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Abstract This paper presents a 66—76-GHz sparsely-excited phased array antenna with the array of array
(AoA) architecture for eliminating the blindness and suppressing the grating lobe when scanning. For the
array antennas printed on the thick dielectric layers with high relative permittivity, scanning blindness ap-
pears and seriously impacts the radiation performance. To address this issue, the AoA topology is developed
first. It finds that the scanning blindness appears due to the coupling of the radiating Floquet modes to the
non-radiating surface wave (SW) modes. Therefore, the array is divided into two types of domino subarrays.
The inner-phase distributions are introduced into the domino subarrays to break the one-to-one relationship
between the Floquet mode and the SW mode. Then, the blindness inside +60° scanning volume is eliminated
by the aperiodic subarrays. Meanwhile, the aperiodic inner-phase distributions enhance the aperiodicity of
the array and contribute to suppressing the grating lobe when scanning. Next, the meta-surface-based dipole
with the shorted post is chosen as the unit cell for the proposed aperiodic array. Based on these methods,
the array achieves the wide-scanning performance of +60° in the E-plane and +30° in the H-plane, without
the blindness and the grating lobe. Finally, the 16x16 array is built and simulated with the dimension of
32 mm X 32 mm. At the highest operating frequency, the simulated gains are 28.42, 25.17, and 24.01 dBi
when scanning to the broadside, 50° in the E-plane, and 30° in the H-plane, respectively. Compared to
the ideal gain, it shows that the simulated radiation efficiency is about 84.13%, 62.08%, and 35.23% when
scanning to the broadside, 50° in the E-plane, and 30° in the H-plane, respectively. The worst transmission
coefficient, i.e., the worst isolation, is —11.97 dB between the central element and its two adjacent elements
in the E-plane. The array prototypes are fabricated, and the experiments are carried out to verify the cor-
rectness of the principle and design. Compared to existing antenna array designs, due to the employment
of the AoA architecture, the proposed antenna achieves 51.30% channel reduction with both blindness-free
and grating-lobe-free performance. Meanwhile, due to the regular and periodic subarray spacing, the best
realizability is achieved for the sparsely-excited phased array at the millimeter-wave bands. This is valuable
for the wide-scanning phased array antennas in the sixth-generation (6G) highly-integrated communication
systems at the millimeter-wave bands.

Keywords 6G communication systems, phased array, AoA, aperiodic subarray, wideband, wide-scanning,
surface-wave, scanning blindness, grating lobe

1 Introduction

Wireless communication technology in the millimeter-wave frequency bands is emerging as a cutting-edge
frontier that holds the potential to enable a higher data rate, lower latency time, and larger system ca-
pacity. In sixth-generation (6G) wireless communication systems, to meet the requirement of delivering
multi-Gbps to simultaneous multiusers, a sufficiently wide spectrum resource is essential [1-3]. There-
fore, millimeter-wave frequency bands such as the E-band from 60 to 90 GHz are selected as potential
candidates [4-7]. Antennas play a pivotal role in establishing the connection between wireless communi-
cation systems. To create connectivity between the base stations and terminal users flexibly and rapidly,
wideband and wide-scanning phased arrays are necessary. However, as the operating frequency increases,
the physical dimensions of the antenna decrease, which increases the complexity of integrating antennas
with the active components. It can also render some fabrication processes, such as the wire electrical
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discharge machining and computer numerical control machining processes, unsuitable for utilization in
the millimeter-wave frequency range [8-10]. In this situation, multilayer and high-integration fabrication
processes are required to integrate the antennas, the power dividers, and the active devices in the compact
package [11-16].

Various types of antennas using different fabrication processes and materials for 6G and millimeter-
wave spectrum are developed intensively, such as antenna on chip (AoC) and antenna in package (AiP) in
both single and array configurations [17-23]. The AoC technologies eliminate the need for wire bonding
or ball grid array (BGA) [24] and close the gap between the antenna and the active component, which
reduces insertion loss. Compared to AoC technologies, AiP technologies provide a low-cost solution for
the high-integration radio frequency front end. It usually employs fabrication processes such as the low
temperature cofired ceramic (LTCC) process [25,26], the printed circuit board (PCB) process [27,28], and
the embedded wafer level packaging (EWLP) process [29]. However, for the directional-radiation array
with the metal reflector (ground plane) in the dielectric-filled package, the transverse magnetic (TM)
and transverse electric (TE) surface waves (SWs) can be excited along this grounded dielectric layer. As
studied in [30], scanning blindness occurs when the propagation constant of the SW mode matches the
correlative Floquet mode over the array aperture. At the blindness, the radiation pattern of the array
and the active voltage standing wave ratio (VSWR) will deteriorate unacceptably. This leads to limited
scanning volume for both the AoC and the AiP.

In past years, several methods were developed to eliminate this type of scanning blindness [31-37]. Pe-
riodic electromagnetic bandgap (EBG) materials, including the grounded dielectric rods [31], mushroom-
like structures [32,33], uniplanar compact structures [34], and air-filled perforations [35-37], are investi-
gated to address this issue, through their well-designed forbidden gap at the operating frequency bands.
However, these materials suffer from bulky structures or the particular fabrication process, which makes
them difficult to use in the large-scale phased array at the millimeter-wave bands. In [38], the effect
of the subarray configurations on the scanning blindness shows that the properly spaced subarrays can
almost eliminate blindness caused by the SWs. However, the grating lobe angles will move toward the
broadside with the increase in the element spacing, also accounting for the resultant limited scanning
range. Recently, the unconventional phased array architecture with the sparsely-excited array topology
was studied [39-44]. In these situations, the antenna elements will be positioned with different classes,
such as the active elements, the inactive elements, the vacant elements, the shifted elements, and the
combined elements. It is similar to making a rearranged array of the phased array, which can be described
as an array of array (AoA). The antenna with the AoA architecture, consisting of the aperiodic subarrays
with the irregular shapes [39-42] or inner-phase distributions [43,44], is adopted to suppress the grating
lobes when scanning. Indeed, the irregular shapes of the subarray work against the realizability of the
large-scale phased array at the millimeter-wave bands. For the AoA architecture with the inner-phase
distributions in the subarrays, it is still hoped that the lesser phase-shifting subarrays in the whole array
will reduce the additional insertion loss induced by the phase-shifting networks.

In addition to the scanning blindness caused by SWs that can degrade the antenna radiation per-
formance, the mutual coupling between antenna elements will also result in distortion of the element
pattern, the degradation of the active VSWR, and consequently, lead to distortion of the synthesized
beam of phased-array antennas and reduced radiation efficiency [45-48]. In addition to the mentioned
EBG materials, there are some mutual coupling reduction technologies such as the decoupling feeding
network [49], the decoupling surface [50-52], the mode cancellation [53-57], the mode separation [58],
the employment of a circulator [59], and field confinement [60]. The above methods provide some effi-
cient solutions to reduce the mutual coupling between antenna elements. However, it also escalates the
complexity of design and integration, with some applicable only to smaller arrays composed of several
antennas.

In this paper, a 66-76-GHz, sparsely-excited phased array antenna is proposed with the AoA architec-
ture for blindness-free and grating-lobe-free scanning performance. The principle of scanning blindness
in the PCB-based millimeter-wave antenna is studied and analyzed first. Then, the wideband dipole
element is carefully designed based on the infinite array simulation, which takes into account factors
such as mutual coupling and the parasitic reactance between the antenna elements. The meta-surface
(MS)-based impedance matching layer and the shorted post are added into the dipole element to improve
impedance matching and eliminate the distortion of the element pattern caused by the mutual coupling.
Next, two types of domino subarrays with and without inner-phase distributions are employed in the
aperiodic array to eliminate the scanning blindness caused by the SWs. Compared to the traditional
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Figure 1 (Color online) Antenna array printed on grounded dielectric layers. (a) Side view; (b) trimetric view.

array topology optimization model, the influence of the inner-phase distributions for the equivalent phase
centers is taken into account. Therefore, the array topology obtained by the improved algorithm model
can efficiently suppress the SWs and grating lobes inside the scanning volume efficiently over all of the
operating frequency bands. Finally, the 16 x 16 array prototypes are fabricated and measured, which
shows the correctness of the principle and design.

2 Principle of scanning blindness in PCB-based millimeter-wave antenna

2.1 Coupling from radiating Floquet modes to non-radiating SW modes

The multi-layer PCB process provides excellent integration capacity for the millimeter-wave package. In
terms of a wideband phased array antenna, a thick enough substrate is required to maintain impedance
bandwidth [61]. Sometimes, an additional superstrate is also needed to improve the impedance matching
when scanning [35-37]. In the actual antenna fabrication process, the planar metal structures such as the
antenna radiator and ground plane are printed on the surface of the laminate layer through processes like
exposure, development, and etching. The three-dimensional structures like antenna feedlines are achieved
through processes like plated-through-hole metallization. Then, the multiple laminate layers are bonded
together using the prepreg layers through a multi-layer lamination process, completing the printing of the
antenna. To simplify the analysis, the dipole radiators fed with the ideal sources, i.e., without considering
the feedlines, are adopted as shown in Figure 1. Figure 1(b) shows the geometry of the infinite dipole
array with the ideally excited dipoles printed on the grounded dielectric (the superstrate is filled with the
transparent color for clarity). Then, the thickness of the metal and prepreg layers is ignored to obtain the
uniform environment filled with the grounded dielectric layers. Here, h1, ho, €1 and g, are the thickness
and the relative permittivity of the dielectric layers, respectively. h is the total thickness of the dielectric
layers above the ground plane. D is the element spacing of the radiators along the z- and y-direction. It
defines the effective relative permittivity €, .g¢ of the whole array, which can be expressed by

rh oh
Erott = % 1)

Notably, in the analysis process for the excited SWs in the grounded dielectric layers when scanning,
the mutual coupling between antenna elements is not critical and is therefore neglected here. However,
in contrast, it is essential to focus on the coupling between radiating Floquet modes and non-radiating
SW modes. According to the array theory [62], the Floquet mode propagation constant vector can be
expressed as

mA n
kon = ko (TO +u)m+ko (TO—HJ) Y, (2a)
u = cosggsinfy and v = singgsinfy. (2b)

Here, (6p, ¢o) is the array scan angle and g is the free-space wavelength at the operating frequency. kg
is the free-space wavenumber at the operating frequency. m and n are the Floquet mode indexes. At the
same time, the SWs with the TE and TM modes can be excited in the equivalent single grounded dielectric
layer with the thickness h and the relative permittivity €, .s, where the propagation constant of the SWs
Bsw = ko [30]. To extract Ssw, it assumes that the electric field E,(z,y, 2z) and magnetic Hy(z,y, 2)
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of the SWs propagates in the y-direction with an e~3%¥ propagation factor and has no variation in the
z-direction (8% =0), i.e., By(r,y,2) = ey(z,2) e and Hy(z,y,2) = hy(z, 2) e Y. Then, considering
the Helmholtz wave equation in each region as shown in Figure 1(a), it can be separately expressed for
the TM mode SWs and TE mode SWs as

(53—; + erorky — ﬂngM) ey(z,2) =0, for 0 <z <h, (3a)
(53—:2 + kg — 5§W,TM) ey(z,2) =0, for 2 > h, (3b)
(;—; + & ek — 5§W,TE) hy(z,z) =0, for 0 <2< h, (3¢)
(53—; + kg — 5§W,TE> hy(z,2) =0, for z = h. (3d)

It defines the cutoff wavenumbers k; and ko in the dielectric layers (0 < z < t) and the free-space
above the superstrate (z > t), respectively. k1 and ko can be expressed as

k% = Er,eﬂ“kg - ﬂng (4&)
kg = ng - k(2)7 (4b)
k2 4 k2 = (epom — 1)KE. (4c)

Then, the general solutions for (3) are

ey(x, z) = Aysinksz + Bycosk: z, for 0 <z < h, (5a)
ey(x,2) = Cref?® + Dje=h22, for z > h, (5b)
hy(z, z) = Agsinkz + Bacosk; z, for 0 < z < h, (5¢)
hy(z,z) = Chef2? 4 Dye™h27, for z > h. (5d)

In (5), A1,2, Bi2, Ci2, and D; 5 are the constants. To obtain k; and k2, the relation between the
electric field E and magnetic field H of the TM and the TE SWs, derived by the Maxwell equations,
is employed together with the electromagnetic field boundary conditions on the surface of the layered
medium and the radiation condition [63]. Therefore, the relation between k; and ko can be expressed as

kitankih = e, ko, for TM mode, (6a)
— ki cotkih = ko, for TE mode. (6b)

By simultaneously solving (4c) and (6), k1, k2, and Ssw can be extracted. For more intuition, the
graphical method can be used by transforming (4c) as

(k1h)? + (k2h)? = (er.en — 1)(koh)?. (7)

Eq. (7) shows the circle equation whose center is located at the origin of the customized coordinate
system, with the radius equal to /e, eg — 1(koh). k1h and koh represent the horizontal and vertical axis
for the customized coordinate system, respectively. Here, koh = E’?ﬁftanklh for the TM mode and koh =
—kihcotkih. Using the coordinate of the intersection between the circle equation and the ksh equations,
k1 and ko are obtained and then the the propagation constant Ssw can be calculated by (4a) or (4b).
When the Floquet mode propagation constant of the array matches the propagation constant Sgyw, the
SWs appear and the input power of the antenna elements cannot efficiently radiate out. The angle of the
scanning blindness can be calculated by

2 2 2
A A
(62—0“7) = (% + usw) + <% + ’Usw) ; (8a)

usw = cospswsinfsw and vsw = singswsinfsw . (8b)

Here, (Osw, ¢sw) is the blindness angle.
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Figure 2 (Color online) Dipole elements in 16 X 16 finite array model and infinite array model.

Figure 3 (Color online) PCB stack-ups of infinite dipole array.

2.2 Analysis based on infinite array

As shown in Figure 2, the infinite dipole array is built and analyzed in the full-wave electromagnetic
simulation software. The two couples of the airbox faces are set as primary and secondary boundaries,
forming the rectangular lattice in Floquet mode analysis. To guarantee the reasonable comparability
for the fabricated array prototype by the PCB process, all the models in this subsection use the same
configuration of the dielectric layers as shown in Figure 3. Here, the M1 and M2 layers are the superstrate
and the substrate for the dipole element, respectively. The dipole radiators are placed on the top of the
M2 layer. The M3 layer is added to integrate the feeding network for the antenna experiment. The M1,
M2, and M3 layers use the Taconic TLY-5Z laminates (g,1 = 2.20, tand; = 0.0015), which are bonded
by one Rogers RO4450F prepreg layer (e, = 3.52, tan §; = 0.004). The detailed parameters are T} =
0.13 mm, 75 = 0.10 mm, and 75 = 0.25 mm. The dipole is fed by the lumped source with 180 2
characteristic impedance. Notably, the analysis model takes into account factors such as the mutual
coupling and the parasitic reactance between the antenna elements.

The simulated active VSWRs when scanning to (6y, ¢p) are given in Figure 4. The unacceptable peaks
of the active VSWR, i.e., the scanning blindness, occur when scanning to 50° at around 76 GHz and 60°
at around 73 GHz in E-plane. To study this phenomenon, the total thickness i and the effective relative
permittivity €, g of the infinite dipole array can be calculated by

h=T; 4+ 2T+ T35 = 0.58 mm, (9&)

ert(Th +T3) + 26,215
Ereff = n

~ 2.66. (9b)

Then, considering the highest operating frequency in this design, the Ssw can be obtained by solving
(4), (6), and (7) with the graphical method as shown in Figure 5. It shows that only the TM mode SW
when scanning in E-plane (¢sw = 90°) can be excited with Ssw = 1.20kg. By (8), the Ogw is about
50.44° at 76 GHz. The full-wave simulations are taken to verify the theory. As shown in Figure 5(b),
the simulated |S1| curves at 76 GHz show the maximum reflection coefficient appears when scanning
to #p = 50° in E-plane, indicating the 0.88% calculation error. With a similar calculation process, the
blindness angle at 73 GHz is about 60.09° in calculation and 60° in simulation, indicating the 0.15%
calculation error. The simulated radiation patterns at 73 and 76 GHz when scanning in E-plane are
shown in Figure 6, showing the scanning blindness as predicted.
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Figure 4 (Color online) Simulated active VSWR for infinite dipole array when scanning. (a) E-plane; (b) H-plane.
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Figure 5 (Color online) Graphical method for obtaining Ssw and simulated |S11| versus scanning angle. (a) Graphical method;
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Figure 6 (Color online) Simulated radiation patterns when scanning in E-plane. (a) 73 GHz; (b) 76 GHz.

3 Design of blindness-free beam scanning antenna with AoA architecture for
6G communication systems

3.1 Array topology based on improved maximum-entropy model

The coupling from the radiating Floquet mode to the non-radiation SW mode at the specific scanning
angles and frequencies leads to scanning blindness. At the blindness, the propagation constant for the
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Figure 7 Phased array antenna with AoA architecture consisting of domino subarrays.
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Figure 8 (Color online) Definition and configuration of the equivalent phase center of domino subarray. (a) Definition;
(b) configuration.

SW mode is equal to the propagation constant for the Floquet mode by (8). It means the same phase
distribution between the inputs in the phased array and the SW along the propagation direction. For
the antenna with the AoA architecture consisting of the domino subarrays as shown in Figure 7, the
two antenna elements are cophase with the different positions, so that it breaks the one-to-one relations
between the phase distribution of the SW mode and the Floquet mode. The periodic subarray reduces the
coupling to the SW field and eliminates the blindness. However, it suffers from the high side lobe level or
the grating lobe in the desired scanning volume. For an antenna array consisting of the domino-subarray
with the 0.5Anign element spacing, the grating lobes will appear when scanning over +30° at the highest
operating frequency according to the array theory [62]. Here, Anign is the free-space wavelength at the
highest operating frequency. It cannot meet the scanning ability requirement for the 6G communication
system, which is defined as follows: £60° in a horizontal plane and £30° in a vertical plane.

To suppress the grating lobe, the different inner-phase distributions in the subarrays are introduced
for the antenna with the AoA architecture. As shown in Figure 8(a), the equivalent phase center of the
domino subarray is defined as (z., y.), which is depended on the phase difference ¢. between the inner
unit cells of the subarray. ¢. is equal to the feeding phase for the element-1 minus the feeding phase
for the element-2. Then, it defines that y. = D/2 and z. = (1 + ¢./m)D. Therefore, when ¢, 4 = 0,
¢, = —m/3, and ¢, c = 7/3, the equivalent phase centers of the 1 x 3 domino subarrays are shown
in Figure 8(b). By adding the influence of the inner-phase distributions for the equivalent phase centers
into the maximum-entropy model, the entropy of the array in this design can be expressed as

Mo . N2 .
He—|S 2 (12 9100, (LY | = —(H, + H, 1

2257 082 (2T> + 2 9T 082 (2T) (Hy + He), (10a)
T = MN/2. (10b)

Here, M and N are the mark numbers for the row and column of the array along the y- and z-direction,
respectively. Due to that (z., y.) may be not the integer coordinate, the grids are subdivided for p-row
(p=1,2,...,M) and g-column (¢ = 1,2,...,3N/2). r, and ry are the number of the phase center on
the p-row and g-column, respectively. H, and H,. are the contributions for entropy in rows and columns,
respectively. By setting the number of phase centers on each row to be identical and the same as for each
column, the upper limit of the entropy of the array can be expressed as

e s (1) 100 (2] -

When setting the proportion of the subarrays with or without the inner-phase distributions to p; and
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Figure 9 (Color online) 16 X 16 array topology. (a) Before optimization; (b) after optimization.

p2, the array topology can be obtained by solving the optimization problem as

min : Hyax — H (12a)
st. p1+p2=1. (12b)

The invasive weed optimization (IWO) algorithm [64] is employed to enumerate all possible array
topologies and obtain the optimal array topology by (12). The obtained array topology is not only one
and not necessarily effective for the wide-scanning requirement so it needs to be screened further. With
the fixed array topology, the array pattern can be expressed as

T
E(@,d)) _ ZItetejko(azt sin 6 cos p+y¢ sin@sind)). (13)

t=1

In (13), I, et, and (2, y:) are the complex excitation, the embedded pattern, and the coordinate for
the subarray t. The I; can be obtained by solving the convex optimization problem with the desired side
lobe level. When there is no solution to the convex optimization problem, the values of p; and p, in the
IWO algorithm should be adjusted.

3.2 Analysis based on finite array

The array with 16 x 16 antenna elements will be built and discussed. As the wide-scanning requirement
for the 6G base station, the phased array antenna needs to obtain the beam coverage over +60° in a
horizontal plane and +30° in a vertical plane. It can increase ps due to the larger periodicity allowed for
the smaller scanning range along the z-direction. The lesser phase-shifting subarrays in the whole array
are hoped to reduce the additional insertion loss induced by the phase-shifting networks. Therefore, the
array is demanded for scanning to £60° along the y-direction and +30° along the x-direction as shown
in Figure 9(a). After the optimization mentioned above, the array topology with p; = 0.75 and py = 0.25
is shown in Figure 9(b). Here, the co-polarization in the E-plane of the dipole elements is arrayed along
the y-direction.

To further validate this design, the configuration of the dipole element with the feedline is shown in
Figure 10(a) with the detailed structure parameters. The PCB stack-ups for the antenna element with
the feedline are the same as the infinite array model as shown in Figure 3. In addition, the MS is placed
on the top of the M1 layer for improving the impedance matching. The evolution procedures are given
in Figure 10(b). To study the performance of the impedance and the mutual coupling for the antenna
following the evolution procedures, the simulated S-parameters are shown in Figure 11, including the
reflection coefficients of the central element and transmission coefficients between the central element
and the surrounding elements. Compared to the initial model, the final model shows a better impedance
matching with the reflection coefficient lower than —11.09 dB. The worst transmission coefficient, i.e.,
the worst isolation, is also improved from —11.31 to —11.97 dB. Here, the worst isolation is always the
isolation between the central element and its two adjacent elements in the E-plane. The simulated central
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Figure 10 (Color online) Configuration of the dipole element with the feedline and the evolution procedures. (a) Configuration;
(b) evolution procedures.
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Figure 11 (Color online) Simulated S-parameters for the antenna following the evolution procedures. (a) Initial dipole;
(b) adding MS layer; (c) adding a shorted post.

embedded element patterns in the E-plane at the center operating frequency following the evolution
procedures are shown in Figure 12. Compared to the initial model, the radiation pattern of the final model
shows a wider beamwidth, which indicates better beam coverage [36]. Therefore, these modifications,
including the addition of the M'S and the shorted post for the initial dipole element, improve the impedance
matching and eliminate the distortion of the element pattern caused by the mutual coupling.

After the full wave analysis for the final 16 x 16 array antenna, the simulated radiation patterns at 73
and 76 GHz are shown in Figure 13. The simulated gains at broadside are 28.18 and 28.42 dBi at 73 and
76 GHz, respectively. It shows that the slight gain loss when scanning to broadside exists in the optimized
topology, compared to the ideal gain Gigeal = 10log;(47S/A\3) cos . Here, S = 32mm x 32 mm is the
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Figure 12 (Color online) Simulated central embedded element patterns following the evolution procedures.

area of the array. Giqea is 28.81 and 29.16 dBi at 73 and 76 GHz when scanning to the broadside,
respectively. It shows that the simulated radiation efficiency is about 86.49% and 84.33% at 73 and
76 GHz when scanning to the broadside, respectively. That is because the tilted subarray patterns are
caused by the inner-phase distributions. However, the sacrifice is worth it. These tilted subarray patterns
are beneficial for scanning out of the broadside and suppressing the grating lobe along the z-direction.
The simulated radiation patterns for the antenna with the array topology shown in Figure 9(a) are
brought in for reference. At the highest operating frequency, the simulated gains are 25.17 and 24.01 dBi
when scanning to 50° and 30° in E-plane and H-plane, respectively. By the theoretical calculations, the
simulated radiation efficiency is better than 62.08% when scanning in the E-plane and is better than
35.23% when scanning in the H-plane, respectively. Obviously, there is a significant efficiency reduction
when scanning, especially for scanning in H-plane. That is because even though the original grating
lobe is suppressed, the more radiated power is still allocated to the side lobe region of the antenna array
pattern, compared to the unit-level array antenna with the 0.5Anign element spacing. As a benefit, in
E-plane, the blindness is eliminated when scanning to 60° at 73 GHz and 50° at 76 GHz. In H-plane,
the grating lobe is suppressed and the side lobe levels are lower than —11.82 dB when scanning to 30°.

4 Experimental results and discussion

The 16 x 16 array phototypes are built and fabricated by the multi-layer PCB process to verify the
theory and simulation, as shown in Figures 14(a) and (b). Notably, the feeding network of the measured
array is designed based on the substrate-integrated waveguide (SIW) transmission lines. The dipole
element is fed by the grounded coplanar waveguide (GCPW). As shown in Figures 14(c) and (d), the
transition from SIW to GCPW is designed to interconnect the dipole element and the feeding network.
Figure 14(e) shows the interconnection of the dipole elements and the feeding network. The central 2 x
16 dipole elements are excited when the surrounding dipole elements are shorted to the ground plane.
The feeding posts of the dipole elements pass through the ground plane and connect with the GCPW on
the bottom layer. Finally, the SIW-to-GCPW transitions are used to connect the 1-to-32 power divider
to the 2 x 16 dipole elements. Considering that it is very complicated to simultaneously control the
amplitude and phase of the feed network, the complex excitation for each channel of the measured array
is optimized by the phase-only synthesis technology [65]. Therefore, the deterioration of the side lobe
level for scanning in the H-plane is inevitable. Then, as shown in Figure 14(d), the desired phase-only
excitations are implemented by the equal-length and unequal-width phase shifters [66]. The unequal
width is based on adjusting the positions of the shorted posts for the SIW transmission lines. The central
2 x 16 arrays, i.e., the central 1 x 16 subarray, are actually measured for evaluating the performance
when scanning to (6p, ¢o). The antenna elements are unit-levelly fed by the SIW-based feeding networks.
The SIW-to-waveguide transition fabricated by the aluminum plates is added to form the feed waveguide.
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Figure 13 (Color online) Simulated patterns of 16 X 16 array antenna. (a) 73 GHz in E-plane; (b) 76 GHz in E-plane;
(¢) 73 GHz in H-plane; (d) 76 GHz in H-plane.

The measured and simulated VSWRs for the array prototype when scanning to broadside are shown
in Figure 15. It is fed by the same feeding network when scanning to broadside for all the frequencies.
Notably, the measured 1 x 16 subarray with the broadside configuration is composed of the dipole
elements which are arrayed along the co-polarization direction. The VSWRs are lower than 1.76 at the
broadside. To simplify the experiment, the capacity of the elimination for the scanning blindness and
the suppression for the grating lobe is verified at the highest operating frequency, i.e., 76 GHz. For
the highest operating frequency, the scanning blind caused by the SW can be seen when scanning to
50° in E-plane, according to the simulated result in Figure 5. Due to the sparsely-excited configuration
along the H-plane in this design, the theoretically highest side lobe or nearest grating lobe will appear
when scanning to 30° at 76 GHz. The measured and simulated VSWRs of the array prototypes with the
different feeding networks for scanning to 50° in E-plane and 30° in H-plane are also added in Figure 15.
It remains lower than 2.87 and 2.16 when scanning to 50° in E-plane and 30° in H-plane, respectively. It
shows a good agreement between the simulated and measured results.

However, it is undeniable that the good impedance characteristic of the array with the feeding network
is not enough to prove the good performance. On the one hand, the additional insertion loss is induced by
the feeding network. On the other hand, the feeding network also acts as an impedance transformer. To
further verify the performance of the proposed array antenna, the radiation patterns are measured and
compared with the simulations. Meanwhile, to calibrate and compensate for the introduced insertion loss
by the feeding networks, the transmission lines and the transitions are also fabricated and measured. As
shown in Figure 16, the radiation patterns are given when scanning to broadside at 66, 71, and 76 GHz.
As shown in Figure 17, the scanning patterns are sampled at 76 GHz when scanning to 50° in the E-plane
and 30° in the H-plane, respectively. There is no distinct gain drop in the main lobe when scanning to
50° at 76 GHz in the E-plane, which indicates that the scanning blindness is successfully eliminated. At
the same time, there is no existence of the grating lobe when scanning to 30° at 76 GHz in the H-plane,
which indicates the efficiency of the improved maximum-entropy model. The measured radiation patterns
have some deteriorations and differences in the side lobe regions. The amplitude and phase differences
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Figure 14 (Color online) Array prototype. (a) Measured array; (b) modular array; (c) feeding network; (d) detailed structures
of feeding network; (e) interconnection of dipole elements and feeding network.

in each channel of the feeding network, which are mainly caused by the fabricated tolerance of the
multi-layer PCB process, can lead to these. The broadside gain versus frequency is given in Figure 18.
The calculated ideal gain is brought in for reference. The theoretical co-polarization gain is given by
Gideal = 10logy((47tS/A3) cos 6p). The measured cross-pol. level is lower than —29.71 dB. There are some
discrepancies between the measured and simulated co-/cross-polarization gain curves. The assembly and
position errors in the antenna experiment can lead to these discrepancies.

Table 1 gives the comparison between the proposed antenna and the other state-of-the-art studies. The
sparsely-excited phased array antenna with the AoA architecture and the improved maximum-entropy
model are employed in this design to eliminate the scanning blindness and suppress the grating lobe.
Therefore, the proposed antenna achieves wide beam coverage with the blindness free and grating-lobe
free performance. In addition, the 51.30% channel reduction is also achieved compared to the uniform
array.
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Figure 18 (Color online) Measured and simulated broadside gains.

Table 1 Performance comparison between different phased arrays

Impede.),nce Scanning Channel Method to suppress Fabrication Type of Design
Ref. bandwidth range number . )
(GHz) (E/H) (%)* blindness process element complexity
[34] 4.87-5.84  £30°/430°  —24.37 Umpla‘gg éompa“ PCB Patch Normal
. - ° ° B Mushroom-like PCB and Backed-Cavity

[33] 812 +60°/£60 17.67 EBG machining process Patch Normal

[41] 8-12 +60°/460°  —15.22 Subarray PCB Dipole Difficult
technology

(36] 7-21 +45°/445°  +17.12 Air-filled PCB Dipole Normal
perforations

[13] 22-27 +45° /4+45° +2.03 Not applicable PCB BaCkIf:t'iaVIty Simple

[11] 57-66 +45° /+45° +6.72 Not applicable LTCC Patch Simple

[25] 5667 +30°/+£30° —19.80 Not applicable LTCC Patch Simple

This 66-76 +60°/+30°  —51.30 Subarray PCB Dipole Difficult
work technology

* It is defined as the ratio between the used number of the channels and the theoretical number of the channels. The theoretical
number of the channels is defined when the antenna elements are located to the rectangular grid with the 0.5Aphignh spacing both in
E-plane and H-plane. Therefore, the negative ratio refers to the reduced number of the channels, when the positive ratio refers to
the increased number of the channels.

5 Conclusion

A new method has been developed for eliminating the scanning blindness caused by the SW. A sparsely-
excited phased array antenna is proposed with AoA architecture with two types of domino subarrays.
The topology of this aperiodic array is optimized by the improved maximum entropy model. Therefore,
the coupling from the radiating Floquet modes to the non-radiating SW modes is broken by the uniform
inner-phase distribution of the array. At the same time, although the element spacing is more than
1Anigh in H-plane, the grating lobe is also suppressed inside the scanning volume due to the aperiodic
array topology. The simulated and measured results show that the array prototype can achieve the
operating bandwidth from 66 to 76 GHz with a 51.30% channel reduction. The array prototype also
achieves the beam coverage of +£60° in the E-plane and +30° in the H-plane without incurring either
scanning blindness or grating lobe. It provides a promising method for developing the 6G high-integrated
phased array antenna at the millimeter-wave bands.
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