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Design Comparative Analysis

This article discusses and compares different ways of 5G phased array platform/wizard
development and provides some recommendations to obtain consistent results.

The phased antenna array is one of the lead front-end components of current and coming 5G
communication systems that defines their massive MIMO performance. The trend outlined in
recent years is to provide “... a robust and complete platform/wizard for RF/microwave engineers

.. “to “... develop ... more capable antenna and other RF front-end components in less time as
before.” [1]. “Benefits of systems operating at mmWave frequencies include the small sizes of
antennas and the larger available bandwidth” [2]. Regrettably, a wide variety of application-driven
requirements (city or rural environment, a realized gain, scan and polarization performance,
impedance matching, etc.) cannot be met by single and forever designed element. It means that
any practically convenient model platform must contain an extensive library of predesigned
antenna elements. Misfortunately, 5G antennas belong to a class of relatively small and
densely populated phased arrays where the total number of radiators typically does not exceed
several hundred. If so, the consistency of results obtained through such system-level platform
ultimately depends on the correctness of the phased array elements’ model that should include the
relatively strong (-15dB or 0.18V relative to 1V element excitation and sometimes even higher)
mutual coupling with other elements in the array. We will demonstrate below that the presence of
mutual coupling in such arrays noticeably modifies the elements’ input impedance, distorts the
shape of their pattern making
it wider and asymmetrical,
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depend on the radiator
position in the array. Indeed,
Figure 1. 5x16 array planar panel look at Fig. 1. Each of the rim
elements marked in red is




lacking of neighboring elements from one of its side. Each of the next-to-rim elements enclosed in
blue rectangles is under the influence of rim neighboring elements from one side and multiple
inner elements. Finally, each of the center elements has symmetrically populated 2 layers of
neighbors. Therefore, each of 36 rims + 32 close to rim elements (~ 85% (!)) should display the
unique performance relative to the center elements. Note that even in an array of 32x32 = 1024
radiators the number of such elements is 248 or 24.2%. Therefore, we can expect that the array
likes shown in Fig.1 could be divided into groups of several elements with comparable
performance letting highlight a typical representative inside each group. The following analysis
demonstrates that the array of 4x4 sizes and more may be designed based on just 3 elements, one
from row 1 or 5 as the representative of rim elements, one from row 2 or 4 as the representative of
next-to-rim elements, and one from row 3 as the representative of all elements between rim and
next-to-rim rows. Thereby, the embedded library database could be truncated without sacrificing
the correctness of final results actually. According to [3], “... the power consumption of a 5G
station is three times that of its 4G LTE predecessor.” If so, each dBi error in the assessment of
array gain may be quite costly.

To date, the antenna array block of numerous platforms bypasses the difficulties using either data
from single radiator simulation/test in free space (it means all elements are identical and mutual
coupling is ignored) or low complexity and memory consumption Floquet-Bloch technique. The
later assumes that all radiators are set in an infinite array and thus identical once again since each
element is mutually coupled with the same infinite number of driven neighbors. We will
demonstrate why both approaches have limited accuracy and how to overcome them.

The paper is divided into several sections, starting in Section 1 the discussion of the mutual
coupling and grating lobe as the critical issues in beam steering phased array. In Section 2, the
schematic of the broadband patch element appropriate for practical applications is presented.
Section 3 demonstrates the CST MWS + Matlab simulation results' as soon as such element is
placed into the environment of infinite periodic array. Section 4 and 5 present the results of the
full-wave CST simulation of 5x16 array based on the same element, while Section 6 discloses the
CST analysis results of the same array, but in triangular lattice. The investigation outcome is
summarized in the Conclusions.

1. Mutual Coupling and Grating Lobe in Beam Steering Phased Array

Before starting the analysis note that the total interaction between elements might be loosely
divided into 3 categories; spatial proximity, aperture coupling, and surface wave interaction. More
or less, the proximity interaction is defined by nearby quasi-static E- and H-fields. For microstrip
patch radiator they are pictured in Figs. 3 and 4 of the tutorial [4]. The presence of aperture
coupling means that some portion of each element radiated power is distributed between all other
elements in array behaving as receiving antennas. Hopefully, both types of mutual coupling are

I At website https://emfieldbook.com the reader can find extensive additional information, including ready to run CST
MWS model files and Matlab scripts to extract and process CST simulation data. Click Blog and go to 5G Broadband
Radiator and 5x16 Array section for more results and comments. The raw text files of about 15GB (3D patterns and
complex S-matrix) are available upon your request. Just click Contact at website top menu and fill up the message
window.


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6163165/#sec3-sensors-18-02914
https://emfieldbook.com/

diminished as the normalized to wavelength inter-spacing between elements increases. Besides,
proximity coupling being typically reactive by nature and a most significant part of total coupling
drops much faster with distance than the aperture one. The rule of thumb tells us that the array
radiators might be considered independent as long as the separation is above a wavelength as soon
as the antenna array structure does not generate and support surface waves. These waves, if they
exist, propagate inside the dielectric substrates and stay confined mainly within it causing
undesired coupling that diminishes relatively slowly from element to element. One of the most
effective ways to illuminate these waves is to use the thin dielectric substrate of ultra-low
permittivity as we have done in the proposed model described below.

The term grating lobes means “... in-phase addition of a radiated field in more than one direction,”
i.e., the magnitude of grating lobes, unlike sidelobes, might reach the level of the main beam at
some unwanted directions [7]. In a periodic array, i.e., an array with uniformly spaced and excited
identical elements, a single grating lobe appearance is
unavoidable as soon as the element spacing exceeds one-
half wavelength but less than the wavelength. For
example, the pattern of the linear array is free of grating
lobes at the shortest designated wavelength A,,;, until
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Figure 2. Schematics of Triangular the separation between adjacent radiators. Note that the

Lattice deviations from uniformly spacing or the introduction of
uncorrelated magnitude/phase error destroys the
periodicity of an array and might help to suppress the grating lobe level [9]. But both topics are far
from this paper scope. One of the most practical and effective ways

) — 1 where the scan angle is 6, d is

to extend the scanning sectors or reduce the level of grating lobes is : ® ; . ; ° ; i) ; 1
to change the array schematics moving, for example, each even row SarasasaN. ¢
in Fig. 1 to the right at the distance equals to half of the array period © o © o o o
as Fig. 2 exhibits. Loosely speaking, in such so-called triangular 0’00 0’0 e
lattice, the elements in odd rows partially fill up the gap between et atin i o
elements in even rows and vice versa thereby reducing up to ~16% e’ e e %0 e

[9] the effective separation between array elements. Since the
triangular lattice is the superposition of two rectangular as Fig. 3
indicates, the grating lobes are not eliminated entirely but they are
diminished in magnitude, shift to higher frequencies or a higher scan
angle.

Figure 3. Triangular
lattice as superposition
of two rectangular

2. Array Radiator. To make relevant for practical applications the outcome of the following
comparative analysis, a linear polarized (LP) back-fed stacked U-slot patch radiator (Fig. 4)
optimized for 24 — 30 GHz band was chosen. It is compact, low profile, easy-to-integrate,
lightweight, low cost, and quite simple to provide fast numerical simulation. The combination of
two resonant components, a fed patch with a stacked element and U-slot, yields dual broadband
characteristics [5] that are required in 5G systems with high data rate and low latency. The side
arms of U-slot are symmetrically positioned with respect to the coax feed point shifted on 0.34



mm relative to the origin. The thin dielectric substrate of ultra-low permittivity of 1.072 assurances
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Figure 4. Element schematics. a) Top view of fed patch with U-slot, b) Top view fed and
stacked patch, c) Side view.

the least possibility of surface waves. The stacked patch might be supported by a dielectric rod of
small diameter (not shown in the drawing) or an additional layer of the same dielectric. The
original cross-section sizes of radiator substrate and ground plane are 6x6mm or 0.481 x 0.481 at
24 GHz meaning no grating lobes at any scan angle while they are expected at 30 GHz where the
element inter-spacing grows to 0.61 x 0.61 (see later).

The radiator model was developed using

. 3D full-wave CST MWS software and
‘ ey . simulated in the time domain to get the
LR wideband data over just one run. The

o e v * == | frequency response is obtained through a

. - Fast Fourier Transform (FFT) afterward.
Since the time domain simulation is
- performed on a port-by-port basis, it
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Figure 5. Return Loss and Input Impedance vs. compared to the frequency domain. To
frequency reduce the back-lobe radiation and effect

of metal edge diffraction, the ground
screen was extended to 31x31mm. That is an extra 5 mm from each side and equals to half of the

wavelength at 30 GHz. The plot of return loss,
1.e., 20*logio(|S11]), over frequency, is shown in 2t 0= 9,204 30ate P~
Fig. 5 and demonstrates the excellent wideband
performance with the return loss below -12 dB
at all desired frequencies. The enclosed Smith
chart reflects the corresponding input
impedance. As expected, both plots indicate the
presence of two overlapping resonances, the
first at 24.47 GHz and the second one at 29.62

Figure 6. Patterns with extended ground

GHz making the radiator similar to Chebyshev

2 For example, ROHACELL® 51 IG/A with tan & = 0.0037 that can are foamed into a finished core in a mold with
all patches directly integrated during the foaming process. See
https://www.rohacell.com/sites/lists/re/documentshp/rohacell-dielectric-properties-en.pdf and
https://www.rohacell.com/product/rohacell/en/downloads/press-releases/pages/article.aspx?articleld=101326.
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filter of 2" order. Since the reactive energy stored in E- and H-fields typically reaches extreme
around resonances [6], this element is expected to have a spike of spatial proximity coupling
around these frequencies. Fig. 6 depicts 3D element patterns and its directivity [dBi] at two
frequencies, 24 GHz and 30 GHz.

Note that the directivity at both frequencies is not directly related to element geometrical size of
6x6mm. It means that the effective radiation area [6] is much broader than this physical area. It
happened since the nearby and responsible for far-field radiation EM fields extend far beyond of
6x6mm.

3. Infinite periodic array environment. The Floquet-Bloch theory lets deduce the property of
the whole array with mutual coupling included from a
simulation of just single unit cell as soon as the certain
periodic boundary conditions (on surfaces in blue) are
established as Fig. 7 depicts. Behind this approach lies the
assumption that all array elements are uniformly excited,
identical in their behavior, and placed into the nodes of a
planar and uniform grid of infinite extent, i.e., they form an
ideal infinite 2D periodic structure. Typically, such an
Figure 7. Element schematic approach works perfectly well just for large arrays of a
in infinite-array environment thousand or more elements, but it is worth to check its
applicability for arrays of smaller sizes. The main
disadvantage of such approach is that the
information about the element active
impedance and level of mutual coupling is ! /ﬂ
lost. Term “active impedance” is defined as | = I~
the input impedance of some element when = 62450
only this element in the array is driven, and ]
all others are terminated with matched loads. . oresight
The remarkable fact is that the knowledge of
active 1impedance is precious, letting
reconstruct the patterns of driven element | Figure 8. Return loss vs. frequency
and whole array [8].
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Fig.8 represents the graph of return loss for two beam positions, boresight (red line) and 6.4, =
45°. Both curves reflect the parameters of every
element in the array as long as all elements are driven
and demonstrate quite satisfactory broadband
performance. The comparison of plots in Figs.3 and 6
clearly shows the impact and importance of mutual
coupling. The patterns in Fig.9 are reasonably similar
in shape to shown in Fig.6 but the directivities are
Figure 9. Infinite-array environment different. Mention only that the element directivity is
patterns defined by the magnitude and phase distribution of E-

D=4.86dBi ¥ D=6.78dBi




and H-field not only over of the element aperture but its vicinity and could be characterized so-
called effective aperture [6, 7]. In case of a solitary element in free space (see Fig.4), the effective
aperture exceeds its physical sizes because the fields cover a larger area than its physical sizes
(look again at Figs. 3 and 4 of the tutorial [4]). In the case of the element in the infinity array, the
effective aperture of the element in Fig.7 is almost equal to its cell, i.e., physical sizes of the
element.

4. Full-wave Simulation of 5x16 Array in Fig.1. The last resort is the numerical simulation of
the whole array using one of commercial 3D full-wave software like CST MWS, HFSS,
COMSOL, EMPIRE XPU, etc., or to get all data through testing inside antenna range. Thereby it
can be generated an embedded database of 3D patterns and scattering (S-matrix) or impedance
Z/Y -matrix for each element in the array. This tactics leads evidently to massive outcome database
(see the footnote' above) and assumes access to high-performance computers. The implemented
parallel processing, as well as GPU and cache accelerating [6], are desired. All following data of
numerical simulation were obtained using CST MWS.

Let’s start from the element active directivity [in dBi] patterns of elements belonging the 5x16
panel in Fig.1. Remind that the active means a single array element is driven while all others are
connected to dummy loads. The set of plots in Fig.10a and 10b presents the patterns of all 80
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Figure 10a. Active patterns of 5x16 array in rectangular lattice

elements split into the raw groups at 24 GHz and 30 GHz, respectively. The red dotted line shows
the averaged pattern for each row. For comparison, the azimuthal cut of pattern depicts in Fig.6
marked by a blue asterisk symbol. The green line formed by circle markers reflects the azimuthal
cut of pattern in Fig.9. Note that the latter is not an active pattern because the element and an
infinite number of its neighbors are driven uniformly. As expected, in the angular sector £45° the
element patterns in the rim as well as next-to-rim rows practically identical. The set of curves titled
as whole array (the bottom right corner) presents all 80 patterns being normalized to their peak to
demonstrate the patterns’ shape and evaluate the array beam steering performance. The steepest
pattern envelope at 24 GHz describes the no-mutual-coupling element while the infinite-array
element is closed in its shape to the active pattern. If so, we can expect the overestimated scan loss
relative to theoretical level 10*logio (cosBscqr,) [6] With the no-mutual-coupling array numerical
model. Apparently, at 30 GHz the infinite-array simulation should be overoptimistic. Closer look



at the active patterns brings out that the patterns are not only different but mainly asymmetrical
relative to 8 = 0. The expected consequence is the slim asymmetry in scan loss as the main beam
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Figure 10b. Active patterns of 5x16 array in rectangular lattice

is steered to 46,4, OF —Os.4,. Besides, the beams slightly squints to the right or left with the
ripples, droops, and overshoots on the top. All such terminology is typical for the analysis of square
wave passing low-band filter. This similarity is not occasional because both the pattern and signal
envelope are defined formally by very close in structure Fourier and so-called Fourier-Floquet
series. The pattern envelopes can be described by the set of spatial harmonics while the signal
processing is based on alike series in the frequency domain. It means, a finite periodic array is
somehow equivalent to a low-band filter cutoffing the radiation of high order spatial harmonics
and keeping them nearby in the form or reactive fields. Such analogy lets not only control the
numerical simulation process but often predict its outcome without any simulation.

The stem plots in Fig.11 reflect the deviation of boresight active directivity (two left plots) from
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Figure 11. Deviation of boresight active directivity and phase vs. element index number

the peak vs. the element position in the array. Such deviations can reach -2.5 dB at 24 GHz and



diminish to -0.8 dB at 30 GHz. Finally, notice that the pattern variations are more noticeable at 24
GHz frequency nearby to the lowest resonance because of strong proximity coupling. A couple
of plots to the right tells us that the phase of boresight radiation slightly varies too within a few
degrees. Therefore, to avoid the antenna performance degradation, an internal diagnostic and
calibration system should be implemented.

The graphs in Fig.12a and
12b  demonstrate  the
normalized to boresight
beam steering up to 45° in
azimuth at 24 GHz and 30
GHz, correspondingly. As
predicted, there is no
grating lobe at 24 GHz.
The full-wave simulation
gives -2.02dB scan loss
\ while the no-mutual-
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Figure 12a. Normalized to boresight beam steering performance
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5. Boresight Return Loss and Input Impedance. Fig.13 depicts the return loss in dB of all 80
elements are driven uniformly in magnitude and phase to form the boresight beam. As predictable
from the array symmetry, there are 3 sets of curves with comparable frequency dependency; row
1 and 5 (light blue oval) including mostly the rim elements, row 2 and 4 (light green oval) including
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and row 3 (light
red oval)
including  the
center elements.
The solid grin
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Figure 13. Return loss and impedance of elements driven uniformly
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this curve follows closely to the center elements only while reflects the frequency behavior of rim
and near-rim elements purely. The enclosed Smith chart reveals the input impedance (normalized
to 50 Ohms). That is an important hint. The database of the consistent model platform should
include the digital images of as minimum 3 essential elements: one from the rim, one from next-

to-rim, and the last from center elements.

6. Full-wave Simulation of 5x16 Array with Triangular Lattice in Fig.2. The reader can find

more detailed data about this geometry going to website https://emfieldbook.com. Present just

several substantial results. The active pattern deviations become more noticeable not only from
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Figure 14. Normalized to boresight beam steering performance

element to element
but from row to row.
The same is correct
for the active return
loss. In spite of it, the
input impedances of
elements of boresight
radiating array
continue to be well
collimated around the
center of Smith chart.
The grating lobe
according to graphs in
Fig. 14 drops to -6.3
dB as the beam is
steered to 45° at 30
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GHz. It is not a very significant reduction, but that turns out to be enough for the scan loss
diminishes to -2.83 dB. This is primarily explained by the fact that the element active patterns
become slightly wider in triangular lattice vs. rectangular. Notice the increase in sidelobe level
relative to rectangular lattice. For more details and comments, visit https://emfieldbook.com.

Conclusions. Now we possess all essentials to compare the results using different approaches: no-
mutual-coupling, infinite-array environment, and full-wave CST simulation of the array in a

Table 1
Frequency 24GHz 30GHz 24GHz 30GHz 24GHz 30GHZ
No-Mutual-Coupling 24.2dBi 25.8dBi 22.6dBi 22.3dBi/-5.8dB -1.6dB -3.5dB
Infinite-Array 23.7dBi 25.6dBi 22.2dBi 24.1dBi/-8.7dB -1.5dB -1.5dB
Finite Rectangular 24.0dBi 25.8dBi 22.5dBi 21.3dBi/-2.3dB -1.5dB -4.5dB
Finite Triangular 24.1dBi 25.8dBi 22.8dBi 23.0dBi/-6.3dB -1.3dB -2.83dB

triangular and rectangular lattice. All data about directivity, scan loss, and grating lobe level
(column 5, beyond the slash symbol) are summarized in Table 1. Bringing up the data from Fig.11
we can come to conclusions:

1. Any model can be used to obtain the practically correct estimation of boresight directivity.

2. As minimum 3 different elements (rim, near-rim, and center) must be taken into consideration to
reach the accurate estimation of scan performance, especially for the wideband array at a higher
end of the frequency band.

3. The scan and grating lobe performance of an array in triangular lattice generally requires the full-
wave examination.

4. As a rule of thumb, the scan loss/input impedance vs. frequency requires the full-wave analysis.
Some rough estimation might be obtained using the infinite-array environment model, but that
issue needs additional investigation.
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