmitarray. Hence, consideration to this aspect
should be given at the time of selecting the design layout for
a transmitarray implementation, given the project specifica-
tions. For example, in FSS-type transmitarray, bandwidth can
be easily increased at the expense of using several stacked
layers, as already mentioned. However, the overall insertion
loss will always be proportional to the total number of layers
(and on the properties of the substrate) and, thus, difficult to
compensate. On the other hand, transmitarray with unit-cells
composed of microstrip patches commonly exhibit limited
bandwidth typically associated to such structures [1], but
the insertion loss can be reduced by using amplifiers placed
between the inner and the outer faces of the transmitarray.
In fact, this technique has already been reported in [68]-
[75], but particularly in [73], a total average gain of about
7.7 dB is reported for experiments on the unit-cell of Fig. 18,
overcoming the initial insertion loss of 2.6 dB experienced
without any signal amplification.

C. HYBRID TRANSMITARRAY

Although the previous transmitarray designs [62]-[66] are
not electronically reconfigurable (most are reconfigurable by
mechanical rotation means), they yield to the development of
hybrid reconfigurable transmitarray with both beamsteering
and polarization capabilities.

It is the case of the reconfigurable transmitarray presented
in [76] by Huang, C. et. al.. The authors have developed
a transmitarray operating at 5.4 GHz with the capability of
controlling electronically the polarization and direction of
the re-radiated wave. Each unit-cell of the transmitarray is
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(a)

(b)

FIGURE 18: (a) Transmitarray unit-cell architecture and (b) pho-
tography of the unit-cell prototype (images extracted from the work
presented in [73]).

composed of several PCB layers separated by three different
substrates, as depicted in Fig. 19. The face in which the elec-
tromagnetic wave is incident (Rx cell), a two-layer stacked
patch is adopted. After being received by the Rx cell, the RF
signal passes by two cascaded reflection type phase shifters
and is coupled to the Transmitter cell (Tx cell) through a
metallized via hole. Each of the phase shifter implemented
integrate a four-port directional coupler and each port is
loaded by a varactor-based tunable circuit in order to achieve
the 360° phase tuning range. The Tx cell is made of a square
patch with an O-slot structure loaded with two p-i-n diodes
inserted along the x and y directions in order to control the
polarization of the outgoing wave. According to simulations,
the insertion loss of the unit-cell varies between 1.5 and
5 dB at frequencies around 5.4 GHz, and a cross-polarization
ratio higher than 25 dB is obtained. The 8 x 8 transmitarray
prototype is illustrated in Figs 19b and 19c. Experimen-
tal results demonstrate that this transmitarray is capable of
achieving +60° in both azimuth and elevation planes, having
adifference of 3.8 dB between the gain of the broadside beam
and at the scan angle of 60°. Experimental results also show
that this transmitarray is capable of producing an outgoing
wave with circular polarization by controlling each of the p-
i-n diodes independently.

In [77] yet another transmitarray with polarization control
capabilities is presented by the same authors of [76], based
on the unit-cell of Fig. 20. The authors have suggested two
designs of unit-cells for 1-bit phase resolution transmitarray,
to operate around 10 GHz. The most complete design pre-
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(a)

(b)

(c)

FIGURE 19: Transmitarray unit-cell architecture (image extracted
from the work presented in [76]).

sented by the authors consists of two-layer metallic patterns
connected by a metallized via-hole as depicted in Fig. 20a. A
U-slot rectangular patch is used in one side of the structure to
receive the incident wave. On the other side, a square ring
patch with two triangular corners and loaded with 2 p-i-n
diodes is utilized to produce circular polarization. The p-i-
n diodes were used to dynamically select between LHCP
and RHCP. The unit-cell operates under two cases: case 1
- p-i-n diode 1 is switched on while 2 is off; case 2 - p-i-
n diode 1 is switched off while 2 is on. Simulated results
(Fig. 20b, Fig. 20c) on the unit-cell were further validated
on a 8 X 8 transmitarray prototype against experimental
results (Fig. 20d, Fig. 20e). While in case 1, the transmitarray
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(a)

(b) (c)

(d) (e)

FIGURE 20: (a) Transmitarray unit-cell design loaded with p-i-n
diodes; S21 amplitude and phase response for: (b,c) simulated and
(d,e) experimental results, respectively. (images extracted from the
work presented in [77]).

converts a vertically polarized incident wave to RHCP, in
case 2 the transmission phase of the outgoing wave is also
shifted by 180°. Based on the previous unit-cell design [77],
the same research group have introduced and characterized
in [78], a transmitarray with both reconfigurable polarization
control and beamsteering capabilities. Besides of controlling
the polarization of the re-transmitted EM wave, the proposed
transmitarray also has the capability of realising beamsteer-
ing in a range of £45° in both elevation an azimuth planes at
4.8 GHz, exhibiting however insertion losses of 5.6 dB over
a small bandwidth of 100 MHz, obtained experimentally on
a manufactured prototype.

Similarly in [79], it has been presented a 20 x 20 element
fully reconfigurable transmitarray based on a 1-bit linear
polarization unit-cell model operating in the Ka-band (27-
GHz). A snapshot of both unit-cells and the reconfigurable
transmitarray are depicted in Fig. 21. The unit-cell is formed
in a multi-layer design with a central ground plane (Fig. 21a)
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receiving layer bias layer

ground plane transmitting layer

(a)

(b)

FIGURE 21: Snapshot of (a) the active unit-cell and (b) transmi-
tarray for beamsteering and polarization control (images extracted
from the work presented in [79]).

loaded with p-i-n diodes to obtain a wide-band constant phase
shift between the two phase states. Circular polarization is
achieved by using the sequential rotation technique previ-
ously described, while p-i-n diodes enable LHCP / RHCP
polarization switching. However, due to the control of the
phase shift by switching on and off the p-i-n diodes, the
control of the direction of the out-coming wave is also
possible with reported steering ranges of £60° in azimuth
and elevation planes.

Finally, in [80] a 1-bit reconfigurable transmitarray that al-
lows control of polarization as well as antenna beamsteering
is presented. The unit-cell of the transmitarray is comprised
of two H-shaped slots (Fig. 22a) that behave as receiving
and transmitting coupled microstrip patches. The fact that
they are orthogonality disposed relative to each other, it
allows X to Y polarization transformation (of the incident EM
wave). In between the transmitter and receiver slot patches,
a feeding network that includes 2 p-i-n diodes is responsible
to control the phase difference of the arrangement. When the
p-i-n diode 1 is OFF and p-i-n diode 2 is ON (Fig. 22a), a
total phase shift of 180° is achieved against 0° phase shift
for the opposite case. The proposed unit-cell operates at a
center frequency of 12.5 GHz and it has an overall dimension
of 8 x 8 mm? (\/3 x A\/3). According to simulation on
the unit-cell, the -10 dB S7; bandwidth is of 300 MHz for
both working cases, with maximum of 0.86 dB of insertion
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(a)

(b)

FIGURE 22: (a) Geometry of the transmitarray element and (b) re-
configurable transmitarray prototype with 16 x 16 elements (images
extracted from the work presented in [80]).

losses (for the case where D1=OFF/D2=0N). The isolation
between co- and cross-polarizations is 16.5 dB for the center
frequency.

Subsequent to the unit-cell characterization, a 16 x 16
transmitarray prototype has been fabricated and measured.
It is composed of 256 individual cells leading to a total of
512 p-i-n diodes to achieve both phase and angular reconfig-
urability. A x-polarized horn feed is used to illuminate the
transmitarray as shown in Fig. 22b. With the presented setup,
a total of £50° beamsteering is obtained for both elevation
and azimuth planes.

It should be noted that some authors consider that the
transmitarray are placed at a distance far away from the
radiation source aperture (focal distance), whereas others are
considered at the vicinity of the antenna source aperture.
The ones that are placed at the right focal distance typically
exhibit wide beamsteering ranges, since the placement at
the focal distance leads to better spillover and illumination
efficiencies.

In fact, this is well reported in [81] where the authors
have developed a flat lens exhibiting circular polarization and
wide beamsteering angular ranges (Fig. 23). In particular,
the focal seems to play distance play an important role in
radiation performance, since larger distances tend to reduce
aberration and consequently lower beam distortions and im-
prove side-lobe levels. To this end, the authors in [81] have
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(a)

(b)

FIGURE 23: (a) Antenna prototype and (b) measured realized
gain for several beamsteering angles between 0° and 50° (images
extracted from the work presented in [81]).

proposed a new feeding technique by implementing a virtual
focus using a dual-lens configuration, in order to reduce
the overall antenna height. Remarkably, beamsteering angles
up to £50°, at Ka-band (30 GHz) with an antenna height
estimated to be reduced by 20%, due to the virtual focus,
has been achieved. In fact, this is different technique to those
previously presented, in which a lens-like phase pattern, by
means of microstrip patches, is used for beamsteering.

The closer the feed, the higher the oblique incident angle,
which in turn affects negatively the illumination efficiency
and thus overall steering ranges.However, the transmitarray
placed right next to antenna aperture also showed to process-
ing results with the advantage of reducing the overall size of
the apparatus.

The references presented in this review of the literature are
summarized in Table 1, listed by their main feature (polar-
ization control and beamsteering), mode of operation (P -
passive, A - active), unit-cell (UC) design format and size,
reconfigurability control mechanism, frequency of operation,
bandwidth, insertion losses and beamsteering angular ranges
with respective steering planes, when applicable.

IV. CONCLUSIONS

This paper presents an extensive literature review ad-
dressing antenna beamsteering by using transmitarray. A
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fundamental overview on the concept of 1D and 2D beam-
steering using a transmitarray is presented. With this, it was
verified that to perform beamsteering with a transmitarray,
the phase in each transmitarray element must be varied,
progressively and equally, throughout the entire array much
like a phased antenna array. Subsequently, a dedicated lit-
erature review is outlined starting with transmitarray de-
veloped for antenna beamsteering, wavefront polarization
control, and transmitarray that combine both features simul-
taneity. Particular emphasis is given to active/reconfigurable
transmitarray, i.e. devices with the capability of having its
characteristics electronically controlled, either by employing
active mechanisms as p-i-n diodes, varactor diodes or MEMS
switches. Several examples among the literature have been
presented and compared, followed by a critical review. In-
formation about unit-cell main characteristics are dissemi-
nated including, design layout, e.g. if based on FSS, MM
or microstrip patch antennas. Finally, all this information is
summarized in terms of useful technical data extracted from
the literature such as, frequency of operation, bandwidth,
unit/cell dimensions, insertion loss and maximum steering
ranges. This review paper demonstrates that transmitarray
antennas can be seen as a feasible alternative to the most
traditional techniques of beamsteering, overcoming some of
its limitations, e.g. it withdraws the requirements of com-
plex beamsteering networks of phased antenna arrays. Since
transmitarray are mostly employing using PCB techniques,
they will significantly reduce weight, power consumption and
the dimensions of assemblies, making them very attractive
for inclusion in a large number of applications. Future work
may address study of new methods to increase beamsteering
ranges, e.g. using conformal transmitarray, while enabling
finer angular resolution, polarization control (for polarimetric
applications) and beam (de)focusing. New reconfigurable
unit-cell designs is of paramount importance to overcome
existing limitations, as outlined in this paper, in terms of
bandwidth, insertion losses and phase ranges. Of utterly
importance is also the extension of the supporting technology
from PCB to system on chip (SoC), being one forward leap
from vertical (stacked) integration of layers to save space and
improve on the massive integration of active components,
whilst exploring new designs based on novel electronic bi-
asing (tunable) metamaterials. Finally, beamsteering based
on transmitarray is currently well perceived as one of the
most important key enabling technologies to achieve multi-
gigabit/s peak data rates in mobile radio channels. Emerging
5G systems and beyond may encompass fundamentally new
transmitarray designs targeting micro- and millimeter-wave
frequencies, small form factors and light-weight solutions,
enabling the development of new agile beamsteering and user
tracking algorithms.”
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Abstract: In this paper, a compact parabolic reflector antenna aiming radar applications in the K-band, is presented. Mainly
composed of thermoplastic material and using classical additive techniques (also known as 3D printing), the proposed high-gain
antenna exhibits an novel and unique form-factor, particularly of interest for applications with low payload capacity, e.g. unmanned
aerial vehicles (UAVs). The antenna is composed of 4 parts: i) a paraboloid shape embodied in a supporting plastic material;
i) a metallic coating applied to the paraboloid surface of i), in order to enable it with electromagnetic (EM) reflecting properties;
iii) a plastic spacer that ensures the physical separation (i.e. focal distance) between parts i) and iv) and, finally, iv) a microstrip
patch antenna with reduced ground plane to reduce feed blockage. Subsequently to an overview on the theoretical formulation
of parabolic reflector antennas, an antenna targeting 20 dBi and a minimum bandwidth of 500 MHz operating in the 24 GHz ISM
radar band, has been dimensioned, optimized in CST Microwave Studio and validated against measurements performed on a
physical prototype. The simulation and experimental results are in good agreement, with the prototype yielding 18.3 dBi of gain
and 2.2 GHz of useful bandwidth, clearly demonstrating the potential of the proposed antenna design.

1 Introduction

Radio Detection And Ranging (radar) technology [1-3] has been
extensively used through the years, since its appearance in early
1940’s [4, 5]. Since then, long range radar has been generically
used in the military context, for target detection and recognition and
air/space surveillance [1, 4]. However, with the continuous evolu-
tion of the digital era and chip integration, radar technology became
rapidly available for smaller scale applications [6-9]. Nowadays,
mid- and short- range radars are widely available in the market,
typically operating at micro and millimetre wave frequencies, e.g.
in the 24 and 77 GHz frequency bands, through commercially-of-
the-shelf and system-on-chip (SoC) kits [10-12]. This integration
facilitates radar deployment making this technology very attractive
for the automotive [13-15] and UAV markets [16-18], in particu-
lar for object detection and collision avoidance, and to assist with
autonomous safety driving.

From a practical point-of-view, radar systems benefit from having
high gain antennas to increase the overall system dynamic range, and
consequently the range of the radar [1-3]. Hence, typical antenna
designs for radar application comprise either the use of antenna array
or parabolic reflector antenna [3]. For example, parabolic reflector
antennas are commonly employed in long range radars, where very
high gains and large scanning volumes are required. These character-
istics however are challenging to mimic with antenna array limited
by the feeding network, for which complexity and cost increases
with the size of the array, yet providing much limited scanning than
the previous solution. Nevertheless, in mid- and short-range radars,
antenna array are often preferred due to the ease of integration of
microstrip technology with the printed circuit board (PCB) that holds
the main radar hardware. This ensures compact and lightweight
form factors as it can be seen, for example, in several Frequency-
Modulated Continuous Wave (FMCW) radar kits [10-12], where
simple linear arrays of microstrip patch antennas are employed.

Some examples of parabolic reflector antenna design at micro
and millimetre waves can be found in the literature [5, 19-24]. In
particular, the authors in [21] and further in [22] have suggested a
compact parabolic reflector design, by using several layers of sub-
strate stacked together, forming a quasi-planar parabolic dish. Even
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Fig. 1: Block diagram of the proposed antenna configuration.

though the concept is proved successful and antenna beamsteering is
also demonstrated, by displacing the feeding source from the focal
point present in the top stacked layer, the antenna is cumbersome
and cost ineffective, due to the excessive number of substrate layers
required to form the reflector. Alternatively, in [23, 24], the authors
have successfully used 3D printing techniques to produce parabolic
reflector antennas and, gains up to 27.8 dBi at 30 GHz, have been
reported [24]. In fact, 3D printing antennas have become, per se, an
hot topic in antenna design and development [23-27], due vast type
of printing materials, strong but light-weight mechanical properties,
but mostly, due to the ease of manufacture, i.e. fast prototyping, and
reduced cost of the materials.

To this extent, this paper presents a compact parabolic reflector
antenna, in a monoblock format, for radar (and radio communica-
tion) applications operating in the 24 GHz ISM radar band built upon
the work presented by the authors in [28]. The proposed antenna
model is depicted in Fig. 1. Designed based on thermoplastic mate-
rials, this antenna exhibits a unique form factor with reduced size
and light weight, ideal for applications with low payload capacity,
e.g. in unmanned aerial vehicles (UAVs). Therefore, in this paper,
an overview on the main parabolic reflector antenna parameters
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Fig. 2: Generic block diagram of a parabolic reflector antenna.

is performed, to assist with the design of the proposed antenna.
Subsequent design, simulation, optimization and validation against
experiments on a physical prototype, are also presented.

This paper is organized as follows: Section 2 gives an overview of
the main parabolic reflector parameters, including a design guideline
to assist with the antenna dimensioning. Section 3 gives details about
project specification, including the target operative parameters of the
antenna, supporting materials, and the techniques used in antenna
manufacture. The setup used for the experimental characterization is
also described in this section. In section 4, the monoblock antenna
is simulated, optimized, constructed and experimentally validated.
Simulation and experimental results are presented side-by-side and
followed by a critical discussion. Finally, the main conclusions are
drawn in Section 5.

2  Overview of parabolic reflector antenna

Despite being well documented in many textbooks [1-3], this section
covers the main attributes of parabolic reflector antennas leading
towards the elaboration of a design guideline and to further assist in
the elaboration of a table comparing the theoretical, simulated and
experimental results, presented in section 4 .

2.1  Main design parameters

The underlying principle of a parabolic reflector is depicted in Fig. 2.
A feed source distanced at a focal distance F', illuminates a parabolic
reflector with diameter D and depth C, which in turn redirects
(reflects) the incident spherical wave (near-field interaction) to yield
far-field distance immediately off the reflector, thus, improving the
antenna effective aperture and consequently its gain. In fact, these
are the main parameters necessary to define the shape of a parabolic
reflector.

Following [29], the gain (in dB) of parabolic reflector antenna, in
closed form, is expressed by (1),

2
7D
G =10 log10 {W(T) ] ,  wheren = nsmnrnpne, (1)

D is the diameter of the reflector, A the operating wavelength and,
n is the aperture efficiency. The aperture efficiency can be defined
as the relation of the actual gain to the maximum theoretical gain
achievable for the same aperture area [3]. Thus, it is a measure that
relates the spillover efficiency — ns, which represents the total power
that is radiated by the feed and intercepted by the reflecting surface;
the taper or illumination efficiency — 7;, which is the uniformity of
the amplitude distribution of the feed pattern over the entire reflec-
tor surface; the radiation efficiency — 7, that takes into the ohmic
loss in both feeding antenna and parabolic surface; the phase effi-
ciency — 7 that represents the phase uniformity of the field over
the aperture plane; and finally, the feed blockage efficiency — ,
which is determined by the ration of blocked power to total power
on the main reflector [ 1-3]. Each of the factors introduced above has
significant effect on the total efficiency n and thus, in gain. Typi-
cal values for aperture efficiency vary between 0.3 and 0.7 [3], for a
parabolic reflector configuration as the one represented in Fig. 2. In
fact, this can be seen in Fig. 3a, where the gain of a parabolic reflec-
tor antenna is plotted against the reflector diameter (considering A
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Fig. 3: Parabolic reflector main parameters: (a) reflector diameter
vs. total gain and, (b) '/ D ratio vs. edge direction (Omaz), (c) focal
distance and (d) reflector depth vs. reflector diameter, for several F/D
ratio.

at 24.125GHz), for several aperture efficiencies 7. From the figure
(Fig. 3a), one can observe that the overall efficiency 7 has consider-
able impact in the gain specially for larger reflector diameters. For
example, the gain for a D = 100 mm at 24 GHz varies from 27 to 23
dBi, when total aperture efficiency decreases from 0.7 to 0.3. How-
ever, for small dish sizes, this variation in gain is not as significant
(Fig. 3a).

According to several textbooks [1, 3], not all the efficiency param-
eters presented above have the same weight, in global aperture
efficiency 7. The ones that contribute the most are spillover (7s) and
taper efficiencies (1), which are associated to the radiation pattern
of the feeding antenna and how well it is matched to the reflec-
tor. Hence, the reflector design problem consist mostly of matching
the feed antenna pattern to the reflector shape and a compromise
between spillover and taper efficiency must exist. For example, very
high spillover efficiency can be achieved by a narrow beam pattern
with low minor lobes at the expense of a very low taper efficiency
[3]. Nevertheless, the traditional rule of thumb for this trade-off is
that best efficiency occurs when the illumination at the edge of the
parabolic reflector is 10 dB down relative to the one at the centre
[1]. However, the -10 dB rule is just a practical consideration that
ultimately will depend on the directivity of the feeding source which
may not be respected. For example, a dipole antenna used as feed
may not be respect the suggested rule of thumb since it exhibits
an omnidirectional pattern in one of its planes. Thus, to best match
parabolic reflector to the feeding antenna, equation (2) relates the
edge direction Oynqz, i.e. direction of the feeding antenna radiation
pattern in which the gain is 10 dB lower than at boresight, with the
focal-length-to-diameter (F/D) ratio of the parabolic reflector.

In fact, when analysing Fig. 3b (which plots eq. (2) for several F/D
ratios), as the F/D ratio approaches to infinity, the reflector becomes
planar (0maz = +00). If the F/D is set to 0.25, the focal point is
in the same plane of the reflector rim (6y,q2 = 90°) [1, 3]. Further-
more, it is worth mentioning that F/D ratio also defines the physical
position of the feed and the reflector depth, as it can been seen from
figures 3c and 3d, respectively. While Fig. 3c traces the relation
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between reflector diameter and focal distance, for several F/D ratio,
in Fig. 3c is plotted the diameter depth against diameter, also for
several F/D ratios, using the expression (3):

D? D
C=—=—F"— 3
16F — 16(F/D) ®
Finally, another parameter that can be estimated from the phys-
ical properties of the reflector is the HPBW. According to [29], an
approximation the HPBW can be obtained using (4):

A
HPBW =T70— 4
w 7OD “4)

2.2 Design guideline

According to the considerations specified in the previous section,
this paper follows the subsequent guideline, which will assist with
the antenna designs being presented in section 4:

1. Obtain the reflector diameter using (1) and/ or Fig. 3a, for a
desired gain. Since the efficiency is not known at this point, an initial
efficiency of n = 0.5 can be considered;

2. Analyse the radiation pattern of the feeding antenna. Obtain
the direction in degrees, in which its gain is 10 dB lower than at
boresight. Use the angle to find the F/D ratio through (2) and/ or
Fig. 3b;

3. Calculate the focal distance F' through the F/D ratio (depicted in
Fig. 3¢) and the reflector depth C', using (3) and/ or Fig. 3d;

3 Monoblock antenna design considerations
3.1 Proposed antenna configuration

The antenna proposed in this paper has been designed to meet the
following specifications requirements: i) frequency of operation at
24.125 GHz, corresponding to the central frequency of the 24 GHz
ISM radar band; ii) a bandwidth of (at least) 500 MHz, to cover the
entire announced frequency band and, iii) a total gain of 20 dBi,
while keeping the side-lobe level below -12 dB. In order to keep
the design compact, lightweight and low-cost, the monoblock con-
figuration of Fig. 1 has been considered. The monoblock antenna is
then composed of 4 parts: i) a paraboloid shape engraved in plastic
material, easily produced using 3D printing techniques; ii) a metallic
coating layer applied to i) in order to enable it with EM reflect-
ing properties; iii) a spacer that ensures the distance between part
i) and iv) (i.e. focal distance) and, finally, iv) an enhanced microstrip
patch antenna with reduced ground planned used as feeding source.
Details about design, simulation, optimization and experimental
characterization are included in section 4.

3.2 Supporting structure material

In order to keep the design compact and lightweight, the supporting
parts of the structure are constructed using additive manufactur-
ing techniques (3D printing). In particular, Polylactic Acid material
(PLA) has been used in the main body construction. PLA is a
thermoplastic polymer derived from renewable raw materials such
as corn starch and sugarcane, which are fermented to lactic acid
[30] offering however comparable properties, e.g. stiffness, to other
plastics in the industry.

Although widely available in the market, the dielectric properties
of the PLA material supplied by the manufacturers are often char-
acterized at very low frequencies (around 1 MHz) and thus, not in
line with the frequency range of this work. To this end, a literature
survey was performed with the aim of find the dielectric properties
of the PLA material at micro/millimetre wave frequencies. Accord-
ing to the survey, summarized in Table 1, an ¢, = 2.75 and a tan(6)
= 0.02 was found to be a common value among the scientific com-
munity, for the electrical properties of this material, at microwave
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frequencies. This study was intentionally performed a priori so that
realistic values of the PLA material could be taken into consideration
in the electromagnetic simulations and counted the global antenna
performance.

At the time of prototyping, PLA from BQ (grey colour) [31] has
been extruded with a 0.4 mm nozzle at 220° (hot-end temperature),
using a Creality Ender 3 printer, to produce the plastic parts of the
antenna. All the parts were prototyped considering 0.2 mm of layer
height and 50% infill.

3.3 Parabolic surface metallisation

To enable the imprinted paraboloid shape with electromagnetic
reflecting properties, its surface was metallised with aluminium
alloy. In the simulation environment, this is set by considering an
extra paraboloid solid with finite thickness to represent for the metal-
lic layer. The thickness of the solid was considered to be 20 pum,
exceeding therefore the skin depth of ds = 0.55 pm for the alu-
minium (for a conductivity o = 3.56 X 107 S/m). The skin depth
was calculated using the generic formula that can be found e.g. in
[3]. In the prototyping stage, the metallisation was done stamping
two layers of aluminium foil with approximate thickness of 20 pm,
to ensure good shielding, trimmed and moulded to the shape of the
parabolic surface.

3.4  Experimental setup

In order to test and characterize the proposed antenna model, a pro-
totype of the monoblock antenna has been built and evaluated inside
an anechoic chamber. In particular, the antenna matching (S1,1)
and radiation patterns in the two main antenna planes, have been
measured. While the S7 1 was obtained on the bench, using a PNA-
X Network Analyser (Agilent N5242A), from 22 to 26 GHz, the
antenna radiation patterns were measured using the setup of Fig. 4a.

At the transmitter side, a well characterized horn antenna (Flann
microwave DP241) was connected to a signal generator (R&S
SMR27), producing a continuous wave (CW) signal with 10 dBm,
ranging from 23.5 to 25.5GHz, with 12.5MHz steps. At the
receiver end, a well characterized standard gain horn antenna (Flann
microwave 20240-20) was used as reference (and latter replaced by
the antenna under test (AUT)). The receiver antenna was connected
to a Spectrum Analyser (Agilent E4407B) to measure the received
power. Both antennas were located 1.2 m apart to ensure that the
measurements are performed in the far-field region.

In order to obtain the radiation pattern in the two principal antenna
planes, the transmitter antenna was kept fixed throughout the mea-
surements, while the receiver one was made to rotate around its own
axis, with the assist of motorized pan/tilt head unit. At each angular
step within the range of —180° < Az < 180° and —25° < EI <
25° (limited due to mechanical constrains), the received power was
acquired and referenced to the absolute gain of the receiver standard
gain horn antenna, following the gain transfer method procedure
described in [37]. Prior to a measurement, antennas were aligned
to the maximum power direction.

The synchronization between signal generator and spectrum anal-
yser, data acquisition and movement control, was executed in Matlab

Table 1 Dielectric properties of PLA material

€r tan(d) Freq. Range™ Reference

2,75 0,05 0-20 GHz [32]

~ 2,75 n.a. 1kHz - 3GHz [33]

2,72 n.a. 12-18 GHz [25]

2,71 0,017 1-10 GHz [34]

2,57-2,72 0,01 30 - 50 GHz [35]

2,68 0,0235 4.38 GHz [36]

2,54 0,019 40 GHz [30]

2.75 0.02 22 - 26 GHz considered in this work

* - Frequency range considered in the work.
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Fig. 4: Experimental setup: (a) Side-view representation and (b)
photography of the setup inside the anechoic chamber.

using an in-house software routine. To avoid any external electro-
magnetic contamination and to obtain precise and clean measure-
ment results, all the measurements were obtained inside an anechoic
chamber (Fig.4b).

4  Simulation, prototyping and characterization
4.1  Feeding antenna

To implement the feeding element of the monoblock antenna, a
microstrip patch was considered. This particular feed design was
selected due to its planar form factor, simple manufacturer pro-
cess and low production cost, which is in line with the concept of
the proposed antenna. Moreover, since its radiating properties can
be manipulated by slightly changing/ optimizing the design, e.g.
radiation pattern shape, it can be easily adapted to the reflector shape.

Accordingly, the layout of Fig. 5 has been etched on a double
sided Rogers RT5880 substrate, with ¢, = 2.2, tand = 0.0009 and
dimensions of 60 x 60 x 0.508 mm?®. The feed follows the design
recommendations of [3] for a microstrip patch antenna, but opti-
mized for a minimal ground plane, in order to reduce feed blockage
of the final configuration. In the top plane (Fig. 5a), a 50Q2 feed
line with length F; and width F, insets the top patch defined by
Tw x T by I, connecting it to a SMA connector placed at the bot-
tom edge of the substrate. In turn, a microstrip to coplanar waveguide
(CPW) transition has been employed to match the feeding line to the
SMA connector. In the bottom part (Fig. 5b), a trimmed ground plane
defined by a By, x By patch and a G; and G line, has been consid-
ered. The bottom patch is vertically offset in relation to the top one
that is centred with the substrate. This offset allows to compensate
for the impact of the feed line design in the final radiation pattern
shape.

Tw .B—W,
T Ju B,

Fu® [F e C(E
parn CI Gy — |G

(a) (b)

(©)

Fig. 5: Feeding microstrip patch antenna: (a) Top and (b) bottom
layer representation (dimensions represented out of scale) and (c)
photography of the prototyping.

For the initial set of simulations carried out in CST MWS, the
following antenna dimensions were considered: T3, = 4.92 mm,
Ty = 3.95 mm, [, = 2.06 mm, [; = 1.35 mm, Fy, = 1.56 mm,
Fy =24 mm, ¢; = 1.6 mm, ¢; = 4.7 mm, ¢y, = 1.25 mm, ¢4 =
0.2 mm, in the top plane and, By, = 10 mm, B; = 11 mm, G =
4 mm, G; = 28 mm, in the bottom plane and, a vertical offset of
1 mm between patches. The simulation exhibits the S71-parameter
depicted in Fig. 6a (blue dash curve). According to the results, the
antenna is resonating at 24.125GHz, presenting a relatively good
impedance matching for the frequency range defined between 23.7
and 24.55 GHz, i.e. S11 < —10 dB, yielding a bandwidth (BW) of
approximately 850 MHz (3.5%).

However, after subsequent S1; optimization, this time consid-
ering the entire monoblock configuration (Fig. 1), it was found
that a value of Ty = 4.75 mm, [, = 1.94 mm, [, = 1.94 mm,
Fw = 1.54 mm and B; = 10 mm, would allow for a better overall
S11 response, as depicted in Fig. 6b. This design adjustment led to a
consequent shift of +225 MHz in the resonant frequency of the feed-
ing antenna (when analysed as individual), as it can be observed in
Fig. 6a (orange circled curve). Thus, the final feeding design presents
a bandwidth of 960MHz (3.9%) resonating at 24.35 GHz, which
compares to the measured bandwidth of 1.37 GHz and the resonance
frequency of 24.28 GHz (red filled curve), obtained on the phys-
ical prototype of Fig.5c. The minor discrepancy in S11-parameter
between simulations and experiments is sought to be associated to
the effect of a protective anti-corrosive layer applied to the prototype
not considered in simulations.

At the project frequency, i.e. 24.125 GHz, the feeding antenna
exhibits then a maximum absolute gain of around 7.7 dBi in simula-
tion and 7.5 dBi in experiments realized on the prototype, as it can
be seen in the radiation patterns of Fig. 7. In fact, the experimental
and simulated radiation patterns cuts in the main antenna planes are
in relatively good agreement, although the measurement data in the
elevation plane is limited to only 4-25°, due to physical constrains
of the existing mechanical rig. Thus, in the elevation plane (Fig. 7b),
while the HPBW is of 70° and @:maz is set at £80°, in simulations,
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Fig. 6: Simulated and measured S7;-parameters for: (a) feeding
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Fig. 7: Simulated and measured radiation pattern for the feeding
antenna, in the two main antenna planes, at 24.125 GHz.

in experiments this information is not available since it falls of the
measured angular scanning range.

Nevertheless, in the azimuth plane, the half power beam width
(HPBW) is 76° in both simulation and experiments, as depicted in
Fig. 7a. Furthermore, the O,qz direction is verified at £75° in sim-
ulation and at 72° in experiments. For this plane in particular, the
level of the higher side-lobe, i.e. the side-lobe level (SLL), is -22 dB
verified in simulations against -10 dB obtained with measurement.
This difference is sought to be caused by the mechanical rig uti-
lized to support the patch antenna to the pan/tilt unit, not taken into
account in the simulation environment.

4.2 Monoblock antenna

In order to build the monoblock antenna suggested in this paper
(Fig. 1) and meet the project specifications well defined in
section 3.1, a parabolic of revolution with 56 mm of diameter, has
been considered. The diameter of the parabola was obtained from
eq. (1) with n = 0.5 (represented in Fig. 3a), in order to achieve
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Fig. 8: Simulated F/D ratio variation for parabolic reflector with D
=56mm, at 24.125 GHz.

Fig. 9: Prototype of the monoblock antenna.

20 dBi of gain. Therefore, a F/D ratio of 0.35 has been used to best
match the parabolic shape to the microstrip feeding antenna, con-
ferring to the design a theoretical focal distance of 19.6 mm. The
F/D ratio was estimated through eq. (2) (and Fig. 3b), considering
the experimental 0y, q for the azimuth plane of 72° (obtained in the
previous section), and validated in a preliminary simulation (8) using
the proposed feeding antenna. From the simulation results it is possi-
ble to observe that the maximum gain of the arrangement is obtained
for an F/D of 0.35, ensuring the best configuration for design feeding
antenna.

A paraboloid shape with 56 mm of diameter and 10mm deep,
has been embodied in a 60 x 60 x 11 mm? solid of PLA material
and, further metallized to enable the reflection of the EM waves.
Aluminium material was then applied to the paraboloid surface as
described in section 3.3. A hollow PLA spacer with dimensions of
60 x 60 mm? and 9.6 mm of thickness, has been used to ensure
the desired physical separation between the reflector and the feeding
antenna, i.e. focal distance. The spacer was trimmed out internally,
with the same diameter of the parabola, to remove the excess mate-
rial. Four holes have been considered at each corner of the antenna
to enable stacking of all antenna parts. Nylon screws have been used
to fix all the parts together, but not not considered in simulations.
The proposed monoblock antenna, which exhibits an overall dimen-
sion of 60 x 60 x 21.1 mm3, was then simulated in CST MWS and
prototyped using addictive manufacture techniques, as detailed in
section 3.2. The prototype of the monoblock antenna is depicted in
Fig. 9.

The simulated and experimental Spj-parameters for the
monoblock antenna are depicted in Fig. 6b. After the feeding opti-
mization performed in section 4.1, the antenna presents a relatively
good impedance matching, with an S1; < —10 dB within the fre-
quency band defined from 23.5 to 25.6 GHz (BW =2.1 GHz - 8.5%)
in simulation (orange circled curve), and from 23.4 to 25.6 GHz (BW
= 2.2 GHz - 8.9%) obtained in the prototype (red fill curve). This
represents a substantial improvement over the antenna bandwidth
prior to the feeding optimization.



Fig. 10: Simulated 3D radiation pattern of the monoblock antenna.
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Fig. 11: Simulated and measured radiation pattern for the
monoblock antenna configuration in: (a) azimuth and (b) elevation
planes, at 24.125 GHz.

According to the radiation patterns of both Fig. 10 and Fig. 11,
a maximum gain of 19.3 dBi and a HPBW of 16°, in both azimuth
and elevation planes, is obtained at 24.125GHz. In the prototype,
an absolute gain of 18.3 dBi and HPBW of 16° and of 14° in
the azimuth and elevation planes, respectively, are measured. Fur-
thermore, the SLL (to the higher side-lobe) is of —13.7 dB in
simulation against —14.4 dB obtained with the prototype. The sim-
ilarity between simulated and experimental results is notorious,
validating therefore the proposed antenna model.

Nevertheless, when analysing in detail the radiation pattern in the
azimuth plane (Fig. 11a), an unexpected back-lobe with -7 dBi of
gain is presented in simulation. Although this back-lobe is attenu-
ated by 26 dB relative to the maximum of the radiation pattern and
could be neglected, this may suggest that some energy was still pass-
ing through the metallized surface, despite of the fact the thickness
of the considered metallic surface exceed by x40 the skin depth of
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235 24 245 25 255
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Fig. 12: Comparison of the simulated and experimental gain over
the frequency.

Table 2 Main monoblock antenna parameters at the project frequency
(24.125 GHz).

Parameter Target® Simulated Measured Units
Gain 20 19.3 18.3 [dBi]
BW 0.5 2.1 2.2 [GHz]
HPBW in azim. 15.5% 16 16 [°]
HPBW in elev. 155 % 16 14 [°]
SLL -12 -13.7 -14.4 [dB]
App. efficiency () 0.5 0.44 0.34 n/a

T - Set by the project specification/ requirements;

t - Extracted analytically using eq. (4).

the aluminium, as detailed in section 3.3. This situation is not ver-
ified in the measurement results, where the front-to-back ratio is of
35 dB, ensuring that a good metallisation of the parabolic surface
was performed.

Over the useful antenna bandwidth (23.5 to 25.5 GHz), that covers
the 24 GHz ISM radar band in which the monoblock antenna was
designed to operate, the total gain presents a smooth linear response.
According to measurements, the gain only decays 2.5 dB relative
to the maximum absolute gain of 18.6 dBi found at 24.35 GHz, as
observed in Fig.12. This in fact, represents an average gain of around
10 dB when comparing the microstrip patch feeding antenna against
the monoblock configuration, clearly demonstrating the potential of
the proposed antenna design.

As a summary, the main performance parameters of the
monoblock antenna are detailed in Table 2, comparing side-by-side
the analytical against simulations and experiments results realized
on a physical prototype of the monoblock antenna, at the project
frequency (24.125 GHz).

5 Conclusions

This paper presents a compact, high-gain, monoblock antenna,
designed to operate in the 24 GHz ISM radar band. The antenna is
mostly constructed based on thermoplastic materials produced using
addictive manufacturer techniques, configuring a novel approach in
antenna design. Firstly, an overview of the main parabolic reflec-
tor parameters is performed, yielding to the elaboration of a design
guideline to assist with the proposed antenna dimensioning. Subse-
quently, the main project considerations are specified including the
operative parameters of the antenna, supporting material and its char-
acterization, and the techniques used in antenna manufacture. The
setup used for the experimental characterization is also described.
Finally, the proposed antenna is designed, optimized, constructed
and experimentally validated, starting with the feeding antenna,
i.e. a microstrip patch with reduced ground plane, and concluding
with the overall monoblock antenna configuration. Simulation and
experimental results, which are in good agreement, are presented
side-by-side and critically discussed. The proposed antenna model,
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with an overall dimension of 60 x 60 x 21 mm?, presents according
to experiments, 18.3 dBi of gain at 24.125 GHz, a total bandwidth
of 2.2 GHz, a HPBW of 16° and 14°, in the azimuth and elevation
planes, respectively, and a maximum SLL level of -14 dB. Further
work will aim at the study of novel techniques and materials for
prototyping improvement, e.g. surface metallisation, whilst keeping
the unique, compact, and innovative shape that can be easily adapt-
able to any radar and radio communications system, and employed
in systems with limited payload capability.
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Abstract—This paper presents the first results on the design
and implementation of a real-time and high resolution monostatic
radar at 24 GHz, based on the sliding correlation of pseudo-
noise (PN) sequences. The real-time radar, with a high time
resolution better than 4ns, is used for moving target identification
(MTI) in the presence of highly dense clutter, under harsh
environments and severe weather conditions (fog, snow and
fire smoke or plume). A radar signal processing based on all-
digital PN sequences is proposed, which represents a quantum
leap in radar future front-end architecture. Results obtained
in a controlled environment, inside an anechoic chamber, are
presented and a benchmark with a commercially-of-the-shelf
solution is presented.

Index Terms—STDCC, FMCW, Radar,
sequences, FPGA.

Monostatic, PN

I. INTRODUCTION

Radar sensors have been deployed in the automotive
industry and will foresee massive use in autonomous driving
and drone based applications. In spatial reconstruction of the
environment surrounding the radar becomes an important issue
in many applications, including concealed-object detection and
identification.

Many radar topologies that have been presented in
the literature [1], mostly based on Frequency Modulated
Continuous Wave (FMCW), except for some military
applications, have limited performance in heavy cluttered
environments. In [1], [2], Orthogonal Frequency Division
Multiplexing (OFDM) is being proposed to overcome the
limitations of FMCW radars, particularly by resolving
several different (moving) targets in a highly dense clutter
environment and interference from other radars. Quasi real-
time processing demands for high computational resources
typically in field-programmable gate array (FPGA) based
architectures, with physical bandwidths in the order of a few
GHz. These may be cumbersome if multiple radar front-
ends are to be used, being limited by the analogue-to-digital
converters (ADC), which typically have bandwidths below
1 GHz and prohibitive costs for mass production.

Radar signal processing based on all-digital pseudo-noise
(PN) sequences represents a quantum leap in radar future
front-end architecture, presenting significant advantages in
terms of low baseband computational demands, yielding
a plethora of opportunities for massive deployment in
autonomous driving applications.

In particular, this paper presents the first trails on a
Swept Time-Delay Cross-Correlator (STDCC) PN Radar at
24 GHz. The proposed radar architecture follows the STDCC
principle well covered in [3]-[5] and it is sought to mitigate
incumbent and mutual interference risks and interference
mechanisms, given its excellent auto-correlation properties.
Besides presenting radar measurement results for several case
studies, obtained inside an anechoic chamber, this paper
compares the performance of the proposed radar system with
a FMCW commercially-of-the-shelf solution.

This paper is organised as follows: section II details the
topology of the proposed radar architecture, giving particular
emphasis to the radio frequency (RF) and intermediate
frequency (IF) stage, including the hardware description of
the main parts. Section III describes the baseband signal
generation, with particular attention to the generation of the
PN sequences within a FPGA environment. In section IV,
the practical implementation and performance analysis of the
STDCC radar are performed, considering several measurement
scenarios. The performance evaluation of the proposed radar
with a FMCW commercial solution is also included. Finally,
the main conclusions are drawn in section V.

II. RADAR TOPOLOGY

This section thoroughly details the proposed system giving
the necessary technical insight about the radar architecture.
For instance, Fig. 1 depicts the block diagram of the radar
topology. The block diagram is divided in two sub-systems,
corresponding to different stages of the system’s architecture,
namely the RF and IF stages.

In the RF stage, a high precision Voltage Controlled
Oscillator (VCO) is used to lock the phase-lock-loop (PLL)
configured to output a 12.0 GHz RF signal. After appropriate
signal conditioning (filtering and amplification) to suppress
undesired spurious signals and adjust the power level, a
frequency multiplier is employed to achieve the necessary
fro = 24 GHz reference signal. This, in turn, is used to
source both the single side band (SSB) up-converter and the
1Q down-converter mixers using a 2-way power divider. Thus,
the Tx mixer up-converts the base-band signal (f; ) generated
by an FPGA (Tx PN Sequence) in the IF stage block into
a 24 GHz RF signal. Subsequently, an amplification stage
is considered to increase the output power level up to the
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Fig. 1: Block diagram of the STDCC radar architecture.

limits of interest for the radar. On the other hand, the Rx
mixer de-modulates the RF signal from the radio channel that
contains radar information, into a differential signal with In-
phase (I) and In-quadrature (Q) components that inputs the 1Q
Correlator in the IF block.

The RF stage (Fig. 1) is implemented using X-Microwave
technology, which is a complete modular building block eco-
system for microwave components that allow easy integration
of RF components, aiming at fast prototyping. Two identical
20 dBi standard gain horn antennas (Flann 22240-20) are used
side-by-side, as transmitter and receiver, distanced 1 cm apart.

In the IF Stage, a 511 bits length pseudo-noise sequence
of Maximum Length Linear Shift Register (MLSR) type is
generated by an FPGA at two different rates. The sequence to
be transmitted over-the-air (Tx PN sequence) has a sampling
rate of fseqre = 250.1 MHz whereas the one to be correlated
in the receiver (Rx PN sequence) is decreased by 100 kHz,
resulting in a sliding factor of £ = 2500 according to (1) [3],
[4]. Specifics about the baseband PN sequence generation are
detailed in Section III.

— fseqTa: _ fseqT:xv

: - = 2500
slip rate  foeqrz — fseqRra

0]

The differential signal that is fed into the IQ Correlator

block and contains the radar information is amplified and
filtered before being correlated with the Rx PN Sequence
generated by the FPGA. The I and Q signals are analysed
in both independent branches allowing for Doppler detection.

After correlation, the resulting signal is amplified and
filtered, in order to be properly detected by a data acquisition
(DAQ) card. To this extent, specific electronic circuitry
was developed, comprising two printed-circuit boards for
the amplifier and filter components, respectively. A 12-pole
switch was included so that pre-defined gains can be adjusted
according the specific dynamic range envisaged for a specific
geometry/measurement. The gain of the post-correlation 1Q
signals can vary from 14 up to 19 dB, providing an appropriate
level for the DAQ card input ports. As per the low-pass filter,
a 7t" order Chebyshev filter, with maximum theoretical ripple
of 0.01 dB, and a cut-off frequency of 200 kHz (twice the slip-
rate), was implemented. This type of filter was chosen due to
its steep roll-off, while minimising the pass-band ripple.

The acquisition of the correlation signals is done using a
ordinary DAQ, i.e. Picoscope 3406-D MSO, with 4 analogue
inputs of 250 MHz bandwidth, and a maximum sampling
frequency of 1 GS/s and 8 bits of resolution.

In order to obtain a clear temporal reference, an optional
auto-correlation stage could be included (as marked in grey



colour in Fig. 1), at the expense of using one extra correlation
mixer, amplifier and filter. This is currently used in the system
to reference the temporal instants and to trigger the data
acquisition card for signal measurement.

IIT. ALL-DIGITAL BASEBAND

The baseband block, marked with blue-dashed line in Fig. 1,
is the radar sub-system responsible for generating the receiver
and transmitter PN sequences. This implementation adopts
511 points maximum length real-valued bipolar PN binary
sequences. The real-valued bipolar PN binary sequences open
way to the use of the FPGA’s unipolar digital output pins,
followed by a DC removing block, to generate the analogue
baseband signal, thus eliminating the need to use expensive
high-speed Digital-to-Analogue (DAC) converters. The block
diagram of this sub-system is depicted with more detail in
Fig. 2. The baseband is composed of 3 main blocks: Clock
generation, Transmitter Sequence Generation and Receiver
Sequence Generation. Its outputs feed both IF stage PN
amplifiers identified in Fig. 1.

The clock generation block outputs 2 digital clock signals
with frequencies of 250.1 MHz and 250 MHz that feed,
respectively, the transmitter sequence generation and receiver
sequence generation blocks. The different frequencies fed to
the transmitter and receiver sequence generation blocks are
responsible for the previously identified sliding factor, crucial
for the operation of the STDCC [3]-[5] algorithm. To generate
two clock signals at close but different frequencies, from a
single reference clock signal with a frequency of 125 MHz,
two reconfigurable PLL blocks (RX Clk Generator and TX Clk
Generator in Fig. 2) must be used inside the FPGA. Because
this circuit was implemented in a Xilinx Kintex-7 FPGA
KC705 Evaluation Kit [6], the PLL blocks are implemented
with 2 Xilinx’s mixed-mode clock managers (MMCM) [7].
The receiver MMCM receives the 125 MHz clock signal and is
configured to output 2 clock signals with different frequencies:
the 250 MHz clock signal that will drive the receiver sequence
generation block, and a 13.864818 MHz clock signal that
will drive the transmitter MMCM. The transmitter MMCM
is configured to output the 250.1 MHz clock signal that will
drive the transmitter sequence generation block.

The transmitter and receiver sequence generation blocks are
identical. The only difference is the frequency of the clock
signal that drives them. Each sequence generation block is
composed of a binary counter and a ROM. The 9-bit binary
counter counts from 0 to 510, sequentially addressing the 512-
words, single bit-depth ROM. The ROM holds the unipolar
version of PN binary sequence adopted in the implementation.
The outputs of both ROMs are routed to 2 digital output pins,
configured with the highest slew rate and drive strength.

IV. PRACTICAL IMPLEMENTATION AND PERFORMANCE
ANALYSIS
A. Experimental Setup

In order to assess the performance of the proposed radar,
the setup of Fig. 3 was assembled inside the anechoic chamber

Fig. 2: STDCC radar baseband.
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Fig. 3: Radar benchmark setup.

to reduce the multipath effects and avoid possible external RF
interferences. The radar prototype was placed, according to
Fig. 4a, at the centre of the 6 m by 5 m chamber, on top of a
motorised turntable, that enables 360° rotation in the azimuth
plane (represented herein by #) with 0.5° resolution. Several
case studies have been considered by placing metallic poles
with 6 cm of diameter and 2 meters height, at the vicinity
of the radar. The poles were distributed inside the anechoic
chamber according to geometry depicted in Fig. 3. Radar
measurements for distance and angular dependences, using
both STDCC and FMCW radars, have been performed in the
following order:

1) A single metallic pole, placed 1 m apart of the proposed
radar aperture, at boresight direction (§ = 0°);

2) Two metallic poles, one placed at 1 m at boresight
direction and the other at 1.6m steered off 10° from
the boresight direction (§ = 10°).

For both geometries, the radar system under test was made
to rotate 360° with a 0.5° steps increment. It is also important
to mention that for every step taken, 20 radar acquisitions
have been measured and then averaged (Power Delay Profile)
to obtain a plan position indicator (PPI) and assess the target
identification performance. As stated, the STDCC radar target
identification performance was assessed with one and two
metallic poles and later compared with an off-the-shelf FMCW



commercial solution (Distance2Go, from Infineon).

(a)

(b)

Fig. 4: (a) Photography of the STDCC radar prototype, (b)
Two-pole experimental setup assembled inside the anechoic
chamber.

In the first scenario, the proposed radar was placed in the
middle of an anechoic chamber on top of the turntable with
one pole 1m apart and at bore-sight (0°). As explained in the
previous section, both I and Q signals were considered for
correlation and their results have been squared and summed
together which, when plotted, yield the PDP result per angle.
To better illustrate the radar performance, such values are
plotted in two graph types: waterfall and polar plots, as
depicted in Figs. 5a and 5b, respectively. While the waterfall
graph presents the measured averaged PDP, for every angular
step in the azimuth plane, displaying the radar distance in
the y-axis and the azimuth angle in the x-axis, the polar plot
shows the detected peaks, at each scanned angle, after running
a simple peak-detection algorithm.

B. Experimental Results

To evaluate the performance of both STDCC and FMCW
radars, several measurements have been considered. The
respective results are presented and discussed in this section
side-by-side for a more convenient analysis. From Fig. 5a, it
can be concluded that the STDCC radar is accurately detecting
a peak at 1 m distance at 0°, corresponding to the correct
pole location inside the anechoic chamber. In fact, this can be
confirmed in the plot of Fig. 5b, that clearly identifies an object

at Im away from the radar at boresight direction to the object.
However, it is worth to mention that the gradient variation of
colours around the detected object, in Fig. 5a, is associated to
the antennae radiation pattern discrimination that exhibits an
half-power beam-width of around 23°, in both azimuth and
elevation planes, at the considered frequency.

On the other hand, with the commercially available radar,
it is also possible to detect the same pole, as depicted in
the plan position indicator of Fig. 5c. From the experimental
data, an object is detected at 0° and a peak value at 1.1 m.
Interestingly, several artefacts, albeit being 5-10 dB below the
main contribution, are also observed almost in any direction.
Due to this fact, the polar plot of Fig. 5d depicts false positives,
since other peaks rather than the main contribution have also
been detected by the peak-detection algorithm.
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Fig. 5: Experimental results for one-pole scenario: (a, c)
waterfall PPI plots and (b, d) polar PPI plots for, the STDCC
and FMCW radars, respectively.

Furthermore, when conducting the second set of
experiments, i.e. maintaining the 1 m distance pole and
adding a second pole at 1.6 m deviated 10° in azimuth
(according to the diagram of Fig. 3), it is possible to observe
that both radars are detecting the artificial targets. From the
experimental results of Fig. 6, both STDCC and FMCW
radars are still able to detect the metallic pole placed 1 m
distance, with the STDCC radar (Fig. 6a) presenting a
slight advantage with a greater measurement accuracy, when
compared with the FMCW one (Fig. 6¢). However, when the
second pole is added to the scenario, it can be seen from
Fig. 6¢c that the commercial solution fails to resolve such
object. Although a slight increase in power at the region of
6 = 10°,d = 1.5 m is noticed, it is not possible to clearly
distinguish between the two objects. In fact, it seems the
second pole is masked by the effect caused by the pole placed
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Fig. 6: Experimental results for two-pole scenario: (a, c)
waterfall PPI plots and (b, d) polar PPI plots, for the STDCC
and FMCW radars, respectively.

at 1 m apart. Similarly to the first measurement (Fig. 5c),
many artefacts are also observed in the 360° scan with
amplitudes 5-10 dB below the main reflections.

In this particular case, the STDCC radar really show its
merits and stands out from its counterpart, since it is able to
clearly detect and distinguish both metallic poles (Figs. 6a and
6b), at the correct locations, i.e. first pole at § = 0°,d = 1m
and second pole at § = 10°,d = 1.6m. In fact, these
results have been consistent throughout a series of repeated
measurements, and a maximum range discrepancy of only
9 cm have been detected between experimental radar data and
effective physical distance. This error is acceptable, as it falls
within the spatial precision associated with the bandwidth used
in the proposed radar. The signal level difference of about
7-9 dB observed in Fig. 6a is due to the excess path loss
corresponding to distance of flight between poles (i.e. 1.2 m),
in addition reflection loss introduced by the second pole (i.e
around 2 dB).

From the results above, it is possible to state that the
proposed system is capable to detect closely space objects in
the limit of the radar spatial resolution and thus presenting a
remarkable performance over the tested commercial solution.

V. CONCLUSIONS

Understanding of existing and emerging radar waveforms
based on STDCC and their limit factors on both time/spatial
resolutions and range have been consolidated and validated
against measurements. A radar signal processing based on
all-digital PN sequences has been proposed, representing
a quantum leap in radar future front-end architecture. The
future radar technology, and hence the disruptive future,

should be capable to operate in multi-user operation in
several deployment environments using orthogonalisation
signals between different radars (users). This is sought to
be accomplished by taking advantages of the orthogonality
of the proposed technique based on STDCC, as in typical
radio channel sounders, in which the implementation and
acquisition of baseband signals (PN) is assumed to be all-
digital. And thus, to reduce production costs and make it a
good candidate for mass-production. Finally, the potential of
multi-PN transmission for direction-of-arrival estimation and
radar imaging, is well underway.
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Abstract

In this paper, a novel parabolic dish antenna design, aiming radar applications at 24GHz, is presented. Firstly, a dedicated
analysis on the theorectical formulation of reflector dish antennae is conducted, in order to evaluate the main design parameters
against antenna performance. This study is used as design guideline for the antenna being proposed in this paper. Subsquently,
the design of the novel parabolic dish antenna is described and validated by the means of electromagnitc simulations performed
in CST Microwave Studio (CST MWS). The proposed antenna is composed of 4 parts: a paraboloid shape imprinted in a PETG
material, a metalic coating layer to enable the shaped paraboloid with EM reflecting properties, a PTFE spacer layer to ensure
the focal distance and, finaly, a microstrip feeding source designed on a double side substrate. The final antenna design has a
bandwith of 500 MHz centered at 24.125 GHz and 21.1 dBi of gain, meeting with initial project speficiations. The half power
beamwidth (HPBW) is of 13° and 14°, in the azimuth and elevation planes, respectively, while the side-lobe levels are of —16°

and —18°, for the same antenna planes.

1 Introduction

Radio Detection And Ranging (radar) [1-3] technology has
been extensively used through the years, since its appearance
in early 1970’s [4, 5]. Long range radar has been generically
used for target detection and recognition, ranging and air/space
surveillance, particularly applied to the military context, civil
aviation and space sensing [1]. However, with the continuous
evolution of the digital era and chip integration, radar tech-
nology becomes rapidly available for small scale applications
[6-9]. Mid- and short- range radars are nowadays widely avail-
able in the market, through commercially-of-the-shelf (COTS)
and system-on-chip (SoC) kits [10-12], facilitating radar de-
ployment. Such RADARSs are being particularly used in the
automotive [13—15] and UAV markets [16—18], where systems
at millimetre wave frequencies, (e.g. 24 and 77 GHz frequency
bands) have been used for object detection and collision avoid-
ance and to assist with autonomous safe driving.

From a practical point-of-view, radar systems benefit from hav-
ing high antenna gain to increase the overall system dynamic
range, and consequently the range of the radar [1,2]. Hence,
typical antenna designs for radar application comprise either
the use of antenna array or reflector antennae. Both antenna
topologies are well known for achieving high gains [2,3]. An
antenna array consists of a number of identical antenna ele-
ments physically arranged in a certain manner, usually in the
same plane, forming a physical array of antennae. Depending
on the number of elements (among other factors), the electric
fields produced by each radiated element interfere construc-

tively in some directions and, interfere destructively in others,
leading to high directivity and gains [2,3]. On the other hand,
reflector antennae are typically composed by a feed source ra-
diating towards a reflecting surface, much larger relative to
a wavelength, in order to increase the effective aperture and,
thus, the gain [1,2]. In particular, the parabolic dish is one
of the most used forms in reflector antenna designs, since the
geometrical properties of the parabola ensures that all the rays
originating from its focus get reflected in a direction parallel to
the parabola’s axis, improving the efficiency of the reflector.

However, the aforementioned designs will ultimately be used
depending on the application. For example, reflector anten-
nae are commonly employed in long range Radars, where very
high gains and large scanning volumes are required. The gain
of a parabolic dish reflector is just a physical constrains and
depends on the dish diameter, while large field-of-view (FOV)
scanning is achieved by mechanical rotating the arrangement.
These characteristics are challenging to mimic with antenna
array limited by the feeding network, which complexity and
cost increases with the size of the array, yet providing much
limited FOV scanning than the previous solution. Neverthe-
less, antenna arrays are employed in short- and mid-range high
frequency radars (>24GHz) in detriment of reflector antennae,
due to the easiness of integration in microstrip technology,
granting compact and lightweight form factors. For example,
many Frequency-Modulated Continuous Wave (FMCW) radar
kits [10-12] employ simple linear arrays of microstrip patch
antennae to provide enhanced gains, while phase-control to
enable beamsteering (and thus larger FOV) is performed on-



the-chip.

To this extent, this paper presents a novel parabolic dish an-
tenna design for radar operating in the 24 GHz radar frequency
bands. The antenna being proposed herein is seen as an al-
ternative to antenna array, presenting equivalent gain for the
same effective aperture, but less complexity in design. The
proposed antenna is composed of 4 layers: i) a PETG (or plas-
tic) layer that shapes the paraboloid format, ii) a coating layer
with metallic properties, to enable the shaped paraboloid with
EM reflecting properties, iii) a PTFE layer to ensure the focal
distance between the parabolic reflector dish and the feeding
source, and finally, iv) a microstrip dipole for feeding built on
a double sided Rogers RT5880 substrate. A thorough analysis
on the parabolic antenna equations is carried out in order to
and validated against electromagnetic simulations performed
in CST MWS.

This paper is organized as follows: Section 2 reports on the
theoretical formulation associated to parabolic reflector anten-
nae, analysing in detail the trade-offs between the main de-
sign parameters, i.e dish diameter, depth and focal distance. In
Section 3, it is presented in detail the design for the proposed
parabolic antenna. A set of simulation carried out on CST Mi-
crowave Studio is presented to validated the proposed concept.
Finally, the main conclusions are drawn in Section 4.

2 Overview of parabolic reflector antenna

The background of parabolic reflector antennae is well docu-
mented in many textbooks [1-3]. However, in this section, it is
proposed to cover main design parameters such as dish diam-
eter, depth and focal distance, analysing in details the relation
that dictates the radiating performance, as Gain and half power
beam-width (HPBW). Such study will provide useful insight
on the physical parameters to be applied in the antenna design
proposed in section 3.

2.1 Main design parameters

The underlying principle of a parabolic dish reflector is de-
picted in Fig. 1. A feed source distanced at a focal distance
F, illuminates a parabolic reflector with diameter D and depth
C, which in turn redirects (reflects) the incident spherical wave
(near-field interaction) to yield far-field distance immediately
off the reflector, thus improving the antenna effective aperture
and consequently gain. In fact, these are the main parameters
necessary to define the shape of a parabolic dish reflector.

According to [3], the gain (in dB) of parabolic dish antenna, in
closed form, is expressed by (1),

2
w.D
G =10log1o {n. <)\) } ,  where 1 =171,

where D is the diameter of the dish, A the operating wave-
length, and 7 is the aperture efficiency. The aperture efficiency
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Fig. 1: Generic block diagram of a parabolic dish reflector an-
tenna.

can be defined as the relation of the actual gain to the max-
imum theoretical gain achievable for the same aperture area.
Thus, it is a measure that can relates [2]:

e 75 - splitover efficiency - the total power that is radiated
by the feed and intercepted by the reflecting surface;

e 1) - taper or illumination efficiency - the uniformity of the
amplitude distribution of the feed pattern over the entire
reflector surface;

e 1), - phase efficiency - the phase uniformity of the field
over the aperture plane;

e 1, - feed blockage efficiency.

Each of the factors introduced above have significant effect on
the total efficiency 7 and thus, in gain. Typical values for aper-
ture efficiency vary between 0.3 and 0.7 [2], for the antenna
configuration of Fig. 1. In fact, this can be seen in Fig. 2a,
where the gain of a parabolic reflector antenna is plotted
against the reflector diameter (considering A at 24.125GHz),
for several aperture efficiencies 1. From the figure (Fig. 2a),
it is possible to conclude that the overall efficiency 1 has con-
siderable impact in the gain specially for larger dish diameters.
For example, the gain for a D = 100 mm at 24 GHz vary from
27 to 23 dBi, when total aperture efficiency decreases from 0.7
to 0.3. However, not all the efficiency parameters presented
above have the same weight in global aperture efficiency 7.
According to several textbooks [1-3], the ones that contribute
the most are splitover (7)) and taper efficiencies (7;) which are
associated to the radiation pattern of the feeding antenna and
how well it is matched to the dish. Hence, the reflector design
problem consist mostly of matching the feed antenna pattern
to the reflector shape and a compromise between spillover and
taper efficiency must exist. For example, very high spillover
efficiency can be achieved by a narrow beam pattern with low
minor lobes at the expense of a very low taper efficiency [2].
Nevertheless, the traditional rule of thumb for this trade-off is
that best efficiency occurs when the illumination at the edge
of the parabolic dish is 10 to 11 dB down relative to the one
at the centre [1]. However, the -10 dB rule is just a practical
consideration that ultimately will depend on the directivity of
the feeding source which many not be respected. For example,



a dipole antenna used as feed may not be respect the suggested
rule of thumb since exhibit an omnidirectional pattern in one
of its planes.

Notwithstanding, equation (2) estimates the edge direction
Omaz in which the feed pattern is suggested to be attenuated,
as mentioned. In Fig. 2b it is represented the edge direction for
several focal-length-to-diameter (F/D) ratios, a measure that
gives the curvature rate of the parabola.

_ -1 1
6, —9.tan <4. - D)> @

According to Fig. 2b, as the F/D ratio approach to infinity
the dish becomes planar (0,4, = +00). If the F/D is set
to 0.25, the focal point is in the same plane of the dish rim
(Ormaxr = 90°). Furthermore, it is worth to mention that F/D
ratio also defines the physical position of the feed and the dish
depth, as it can been seen from figures 3a and 3b, respectively.
While Fig. 3a traces the relation between reflector diameter and
focal distance, for several F/D ratio, Fig. 3a diameter depth for
the same diameter range, also for several F/D ratio using the
expression (3):

D? D

C=16F " 16.(F/D)

3)

Finally, another parameter that can be estimated from the phys-
ical properties of the reflector is the HPBW. According to [3],
an approximation the HPBW can be obtained using (4):

0 A
HPBW =170 I “)

2.2 Design guideline

According to the considerations specified in the previous sec-
tion, this paper follows the subsequent guideline, which is will
assist with the antenna designs being presented in this paper.

1. Obtain the dish diameter using (1) and/ or Fig. 2a, for
a desired gain. Since the efficiency is not known at this
point, an initial efficiency of 7 = 0.5 can be considered;

2. Analyse the radiation pattern of the feeding antenna. Ob-
tain the direction in degrees, in which its gain is 10 to 11
dB lower than at boresight. Use the angle to find the F/D
ratio through (2) and/ or Fig. 2b;

3. Calculate the focal distance I’ through the F/D ratio (de-
picted in Fig. 3a) and the dish depth C, using (3) and/ or
Fig. 3b;

4. Optimise the design to achieve the best efficiency 7.

3 Proposed Antenna design and simulation

The antenna proposed in the paper takes into consideration the
following project specifications/requirements: i) the frequency
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Fig. 2: Parabolic reflector main parameters: (a) dish diameter
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Fig. 4: Block diagram of the proposed 24GHz mono-block
radar antenna.

of operation is at 24.125 GHz, corresponding to central fre-
quency of the 24 GHz ISM radar band; ii) a bandwidth of
500 MHz should be achieved, to cover entirely the ISM band
and, iii) a total gain of 20dBi should be reached, while keep-
ing the side-lobe level below -12 dB. In order to keep the de-
sign compact and lightweight, the mono-block configuration of
Fig. 4 has been considered. The reflector antenna is then com-
posed of 4 layers: i) a PETG layer that shapes the paraboloid
format, easily produced using 3D printing techniques, ii) a
metallic coating to enable the surface of the paraboloid with
EM reflecting properties, iii) a PTFE layer to ensure the focal
distance between the parabolic reflector dish and the feeding
source, and finally, iv) a microstrip feeding antenna as radiat-
ing source. This section details the design and simulation of
each antenna part, following the design guideline presented in
section 3.

3.1 Feed design

As a feeding source, the microstrip patch antenna with re-
duced ground plane represented in Fig. 5, has been considered.
This particular antenna layout was selected due to its radiating
properties which can be easily manipulated by slightly chang-
ing/optimizing the layout (and thus adapted to the reflector if
necessary), and due to the simple and low-cost manufacturer
process.

The microstrip patch antenna, implemented following the de-
sign recommendations of [2], is designed on double side
Rogers RT5880 substrate, with €, = 2.2, tand = 0.0009 and a
thickness of 0.254mm. Accordingly, the layout of Fig. 5a has
been etched in one of the sides of the substrate, while on the
other side, a trimmed ground plane with the shape of Fig. 5b
has been considered. The ground plane is trimmed in compar-
ison with typical patch designs, in order to reduce the overall
feed blockage. Both top and bottom layer patches, defined by
Tw x Ty and B,, x B respectively, are aligned each other and
centred with the substrate. Moreover, in the top plane, a 5052
feed line, with length F; and width F,,, insets the patch by I;
connecting it to a feeding port (waveguide port in CST MWS)

Tw ,B—W,
Ti Jw, By

Fi G

(a) (b)

Fig. 5: (a) Top and (b) bottom layer of the feeding microstrip
patch antenna (dimensions represented out of scale).

at the edge of the substrate. Similarly, on the bottom plane, a
metallic line with dimensions G; and G, are placed over the
502 feed line.
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Fig. 6: Simulated results for the optimized feed antenna: (a)
S11-parameter and (b) radiation pattern in the two main
antenna planes.

After optimisation in CST MWS environment, an antenna with
dimensions of: T, = 4.9 mm, 7; = 4.05 mm, [, = 1.27 mm,
I =1.3mm, F, =0.77 mm, F; = 27.97 mm, B,, = 10 mm,
B, = 10 mm, G, = 3 mm, G; = 25 mm and a sub-
strate with 60 x 60 mm?, exhibits the S;;-parameter depicted
Fig. 6. According to the result, the antenna is resonating at
24.125 GHz, presenting a relatively good impedance match-
ing for the frequency range defined between 23.850 GHz and
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Fig. 7: Simulated S;;-parameter of the reflector antenna.

24.350 GHz, ie. S11 < —10 dB, conferring a bandwidth
of 500 MHz. At the design frequency, it exhibits a gain of
7.85 dBi with —0.26 dB of radiation efficiency. As demon-
strated in Fig. 6b, the radiation pattern in the azimuth and el-
evation planes present a relatively good symmetry, with a re-
spective HPBW of 74° and 72°. The direction 6,,,, for this
particular feed, i.e. direction in which the total gain decays in
around 10 to 11 dB relative to max gain direction, is considered
to be at £70°, in both main antenna planes.

3.2 Overall assembly

To compose the configuration represented in Fig. 4, a parabolic
of revolution with 56 mm of diameter and 10 mm deep, has
been considered. The diameter has selected according to equa-
tion (1) (and Fig. 2a), with n = 0.5, in order to provide a
G = 20 dBi and, to comply with the project specifications.

The paraboloid is imprinted on PETG material (¢, = 2.6,
tand = 0.02), with dimensions of 60 x 60 x 22 mm®. In
order to enable reflection of the EM waves, the PETG block is
coated with a 0.2 mm thick copper layer. Perfect electric con-
ductor (PEC) is considered in MWS for simulation purposes.

A F/D of 0.35 is used to meet with the design specifications
indicated in point (2) of the guideline (Section 2.2), i.e. for a
Omaz = 70° the recommended F/D ratio is of 0.35, according
to (2b). This confers to the design a focal distance of 21 mm
(and dish depth 10 mm). Due to this fact, a PTFE layer (e, =
2.1, tand = 0.0002) with dimensions of 60 x 60 mm? and
11 mm of thickness, is applied between the reflector dish rim
and the microstrip patch feeding antenna.

According to simulations, the overall antenna design also
presents a relatively good S7; impedance matching, as de-
picted in Fig. 7. However, in a first instance, an offset of
the resonance frequency in +290 MHz was observed, when
comparing to the one for the feeding antenna only (Fig. 6a).
Yet, after optimisation, the resonant value was set back to
24.125 GHz (Fig. 7) by fine tuning the parameter [,,, present-
ing a bandwidth of 500 MHz.

The optimised version of the antenna, exbibits now a total gain
of 21.1 dBi with an HPBW of 13° and 14°, in azimuth and
elevation planes respectively, as depicted in Fig. 8a. The side-

(b)

Fig. 8: Simulated radiation patterns: (a) radiation pattern cut
in the two main antenna planes and, (b) snapshot of 3D
radiation pattern plus final structure in CST MWS.

lobe levels are of —16° in azimuth and —18° in the elevation
planes.

4 Conclusions

This paper presents a novel and compact design of a high gain
parabolic antenna. Firstly, an overview on the main reflector
antenna parameters are performed. This yield to the elabo-
ration of a antenna design guideline. Subsequently, simula-
tion results a mono-block, high gain, parabolic antenna are
presented. The design of a microstrip patch with reduced
ground plane, is introduced. Such design is intentionally im-
plemented to be used as feeding source and improve feed
blockage. The feeding antenna is designed and optimised to
operate at 24.125 GHz, i.e. the centre of the 24GHz radar ISM
band. The final antenna model exhibits, according to simula-
tions, 21.1 dBi of gain, 500 MHz of bandwidth, a HPBW of



13° and 14°, in the elevation planes, respectively, and side-
lobe levels of —16° and —18°, for the same antenna planes.
Further work will aim at production and characterisation of the
proposed antenna design.
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Abstract

This paper presents the first measurement trials for perfor-
mance assessment of a real-time and high resolution mono-
static radar operating at 24 GHz. The proposed real-time
radar, which operates based on the sliding correlation of
pseudo-noise (PN) sequences, provides a high time resolu-
tion better than 4 ns, useful for moving target identification
(MTI) in the presence of highly dense clutter, under harsh
environments and severe weather conditions (fog, snow and
fire smoke or plume). The STDCC radar target detection
capability is demonstrated in this paper, by measuring and
identifying the radar data for 4 distinct scenarios, composed
of multiple targets (up to 8), inside an anechoic chamber,
demonstrating the potential of the proposed radar architec-
ture.

1 Introduction

Radar technology has been used for many years, but its
constant evolution is a demand due to the intensive in-
terest of automotive and drone industry, to assist in au-
tonomous driving and collision avoidance. To date, many
radar topologies have been presented in the literature [1],
but mostly are based on Frequency Modulated Contin-
uous Wave (FMCW) technique. This technique, how-
ever, shows limited performance in heavy cluttered envi-
ronments, where interference from other radars or commu-
nications may significantly degrade the radar’s detection
capability. Alternatively, Orthogonal Frequency Division
Multiplexing (OFDM) is being proposed in [1,2], to over-
come the FMCW limitations. Nevertheless, the OFDM-
based radars require high computational resources typically
available in Field-Programmable Gate Array (FPGA) based
architectures, in addition to expensive analogue-to-digital
converters (ADC), making its implementation both ineffi-
cient and cost prohibitive for mass production. On the other
hand, radar signal processing based on all-digital pseudo-
noise (PN) sequences represents a quantum leap in future
radar front-end architecture, presenting significant advan-
tages in terms of low baseband computational demands and
yielding a plethora of opportunities for massive deployment
applications, e.g. autonomous driving scenario.

With this mindset, it is presented in this paper the first
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Figure 1. STDCC radar: maximum unambiguous distance
and trackable object speed vs. N,, sequence length, for a
Fix =250MHz.

trails on a Swept Time-Delay Cross-Correlator (STDCC)
PN Radar at 24 GHz. The proposed radar architecture, be-
ing described in this paper, follows the STDCC principle
well covered in [3-6] and it is sought to mitigate incum-
bent and mutual interference risks, given its excellent auto-
correlation properties. The experimental results included in
this paper, demonstrate the potential of the proposed tech-
nique by clearly detecting and identifying 8 distinct metal-
lic targets at 24GHz.

This paper is organised as follows: section 2 gives details
about the proposed STDCC radar architecture, including a
brief summary of the STDCC principle, the baseband sig-
nal generation in the digital domain, and finally, the radar
architecture, including RF and IF stages. In section 3, the
practical setup and the measurements scenarios are being
described followed by a critical analysis of the experimen-
tal results. Finally, the main conclusions are drawn in sec-
tion 4.

2 STDCC radar architecture
2.1 Radar principle

The STDCC PN radar proposed herein, explores the auto-
correlation properties of PN sequences [3-6], particularly
those of the type of maximal length. In this monostatic



[ —  — i —— e — e ——— . —

. RF Stage

Freq.
Doubler

Mixer

2-Way
L Power Divider
R R R =
}IF Stage IQcorrelator| | — }
I 1

| Baseband ‘ Rx PN 0 ‘ |
| Generation _ _ 2:Way \ \/ Amps }
I | Power Divider ‘
[ | ‘ \ }
b

| ‘ PN I
| TXPN
| : Sequence > - \ LPFs |§| | I
Lo : Tx PN LPF ‘ [
I | Amp. ‘ ‘
Lo | 3-Way | Correlation |
I | Power Divider | R Mixers ‘ }
N | o | !

RXPN )
[ » :
| : | Rx PN LPF ‘ |
e e

| FPGA___ | Am ol L]
| \ Correlation A |
\ \ g
‘ - - 0 — — — —/ o T T ‘
| ® | 1 I
[ Corelton Amp ‘
| |
| |
| |

Correlation

Figure 2. Block diagram of the STDCC radar architecture.

configuration (Fig. 2), two similar PN sequences are gen-
erated in the baseband of which, one is transmitted through
the radio channel and the other shared directly with the re-
ceiver. At the receiver end, both PN sequences are cor-
related against each other to extract the radar channel in-
formation. Since both PN sequences are generated at two
different rates, they ‘slide’ against each other in the time
domain, effectively spreading (time-dilating) the multipath
(or several target echoes) components out in time, at the
output of the correlator. Thus, the maximum theoretical
unambiguous distance for a target object to be detected,
in metres, only depends on the PN sequence length (N,)
and on the chip frequency (F;,), while the maximum track-
able object speed is set by frequency difference between the
two generated sequences, denominated of slip-rate (Sr). In
Fig. 1 itis presented the maximum theoretical unambiguous
distance for the STDCC radar, for various N, sequences
length and slip-rate settings. This is sought to provide the
radar with high agility to adapt itself to different application
scenarios, e.g. short and long range.

2.2 Baseband generation

The radar baseband generation, where PN sequences are
being generated, is a subpart of the IF stage of the proposed
radar architecture depicted in Fig. 2. In particular, a Xilinx
Kintex-7 KC705 FPGA [7] has been used to generate the
receiver and transmitter PN sequences. Real-valued bipo-
lar maximum length PN binary sequences with N,, = 511
points are generated in the FPGA and then outputted in
its unipolar digital pins, with 250.1 MHz and 250 MHz
clocks (Sr = 100 kHz), for the transmitter (Tx) and receiver

(Rx), respectively. This technique allows the creation of an
analogue baseband signal and eliminates the need for ex-
pensive high-speed Digital-to-Analogue Converters (DAC)
daughter boards. The physical implantation baseband gen-
eration in algorithm and is explained with more detail in [6].

2.3 RF and IF architectures

The RF stage initiates in a high precision Voltage Con-
trolled Oscillator (VCO) controlling a Phase-Locked Loop
(PLL) to output the necessary 24 GHz. This, in turn is di-
vided to source both mixers to up-convert and down-convert
the baseband signal (IF). At the Tx mixer, the resulting
signal is amplified to appropriate output power levels up
to the limits of interest for the radar. At receiving end,
the Rx mixer demodulates the channel radio signal into a
differential signal with In-phase (I) and In-quadrature (Q)
components, feeding into the IQ correlator block in the IF
stage. X-Microwave technology was employed to achieve
the mentioned RF stage (front-end) of the radar, allow-
ing fast prototyping with their modular building block eco-
system for microwave components. The antennas used for
this system were two identical 20 dB gain horn antennas
(Flann 22240-20), located side-by-side.

In the IF stage, both I and Q received components are am-
plified and filtered before being fed into the correlation mix-
ers, where the correlation is performed with the Rx PN
sequence as previously mentioned in section 2.2. Further
signal conditioning is performed in order to be properly
captured by an ordinary data acquisition card (Picoscope
3406-D MSO). Besides the I and Q acquisition of the re-
ceived signal, the correlation result between a copy of both



receiver and transmitter sequences is also acquired, in or-
der to obtain clear temporal reference. These signals were
then processed in real-time to estimate the targets distance
and obtain a plan-position-indication (PPI), as it will be dis-
cussed next section.

3 Radar performance evaluation

3.1 Experimental setup

In order to assess the performance of the proposed radar,
four distinct scenarios were assembled inside an anechoic
chamber, in a 1-pole, 2-pole, 7-pole and 8-pole configura-
tion, respectively. These scenarios were prepared to assess
the radar’s ability to detect targets in close proximity. The
poles are composed of metal with 6 cm of diameter and
2 m of height, and are disposed inside a 6x5x2 m anechoic
chamber, as indicated Fig. 3a. The radar was placed on top
on a motorised rotating table, in the centre of the cham-
ber, and it was made to rotate around its vertical axis. For
all geometries, the radar system under test was made to ro-
tate 360° with a 0.5° steps increment. For every angular
step, 20 radar acquisitions have been measured, averaged
(Power Delay Profile) and processed to obtain a PPI and
assess the target identification performance. After process-
ing, the results are then displayed in two different graph
types: waterfall and polar plot, as depicted in Figs. 4 and 5,
respectively. The waterfall plots represent the measured av-
erage PDP, where the x-axis corresponds to each measured
azimuth angle and the y-axis corresponds to the detected
radar distance. The polar plot depicts all detected peaks,
at every angle, after applying a simple peak-detection algo-
rithm.

3.2 Experimental results

The first measurement scenario considered a single metal-
lic pole placed 1 m apart of the proposed radar aperture at
boresight direction, where 8 = 0° (Fig. 3a). According to
the results, depicted in Fig. 4a and Fig. 5a, it is possible to
observe the single target to be accurately detected by the
STDCC radar. The target peak is correctly being identified
inside the anechoic chamber at 1 m distance and at 0° in the
boresight direction of the radar aperture, which is clearly
visible in Fig. 5a. The colour variation gradient visible in
the result occurs due to the radiation pattern of the antennae,
which exhibits a half-power beam-width of around 23°, in
both azimuth and elevation planes, at the considered fre-
quency.

The second set of measurements was performed by adding
an extra pole at a distance of 1.6 m and steered off 10°
from the boresight direction (6 = 10°), to the previous sce-
nario. As depicted in Fig. 4b, both targets are also being
detected and, in fact, they can be easily distinguished from
each other. The estimated distances of both poles are con-
firmed by the polar plot of Fig. 5b, at 6 = 0°,d = 1m for
the first target and at 6 = 10°,d = 1.6m, for the second tar-
get, corresponding to their real physical position inside the
chamber.
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Figure 3. Experimental setup: (a) scenario setup for bench-
marking and, (b) photography inside anechoic chamber.

For the third scenario, 7 poles were placed in an alternating
fashion, at 1 m and 2 m apart of the radar with 45° incre-
ments starting from 6 = —135°. The proper detection of all
7 targets is visible in Fig. 4c. The correct angles of detec-
tion can be seen in Fig. 5c, as each pole is detected at the an-
gles of 8 = —135°,—-90°,—45°,0°,45°,90° and 135°. Al-
though a few artefacts can be observed in the vicinity of
the poles located at 1 m apart from the radar, these are still
located well within the the spacial resolution of the radar.

As for the last scenario, Fig. 4d clearly shows the correct
detection of all targets, where the 7 poles are located at 2 m
apart at the same angles as the previous scenario and a sin-
gle pole placed at 1 m apart at the angle 6 = 0°, including
the same artifacts as the previous scenario. Most notably,
the target placed at 6 = 0° and 2 m further away is also be-
ing detected, despite of the fact it is masked by the first pole
(no direct line of sight). Although the angle of this pole is
being detected as being at around 7° in Fig. 5d, due to the
shadowing of the pole at 1 m, the remaining poles detection
was performed successfully.

For all the results presented, a maximum range error of only
9 cm between the reported distance and the effective physi-
cal distance have been detected. This error is acceptable, as
it falls within the spacial precision associated with the used
radar bandwidth. The signal level difference of around 7-
9 dB between the poles depicted in Fig. 4b occurs due to
the excess path loss corresponding to the travel distance
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pole, scenario.

between the poles (i.e. 1.2 m), in addition reflection loss
introduced by the second pole (i.e around 2 dB).

4 Conclusions

This paper presents the first results on STDCC radar based
on PN sequences. The radar architecture including base-
band generation, RF front-end and IF stage are detailed in
this manuscript. Subsequently, experimental results per-
formed inside an anechoic chamber are presented and dis-
cussed. Four distinct scenarios have been considered by
disposing multiple artificial targets at different locations
around the radar sensor. The proposed radar not only suc-
cessfully detected and the targets on multi-clutter environ-
ment but also accurately identified the absolute position
(distance and angle from boresight) of each target, with a
range error of only 9 cm, which falls within the radar reso-
lution. This results prove and validate the usefulness of the
STDCC technique applied in radar, representing a quantum
leap in radar future front-end architecture.
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Abstract—This paper reports the architecture of an all-digital
Swept Time-Delay Cross-Correlator (STDCC) baseband. Until
recently, the sliding correlator technique has been mainly em-
ployed for sounding the radio propagation channel. However,
recent benchmarks have shown promising results in target detec-
tion context when compared to commercially available solutions.
STDCC takes advantage of the sliding correlation properties
of Pseudo-Noise (PN) sequences. Therefore, this paper presents
the baseband generation for this new radar technique with on-
the-fly sequence tuning using a Field-Programmable Gate Array
(FPGA). The reconfigurable STDCC radar baseband generates
both PN sequences digitally and requires a low-cost ADC to
acquire the time dilated result. At the end, the proposed archi-
tecture is evaluated regarding resource usage efficiency and then
the radar performance will be discussed in terms of the all-digital
PN sequence spectrum and the real-time slide correlation. Our
analysis confirmed a strong correlation between both sequence
length and sampling frequency with radar detectable distance.

Index Terms—RADAR, STDCC, PN sequences, FPGA.

I. INTRODUCTION

RAdio Detection And Ranging (RADAR) has been in
existence for nearly a century with an initial interest towards
military applications. In the last decade, radar has been exten-
sively studied for many other applications, but it is foreseen
that, in the near-future, drone and automotive industries will
massively deploy such technology. Consequently, such a con-
tinuously growing trend encourages the development of novel
radar technologies with sophisticated algorithms and with new
waveforms able to mitigate radar interference.

Until recently, the radar waveform commonly employed for
drone and automotive sectors was called Frequency-Modulated
Continuous Waveform (FMCW) [1]. Such technique transmits
a continuous wave that varies the frequency with respect to
time, which achieves a saw-tooth frequency modulation sweep.
However, with the envisioned number of radars skyrocketing,
the FMCW will soon fall victim of its own success, as radar
interference will degrade the target detection capability [2].

That said, new waveforms started to be proposed in order to
mitigate the multiple radar interference. There have been many
proposals in the literature using noise radar waveform resorting
to Pseudo-Noise (PN) sequences. Besides good interference
immunity, the PN radar technology has good auto correlation
properties, leading to high range resolution, but it also pro-
vides low probability of interception [3]. However, since PN
sequences are generated digitally resorting to powerful devices
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Fig. 1: Sliding correlation principle.
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Fig. 2: Autocorrelation result for an m-sequence, m=10.

with DSP capabilities (FPGAs), it then requires high-speed
converters to do their conversion to the analogue domain.
This latter characteristic is not ideal due to the added costs
associated with ADC and DAC acquisition.

The baseband radar architecture herein proposed is based on
the Swept Time-Delay Cross-Correlator (STDCC) technique,
which is well explained in the literature [4]—[6]. This technique
uses the sliding correlation of PN sequences (Fig. 1 and 2),
which were implemented without using a DAC (all-digital). In
[6], such STDCC radar operating at 24 GHz is benchmarked
with a commercially available of-the-shelf FMCW solution.
Considering that STDCC radar performance showed promising
results, it is this work ambition to propose an improved
STDCC baseband architecture to tune on-the-fly the radar
parameters according to user needs.

This paper is organised as follows: section II details briefly
the STDCC principle. Section III describes the proposed
reconfigurable STDCC baseband architecture, giving emphasis
on the sequence generation, as well as, their sampling fre-
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Fig. 3: Block diagram of reconfigurable STDCC radar architecture.

quency clock generation. In section IV, the radar baseband
performance is assessed in terms of resource usage, followed
by the digitally generated sequence quality and culminating
in their correlation results. Finally, the main conclusions are
addressed in section V.

II. STDCC PRINCIPLE

As previously stated, the STDCC PN radar explores the
auto-correlation properties of PN sequences. Such radar gen-
erates two identical PN sequences that are sampled at slightly
different rates. As is depicted in Fig. 1, by adjusting the
receiver PN sequence with a slightly slower clock, both
sequences will slide with one another. When the receiver
sequence (slower rate) has a perfect alignment with its coun-
terpart, a peak value appears in the correlation output. Fig. 2
shows the correlation result, simulated in MatLab, where two
PN sequences with a length of 1023 bits were correlated with
the cross-correlation function. Note that the peak correlation
value appears with zero sequence lag, which is when both
sequences are perfectly aligned.

The sliding correlation is time dilated by a sliding factor of
k, and is given by (1) [7]. The amount by which the correlation
peaks are dilated is given by the transmitter PN frequency
ratio with both PN sequences chip frequencies. Hence, when
considering a transmitter PN sequence clocked at 500.1MHz
and a receiver replica at S00MHz, we have a slide factor of
5001, therefore reducing the bandwidth requirement in the
baseband data collection within the same order.

_ fseqT:z: _ fseqTa: (1)
SIip rate .fseqTx - fseqR:c

According to [4], the transmitted PN places an upper bound
on the radar maximum distance, proportional to the sequence
length and the transmitted chirp period.

Fig. 4: MatLab app for FPGA reconfiguration.

Following this, the next chapter will discuss a reconfigurable
real-time STDCC baseband capable of tuning both parameters
on-the-fly.

III. RECONFIGURABLE RADAR ARCHITECTURE

The radar baseband is responsible for controlling and gen-
erating the radar signals to be transmitted, as well as linking
these with those received. The proposed architecture, depicted
in Fig. 3, uses a Xilinx Kintex 7 FPGA to change, on-the-fly,
the utilised PN sequences and their output sampling frequency.

This architecture uses a soft-core microprocessor called
microblaze (uB) responsible for routing the data inside FPGA
to the required Xilinx blocks [8]. Such microprocessor receives
the user parameters inserted in a MatLab GUI (Fig. 4) through
a serial communication port (UART). Then, it routes the
required control signals to custom made VHDL blocks called
Axi2Counter and MemW32R1, which dictates the sequence
length and its output sampling clock.

The all-digital sequence block design is depicted in Fig. 5
with greater detail. Such figure is a subset of Fig. 3 and it
shows the control of two block memories that contain both
the transmitted and receiver PN sequences.
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Following the explained STDCC principle, the two PN
sequences with a slight clock frequency offset are correlated in
the analogue domain using a Mini-circuits ZFM-2-S+ mixer.
The correlation mixer has a RF/LO range from 1 to 1000 MHz,
necessary to output the correlation result which is in the order
of few kHz. However, as stated in [4], the correlation operation
performed by the mixer introduces high order intermodulation
distortion (IMD). Thus, a low-pass filter is important to
produce a clean time-dilated correlation product. Therefore,
a 10th order low-pass filter (LPF) with a cut-off frequency
at 2 x sliprate was employed after the mixer and before the
correlation acquisition.

In the end, a 12-bit 1 Mega sample per second ADC already
present in the KC705 development board (XADC), acquires
the correlation result for post-processing and plot within the
same MatLab GUIL

A. Sequence generation

The proposed STDCC radar baseband uses PN sequences
that are MLSR type (Maximal Length Linear Shift Register).
The MLSR, also known as m-sequences, are a type of spread-
ing sequences that present good auto-correlation properties.
The m-sequence has an odd length of N = 2™ — 1 and a
similar statistical distribution of ones and zeros (always has
an extra value of one) and thus a constant power envelop.

The m-sequence generation is accomplished with a series
of shift registers with feedback taps and modulo-2 adders.
By varying the feedback taps according to the Table in [9],
different sequences lengths are generated.

To increase the system flexibility and allow a future study
of several sequence types (Gold, Kasami, Walsh, Zadoff-
Chu), the sequence generation is performed in MatLab and
downloaded to FPGA block memories. This work uses a 4-
tap linear feedback shift register script that together with the
tabular values given in [9] generates m-sequences of various
lengths.

A microprocessor in FPGA (microblaze) is necessary for
controlling the sequential memory write, as well as to process
all the user selected STDCC parameters into FPGA native

signals. Thus, the MatLab script groups the generated m-
sequence into words of 32 bits to match the microblaze 32-
bit architecture. Then, the MatLab app (Fig. 4) transmits
them through serial communication (RS-232) to the FPGA
microprocessor registers. After this, the sequence is routed
via AXI protocol to the MemW32R1 custom-made VHDL
IP block. Lastly, the MemW32R1 is responsible for decoding
the AXI signals back into the original 32-bit sequence data
while also generating the memory write address of the dual-
port RAM storage.

A dual-port RAM is a memory type that allows multiple
reads and writes to occur at the same time with different clock
frequencies. That allows the sequence configuration to operate
at microprocessor speed (memory write), while the sequence
output can operate at the desired sampling frequency described
in next Section (memory read).

The proposed architecture (Fig. 5) uses a reconfigurable
counter to produce the read address for the dual-port RAM
containing the sequence. Similar to the memory configuration,
the counter control receives the sequence length value from the
microblaze via a custom-made AXI2Counter block. This value
will be compared against the last read address and will trigger
the counter reset if memory length has been achieved. It should
be noted that clock cross-domain techniques are required to
intertwine the signals in the control block, since the sequence
configuration operates at microprocessor clock (200 MHz) and
sequence output operates at the desired sampling frequency
(up to 500 MHz). In the end, we have two fully controlled
dual-port RAM memories storing the two sequences that are
each outputted in a KC705 SMA pin. Therefore, creating an
all-digital m-sequence output with controlled sampling clock
and without requiring an analogue converter board (DAC).

B. Sampling frequency algorithm

The possibility to tune the sequence output sampling fre-
quency on-the-fly is another important characteristic envi-
sioned for the reconfigurable STDCC baseband. By changing
both the transmitter and receiver output frequencies, the user
can vary the output bandwidth and the sliding factor, that,
in the end, will adjust both the radar maximum detectable
distance and speed.

The STDCC slip rate is usually within the hundreds of
kHz, meaning that the difference between both transmitter and
receiver sampling frequencies is quite small. To achieve such
precise frequency values inside FPGA can be quite cumber-
some using low-quality clock references. Hence, the proposed
architecture uses a low-jitter 125 MHz clock chip present in
the KC705 development kit, which is normally employed for
gigabit ethernet (GbE) clock generation (ICS8440211) [10].

As can be seen in Fig. 5, such GEthernet clock is used by
two clock generating blocks (MMCM) as input reference, that
synthesise the transmitter and receiver sampling frequencies.

The Mixed-Mode Clock Manager (MMCM) are used within
the Xilinx Vivado environment to implement a clocking net-
work matched to the designer requirements. Such blocks were
connected to the microprocessor via AXI bus to allow a



dynamic reconfiguration of their clocking primitives [11] and

achieve the user’s selected sequences sampling frequencies.
As stated in [12], each MMCM can synthesise up to 7

different frequencies with the following relationship:

Mult
CLK oty = CLK, X Div x Doy 2)
where N is the output number, C'LK;, is the mentioned
reference clock, Mwult is the MMCM fractional multiplication,
Div is the MMCM integer division and Divy the fractional
multiplication for a given output clock.
Since the chosen KC705 development board has a Kintex7
FPGA with a -2 speed grade that has a V CO,,,4, of 1440 MHz
[13], the ideal Mwult value is given by:

Divin X VCOMaz gcros

Mult;geqr = CLK,
in

=288. (3

The MatLab script calculates the MMCM multiplication and
division configuration parameters to best match the desired
clock frequency. Considering the fractional operations step of
0.125 and respecting the given FPGA model limitations, the
algorithm computes both Eqgs. 4 and 5 to achieve the desired
bandwidth and slip rate given its 125MHz input clock.

Mult
CLK7, = CLK;, % UtMMeMo

Divyrarenro X Diverko @
Multpraremn

X = .
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Mult
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It should be noted that both sampling frequencies are
quite close, meaning that an architecture with a single clock
generation block cannot synthesise a clock with few hundreds
of kHz of precision. Thus, two MMCM (0 and 1) connected
in cascade mode will operate together to fulfil the required
sampling frequencies for the transmitter. For instance, to
obtain the transmitter sampling frequency of 500.1 MHz, the
MMCMO outputs a clock of 33.866359 MHz that is converted
to the desired 500.1 MHz by the MMCMI1 (closest match of
500.100180 MHz).

With the reconfigurable architecture fully detailed, a set
of performance evaluation indicators were taken that are
discussed in next section.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

In this section, the proposed reconfigurable radar is assessed
in terms of its resource usage efficiency. Then, the all-digitally
generated sequences are evaluated according to their power
spectrum and their autocorrelation properties in back-to-back
(B2B) configuration mode (Figs. 6 and 7) will be discussed.

A. Hardware resources

The implementation of such architecture, besides reconfig-
urability, also aimed at the minimisation of hardware resource
utilisation. Currently, in terms of memory usage, the design
uses 4096-bit memories to allocate each sequence, while also
providing space for processor data/instructions and for the
temporarily XADC captured data. Despite all this, according
to Table I, the Block RAM (BRAM) utilisation is still quite
low (< 7%), leaving room for future design increments if care
is taken to keep the current timing constraints that achieve a
500 MHz output sequence.

On the other hand, in terms of clock resources for the
microprocessor, DDR3, UART and reconfigurable clock archi-
tecture, 6 of the available 10 MMCMs are used. Looking at the
remaining resource usage values, we can see a low utilisation
of both Flip-Flops (FF) and Look up Table (LUT) of Kintex7
FPGA.

TABLE I: Reconfigurable architecture resource usage.

Resources  Utilisation  Available  Utilisation %
FF 22594 407600 5.54
LUT 24311 203800 11.93
BRAM 29.5 445 6.63
BUFG 13 32 40.62
MMCM 6 10 60.00

B. FPGA sequence output

The Agilent E4408B spectrum analyser was used to assess
the all-digital sequence generation by measuring the channel
power for various sequence lengths and sampling frequencies.
For instance, Fig. 8 shows the frequency spectrum generated
using a all-digital 9bit sequence with a sampling frequency of
500 MHz. The PN output spectrum depicted in Fig. 8 confirms
the signal spectrum that follow a %(x) behaviour, with
nulls occurring at multiple integers of the PN clock frequency,
as expected [7].

Table II summarises the measured channel power, as well as,
the power at f; and 2 f, across multiple sequences (from 9 up
to 12) and different sampling frequencies (50, 250, 500 MHz).
Table II shows that the channel power stays relatively constant
around 12.89 dBm/500MHz for different sequence lengths.
However, by decreasing the sequences sampling frequencies a
slight performance degradation appears.

C. Back-to-back performance

As can be seen in Fig. 9, two FPGA pins are responsible for
outputting the sequences selected in MatLab App, requiring
three input parameters that are the sequence length, Tx and
Rx sampling frequencies. As mentioned, the Tx and Rx
sequences have a slight frequency offset that performs the
sliding correlation when connected to the RF and LO ports of
the mixer. For simplicity purposes the result discussion will
be for the I component only and with a fixed sliding factor
of 100 kHz. The correlation result present at mixer’s IF port



is connected to a LPF with a 200 kHz cut-off frequency and
then captured by the FPGA XADC pins.

Figs. 6 and 7 show the STDCC baseband result, in B2B
configuration, using a PN sequence length of 511 (m=9)
and 1023 (m=10) respectively. In those figures, for each
sequence length, the receiver sampling frequency was tuned to
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Fig. 6: Normalised captured CCF for an m-sequence, m = 9
with a) 50 b) 250 and c¢) 500 MHz output sampling frequency.

[50, 250, 500] MHz that together with the fixed 100 kHz slip
rate form a Tx=[50.1, 250.1, 500.1] MHz. Table II compiles all
the sequence lengths benchmarked with three sets of sample
frequencies, showing the proposed reconfigurable STDCC
radar performance (SNR).
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Fig. 8: Output spectrum of all-digital m=9 sequence.

Fig. 9: KC705 FPGA with correlation and filtering.

The theoretical normalised auto-correlation result of a PN
sequence, is represented by a triangular shape with apex set
at value 1 and the base with a width of N x T'c set at —1/N
value, as can be seen in [5]. Thus, by increasing sequence
length, the calculated SNR is expected to decrease since the
noise floor will approximate zero value.

Looking at the measured correlation results presented in
Table II, a strong relation between f;/L and the SNR was
observed, thus being closely associated with radar maximum
detectable distance. It is shown that the normalised correla-
tion peak to noise ratio (SNR) decreases with higher length
sequences and lower output sampling frequencies (Table II),
as expected.

V. CONCLUSIONS

This paper presented a reconfigurable architecture suitable
for STDCC performance evaluation. The proposed architecture
allows a on-the-fly sequence length tuning together with output
sampling frequency adjustment. It has shown benefits with its
all-digital architecture that does not require a DAC usage, and
with its sliding correlation principle that requires a low-cost
ADC acquisition board (XADC). Finally, this work shows a
strong dependency between STDCC parameters and the radar
detection performance. As expected, with shorter sequences
and higher sequence sampling frequencies, the normalised
correlation peak to noise ratio is increased, thus improving
the radar maximum detectable distance.

TABLE II: Summary of the power measurements and SNR for
various m-sequence lengths and sampling frequencies.

Measurement [dBm] Sequence Sample frequency (fs)
(bits) 50 MHz 250 MHz 500 MHz
9 24.68 -10.30 -6.48
10 24.71 -10.34 -6.59
Power @ s [dBm] 1 2475 1037 -6.62
12 24.82 -10.37 -6.67
9 -24.90 -13.28 -15.19
10 24.93 -13.32 -15.23
Power @ 2 f; [dBm] 11 -24.97 -13.35 -15.26
12 24.97 -13.35 -15.30
9 13.45 13.17 12.89
10 13.41 13.18 12.87
Channel Power [dBm/f] 11 13.40 13.15 12.85
12 13.40 13.13 12.82
9 0.531 0.794 0.834
Normalised correlation peak 10 0.469 0.727 0.821
to noise ratio (SNR) 11 0.457 0.723 0.816
12 0.413 0.678 0.783
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