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This dissertation presents two millimeter-wave phased-antenna arrays at 28 GHz for fifth
generation (5G) mobile communication applications as well as techniques for performing in-situ
self-test and self-calibration of single- and dual-polarized 5G phased-arrays. First, a scalable
64-element single-polarized transmit/receive phased array is built with 2 x2 beamformer chips
on a low-cost printed circuit board (PCB). The design emphasis is placed on minimizing the
printed circuit board cost, optimizing the cross-polarization performance, and on-grid scalability.
The array is capable of scanning £50° in azimuth and +45° in elevation at 29 GHz with cross-

polarization rejection better than 20 dB. It achieves an effective isotropic radiated power (EIRP) >
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50 dBm over a 4 GHz bandwidth from 27 to 31 GHz. Therefore, it is a suitable candidate for
Gbps multi-user multiple input multiple-output (MU-MIMO) base-station applications.

Second, a 2 x 64-element dual-polarized dual-beam phased array for 5G polarization
MIMO is built. The phased-array has two 1:16 dual Wilkinson networks and microstrip antennas
with rotated feeds for cross-polarization cancellation. The array demonstrates a measured effective
isotropic radiated power (EIRP) at Psat of 52 dBm for each beam and is capable of scanning +50°
in azimuth and 4+25° in elevation with >28-dB cross-polarization rejection. Simultaneous dual-
beam operation is demonstrated with near-ideal patterns for each beam. The array demonstrates
independent simultaneously transmitted 2 x 16-quadrature amplitude modulation (QAM) and
2x64- QAM data streams delivering an aggregate maximum data rate of 2x20 and 2x30 Gb/s,
respectively.

Next, the problem of phased-array calibration is considered. Two calibration techniques
are developed and tested for calibrating single and dual-polarized 5G phased arrays at 28 GHz.
The first technique addresses the calibration of single-polarized phased-arrays in a MU-MIMO
hybrid beamforming base station system. The procedure, labeled Quad-BIST, enables built-in
self-test (BIST) and self-calibration of the arrays in-situ without having to remove the array from
the field. Quad-BIST relies on mutual coupling between antennas in neighboring arrays arranged
in Quad-fashion to extract the calibration coefficients and perform channel characterization.
Quad-BIST was successfully applied to 5G 28 GHz arrays with 4 x 4 and 8 x 8 elements in each
quadrant. The results show that Quad-BIST predicts the channel states (gain and phase control)
with rms errors of 0.2 dB/2° and 0.4 dB/2.5° for the 4 x 4 and 8 x 8 quadrants, respectively, as
compared to far-field techniques. The relative channel ratios are found to be within rms errors of
0.8 dB/7.5°. Near-ideal patterns are attained using the quadrant-level calibration for both arrays
with side-lobe level’s below -20 dB over scan.

The second technique is for the calibration of dual-polarized dual-beam phased arrays.

The procedure, labeled (DP-BIST), exploits the mutual coupling between different antennas of
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orthogonally polarized beams sharing the same aperture to enable in-situ self-calibration and
self-test of the phased array channels of each beam. DP-BIST was applied to a 16-element
dual-polarized dual-beam linear phased-array at 29 GHz, and predicted the relative channel states
(gain and phase control) with rms errors better than 0.3 dB /3° and the relative channel offsets
with rms errors of 0.8 dB /6° over a wide-bandwidth. These results demonstrate its feasibility for

use in 5G polarization MIMO phased arrays.
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Chapter 1

Introduction

1.1 Millimeter-Wave Phased-Arrays for Fifth Generation
Mobile Communication

Millimeter-wave (mm-Wave) phased-arrays systems have attracted a growing attention
as a result of its planned deployment in the fifth generation (5G) cellular network [1]. Newly
announced 5G new-radio (5G NR) milimeter-wave bands at 28 GHz and 39 GHz allow for
an order of magnitude wider-bandwidth communication channels than in the current cellular
systems operating at the congested 0.6-3 GHz frequency bands [2]. With this available bandwidth,
mm- Wave 5G based-stations are expected to support communication data rates of several Gbps
to multiple users with low latency. To enable high data rate communication links to mobile
users at few hundred meter distances, the capabilities of phased antenna arrays, such as the
high directivity, over-the-air power combining, and beam scan are needed to compensate for the
increased path loss at mm-Wave frequencies as well as to provide efficient user-tracking directive
links. Also, it is expected that 5G base-stations will deploy massive multiple-input multiple-output
(MIMO) phased-array systems supporting multiple directional beams to several mobile users to

maximize the cellular network capacity. Although phased arrays have been developed in the early



1970s, their use has been mostly limited to radar applications in military systems due to their
complexity and high development and testing costs. For 5G to become commercially feasible,
low-cost phased arrays need to be developed so as to meet the 5G requirements and to fulfill the
Gbps promise. In this thesis, a low-cost scalable 64-element single-polarized transmit/receive
phased-array for 28 GHz 5G multi-user MIMO applications is presented. The array is capable of
delivering an EIRP up to 52 dBm and of scanning to more than +45° in azimuth and elevation.
Different design trade-offs and performance analysis are also presented in detail.

One way to further increase the communication data rate of 5G systems without using
additional resources (frequency or time slot) is through polarization diversity. By sending
independent data streams at the same frequency and time-slot but on two orthogonal polarizations
(horizontal and vertical), the data rate can be effectively doubled. This, however, poses a challenge
for phased-array designers as such polarization-MIMO systems require high polarization purity
beams and low data-stream cross-coupling during simultaneous operation. This is especially true
for high-spectral efficiency modulations such as 16- and 64-QAM waveforms. In this thesis, a
dual-polarized dual-beam 2 x 64-element phased array at 28 GHz with high -polarization isolation

demonstrating up to 2x30 Gbps communication links is presented.

1.2 Phased-Arrays Testing and Calibration

An inherent problem in phased arrays which drives its cost, especially at mm-wave
frequencies, is the need to calibrate and test the array channels in every gain and phase state
for optimal array performance (beam and null-steering, side lobe level control, etc.). In general,
phased-array channels exhibit gain/phase variations from element-to-element, and these variations
can be either random (due to fabrication and process variation) or systematic (due to routing
un-equal line lengths in the different channel paths).

Typically, phased arrays are calibrated and tested in a far-field range requiring a dedicated



large setup, or using a planar near-field scanner which requires the mechanical movement of
a probe to sample the array aperture. Using such systems is costly, time consuming, and not
applicable during production due to the limited time needed to test a phased array.

An interesting but uncommon way to calibrate an array is through the use of mutual
coupling between the antenna elements [3,4]. This idea was originally developed by [3] which
showed that an L-band phased-array radar of circularly symmetric monopole antennas placed on
a hexagonal grid can calibrate itself by using antenna coupling. In this thesis, mutual-coupling
calibration techniques suitable for application in 5G base stations are presented. Two techniques
are developed, the first (Quad-BIST) applies to single-polarized phased arrays and the second
(DP-BIST) applies for dual-polarized dual-beam phased arrays. Both techniques were used
for comprehensive characterization of 5G phased arrays at 28 GHz showing good calibration

performance.

1.3 Thesis Overview

Chapter 2 presents a low-cost scalable 64-element 28-GHz phased-array transceiver for
5G communications based on 2x 2 transmit/ receive (TRX) beamformer chips. Sixteen of the 2x2
TRX chips are assembled on a multi-layer printed circuit board (PCB) together with a Wilkinson
combiner/divider network and 27—31 GHz stacked-patch antennas. The phased array can scan to
+50° in azimuth (H-plane) and +45° in elevation (E-plane) with low cross-polarization levels
and achieves a saturated EIRP of 52 dBm with 4-GHz 3-dB bandwidth.

Chapter 3 demonstrates a 5G 28-32 GHz 2 x64-element dual-polarized dual-beam trans-
mit/receive (TRX) phased array. The array is based on a SiGe 2 x4 TRX dual-beamformer chip
with 6-bits of phase and 25 dB of gain control. The chip delivers 11-12 dBm/channel in the
transmit-mode and has a noise figure (NF) of 4.8 dB in the receive-mode. Sixteen chips are

employed for the construction of a low-cost printed circuit board (PCB) based 2 x 64-element



dual-beam array using flip-chip technology. The phased-array has two 1:16 dual Wilkinson
networks and microstrip antennas with rotated feeds for cross-polarization cancellation. The
array demonstrates a measured effective isotropic radiated power (EIRP) at Psat of 52 dBm for
each beam and is capable of scanning +£50° in azimuth and £25° in elevation with >28 dB cross-
polarization rejection. Simultaneous dual-beam operation is demonstrated with near-ideal patterns
for each beam. The array demonstrates independent simultaneously transmitted 2 x 16-QAM and
2x64-QAM data streams delivering an aggregate maximum data rate of 2x20 Gbps and 2x30
Gbps, respectively. Also, measurements done over all scan angles at an EIRP of 41 dBm per
polarization and 64-QAM waveforms show a data rate of 2x4.8 Gbps with an EVM < —25 dB.
To our knowledge, this is the first demonstration of a dual-polarized, dual-beam phased array for
5G polarization-based multiple-input multiple-output (MIMO) systems with 60 Gbps maximum
data rates.

Chapter 4 presents an in-situ self-test and self-calibration technique and its application to
5G phased arrays. The built-in self-test (BIST) procedure, labeled Quad-BIST, enables the relative
channel calibration, channel gain/phase characterization and failure detection of 5G phased-arrays.
Quad-BIST relies on mutual coupling between antennas in neighboring arrays arranged in Quad-
fashion to extract the calibration coefficients and perform channel characterization. The calibration
technique was successfully applied to 5G 28 GHz arrays with 4x4 and 8x8 elements in each
quadrant. The results show that Quad-BIST predicts the channel states (gain, phase control) with
rms errors of 0.2 dB/2° and 0.4 dB/2.5° for the 4x4 and 8x8 quadrants respectively. The relative
channel ratios are found to be within rms errors of 0.8 dB/7.5° from their far-field counter-parts
for both cases. Experimental results also show that near-ideal uniform-illumination patterns are
attained using the quadrant-level calibration for both arrays, and with low-side lobe operation
(<-20 dB over scan). The technique is all-electronic, requires neither any moving parts nor a
far-field range, can be applied for initial calibration as well as for re-calibration in the field (as

a result of aging, environmental changes, etc.), and is well suited for SG MIMO base-station



systems. To our knowledge, this work presents the first demonstration and detailed analysis of
in-situ calibration for mm-Wave 5G phased arrays.

In Chapter 5, an in-situ self-test and self-calibration technique for 5G dual-polarized dual-
beam TRX phased-arrays is presented. The procedure, labeled dual-polarized built-in self-test
(DP-BIST), exploits the mutual coupling between different antennas of orthogonally polarized
beams sharing the same aperture to enable relative channel offset extraction, channel gain/phase
characterization and failure detection for the channels of each beam. DP-BIST was applied to a
16-element dual-polarized dual-beam linear phased-array at 29 GHz and predicted the relative
channel states (gain, phase) with rms errors <0.2 dB /2.5° and the relative channel offsets with
rms errors of 0.8 dB /7°. DP-BIST is all-electronic, and can be done using a single aperture
without any assistance from neighboring arrays. It can be used for initial calibration as well as for
re-calibration in the field, and is well suited for 5G polarization-based multiple-input multiple
output (MIMO) systems.

Finally, Chapter 6 summarizes and concludes the work presented in this thesis. In addition,

several suggestions are provided for future work.



Chapter 2

A Low-Cost Scalable 64-element
Single-Polarized Phased-Array for 5G

Base Stations

2.1 Introduction

The fifth-generation (5G) communication links targets a large increase in mobile com-
munications with data rates in the order of 1-10 Gbps by using the newly available bandwidth at
mm-wave bands at 28, 39, and 60 GHz [1]. To overcome the increased path loss at mm-wave
bands, the next generation communication links will rely on directive communications, enabled
by phased-array techniques. Although phased-arrays have been used for many years for defense
applications and satellite communications, their cost needs to be significantly lowered for massive
use in 5G applications. This requires the use of highly integrated chips based on silicon technolo-
gies (SiGe or CMOS) rather than InP- or GaAs-based modules [5], low-cost printed circuit board
(PCB) designs, and a great reduction in testing costs through minimizing the array calibration. A

scalable low-cost phased-array, capable of scanning in both azimuth and elevation at mm-wave
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Figure 2.1: Block diagram of (a) 8 x 8 phased array and (b) 2 x 2 beamformer chip.

frequencies is needed to deliver Gbps data to several users at a link distance in the order of
hundreds of meters. In this chapter, a low-cost and scalable 8 x 8 28 GHz phased-array suitable

for 5G communication links at hundreds of meters for base station applications is presented.
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2.2 Phased-Array Architecture

The 28-GHz phased array employs the 2 x 2 architecture shown in Fig. 2.1(a) with
quad-core RF beam-former (Fig. 2.1(b)). The beamformer chips are flipped onto one side of
a low-cost PCB and connected to antenna elements on the opposite side of the PCB. There are
multiple advantages to this architecture [5,6]: First, it minimizes the interconnect length between
the chips and the antennas which directly affects the transmit EIRP and the receive noise figure.
Second, it offers high yield and low assembly costs due to the use of small 2 x 2 chips with low
interconnect count. Third, since the beamforming is done in the RF, no LO and IF routing are
needed which reduces the routing complexity on the PCB resulting in less layers and lower PCB
cost. Fourth, it helps obtain a uniform heat distribution over the phased array since the chips are
distributed evenly over the array aperture area and finally, it allows for using a high-Q filter for
blocker rejection before the transciever (Fig. 2.1a).

The phased array is designed on a low cost stack-up based on Megtron-6 (g, = 3.3,
tand = 0.005 at 30 GHz). The stack-up shown in Fig. 2.2 consists of 12 metal layers (M1-M12).
Sixteen beamformer chips are flipped onto the top metal (M1). Layers M1-M?2 are dedicated
to the RF routing while M3-M4-MS5 are used for VDD and digital serial peripheral interface

(SPI) routing. Layers M7-M12 are used for antennas and M6 is a full ground plane. The TRX



Table 2.1: Summary of 2 x 2 beamformer chip performance

Parameter RX-Mode | TX-Mode
Gain (dB) 17 18
Bandwidth (GHz) 27-31 26-31
NF (dB) 4.8 -
RX-IP1dB/ TX-OP1dB (dBm) -21 11-12
Phase step (degree) 5.6 5.6
Gain Control (dB) 25 20
Pdc / ch. (mW) 150 220@P1dB

beamformer chip block diagram is illustrated in Fig. 2.1(b). The chip is fabricated in 0.13-um
TowerJazz SBC18H3 SiGe BiCMOS process with flip-chip package and 400-um pitch balls.
The TRX channels contain 6-bit phase shifters and variable gain amplifiers with 20-25 gain
control range in the TX and RX modes, respectively. Each channel delivers an output power of
11-12 dBm (OP1dB) at 27-31 GHz in the TX-mode and achieves a noise figure of 4.8 dB in the

RX-mode. A summary of the chip performance metrics is given in Table 2.1.

2.3 Antenna Array Design

A stacked-patch antenna is chosen for its ease of integration, and high bandwidth proper-
ties. The antenna has a driven patch on M10 and a parasitic patch on M12, the antenna ground
plane is M6 (antenna substrate thickness is 30 mil from M6-M12). Different antennas designs
were optimized using HFSS in a master/slave environment for operation at 28 GHz. Impedance
bandwidth at broadside up to 23% can be achieved with such a design without the need for any
matching network. However a negative issue about the maximum bandwidth designs is that the
cross-polarization (X-pol) properties degrades quickly with scanning in the H-plane. This is
because the cross-polarized currents are imbalanced on the patch due to the probe feed asymmetry.
The cross-polarization radiation in the H-plane can be reduced by lowering the patch aspect ratio
(W /L), which helps bring the X-pol currents on the non-radiating edges closer to each other, thus

leading to cancellation of their radiation component over a larger scan range (Fig. 2.3a). As
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Figure 2.3: Bandwidth and cross-pol. trade-off: (a) Patch antenna equivalent magnetic currents. Simulated (a) Sy
for patch antennas of different aspect ration and (b) Simulated cross-polarization referenced to the co-polarization
level versus scan angle in azimuth (H-plane) at 29 GHz.
can be seen in Fig. 2.3(b,c), for maximum bandwidth is available for an aspect ratio of 1.38 but
the X-pol level reaches up to -5 dB when scanned. When the aspect ratio is reduced to 1, the
bandwidth shrinks to 20%, whereas the cross-polarization level improves to —8 dB. Finally for
an aspect ratio of 0.65, the bandwidth is about 15% but X-pol is less than —25 over scan angle.
Since this array has a beamformer chip having a bandwidth from 27-31 GHz (13.8%), using
a high bandwidth antenna is not needed and the excess bandwidth can be traded for improved
cross-polarization characteristics. Therefore, the design with an aspect ratio of 0.65 and 15%
impedance bandwidth is selected.

The antenna is then integrated with a 50 Q co-axial transition from M1 to M12, and
followed by a microstrip line to connect it to the chip on the top metal layer (Fig. 2.4a). An
additional quarter wavelength shorted-stub is added to provide elector-static discharge (ESD)

protection. Fig. 2.4(b,c) represent the simulated reflection and transmission coefficients when the
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Figure 2.4: (a) Antenna simulation model and coaxial feed. Simulated S1; and S»; versus scan angle for (b) E-plane
and (c) H-plane

array is scanned to different angles in azimuth and elevation. As can be seen, the array is matched
better than -7 dB over scan angles up to +45° in the E-plane and up to +50° in the H-plane. The
scan is limited in the E-plane by the onset of blindness at high frequencies. In the H-plane, the
array scanning is grating-limited.

Since it is desired that the phased array module be scalable to larger sizes via tiling, it
1s important to know how sensitive is the resulting combined pattern to aperture gaps. These
gaps are usually present to facilitate routing inside the array PCB. The scenario is shown in Fig.
2.5, with four 8 x 8 arrays tiled together. In the first case, Fig. 2.5a, the arrays are tiled exactly
on-grid and thus effectively forming a contiguous 16 x 16 array. In the second case, an additional
2\ empty gap is placed in-between the 8 x 8 arrays (Fig. 2.5b). It can be observed that the side

lobe levels in the second case is much worse, and in particular, the first side lobe increases from

11
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Figure 2.5: Simulated tiled 16 x 16 array patterns using 8 x 8 arrays: (a) without gap and (b) with extra 2\ gap
between the 8 x 8 arrays.

the ideal level —13.2 dB to —6 dB. The reason for this can be understood by examining the
array-factor (2 x 2) and the element factor (8 x 8 EF) for both cases. In the first case, the phase
centers of the arrays are 2A apart and the 2 x 2 array factor peaks and aligns with the EF (8 x 8
array at 0.5\ spacing) nulls. However in the second case, the phase centers of the 2 x 2 array
factor become 2.5\ apart. This shifts the array factor peaks from the 8 x 8 EF nulls leading to
a higher side-lobe level. Fig. 2.6 illustrates the side-lobe level for different array-tiling gaps, it
can be seen that to maintain side-lobes better than -10 dB, the gap cannot exceed 0.5A and it is

preferred to keep it as low as possible (< 0.2A) for sub-1 dB side-lobe level degradation.
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Figure 2.7: Phased array photo: (a) 8 x 8 antenna side (4.06x4.06 cm?), (b) 8 x 8 chip-side and (c) tiled four 8 x 8
arrays to form a 16 x 16 array aperture (8.1x8.1 cm?).

2.4 Measurements

2.4.1 Broadside Frequency Response, EIRP, and Electronic Gain

The fabricated scalable 8 x 8 phased array is shown in Fig. 2.7(a,b). The array has an

aperture of 4.06x4.06 cm? and can be scaled to any 16 xN size by direct side-by-side tiling as
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Figure 2.8: Measured channel relative amplitudes and phases in: (a,b) TX-mode and (c,d) RX-mode.

shown in Fig. 2.7(c). The antenna spacing is 0.5A in azimuth and 0.5\ in elevation at 30 GHz.
Ideally, there are no extra offsets in between the tiled arrays, but in practice, there could be up to
(£10 mils) due to the PCB cut-boundary tolerance. However, this is electrically very small at 29
GHz (~ A, /40) and thus does not affect the side-lobe level. Moreover, the ground-planes on each
array are exposed at the edges of the top metal layer to allow for ground plane stitching between
the neighboring array tiles. This is advisable to do in order to prevent diffraction radiation of
ground-plane currents at the ground edges of the individuals arrays.

The 8 x 8 array is characterized using a far-field measurement set-up with a vector-
network analyzer and a standard gain horn at a distance of 1.1 m. The channels were first
measured individually, and are found to be mostly within £2.5 dB and £30° of each other (see
Fig. 2.8) indicating an acceptable alignment for uniform illumination purposes. The broadside
frequency response in the RX and TX mode (at > 10 dB back-off) was measured with all the

channels at their maximum gain state (Fig. 2.9a). The 3-dB gain-bandwidth in the RX-mode
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input compression point.
extends from 26.7 GHz to 30.7 GHz, and is from 27.2 GHz to 30.2 GHz in the TX mode. The
effective isotropic radiated power (EIRP) at broadside is shown in Fig. 2.9b. The 8 x 8 array
demonstrates an EIRP of 52 dBm at Psat with a 3dB-EIRP bandwidth of 4 GHz around 29 GHz.
The measured peak EIRP at P1dB is 50.5 dBm which agrees with calculations (EIRPp4g=20log N
+Pip1as+Gant= 36+ 11.5+4 = 51.5 dBm). The antenna gain is assumed to be 4 dB, which
corresponds to a 5.2 dB directivity and 1.2 dB of antenna and transmission-line loss.

The array simplified block-diagram is shown in Fig. 2.10. The TX gain is defined as EIRP

of the array divided by the input power written as:

EIRP

Grx = =50.5-13.5=37dB 2.1

in

The RX- electronic gain is defined as the ratio of the output power at the RF-connector

(Pout) to the total power collected by the array aperture and is expressed as:

P
Grx= —2 — _12+17-4-39=7.9dB (2.2)
Sinc X Area

where Sj, is the incident plane-wave power, Area is the phased array aperture area. Assuming a
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Figure 2.10: Block diagram of system analysis: (a) TX mode and (b) RX mode.

filter and transceiver with a 10 dB noise-figure, the system noise figure referred to the chip input

port becomes 6.6 dB.

2.4.2 Radiation Patterns, EIRP versus Scan and Performance Summary

The measured scanned patterns are shown in Fig. 2.11 in the RX mode at 29 GHz. The
array is capable of scanning +50° in azimuth (H-plane) with a scan drop less than 4 dB. In the
elevation plane (E-plane), the array scans up to +45° with less than 3.5 dB scan drop. In all cases,
the side lobes remain below —10 dB and can be improved by 1-2 dB by calibrating the elements
to an rms level better than 1 dB/ 10°. The measured co- and cross-polarization patterns in the
principle planes are shown in Fig. 2.12. In the E-plane, the X-pol remains below -30 dB for all
scan angles, and in the H-plane it is better than -25 dB over all scan angles.

Fig. 2.13 illustrates the measured EIRP at Psat versus scan angle at different frequencies
in the principle planes. At 29 GHz, the peak EIRP drops from 52 dBm at broadside to 48 dBm at

the maximum scan angles in the azimuth and drops to 47.5 dBm at the maximum scan angles

16



g g
£ N/\ 2
£ ‘, A(I,‘A‘ f ‘W £
‘M" il M
TE\:-30 E-
‘Zh: ’ “10Io cos1 70 g
| | | | | .
-4(-)60 45 30 -15 0 15 30 45 60 60 -45 -30 -15 0 15 30 45 60

Angle (deg.) Angle (deg.)
(@) (b)
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Table 2.2: Array Performance Summary

Parameter Value
Number of elements, N 64 (8 x 8)
Antenna S1; bandwidth (GHz) 27-31
Antenna spacing, dy / dy (mm) 5.1/5.1
Feed + antenna ohmic loss (dB) 1.25
Antenna Gain Gtrx (dB) 21.8
PCB Beamformer ohmic loss (dB) 7.9
RX Mode TX Mode
Chip NF (dB) 4.8 Channel NF (dB) 11
System NF (dB) 6.6 EIRP at P1dB (dBm) | 50.5
IP4g / ch. (dBm) 21 Array IP1gg (dBm) | 11-12
P4c (Watts) 9.7 P4c (Watts) 14.3

in elevation. At 27 GHz, the drop is less due to the less directive element factor, and the EIRP
drops from a peak value of 50 dBm to 47 dBm in both the azimuth and elevation planes. At 31
GHz, the EIRP drops from 50 dBm at broadside to 46 dBm in the azimuth plane and about 45.5
dBm in the elevation plane. The scan drop is expectedly the highest at 31 GHz due to the more
directive element factor (D o< 1/ A2 for a constant area). It can be noticed that in the E-plane, at 31
GHz, there is a sharp drop at 50° which signifies the onset of blindness and is expected from

simulations. A summary of the main array performance metrics is shown in Table 2.2.
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Figure 2.13: Measured EIRP at Psat versus scan angle in: (a) Azimuth (H-plane) and (b) Elevation (E-plane).

2.5 Conclusion

In this chapter, a scalable single polarized 8 x 8 phased array is developed for 5G base-
stations at 28 GHz. The array employs a periodic 2 x 2 unit cell architecture with quad-core
beamfomer chips and is implemented in a low-cost PCB that includes the chips, integrated
antennas, and a Wilkinson beam-forming network. Design trade-offs for microstrip patch antennas
is presented and the effect of array scaling in the presence of a tiling-gap in the aperture is studied.
The presented array achieves an EIRP at P1dB of 50.5 dBm and scans over +50° in azimuth and
+45° in elevation with cross-polarization level less than -25 dB. The array is easily scalable to
larger size (16 xN) for increased communication range or for narrower beam formation through

tiling, making it a suitable candidate for 5G base-station applications.
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Chapter 3

2 x 64-Element Dual-Polarized Dual-Beam
Single-Aperture 28 GHz Phased Array for
5G Polarization MIMO

This chapter presents a 5G 28-32 GHz 2x 64-element dual-polarized dual-beam trans-
mit/receive (TRX) phased array. The array is based on a SiGe 2 x4 TRX dual-beamformer chip
with 6-bits of phase and 25 dB of gain control. The chip delivers 11-12 dBm/channel in the
transmit-mode and has a noise figure (NF) of 4.8 dB in the receive-mode. Sixteen chips are
employed for the construction of a low-cost printed circuit board (PCB) based 2 x 64-element
dual-beam array using flip-chip technology. The phased-array has two 1:16 dual Wilkinson
networks and microstrip antennas with rotated feeds for cross-polarization cancellation. The
array demonstrates a measured effective isotropic radiated power (EIRP) at Psat of 52 dBm for
each beam and is capable of scanning +50° in azimuth and £25° in elevation with >28 dB cross-
polarization rejection. Simultaneous dual-beam operation is demonstrated with near-ideal patterns
for each beam. The array demonstrates independent simultaneously transmitted 2 x 16-QAM and

2x64-QAM data streams delivering an aggregate maximum data rate of 2x20 Gbps and 2x30

21



Gbps, respectively. Also, measurements done over all scan angles at an EIRP of 41 dBm per
polarization and 64-QAM waveforms show a data rate of 2x4.8 Gbps with an EVM < —25 dB.
To our knowledge, this is the first demonstration of a dual-polarized, dual-beam phased array for
5G polarization-based multiple-input multiple-output (MIMO) systems with 60 Gbps maximum

data rates.

3.1 Introduction

Millimeter-wave fifth-generation (5G) new radio (NR) systems currently employ spectrum
around 28, 39 and 60 GHz using phased-arrays that can deliver >10 Gbps of data to each user with
low latency [1,6-8]. To further increase capacity without increasing the modulation order, which
comes at the cost of reduced effective isotropic radiated power (EIRP) and very low phase noise
requirements, polarization-based multiple-input multiple-output (MIMO) systems are proposed
in the 5G standard. Such systems are also suitable for line-of-sight links with little reflections
between the base-station and the user.

A simple way of achieving a polarization MIMO system is to employ two separate phased
arrays at the user terminal, one oriented in the vertical-polarization and the other oriented in the
horizontal-polarization [9]. The use of two separate apertures with single-polarized vertical and
horizontal antennas in each aperture, instead of a single-aperture with dual-polarized antennas,
eliminates a major coupling path between the vertical (V) and horizontal (H) streams. This leads
to preserving signal integrity and achieving a low system error-vector-magnitude (EVM).

There is, however, a great value in sharing the same antenna for both V- and H- streams
since this would allow a reduction in the system cost and the use of half of the aperture size.
Fig. 3.1 presents the architecture of such an array based on 2x4 dual-polarized dual-beam
transmit/receive (TRX) beamformer chips feeding dual-polarized antennas [8]. Two independent

Wilkinson beamforming networks are placed on the printed circuit board (PCB) to scale the array
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Figure 3.1: Block diagram of 2 x64-element dual-polarized dual-beam 5G phased-array.

to any size as required by the system specifications. Two transceivers are then placed at the sum
port, and bandpass filters are used to further reduce the local oscillator (LO) and image signal
leakage [5,6].

A 2x2 dual-polarized (DP) MIMO link introduces several challenges that must be ad-
dressed at the chip, PCB and antenna levels. At the chip level, it is critical to isolate the V-
and H- channels and also, the on-chip 1:4 Wilkinson networks, and to maintain the same chip
performance (such as output power, noise figure (NF), gain) when the V- and H- channels are
turned on together. This generally doubles the chip power consumption, and therefore, it is
important to characterize the chip with all channels turned on.

At the PCB level, the Wilkinson beamforming networks should be well isolated to
maintain signal purity between the two independent data streams. This can be achieved by placing

Wilkinson networks on different metal levels with ground planes in between as detailed in Section
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3.3.3. The antenna must be designed to have low coupling between the V and H feeds and to
maintain a low cross-polarization levels over the scan range (see Section 3.3.2).

This work expands on [10] and addresses these challenges to achieve 2x2 DP-MIMO
links without any polarization equalization (generally done at the digital signal processing (DSP)
level in the modem). Also, this work investigates the performance of DP-MIMO links when both
beams are scanned over space to the same user, a feature which has not been presented in prior

work [8,9,11-15].

3.2 Cross-Polarization and Self-Interference

Fig. 3.2a illustrates a DP-MIMO link where a transmit array is radiating V & H-beams
in the broadside direction. A critical aspect in such communication systems is the radiated
polarization purity. The V-to-H cross-polarization component acts as an interferer to the H-stream
and vice versa for H-to-V coupling, and increases the EVM. Fig. 3.2b presents the system EVM
degradation for different cross-polarization levels. In general, channel measurements and DSP in
the modem can correct for much of these effects, and one should strive for a cross-polarization
level of -20 dB to achieve near-ideal performance with DSP correction (such as 3% EVM). Still,
it is important to achieve as low cross-polarization level as possible to operate both data streams

at their maximum capacity without much correction.

3.3 2 x64-Element Dual-Polarized Dual-Beam Phased-Array
Design

The 2 x 64-element phased-array is designed on a low-cost PCB based on the Megtron-6
substrate (g,=3.3, tan 8=0.005 at 30 GHz). The stack-up in Fig. 3.3a incorporates 12-metal layers

(M1-M12). The array employs a 2x4 SiGe beamformer-based unit-cell architecture as shown
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Figure 3.2: (a) Self-interference via cross-polarization coupling in a dual-polarized dual-beam array, and (b) EVM
versus signal-to-noise ratio (SNR) at different cross-polarization levels.

in Fig. 3.1 where the 16 beamformer chips are flipped onto the top metal layer (M1). Layers
M1-MS5 are dedicated to the RF and digital SPI routing, while layers M7-12 are used for the

antenna placement with M6 serving as the ground plane.

3.3.1 2 x4 TRX Beamformer Chip

Fig. 3.3b presents the block diagram of the 2x4 TRX beamformer chip fabricated in the
0.13-um TowerJazz SBC18H3 SiGe BiCMOS process with a flip-chip package and 400 um pitch

balls [8]. Each beamformer contains 8 TRX channels with dual Wilkinson networks to combine
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four channels into two common ports for dual-beam operation. The TRX channels contain 6-bit

phase and 20-25 dB gain control in the transmit (TX) and receive (RX) modes with low rms phase

and amplitude errors

[8]. The chip has 18 dB gain, 4.8 dB NF and —21 dBm IP1dB in the RX

mode at 28-32 GHz, and the IP1dB can be increased to —7 dBm at the lowest gain setting. In the

TX mode, the chip has a gain of 21 dB and delivers 11-12 dBm/channel at P1dB at 28-32 GHz.

The chip features ESD protection on all dc and control pads, fast T/R switching (<100 ns), on-chip

PTAT current generation, power-on-reset (PoR) circuitry and a 4-wire serial peripheral interface

(SPI). The chip photo
3.1.

is shown in Fig. 3.3c and its performance metrics are summarized in Table
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Table 3.1: Summary of the 2 x 4 dual-beam chip

Parameter RX-Mode | TX-Mode
Gain (dB) 18 21
Bandwidth (GHz) 28-32 28-32
NF (dB) 4.8 -
RX-IP1dB/ TX-OP1dB (dBm) -21 11-12
Phase step (degree) 5.6 5.6
Gain Control (dB) 25 20
Pdc / ch. (mW) 150 220@P1dB

3.3.2 Antenna Design and Cross-Polarization Suppression

The antenna element is a probe-fed dual-polarized stacked-patch, with a driven element
on M10 and a parasitic element on M12 to improve the bandwidth (Fig. 3.4a). The antennas are
placed in a rectangular grid with a spacing of 5.08 mm x 6.3 mm (0.5A x 0.62A at 29.5 GHz) to
scan up to £50° and £25° in the azimuth and elevation planes, respectively, for both vertically-
and horizontally-polarized beams.

The antenna is first optimized using Ansys HFSS in a master/salve environment (infinite-
periodic-array simulation) for operation in the 28-32 GHz band. By adjusting the amount of
coupling between the patches and their respective resonance frequencies, a dual-resonance
matching characteristic could be attained. Both patches are square for dual-polarization operation.
An offset co-axial via feed is used to obtain an impedance level close to 50 €.

Fig. 3.4 presents the simulated transmission and reflection coefficients of the V- and H-
ports to V- and H- plane waves, respectively. Both polarizations are matched with S;;<—10 dB
at 27.5-32 GHz and with a transmission coefficient (includes ohmic and mismatch losses) of
<1 dB at broadside. As the array is scanned up to +50° in azimuth and 4+25° in elevation, Sy
remains <—6 dB. At 31.5-32 GHz, the scan is limited to £(45°-40°) and £(22°-20°) in the
E-plane (azimuth of H-pol. and elevation for V-pol.) due to effects associated with scan-blindness
(T My onset). Note that the cross-polarization values and S;; and S3, values will be improved

when feed-rotation is employed on a sub-array level.
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Figure 3.4: (a) Stacked patch antenna unit-cell and simulation results: (b)-(e) transmission coefficients and (f)-(i)
reflection coefficients for different scan angles in azimuth and elevation planes for V- and H-polarizations.

As can be seen in Fig. 3.4(a-d), the cross-polarization rejection is only 18-19 dB at
broadside and 10 dB when scanned to the edge of the H-plane range (azimuth for V-pol. and
elevation for H-pol). One of the limiting factors is the coupling between the two V and H feed
probes. This coupling occurs in the feed portion between the antenna and the ground plane
(M6-12) where the vias are in close proximity without a ground shield. The coupling between the
V and H probes in the same antenna is —18 dB and is much higher than the couplings between

the V and H probes of neighbouring antennas (< —33 dB). Another factor contributing to cross-
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polarization and which becomes dominant at large scan angles in the H-plane is the magnitude
and phase imbalance of the cross-polarized magnetic currents on the non-radiating edges of
the patch antenna. This imbalance is created due to the square patch symmetry-perturbation
introduced by the presence of the feeding probes [16].

One method to improve the cross-polarization rejection of a dual-polarized patch antenna
is to feed both polarizations differentially [17-23]. However, such a feed would require two
baluns per antenna and needs to be implemented inside the extremely crowded unit-cell area.
Also, if differential signaling is used on the chip RF ports, then this would require double the
number of RF bumps per port thus increasing the chip area and cost. Also, four signal lines
would need to be routed per antenna. This makes it very challenging for 2-D dual-polarized
phased-arrays but feasible when a single antenna element is used [22,23].

Another way to realize high polarization-purity antennas is with the use of sub-array
design techniques [24]. This is commonly found in wideband circularly-polarized arrays using
sequential feed-rotation [24—26] and was also adapted to non-scanned dual-linear arrays [27]. In
this work, a sub-array feed-rotation technique is utilised and its cross-polarization performance
under scanned conditions is investigated.

In order to improve the phased-array cross-polarization performance, a modified 2x?2
sub-array is used (Fig. 3.5). In this design, antenna element A is mirrored along the x-axis and
then elements (A,B) are mirrored along the y-axis. This gives the net effect of having the feeds
rotated by 90° clock-wise within a 2x2 cell. For V-polarization operation, elements (B,C) are
excited with a current /, while elements (A,D) are excited with a 180° out of phase current (—1,)
due the flipping of the feed locations. Looking at the parasitically induced components on the
H-polarization feed of each antenna, it is observed that elements (A,B) will have the same H-feed
current excitation but with opposite sign (ifl = —i‘?, = Cypgl,). Since the H-feeds of antennas (A,B)
have the same relative location (non-flipped) and with current excitations equal and opposite,

the radiated cross-polarized fields of antennas (A,B) will cancel at all angles. Additionally, the
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Figure 3.5: Cancellation of feed-probe coupling and cross-polarization components in a 2 x2 rotated-feed sub-array
for a V-pol. excitation.

unbalanced cross-polarized magnetic currents on the non-radiating edge of antenna (A) is balanced
out by corresponding ones in antenna (B) and this prevents cross-polarization degradation when
scanning in the H-plane (xz-plane in Fig. 3.5) [16]. A similar argument could be made for the
H-pol. excitation and scanning in the yz-plane.

To verify the proposed operation, a 2x8 finite array was simulated in HFSS with an
interelement spacing of 0.5A and 0.62A in the azimuth and elevation planes (Fig. 3.6). The
cross-polarization rejection at the beam pointing angle is plotted in Fig. 3.6e for the rotated-feed
case, and is >60 dB for all scan angles. The co-polarized patterns for the rotated and regular
feeds cases are almost identical except for some increase in the E-plane far-out side-lobes at
~-20 dB level. The realized gain of the 2 x 8 finite array is shown in Fig. 3.7. It is shown that
feed-rotation results in well-behaved performance versus scan angle at 27-32 GHz, and with very

low cross-polarization levels. Note that the antennas with rotated-feeds configuration exhibits
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(b) V-pol. at 0°, 50° scan and (c), (d) H-pol. at 0°, 50° scan and (e) X-pol. rejection over azimuth scan for V- and
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better reflection coefficients compared to the regular-feeds case especially in the E-plane [Fig.
3.7(c-d)]. The simulated cross-polarization levels of —60 dB represent the theoretical limits
of this configuration under ideal conditions. In practice, cross-polarization levels are limited
to ~ —30 to —35 dB by other effects such as edge diffraction, amplitude and phase excitation

errors and also by measurements imperfections such as small mechanical misalignment (£1°) or

reflections in the set-up.
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3.3.3 Wilkinson Beamforming Network Design

Two 1:16 Wilkinson divider/combiner networks are used to feed the H- & V- beams. To
maximize isolation, the feed networks are kept on separate layers. The feed network for H-beam
is implemented in microstrip form and occupies M1-M2, whereas for V-beam the network is
implemented in strip-line form and occupies M2-M3-M4 (Fig. 3.8). Both Wilkinson couplers
exhibit an insertion loss <3.4 dB and port-to-port isolation >20 dB. Also, the cross-coupling
between the microstrip and the strip-line Wilkinson couplers is <—50 dB. Fig. 3.9 presents the
simulated results for the cascaded network from the array input to the chip common port. The

simulated insertion loss in the TX-mode is 16-17 dB (12 dB division loss, 5-6 dB ohmic loss).

32



Nested Wilkinson 0 Sar
Microstrip (M1) .
Resitors
-10
g Su
-20 Sa3
822
-30

26 28 30 32 33
Frequency (GHz)

Nested Wilkinson
Embedded Strip line (M3)

Sss
Sua
Sss

Sse

26 28 30 32 33
Frequency (GHz)

(b)
-40 T T T T T T
Ss1,2,3]

@ 90T Sa1,23] S
A=) —_—
o
£ -60 .
a
>
S

-70 /

_80 1 1 1 1 1 1

26 27 28 29 30 31 32 33
Frequency (GHz)

(c)

Figure 3.8: Simulated nested Wilkinsons: (a) microstrip line Wilkinson S-parameters, (b) strip-line Wilkinson
S-parameters and (c) Inter-wilkinson coupling.

The cross-coupling levels from V to H is <—52 dB (isolation > 35 dB).
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3.4 Measurements

3.4.1 Phased-Array Calibration, Frequency Response and EIRP

The phased-array (Fig. 3.10) was characterized in the far-field (D = 1.9 m > 2D2__/A)
using a standard gain horn antenna which is aligned to either a horizontal or a vertical polarization.
The channels were first characterized individually at their maximum gain and zero-setting phase
state by taking over-the-air transmission measurements to the horn using a vector network
analyzer. The results for the H-polarized channel are shown in Fig. 3.11. The 64 amplitude
measurements are spread within mostly 2.5 dB with an rms value of 1.2 dB and 1.7 dB for the
H- and-V-polarized elements respectively. The measured phases form two distinguishable clusters
that are separated by 180° due to the effect of the antenna feed-rotation for the H-polarization.
The V-polarized channel has two extra phase clusters due to having un-equal transmission lines
interconnects between the chip and the antennas. The phase offsets are calibrated out using the
channel phase shifters to within +-11°, while the gain is left uncalibrated.

After the channel calibration is done, the broadside frequency response in the RX mode
(Fig. 3.12a) was measured with all the channels at their maximum gain state. Both polarizations

exhibit nearly the same frequency response with a 3-dB bandwidth of 28-32 GHz. Additionally,
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the polarization purity is very high with both beams showing >35 dB of cross-polarization
rejection at broadside.

The measured EIRP is 52 dBm at Psat, and 50-51 dBm at P1dB (Fig. 3.12b). This agrees
well with simulations (EIRPp g = 2010g N 4 Gant + Pelement = 36 +4.5+ 11 = 51.5 dBm), and
the difference could be due to additional antenna loss, mismatch and self-heating. A Gy =4.5 dB
is used and is based on D, = 5.5 dB with 1 dB antenna loss. The 3-dB EIRP bandwidth extends
from ~27.5 GHz to 32 GHz. Note that the dual-beam phased-array consumes 14-15 W at P1dB
and Psat per beam (28-30 W when two beams are ON), and a fan was used behind the array to
keep the PCB temperature at <55°C.

On the RX side, the measured dual-polarized dual-beam SiGe beamformer NF is 4.8 dB
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with an [P1dB of —21 dBm (Table I) [8]. The phased-array system NF therefore becomes 5.3 dB
at 29 GHz when the transmission-line loss between the antenna and chip (0.5 dB) is included. For
a 100 MHz waveform, this translates into a total system noise of ~ —89 dBm and a dynamic range
of ~68 dB. The dynamic range can be improved with the use of gain control in the beamformer

chip which improves its IP1dB to — 11 dBm while keeping the NF to <10 dB [8].

3.4.2 Single-Beam Operation and Characterization

Fig. 3.13 present the measured azimuth and elevation patterns under uniform illumination
for the vertical and horizontal polarizations, respectively. In single beam-mode operation, one
beam is active at a time and the unused beam is shut off (no bias current applied). The array is
capable of scanning up to +-50° in azimuth and up 4+-25° in elevation without grating lobes (see
Fig. 3.10 for the definition of azimuth and elevation planes). For the horizontally-polarized beam,
the scanned pattern envelope (scan loss) follows a cos'2 0 profile with a maximum scan drop
of 2.9 dB at £50°. In the elevation plane, the beam can scan up to +=30° with less than 0.7 dB
drop and follows a cos'@ profile. The vertically-polarized beam follows a cos'’@ scan-loss
profile in azimuth with a maximum scan drop of 2 dB at 50°. In elevation, the beam can scan up
to £25° with less than 1.3 dB drop and up to £30° with 3.9 dB drop. The scan loss includes the
antenna impedance mismatch, and these results show that the antenna is well matched up to the
scan range limit.

At broadside, the array pattern has a 3-dB beam-width of 12.5° in azimuth and a 3-
dB beam-width of 10.5° in elevation for the V- and H- polarizations. The pattern is narrower
in elevation due to the antenna placement on a rectangular grid (0.5A in azimuth and 0.62A
in elevation). The array patterns are virtually the same for TX/RX modes. The side lobes
are generally <—12 dB and can be reduced to <—18 dB with the application of raised-cosine
amplitude taper. The radiation-patterns are also shown at different frequencies in Fig. 3.14.

Channel calibration was carried out at only 29 GHz and this is sufficient to produce near-ideal
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Figure 3.14: Measured beam squint at 28-32 GHz for: (a) V-beam in azimuth, (b) V-beam scanned to 50° in
azimuth and (c) H-beam scanned to 25° in elevation.
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Figure 3.15: Measured co-polarized and cross-polarized patterns at 29 GHz in azimuth: (a,b,c) V-Beam scanned to
—50°, 0° and 30° and (d,e,f) H-Beam scanned to —50°, 0° and 30°.

beam across the operating bandwidth. However, as expected, the beam pointing angle changes
slightly due the use of a phase shifter with constant phase shift versus frequency (as opposed to
true-time delay at each element). The amount of beam squint at 28-32 GHz is <2.5°-6.25° at the
maximum scan angle in elevation and azimuth, respectively, which is acceptable knowing that the
beamwidth is ~12.5°-17° at the maximum scan angles.

Fig. 3.15 presents the measured co- and cross-polarized patterns for the vertically and
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Figure 3.16: Measured cross-pol. rejection versus frequency and scan angle: (a,b) V-beam in azimuth and elevation
and (c,d) H-beam in azimuth and elevation.

horizontally polarized beams scanned in azimuth, and with >35 dB cross-polarization rejection in
the beam pointing direction. A color-map showing the main-beam cross-polarization rejection
versus frequency and scan angle is presented in Fig. 3.16 for the azimuth and elevation scans. As
can be seen, the cross-polarization rejection of each beam remains >30 dB over almost the entire

bandwidth and scan angles.
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3.4.3 Dual-Beam Operation and Characterization

The phased-array was also tested under dual-beam operation with both beams activated
and pointing to similar and different angles. This test includes cross-polarization contributions
due to antenna coupling as well as contribution from all coupling interactions between the two
beams on the chip and on the PCB, and includes any coupling between the V and H Wilkinson
beamforming networks.

An example of a dual-beam experiment is presented in Fig. 3.17(a,b) where both beams
are scanned to the same angle in azimuth 6 = Oy = 0°, and 0y = Oy = 45°. Both beams
have near-ideal patterns, and with active cross-pol. rejection >28 dB for both vertically and
horizontally-polarized beams. Another example is shown in Fig. 3.17(c) where the V- and H-
beams are scanned to different angles in azimuth (8y = 30°,0y = —30°). The patterns are very
close to theoretical expectation and exhibit cross-polarization levels <—30 dB. Fig. 3.18 presents
the measured cross-polarization rejection for the dual-beam case versus scan angle in the azimuth
plane, and it remains >30 dB at nearly all scan angles, except broadside for the H-beam. The
lower H-beam cross polarization rejection relative to that of the V-beam near broadside could be
due to a constructive superposition of H-beam antenna cross-polarization radiation component
(~ —34 dB) and H-to-V coupling at the chip and Wilkinson beamformer (~ —35 dB). Also
mechanical misalignment could be a contributing factor, considering that a small misalignment of
+1° results in an apparent cross-polarization level of —35 dB. Overall, this result suggests that

the total H-V coupling in the array PCB and chip is better than —29 dB.
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Figure 3.18: Measured cross-polarization rejection with simultaneously transmitted beams (8y = 0y) versus scan
angle in azimuth at 29 GHz.

3.5 Single- and Dual-Beam Communication-Link
Measurements

The dual-polarized dual-beam phased-array is tested with complex modulated signals
using the set-up shown in Fig. 3.19. On the TX-side, two independent data streams of 16-QAM
and 64-QAM formats are simultaneously generated at an IF of 7 GHz using two channels of
a Keysight M8195 arbitrary waveform generator (AWG). The modulated waveforms are up-
converted to 29 GHz using a 22 GHz LO, amplified and fed into the phased-array V- and H-
co-axial ports. The power amplifiers are operated at a fixed output power level of 16 dBm which
corresponds to a 9 dB back-off level for high linearity. The input power level to the array, and
hence the transmit EIRP, is controlled by adjusting variable attenuators after the amplifiers. This
ensures that any EVM degradation is due to non-linearity contributions of the array itself and
not the amplifier and mixers in the transmit chain. On the RX-side, the horn is linearly polarized
and is aligned vertically when receiving from the V-beam, and horizontally when receiving from
the H-beam, of the array. The signal received by the horn is demodulated using the Keysight

DSOZ632A sampling scope with a real-time bandwidth of 63 GHz. The input power to the array
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Figure 3.19: Measurement setup for array EVM measurements: (a) block-diagram and (b) photograph.

and the received power at the horn are monitored using couplers connected to power meters.
Fig. 3.20a presents the measured EVM for different transmitted EIRP levels using 64-
QAM signals with 800 Mbaud symbol rate and with a root-raised cosine pulse filter with o0 = 0.35
and a peak to average power ratio (PAPR) of 7.7 dB. All reported EVM values are referenced
to the peak of the constellation (EVMpx) [28], and it can be translated to EVM;,¢ using a
multiplicative factor of 1.53 for 64-QAM. When only one AWG channel is active (H or V),
referred to as single-beam operation, the EVM for V- and H-polarized beams is 1.5% in deep
backoff and is limited by the AWG wideband noise and the LO and sampling scope phase

noise (more details on a similar measurement have been presented in [6]). The EVM is <3.26%
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Figure 3.20: (a) Measured EVM versus EIRP levels using 800-Mbaud 64-QAM, (b) constellations in dual-beam

operation.

(EVM;nns =5%, —26 dB) up to a transmit EIRP of 43-44 dBm corresponding to 6-7 dB back-off

level from the array EIRP at P1dB.

When both V and H-polarizations are transmitting data simultaneously, referred to as dual-
beam operation, and keeping EIRPy=EIRPy and the pointing angle to broadside 8y = 0y = 0,
the lowest measured EVM degrades to 2.2% (EVM;1s=3.3%) due to the cross-polar interference
between both data streams at the ~ —30 dB level. Fig. 3.20b presents example constellations
in dual-beam operation. At an EIRP of 32 dBm, the EVM is limited mostly by contribution
from cross-polarization (~ 1.9%) and SNDR (~ 1.4%). Beyond an EIRP of 42 dBm, the power

amplifier nonlinearities start to dominate the overall EVM. At an EIRP of 45 dBm, the effect of

(b)
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PA compression can be clearly seen and the EVM 4« is 5% (—22.4 dB).

The EVM was also measured over scan angle in azimuth using 800 Mbaud 64-QAM
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waveforms, at an average EIRP of 40.5-41 dBm (Fig. 3.21). In single-beam operation, the EVM 1is
nearly constant at 2% over +50° scan range for both horizontally- and vertically- polarized beams.
In dual-beam operation (By = 0y), the EVM increases by 0.5-1.5% and shows more variation
over scan angle depending on the average cross-polarization levels (~28-40 dB). Nevertheless,
the overall EVM remains below 3.6% (—25.2 dB) for both polarizations over the entire scan
range.

Fig. 3.22a and Fig. 3.22b present the measured EVM and constellations for increasing
data rates using 16- and 64-QAM waveforms in dual-beam operation, and with both beams
pointing to broadside (By = 0y = 0°). A data rate of up to 2x30 Gbps can be supported in
64-QAM at average EIRP of 41 dBm per polarization with an EVM less than 4.5% (—23.3 dB).
The array has 4.5 GHz bandwidth and can support a 30 Gbps 64 QAM signal. The measured
spectra at the peak data rate are shown in Fig. 3.22c. Also, since a 16-QAM waveform has a
lower PAPR of 6.6 dB, a link data rate up to 2x20 Gbps at an EIRP of 44 dBm is achieved with
an EVM less than 8% (—18.3 dB). Such a signal also requires a 4-5 GHz bandwidth from the
array. Table 3.2 summarizes the performance of the 8 x8 dual-polarized array. A comparison

with other state-of-the-art 28 GHz dual-polarized phased-arrays is also shown.

3.6 Conclusion

This work presents a 2 x 64-element 28-32 GHz dual-polarized dual-beam phased array
for 5G applications. The array incorporates a shared aperture for both vertically- and horizntally-
polarized beams while maintaining high-beam isolation and cross-polarization suppression over
scan. An 8-channel SiGe 2x?2 quad-beamformer chip is used together with feed-rotation on
the 2x?2 antenna cell for improved cross-polarization performance. Also, a dual-Wilkinson
beamforming network is used in the PCB to obtain two simultaneous beams. Dual-beam operation

and over-the-air (OTA) link measurements were demonstrated achieving record-setting data rates
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up to 40 Gbps and 60 Gbps using 16- and 64-QAM waveforms at broadside. Link performance
with both beams scanned off-broadside to the same direction was also demonstrated achieving a
data rate of 9.6 Gbps using 64-QAM waveform with an EVM < —25 dB over £50° scan range.
The design can be scaled to larger arrays such as 256-elements with no change in the antenna or

Wilkinson beamforming networks for increased coverage.
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Chapter 4

In-Situ Self-Test and Self-Calibration of
SG Multi-Beam Phased-Arrays Leveraging

Quadrant-Level Antenna Mutual Coupling

This chapter presents an in-situ self-test and self-calibration technique and its application
to 5G phased arrays. The built-in self-test (BIST) procedure, labeled Quad-BIST, enables
the relative channel calibration, channel gain/phase characterization and failure detection of
5G phased-arrays. Quad-BIST relies on mutual coupling between antennas in neighboring
arrays arranged in Quad-fashion to extract the calibration coefficients and perform channel
characterization. The calibration technique was successfully applied to 5G 28 GHz arrays with
4x4 and 8x8 elements in each quadrant. The results show that Quad-BIST predicts the channel
states (gain and phase control) with rms errors of 0.2 dB/2° and 0.4 dB/2.5° for the 4x4 and
8x8 quadrants, respectively. The relative channel ratios are found to be within rms errors of
0.8 dB/7.5° from their far-field counter-parts for both cases. Experimental results also show that
near-ideal uniform-illumination patterns are attained using the quadrant-level calibration for both

arrays, and with low-side lobe operation (<-20 dB over scan). The technique is all-electronic,
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requires neither moving parts nor a far-field range, can be applied for initial calibration as well as
for re-calibration in the field (as a result of aging, environmental changes, etc.), and is well suited
for 5G MIMO base-station systems. To our knowledge, this work presents the first demonstration

and detailed analysis of in-situ calibration for mm-Wave 5G phased arrays.

4.1 Introduction

Recently, there has been surging interest in millimeter-wave phased arrays due to their
role in the upcoming 5G new radio (5G NR) standard. It is expected that 5SG base-stations
will deploy massive multiple-input multiple-output (MIMO) phased-array systems supporting
multiple directional beams to increase the data rate and network capacity. The holy grail from
a communication theory perspective is to provide a complete TX/RX chain with digitization
(ADC) for each antenna with complete beam-forming control in the digital domain. However,
at mm-Waves, this approach is not practical due several constrains of power, cost, and physical
antenna spacing. In practice, each antenna is connected to a transmit/receive radio with a digital
receiver at the array level (a transceiver and ADC/DAC for every 4x4 sub-array or larger) with
analog beamforming (RF, IF or LO) occurring within each sub-array. Such hybrid (analog/digital)
beamforming configuration with four sub-arrays arranged in quadrants is illustrated in Fig. 4.1a.
Each quadrant array can form its own beam that can point to different users and directions. Also,
data-streams from different sub-arrays can be combined, in the digital domain, for different
forms of MIMO processing. Over the past few years, several 5SG phased arrays have been
developed with sizes ranging from 16 (4x4) to 64 (8 x8) elements for the 28, 39 and 60 GHz
bands [5,6,10-12,14,15,29-31]

A main cost point for mm-Wave phased arrays is testing and calibration. For proper array
operation, each channel is measured and the relative channel offsets need to be determined and

corrected so as to accurately set the radiated beam properties (pointing angle, side-lobe level,
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Figure 4.1: (a) Simplified diagram of a 5G multi-beam transmit/receive phased array with in-situ self-test and
self-calibration capabilities leveraging array-to-array antenna-coupling. Conventional ex-situ phased array testing

and calibration in: (b) far-field range and (c) near-field scanning range.

null placement, etc.). This process is not only required at production time (initial-calibration)
but also needs to be done periodically to account for element drift due to environmental effects.
Conventional array calibration is mainly carried out using a far-field range (Fig. 4.1b) or a
near-field scanner (Fig. 4.1c) [32-36]. Both methods suffer from requiring complex laboratory

set-ups and are not practical once the array is deployed.
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It is, therefore, of interest to develop in-situ testing and calibration methods that can be
periodically applied for fielded arrays. In-situ built-in-self-test (BIST) methods on the chip level
are possible and have been the topic of several recent papers [37—43]. These methods have been
limited to single-chip demonstrations and not on the array level. Although on-chip BIST is helpful
in characterizing the electronic channel properties, it cannot capture the full channel response
from the array feed point up to the antenna air-interface, and hence does not reflect the actual
over-the-air (OTA) performance.

An important goal for in-situ calibration (also known as BIST) is to capture the full
array-response up to the antenna air-interface. This kind of calibration can be achieved with
the use of antenna mutual coupling and was originally introduced by [7,8]. In previous work,
these arrays were part of a discrete T/R module-based radar system which had the capability of
transmitting on one element and receiving on all of its direct neighbors. This design typically
necessitates couplers after every electronic channel (between the T/R module and antenna) and
a dedicated Wilkinson beamformer for the sampling path. Also, every element needs to be
turned-on in Tx-mode singly, while the neighboring elements turned-on in Rx mode, a feature
which is not possible using single beamformer chips with 8 or 16 TX/RX channels on the same
chip.

In this work, the mutual-coupling concept is utilized for calibration of mm-Wave 5G
antenna arrays. A theoretical and experimental framework show that by using 4 transmit/receive
(TRX) sub-arrays as quadrants (Quads), each array can be calibrated in the TX and RX mode
by using its direct neighbors in the RX or TX mode, respectively. This technique can be applied
for in-situ phased-array calibration, channel monitoring and fault-detection. The technique is
applicable to RF, LO and IF beamforming architectures, operating in a hybrid-phased-array, and
with a summer/beamformer (active or passive) at the RF or IF level. A single RF or IF port is
required for every quadrant.

This chapter is an expanded version of [44] and provides additional details, measurements,
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performance and limitation analysis. The organization of this chapter is as follows. In section 4.2,
the effect of excitation errors on setting the array radiation beam properties is discussed. Section
4.3 presents the calibration methodology, antenna coupling studies. In section 4.4, detailed
quadrant-level near-field coupling signal and noise levels are analyzed, and the corresponding
dynamic range is presented. Section 4.5 includes implementation details, finite isolation limita-
tions and mitigation approaches, and a detailed characterization of 4 x [4 x 4] and 4 x [8 x 8] 5G
arrays. A discussion of calibration accuracy and required number of measurements is presented

in section 4.6. Finally, section 4.7 summarizes and concludes this chapter.

4.2 Array Excitation Errors and Beam-Setting Accuracy

Since the array radiation pattern is essentially a Fourier transform of its aperture distribu-
tion (the antenna current coefficients), therefore any error in the aperture excitation coefficients
will cause a deviation from the ideal pattern. Excitation errors can occur due to imprecise knowl-
edge of the different channels or due to discretization (amplitude and phase steps). Depending
on the nature of the errors, random or spatially correlated, the far-field patterns will be affected
differently, the spatially correlated errors being more serious as they can give rise to distinct side
lobes [45]. Examples of spatially correlated errors include errors on a sub-array level, for instance
due to an imbalance in the Wilkinson branch that feeds a sub-array, or due to a particular chip
being offset in gain which contains many neighboring channels. Fully random errors are not
spatially correlated, for example, the errors occurring independently in the electronic channel
level due to the phase shifter setting accuracies (rms phase and gain errors of a phase shifter) and
the gain setting accuracies of a VGA (rms gain error of VGA steps). The effect of random errors
have been studied extensively [3,45-47].

The process of calibrating the array refers to the different channel responses in their

various states (phase/gain settings) over frequency and temperature. Under ideal calibration,
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all the array channels are perfectly known with high precision and can be set to any desired
excitation with residual errors given by the channel rms errors (phase shifter, VGA). In practice,
the calibration process itself will have some imprecision, which will add to the overall uncertainty
of the excitation coefficients. It is however assumed that these calibration errors have zero mean
(containing no systematic bias) leaving only residual random errors on the aperture.

The impact of random errors on the array patterns can be visualized with the aid of Monte-
Carlo simulations. The channel amplitude §,, and phase o, errors are drawn from a Gaussian
distribution, with a standard deviation 6, and G, respectively. The Gaussian distribution standard
deviation is basically the root-mean square value of the error 6, = 1/E[82] and Cp= VE[®].
The resulting pattern from a given excitation error is computed from the array factor with the

addition of errors (3, and o), and with an element factor taken as cos(0).

[P(6,0)] = | i (14 8Tl % cos (0) (4.1)
k=1

Fig. 4.2 presents simulated patterns of an 8 x 8 array on a half-wavelength square grid

for different rms errors and excitations (uniform and 10-dB raised-cosine taper). Each rms error
value is run 100 times, and the resulting patterns are shown. It is observed that errors impact
the side-lobes more than the directivity and 3-dB beamwidth. In particular, the 3-dB beamwidth
is barely changed < £0.25° even for the highest rms error of 2 dB/20°. The directivity is also
a forgiving function of the errors, and in the worst case, the directivity drops by <0.7 dB for 2
dB/20°, <0.2 dB for 1 dB/10° errors, and <0.05 dB for 0.5 dB/5° rms errors. However, the peak
side lobes can change significantly for a 2 dB/ 20° error from -13 dB to -10.5 dB under uniform
illumination and from -23 dB to -15 dB under tapered illumination. To ensure side-lobes lower

than -20 dB, the residual and random calibration errors should be better than 1 dB/10° for an

8 x 8 array.
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Figure 4.2: Simulated 8 x 8 array amplitude and phase residual-calibration errors effects on patterns under uniform
and 10 dB raised-cosine taper illuminations: (a,d) 2 dB/ 20°, (b,e) 1 dB/ 10°, and (c,f) 0.5 dB/ 5°.

4.3 Calibration Methodology

The channel response in the transmit (S»>1) and receive mode (S43) refers to the response
from the array common port to the antenna interface as shown in Fig. 4.3. It includes the
Wilkinson beamformer (at RF or IF), the beamformer chips and the chip-to-antenna connections.
If a transceiver is used at the sum port, it also includes the transceiver response (reference port is
1" and 4°). If the transceiver contains ADCs and DACs and has a digital interface, the 1’ and 4’ are
digital bits at base-band. The channel response includes everything from (IF or baseband) to the
antenna. The array BIST is divided into two steps. The first step is to test the individual channels
states in terms of their gain and phase with respect to a reference state in the same channel (the
zero'" state). The second step is to determine the array channel offsets when all the channels are

in their reference states. More formally, the channel transfer function at row r, column ¢ and in
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state n is represented as:
()] = a() [0] X A 1] 42
=a(0,0)[0] X K(e) X () 1]
The self-normalized channel states ratios (SNCSRs) are written as d(,..)[n] = a(.¢)[n]/a(,,¢)[0].
The channel-to-reference-channel ratios (CCRs) are written as K(,..) = a(,,¢)[0]/a(0,0)[0]. Once the
CCRs, X(.,), and the SNCRS, 4, ) are determined for all the channels, the array is calibrated and

these values can be fed into a beam-setting processor to produce the correct channel excitation

for any desired beam shape within a scaling constant factor a g ¢)[0].
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4.3.1 Antenna Mutual-Coupling

The mutual coupling between neighboring antennas is first analyzed. Since, the excitation
signal originates from an antenna in a different quadrant than the receive antenna, the coupling
distance can be up to N x d, when a quadrant is composed of N X N elements.

A 4 x [4 x 4] antenna array is simulated at 28-GHz with a spacing of 5.1 mm in both the
x- and y- directions. Four antenna probes are also added, P[1-4], for additional assistance in the
calibration. The array element is a probe-fed stacked-microstrip antenna with a driven bottom
patch and a parasitic top patch for bandwidth improvement. The substrate is Megtron-6 with
€, ~ 3.3 at 30 GHz. The antenna coupling reference plane is taken as the co-axial feed port as
shown in Fig. 4.4a. The simulated reflection coefficients of all the antennas is < —10 dB at 28-31
GHz (Fig. 4.4b).

Fig.4.4c, presents the port-to-port coupling between two antennas separated by N-elements
in the E-plane, H-plane, and the diagonal-plane. The coupling along the E-plane, Cg(n), is
expectedly the strongest for a given distance [48—50], starting at -20 dB for the closest neighbor
and decaying at average rate of about -7.5 dB per element. The H-plane coupling, Cy(n), starts at
-21 dB for the first neighbor but drops at an average rate of -11.5 dB per element. The D-plane
coupling, Cp(n), starts at -35 dB for the first neighbor and drops moderately at an average rate
of -9 dB per element. Note that the mutual coupling is in the near-field and does not follow the

far-field Friis equation predicting 20 dB/decade power drops versus distance.

4.3.2 Coupling Symmetries

In order to calibrate the different channels with respect to each other (K(’ <)), the mutual-
coupling symmetries are used. This is because each transmission measurement between an
antenna pair produces an equation with three unknown quantities (the TX-channel-response, the

mutual coupling, and the RX-channel response). Even if a common fixed TX antenna is used, the
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Figure 4.4: Antenna couplings simulation results: (a) simulation model, (b) antenna reflection coefficients and (c)
antenna-to-antenna coupling levels for different distances and lattice directions at 30 GHz.

mutual-coupling coefficients from the TX antenna to the different RX antennas under-test need
to be known. In practice, simulations do not predict the mutual coupling accurately-enough to

produce low-calibration errors. This is especially true since the mutual-coupling can be -60 dB to
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Figure 4.5: Simulated antenna couplings: (a) 2D heat-map at 30 GHz, (b,c) symmetric coupling coefficients versus
frequency in magnitude and phase, respectively.

-80 dB, and this is hard to simulate accurately using numerical techniques. For example, a 1 dB
error for a -80 dB value requires a convergence error of le-5, and this needs to be met for a large
phased array simulation model with > 5 million tetrahedral mesh cells.

However, phased-arrays with uniform spacing and natural symmetry can present distinct
advantages for mutual coupling (Fig. 4.5a) [4,51]. A key observation is that although coupling is
generally direction dependant, it exhibits even symmetry around the antenna axes (x/y-axis in
Fig. 4.5a). The first neighbor diagonal coupling looking to the left and to the right are the same
(C1~ =C1™"). This is also true for the second (C,~ = C,™), third (C3~ = C3™), and in general

the n'" neighbor diagonal couplings (C,~ = C, ™). Since this symmetry is based on geometry, it
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holds true for both magnitudes and phases of the mutual coupling coefficients and is independent
of frequency (Fig. 4.5(b,c)). Also, since the array is periodic, the couplings properties are also

periodic, and the results in Fig. 4.5 are applicable to any antenna location in an infinite array.

4.3.3 Channel-to- Reference-Channel Ratio Extraction

Consider the case of four arrays arranged in quadrants, which is a common way for
building multi-beam hybrid-beamforming arrays (Fig. 4.6). The arrays are assumed to be on
a half-wavelength grid, and each array is capable of transmit and receive functionalities. Each
Quad-array consists of 16 elements (4x4) but it can be NxN without affecting the calibration
procedure.

Consider now the scenario to calibrate! a given Quad, labeled Quad(A), using the neigh-
bouring Quads(B,D). The procedure is illustrated below for Quad(A) in the RX mode, but it also
applies for Quad(A) in the TX mode (just reverse the TX and RX operations below). The channel
transfer functions at (row i and column j) are labeled as g; ; for Quad(A) RX channels, and as b; ;
and d; ; for Quad(B) and Quad(D) TX channels, respectively. As mentioned earlier, the channel
transfer function refers to the overall response from the array co-axial ports to the antenna. The
calibration coefficients are denoted by k*/ which refer to the ratio of channel g, ; to the reference
channel in the same Quad(A), chosen as a; ;. Moreover, we refer to intermediate calibration

coefficients (channel a; ; with respect to channel ay, ,) as Kyin = a; j/dmp-

Calibrating Rows in Quad(A)

Each row is first calibrated with respect to its own reference channel, and these are chosen
to be the left-most channels a; ; for a given row i (Fig. 4.6). For this purpose, Quad(B) directly

above Quad(A) is used. The signal is injected into the RF input port of Quad(B) and picked up

!Calibrating a Quad is used synonymously to mean extracting the channel-to-reference-channel-ratios «(%¢), and
not necessarily aligning their phases and gains.

61



<
JE E oE o ESE E E
LL - O [
e o m moETE-E B mC
o— g o —
— H —
EE D EEE B E| =
5 3
E EE EE E E B 7 _
=
E E K BE E E B E
E E K E E E B E
o— —o
o/l B E B E K K E|
: &
E E K E E E B E
JE O E OE OEEE R E
LL o L
“m R ®E B/ ESE B ®°C
o— o —o
— o —
Cnnnsn(*&n—n-;
= o
@ S )
E e i EE e m| ¥
L
E B B D E E E E
E E K E E E E E
o— —o
o m E B E E Em mB|
i &
E E K E E E E E
JE B OEm oEEEE E
L L
Cmwm m m @K ©E B B~
°m S =4
o q .
Cm om msmpEsE E |y
® e 3
EE D EREE B m| 7
2
E E EH E E E B E
E E EH E E E B E
o— —o
o H OB B K E B B|
v &
E E E E E E B E
JE B B EEEE E
[T (8
Cm ®m D D E B B B |~<
o—1 —o
—» N —»
E E E E/ EE B K| -
c
& S o 3
nnnanfm-annn
& G
Nt
E E D B E E E E
E E K E E E B E
o— —o
ol B E Em | E E E E|
& L
o
E E K E E E B E

mﬂ EH kB kB E EBE E K -
L LL
“m m B BB E &= @x
o—1 —o
—
E kB B B E E & Kb -
o
n

E B Kb K

/\* /

E m E E %g ‘U¥ [

- b b} c
35 & £
k] k] k] (%)

B I b B kK kB B B
o— —o
o/l 1B B I Ik B B | o
L L
@ [

I I I kB kK E kB K

mﬂ E B Bk B K r§'<

o
& o O— a,&

H B B d
o= = —
— N et L —w

B E E R q =
£ S o
%) - O~ L)

5 d

B B BT d

Q

H B B B B & B &

H I kB b kB EkE kB K
o— —o
o/l B K I KB B E E o
L L
@ o

I I kB b kB EkE kB K

<

mﬂ B | s I -

- w
@

E B E Ssm m|T
o—1 —o
— o~ —»
c E B & s | <
= o
7] L ! 9]

E B EJE s B

Q

H I EH B B BE B E

H I bH B B BE B E
o— —o
o/l B KB I B B B | o
L i
@ o

H I EH kB B B B E

<

mH B | <l K K -
LL - LL
“m m m s B |~
o—1 —o
— o —

EH B | s K || =
£ °
2 3 7]

H B | <l K K

H B B B B & B &

I I kB kb kB EkE B K
o— —o
o/l I K E E K E @D
L L
14 o

I I kB b kB EkE kB K

62

(h)

)

®)

(e)

Figure 4.6: Traversal steps, calibrating the first row: (a,b) virtual pivot at by 1,b1 2, (c,d) pivot at by », b 3 and (e) Row 1 completed w..r.t. ay ;. (f,g)

calibrating Row 2, Row 4 w.r.t. ay 1 and a4 1 respectively (h) calibrating the reference column w.r.t ay 1.



from Quad(A)’s RF output port, and is done as a typical S»; measurement using a VNA. For all
measurements, only a pair of channels (1 TX in Quad(B) and 1 RX in Quad(A)) are active with
all other channels are in the OFF state. In order to calibrate the first row, we begin by transmitting
from antenna b | and receiving from antenna a1, and then a; ». Then transmitting from antenna
b1 > and receiving from antenna a; 1, and then a; 5 (Fig. 4.6(a,b)). These four measurements can

be expressed as:

S
Mi(b1g —aiy) = S(Tm = b 1Cay (4.3)
mn
S
My(by 1 — ai12) = So.ut = b1.1Char 2 4.4)
mn

S out

M3(b1p —ai1) = S = b12Chai 4.5)
mn
S
My(b1p — aip) = So'ut = b1 2Cparn (4.6)
1n

Note that coupling C}5 and C b are the same in (4.3), (4.6) and (4.4), (4.5) above due to
the array symmetry and periodicity. The calibration coefficient for channel a; ; can be obtained

using:

Toayg M M3

a) _ [MaMs \/bl,lcll)al,z b12Crain @7

B b11Cray 1 b12Chai
Notice that in obtaining the relative ratio, no apriori knowledge of the mutual-coupling or

the TX-channel information is needed as these cancel out in (4.7). We refer to the steps above as

using channels (b1 1, b1 2) as a virtual-pivot to do a relative calibration between a1 and aj ;.
Similarly, in Fig. 4.6¢, the calibration coefficient for channel a; 3 can be obtained by

direct division of the two measurements (M5 and M3) as the mutual coupling from the Tx channel
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antenna to the two receive antennas is the same. In this case,

Sout

s = b12Cha 3 (4.8)
in

Ms(b1p— a13) =

_ a3 _Ms _ hiaCpars (4.9)
air Mz biChayy .

This step is referred to as using by > as a pivot for obtaining the relative ratio of a; 3 to aj ;. Note
that direct pivoting requires only two measurements, but four measurements are needed for a
virtual pivot. Also, a virtual pivot results in two solutions with 180° phase difference. The choice
of the correct phase needs to be based of coarse knowledge of the expected phases (within +90°
margin) or it can be alleviated through the addition of extra off-grid antenna probes, such as
(P[1 —4]) in Fig. 4.4a

Following the same steps, by 3 can pivot channels (a; 2, a1 4) to obtain K}:g =ajp/ai4 as

shown in Fig. 4.6d. By simple processing, one can also calculate K}j}‘ as:

14 _ 14 12
K1 =K XK (4.10)
and with this, the calibration coefficients of the first row relative to aj 1 ( Ki’%, Kﬁ, Kﬁ) are all
known. This process is then repeated for rows 2, 3 and 4 to obtain all channels relative to the

reference channels in their first column: a; 1,a2,1,a3,1,a4,1, as shown in Fig. 4.6(e,f,g).

Calibrating the Reference Column in Quad(A)

After the extraction of the calibration coefficients for rows with respect to their reference
channels (aj; _41,1) is completed, one needs to extract the calibration coefficients of the reference
column itself with respect to the reference channel of the Quad (ay ;). This is achieved using the

same manner described above but using Quad(D) as the TX source (Fig. 4.6h). After this step, all
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the channel coefficients for Quad(A), k(") are determined with respect to ay 1.

Quad B, C, D Calibration

The same procedure is now applied to the different quadrants as shown in Fig. 4.7(a,b,c).
For example, for Quad B calibration, Quad A and Quad C are used as transmitters, and all the
channels in Quad B are referenced to b ;. Each Quad is then independently calibrated with
respect to its own reference channel ay 1,b1,1,¢1,1,d1 1.

If each quadrant is operating independently, then the array calibration can stop here.
However, in most cases, the quadrants are combined together, either to produce a single large
aperture with a narrow beam, or for a 4 x4 MIMO link. Therefore, it is important to calibrate the

quads with respect to each other. This is done in Step 4.

Quad-to-Quad Calibration

Mutual coupling and pivoting is also used to align the calibrate the quads all together
(Fig. 4.7d). For example, d ; / ay,1 can be obtained by virtual pivoting on (b1 1,c1,1). Similarly
by.1/ay,1 can be obtained by virtual pivoting on (c;.1,d1,1), and by 1 /c; 1 by virtual pivoting on
(ai,1,d1,1). This determines by 1,cy.1,d;1 with respect to a1 and therefore all 64-channels are
determined with respect to a; ;. The procedure above is also valid for 4x(8x8) arrays or larger.
Any 4x(NxN) arrays can be calibrated, first at the Quad level and then tying the Quads together

as shown above.

4.4 Dynamic Range and Accuracy Analysis

Fig.4.8a presents the system analysis for near-field coupling between a pair of transmit and
receive antennas. Only one channel is active in a given quadrant array with the rest de-activated

(OFF). Each quadrant has a 1:N Wilkinson network to divide or combine the signal from the
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Figure 4.7: Calibrating remaining Quads in Rx-mode: (a) Quad B using Quad (A,C) in Tx mode, (b) Quad C using Quad (B,D) in Tx mode and (d) Quad D

using Quad (A,C) in Tx mode and (d) inter-quad calibration of reference elements.
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different channels. The beam-forming network, electronic channels and up-down/conversion
mixer parameters are shown in Fig.4.8.

The RX-quadrant elements are considered to be “under test" and excited from the nearest
E-plane neighbor in the TX-quadrant. The RX-channel is iterated through all of its different
phase and gain states and a set of S; measurements are recorded between the TX-quadrant port
(point A) and RX-quadrant port (point F) for each RX-channel-state. Denoting the transmission

measurement from m-th TX-element in its zeroth state to the n-th RX element in its k-th state as:

M (b, [0] — aulk]) = by[0] X Cun X ap k] 4.11)
The RX-channel self-normalized channel coefficients are obtained as:

] M(bu[0] = a(y.c)[n])
W= bl0] — a(re)[0])

m[0] X Cun X a(y.c)[n]

! 4.12
== (4.12)

m 0] X Cm.,n X A(rc) [0]

which is the first step of the in-situ characterization and each channel is characterized with respect
to its own reference state.

Two quadrant size are now considered, 4 x 4 and 8 x 8. The coupling distance is up to
the 8"-neighbor for an 8x8-quadrant and up to 4M-neighbor for the 4x4-quadrant. Also, the
Wilkinson network loss is different. The insertion loss, when one channel is ON, for an 8 x 8
array is 23 dB due to 18 dB of division loss and 5 dB ohmic loss, while it is 15 dB for a 4 x 4 due
to 12 dB of division loss and 3 dB of ohmic loss.

To maximize the signal-to-noise ratio and channel characterization accuracy, the transmit
power should be maximized. In this case, although the maximum power for a given TX-channel is

11 dBm, the TX power is chosen to be -7 dBm. This is done in order to ensure the closest neighbor
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in the receive array is not saturated or compressed. At this power level, the nearest RX-channel
receives ~-7-21=-28 dBm and is 8 dB below the channel input P1dB. For a TX-channel output
power of -7 dBm, the input power required at the TX array input (point A) is -16 dBm and -8
dBm for a 4x4 and 8x8 case, respectively. This is well within the transceiver output power range
(OP1dB=8 dBm). For the 4x4 array, the received power at the array point F is -22 dBm (nearest
neighbor) to -47 dBm (furthest neighbor) where as for the 8x8 case, the power level is -30 dBm
(nearest neighbor) to -90 dBm (furthest neighbor).

The noise level at the output generally depend on both TX-noise sources and RX-noise
sources. In the present case, L.O. phase noise does not contribute since the same L.O. source
is used for up- and down-conversion. The TX-noise at point C is dominated by the channel
noise NCTX = —139 dBm/Hz as the mixer noise contribution is much lower due to the Wilkisnon
network losses (—150, —158 dBm/Hz for the 4x4 and 8x8 quadrant size). The output noise levels
at point F for different RX-element distances are displayed in Fig. 4.8d. It can be observed
that the closest two elements noise levels are higher than the rest due to the contribution of the
TX-noise, beyond the fourth neighbor the output noise is nearly constant. It is worth mentioning
that the RX- noise is different from the case when the entire RX-array is receiving. This is due to
the fact the Wilkinson network adds extra 10log(/N) losses when only one channel is ON, which
significantly drops the overall gain before the noisy mixer. This becomes more clear in the 8x8
case because when the entire array is ON the equivalent RX noise figure is 5.7 dB, which is 0.8
dB higher than the channel noise figure. However when only one channel is ON, the network loss
is 23 dB instead of 5 dB, and the resulting noise figure is 15.4 dB, which 9 dB higher than the
channel noise figure and is mainly determined by the RX-mixer noise figure.

The resulting signal to noise ratio is illustrated in Fig. 4.8e. For an integration bandwidth
of 10 KHz (100-usec integration time), a signal-to-noise ratio >30 dB can be realized for the
furthest element in an 8x8 array and >60 dB fo a 4x4 array. The SNR for close-in element is

limited to about 90 dB due to thr TX-noise. Note that the presented results are all when the
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Figure 4.9: Simulated relative channel state error for different measurement SNR levels: (a) amplitude error and (b)
phase error.

RX-channel is operated at its maximum gain. When the RX-channel gain is dropped to lower
gain states for characterization, the integration time needs to be increased accordingly to maintain
the same SNR.

Having higher SNR translates to higher accuracy in the channel characterization, the
resulting error will depend on the relative angle between the signal and noise vectors. It can
shown that, for a given SNR, the worst case phase error will occur when the noise and signal
vectors are orthogonal whereas the worst case amplitude error will occur when the noise and
signal are parallel or anti-parallel. Since, in the case of computing relative channel ratios two
measurements are done, the errors add up. The channel self-normalized coefficient errors, d(,..)[n],
can be estimated from (4.2), (4.3) for a given measurement SNR. The results are also displayed

in Fig. 4.9, and show that for errors less than 0.5 dB and 5 degrees a SNR better than 25 dB is

needed.

Error (dB) < 20log(1+ 107SNR/20) (4.13)

Error (deg.) < 2tan~ ' (107SVR/20) (4.14)
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4.5 Implementation and Measurements

Two different arrays were used to verify the quadrant-level calibration (QL-Cal) method.
The first test array is a 4x(4x4) phased array, Fig. 4.10(a-b), where each Quad is a 4x4 array
employing TRX beam-former chips and 1:4 Wilkinson divider/combiner network (Fig. 4.10b).
The beamformer chips are flipped onto the top metal layer and connected to co-axial antenna-feeds
using CPW transmission lines to feed the patch antennas on the bottom metal layer. The antennas
are placed in a square grid with a spacing of 5.1 mm (A, /2 at 29.5 GHz). Two dummy antenna

rows are added on the edges of the array to mitigate edge effects and simulate a larger array. Also,

L)
S0

-z
w

:
a

o
—

®| ®©0 e 0 ®
BIAS/Digital Control . .

Figure 4.10: Fabricated 5G Quadrant-based 2x2 MIMO Phased Arrays with 4 x 4 quadrants: (a) antenna-side and
(b) chip-side
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Table 4.1: Phased Arrays Main Parameters

Parameter 4x4 8x8
Antenna grid dx/dy (mm) 5.1/5.1 | 5.1/59
Bandwidth (GHz) 28-31 | 24.5-29.5

RX-Chan. Gain (dB) 18 25
RX-Chan. NF (dB) 4.8 53
RX-Cahn. IP1dB 21 -29
TX-Chan. Gain (dB) 26 27
TX-Chan. NF (dB) 11 16
TX-Chan. OP1dB 11 11
Phase Shifter step (deg.) 5.6 5.6

VGA Gain Control Range (dB) | 10+7 10+7

two passive antennas are included in each Quad with an offset of half a grid cell (Fig. 4.10b). A
2x2 SiGe beamformer-chip is employed for the construction of this phased array [5,52]. The
SiGe chip contains four TRX channels operating at higher-side of the 5G FR-2 band (28-32 GHz).
Each channel has a 4-bit variable gain amplifier (VGA) and a 6-bit phase shifter. The chip results
in a noise figure of 4.6 dB in the RX-mode and an output power of 11.5 dBm at P1dB in the
TX-mode. An SPI interface is used to turn the channels ON and OFF, and for gain and phase
control.

The second test array is a 4x(8x8) as shown in Fig. 4.11, having the same architecture
and a very similar 2x2 SiGe chip and antennas but operates in the lower end of the 28-GHz 5G
band (25-29 GHz) [53]. In this array, the antennas are placed on slightly rectangular grid with
dx =15.1 mm and dy = 5.9 mm allow more scanning in the horizontal plane than in the vertical
plane. Also, the antenna co-axial feeds are rotated every other row to minimize cross-polarization
in the H-plane scan. No extra dummies or probes are employed in this array. The fabricated
arrays main specifications are summarized in Table 4.1.

The setup used for characterizing the array is shown in Fig. 4.12 and allows for doing both
mutual-coupling experiments as well as far-field calibration and evaluation for bench marking
the quadrant-level mutual-coupling-based calibration. First, the arrays are characterized using a

standard gain horn antenna in the far-field. The distance between the horn to the array is 1.9 m,
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Figure 4.11: 4 x [8 x 8] phased-array photo: (a) antenna side and (b) chip-side.

Keysight N52458

Control

Board BIAS/SPI

Figure 4.12: Measurement set-up for near-field mutual coupling and far-field testing.

which results in near-ideal uniform phase illumination over the array aperture with negligible
phase curvature, less than < 3°, at the corners. The array channels are then turned ON one at a
time and the transmission between the horn and the array ports (S31) is recorded for each channel
and for every channel gain/phase state.

In the second step, the four Keysights PNA-X ports are connected to the four co-axial

ports of quadrants of the arrays under test and transmission measurements are carried out between
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the different elements. The cabling loss (=5 dB) and the higher noise figure of the wide-band
high linearity receivers of the PNA-X result in a substantial increase in the total RX noise figure
to about 40 dB. Therefore, the IFBW of the measurements was reduced to be 10-100 Hz to ensure
a sufficiently high SNR (> 30 dB) for both the coupling and far-field measurements in accordance
with the analysis in Section(4.4). Note that with the use of tuned 5G transceivers integrated on
phased array PCB, the RX noise figure could be easily reduced to 15-20 dB allowing for 100x

integration time reduction in future implementations.

4.5.1 4 x [4 x 4] Array Results and Finite-Isolation Effects

Initially, when comparing the results of channel characterization from far-field and BIST,
an appreciable deviation from far-field results was observed. This deviation occurred particularly
for weakly-coupled far-out channels and could produce errors up to to 3 dB/ 40 deg. when
characterizing some of the 4th-neighbor channels. This error occurred despite of having a signal-
to-noise ratio of > 30 dB for the far-out couplings and did not diminish by neithe‘r increasing the
integration time nor averaging the measurements.

Upon more investigation, the root cause of the problem was found to be un-desired
TX-antenna to RX-Array output leakage. Un-like, the ideal-isolation situation analyzed in
Section(4.4), the signal at the array output when one channel is ON, is not only due to the
activated channel under test, but also there is leakage signal from the TX-antenna arriving at the
output Fig. 4.13a. This is due to part of TX signal being received by the OFF-channel antennas
that can still couple to the beam-forming network and appear at the arrays common port as well
as due to the beam-forming network and RX-connectors directly receiving part of the radiated
TX-energy. Fig. 4.13c shows the measured leakage level when everything (RX and TX) is OFF
and when the all RX-array elements are OFF but with the one neighboring array TX-element
ON. An S7; level of -70 dB is observed in the OFF/OFF case whereas a S»; of about -55 dB is

observed when one TX-antenna is ON.
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The scenario of OFF-Leakage is illustrated in Fig. 4.13a, where one TX-antenna is

attempting to excite a far-off antenna in the presence of OFF channels having finite OFF-isolation

gain of GOF'F = —35 dB. In this case, the output-leakage when the nth neighbor is being testing
is:
k=N
L= Y GGJF (4.15)
k=1k#n
which can be bounded by:
k=N
Ly <G Y |G (4.16)
k=1,k#n

if the OFF- channel gain is the same, and the leakage paths are phase aligned which is the worst

case. The following expression for the resulting signal-to-leakage ratio (SLR) can be obtained:

Gy

Y= ko [ Gl

) Sou GON
SLR™™ — ‘”:[ m }x 4.17)

Lom GOFF

Examining the signal-to-leakage ratio (SLR) expression above, it becomes clear that a low-
coupling active path is at a disadvantage when competing with many close-in inactive leakage
paths as given by the m term which can be as low as -80-(-20)=-60 dB for the far-out
channels. Also, the effect of the ON-to-OFF gain ratio of the channel go—’?}l becomes apparent.
This ratio needs to be high even for the lowest VGA gain state of every channel to help obtain
a high SLR and therefore an accurate characterization. The SLR expression is evaluated for

different neighboring distances for the 4x4 and 8x8 quadrant size, based on the simulated coupling

matrix of the antennas. The single-to-noise-and-leakage ratio (SNRL) is computed as:

Sout 1

SNLR™" — —
" N()ut +L()ut SNR_I +SLR—1

(4.18)

The results are illustrated in Fig.4.13a, showing that even for a 4th-neighbor case and just
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considering the coupling through the OFF-channels, can lead to limiting the SNLR to 10/20 dB
(at min/max gain) and as a result to substantially limit the channel characterization accuracy as
observed in Fig. 4.13d despite the sufficiently low noise.

In order to resolve this problem, a leakage cancellation approach was sought. The idea is
to activate an additional channel, different from the channel under test, and adjust its amplitude
and phase in order to generate a signal at the output that has an equal magnitude to leakage
signal but with an opposite phase (Scanc. (f») = L(f,)e/™). This element is referred to as a leakage
canceller. Fig. 4.13(b,c) illustrates the use of such approach, where originally a leakage level of
-50 dB is observed. A suitable element, at min-gain state, is then chosen based on the required
leakage level. Afterwards, the phase of that element is tuned and the output level is monitored.
At a given phase, the output signal will reach a minimum level and hit the noise-floor in the case
of prefect cancellation (|Sou: (fo)| = |Scane.(fo) — L(f5)| = 0). Once this state is reached the array
is in a quiet-environment where leakage has been fully balanced. The canceller is kept ON in
the this state and the channel-under-test characterization is carried out. The results of channel
characterization with and without canceller for different elements are depicted in Fig. 4.13d. As
can be seen, the use of canceller can significantly reduce the errors from 3 dB down to 0.3 dB and
40 deg. down to 3 deg. for the farthest-out elements.

The cancellation technique is applied to the different TX-probes when characterizing the
channels of Quad(A). The results of the Quadrant level channel characterization of all Quadrant-A
channels in the different VGA and phase shifter states are shown in Fig. 4.14 in comparison
with their corresponding far-field counterparts at 30 GHz. The results agree very well with the
far-field ones with peak error <0.35 dB/3°, this holds true even when the VGA is cycled to its
lowest gain state which drops the SNLR by more than 10 dB relative to that at the max gain state
and this is where most of the peak errors occur as observed in Fig. 4.14f. Note that, throughout
the measurements, the phase shifters are cycled at maximum gain and the VGA is cycled at the

zeroth phase with the reasonable assumption that they operate independently and that the overall
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Figure 4.14: Measured channel-testing results for quadrant (A) using BIST and far-field characterizations at 30
GHz: (a,b) phase-shifter’s gain versus phase-state and phase versus phase-state, (c,d) BIST errors relative to far-field
for phase-shifter’s gain versus phase-state and phase versus phase-state, (e,f) VGA’s gain versus gain-state and phase
versus gain-state, (g,d) BIST errors relative to far-field for VGA’s gain versus gain-state and phase versus gain-state.
channel state is approximately the product of the VGA and phase shifter transfer characteristics
a(m,n) = ayga(n) X aps(m). Although this assumption is not necessary, it is usually made when
characterizing arrays. This is because it reduces the number of states to be characterized to 64
(phase states) + 16 (gain states) = 96 states instead of 16 x 64 = 1024 states, and hence introduces
negligible errors.

A summary of the results of channel characterization of all gaundrants (A,B,C,D) in
RX-mode is illustrated in Fig. 4.15. As can be seen the errors of the different quadrants are better
than 2.5 dB/2.5°. The SLR in the near-field measurements is > 50 for all the channels in all the
quadrants in the maximum gain state. However, for the far-field, it is actually limited to about
30-40 dB, which is potentially due to the connector picking up part of the signal from the horn
(even when covered). Observing the errors in Fig. 4.15(b,e), it is apparent that the errors follow

an inverse relation with the far-field SLR in Fig. 4.15(a) Error(B)> Error(C)> Error(D) and
FF-SLR(B)< FF-SLR(C)<FF-SLR(D). This highly suggests that the error is driven by far-field
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Figure 4.15: Measured Signal to Leakage Ratio (SLR) for the different 4x4-quadrants (A,B,C,D) in RX-mode at 30
GHz: (a) Far-field SLR, (b) BIST SLR, (c,d) Phase-shifter-states amplitude/phase errors, (e,f) VGA-states
amplitude/phase errors.

limited-SLR and not by the near-field one.

The channel-to-channel gain and phase offsets of all 64-channels in the four quadrants
relative to channel a;; obtained from the far-field and BIST measurements are displayed in
Fig. 4.16. It is observed that the far-field and BIST generally agree well within an rms error
of 0.78 dB and 7.5°. More than eighty percent of errors are distributed around +1 dB, £10°.
Although the error are reasonable, they are noticeably higher than channel characterization error
accuracy (limited by SLR). This is believed to be an inherent limitation due error-propagation
involved in successive pivoting steps in the extraction procedure and will be further investigated in
Section(4.6). The quadrant-level calibration data is used in order to correct of the channel offsets
and variations in the VGA/Phase shifter characteristics and set the radiated beam. The beam is
then measured in far-field to verify proper operation. Several cases are tested using Quad(A)
in RX mode and are illustrated in Fig. 4.17. It is observed that the characterization results in
near-ideal sum and difference beam patterns with side-lobe level of —12.5 dB and mono-pulse

null depth of —30 dB.
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Figure 4.17: Measured 4x4-quadrant patterns with Quad-BIST calibration in RX-mode at 30 GHz: (a) sum and
difference patterns scanned to —40° (b) sum and difference patterns at broadside and (c) fine-scanned null of
difference pattern.

4.5.2 4 x[8 x 8] Array Results

Similar procedure is applied to the Quad(A) of the 4x8x8 array (shown in Fig. 4.11)
to test the performance in case of larger and consequently weaker antenna couplings. Leakage
cancellation is also adapted to synthesize quiet environment at 27 GHz as illustrated in Fig. 4.18a.
Although, only phase-tuned cancellers were employed, element gain is not tuned and is set to min-
gain state, the leakage could be suppressed by 18-30 dB for the different TX-probes as illustrated
in Fig. 4.18c. It is worth mentioning that, the cancellation instantaneous 3 dB-BW is generally
narrow (/= 100 MHz), but it can be tuned for any frequency. Attaining higher instantaneous
cancellation bandwidths is potentially possible with the use of multi-element cancellation strategy,
however this requires a non-trivial synthesis procedure and is not the primary interest of this
work.

For the 8x8 array, an near-field SLR better than 44 dB could be attained for every channel
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Figure 4.19: Measured signal-to-leakage-ratio at every element in Quad(A) of the 4x[8x8] array at 27 GHz in
far-field and quadrant-level characterization.

at the maximum gain state which is better then 30 dB for the lowest gain state as observed in Fig.
4.19. Different from near-field SLR which can vary based on the element position and coupling
strength, the far-field SLR has less variation for the different channels and remains above 50 dB
for all elements. Fig. 4.20 represent the SNCSs using far-field and near-field quadrant-level
testing for the 64-channels over all their 64-phase states and 39-gain states. The deviation errors
are found to be mostly below 0.3 dB/ 3°. In few channels, the peak error at the lowest gains states
could reach a maximum of 0.7 dB/ 5 deg. The error distributions are illustrated showing that the

majority of errors are clustered around zero with a standard deviations of 0.09 dB/0.61 deg. for
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phase states and 0.07 dB/0.8 deg. for VGA states. The channel are also compared to far-field
and deviation errors are evaluated in Fig.4.21. The errors are found to be mostly =1 dB/ £10
with an rms error value of 0.7 dB/5.5°. Most of the peak errors are observed to happen at the
edge element locations, mainly for element index 56 — 64, which are likely induced by coupling
symmetry perturbations associated with edge-induced coupling asymmetries due to the absence
of dummies in this array. The ability to detect channel failures is also tested. This is done by
purposely dropping elements by 10 dB and running the extraction routine again and comparing
versus far-field measurements. The detected distributions for different dropped element location
are illustrated in Fig. 4.21(g-1), in all cases the element can be easily detected and the rms error
accuracy does not change much.

The pattern setting accuracy of the 8x8 array is tested using the data collected from
far-field and quadrant-level calibration. The measured pattern under scanned condition with
uniform illumination and an 8-dB raised cosine taper are compared in Fig. 4.22. It can be
observed than for uniform illumination, the pattern are near-ideal for all scan conditions with a
beam width of 12.8° and side lobes of -13 dB at broadside. Under taper conditions, the side lobe

levels are dropped to -23 dB at broadside and -20 dB with scan. The results are a bit higher than
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Figure 4.21: Measured 8x8-Quad-A relative channel gains/phases in zeroth-state and RX-mode at 27 GHz: (a,d)
BIST and far-field amplitudes and phases, (b,e) BIST amplitude/phase errors w.r.t. far-field, (c,f) amplitude/phase
error distributions and (g,h,i) in presence of different low-gain malfunctioning elements.

theoretical ones for both far-field and quadrant-level self-calibration. The similarity of the far-field
and near-field patterns suggest that part of the deterioration is due to the resolution limitation
of the array phases/gains. Fig. 4.23 illustrates the measured patterns based on Quadrant-level
self-calibration data with uniform, 6-dB and 10-dB raised cosine tapers. The results show that the
side lobes can be dropped even down to -26 dB at broadside and -23 dB over scan, however the
pattern control starts to noticeably worsen at this high taper level. Mono-pulse patterns are shown
in Fig. 4.24 based on the near-field calibration, the observed mono-pulse null depths are generally
better than -33 dB. It is worth mentioning that detecting null depths is generally challenging as it
requires very fine angular sampling in order to capture the exact peak null value. If the peak null

does not exactly align with a sample, the null-depth will be under-estimated. In this experiment,

the sampling is done with 0.25° step.
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Figure 4.22: Measured 8x8-Quad-A patterns with BIST and far-field calibrations in RX-mode at 27 GHz, under
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Figure 4.23: Measured 8x8-Quad-A patterns with BIST and far-field calibrations in RX-mode at 27 GHz:, scanned
to: (a) 0°, (b) 30°, and (c) 45° in the azimuth-plane with increasing taper (uniform, 6-dB raised cosine and 10-dB
raised cosine).

Fig. 4.25 represents the measured side lobe level versus scan angle for ideal, far-field
calibrated array, and quadrant-level calibrated array. It is observed the performance is nearly
identical for uniform illumination and within 1.5 dB for the tapered case at the different scan

angles. Note that, due to the pattern broadening with taper, the side lobe levels are limited by

the entrance of a grating lobes at 60° scans which agrees with theoretical expectations. The
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Figure 4.24: Measured 8x8-Quad-A patterns mono-pulse radiation patterns based on quadrant-level calibration at 27
GHz, scanned to: (a) 0°, (b) 30°, and (c) 45° in the azimuth-plane.
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Figure 4.25: Measured peaks side-lobe levels versus scan angle at 27 GHz using far-field and BIST calibrations.

null-rejection accuracy and null-position errors are also evaluated for the different mono-pulse
null scan angles in Fig. 4.26. The measurements indicate that the null depth is at least 32 dB over

the different scan angles, also the nulls can be positioned with an accuracy of +0.5°.

4.6 Discussion

A summary of the performance is given in Table 4.2, as can be seen, the SNCS can be
determined with very high accuracy. However, the over-all errors is dominated by the CCR values.
These are likely arising from errors in the ideally-symmetric antenna-couplings. In practical

implementations symmetry perturbation may exits due element location close to an edge or due to
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Table 4.2: Summary of QL-BIST Performance

| Metric 4x4 8x8
Frequency (GHz) 30 27
Channel Self-Normalized RMSE 0.2 dB/2° 0.4 dB/3°
Channel-to-Ref.-Channel RMSE 0.78 dB/7.5° | 0.67 dB/5.5°
Total RMSE 0.81 dB/7.6° | 0.81 dB/6.3°
Signal-to-Noise-and-Leakage Ratio [dB] > 40 > 30
Side-Lobes (Uniform) [dB] -12.5 -13
Side-Lobes (Tapered) [dB] - -26
Mono-pulse Null Depth [dB] < =26 < -32
Mono-pulse Null accuracy [deg.] <1° <0.5°

ground plane imperfections (small routing slots), as well as fabrication tolerances. Since to extract
the ratio of channel (m,n) with respect to channel (1,1) needs passing through (m-1) vertical hops
followed by (n-1) horizontal hops, small error in each hope can propagate. To investigate this
effect, the rms measurement error is evaluated as the array size is grown away from the reference
element (1,1) within the 8x8 array quadrant in Fig.4.27. It is observed that elements very close
the reference element suffer from very low error <0.3 dB/3 deg, however as the array size is
grown, the error increases in a logarithmic fashion due to error accumulation. It is also observed
that at the very last row the phase error increases abruptly from 3 to 5.5 deg. rms which indicates
an edge asymmetry issue. This particular jump is expected to be resolvable with the addition of
dummy elements to terminate the aperture.

A concern about calibration accuracy of testing each single element at a time is that
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this might not reflect the actual channel properties when the full-array is activated. It is well
known that the input impedance of antenna within an array will depend on the excitation of
the surrounding elements [45, 54]. This very true for ultra-wide band tightly coupled array
designs such PUMAs and TCDA where a large portion of the input impedance comes from the
mutual-coupling coefficients [S5-57]. In conventional lightly coupled designs (Cy,4x < —20 dB),
the impedance change is less pronounced that it does not affect pattern synthesized down to
the -26 dB level as evident in our experiments. To further investigate the issue, we measured
the chip-level, four channels simultaneously active, in far-field and compared it with the values
extracted from the near-field (one-channel at a time) that are mathematically combined to yield
the expected chip level data. It is found that the coefficients on the chip level agree very well with
an error of 0.56 dB and 4.5 deg. which suggest that one at a time measurements can be accurate
even when all channels are active. Nevertheless, it is good to investigate means of measuring the
array while several elements are active and extract their properties in in-situ from the near-field
couplings.

In regards to the time-frame of quadrant-level calibration, a measurement count of the

traversal procedure for an array of N-elements is computed as follows. To be able to determine
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the CRC ratios, multiple coupling measurements are needed from different TX-probe for each
element under test. The steps of obtaining all the CRC ratio for a general array with M = N X N
elements is illustrated in Fig. 4.29. The first main step is to traverse the columns. In this step,
Fig 4.29a, the nearest TX-probe in columns 1 to N in the neighboring Quad is activated. Then
for each TX-probe, the RX elements in the same column as well as the column just before and
just after in the Quad-under-test are activated one at a time and a transmission measurement
is carried out. This results in a number of measurements using the TX-probe in column k
of N.(k) = 3N. This is true for all columns except the first and the last which only need
N.(k=1,N) = 2N measurements. The total number of measurements to traverse all column
probes is then N’ = 2N + (N —2)3N +2N = 3N> —2N.

The second main step is to traverse across the rows of the reference column as illustrated in
Fig 4.29b. This requires Ni =2+ (N —2)3+2 = 3N — 2 transmission measurements. Therefore
the total number of transmission measurements needed to collapse the array into one reference
element is N’ = N’ 4 N'*' = 3N? +-N — 2 = 3M 4 /M — 2. This result shows that the number

of traversal measurements has a predominant linear growth with the total number of elements
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Figure 4.29: Number of measurements needed for QL-Traversal scheme fo a general NxN array-quadrant: (a)
traversing column and (b) traversing rows of the reference column.

N = 3M.

Compared to traditional far-field that requires N'* = N measurements, the quadrant
calibration approach requires NELk. =3 x N++/N —2 measurements to extract the relative
channel offsets. There is also an additional overhead time if leakage canceller are needed but
this is generally negligible relative to the array characterization itself in the order of Cyv/N. For
an average measurement integration time of T =100 usec, the quadrant-level traversal requires
50t = 5 msec and 1987 = 19.9 msec for a 4x4 and 8x8 quadrant size, respectively. In comparison,
the far-field requires 16T = 1.6 msec and 641 = 6.4 msec, respectively. To characterize all channel

states (K-states per channel), the number of measurements needed is N x K and is the same for

far-field or near-field.
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4.7 Conclusion

This work presented an in-situ self-test and self-calibration method for single-polarized
multi-beam 5G mmWave TRX MIMO phased arrays based on quadrant-level antenna couplings
(QL-BIST). The method relies on antenna-mutual-coupling between neighboring phased array
MIMO quadrants to perform channel testing and calibration. Different impairments and limitation
such noise, leakage are investigated in detail. Performance was experimentally verified using
4x4x4 and 4x8x8 quadrant-arrays showing good calibration accuracy with error below 0.4 dB/3°
for channel testing and below 0.7 dB/7° for relative offset estimation. QL-BIST based calibration
demonstrated low-side lobe array operation down to —23 dB over scan and null pointing accuracy
+0.5° over scan. QL-BIST offers several attractive feature compact and all-electronic, requires
no moving parts or a far-field range, and can be applied for initial calibration as well as for
re-calibration in the field (as a result of aging, environmental changes, etc.), and is well suited for
5G MIMO base-station systems. Future work include, implementation of complete built-in QL

self-calibration online-system and extensions to dual-polarized 5G based phased array.
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Chapter 5

In-Situ Self-Test and Self-Calibration of
Dual-Polarized SG TRX Phased Arrays
Leveraging Orthogonal-Polarization

Antenna Couplings

In this chapter, an in-situ self-test and self-calibration technique for 5G dual-polarized
dual-beam TRX phased-arrays is presented. The procedure, labeled dual-polarized built-in
self-test (DP-BIST), exploits the mutual coupling between different antennas of orthogonally
polarized beams sharing the same aperture to enable relative channel offset extraction, channel
gain/phase characterization and failure detection for the channels of each beam. DP-BIST was
applied to a 16-element dual-polarized dual-beam linear phased-array at 29 GHz and predicted
the relative channel states (gain, phase) with rms errors <0.2 dB /2.5° and the relative channel
offsets with rms errors of 0.8 dB /7°. DP-BIST is all-electronic, and can be done using a single
aperture without any assistance from neighboring arrays. It can be used for initial calibration as

well as for re-calibration in the field, and is well suited for 5G polarization-based multiple-input
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multiple output (MIMO) systems.

5.1 Introduction

Fifth-generation (5G) mobile networks seek to provide high-speed Gbps data links to
mobile users at mm-Wave frequency bands around 28, 39 and 60 GHz. At these frequencies,
phased arrays are used to provide directional steerable beams to compensate for the increased free-
space path loss [1,6,29]. To further increase the communication-link capacity, polarization-based
multiple-input multiple-output phased array systems are proposed in the 5G standard (Fig. 5.1b).
Such a phased-array system, utilizes two beams that are orthogonally-polarized and can carry
different data streams [10, 14, 31].

A cost-driving point for mm-Wave phased arrays is testing and calibration. For proper
array operation, each channel needs to be tested and the relative channel offsets need to be
determined and corrected to be able to set the radiated beam properties (pointing angle, side-
lobe level, etc...). This process is not only required at production time (initial-calibration) but
also, it needs to be done periodically to account for element drift due to environmental effects.
Conventional array testing and calibration are carried out using a far-field range or a near-field
scanner. Both methods suffer from requiring set-ups that cannot be used once the array is
deployed.

Therefore, it is of interest to develop in-situ calibration and testing methods that can be
periodically applied for fielded arrays. In-situ calibration methods on the chip level are possible,
but they can only detect the electronic chip performance and not the full channel response up to
the antenna air-interface.

An important goal is to realize in-situ calibration that captures the full array-response up
to the antenna air-interface. This kind of calibration could be achieved with the use of antenna

mutual coupling and was originally introduced by [4,51]. In these papers, the arrays are single
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Figure 5.1: (a) Polarization-to-polarization phased-array antenna coupling and calibration concept and (b) 5G-TRX
dual-polarized dual-beam phased-array architecture.

polarized and have the capability of transmitting on one element and receiving at all of its
direct neighbors, a feature which is not available in mm-Wave 5G phased arrays. Also in [44],
mutual coupling between antennas in single-polarized 5G arrays was utilized to perform in-situ
self-calibration.

In this work, the problem of in-situ calibration for 5G dual-polarized dual-beam phased
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array is investigated. It is shown that a dual-beam dual-polarized SG TRX phased array can
self-calibrate and self-test using polarization-to-polarization antenna mutual coupling on the same
aperture (Fig. 5.1a). This is quite advantageous as the array does not require any assistance from

neighboring arrays and can be done periodically in the field.

5.2 Dual-Polarized Antenna Coupling and Calibration

Methodology

5.2.1 Dual-Polarized Microstrip Antenna Coupling Symmetries:

Fig. 5.2 presents the simulated coupling between two neighboring elements in a 16-
element microstrip antenna array spaced at 0.5A along the x-axis. Two configurations are
considered. The first configuration has the antenna polarization aligned to the array-line axis (i.e
x-axis) and the second configuration has the antenna polarizations inclined by +£45° to the x-axis.
In the first configuration, Fig. 5.2(a,b), the coupling between the two orthogonal polarization
feeds of a given antenna is equal for the neighboring elements (Cy x = Cy41 1) but the coupling
between the cross-polarized feeds on neighboring antennas is not the same (Cy k11 7# Ci+14)-
In the second configuration, Fig. 5.2(c,d), both same antenna and neighboring antenna cross-
polarized couplings are equal (Cy x = Cy4-1 x+1 and Cy g1 = Cy41 ). This property will be used

to enable self-calibration based on orthogonal-polarization coupling symmetries.

5.2.2 Calibration Coefficient Extraction:

Consider an N-element linear array of dual-polarized antennas with 45°-inclined polar-
izations as shown in Fig. 5.3a. Each polarization has a separate beam-forming network and
input/output ports. Therefore, the situation is equivalent to having two separate arrays sharing the

same aperture. The 45°-polarization elements constitute one array referred to as array (A) with
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Figure 5.2: Simulated pol.-to-pol. antenna coupling in a dual-polarized dual-beam microstrip patch array: (a,b)
standard orientation and (c,d) 45-deg. rotated orientation.

input/output port labeled RF4, while the —45°-polarization elements constitute another array
referred to as array (B) with an input/output port labeled RFg. Each polarization has transmit and
receive capabilities so that one can transmit using one polarization and receive using the other
polarization through the RF ports A and B, respectively.

Let the channel transfer fucntion of element number k be labeled as a;, for RF A channel in
the TX mode and as by for RFg channel in the RX mode. The channel transfer function is the
overall response from the array RF co-axial ports to the antenna and includes the Wilkinson feed
network, electronic channel, transmission-lines and antenna response. The calibration coefficients
are denoted by k; which refer to the ratio of channel by to the reference channel, chosen as b;.
The intermediate calibration coefficients (channel b with respect to channel b,,) are referred to
as X' = by /by,

The dual-polarized BIST traversal procedure is shown in Fig. 5.3b. The signal is injected
into the RF4 port and picked up at the RFg port. This is done as a typical S> | measurement

using a VNA. The process starts at the first two elements where a set of four §; ; measurements
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Figure 5.3: (a) N-element dual-polarized dual-beam linear phased array and (b) DP-BIST traversal procedure.

is conducted. For each measurement, only one TX channel and one RX channel are active with

all the remaining channels turned OFF. For the first two elements, these four measurements are
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expressed as:

M (a1 — by) = S‘z: = a,Cy by (5.1)
M (a) — by) = ;t = a1C12by (5.2)
Ms(ay — by) = S;:: — ayCy,1by (5.3)
My(ay — by) = SS‘ = ayCr2bn (5.4)

Since Cy » = C3 1 and G2 » = C 1 for the 45° inclined configuration, the unknown coupling
coefficients can be cancelled out by taking measurement ratios. The calibration coefficient for

channel b, is then obtained as:

\/a1C1 2bo 02C2,2b2 _ [2 (5.5)

a1Cy1by 612C2,1b1 b
This step is repeated iteratively to extract the ratio of all pairs of neighboring channels
Kﬁ—l = by /byr_1 . After this is done, the calibration coefficients with respect to the reference

channel b; can be calculated. For the m™-channel (m > 1), this can be expressed as:

j:ij—l by
Kn = 1_12 G = b_l (5.6)
]:

and with this step, the channel ratio of all elements with respect to a reference element are
found and the calibration coefficients extraction is completed. Then, any amplitude and phase

offset can be corrected by modifying the amplitude and phase setting of the individual channels.
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5.3 16-Element Dual-Polarized SG Phased-Array
Implementation

To test the DP-BIST calibration method, a 16-element dual-polarized dual-beam phased
array was built (Fig. 5.4). The array is implemented in a low-cost multi-layer printed circuit
board and using 2x 2 single-beam 28 GHz TRX SiGe beamformer chips [52]. Two 1:4 Wilkinson
beamforming networks are used to feed the +45° (RF,) and the —45° (RFp) polarized beams.
The antenna spacing is 5.1 mm (Ao /2 at 29.5 GHz) to scan > £+50° without grating lobes. A pair
of terminated dummy antennas are added on each side of the array to reduce edge effects and
minimize coupling-symmetry perturbation. Also, additional passive probe antennas are included
(probes 1-4) that are connected to 2.9 mm co-axial connectors separate from the arrays connectors.
Probes (1,2) are polarized along the horizontal direction (x-axis) and are placed at either end of
the array-line. By symmetry the coupling from probe 1 or 2 to any given array antenna’s —45°
and +45° feeds is the same, this enables knowing and calibrating any imbalance between the two
polarizations if needed (for instance to provide circular-polarization operation using signals from
both arrays A and B). Probes (3,4) are polarized vertically (along the y-axis) and are placed so as
to couple equally to antennas pair (1,2) and (15,16) respectively. They ensure that the 0°/180°

phase solutions associated with the square root operation in eq. (5.5) can be easily distinguished.

5.4 Measurements

The arrays are characterized using a standard far-field method at a distance of 1.9 m
(see Fig. 5.5). This is done by turning ON the array elements one-by-one and measuring the
transmission coefficients to the horn in every gain and phase state. In a second step, coupling
measurements between the different channels are performed by turning ON a pair of channels

(one in each array) in TX and RX modes and measuring the coupling coefficients as described in
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chip side.
the DP-BIST stepping procedure.

Fig. 5.6 (a,b,c) presents the measured array port-to-port coupling between different Tx/Rx
elements. In each coupling measurement, only a pair of elements is turned ON, shown here

for the case of transmitting using array A and receiving using array B. For each transmitting
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Figure 5.5: Phased array measurement set-up: (a) block-diagram and (b) photo.

antenna, the signal is recorded at three receive elements; The one with same index through Cy ,
the one directly after through Cy x, and the one directly before Cy x_1. The process is done for all
transmit elements k = [1 — 16] with the first and last elements involved in only two measurements
due to their edge location. It can be observed that the frequency response profile for the same
antenna coupling Cy x is very similar for all elements, and the signal level is much higher than the
OFF-leakage signal level! with a worst case signal to leakage and noise ratio (SLNR) > 30 dB
over a wide frequency range from 34-35 GHz as shown in Fig. 5.6 (a). The coupling through

Cr k+1 and Cy ;1 also varies in frequency response for all elements. The coupling peak is about

'OFF-leakage is the signal picked up at the receive array output when the TX element is ON and all RX-elements
are OFF or vice versa. It represents the coupling happening un-intentionally through antenna to beamformer coupling
or antenna to connector coupling or even leakage through the OFF-electronic channels.
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Figure 5.6: Measured couplings and leakage levels (ref.-plane at the array ports) for different TX/RX
orthogonality-polarized antenna pairs: (a) TX at k, Rx at k (b) TX at k, RX at k+1 and (c) TX atk, RX at k-1. All
channels are in their reference state (maximum gain and zeroth phase state)
—17 dB (port-to-port), which is about 15 dB lower than the Cy x case. The signal to leakage ratio
remains sufficiently high (SLNR > 30 dB) over the bandwidth from 25-29.5 GHz for all the
elements pairs.

Fig. 5.7 presents sample channel testing results using the near-field coupling and using
far-field measurements. In the near-field coupling characterization, the TX/RX channel-pair
sharing the same antenna are activated. To characterize the TX, the RX state is fixed and TX is
cycled through all of its phase shifter and variable gain amplifier (VGA) states. To characterize
the RX, the TX state is fixed and the RX is cycled through all of its states. This enables knowing

the amplitude and phase of each channel’s states relative to each channel’s reference state (taken
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Figure 5.7: Measured channel characterization (phase-shifter and VGA states) using far-field and near-field
couplings for Pol. (A) TX (#1,#16) and RX (#1,#16) respectively: (a,e,i,m) phase shifter relative insertion phase,
(b.f,j,n) VGA relative insertion gain, (c,j,k,0) phase shifter relative insertion gain, (d,h,L,p) VGA relative insertion

phase.

102



- (a) —o—Freq. =25 GHz - (c) —o—Freq. =25 GHz
m 0.8 —o—Freq. =27 GHz m 0.8 —o—Freq. =27 GHz
S —o—Freq. =29 GHz ) —o—Freq. =29 GHz
§ 0.6 § 0.6
wo4
2
7 0.2
4 8 12 4 8 12 16
Element Index Element Index
6
—~ (b) —o—Freq. =25 GHz —o—Freq. =25 GHz
2 —o—Freq. =27 GHz —o—Freq. =27 GHz
S4 —o—Freq. =29 GHz|] —o—Freq. =29 GHz
S
(0
%) . R 5
E ’:‘:\\; g \\\\\ e [
4 8 12 16 8 12 16
Element Index Element Index

Figure 5.8: Measured rms amplitude and phase errors between far-field and DP-BIST channel characterization
results for all channels stat of Pol. A in TX-mode (a,b) and RX-mode (c,d).

as its maximum gain state and zeroth phase state). As can be seen, the near-field characterization
agrees very well with the far-field characterization over a wide frequency bandwidth from 24-32
GHz. The variation of the phase shifters and VGAs insertion phase and insertion gain versus
phase state and gain state can be determined with high accuracy from the near-field coupling.
Interestingly, although all channels are designed to be the same, there is still variation, for instance
TX#16 has relatively large gaps in its phase shifter states near the quadrant changes (every 90°)
which is detected by both the near-field and far-field characterization. Errors between far-field
and near-field results are mostly <0.6 dB/ 6°, peak errors mainly occur when the VGA is at
lowest gain states at which the SNLR is lower by 10-12 dB. The rms errors for all elements in TX
mode and in RX mode are shown in Fig. 5.8, the errors are <0.3 dB/ 3° for all elements at the
different frequencies. It is worth mentioning that, in the near field coupling, it is important to

ensure that the power levels at the TX input are properly set so as not to saturate or compress the
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Figure 5.9: Measured DP-BIST and far-field relative array channels amplitudes and phases at 29 GHz in the
TX-mode (a,b) and RX-mode (c,d).
RX receiver, especially when transmitting and receiving within the same antenna (port-coupling
~ —18 dB). In the current case, the RX iP1dB at the maximum gain state is —20 dBm and TX is
operated at an output power of ~ —10 dBm so as to allow enough margin for operation in the
linear mode for both the TX and the RX channels. In case the characterization needs to be done
at higher power levels especially for TX channels, a further-away weakly coupled receiver can be
used or even any of passive probe antennas.

Fig. 5.9 presents the extracted relative channel coefficients for the 45-deg. polarization
(RF4) from the DP-BIST method and the far-field method in TX and RX mode when all elements
are in their reference state at 29 GHz. As can be seen, the DP-BIST predicted values are in good
agreement with their corresponding far-field ones. The rms error (defined as difference between
DP-BIST and far-field values) is 0.7/0.8 dB and 2.5°/3.3° in the RX/TX modes respectively.
Fig. 5.10 represents the rms ampltiude and phase errors between far-field and DP-BIST for

polarization in TX and RX modes when all the channels are at their zeroth-state. It can be seen
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Figure 5.10: Measured DP-BIST and far-field relative array channels amplitudes and phases at 29 GHz in the

TX-mode (a) and RX-mode (b).

that over the frequency range from 24 to 29.5 GHz, the errors are less than 0.9 dB/7° in TX mode
and less than 1.1 dB/8°. The errors spike outside this range due to the drop in coupling levels,
especially Cy 441, outside this frequency range as show in Fig. 5.6 (b,c).

The array characterization data based on DP-BIST is then used to correct for the amplitude
and phase offsets of the different elements (Fig. 5.9) to establish a uniform illuminated array.
Fig. 5.11(a) presents the measured radiation patterns without any calibration, which is clearly
un-focused mainly due to the large phase spread on the elements illustrated in Fig. 5.9 which
stems from the differnt transmission line length connecting the chip outputs and the antennas. Fig.
5.11(b) presents the measured array radiation patterns after the application of DP-BIST calibration
in TX/RX modes to correct for the amplitude and phase spread on the aperture. Both patterns
are very close to theoretical expectations with a beam-width of 6.7° and —13 dB side-lobe levels,
indicating good calibration quality with small errors. Scanned patterns in the TX and RX modes
were also measured and are shown in Fig. 5.12 (a,b), the patterns remain very close to ideal

expectations in terms of side-lobes and scan drop.
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Figure 5.12: Measured scanned polarization (A) patterns at 29 GHz after DP-BIST calibration in: (a) TX-mode and
(b) RX mode.

5.5 Conclusion

This work presented an in-situ self-test and self-calibration method for dual-polarized
dual-beam 5G TRX phased arrays. The method (DP-BIST) exploits antenna-mutual-coupling
symmetries between the two orthogonal polarizations sharing the same aperture. Measure-
ments based on a 16-element linear array demonstrate that DP-BIST agree well with far-field

measurements and results in near-ideal phased array patterns.
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Chapter 6

Conclusion

This dissertation presented two millimeter-wave antenna arrays at 28 GHz for fifth-
generation (5G) mobile communication applications and techniques for performing in-situ self-
test and self-calibration for single- and dual-polarized 5G phased-arrays. A scalable low-cost
64-element single-polarized transmit/receive phased array is presented in Chapter 2. The array
can provide a transmit EIRP up to 52 dBm with a 4 GHz 3-dB EIRP bandwidth (27-31 GHz) and
can scan £50°in azimuth and +50° in elevation. The array is designed so that it can be scaled
on-grid to any (16xN) size by placing several copies side by side without perturbing the antenna
array lattice. This feature allows realization of larger aperture and consequently narrower beams
by combining the beams of adjacent 64-element arrays without affecting side-lobe performance.
The application area is in multi-beam 5G base-stations providing Gbps communication.

Chapter 3 presented a 2x 64-element 28-32 GHz dual-polarized dual-beam phased array
for 5G polarization MIMO applications. The array incorporates a shared aperture for both
vertically- and horizontally-polarized beams while maintaining high-beam isolation and cross-
polarization suppression over scan. An 8-channel SiGe 2x2 quad-beamformer chip is used
together with feed-rotation on the 2 x2 antenna cell for improved cross-polarization performance.

Also, a dual-Wilkinson beamforming network is used in the PCB to obtain two simultaneous
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beams. Dual-beam operation and over-the-air (OTA) link measurements were demonstrated
achieving record-setting data rates up to 40 Gbps and 60 Gbps using 16- and 64-QAM waveforms
at broadside. Link performance with both beams scanned off-broadside to the same direction
was also demonstrated achieving a data rate of 9.6 Gbps using 64-QAM waveform with an
EVM < —25 dB over £50° scan range.

In Chapter 4 an in-situ self-calibration for single-polarized 5G phased arrays utilizing
mutual antenna coupling from neighboring arrays (labeled Quad BIST) is presented. Mutual-
coupling properties of microstrip antennas are studied and near-field coupling dynamic range is
analyzed. OFF leakage limitations are identified, and a solution to overcome them is proposed.
The Quad-BIST technique was successfully applied to 5G 28 GHz arrays with 4 x4 and 8x8
elements in each quadrant. The results show that Quad-BIST predicts the channel states (gain,
phase control) with rms errors of 0.2 dB/2° and 0.4 dB/2.5° for the 4 x4 and 8x8 quadrants
respectively. The relative channel ratios are found to be within rms errors of 0.8 dB/7.5°. Near-
ideal patterns are attained using the quadrant-level calibration for both arrays with side-lobe levels
below -20 dB over scan.

A second self-calibration technique for in-situ calibration of dual-polarized dual-beam
phased arrays is presented in Chapter 5. The procedure, labeled (DP-BIST), exploits the mutual
coupling between different antennas of orthogonally polarized beams sharing the same aperture
to enable in-situ self-calibration and self-test of the phased array channels of each beam. A
proto-type 16-element dual-polarized dual-beam linear phased-array at 29 GHz was implemented
for verification of the technique operation. DP-BIST was successfully applied to the linear phased-
array prototype and predicted the relative channel states (gain, phase) with rms errors better than
0.3 dB /3° and the relative channel offsets with rms errors 0.8 dB /6° over a wide-bandwidth,

showing its feasibility for use in 5G polarization MIMO phased arrays.
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6.1 Future Work

In Chapter 4, an in-situ self-calibration technique has been presented for single-polarized
2D MIMO phased arrays. In the implementation, the mutual-coupling data was collected from
the prototype quadrant arrays at the RF interface via external VNA measurements and then
post-processed offline via MATLAB processing. The promising performance obtained verified
the core technique operation and encourages future work on building a more complete online
self-calibration system. The system would have transceivers and ADCs/DACs behind every
quadrant array and an integrated VNA on the array PCB. The calibration routine can then be
implemented on an FPGA controller that interfaces with the arrays and the integrated VNA
providing for a complete in-situ solution where the array-calibration and recalibration can be
done automatically and periodically in-the-field.

Chapter 5 presented an in-situ self-calibration technique for dual-polarized dual-beam
MIMO arrays. DP-BIST operation was verified using linear phased arrays with single beam-
former chips instead of dual-beamformer chips due to the non-availability, at the time, of dual-
beam former chips capable of simultaneously operating channels of one beam in TX mode
while the other beam is in RX mode for performing the required coupling operations. With
the availability of such chip-sets, developing 2D dual-polarized dual-beam arrays with self-
calibration capabilities is possible to implement and the presented work can be extended, with

some modifications, to the more general 2D array case.
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