WaveComBE — 766231 MSCA-ITN-EID 2017

WaveComBE

mmWave Communications in the Built Environments

WaveComBE_D1.3
Massive MIMO antenna prototypes

Version v1.0 Date: 2021/04/01

Document properties:

WaveComBE_D1.3 Massive MIMO antenna prototypes.



WaveComBE — 766231 MSCA-ITN-EID 2017

Grant Number: 766231

Document Number: D1.3

Document Title: Massive MIMO antenna prototypes

Partners involved: University of Twente, Gapwaves

Authors: Alireza Bagheri Moghim, Wai Yan Yong, Carlo Bencivenni,

Abolfazl Haddadi, Hanna Karlsson, Magnus Gustafsson,
Thomas Emanuelson, Marcus Hasselblad, Andrés Alayén

Glazunov
Contractual Date of Delivery: 2021/04/01
Dissemination level: co!
Version: 1.0
File Name: WaveComBE D1.3_v1.0

! CO = Confidential, only members of the consortium (including the Commission Services)

2PU = Public

WaveComBE_D1.3 Massive MIMO antenna prototypes.



WaveComBE — 766231 MSCA-ITN-EID 2017

Table of contents

Table Of CONEENTS...coniineee et st e b e bt e b e sme e et e eeeeeees 3
EXECULIVE SUMIMIAIY c.cieiieieeeeieeeeeeeeeeeeeeeee et e e e e e e e e e e e e e e e e e e e e eseeee e e e e s s e e s s s s ae e s e e e s s s s s e s s s e s esssesesesenenensnsnnnnnns 4
[T o) i 7=V T LSRR 5
List of Acronyms and AbBreVviationS..........cociiiiiiiiec e e e rra e e e e e e 6
Lo INTEFOTUCTION 1ottt st st sttt b e bt e s e st e et e e neerees 7
2. A 28-GHz 8x8 phased array antenna based on Gap waveguide with 60dBm EIRP............... 8
2.1 Antenna structure deSCriptioNn .....ocuiee e e e e 8
2.2 PaSSIiVE MEASUIEIMENTS .. ..eiiiiiiiieeiiitee ettt ettt e st e e s s seee e s s anr e e e s snre e e s snee e e s sneeeessneeeeenaneees 8
2.2.1 Setup calibration with standard horn antenna.......ccccccvvvciieiiiciiee e 8
2.2.2 Measuring loss in the passive board ...........cceeeieiii e 9
2.2.3 Computing the antenna based on the passive measurement setup.........ccccceeeeuneee. 10
2.3 ACtIVE MEASUIEMENTS ...eeeiiieiiiiee ettt e st e e s e e s e e e e sear e e e s eareeeeseareeeesanreeeesanne 11
2.3.1 Measuring gain of the active board ........cccoccviiiiiiiiiiii e 11
2.3.2 Computing the radiation gain pattern at different tilting angles.........cccccceeeuvveennien. 12

3. A 28-GHz 16x16 phased array based on Gap waveguide with 45°-slanted polarization and
3o 1270 0T X RSP SPR 16
3.1 Phased Array DESIEN...cccccuiieiiiciiieeieciieteeeetieee s ettee e s sttt e e s sbteeessbteeessbeeeessseeeessseeeessseeeesanes 16
3.1 Antenna Design and MeasUreMENTS......c.uvieieciiieeieiieeeecieeeeectte e e e etreeeeerreeeeebereeeeraeeaeanns 18
3.2 Calibration and Pattern Measurement of the PAAM .......cccccooviriiinienienenceeeeeeeeen 19
A, CONCIUSIONS. ..ttt ettt sttt et e bt e bt e sb e e s at e s bt et e e bt e s beesbeesaeesateenbeenbeesseesaeenane 20
A. List of Publications (published and in preparation) .........ccceeeeiieeecieeccee e 21
RETEIENCES. ... ittt ettt e s b e e sb e e st e e s be e s bbe e s be e e abeesabeesbaeesbeeeneeas 22

WaveComBE_D1.3 Massive MIMO antenna prototypes.



WaveComBE — 766231 MSCA-ITN-EID 2017

Executive Summary

The development of advanced antenna technologies and designs is at the core of 5G
communications systems. In this report, we present numerical designs phased array antenna
designs at the mmWave (millimeter wave) frequencies. Both phased arrays antennas have been
manufactured and characterized. The first is a 28-GHz 8x8 phased array with 60dBm EIRP. The
second is a 28-GHz 16x16 phased array with 45°-slanted polarization and 64 dBm EIRP. The 45°-
slant polarization reduces the manufacturing and design cost of the other orthogonal
polarization. The phased array incorporates beamforming ICs (BFIC) which are connected to
radiating elements in 2x2 architecture. The performance of the 28-GHz phased array with high
EIRP and a low-complexity PCB employing waveguide-based antennas is good and can be
adequately employed for 5G applications requiring high-power at 64 dBm and wide-angle beam
scanning up to positive and negative 40° in the azimuth.

Disclaimer: This work has been performed in the framework of the H2020 project WaveComBE
(Grant agreement ID: 766231) co-funded by the EU. This information reflects the consortium’s
view, but the consortium is not liable for any use that may be made of any of the information
contained therein. This deliverable has been submitted to the EU commission, but it has not
been reviewed and it has not been accepted by the EU commission yet.
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1. Introduction

The fifth generation (5G) wireless communication systems are expected to provide multiple
users with Gbps peak data rates simultaneously. Moving to the millimeter-wave (mmWave)
spectrum offers unprecedented unlicensed bandwidth, and therefore it has been advocated as
a solution to realize this challenging vision. However, when compared to the lower frequency
bands, mmWave communication suffers from more significant propagation path loss [1].
Therefore, mmWave communication links will rely on highly directive communications to deal
with propagation loss [2]. To this end, a variety of directive antennas based on different
transmission line technologies, such as waveguide [3], substrate integrated waveguide [4], and
gap waveguide [5], have been proposed. Although these antennas allow for low-loss directive
communication, the coverage area of the directive communication link is limited due to the
directive beam's narrow beamwidth.

For directive communication with a large coverage area, multibeam array antennas [6] or
phased array antennas [7] are required. For military and satellite communication, multibeam
array and phased array antennas have traditionally been used. The main disadvantage of
multibeam antennas is that their feeding networks are typically bulky and complex, making
them difficult to implement in large array configurations with 2D scanning [6]. These multibeam
antennas typically have 2 by 2 configuration for 2D multibeams, which is insufficient for a 5G
outdoor base station [8], [9]. A minimum of 32 elements (4 x 8) is recommended to achieve high
effective isotropic radiated power (EIRP) and Gb/s data links over hundreds of meters [10]. To
make a larger array antennas with multibeams, 1D distributed beam is possible, but it gives less
flexibility in the implementation for the base station [6], [11].

A better alternative is a phased array antenna that allows the antenna beam to be electronically
scanned [7]. However, in order for phased arrays to be widely used in 5G applications, their
development and manufacturing costs must be significantly reduced. Low-cost active
beamformers have been developed thanks to silicon technologies (SiGe and CMOS) [10]. For
millimeter wave 5G communication, numerous phased array antennas have been designed [7],
[10], [12], [13]. The majority of these studies, however, have focused on the design and
optimization of beamformer performance. These phased array antennas used traditional patch
antennas to produce beamsteering arrays [7], [10], [12]. These patch antennas, on the other
hand, usually have a narrow bandwidth (~6%) and a high cross polarization [7], [10]. A parasitic
patch is required to improve the bandwidth performance of these patch antennas, but the
bandwidth of the designed patch antenna is still insufficient to cover the proposed N257
mmWave band (26.5 - 29.5 GHz) for 5G communication [7], [10]. The bandwidth of these patch
antennas could be increased by 25%, allowing them to cover the entire mmWave 5G band (24.25
- 29.5 GHz) with an additional impedance matching circuit over the feeding network. However,
this increases the integration complexity [13].

Wideband antennas with simple feeding which cover the 5G band are therefore in high demand.
The magneto-electric dipole (MED) antenna was a widely proposed antenna in the development
of previous generation (3G and 4G) wireless communication systems [14]. The MED enables
both the electric and magnetic dipoles to be excited at the same time, resulting in wideband
performance [14], [15]. MED has recently been used in the development of a mmWave high gain
fixed beam array antenna [16]. Depending on the feeding technique, most of these antennas
provide a very wideband performance (>25%) [14]. Unfortunately, the size of these antennas is
usually quite large ( around Ac, where Ac is the wavelength at the center frequency) [14]. As a
result, these MED antennas are not directly applicable to the design of phased array antenna
WaveComBE_D1.3 Massive MIMO antenna prototypes.
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systems, due to the presence of unwanted radiating grating lobes. Thus, the MED need to be
redesigned to in order to be employed as the antenna element of a phased array antenna.

In this deliverable we present two phased array antenna prototypes based on the Gap
waveguide technology that have been fabricated and characterized. These are a 28-GHz 8x8
phased array with 60dBm EIRP, and a 28-GHz 16x16 phased array with 45°-slanted polarization
and 65dBm EIRP, which are presented in Sections 2 and 3, respectively.

2. A 28-GHz 8x8 phased array antenna based on Gap waveguide
with 60dBm EIRP

2.1 Antenna structure description

Fig. 1 shows the 28-GHz 8x8 phased array antenna prototype based on Gap waveguide.

Fig. 1 The 28-GHz 8x8 phased array antenna prototype based on Gap waveguide

2.2 Passive measurements

The goal in this test is to determine the gain of the phased array antenna in the broadside
direction of the antenna in the frequency band of interest. For this purpose, first it is needed to
calibrate the measurement setup with a standard reference antenna. A horn antenna is used
here. Then, the losses in the passive circuits which include the microstrip lines and the Wilkinson
power dividers is measured. Finally, the gain of the phased array antenna (or just antenna in the
following) is computed from the measurement data. In the following subsections, each step is
described.

2.2.1 Setup calibration with standard horn antenna

The antenna consists of a passive circuit which is connected to a PNA by an SMA port and to
antenna by transitions from PCB board to the gap waveguide. The passive circuit is consisted of
a chain of seven Wilkinson power dividers that in overall create a 1 to 8 power divider. The
output of this circuit is 8 signals with equal amplitude and phase and is used to feed the antenna.
The antenna array with these excitation signals will have a main lobe radiating at the broadside
direction.

WaveComBE_D1.3 Massive MIMO antenna prototypes.
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To calibrate the measurement setup, a standard horn antenna with known gain is used. The
calibration value is the difference between S21 in the broadside angle which is read with PNA
and the actual gain of the antenna. This value includes approximately the effects of coaxial
cables, path loss between antenna under test and gain of the other antenna and the power
provided by PNA.

Gcal = GStandard horn — S2 1Standard horn in broadside

Fig. 2(a) shows the calibration value versus frequency. The radiation pattern of the horn antenna
in azimuth plane (E-plane) at 28 GHz after adding calibration value is shown in Fig. 2 (b).

Horn antenna caliberation Radiation pattern - Standard Horn - =28GHz

ain (dBi)

Magnitude

G:

Frequency (GHz) e(degreel
(a) (b)
Fig. 2 (a) shows the calibration value versus frequency, and (b) radiation pattern of the horn
antenna in azimuth plane (E-plane) at 28 GHz after calibration.

2.2.2 Measuring loss in the passive board

We used two circuits for measuring the loss in the passive board. The first one is a 50 Ohm
microstrip line with the length of 35.4 mm. The loss in the microstrip line per unit of length can
be measured with this circuit. The second circuit consists of two chains of 1 to 8 Wilkinson power
dividers which are placed back-to-back to each other. This circuit also has two microstrip lines
which connect the back-to-back structure to the connectors and length of each line is 17.6 mm.
The loss in the chain of Wilkinson power divider can be measured with this circuit.

For the loss measurements, the PNA is calibrated, and two adaptors are used to connect the
extenders to the circuits’ SMA ports. Thus, in the computation of passive board losses, the loss
in the adaptors and SMA is considered. The loss for the adaptor and the SMA is 0.2 dB, hence
Leonnector = —0.2 dB.

The loss per unit length is computed by

_ S21ystrip—2*Lconnector
Lustrip - 354 [dB /mm]

The loss in the chain of 1 to 8 Wilkinson power divider is then computed as

_ S21witkinson
LWilkinson - 2 - Lconnector - Lustrip * 17.6.

Finally, the loss in the passive board is obtained by the following equation

Lpassive = LWilkinson + Lustrip *39.8 + Lconnector-
WaveComBE_D1.3 Massive MIMO antenna prototypes.
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The length of the microstrip line in the passive board is 39.8 mm.

Fig. 3 shows the measured S21 for the two circuits and the loss of the passive board which is
computed with above equation.

Microstrip lines and Wilkinson power dividers (B2B) loss calculation
2

J fBssEERNAEETES

Loss (dB)

— Line (measured) \

8 — Wikkinson B2B (measured)

Passive board (calculated)

I
25 26 27 28 29 30 31

Frequency (GHz)

Fig. 3 measured S21 for the two circuits and loss of the passive board

2.2.3 Computing the antenna based on the passive measurement setup

The next step is to compute the antenna gain obtained from the measurement setup. The gain
of the antenna is computed by using the calibration value and loss in the passive board.

Gantenna = 521antenna in broadside + Gcal - Lpassive

The computed antenna gain is compared to the gain of 4-slot antenna, which has also been
computed employing the passive board, which results are shown in Fig. 4. The calibrated pattern
of the antenna in the azimuth (E-plane) and the elevation (H-plane) planes are depicted in Fig. 5
(a) and (b), respectively. Before making any comparison, we must make sure that the antenna
has its maximum gain in the horizontal plane. Therefore, pattern of the antenna is measured in
both the elevation and the azimuth planes at 28 GHz. The normalized radiation patterns are
shown in Fig. 6. The difference in gain between two antennas in the broadside is shown in the
Fig. 7.

Calculated gains of the antennas with passive setup
24

T T T T T T
8slot
23
r // 4-slot

2 |

21 |

20 |

Gain (dBi)

Frequency (GHz)
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Fig. 4 Computed antenna gain of the 8-slot antenna compared to the gain of the 4-slot
antenna

Radiation pattern - 8-slot antenna - Azimuth (E-plane) Radiation pattern - 8-slot antenna - Elevation (H-plane)

fcearee)

(a) (b)
Fig. 5 Calibrated pattern of the antenna (a) in the azimuth plane, i.e., the E-plane and (b) in
the elevation plane, i.e., the H-plane

Radiation pattern - 4-slot antenna Gain difference between 8-slot antenna and one row of 4-slot antenna
4

(dB)

Gain (dBi)

Gain difference.

Fig. 6 The normalized radiation patterns. Fig. 7 The difference in gain between two
antennas in the broadside

2.3 Active Measurements

The goal of this test was to evaluate the steering capability of the antenna in the main lobe. A
total of 21 sets of steering weights (phase and amplitude) are defined for the antenna array and
each set is measured separately. These 21 sets of phase and amplitudes gave us the possibility
to steer the beam in the E-plane of the antenna. The gain of the active circuit is computed by
using the results of the previous section. Since we know the gain of the antenna in the broadside
angle (direction), we first compute the gain of the active board with the results of measurement
at this steering angle. Then, we can compute the antenna gain in the steering angles other than
broadside.

2.3.1 Measuring gain of the active board

In this part the gain of the active board is computed. We measured the radiation pattern of the
antenna in broadside angle and then used the equation below to compute the gain of the active

board.
WaveComBE_D1.3 Massive MIMO antenna prototypes.
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Gactive board = SZlantenna in broadside + Gcal - Lactive - Gantenna

E[RPbroadside = SZlantenna in broadside + Gcal

In the computations, we considered Ly tive = Lpassive- The gain of the active board is shown in
Fig. 8. The gain of the active antenna (EIRP) in broadside over frequency domain, which includes
loss and gains of antenna and active board, is shown in Figure 10.

Active board gain (dB) EIRP in broadside ange over frequency (dB)

G:
-

Fig. 8 (a) Gain of the active board and (b) EIRP of the antenna in the broadside direction as
function of frequency.

2.3.2 Computing the radiation gain pattern at different tilting angles

In this section, the radiation in the azimuth plane (E-plane of antenna) is presented for the
considered 21 steering angles. The gain of the other 20 states (LUTs) of the antenna, i.e., other
than broadside angle, which was computed in last section, are computed using these equations

Gantenna other than broadside = SZlantenna other than broadside + Gcal - Lactive -

Gactive board»

EIRPother than broadside = S2 1active antenna other than broadside + Gcal-

In order to compute the antenna gain, we assumed that the gain of the active board does not
change when varying the steering angle of the antenna. In other words, we used the gain of the
active board obtained above for all LUTs, which is only valid for broadside angle. But the
computed antenna gain in next figures are valid with £1 dB error due to change of the gain in
active board. In Fig. 9 to 15, the antenna gain (plots with caption (a)) and the radiation patterns
of EIRP (plots with caption (b)) are shown for 21 LUT states at 7 frequencies. The angle
corresponding to maximum EIRP versus frequency are shown in Fig. 16. The maximum EIRP and
the maximum gain of antenna versus LUT number are shown in Fig. 17 (a) and (b), respectively.

WaveComBE_D1.3 Massive MIMO antenna prototypes.



WaveComBE — 766231 MSCA-ITN-EID 2017

Radiation pattern - Antenna gain - f=26.5GHz Radiation pattern - EIRP - =26.5GHz

Gain (08i)
ERP (¢B)

 earee) f oareo)

(a) (b)
Fig. 9 (a) Antenna gain and (b) EIRP at 26.5 GHz

Radiation pattern - Antenna gain - f=27GHz Radiation pattern - EIRP - f=27GHz

Gain (dBi)
EIRP (¢8)

f(eore) fowree)

(a) (b)
Fig. 10 (a) Antenna gain and (b) EIRP at 27 GHz

Radiation pattern - Antenna gain - f=27.5GHz Radiation pattern - EIRP - £=27.5GHz

Gain (dBi)
ERP (¢8)

§ (Geareo) { (Gesre)

(@) (b)
Fig. 11 (a) Antenna gain and (b) EIRP at 27.5 GHz
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Radiation pattern - Antenna gain - f=28GHz Radiation pattern - EIRP - f=28GHz

Gain (08i)
ERP (¢B)

 earee) f oareo)

(a) (b)
Fig. 12 (a) Antenna gain and (b) EIRP at 28 GHz

Radiation pattern - Antenna gain - f=28.5GHz Radiation pattern - EIRP - =28.5GHz
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(a) (b)
Fig. 13 (a) Antenna gain and (b) EIRP at 28.5 GHz

Radiation pattern - Antenna gain - f=20GHz Radiation pattern - EIRP - f=20GHz

Gain (dBi)
ERP (¢8)

§ (Geareo) { (Gesre)

(a) (b)
Fig. 14 (a) Antenna gain and (b) EIRP at 29 GHz
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Radiation pattern - Antenna gain - f=29.5GHz Radiation pattern - EIRP - =29.5GHz

Gain (dBi)
ERP (¢B)

Fig. 15 (a) Antenna gain and (b) EIRP at 29.5 GHz

‘Angle of maximum EIRP for all o the LUTs.

(dogree)

Fig. 16 The angle corresponding to maximum EIRP versus frequency.

Maximum EIRP for all of the LUTs Maximum antenna gain for all of the LUTS

¢ = i
g §
°
©
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(a) (b)

Fig. 17 (a) The maximum EIRP, and (b) the maximum gain of antenna versus LUT number.
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3. A 28-GHz 16x16 phased array based on Gap waveguide with
45°-slanted polarization and 65dBm EIRP.

In this section we present the design and characterization of a manufactured phased array
antenna where antenna elements are not implemented on PCB. Gap waveguide-based antennas
have great integration flexibility with PCB as the carrier of the active components and suitable
for mmWave frequencies. So, the PCB can be manufactured with minimum number of layers,
based on biasing and control signal requirements. We employ the basic idea proposed in
[24],[25], i.e., a microstrip probe transition from microstrip to waveguide and then to ridge gap
waveguide is designed.

The antenna unit element proposed here is a subarray of four slanted slots over a Gap
waveguide line. Employing subarray in the design of antenna elements, helped to have many
radiating elements while keeping the number of transmitting and receiving modules low, so less
hardware is required. This is important for low-rise urban, suburban, and rural areas, where the
vertical spread of users is low and coverage in that axis can be decreased. Subarraying helps with
keeping the antenna area large which is necessary for improving uplink cell-edge coverage while
minimizing the number of radio chains [26]. The subarray architecture for a fixed EIRP reduces
power consumption. Hence, subarraying allows for lower power consumption and even less
cost. But the expense to be paid for these advantages is the reduced scanning range in one of
the principal scanning planes, which in this article is elevation.

The presented phased array employs a subarray of four slots with 45° slant polarization in
resonant center-fed waveguide. The 45°slant polarization reduces the manufacturing and design
cost of the other orthogonal polarization [27]. Therefore, two orthogonal polarizations with
totally symmetric structures can be achieved. Employing +45° slant polarizations provide a more
symmetrical propagation characteristics in mobile communication systems, than
horizontal/vertical polarization [28].

In this section, we present our approach to tackle the challenge of designing a 28-GHz phased
array with high EIRP and a low-complexity PCB employing waveguide-based antennas.

3.1 Phased Array Design

The 16x16 slots phased array is designed with a 6-layer PCB and gap waveguide-based antennas.
The stack-up of the antenna is shown in Fig. 18. The antenna layers (slot and distribution) are
placed at top of the PCB. A block diagram of RF components on the PCB is shown in Fig. 19. The
array employs four mmWave frequency up/down converter (UDC) ICs produced in 300mm
Silicon CMOS process, with x4 local oscillator (LO) multiplier [29]. Each UDC supports a quarter
of array, and all quarters have similar structures. UDCs are connected to a separate LO, TX and
RX connectors with 50 Ohm striplines, meaning that each UDC can function independent of how
other UDCs are configured. So, it is possible to produce four beams at the same time with this
design. In this article, the LO frequency is set to 6GHz and the IF band (both for RX and TX) is set
to 2.5-5.5GHz.

WaveComBE_D1.3 Massive MIMO antenna prototypes.
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Fig. 18 The stack-up of the 16x16 slots phased Fig.19 A block diagram of RF components
array antenna designed with a 6-layer PCB and on the PCB.
gap waveguide-based antennas.

The phased array incorporates beamforming ICs (BFIC) which are connected to radiating
elements in 2x2 architecture, as shown in Fig. 19. BFICs have four bidirectional channels and are
digitally controlled via a high-speed serial peripheral interface (SPI) bus [30]. Each channel
employs a TX chain and a RX chain, which each chain includes a high-resolution phase shifter
and variable gain amplifier (VGA). Gain control of VGAs in TX and RX chains are 25dB and 30.5dB,
respectively. Each channel’s transmit chain P1dB of is 19dBm. The SPI interface controls all
device functions. This BFIC uses a wafer-level chip scale packaging (WLCSP) with compact
dimensions of 4.39x3.59x0.5mm?3.

The PCB stackup incorporates 6 layers of metals. The top metal layer (M1) hosts the UDCs, BFICs,
wilkinson power dividers and all 50 Ohm microstrip routing lines. Layer M4 is used for the main
trace of striplines. Layers M2 and M6 are used for grounding purposes of IF and RF frequency
signals. Each channel of BFIC is connected to a transition from microstrip to double ridge
waveguide. A microstrip-probe with back-short alongside with vias on the PCB, create the
transition to waveguide. The PCB is based on RO43508 (&,=3.665, tand=0.0037) and RO4450F (&,
=3.7, tand=0.004) as core and prepreg substrates, respectively.

A manufactured prototype of the phased array antenna is shown in Fig. 20.

Fig. 20 A manufactured prototype of the active 16x16 slots phased array antenna
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3.1 Antenna Design and Measurements

The proposed antenna employs a linear subarray of four slots as the antenna element as shown
in Fig. 21. The linear subarray is oriented in elevation direction and is fed from the middle
through a microstrip to gap waveguide transition. Although having a subarray decreases the
beamwidth in elevation direction, and consequently limits the scanning rage of the phased array
antenna, but it increases the gain per BFIC channel. Higher gain per element is beneficial
especially in uplink when the output power of the user is very low.

= | =0
\ L |
X "'
1
%a; 1 -
M I |
o |
X |
|
—
x \ |
(a) Front view (b) Side view

Fig. 21 Linear subarray

Employing 45°-slanted slots in the subarray creates a great opportunity of having the other
orthogonal polarization with no additional design. This approach gives us two orthogonal
polarizations with very similar performance, due to symmetrical structure. Traditionally, two
orthogonal polarizations are created vertically and horizontally. The drawback of the second
approach, no matter the antenna element is designed based on substrate or waveguide, is
different performance of the polarizations, e.g., gain, bandwidth, scanning range, cross-
polarization level, etc. [22], [23], [31].

The antenna element is composed of 4 series 45°-slanted center-fed slots. These slots are over
a gap waveguide transmission line, and the excitation of slots are like those which previously
presented [27]. In the design of the transmission line, it is essential to make sure that the pins'
stopband covers the working bandwidth of the phased array to minimize the leakage between
subarrays. Another important consideration in the design of gap waveguide transmission line is
to check propagating mode characteristics. Indeed, with only one pin on two sides of the ridge,
a single mode band of 21-53 GHz is achieved. This quasi-TEM mode which covers the working
bandwidth of phased array, is employed to excite the slots. Each subarray is excited through a
vertical microstrip-probe with backshort. The backshort is realized on the shield layer, and its
walls are built employing cylindrical pins, which create a stopband of 25-57GHz.

Subarray performance is investigated by two approaches. First, the subarray is simulated in
unitcell structure meaning that the boundary conditions in the sides are set to be periodic.
Another approach in the simulation of the array element, is according to the position of the
element in the antenna array. Basically, the position of the element in the array plays a role in
the radiation properties of that element, which are referred to embedded results. Elements of
the antenna array are simulated one by one, while other elements are perfectly matched.
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After the subarray design, the so-called active reflection coefficients of the array are calculated,
which are shown in Fig. 22 for five different scanning angles. Due to similarity, only results of a
guarter of antenna array elements are shown here. The antenna shows good matching for all
scanning angles up to close +60°in azimuth plane (lower than -10dB).

G [dBi]

h 25 26 27 28 29 30 31
fleH:)

(a) Broadside (b) Azimuth 15°

G [dBi]

(d) Azimuth 45° (e) Azimuth 60°
Fig. 22 Active reflection coefficients for five different scanning angles

3.2 Calibration and Pattern Measurement of the PAAM

To achieve the desired performance from the phased array module, there is a need for
calibration. Even though the RF-lines have equal length, there will be unavoidable differences
between channels due to manufacturing, assembly, passive components, and differences
between the BFICs. If the phase difference between channels is too great, the resulting farfield
pattern may display large side lobes, beam pointing in an undesired direction and consequently
a lowering of main lobe gain reducing the overall performance. A random gain variation across
channels may influence the EVM negatively, but this also depends on how close to backoff the
module is operated and how large the variation is [32]. For this work, only channel phase
calibration has been performed and no channel gain calibration is considered. However, due to
unequal length in the IF-feed network for the four UDCs, a calibration of the UDC-gain levels was
performed to have a more even gain distribution across the array when combining all 64
channels.

A study of the simulated performance deviation arising from a random element excitation error
in phase and amplitude. The element amplitude error is varied with £3 dB, and the phase error
is varied with £20°. The resulting error in main lobe gain, side lobe level and pointing error for
broadside and 45° azimuth scan for 100 iterations with random errors was evaluated. The
observed main lobe gain variation was less than +1 dB for both scan angles, and the pointing
error was relatively unaffected by the random errors applied. The side lobe level however can
vary +2 dB depending on excitation, showing that calibration is needed if one wishes to keep
side lobe level close to nominal value.

After calibration, the antenna’s performance is tested in an anechoic chamber in both TX and
RX mode. The gain and side lobe level of the antenna at different frequencies and scanning
angles were evaluate. It was obtained that the antenna in TX mode has 64dBm EIRP at P1dB.
Two examples of radiation pattern of co-polarized and cross-polarized components of radiation
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pattern are shown in Fig. 34a and 14b, for broadside and scanning to azimuth -40° respectively.
The antenna has shown a fine scanning resolution. Fig. 24 shows the radiation pattern scanning
with 1° resolution (1° is the limit we had during the measurement process).
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Fig. 23 Radiation pattern of co-polarized and cross-polarized components for (a) broadside

and (b) scanning to -40° in the azimuth.
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Fig. 24 Radiation pattern scanning with 1° resolution in azimuth

4. Conclusions

Measured performance of two 5G phased array antenna designs have been presented. The two
phased array antenna prototypes are based on the Gap waveguide technology and have been
fabricated and characterized. These are a 28-GHz 8x8 phased array with 60dBm EIRP, and a 28-
GHz 16x16 phased array with 45°-slanted polarization and 65dBm EIRP

The first 8x 8 antenna was compared to the 4x8 subarray (or 4-slot) array antenna configuration
based on the same design. The broadside gain of the antennas was computed from the
measurement data. Also, measurement results of the EIRP when beam of antenna is scanned in
the E-plane. The antenna was expected to have 23 dBi gain on average in the frequency band
from 26.5 - 29.5 GHz. However, this was not fully achieved for the 8-slot antenna. Compared to
the measured gain of the 4-slot antenna a 3 dB difference between the gains the two antenna
realizations was expected. The difference in the lower frequency band lower than expected, on
the other hand at higher frequencies, namely 27.5 to 29.5 GHz, we can roughly see 3 dB gain
difference on average which is good. Moreover, the S11 of the antenna structure with the
passive board has very poor response (results will be added later). The high return loss reduces
the gain of the antenna. Also, resonances where observed at 29.5 GHz in both the 4-slot and 8-
slot broadside antenna gain responses versus frequency. At that frequency, significant loss of
gain around 6 dB is observed, which also exists in the EIRP measurement results in broadside
radiation. The origin of the resonance should not come from the antenna array layers
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(distribution and slot layers) or the active, or the passive, boards. Hence, this leaves us with the
probable cause to stem from either the transitions or shielding layer with pin structure. In
summary, the antenna has from 1 - 1.5 dB less gain than expected, explained by poor S11
response causes the reduction of antenna gain in all frequencies, and a resonance in the antenna
gain response is present at 29.5 GHz caused problems in transitions or shielding layer with pin
structure.

An updated antenna design with optimize antenna performance will be presented later in future
versions of the report. A journal paper contribution will be submitted based on the updated
results: Alireza Bagheri, Carlo Bencivenni, Magnus Gustafsson, Andrés Alayéon Glazunov, A 28-
GHz 8x8 phased array based on gap waveguide with 60 dBm EIRP, IEEE Antenna and Wireless
Propagation Letters (to be submitted 2021)

The second array employs a linear subarray of four 45°- slant polarized slots as the antenna
element. The 45°-slant polarization reduces the manufacturing and design cost of the other
orthogonal polarization. The phased array incorporates beamforming ICs (BFIC) which are
connected to radiating elements in 2x2 architecture. The performance of the 28-GHz phased
array with high EIRP and a low-complexity PCB employing waveguide-based antennas is good
and can be adequately employed for 5G applications requiring high-power at 64 dBm and wide-
angle beam scanning up to positive and negative 40° in the azimuth.

Based on the presented results two papers will be submitted to topical journals: Alireza Bagheri,
Hanna Karlsson, Carlo Bencivenni, Magnus Gustafsson, Thomas Emanuelsson, Marcus
Hasselblad, Andrés Alaydn Glazunov, A 28-GHz 16x16 phased array based on gap waveguide
with 45°-slanted polarization and 65 dBm EIRP, IEEE Transactions on Microwave Theory and
Techniques (to be submitted 2021), Alireza Bagheri, Hanna Karlsson, Jose-Ramon Perez,
Parastoo Taghikhani, Thomas Emanuelsson, Christian Fager, Carlo Bencivenni, Andrés Alaydn
Glazunov, OTA characterization of a phased array at mmWave to verify 5G application, IEEE
Wireless Communication Magazine — Special Issue on Antenna Systems for 5G and Beyond.
2021. (to be submitted 2021)

In addition, a couple of other phased array antennas based on the MED technology are currently
being manufactured and characterized. The design and measurements will be submitted to
topical journals as listed below.

A. List of Publications (published and in preparation)

1. W.Y.Yong. T.Emanuelsson and A.A.Glazunov. 5G Wideband Magneto-Electric Dipole
Antenna Fed by a Single-Layer Corporate-Feed Network based on Ridge Gap
Waveguide. 2020 14th European Conference on Antennas and Propagation (EuCAP
2020). Pp.1—4. 2020.

2. W.Y.Yong. T.Emanuelsson and A.A.Glazunov. 4x 4 Magneto-Electric Dipole Array with
Single-Layer Corporate-Feed Ridge Gap Waveguide for mmWave Applications.
nternational Symposium on Antennas and Propagation, ISAP 2020. Pp. 1 —2. 2021.

3. Wai Yan Yong and Andrés Alayén Glazunov, “High Gain, Wideband Grid Array Antenna
for 28 GHz 5G Base Station,” European Conference on Antenna and Propagation (EuCAP)
2019, Krakow, Poland.

4. Alireza Bagheri, Carlo Bencivenni, Andrés Alayén Glazunov, “mmWave Antenna Array
based on Gapwaves Waveguide Technology for 5G Applications,” International
Conference on Electromagnetics in Advanced Applications (ICEAA) 2019, Granada, Spain.
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5. Wai Yan Yong, Abolfalz Haddadi, Thomas Emanuelsson and Andrés Alayén Glazunov.
Wideband 2 by 2 Integrated Antenna Array for N257 mmWave 5G Communication.
IET Electronics Letters. (to be submitted 2021)

6. Wai Yan Yong, Abolfalz Haddadi, Thomas Emanuelsson and Andrés Alayén Glazunov.
Design and Characterization of the 8 by 8 Phased Array Antenna based on Magneto-
Electric Dipole (MED) for 5G mmWave Outdoor Base Station. IEEE Wireless
Communication Magazine — Special Issue on Antenna Systems for 5G and Beyond.
2021. (to be submitted 2021)

7. Alireza Bagheri, Carlo Bencivenni, Magnus Gustafsson, Andrés Alayén Glazunov, A 28-
GHz 8x8 phased array based on gap waveguide with 60 dBm EIRP, IEEE Antenna and
Wireless Propagation Letters (to be submitted 2021)

8. Alireza Bagheri, Hanna Karlsson, Carlo Bencivenni, Magnus Gustafsson, Thomas
Emanuelsson, Marcus Hasselblad, Andrés Alayén Glazunov, A 28-GHz 16x16 phased
array based on gap waveguide with 45°-slanted polarization and 65 dBm EIRP, IEEE
Transactions on Microwave Theory and Techniques (to be submitted 2021)

9. Alireza Bagheri, Hanna Karlsson, Jose-Ramon Perez, Parastoo Taghikhani, Thomas
Emanuelsson, Christian Fager, Carlo Bencivenni, Andrés Alayén Glazunov, OTA
characterization of a phased array at mmWave to verify 5G application, IEEE Wireless
Communication Magazine — Special Issue on Antenna Systems for 5G and Beyond.
2021. (to be submitted 2021)
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