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ABSTRACT This paper explores a new concept for the design of high scanning-range phased array antennas:
the Interleaved Parasitic Arrays Antenna or IPAA. In this concept, we use periodic parasitic elements
and the generator impedance to control the Active Voltage Standing Wave Ratio (AVSWR) over a wide
scanning range. This new array architecture comes with a design methodology enabling a smooth step-
by-step design process aiming at reducing the need for full-wave calculations. First, a numerical dual-
polarization design is presented in detail to illustrate the methodology and to give the design keys to the
reader. Then, a prototype working in the 5G C-band between 3.4 and 3.8 GHz (11% bandwidth) was designed
using this methodology and measured for a 36-element array. It is meant to demonstrate and validate the
mutual coupling management done by the interleaved parasitic arrays and the design process accuracy.
Good correspondence between measurements and simulation was found and the proposed unit cell with its
corresponding tile can be integrated in a larger phased array with active modules to perform beam steering
over an important scanning range without deteriorating the AVSWR. The proposed unit cell is designed for
a high-scanning range going from 6 = 0° to & = 70° for every ¢-directions and shows an active reflection
coefficient for an infinite array below —13.6dB.

INDEX TERMS 5G, active antenna arrays, active voltage standing wave ratio (AVSWR), antenna arrays,
beam steering, C-band, impedance matching, mutual couplings, parasitic elements, periodic structures,
superstrate.

I. INTRODUCTION by increasing the spacing between the driven elements but it

Large planar antenna arrays often suffer from high mutual
coupling between their radiating elements that can cause scan
blindness. This phenomenon can be seen through the Active
Voltage Standing Wave Ratio (AVSWR), which corresponds
to the variation of the reflection coefficient while the beam is
scanned and all elements are fed, taking into account mutual
coupling interactions. This effect corresponds to the variation
of the active input impedance at the feeding point of the array.
Another common equivalent representation is based on the
active reflection coefficient, expressed in dB.

A simple solution would be to try decreasing and elim-
inating mutual coupling in the array. One can achieve that
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can cause grating lobes to occur, thus reducing the scanning
performances of the array.

There are some techniques to achieve mutual coupling
reduction like Electromagnetic Band Gap (EBG) [1], [2]
and Defected Ground Structures (DGS) [3] which have been
widely studied in the literature and have shown an increase in
performances for the array.

According to Stein [4], mutual coupling is certain in dense
antenna arrays because the elements patterns in a dense array
will overlap. Hannan [5] and Kahn [6] then confirmed this
statement and Kahn stated that the maximum possible effi-
ciency of the array is set by the array organization.

These conclusions show that we cannot eliminate mutual
couplings in a dense antenna array. Thus, in case of large
periodic arrays, the unit cell has to be studied in terms
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of AVSWR because mutual coupling cannot be totally
removed.

Another approach is to control the mutual coupling instead
of trying to reduce it. Several approaches like the connected
array, PUMA, WAIM (Wide-Angle Impedance Matching)
structures and corrective coupling techniques have shown
great results in mitigating the AVSWR of the array elements.

For example, the synthesis of multilayered WAIM [7] have
been done using an iterative method giving a very efficient
way to compute and synthesize the multilayered WAIM on
an important frequency bandwidth (~18%) and scanning
range. Other solutions like PUMA [8] enable ultra-wide band
performances with a good scanning range, at the expense of a
significant manufacturing complexity. Connected arrays [9]
also show very high bandwidth performances and scanning
range capabilities in terms of AVSWR, even if the manufac-
turing process, especially with dipoles can be a limitation to
a practical use case. As an alternative solution, the corrective
coupling technique [10] enabled an increased scanning range
from 48° to 65° by using microstrip lines to compensate for
the effects of surface waves. However, the impact of these
corrective lines on the radiation patterns cannot be neglected.
All these solutions involving the control of mutual couplings
are complex but they exhibit good performances.

In this paper, the new concept of Interleaved Parasitic
Arrays Antenna (IPAA) is defined. The originality of this
work is to define a reliable formalism to study the unit cell
of an antenna array which is able to mitigate the AVSWR
thanks to additional parasitic elements. The main idea is
to define a macro-cell including these elements to improve
the scanning performances of the final antenna, using the
couplings as degrees of freedom. One of the main advantages
is to use conventional microstrip circuit stacking, reducing
the complexity without degrading the performances. Another
important criterion to justify the IPAA is its ability to keep a
regular lattice and a technology suited to RFIC integration for
a beam forming network using distributed amplification with
phase shifters [11], [12]. Moreover, the formalism presented
to solve the problem is based on a combination of small
full wave (FW) simulations and analytical formulations to
avoid extensive and costly FW simulations or brute force
parameterization.

This manuscript explains in detail the architecture of the
IPAA before explaining the synthesis algorithm and the
design methodology. The synthesis algorithm is used to
design a unit cell for double polarization operations in order
to illustrate the methodology. Then, the design steps of a
high performance 5G unit cell are shown with its predicted
performances. Finally, a prototype was built and measured to
validate both the methodology and the technology.

Il. CONCEPT DEFINITION AND DESIGN METHODOLOGY
A. DEFINITION OF THE IPAA CONCEPT

The objective is to produce designs of radiating panels with
wide-angle scanning capacities over a specified frequency
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band with low AVSWR. To this aim, it is interesting to remind
some historical works to define our objectives. As Hannan
mentioned in his 1964 paper [5], it is now widely known that
couplings are unavoidable in dense antenna arrays and the
active impedances in large arrays are naturally sensitive to the
beam steering. In [13], Pozar established the relation between
the active reflection coefficient and the active element gain
pattern (AEP) (which is the radiation pattern of an active
element while all other inactive elements in the array are
connected to the impedances of the inactive generators): the
shape of the AEP is linked to the angular dependency of the
AVSWR. It also means that an AEP without nulls or deep in
the scanning range is a sufficient condition to guarantee the
beam steering performances of a full array without suffering
from scan blindness. Moreover, considering the fact that the
impedance of the inactive generators surrounding an excited
element directly affects its element pattern [5], the generator
impedance (which is the same for all elements) appears as
an obvious way to optimize the AVSWR over the scanning
range.

In our work, we first use this fundamental property as a
starting point for a global optimization considering both the
AVSWR and the AEP. Furthermore, we propose to introduce
parasitic elements [14] in each cell of the periodic array,
without increasing the spacing between the cells. These par-
asitic elements are connected to reactive loads, which allow
controlling the electromagnetic field distribution inside and
between each cell.

The goal of our global optimization is to find the best
working point of a two-way optimization (the set: reactive
loads — generator impedance), i.e. the combination which
will provide both active matching and an active element gain
pattern exhibiting a ‘cosf’ dependent gain pattern. This corre-
sponds to the ideal AEP characteristics [15], [16]. Hence, this
global optimization aims at minimizing the AVSWR on a set
of radiation directions considering the generator impedance
for the matching.

50 et g

Unit cell 1 Unlt cell 2 Unit cell N-1 Unit cell N

0 ix, ﬂ]JxKl E]Jx 1z,

FIGURE 1. Interleaved Parasitic Antenna Array principle—Main array in
black and parasitic ones in red, green and blue.

Figure 1 introduces the array architecture composed of
periodic cells, each containing at least one driven element
connected to its generator impedance Z; and a set of parasitic
elements paired with their reactive load.
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This architecture is an interleaving of K parasitic arrays
with a driven one. The passive reactive loads X1 to Xk and the
generator impedance Zg of the driven elements set the inter-
actions between theses arrays. By physically changing the
combination of couplings and therefore the reflected waves
inside the feeding ports of the diven antenna array, these K
parasitic arrays aim at mitigating the active VSWR through an
appropriately defined optimization process. In other words,
the parasitic elements can be used to obtain a wide angle
impedance scanning.

The reactive loads and the generator impedance can be
determined by the synthesis process described in the next
part, provided a set of specifications in terms of gain and
AVSWR.

B. FORMALIZATION OF THE SYNTHESIS ALGORITHM

Our development aims at solving this electromagnetic prob-
lem without requiring expensive full-wave parametric sim-
ulations. The optimization is global, meaning the AVSWR
has to be minimized over a set of radiated directions and
for a specified frequency band. As explained in part A, this
global optimization consists in finding the optimum generator
impedances and associated reactive loads. The solutions are
searched for infinite arrays making this optimization suitable
and accurate for large arrays.

The first stage is based on the use of a full-wave simulator
(e.g. CST Studio Suite) to compute the interactions between
the interleaved arrays using Floquet’s formalism [17]. Such a
simulator is now common and widely used by antenna design-
ers. The scheme of a simulated unit cell is given in Fig. 2.
The computational volume contains the driven element(s) and
the K parasitic antennas. The sidewalls of the computational
volume are bounded by periodic conditions that emulate the
infinite periodicity of the interleaved arrays. A Floquet’s
port closes the volume along the third dimension. Moreover,
the periodic boundaries set the phase slope between cells
according to the beam direction {6;;¢; }.

Periodic ¢, = —k,A,,
Boundaries ¢, = —k,A,
« Unit Cell »

Floquet’s Port

FIGURE 2. Boundary conditions of the computational volume for the IPAA
unit cell.

Simulations are done for sampled scan angles {6;; ¢;}, pro-
viding the active scattering matrices Sycive for these radiation
directions. These simulations are inexpensive but they accu-
rately mesh the cell since the computational volume is rela-
tively small. We name ““active scattering matrix”’, the matrix
containing the interactions between the k + [ antennas in this
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periodic cell (Fig. 2). These matrices are obtained for gener-
ators having the 502 standard normalization impedance.

For the sake of clarity and versatility in most practical
applications, we now describe the general case of having two
active probes in each cell in order to be compliant with the
radiation of dual-orthogonal polarizations. Figure 3 shows an
active-matrix schematic for a dual-polarized cell with k par-
asitic antennas. This schematic is dependent on the steering
direction {6, ¢; }. Moreover, the matrix that is extracted from
each simulation (i.e. each scan angle) contains information
about the coupling of the two radiating modes in the Floquet’s
ports. This enables to calculate the XPD (Cross Polarization
Discrimination) during the optimization.

two radiating
Floquet modes

port of 1t the parasitic antenna
F——

Active port 1
— 1 ol8i, @i}
S h .
active port of (k-1)t" the parasitic antenna

Active port 2

th th itic ant

(24k) ports in | POrt of k' the parasitic antenna

the unit cell

FIGURE 3. Elements of the active scattering matrix for a dual-polarization
unit cell.

Once the active scattering matrices are known for a rep-
resentative sample of steering directions within the desired
scanning range, they become the unique material useful for
the optimization.

Therefore, the algorithm must determine the passive reac-
tive loads to pair up with the K parasitic antennas, and the
impedances of both generators connected to the active ports
of the cell. This optimization enables reaching the objectives
such as the impedance matching of active ports or the quality
of the radiated polarizations. This search is an iterative pro-
cess, which can be driven by optimization toolboxes available
in many commercial softwares.

Before dealing with the iterative optimization, the dimen-
sions of the problem must be reduced. This is possible when
reactive loads are connected to the parasitic elements ports
(see Fig. 4).

The active scattering matrices are normalized by the stan-
dard impedance Zy = 50%2. Each reactive load X to Xk
becomes a reflection coefficient for the outgoing normalized
waves traveling from the multipole through the ports number
3 to number k + 2. The reflection coefficient is written in
equation (1).

_ J - Xn—2 (@) =50

I, (w _
@ = X @ 150

mef3,....k+2}) (1)

According to notations a, and by, for the normalized waves
traveling through the k 4+ 2 ports of the active scattering
matrix (Fig. 5), we can operate the reduction of the system

121017



IEEE Access

R. Lamey et al.: IPAA for Active VSWR Mitigation in Large Phased Array Antennas With Wide-Angle Scanning Capacities

port 3, R
Active port 1 /)
gl o}

active |portk+1
K-

(2+k) ports in |port k+2
Xy

the unit cell

Active port 2

Active Small—‘sized prc;blem: Active
port 1 S{ei , 9i) port 2
2x2 active
Saxe =Xy, Xy--X,)

FIGURE 4. a) Active scattering matrix connected with the reactive loads.
b) Reduced active scattering matrix.

b3

CE—
b, a; L +—,
— c O
— {el_r(l’l} A .bk”
b a, | “active «,
2 —»
P i—

a
(2+k) ports in
the unit cell

FIGURE 5. Multipole representation of the active scattering matrix with
normalized inward and outward traveling waves.

with the reflection coefficients I';, on parasitic antennas:

ay ay
a a
as — | I'3-b3
k42 L2 - byan
Moreover, from figure (5), we have (Equation 2)
7 6;, i .
b= I:Sact(fve] a @
0 aj
0 a
With [['] = diag | I3 anda = | B |, all the
) Ak+2

waves in the multipole are defined by those in the active ports,
numbered 1 and 2 (equations 3, 4).

ai
az
- 0i,¢; -
a=I[Il" [Sact(ipve] a+ 0 3
0
ai
az

yields _,

3y a = ([1] —[r]. [sﬁgfvfe])_l 10| @
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Using the notation M = ([1] = [T']. [Sgit", ]) L)
gives the reduced active scattering matrix of the system
in fig. 4-b. Each of the four inner terms is a result of a matrix
product:

0i,¢; 0i.9;
bror _ SR (L)« M (1) S0 (1,0 % M (2, 2)
22 G o e MG 1) ST (2, ) % MG 2)

active active

&)

The optimization defined in part A adjusts the generator
impedances Z1 and Zg in order to act on the active element
pattern. This means that the reduced matrix (5), which is
normalized to the 50€2 impedance, must be connected to these
adjustable impedances.

Only for a dual polarization case, the optimization process
needs the knowledge of the generator impedances to be per-
formed. This is due to the internal couplings between both
driven ports.

, a’ a o — a a
b’y 1 b, 1 | small-sized problem: | 22 by ———— %2 b,
— 17 500 {8i, @i} o [z —
8l 2x2 active 82
Saua = fXy Xp-Xi)

FIGURE 6. Reduced active scattering matrix connected to the generator
impedances Z;; and Z,.

We introduce the impedance step in the optimization chain:

50 -7 2% /Real (Zg1) * 50
S(zgl 10 50Q) 50+Z, 50+Zg
step -
2,/ Real (Zg1) * 50 Ze1 — 50
50+Zg 50+Zg A
(©6)
Zgr — 50 2 % ,/Real (Zgz) * 50
S(tsosz t0Zp) 50+Zgp 50+Zy
step -
2,/Real (Zg) * 50 50 - Z%
50+Zg 50+Zg i
@)

In the optimization loop, the three matrices (6), (5) and (7)
are cascaded. On the one hand, the interactions with the
parasitic antennas are set in (5), adjusting the phases of
the reflection coefficients I'3 to I'k+2. On the other hand,
the impedances of the active generators Zg; and Zgp vary
through both matrices (6) and (7).

The system in Fig. 6 is a global 2 x 2 matrix in which the
four coefficients depends on the generator impedances and
the reactive loads paired with the parasitic elements.

Chaining (6), (5) and (7) (see Fig. 6) leads to the global
matrix (8):

SGMP,'

GLOBAL ‘Zgl Zg2, I3, Ty

i s (00, 00) Si50e L, (0.010)
sactive (w’ 0;, (pi) gactive (CU, 0;, 901')

21GLoBAL 22GLoBAL

®)

VOLUME 9, 2021



R. Lamey et al.: IPAA for Active VSWR Mitigation in Large Phased Array Antennas With Wide-Angle Scanning Capacities

IEEE Access

We formulate as many “GLOBAL” matrices as the number
of steering directions samples. The optimization loop adjusts
both generator impedances and the reactive loads to minimize
the 4 terms of the matrix simultaneously for all steering
angles and over the frequency band.

The knowledge of the traveling waves at any connections
between the blocks (Fig. 6) enables computing the weights for
both radiated Floquet’s modes. Therefore, the methodology
allows calculating the antenna efficiency and the cross polar-
ization discrimination for each steering angle. Maximizing
the XPD can be an additional target for the optimization.

Notice that before any optimization it is efficient to choose
a driven element granting minor frequency dispersion over
the desired bandwidth.

Part C illustrates the formalism using a Matlab optimiza-
tion toolbox for practical implementation. The choice for the
optimization algorithm is outside the scope of this article, but
notice that many other solutions can be relevant to solve the
presented set of equations.

C. DESIGN METHODOLOGY IMPLEMENTATION

We propose these numerical examples solving some of the
most complex optimization cases. Indeed, these cases rep-
resent several global constrained optimizations done for two
linear polarizations and it implies minimizing the four com-
ponents of the reduced GLOBAL matrix (8). The optimiza-
tions are realized on several fractional bandwidth around the
center frequencies f;, with different criterions on the cross
polarization discrimination (XPD) and for a wide scanning
range considering the directions {6;; ¢; } defined as 0° < 6; <
60° and 0° < ¢; < 360°.

CAD models from CST MWS of the considered cells are
shown in Fig. 7a & 7b. The different PCB used in the designs
are Taconic TLY-5 with a relative permittivity & = 2.2. The
metals are set as PEC (Perfect Electric Conductors).

The driven element is a cavity backed stacked patches
element fed by two coaxial probes connected to the lower
patch to enable dual polarization.

Two different functionalized superstrates are tested for the
different optimization cases:

o A 2D superstrate composed of one group of 2 parasitic

crossed-dipoles (Fig. 7a: Ports 3 & 4);

o A 3D superstrate composed of one group of 2 parasitic
crossed-dipoles (Fig. 7b: Ports 6 & 7), a group of 2
parasitic monopoles (Fig. 7b: Ports 3 & 4) located on
the middle of the cell edge, a single parasitic monopole
(Fig. 7b: Port 5) set in the cell corner and a parasitic
control (Fig. 7b: Port 8) under the driven patch.

In a group of parasitic elements, each reactive load is
set to be identical in the optimizer. The choice of the par-
asitic elements, i.e. dipoles or monopoles, is based on their
compactness for integration, especially to encircle the unit
cell to stimulate the couplings. Their location is also chosen
to keep as much as possible the symmetry of the unit cell
while the array is fully built. To avoid sharing monopoles
on the boundary conditions, the distribution of Fig. 7b on
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each side has been chosen, resulting in the regular subarray
of monopoles in Fig.9. Notice that these ones are not joining
the boundary conditions of the unit cell. Other arrangements
can also be imagined by the designer.

These superstrate are respectively illustrated in Fig. 7a and
Fig. 7b. The filling of the cavity and the spacer are set to
vacuum. All dimensions of the structure are given in table 1
as a function of the element spacing A and reported on the
unit cell design in Fig. 7c. Notice that A is chosen close to a
half-wavelength in free space to avoid grating lobes.

FIGURE 7. a) Unit cell of a dual-polarization IPAA with a 2D superstrate.
b) Unit cell of a dual-polarization IPAA with a 3D superstrate with
isolation control. c) Unit cell of a dual-polarization IPAA annotated with
Table 1 dimensions.

A decoupling control mechanism is connected under the
driving patch of the unit cell with the 3D superstrate (Fig. 7b)
giving a total of 5 degrees of freedom for the optimiza-
tion (Generator impedance Z,, dipoles reactive loads, side
monopoles reactive loads, corner monopole reactive load,
decoupling control reactive load). In comparison, the cell
with the 2D superstrate (Fig. 7a) is optimized with 2 degrees
of freedom (Zg, dipoles reactive loads). The decoupling
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TABLE 1. Dimensions of the unit cell components.

Index . X

Parameter Names letter Dimensions
Unit cell period a A
Upper square patch length b 0.6282*A
Lower square patch length c 0.7260*A
Lower PCB thickness d 0.114*A
Superstrate PCB thickness e 36.78E-3*A
Cavity length f 0.9422*A
Cavity height g 0.2896*A
Spacer height h 0.5068*A
Total horizontal dipole length i 0.9702*A
Vertical monopole length ] 0.4778*A
Dipole middle gap k 14.48E-3*A
Monopole & Dipole width 1 72.4E-3*A
Monopole gap with metallic cavity m 14.48E-3*A
Feeding probe distance from cell center n 0.2107*A
Feeding probe diameter 0 72.4E-3*A
Isolation control probe from cell center p 0.2889*A

control mechanism gives a degree of freedom enabling to act
on the feeding isolation and on the XPD. The isolation control
port is integrated as a parasitic port (port number 8 on fig. 7b)
in the optimization process and works the same way as the
parasitic elements.

The optimization cases are done for several frequency
bands with center frequencies f,. The frequencies are defined
as a function of element spacing A. This means that the
cell geometry is the same for every optimization cases but
the optimization frequency band is different. Three center
frequencies are defined for 4 optimizations:

A

fix — = 0437 ©)
A

f % — = 0.460 (10)
C
A

fy % — = 0.483 (11)
C

f,  corresponds to the center frequency of the optimiza-
tion case [s™!]

A is the element spacing staying constant for all opti-
mization cases [mm]

¢ s the speed of light in vacuum [mm-s~!]

Looking at Equations (9), (10) and (11), f3 corresponds to
the highest center frequency and is close to half wavelength
element spacing meaning that the proximity of grating lobes
will affect the AVSWR.

The active scattering coefficients S’11, S’21, S’12 and
S’22 are calculated from the four traveling waves a’;,b’1,a’
and b’y seen in Fig. 6. These scattering coefficients are sum-
marized for the two simulated unit cells considering different
optimization cases in Table 2 and Figure 8.

Figure 8 represents the active S’ 11 for the three first opti-
mization cases from table 2 considering the 2D superstrate
and the 3D superstrate with isolation control. It has been
calculated using the schematic detailed in Fig. 6.

121020

TABLE 2. Performances of the unit cell considering different optimization
scenarios active (S'11, S"21, S'12, S'22) and XPD are expressed in dB.

imizati +
Optimization 2D superstrate ?D superstrate
cases isolation control
Normalized Active (S’11 Active (S’11;
frequency band ; S721) XPD S’21) XPD

[0.95 — 1.05]f,

[0.95 — 1.05]f,

[0.95 — 1.05]f,
[0.9 — 1.1]f,

-13.3;-15.5 18.3
-12.6;-17.4 17.5
-8.1;-12.1 11.1
-5.6;-12.6 11.5

-138;-152 | 19.8
-14.1;-142 | 211
-132;-13.1 | 18.1
-10.5;-143 | 174

The optimization bandwidths are contained between the
vertical red bars for each graph. This figure illustrates how the
parasitic elements affect the active S’ 11 differently according
to the different optimization cases.

OPTIMIZED UNIT CELL ACTIVE S11 FOR THE 3 FIRST CASES OF TABLE Il

2D superstrate 3D superstrate + isolation control

Active S'11 Active S'11

[dB]

09 095 1 105 11 115 1.2 09 095 1 1.05 1.1 115 12
lf, i,

Active S"11 Active S'11

[dB]

-30
0.85 09 095 1 105 1.1 1.15
fif, ff,

085 09 095 1 1.056 1.1 115

Active S'11 Active S'11

[dB]

00=0 oo=0 90=50 4)0:0 - — —0,=55 q‘;o=45 0,=60 ¢0=90
6'0=30 d)o=0 (7’0=50 ¢0=45 90=55 o‘0=90
60=30 @0245 90250 s‘>0=90 - - —(-)0260 ¢§0=0

—90=3O ®O=90 - —90=55 ¢0=0 - - —90=60 o‘0=45

FIGURE 8. Active S'11 for the first three optimization cases from table 2
(2D superstrate & 3D superstrate).

The optimization resulted in very different performances
for the different optimization scenarios. Considering the
lower part of the band (center frequencies f; and f; with
10% bandwidth), the 2D superstrate and the 3D superstrate
exhibit similar performances. Now considering the upper
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part of the band (center frequencies f3 with 10% bandwidth)
and the higher bandwidth ratio (center frequencies f> with
20% bandwidth), the 3D superstrate clearly exhibits better
behavior in controlling the active reflection coefficient and
XPD. It clearly acts as a degree of freedom, as expected.

Starting from now, we give all the details of the optimiza-
tion case considering the 10% bandwidth around the upper
frequency f3 for the cell with the 3D superstrate and isolation
since it offers great improvement over the 2D superstrate. The
optimization results are in table 3.

TABLE 3. Synthesized Reactive Loads & Generators Impedance GOALS:
Minimizing active (S11, S22, S21, S12) and maximizing XPD.

Parameter Name Value [Z]
Z4 (Port 1 Generator impedance) 46.9-48.11 Q
Zy (Port 2 Generator impedance) 46.9-48.1 Q
Port 3 reactive load (side monopole) 0+102i Q
Port 4 reactive load (side monopole) 0+102i Q
Port 5 reactive load (corner monopole) 0-1380i Q
Port 6 reactive load (dipole) 0+878i Q
Port 7 reactive load (dipole) 0+878i Q
Port 8 reactive load (isolation control) 0+8531 Q

The reactive loads connected to the parasitic elements gen-
erate reflection coefficients (equation 1) whose phases are:

o Port 3&4: 52°

e Port5:-4°

o Port 6&7:7°

o Port 8: 7°

An arraying of the considered unit cell with its 3D
superstrate is shown in Fig. 9 to illustrate the superstrate
architecture.

FIGURE 9. Array lattice of the dual-polarized IPAA unit cell.

This numerical design is meant to be a demonstration of the
methodology in a complex optimization case with a simple
numerical design. It is given with all data and dimensions
necessary to whoever wants to reproduce it for verification
purposes.

Figures 10a and 10b show the smith chart representations
of the active impedance of the unit cell (Fig. 7b). This repre-
sentation enables the reader to see the co-location of the active
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impedances near the conjugate generator impedance when
the other port is loaded with Zy (Fig. 10a shows the active
S11 when the port 2 is loaded with Zy> & Fig. 10b shows the
active S22 when the port 1 is loaded with Z1). It is clear that
minimizing the dispersion of these active impedances is suc-
cessful and those curves are collocated around the complex
conjugate of a generator with impedance Zy* = 46.9+438i€2.

b 31 [small-sized problem:| 22 b, b,

« {6i, @i} P -
SZXZ active 502 | Zg

Soua= Xy X5 Xid

Active $11 [0.95f3-1 .05f3]
+1.0

b’ b 31 [small-sized problem: | 32 b,
S{ei » @i} g
2x2 active

S = fXy Xy Xi)

Active S22 [0.95f3-1 .05f3]
+1.0

(b)

FIGURE 10. a) Smith chart representation of the proposed IPAA active
S11 for different {9;; ¢;} over the bandwidth. Z, represented by a red dot.
b) Smith chart representation of the proposed IPAA active S22 for
different {6;; ¢;} over the bandwidth. Zg; represented by a red dot.

Figure 11 represents the active scattering matrix when both
active ports are normalized with the corresponding generator
impedances Z,| and Zy;. It shows that the active |S’(]|¢g and
active |S’22|gp of the unit cell are kept below —13.2dB in
the worst case and below -20dB for a large set of scanning
angles. Furthermore, the active coupling between the two
feeding probes of the cell (active |S’12|gp and active |S’21|dB)
was kept below —13.1dB (13.1dB isolation) in the worst
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b’y ay b, 31 [small-sized problem:| 22 b, a’, b,
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(3 2x2 active &2
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Active S$'11 Active §'12

Active S'21

1
i, ity

<90=0 oo=0 60=50 ¢0=0 [ _90=55 ¢0=45 I _90=50 ¢0=go
670—30 0‘0—0 60=50 @‘0=45 90=55 ¢0=90
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—€0=30 o‘0=90 - —60=55 ¢0=0 - _90=60 ¢0=45

FIGURE 11. Proposed IPAA active scattering matrix.

case (D plane) and well below —20dB when scanning the
E- and H-planes.

Figures 12 shows the XPD for both feeding ports of the
cell. It is maintained above 18.1dB in the worst case, which
is close to the 20 dB objective that we set at the beginning of
the optimization.

XPD Port 2 XPD Port 1

5 5
0 0
0.9 0.95 1 1.05 11 0.9 0.95 1 1.05 1.1
i, 1,
0,50 $,=0 0,750 0,0 — — —0=65 =45 — — _0,=60 =90
0,730 6,70 0,50 =45 0,755 =90
0,730 $,=45 0,750 $,=90 — — —=60 ¢,=0
0,730 6,790 = — 0,755 ¢=0 — — —0,=60 =45

FIGURE 12. Proposed IPAA XPD for both active ports, considering
different {6;; ¢;} over the bandwidth.

The different results shown in this part illustrate the interest
and the versatility of the design methodology. The next step
would be to find design solutions that emulate the optimal
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generator impedances to connect the active ports of the unit
cell. Such solutions are explored in III.

Ill. DESIGN OF A 5G UNIT CELL USING THE IPAA
CONCEPT FOR A LARGE ANTENNA ARRAY
A. SPECIFICATIONS
In order to build a first proof of concept, a unit cell working in
the new 5G band, especially in the C-band between 3.4GHz
and 3.8GHz (11%) has been chosen. The unit cell will be
associated to a 0.53A step triangular lattice to avoid grating
lobes in the scanning range. The driven element delivers a
single linear polarization for simplicity and cost reduction.
The main challenge of this design is to obtain both a wide
scanning range that we want to address and a simple tech-
nological process. Therefore, the 3D superstrate with vertical
parasitic elements is removed to use a classical PCB stack.
It is also a way to show if enough degrees of freedom are
available, i. e enough parasitic elements, to reach the EM
performances. The goal is to optimize the unit cell over a
pointing range from 8y = 0° to 6y = 70° whatever the
azimuth plane (i.e. ¢ € [0° 360°]). Such beamsteering
specifications are especially interesting in dense urban 5G
applications.

B. DESIGN PROCESS

At first, a low frequency dispersion driven array is chosen,
based on a cavity backed stacked patch. It is fed through a
compact U-shaped coupled aperture (Fig. 16a). We chose this
architecture of elements because it shows a good impedance
stability over the 5G C-band and because this architecture is
quite low profile.

FIGURE 13. Unit cell of the proposed 5G IPAA before designing the
matching network.

The low frequency dispersion optimization was checked
over a small beam scan (+/—30°), to ensure the energy
acceptance of the driven element and the effects of arraying
in a normal operation. All elements are printed on a Taconic
TLY-5 PCB with {§¢, = 2.2; tan = 0.0009} and a 1.524mm
thickness, except for the two PCBs holding the feeding
stripline which are 0.762mm.

A low complexity functionalized superstrate was con-
sidered to simplify prototyping and to reduce its cost.
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The superstrate is thus composed of two orthogonal dipoles
printed on both sides of a PCB lying 16 mm above the upper
patch PCB. Both dipoles are centered in the middle of the unit
cell to keep as much symmetries in the design as possible,
as presented in Fig. 13.

The active scattering matrix of the cell was then calculated
using Floquet’s formalism for about ten scan angles. The
optimum reactive loads to connect to the parasitic elements
were synthesized using the optimization method described in
part. I1.B. The optimization for the reactive loads results in a
capacitor C = 21.2pF.

This capacitance effect was introduced in the design by
optimizing the shape of the parasitic dipoles. We used the
methodology used by Fouany et al. [18], which allows syn-
thesizing a reactive load by changing the length of the dipole.
Another solution would have been using SMD components
[19]-[20] but shape optimization is cheaper and more reli-
able. The total dipoles length was changed from 25mm to
32.7mm to emulate the equivalent reactive load by shape
optimization.

The performances of this unit cell in terms of active reflec-
tion coefficient and XPD are given in the fig. 14 and 15.
Hence, the active impedance of the unit cell is stabilized near
the complex impedance Zg * = 14-13i€2.

The XPD was not an optimization criterion in this design.
The curves showing the lower XPD correspond to the diag-
onal plane (¢ = 45°). This is an expected behavior of patch
arrays which exhibit a lower XPD on the diagonal planes. The
other planes show great XPD above 20dB.

Active S11 [3.4-3.8] GHz
+1.0

FIGURE 14. Active impedance of the proposed 5G IPAA before integrating
the matching network—a small frequential dispersion is noticed.

Then a two-stub matching circuit is designed with the
objective to present the generator impedance Z; to the
stripline access port of the cell.

The matching circuit is shown in Fig. 16b.

The final assembly of the unit cell considering all the
mechanical elements and the feeding network is given
in Fig. 18. The Rohacell spacer has been drilled to reduce its
relative permittivity. Details of the Rohacell spacer are given
in Fig. 23.
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XPD

3 3.2 3.4 3.6 3.8 4
Frequency [GHZz]

FIGURE 15. XPD of the proposed 5G IPAA before designing the matching
network.

FIGURE 16. a) Feeding aperture of the proposed 5G IPAA. b) Feeding line
and matching network of the proposed 5G IPAA.

The new simulations for the cell stacked with the matching
circuit is plotted on Fig. 17a & 17b.

The simulated active reflection coefficient of the entire unit
cell is kept below —13.6 dB (Fig. 17b) and the XPD is above
10 dB. The worst case is for the diagonal plane (Fig. 15).
We remind that the XPD was not specified as a priority
criterion for this optimization and there were few degrees of
freedom to achieve the synthesis.

The dimensions of the unit cell are given in table 4 and the
material characteristics used are given in table 5.

TABLE 4. Dimensions of the unit cell components.

Parameter Name Value [mm]
Unit cell period 41.5
Rohacell height 15.74
Dipoles length 32.7
Upper patch radius 13.5
Lower patch radius 13.75
Metallic cavity height 10.25

TABLE 5. Different material characteristics.

. Dielectric
Material name permittivity [€, ] Loss tangent [tand]
Rohacell 1.1 0.0016
Taconic TLY-5 2.2 0.0009
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Active S11 [3.4-3.8] GHz
+1.0

1.0

@

Active S11

cﬂo=0
$,=0
4470
$,=0
$,=0

$,=45
(,*)0245
¢0=45
$,=45
$,=90
¢>O=90
$,=90

$,=90
3 3.2 3.4 3.6 3.8 4
Frequency [GHZz]
(b)

FIGURE 17. a) Smith chart representation of the active impedance of the
proposed 5G IPAA. b) Cartesian representation of the active S11 of the
proposed 5G IPAA.

PCB with parasitic dipoles

Rohacell spacer

Upper PCB
Cavity

Lower stack PCB

FIGURE 18. Unit cell of the proposed 5G IPAA.

Once the optimization is done, the unit cell active matching
is evaluated for all possible scanning angles to evaluate the
design performances [21].

The active reflection coefficient is computed by varying
the periodic conditions phase shifts over 27 radians (Fig. 2).
Larger phase shifts would present the non-radiative periodic
solutions. The periodicity of these solutions are linked to
the array period and they are drawn versus the wave vector
in Fig. 19. Only the solutions inside the red circles can be
radiated [17].
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the wave vector

(a) Infinite periodic array
FIGURE 19. Calculation of the active reflection coefficient with the unit

cell technique (a) gives periodic solutions in the wave vector domain (b).
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FIGURE 20. Circle diagrams showing active reflection coefficient as a
function of kx and ky (transverse wave vector)—purple circle points
6o = 70°.

The active reflection coefficient is simulated with the unit
cell method from 3.2 GHz to 4 GHz. It is plotted in Fig 20.

The circle diagrams show the active reflection coefficient
for the phase conditions applied between the cells. Hence,
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every concentric circle represents all the ¢ angles for a
given 6;. The center of each graph{ky = 0; ky = 0} is
broadside (6y = 0°) and the purple circle marks 6px = 70°.

It clearly appears that the active reflection coefficient is
maintained really low (i.e., —13 dB) for the whole scanning
range in the optimization bandwidth (3.4 to 3.8 GHz).

The efficiency of this unit cell has been evaluated
in Fig.21 and it is between —0.1 and —0.3 dB for the worst
case.

o Cell Efficiency
0.1 =0 $,=0
02 $=0
6470
03 4,70
0.4 #=0
—_ #,=45
% -0.5 9,745
0.6 9645
#,=45
-0.7 $,=90
-0.8 $,=90
=90
0.9 %
#,=90
-1
3 3.2 3.4 3.6 3.8 4

Frequency [GHZz]

FIGURE 21. Total efficiency of the unit cell depending on its active
matching for different directions on the frequency range.

Notice that this efficiency of the unit cell is defined by
the power transmitted from the cell to the Floquet’s port,
relatively to the incident power in the excitation port of the
periodic cell.

The results confirm that the IPAA unit cell has been
optimized and shows great performances compared to
the given specifications. The manufactured prototype is
presented in I'V.

IV. PROTOTYPING AND MEASUREMENTS OF A
SUB-ARRAY

To simplify the manufacturing process and for future applica-
tions, the prototype is defined by a 12-element tile, enabling
the possibility to build a larger array (Fig. 22). Furthermore,
this size of the structure is a good first step in validating the
concept. Indeed, it is close to the maximum structure size
we can simulate with a full-wave simulator installed on a
workstation with a GPU. Therefore, a detailed comparison of
the results obtained with the proposed method can be made
with both a full-wave simulation and measurements.

The tile is the first step of the array construction. Because
of its shape, many tiles can be assembled to build bigger and
bigger arrays. The goal after this validation will be to man-
ufacture more tiles to create larger arrays based on this tile
architecture. An example of a larger array is shown in Fig. 23.

The unit cell was designed considering an equivalent effec-
tive permittivity €, = 1.06 for the Rohacell layer in order to
be close from an ideal vacuum spacer. To this end, a Rohacell
71 HF foam (¢, = 1.1) has been modified by including
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PCB « Dipoles »

Upper patch PCB

Metallic grid

Lower PCB stack

Soleplate glue

Aluminium soleplate
Metallic screws

FIGURE 22. 12-element tile with its different components.

FIGURE 24. Rohacell layer with holes to reduce the equivalent ef.

air holes. This technique has several advantages. At first,
the equivalent effective permittivity of the material can be
decreased while keeping a rigid foam and then the dielectric
constant of the equivalent material is stabilized, meaning
that the design will be more resilient to a dielectric constant
dispersion inside the initial medium.

A picture of the fully mounted tile is given in Fig. 25. Three
identical ones have been assembled to check the dispersion
and to definitively validate the manufacturing process.
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FIGURE 25. Photograph of a complete tile assembled.

The data used to plot the active reflection coefficient
in Fig. 20 can be used to extract the coupling matrices from
a large antenna array composed of up to several hundreds or
thousands of cells. Using equation (12) [22], it is possible to
build the complete scattering matrix of the array using the
computed active reflection coefficient of the unit cell.

Ax-Ay [3 (&
swa= S [ S ek
&Ry
,exp_i'[kx‘(xm_xn)+ky‘0’m_)’n)]'aky . 8kx (12)

We name this formalism, the extraction of the S matrix
from the periodic modeling.

Figure 27 shows the comparison between the measured and
simulated reflection coefficient of an access port of the tile
using a full-wave simulation and the reconstructed scattering
matrix, based on port labeling in Fig. 26. Notice that the
chosen port is not on the edge to be compliant with the
chosen formalism. The measurements of the three tiles show
a high agreement with the simulations, even for this small tile,
which means that the manufacturing processes and the IPAA
concept are validated.

Cells positions and ports numbers
0.1

-0.05

X (m)

FIGURE 26. Position and numbering of cells in a tile.

The full-wave calculation also gives the directivity of a
central element of the tile (port 9). Figure 28 maps the 2D
AEP directivity over the optimized frequency bandwidth. The
directivity of the center element is always kept above 1 dBi
for any radiation direction in the optimized scanning range.
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40 g0 -i60

0dB -1dB -3dB -6dB -10dB -20dB -20dB -10dB 6dB -3dB -1dB 0dB

FIGURE 27. Smith chart representation of the reflection coefficient of
port number 9: S parameter calculated 1/ from the periodic modeling,

2/ from measurements on each of the three assembled tiles, and 3/ from
full-wave simulation.
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FIGURE 28. Simulated active element pattern of the element
number 9 from the tile.

The directivity shows a great stability for each azimuthal
angle and for every frequency in the optimization band.
The main objective of this work was to define an efficient
approach to optimize the active reflection coefficient of an
antenna array for wide scan angles. Due to the link between
this parameter and the active element pattern, a good opti-
mization leads to a good stability of the pattern, whatever the
azimuthal angle, as observed here.
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Active element pattern of Port 9 (simulation @ 3.4GHz)
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FIGURE 29. Simulated radiation pattern of the element number 9 from
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the tile represented with the cosd envelope (black dashed lines).

It was mentioned in part. II that the ideal AEP should tend
toward a ‘cos6’ shape [15], [16]. Fig. 29 compares Cartesian
representations of the directivity radiation patterns of port 9
with the directivity of a ‘cos’-shaped radiation pattern (black
dashed line). The simulated diagrams seem to confirm that
the ideal AEP is about to be realized. The ripple observed in
simulations is due to the small size of the array considered

here, since it is a single tile of twelve elements.
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V. ARRAY-SIZE EFFECTS AND S PARAMETERS
EXTRACTION

In order to validate bigger array arrangements, the three
manufactured tiles were arranged to form the array presented

Y (m)

01 -005 0 005 01 015 02 025
X (m)

FIGURE 30. Position and numbering of the different elements of the
3-tile array.

Measurement

S1 6,16

SPeriodic Simulation
16,16

40 g0 60

0dB-1dB -3dB -6dB -10dB -20dB -20dB -10dB -6dB -3dB -1dB 0dB

FIGURE 31. Smith chart representation of the reflection coefficient of
port number 16: simulation versus 3-tile array measurement.
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FIGURE 32. Active reflection coefficient of the central port (16) of the
3-tile array (left, simulation-right, measurement).

in Fig. 30. The full [S]-matrix of the 36 elements array was
measured with a multiway VNA (working up to 49 chan-
nels [23]). The result for a central element (|St6,16/dB) is
shown in Fig. 31, where it is compared to the [Si¢ 16/dB.
in red, deduced from the periodic modeling using (12).
A good agreement is observed, as for the single tile.

The measured [S] matrix of this 36-cell finite-size array
was used to assess the active reflection coefficients for all
cells through (13) [22].

3 (ks )
= S - exp i e tnmmm ke nmwn] (13

n

Figure 32 illustrates the dependence of the active reflection
coefficients on the scan angle for the 3-tile prototype. This
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6 Active element pattern of Port 16 (measurement @ 3.4GHz)
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FIGURE 33. Measured AEP of the element nr 16 from the three-tile array.

illustration compares the simulated and measured S,¢jve for
port 16, which is approximately in the center of the array. The
objective scanning range (fp = 70°) is indicated by the purple
circle.

The simulation and measurement show high agreement
and good performances of the central cell even though the
array is relatively small. Indeed, a larger array would exhibit
performances closer to that of Fig. 20.
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Figure 33 plots the directivity diagram for this central
element (number 16) with the ideal ‘cos6’-shape envelope
(black dashed curve). Some perturbations are visible on the
pattern. They are caused by the small size of the array mea-
sured but it is clear that this measured directivity radiation
pattern is close to the targeted ideal ‘cosf’ envelope. These
results definitively validate the proposed modeling approach
and the IPAA concept.

Notice that Fig. 33 shows more ripples than Fig. 29. This
is because of the increased number of array elements. The
ripple level appears to be higher than expected in some part
of the angular spectrum, but it can be mainly explained by the
oversized metallic fixture used for the three-tile configuration
measurement (Fig. 30). It was not considered in simulations.

VI. CONCLUSION

This paper described the benefit of the Interleaved Parasitic
Arrays Antenna (IPAA) concept to minimize the active reflec-
tion coefficient over a wide scanning range. A methodology
has been developed to implement the IPAA concept and this
methodology is reliable and efficient in terms of computation
time and obtained performances. This concept can be applied
to many architectures of antenna arrays and to very different
specifications to get the best for every specific applications.

The IPAA concept is based on two powerful ideas. The first
singular property of the IPAA is to use parasitic elements as
interleaved arrays, without increasing the step of the array
lattice. The second singular property is to consider the gener-
ator impedance as a way to optimize the array performances.
These elements act as degrees of freedom in the optimization
to obtain both an active reflection coefficient as low as possi-
ble and a quasi-ideal ‘cosf’ active element pattern.

A numerical dual-polarization design was proposed to
show the possibilities offered by this concept and a
C-band prototype was built to validate the performances,
showing great correspondence between simulations and mea-
surements, thus validating the IPAA concept. A unit cell for a
large antenna array with 11% bandwidth and scanning range
up to fp = 70° has been presented, showing a very good
active reflection coefficient below —13.6 dB and a satisfac-
tory XPD in the whole operating range.
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