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The millimeter-wave (mm-wave) spectrum is currently used for the fifth-generation (5G)
standard for high data-rate and low-latency links for both mobile users and fixed wireless access.
The 5G standard supports licensed bands at 23.5-30.5 GHz and 37-43 GHz and unlicensed band
at 57-71 GHz. Compared with 4G bands, the mm-wave bands support 10x larger bandwidth
and thus can greatly improve the data-rate and maximize the throughput. At millmeter-wave
frequencies, phased-array antennas with 32 to 512 elements are used to increase the antenna
directivity so as to overcome the severe path loss. Such arrays can improve the link margin and

allow for Gbps communications at 50-1000 meters. The research projects in this dissertation, in
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consequence, focus on the design and implementation of wideband 5G phased-arrays at 28 GHz
and 39 GHz with 64 to 256 elements and with state-of-the-art performance. Also, the phased
array system analysis for EVM degradation versus RMS error, and advanced applications such as

carrier aggregation at mm-waves are investigated.
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Chapter 1

Introduction

1.1 Background

The ever increasing mobile data traffic has caused stress on the current 4G celluar network.
In consequence, the milimeter-wave spectrum has drawn a lot of attention over the past few years
and is now approved to be used for the fifth-generation (5G) communication systems to provide
mobile users with Gbps and low-latency data links. Compared with 4G communication systems
which deliver a maximum data rate of a few hundred of Mbps, the 5G mm-wave network employs
carrier frequencies at 28 GHz, 39 GHz or even up to 60 GHz which has more than 10X larger
available bandwidth and thus can achieve tens of Gbps communication links. Therefore, 5G
communication systems are capable of supporting the emerging techniques and applications, such
as the internet of vehicles, smart city and virtual reality which all require high data-rate transfer
with low latency.

Although 5G communications have many advantages, some drawbacks exist and many
challenges need to be solved. The first obstacle is the increased free space loss (SLF=(A4mR)?)
for electromagnetic signals at mm-wave frequency bands. If the signal wavelength decreases

by a factor of 10, the free space loss will increase by a factor of 100 and this results in a 10x



shorter communication distance given the same effective isotropic radiated power (EIRP) and
transmit/receive (TRX) antenna gain. Also, the mm-wave signal suffers more propagation loss
from the atmospheric absorption compared with its sub-6 GHz counterpart and its line of sight
(LOS) property degenerates the ability of diffraction when the signal encounters obstacles in the
transmission.

The challenge also arises from the design and implementation of mm-wave systems.
Phased arrays, with high antenna gain and beam steering capabilities, emerge as an effective solu-
tion to overcome the high path loss and allow for long-distance communication links. However,
unlike the sub-6 GHz antenna arrays where the passive antenna elements and active TRX modules
are designed and optimized separately and then connected together through connectors and cables,
mm-wave phased arrays follow different design strategies. For example, the transmission-line
effect and its loss become significant at mm-wave frequencies so that the design of interconnection
between antennas and TRX channels has the same importance as the antenna design itself so as
to achieve the best system performance. Some other factors like the coupling between antenna
elements should also be considered in the design procedure.

Another issue which exists in 5G mm-wave phased-arrays is the channel-to-channel
variation and calibration. The performance variation for each antenna element usually comes
from the fabrication mismatch of different beamformer chips, printed-circuit-board (PCB) fabri-
cation errors and non-ideal behavior of surface mounted devices (SMD). This variation can be
compensated using calibration techniques and a good system performance can be maintained.
Since the deployment quantity of 5G mm-wave base stations is much larger than the 4G network,
the cost of calibration overhead should be reduced to a minimum. Therefore, efficient calibration
methods should be investigated and it is important to know what calibration is enough to achieve
excellent performance.

Despite of the challenges that need to be addressed for SG mm-wave technology, it is still

very promising and worth investigating. The effort of both industry and academia will speed up



the deployment of the 5G mm-wave network and the next generation wireless technology will

become part of people’s daily life in the near future.

1.2 Motivation

The 5G era is approaching and wireless communications evolved from traditional broad-
cast systems to directive communications with the use of phased arrays. Also, low-cost com-
mercial silicon beamformer chips with excellent performance (OP1dB, NF, etc.) have become
available which makes it possible to construct affordable 5G phased arrays. Therefore, mm-wave
phased arrays with 64 to 256 elements can be implemented with high EIRP, low system noise
figure and high electronic gain, and these arrays are capable of achieving up to 10 Gbps data links
within 300 m to 1000 m range.

There are various interesting topics worth investigating. One is the design of phased
arrays with wideband performance, for example, a wideband 23.5-29.5 GHz phased array is
demonstrated in this dissertation which can be used for multi-standard and 5G inter-band carrier
aggregation. Another topic is the analysis of the array performance versus systematic errors
such as the channel-to-channel variation. It is essential to understand the phased array tolerance
to these non-ideal factors so as to reduce the cost in practical deployment. In addition to the
regular communication scenarios, phased arrays can also be used for other applications such as
the short-distance Gbps data transfer between smart devices and point-to-point communication

links at few kilometers.

1.3 Thesis Overview

This thesis presents demonstrations of high performance mm-wave phased-array systems

at 28 GHz and 39 GHz along with their advanced applications and system analysis.



Chapter 2 presents a 23.5-29.5 GHz 8x8 phased-array for wideband multi-standard
applications. The array is based on wideband high-performance 2x2 transmit/receive (TRX)
quad-beamformer chips with 6-bit of phase control and 8-bit of gain control. The antenna is
designed using a stacked-patch structure combined with a two-stage impedance matching network
to enhance its bandwidth. The 8x8 phased-array achieves an effective isotropic radiated power
(EIRP) of 54.8 dBm at P1dB with a 3-dB bandwidth of 23.5-30.5 GHz, and can scan to +/-60°
in the azimuth plane and +/40° in the elevation plane with excellent patterns with a single-point
calibration at 27 GHz. Measured error vector magnitude (EVM) for a 64-QAM 200 and 800
Mbaud waveforms result in a system EVM of 5% (-26 dB) at an average EIRP of 46-47 dBm
at 24.5-29.5 GHz. Also, the wideband array is capable of 16-QAM 24 Gbps links with an
EVM <16% over all scan angles. An inter-band carrier aggregation system is also demonstrated
with the wideband array using 200 Mbaud 64-QAM waveforms with 25- and 29-GHz carriers.
The phased-array phase and amplitude settings are chosen such that the 25 GHz and 29 GHz
waveforms are radiating simultaneously at the same angle with low scan loss, resulting in an
efficient system. Also, the out-of-band 3"-order intermodulation products generated by the power
amplifier on each element are filtered out by the antenna. Carrier aggregation measurements with
up to 50° scan angles are demonstrated with low EVM. To the author’s knowledge, this is the first
demonstration of carrier aggregation in mm-wave 5G systems.

Chapter 3 presents a 24-29.5 GHz 256-element phased-array for 5G applications. The
array is based on commercial 2x2 TRX beamformer chips, designed with SiGe BiCMOS tech-
nology, which employ 6 bits of phase control and 8 bits of gain control. A symmetrical 1:64
Wilkinson network is used to distributed the power to all elements. The phased-array can achieve
-20 dB sidelobe levels after calibration, and can scan up to £60° in the azimuth-plane and £50° in
the elevation-plane. The measured EIRP is 63.5 dBm and 65.5 dBm at P1dB and Psat respectively,
with a 3-dB bandwidth of 5.5 GHz (24-29.5 GHz). Complex modulation measurements on the

16x16 array with 64-QAM and 256-QAM 100 Mbaud waveforms (0=0.35, PAPR=7.7 to 8.2



dB) show low EVM values (2-3%) up to an EIRP of 58 dBm. This is the first 256-element array
for 5G applications with very high EIRP, and which can support 64 and 256-QAM modulation
formats.

Chapter 4 presents a 200 Mbps to 1 Gbps communication link at a distance of 3.5-4.75
km using two high-performance 28 GHz 8x8 phased-arrays. The 8x8 transmit array achieves
an EIRP of 53-54 dBm to overcome the 132.5-135.2 dB path loss at these large distances. The
error vector magnitude (EVM) was measured with different data rates and at different scan
angles in the azimuth plane. An EVM of <36% was achieved for a maximum data rate of 1
Gbps, which is enough for QPSK with FEC (forward error correction). At 200 Mbps with QPSK
modulation, an EVM of 17% was achieved. To our knowledge, this work is the first demonstration
of communication links at few kilometers using SG phased-arrays.

Chapter 5 presents a high-data rate wireless link over a short distance using a 2x2 phased-
array. The array can be used as a connectorless connector that enables ultra-fast data transfer
without the need for a physical cable connecting the transmitter and receiver. It is seen that the
use of phased-array scanning, even in a small array, greatly increases the link robustness versus
misalignment and maintains a low EVM over large misalignment distances.

Chapter 6 presents a method to determine the OIP3 of phased-array amplifiers using a far-
field measurement, the equation is derived and verified by experiment. The far-field OIP3 is then
measured using a 5G 28 GHz 32-element phased array employing 2x2 beamformer chips, and the
far-field derived OIP3 agrees well with measurements done on a single amplifier. This technique
therefore allows the user to determine the (average) OIP3 of the power amplifiers used in an array
even if they do not have access to the individual beamformer chip. An additional benefit is the
ability of characterizing the PCB bias network resonances in a phased-array environment.

Chapter 7 presents a 5G 37-42 GHz 8x8 phased-array. The array is based on 2x2 SiGe
transmit/receive (TRX) beamformer chips in SiGe technology with 6 bits of phase control and 8

bits of gain control. A detailed study is presented showing the effects of array-level amplitude



and phase errors on the radiated EVM of 64-element arrays. The array scans to +/-60° in the
azimuth plane and +/-50° in the elevation plane with low sidelobes. The measured peak effective
isotropic radiated power (EIRP) is 51 dBm at Psat with a 3-dB bandwidth of 36-41.5 GHz. A 39
GHz communication system is also demonstrated along with a high-pass filter and an integrated
up/down-converter, and achieves an LO and image rejection level of 50 dBc, meeting FCC
requirements of <-13 dBm/MHz of total leakage power. The array achieves <5% error vector
magnitude (EVM) (-26 dB) using a 64-QAM 200 MHz waveform at an average EIRP of 44
dBm over all scan angles, including the LO and up/down-converter contributions. A 30 Gbps
communication link with 64-QAM modulation is also shown. To our knowledge, this is first
demonstration of a 39-GHz phased-array communication system for 5G applications.

Chapter 8 concludes the dissertation and discusses future work.



Chapter 2

Wideband 23.5-29.5 GHz Phased-Arrays
for Multi-Standard 5G Applications and

Carrier Aggregation

2.1 Introduction

The demand for high data-rate communications for mobile users has promoted the investi-
gation of multi-gigabit-per-second phased-array systems for the fifth-generation (5G) commu-
nication standard [1-16]. At millimeter-wave frequencies, phased-array antennas with 32-512
elements are used to increase the antenna directivity so as to overcome the severe path loss (SLF
= space loss factor = (M4nR)?> = -62 dB for R = 1m at 30 GHz). Such arrays improve the link
margin and allow for Gbps communications at 50-300 meters.

There are different frequency bands allocated worldwide to 5G mm-wave systems in-
cluding the 24.25-27.5 GHz, 27.5-29.5 GHz, 37-40 GHz and 40-43 GHz bands. Previously,
phased-arrays and their related chips were designed to operate in one band which limited their use

as the number of bands increased. It is therefore advantageous to design phased-array beamformer
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Figure 2.1: (a) Block diagram of the wideband 5G 8x8 phased-array and (b) spectrum for carrier aggrega-
tion.

chips and antenna arrays which can operate over a wider band, such as 23.5-29.5 GHz and 37-43
GHz so as to allow multi-standard operation and reduce the cost of deployment.

Carrier aggregation (CA), which combines multiple component carriers (CCs) across
the available spectrum, is a potential technique which can be used to increase the spectral
efficiency and maximize the throughput. An example of sub-6 GHz CA is LTE Advanced
(Release 10) which supports up to five 20 MHz carriers which can be allocated to an individual

user. There are different types of CA scenarios: a) intra-band contiguous CA, b) intra-band



non-contiguous CA and c) inter-band CA (Fig. 2.1b). The intra-band contiguous CA mode is
effectively indistinguishable from advanced 5G standards employing OFDM waveforms with 4x
or 8x 100 MHz component carriers, and presented in a number of mm-wave phased-array system
demonstrations [17-22]. This paper focuses on the inter-band CA which aggregates multiple
CCs in different frequency bands as it can enhance the efficient use of spectrum, especially if
the operator has purchased two distinct frequency bands (such as AT&T with 24-25 GHz and
28-29 GHz). For such an application, a wideband phased-array is required and its operation in
CA mode should be investigated.

In this work, a 64-element wideband 23.5-29.5 GHz phased-array for multi-standard and
carrier aggregation is presented. Operation at different frequencies from 25 to 29 GHz is first
demonstrated, and then, over-the-air (OTA) 5G carrier aggregation with two CCs at 25 GHz
and 29 GHz is presented. Challenges in 5G CA such as the increase of peak-to-average-power-
ratio (PAPR), beam-squint at different carriers, and the generation of 3™-order intermodulation

components and their filtering are studied in detail with experimental verification.

2.2 Phased Array Architecture and Beamformer Chip

The 64-element (8x8) phased-array employs the architecture shown in Fig. 2.1a. Itis
based on 2x2 (quad) transmit/receive (TRX) beamformer chips fabricated in SiGe technology,
and flipped on a low-cost multiple-layer printed circuit board (PCB). The 64 antenna elements
are placed on the other side of the PCB and are directly fed by beamformer chips using a probe
feed. This ensures minimum transmission-line loss between the chip and the antenna and results
in optimal performance both in the Tx and Rx modes. A wideband transceiver is used at the
common point, and a filter is integrated on the PCB for added LO and image rejection. This
topology has been presented before in numerous papers and will not be expanded here for

brevity [6,8, 10,12, 16].
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Figure 2.2: Block diagram of the wideband 23.5-29.5 GHz 2x2 beamformer chip.

Table 2.1: Summary of the 2x2 SiGe TRX beamformer chip

Receive mode Transmit mode
Gain (dB) 19 Gain (dB) 22
NF (dB) 5.5 OP1dB (dBm) 15-16
IP1dB (dBm) -19 IP1dB (dBm) -7
Gain Control 26 Gain Control (dB) 26

Phase shifter 6-bit Phase shifter 6-bit
DC power /ch (W) | 0.156 | DC power /ch (W) | 0.34
VDD (V) 2.3 VDD (V) 2.3

The wideband beamformer chip contains four RF TRX channels and a common RF port
with a 1:4 on-chip Wilkinson network as shown in Fig. 2.2. Each channel of the beamformer chip
contains a 6-bit phase shifter, 8-bit variable gain amplifier (VGA), a power amplifier (PA) and a
low noise amplifier (LNA). The phase shifter has a phase step of 5.6° and the VGA provides a
gain control of 26 dB. The PA results in an OP1dB of 15-16 dBm at 23-31 GHz. The beamformer
chip also has a noise figure (NF) of 5.5 dB at 27 GHz with an IP1dB of -19 dBm. The power
consumption is 156 mW/channel in the receive mode due to the high linearity of the chip, and
340 mW/channel in the transmit mode at P1dB (Table 2.1). The chip is controlled using a serial

peripheral interface (SPI). Details of the chip design and measured performance are shown in [11].
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2.3 Wideband Antenna Design

The 8x8 phased-array is built on a low-cost Megtron 6 PCB (g,= 3.4, tand = 0.005
at 30 GHz). Sixteen quad beamfomer chips are used on the M1 layer as shown in Fig. 2.3.
Also, a 1:16 Wilkinson power combining network is designed on the M1 layer with a compact
configuration. The antenna is a stacked-patch structure on M10 and M12 to enhance the antenna
bandwidth, and with the M6 layer used as the antenna ground. Such an antenna can result in 15%
bandwidth, but a two-stage matching network is used on M1 to further enhance the impedance
matching between the antenna and the beamformer chip and results in a 25% fractional bandwidth.
To our knowledge, this is nearly the limit of achievable bandwidth for a standard microstrip
antenna [23,24]. The SPI control lines and VDD are routed on M2-M5.

Fig. 2.4a presents the antenna model on M1 and M12 layers which includes the antenna,
coaxial feed and the matching network. This is simulated using ANSY'S HFSS with Master/Slave
boundary conditions along with the Floquet port excitation. Fig. 2.4b presents the simulated
antenna Sy; and S,; when scanning in the E- and H-planes and a -10 dB bandwidth of 24-30.5
GHz is achieved. The S,; includes the antenna efficiency and the matching network ohmic loss

on M1 layer up to the reference port (defined at the chip’s RF port) as shown in Fig. 2.4a. The
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Figure 2.4: (a) 28 GHz wideband antenna model and coaxial feed. (b) Simulated S;; and S;; versus scan
angle in E- and H-plane at the reference port. Sy is plotted at 0° and 30° (elevation) and 45° (azimuth)
scan angles.

antenna has an average simulated loss of 0.5 dB at 0° and increases to 1.3 dB at 45° scan angle.
Note that the antenna relative response is -8 to -10 dB at 21 GHz and 33 GHz, which is required
for filtering the intermodulation products in the carrier-aggregation system.

The 8x8 phased-array employs an antenna grid size of 5.3 mm (0.53A @30 GHz) on
the horizontal (azimuth) axis and 5.74 mm (0.574\X @30 GHz) on the vertical (elevation) axis.
With this spacing, a scanning capability of +/-60° in azimuth and +/- 40° in elevation without
grating lobes is achieved at the maximum frequency of 29.5 GHz. The board is designed
with full symmetry and with equal feed-line lengths so that minor calibration is needed when
measuring the patterns and EIRP. The antenna feeds between two neighboring rows are rotated

for a low cross-polarization. This results in a cross-polarization level below -28 dB over all scan
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Figure 2.5: Front and back view of the 28 GHz wideband 8x8 phased-array board.

angles [8, 16].

For wideband designs, the antenna directivity changes versus frequency. For a uniform
illumination, the 8x8 array has a gain of 21.7-23.7 dB at 23.5-29.5 GHz, respectively. Therefore,
for the same radiated power per element versus frequency, the EIRP at 23.5 GHz is 2 dB lower

than at 29.5 GHz.

2.4 Wideband Array Pattern and EIRP Measurements

The fabricated phased-array board is shown in Fig. 2.5 with an antenna aperture of
4.6x4.3 cm?. The array consumes 10 W in the Rx mode and 21.8 W in the Tx mode at P1dB.
Also, the 8x8 array is designed to be scalable on the azimuth plane so that one can place multiple

arrays side by side without generating grating lobes.
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Figure 2.6: Measured normalized channel gain and phase variation at 27 GHz with calibration in the Tx
mode.

2.4.1 Channel Variation and Patterns

The 64-element array is first calibrated in the far-field by turning on one element at a time.
The VGA and phase shifter are then used to compensate the offset between the reference channel
and all other channels. Fig. 2.6 presents the measured gain and phase variation after calibration at
27 GHz in the Tx mode. An rms gain and phase error of 1.1 dB and 4.8°, respectively, is achieved.
Note that the calibration is only done at 27 GHz and is enough to achieve high-quality patterns
and EVM measurements at 24.5-29.5 GHz due to the symmetry of the design.

Fig. 2.7 presents the measured Rx H-plane patterns with 10-dB raised-cosine taper at 25,
27 and 29 GHz. The array scans to +/-50° with a sidelobe level <-20 dB at all frequencies and
the gain only drops by 3-4 dB at the largest scan angle. A 10 dB raised-cosine is used to show
the stringent -20 dB sidelobe levels and how a single-point calibration is adequate for this array.
At 27 GHz, the 3-dB beamwidth is 15.6°-20° at 0°-50° scan angles. The Tx mode patterns are

similar and not shown.

14



Normalized Amplitude (dB)

-25

-30

-90

Figure 2.7: Measured H-plane (azimuth) patterns with 10-dB raised-cosine taper at (a) 25 GHz, (b) 27

GHz, and

Fig. 2.8 presents the measured E-plane patterns with uniform illumination at 25, 27 and
29 GHz in the Tx mode. The array can scan to +/-40° at 25 and 29 GHz and scan to +/-30° at 29
GHz with <-11 dB sidelobes. The pattern drops by more than 5 dB when scanning to 40° at 29

GHz, and this is due to the surface-wave mode arising from the 0.56A antenna grid size in the

elevation

Fig. 2.9 presents the measured broadside pattern with uniform illumination at 27 GHz,

and the cross-polarization level is <-32 dB at broadside. A cross-polarization level of <-28 dB is
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Figure 2.8: Measured E-plane (elevation) patterns with uniform illumination at (a) 25 GHz, (b) 27 GHz,
and (c) 29 GHz in the Tx mode.
achieved over all scan angles in the H-plane due to the utilization of feed-rotation technique. The
3-dB beamwidth is 12.6°-18° at 0°-50° scan angles.

Fig. 2.10a presents measured patterns for wide coverage areas in the azimuth plane. The
amplitude distribution across the array elements follows a sinc function [6]. Such a pattern spreads
the energy equally over wide angles and improves the coverage for users for a short distance
communications. Similar patterns are achieved at 25 GHz and 29 GHz and are not shown. Fig.

2.10b-c present the measured monopulse patterns which can be used for user tracking. A <-24
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Figure 2.9: Measured co-pol. versus cross-pol. patterns at (a) broadside, (b) 30° scan and (c) 50° scan in

the H-plane at 27 GHz in the Rx mode.

dB null level can be achieved at all scan angles for tracking purposes.

2.4.2 Wideband Frequency Response and EIRP

Fig. 2.11 presents the measured wideband frequency response of the 8x8 array. The

measured 3-dB bandwidths in the Tx and Rx modes are 25.5-29.4 GHz and 24-29.6 GHz,

respectively. This includes the Wilkinson network, the chip electronic gain and the antenna

response. Note that in the Tx mode, a better figure of merit is the EIRP as more input power can
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Figure 2.10: Measured (a) flat-top pattern and monopulse pattern at (a) broadside and (c) 50° scan at 27
GHz. Normalized to patterns with uniform illumination.
be used to overcome the chip electronic gain drop.

Fig. 2.12a presents the measured EIRP of the 8x8 phased-array at broadside and an EIRP
of 54.8 dBm at P1dB is achieved. The EIRP has a 3-dB bandwidth of 23.5-30.5 GHz and agrees
with simulations at 27-28 GHz (EIRP = 20logN + Gant + Pejemen: = 36 + 4 + 15-16 = 55-56 dBm,
where Gt = Dyps - Loss. Dgpy =5 dB at 28 GHz and Loss = 1 dB is the antenna loss and matching
network loss). Note that at 23.5 GHz, the phased-array directivity is 1.5 dB lower than at 28 GHz

and also, the antenna reflection coefficient is -10 dB resulting in an additional 0.5 dB power loss.
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Figure 2.11: Measured wideband frequency response of the 8x8 phased-array in the Tx and Rx modes.

Therefore, the 2x2 SiGe beamformer chip has a wideband and well-matched PA and contributes
only 1 dB of transmit-power degradation to the EIRP at 23.5 GHz.

Fig. 2.12b presents the measured EIRP versus different number of elements with the
input power set at the [P1dB level for 27 GHz. The EIRP increases as 20/logN with the increase
of element number, and the variation between different clusters also becomes less due to the
averaging effect of phased-arrays. A wide EIRP bandwidth is achieved at all sub-array levels
(several 32-element arrays, several 16-element arrays).

Fig. 2.12c presents the EIRP4p at different scan angles in the H-plane (azimuth scan)
at 25-29 GHz, and less than 3 dB EIRP drop is obtained within a +/- 50° scan range for all
frequencies. As shown in Fig. 2.4b, the antenna is designed to be well matched even at large
scan angles, and the beamformer PAs can still deliver almost the same amount of power at P1dB

compared with broadside.

2.5 Multi-Standard and Wideband EVM Measurements

EVM measurements using a single-carrier (SC) are performed on the wideband 8x8 array

with the setup shown in Fig. 2.13. A Keysight arbitrary waveform generator (M8195 AWG)
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Figure 2.12: Measured: (a) EIRP4g versus frequency, (b) EIRP versus number of element, and (c)
EIRP4p versus scan angle in the azimuth plane (H-plane) at different frequencies.

is used to generate the modulated signal with the center frequency at 27 GHz. The modulated
signal is amplified by a PA and fed into the transmit array. A Ka-band horn antenna is placed at a
distance of 1.3 m which results in a space-loss-factor (SLF) of 63.3 dB at 27 GHz. A Keysight
63 GHz real-time oscilloscope (DSOZ632A) is then used to demodulate the signal using the
Keysight Vector Signal Analysis software (VSA-89600). An external LNA is placed after the
horn antenna to maintain SNR of the link since the DSO has a NF of 20 dB.

Fig. 2.14a presents the measured EVM versus EIRP with a 200 Mbaud 64-QAM waveform
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Figure 2.13: Setup for EVM measurement at 1.3 m.

at 27 GHz, and a PAPR of 7.7 dB with a pulse shaping factor o = 0.35. The EVM is first limited
at low EIRP with the SLF of 63.3 dB. In the mid-region, the EVM is constant at 2.6% (-31.7 dB)
and is limited by the transmit chain SNR together with the DSO phase noise. At high EIRP, the
EVM is limited by the PA non-linearity. At 5% system EVM;qs (-26 dB), the array achieves an
average EIRP of 46.5 dBm which is 8 dB backoff from the array’s P1dB. If the background 2.6%
is taken out, the array delivers an EIRP of 47 dBm at an EVM of 5% (-26 dB). Fig. 2.14a also
presents the EVM measurements done with 800 Mbaud bandwidth. It is interesting that the 800
Mbaud performance is ~1 dB better than the 200 Mbaud achieving a 5% EVM;s (-26 dB) at
an EIRP of 48 dBm, and this could be due to the power amplifier bias network. Fig. 2.14b, ¢
present the measured spectrum at different backoft levels from P1dB using the 200 Mbaud and
800 Mbaud 64-QAM waveforms at 27 GHz. At 8 dB backoff (EIRP = 46.5 dBm), the measured
adjacent channel power ratio (ACPR) is -32 to -33 dBc (mid-band point).

Fig. 2.15a presents the measured EVM versus EIRP using the 200 Mbaud 64-QAM
waveform at 25 and 29 GHz in single-carrier mode. Note that in this measurement, the system
is optimized further and the EVM floor is 2% (instead of 2.6 %). At 5% EVM;n (-26 dB), the
radiated EIRP is 45.5 dBm for both frequencies showing the wideband performance of the array.
Similar measurements were done using the 800 Mbaud waveform and an EIRP of 46-46.5 dBm is
obtained for an EVM of 5%. The EVM is also measured at 27 GHz for different scan angles with

the 800 Mbaud 64-QAM waveform. A nearly constant EVM can be obtained over +/- 50° scan
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Figure 2.14: (a) Measured EVM versus EIRP and spectrum at different power levels with (b) 200 Mbaud
and (c) 800 Mbaud 64-QAM waveform at 27 GHz.
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Figure 2.15: Measured EVM versus EIRP with (a) 200 Mbaud 64-QAM waveform at 25 and 29 GHz and
(b) with 800-Mbaud 64-QAM waveform at 24.5 and 29.5 GHz in single carrier mode.

range at 6 dB and 10 dB backoff from P1dB (Fig. 2.16). Similar measurements were obtained at
different frequencies.

Fig. 2.17 presents the measured constellations in the mid-EVM region (30 to 40 dBm)
for different modulations. It is seen that near-ideal performance can be obtained from this
phased-array even with 400 Mbaud 256-QAM waveforms having a PAPR of 8.2 dB.

The 8x8 array has a 6-7 GHz instantaneous bandwidth and therefore, can be used for
wideband ultra-high-data transfer. Fig. 2.18a presents the measured EVM versus data rate using
16-QAM waveforms with o = 0.35 (PAPR=6.6 dB) at 0°, 40° and 60° scan angles. A maximum
data rate of 24 Gbps can be achieved with an EVM;,4=14.4%-16% (-17 dB to -16 dB). The

different time of arrival for elements across the phased-array causes inter-symbol interference
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Figure 2.17: Measured EVM and constellations for 64-QAM and 256-QAM waveforms at a center
frequency of 27 GHz.

(IST) which degenerates the EVM especially at large scan angles with high data rate. But the
measured EVM does not degrade even at 40° to 60° scan angle due the use of an FIR equalizer in

the DSO. The measured constellations for different data rates are shown in Fig. 2.18b.
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Figure 2.18: (a) Measured EVM versus data rate at 27 GHz with a 16-QAM waveform at different scan
angles and (b) constellations at different data rates at normal incident (no scan).

2.6 Carrier Aggregation Analysis and Simulation

2.6.1 Beam Squint and IM3 Patterns

CA operating at 25 and 29 GHz results in phased-array beam squint due to the use of
constant phase shifters on the antenna elements. Beam squint causes loss in the antenna gain for
the different CA frequencies at the observation angle especially when scanning to wide angles.

The pointing angle can be calculated as:

sin(0yr) = % -sin(09) 2.1)
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Figure 2.19: (a) Simulated beam squint patterns at 0°, 15°, 35° and 55° scan angles with phase setting at
27 GHz. Patterns are normalized to the broadside pattern. (b) Simulated antenna gain drop at the cross-over
point at 25, 27 and 29 GHz. The element pattern follows cos(0) in the simulation.

where fj and 0y are the phase shifter setting frequency and scan angle, and f and 6y are the
operating frequency and pointing angle (in this case, 25 GHz and 29 GHz). Fig. 2.19a presents
the simulated patterns at 25, 27 and 29 GHz for scan angles of 0°, 15°, 35°, 55°. The phase shifts
on the array are set at 27 GHz and one can clearly see that the 25 and 29 GHz patterns are pointed

at different angles. Note that the 25 GHz points higher than the scan angle, and the 29 GHz
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Figure 2.20: Measured H-plane at 25 and 29 GHz when scanning to 50° with phase setting at 27 GHz.
Normalized to the peak of pattern at 27 GHz.

pattern points lower than the scan angle. Therefore, there is always an intersection angle which
has minimal loss in antenna gain for both 25 and 29 GHz patterns. This property ensures that the
inter-band CA can work for wide scan angles without excessive pattern gain loss, even if the two
frequency bands are 4 GHz away from each other. The pattern gain loss (intersection point) is
shown in Fig. 2.19b for the 8x8 array. It is seen that the maximum excess gain loss (due to the
pattern crossover operation) is only 0.5 dB at 55° scan angle. Fig. 2.20 presents the measured
H-plane patterns at 25 and 29 GHz with phase setting at 27 GHz for 50° scan, and an excess gain
loss of <0.5 dB for each pattern can be achieved. The lower gain at 25 GHz and 29 GHz is due
to the array frequency response (see Fig. 2.11).

The phased array also generates IM3 components (2f>-f7, 2f;-f>) at 21 GHz and 33 GHz
due to the PA non-linearities on each antenna element. These IM3 components radiate at different
angles when the phase shifters are set for 0y at 27 GHz (Fig. 2.21a) [25]. Fig. 2.21b presents
detailed patterns for a 50° scan angle, and it is seen that the IM3 components peak at 80° (21
GHz) and 39° (33 GHz). This results in 7-8 dB reduction in the far-field IM3 components if
measured in a receive array at this angle. However, for out-of-band (OOB) radiation, one needs

to also look at all angles, and this 7-8 dB reduction is not helpful for meeting the FCC OOB

27



----- f0=27 GHz @ 50°

—— IM3=21 GHz @ 80° (@)

—— IM3=33 GHz @ 39° 90
120

180

0 -10 -20 -30 -40 (dB)
(b)

Figure 2.21: (a) Simulated IM3 patterns at 15°, 35° and 55° scan angles. (b) Simulated detailed IM3
patterns at 21 and 33 GHz when scanning to 50° with phase setting at 27 GHz in the CA mode. Normalized
to the peak of each pattern.

(out-of-band) specifications.

2.6.2 System level Carrier Aggregation Simulations

Fig. 2.22a presents the simulation setup in Matlab Simulink to investigate the intermodu-
lation effect of the RF channel in carrier aggregation mode. Two independently modulated 400
Mbaud 64-QAM baseband signals are generated by a random integer generator together with a
rectangular QAM modulator. The signals are fed through the raised-cosine filter (¢=0.35) and
are upconverted to the RF domain with carriers at 25 and 29 GHz. The two modulated signals
are added using an ideal combiner before passing through the channel. The Matlab constellation
diagram block and spectrum analyzer are then used to measure the output signal. The beamformer
channel is modelled using a non-linear amplifier with 25 dB gain and 15 dBm OP1dB. Cadence
simulations show an OIP3 of 20 dBm for the SiGe beamformer with 25 GHz and 29 GHz inputs,

and only the odd order is considered in its input-to-output polynomial function since the 3-order
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Figure 2.22: (a) Setup for carrier aggregation simulation, and (b) simulated CCDF curve for 64-QAM
modulated signal with one to four aggregated carriers.

intermodulation is of interest.

The Complementary Cumulative Distribution Function (CCDF) is used to describe the
probability of a signal’s instantaneous power at a specified level above the average power. The
CCDF curve with one, two and four carriers with 64-QAM modulation (at=0.35 for pulse-shaping
filter) is shown in Fig. 2.22b. At 10*% probability, the two-carrier 64-QAM signal has 1.8 dB
higher peak-to-average-ratio (PAPR) than a single-carrier signal. Therefore, more backoff is
needed for two-carrier aggregation in order to achieve the same EVM performance.

Fig. 2.23a presents the simulated spectrum of the output signal from the beamformer
channel with two carrier components at 25 and 29 GHz. The total output power for the two
carriers is 7 dBm which is 8 dB backoff, or 4 dBm and 11 dB backoff per carrier. Note that the
radiated power will be 1 dB lower due to the antenna loss. The IM3 are observed at 21 GHz and

33 GHz with a -25 dBc power level. The spectrum for each modulated signal is presented in Fig.
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Figure 2.23: (a) Simulated broadband spectrum for output signal from beamformer with aggregated
carriers at 25 and 29 GHz, (b) simulated spectrum for each modulated signal at complex baseband, and (c)
corresponding constellation.

2.23b at baseband and the simulated EVM is 4.7% (Fig. 2.23c).

2.7 5G Carrier Aggregation Measurements

Fig. 2.24a presents possible architectures to implement 5G CA signals for a phased-array
system. The baseband modulated signals are up-converted to RF using different mixers and LO’s
(carrier frequencies), and then aggregated in the RF domain using an isolated summer such as
a Wilkinson network. The penalty is the use of several LO sources. However, this architecture
avoids the generation of intermodulation products between the different CCs if they are first

aggregated at IF and then up-converted using one mixer and one LO.
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Figure 2.24: (a) Architecture for phased-array transmitter in CA mode, and (b) setup for 5G carrier
aggregation measurement.

The 5G carrier aggregation measurement was performed on the wideband 8x8 phased-
array with the setup shown in Fig. 2.24b, and is essentially similar to Fig. 2.24a. The first carrier
is centered at 25 GHz with 200 Mbaud 64-QAM modulation and is generated by the M8190
AWG together with the E8267D vector signal generator (PSG). The other carrier with the same
modulation format and centered at 29 GHz is generated directly by the M8195 AWG. The two
modulated signals are aggregated using a Ka-band Wilkinson combiner and are then fed into the
transmit chain. A Keysight UXA is placed on the receive side after the horn antenna, and the two
CCs are demodulated separately using the Keysight 89600 VSA software.

Wideband measurements at 21 GHz to 33 GHz present calibration challenges which
must be taken into account. The space loss factor, receive horn gain and cable loss all vary with
frequency, and must be normalized out of the measurements (Fig. 2.25a, b, c). Since they are all

part of the Friss equation (P, = EIRP*SLF*G,*Cable_Loss), it is easy to get the correction factor
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Figure 2.25: (a) Measured gain of Ka band horn antenna, (b) space loss factor at a distance of 1.38 m, (c)
measured cable loss and (d) calculated correction factor (-10*log(SLF*G,*Cable_Loss))
as shown in Fig. 2.25d. It is seen that the measured received power at 21 GHz should have a +6
dB correction factor for fair comparison to the measured power at 33 GHz.

Fig. 2.26a presents the measured spectrum for CA at broadside with a total radiated
EIRP of 41 dBm for two CCs. Raw data is shown due to the UXA noise floor and no correction
factor is included. This is a backoff of 12 dB from the EIRP;4g at 25 GHz and 29 GHz (~53
dBm), and corresponds to a radiated power of 3 dBm/antenna or O dBm/carrier/antenna. The IM3
components generated by the two carriers in the beamformer power amplifiers are observed at 21
and 33 GHz with a level <-34 dBc. The 21 GHz and 33 GHz IM3 levels are of equal amplitude
as +6 dB should be added to the measured 21 GHz power levels. The spur at 27 GHz is generated
by the driver amplifier before the array and can be improved by using a better amplifier. Note that

the antenna response reduces the IM3 by 8 dB as presented in Section 2.3, and additional filtering
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Figure 2.26: Measured spectrum for 5G carrier aggregation at (a) broadside, (b) 30° and 50° scan with
200 Mbaud 64-QAM.

can be also done in a well-designed radome. The measured spectrum at 30° and 50° scan angles

are presented in Fig. 2.26b, ¢ with a phase setting at 27 GHz. The measured IM3 components are
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Figure 2.27: Measured constellations and EVM for 5G CA using 200 Mbaud 64-QAM waveforms with
25- and 29-GHz carriers at different scan angles.
further reduced by 5-6 dB at 50° since they are not radiated at this scan angle. At 21 GHz, the
measured IM3 is lower than the noise floor for the 50° case.

Fig. 2.27 presents the measured EVM and constellations at different scan angles with
a total EIRP of 41 dBm. At broadside, the measured EVM, s 1s 4.15% and 4.93% for 25- and
29-GHz CC, respectively. These values include a system-only EVM (no phased array) of 2.3%
at 25 GHz and at 29 GHz. Therefore, the array contribution is 3.5% at 25 GHz and 4.4% at
29 GHz. The EVM does not degrade much even at wide scan angles. Note that in CA mode,
the 5% total EVM,,s (worst case) occurs at an EIRP of 41 dBm which is 4 dB lower than the
corresponding EIRP obtained from SC measurements (45 dBm). This is due to the increase in the
PAPR when two 64-QAM signals are aggregated together and to the wideband operation of the
SiGe power amplifier resulting in a lower OIP3. Table 2.2 compares this work with prior 28 GHz
phased-arrays, and shows the highest peak EIRP, widest bandwidth, and with inter-band carrier

aggregation operation.
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Table 2.2: Comparison with State of the Art 28 GHz Phased-Arrays

Chip Parameter This work Tokyo’ 19 [7] Qualcomm’ 18 [5] IBM’ 17 [4] ucsD’ 20 [8] ucsD’ 18 [6]
0.18 um SiGe 28 nm LP-RF 0.13 um SiGe 0.18 um SiGe 0.18 um SiGe
Technology BICMOS 65 nm CMOS CMOS 1P7M BICMOS BICMOS BICMOS
Elements per chip 4 4 24 2x16 2x4 4
RX NF / Chip (dB) 5.5 4.1 4.4-4.7 6 4.8 4.8
RX IP; 45 (dBm) -19 -26.5 N/A -22.5 -21 -21
TX OP, 43 / ch. (dBm) 15-16 15.7 >12 13.5 12 12
TX Py / ch. (mW) 340 @ P,y 299 @ 11 dBm 122 @ Py 319 @ Psat 228 @ P,y 220 @ Py
RX Py / ch. (mW) 156 148 42 206 163 150
Phased-Array Measurements
Elements in array 64 8x1 2x4 + 4 2x64 2x64 64
Frequency (GHz) 23.5-29.5 26.5-29.5 26.5-29.5 27.2-28.7 28-32 28-32
/ Multi-Standard / Yes / No / No / No / No / No
EIRP (dBm) 54.8 @ P,y 39.8 @ Psat 34-35 / pol @ Psat 54 @ Psat 52 @ Psat 52 @ Psat
TX P/ array (W) 21.8 @ P,y 2.4 (EIRP=32.8dBm) | 0.98/pol @ Py 20.4 @ Psat 14.6 / pol @ P,y 14.1 @ Py
Scan Range, Az (°) +/- 60 +/- 50 +/- 45 +/- 50 +/- 50 +/- 50
-26 dB @ 200 MHz EVM<-19.7 dB
8 dB BO from P1dB 16-QAM
(EIRP=47 dBm) EIRP=44 dBm / pol
EVM Carrier Aggregation: N/A N/A N/A -Z(GE?RBP_@AléOdOerZ
25/29 GHz 200MHz EVM<-23 dB B
-29.3 dB, -27 dB 64-QAM
(EIRP=41 dBm) EIRP=41 dBm / pol
24 Gbps 16-GAM 1.5 Gbps 64-QAM 2x2 MIMO: 18 Gbg)ssli;QAM
Maximum data rate @pl 3Im 7.2 Gbps 512 QAM N/A N/A 2x20 Gbps 16-QAM 12 Gbps 16-QAM
. @5m 2x30 Gbps 64-QAM @p300 -

2.8 Conclusion

This chapter presented a 23.5-29.5 GHz wideband 8x8 phased-array for multi-standard
operation and 5G carrier aggregation. The array achieves a peak EIRP of 54.8 dBm. The array
results in excellent patterns in the E- and H-planes over the frequency range using a single-point
calibration at 27 GHz. EVM measurements (-26 dB) at 24.5-29.5 GHz with 200-800 Mbaud 64-
QAM waveforms resulted in 46-47 dBm EIRP which is 6-8 dB backoff from EIRP4g. Inter-band
5G carrier aggregation measurements were also demonstrated with 25- and 29-GHz carriers with
12 dB backoff and a total radiated EIRP of 41 dBm. The IM3 components are out of band and
partly filtered out by the antenna response. The work shows that carrier aggregation is possible in
5G millimeter-wave system provided that the beamformer phase setting is done so as to minimize

the beam squint and pattern gain loss for two carriers. Future work is still needed to optimize
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carrier aggregation systems including the design of wideband power amplifiers with low IM3
products, the possible use of filters between the beamformer chip and antennas, and the design of

radomes with bandpass properties.
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Chapter 3

A 24-29.5 GHz 256-Element 5G
Phased-Array with 65.5 dBm Peak EIRP
and 256-QAM Modulation

3.1 Introduction

A lot of research has been done on millimeter-wave phased-arrays for 5G applications,
with 32- and 64-element arrays now demonstrated using silicon beamformer chips with excellent
performance without calibration [6,9, 10, 12]. Phased-array design is now based on the all-RF
architecture at the antenna level, where gain and phase control on each channel is done in the
RF domain (as opposed to the LO or IF phase shifters). In order to grow the array to a large
number of element, RF beamformer chips may then employ a mixer on-chip for every 8-16
elements [4,5,26,27] and then add the chips together using an IF beamformer on the printed-
circuit-board (PCB). An LO splitter network is also used to distribute the LO to all chips in the
array. In other implementations, the beamformer chips have an all-RF design (RF in/RF out, 2x2

quad-core or 8 or even 16-elements) and a millimeter-wave Wilkinson network is used on the
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Figure 3.1: Block diagram of the 256-element phased-array transceiver based on 2x2 transmit/receive
beamformer chips.

PCB to add the signals from a large number of antennas to build a large phased-array (Fig. 3.1).
A single transceiver and a high-Q filter is then placed at the sum point for down-conversion and
to filter out the mixer harmonics (TX mode) and interferers (RX mode). A total of 64 different

2x2 chips are used for a 256-element array.

3.2 2x2 TRX Quad Beamformer Chip

The beamformer chips are fabricated in SiGe BiCMOS technology designed for 28 GHz
5G phased-array applications (Fig. 3.1). Each chip consists of 4 RF TRX channels and one
common RF port with operation range from 25 GHz to 31 GHz. Each channel has a 6-bit phase

shifter, a 26-dB variable gain amplifier, a PA for TX, and an LNA for RX. The chip has a measured
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Figure 3.2: (a) Top and bottom views of the 12-layer 256-element phased-array PCB using 64 2x2
beamformer chips and stacked-patch antennas. (b) 12-layer PCB stack up.

OP1dB of 11.5-12 dBm in the TX mode with a TX electronic gain of 27 dB, and NF of 5.5 dB in
the RX mode, together with a RX electronic gain of 22 dB. A standard serial-peripheral interface

(SPI) is implemented for fast beam switching.

3.3 28 GHz 16x16 Phased-Array Design

Fig. 3.2a presents the antenna and chip-side views of the 16x16 phased-array, which is

fabricated on a low-cost 12-layer printed-circuit board (Megtron 6) with €,=3.62 and tan3=0.005
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Figure 3.3: Measured channel gain and phase variation after calibration at 27 GHz.

at 30 GHz (Fig. 3.2b). The 1:64 Wilkinson network employs a co-planar waveguide (CPW)
structure on M1, and commercially available 0201 resistors are used as isolation resistors for
reduced cost. M2 is used as the ground of transmission lines and the Wilkinson network. M3-M5
are used for the VDD and digital SPI lines.

The antenna utilizes a stacked-patch structure on M10 and M12 for wideband operation,
and M6 is used for the antenna ground. The simulated antenna S; shows a -10 dB bandwidth at
24-30 GHz. The phased-array has an antenna grid of 5.3 mm (0.53A @ 30 GHz) in the H-plane
(azimuth) and 5.7 mm (0.57A @ 30 GHz) in the E-plane (elevation), resulting in a total active
area of 84.8x91.2 mm?. This design allows the array to scan up to £60° in the azimuth and £50°

in the elevation planes.
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Figure 3.4: Measured H-plane (azimuth) patterns at (a) broadside and (b) 45° scan with uniform illumina-
tion at 27 GHz.

3.4 Pattern and EIRP Measurements

The phased-array is first measured and calibrated in the far field in the ETS-Lindgren
5700 chamber. The amplitude and phase responses of each channel is measured and the difference
between each channel to a reference channel is compensated using VGA and phase shifter
settings. Fig. 3.3 presents the measured channel gain and phase variation after calibration, the
array achieves an RMS gain and phase error of 1 dB and 7.2°, respectively. The calibration is
performed at 27 GHz and applied to all measurements from 24-29.5 GHz. We have found that a

single-point calibration is enough to cover a 5 GHz bandwidth and results in excellent patterns at
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Figure 3.5: Measured H-plane (azimuth) scanned patterns to £60° at 27 GHz with 10-dB raised-cosine
taper. (b) Measured versus simulated H-plane pattern at 27 GHz.
24, 27 and 29 GHz.

Fig. 3.4 presents the measured calibrated and non-calibrated RX H-plane patterns with
uniform illumination. The 3-dB beamwidth is 7° at broadside and increases to 10° when scanning
to 45° which agrees well with simulation.

Fig. 3.5a presents the measured RX H-plane (azimuth) patterns with a 10-dB raised-cosine
taper and scan angles up to =60°. The patterns have a -20 dB sidelobe level at all scan angles. A
comparison with simulations is shown in Fig. 3.5b and excellent agreement is achieved. Similar
patterns were obtained at 24 and 29 GHz (not shown for brevity).

The Wilkinson network has an ohmic loss of 7 dB. This has minimal effect in the RX

mode as the system NF increases from 5.5 dB to 5.53 dB (due to the 22 dB gain in the beamformer
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chip). In the TX mode, the input power required at RF sum port for P1dB operation is P;, = -15
dBm + 7 dB + 18 dB = 10 dBm (where 18 dB is the 1:64 division loss, and -15 dBm is the IP1dB
of the beamformer chip). This power level can be easily attained from silicon transceivers with a
typical OP1dB of 15-16 dBm.

Fig. 3.6 presents the measured effective isotropic radiated power (EIRP) of the 16x16
phased-array at broadside. A peak EIRP of 63.5 dBm and 65.5 dBm is achieved at P1dB and Psat,
respectively, with a 3-dB bandwidth of 24-29.5 GHz. The EIRP can be calculated as:

EIRP 4 = 20logN +4+11.5 = 63.5 dBm 3.1

where N = 256 is the number of elements, 11.5 dBm is the OP1dB of each beamformer channel,
and 4 dB is the antenna element gain (Directivity - Loss, where D =5 dB at 27 GHz, and Loss = 1
dB, which is the antenna loss and the transmission-line loss between the antenna port and the

beamformer port). The measurement results agree well with the expected values.
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Figure 3.7: EVM measurement setup for the 28 GHz 16x16 array.
3.5 EVM Measurements

Complex modulation measurements were performed on the 256-element phased-array
with the setup shown in Fig. 3.7. A Keysight M8190 arbitrary wavefrom generator (AWGQG) is
used to generate 100 Mbaud 64- and 256-QAM modulated waveforms with a pulse shaping filter
of a=0.35, resulting in a peak-to-average power ratio (PAPR) of 7.7-8.2 dB. The signal is up-
converted to 27 GHz and fed to the 16x16 phased-array through an amplifier. The instrumentation
system (up to the phased-array input) has a measured EVM of 1.43% for 64-QAM and 1.63%
for 256-QAM. A standard gain horn is used on the RX and the signal is demodulated using the
Keysight DSOZ632A 63 GHz real-time scope running the VSA software.

Fig. 3.8 presents the measured error vector magnitude (EVM) versus EIRP. The array
adds virtually no distortion (EVMyray=1%) at low EIRP, and results in system EVM of 3%
(256-QAM) and 5% (64-QAM) at an EIRP of 58-58.5 dBm, all dominated by the PA distortion.

The EVM was also measured versus scan angles and it was the same as broadside up to £60°.
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EVM have been demonstrated using this architecture.
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Figure 3.8: EVM versus EIRP with (a) 64-QAM and (b) 256-QAM 100 Mbaud modulation. (b) Constella-
tions of 256-QAM modulation at different EIRP levels.

The all-RF architecture, both at the chip level and at the PCB level, is shown to result in

excellent performance for mm-wave 256-element phased-arrays. State-of-art patterns, EIRP and
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Chapter 4

A 1 Gbps 3.5-4.75 km Communication
Link Based on a 5G 28 GHz 8 <8
Phased-Array

4.1 Introduction

The demand for high data-rate communications for mobile users has promoted a large
investigation effort on phased-array systems for the fifth-generation (5G) communication standard.
The 5G millimeter-wave frequency band features large bandwidth and can easily support Gbps
links at 100-300 meters. Also, the beam-forming capabilities of phased-array results in directive
communications which overcome the increasing path loss found at high frequencies. Over
the past two years, there have been several demonstrations of 300-800 meter communication
links achieved using 5G phased-arrays [4-6,9, 10], and an 8-12 Gbps communication link was
demonstrated using a 28 GHz 8x8 phased-array at a distance of 300 meters in a single beam [6].
However, 5G phased-arrays have also a potential for long distance communication links, for

example 3-5 kms or even a few tens of kilometers for backhaul or point-to-point applications.
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In this work, a 200 Mbps to 1 Gbps communication link is demonstrated at a distance
of 3.5-4.75 km with QPSK modulation. The communication link is based on two 8x8 trans-

mit/receive high-performance phased-arrays with SiGe beamformer chips.

4.2 Wideband 8x8 Phased-Array

The 8x8 phased-array is built on a low-cost multiple-layer printed-circuit board (PCB).
Sixteen 2x2 quad-TRX beamformer chips are flipped on the M1 layer along with a 1:16 Wilkinson
power combining network as presented in Fig. 4.1. The 64 antenna elements are located on the
other side of the PCB and are directly fed by the beamformer chips using short transmission line
(between the chips and the antenna port). The antenna spacing is 0.5A in the horizontal plane,
allowing for 4+/-60° scan angles.

The architecture of the SiGe BICMOS 2x2 TRX beamformer is presented in Fig. 4.2 [11].
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Figure 4.2: Block diagram of the 28 GHz 2x2 quad TRX beamformer.

Table 4.1: Summary of the 2x2 TRX beamformer chip

RX Mode TX Mode
Frequency (GHz) | 27-28 | Frequency (GHz) | 27-28
Gain (dB) 19 Gain (dB) 24
Phase shifter Phase shifter
. 6 . 6
bits bits
Gain control 82;)1;53/ Gain control 821531;;/
NF (dB) 5.5 OP1dB (dBm) 15-16
IP1dB (dBm) -19 IP1dB (dBm) -7
Pdc (W) 0.64 | Pdc @ P1dB (W) 1.4

Each channel contains a 6-bit phase shifter, 8-bit variable gain amplifier, a PA and LNA. In the
RX mode, the chip has 19 dB electronic gain and 5.5 dB NF. In the TX mode, the chip has 24
dB electronic gain and each channel has 15-16 dBm of output power at P1dB. Note that the RX
mode power consumption is relatively high since this chip has an IP1dB of -19 dBm per channel,
which is quite high for a phased-array at 28 GHz.

Fig. 4.3a presents the measured H plane pattern (azimuth plane) in the TX mode at 29
GHz. A near-ideal pattern is obtained with sidelobe levels below -13 dB. The 3-dB beamwidth of
main lobe is 12° and the array can scan up to +/-50° without grating lobes. The measured RX
patterns are nearly identical and are not shown. Note that these measurements are taken with
minimal calibration as the array layout is perfectly symmetrical and the SiGe channels are all

very similar in gain and phase even if from 16 different chips (to within +/-1.5 dB and +/-15°).
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Figure 4.3: (a) Measured H-Plane patterns in the TX mode at 29 GHz and (b) measured EIRP vs frequency
at P1dB.

The EIRP of 8x8 array at P1dB can be calculated as:

EIRP, 8 = 20logN + G, + P,; =36 +4+15=55dBm

where G,; is the antenna gain of a single antenna in the 2-D array and P,; is the input power at
each antenna element. The Fig. 4.3b presents the measured EIRP of the 8x8 phased-array. A
peak EIRP of 54 dBm at P1dB is achieved and agrees with simulations to within 1 dB. Also, the

array has a 3-dB EIRP bandwidth from 23.5-30.5 GHz since it is designed for multi-standard 5G

communications.
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RX Array

Figure 4.5: Setup photos of the 3.5 km communication link measurement: (a) views of transmit and
receive setup, (b) distance on Google map.

4.3 3.5-4.75 Km Communication Link Measurements

Fig. 4.4 presents the block diagram of the communication link setup. A Keysight M8195

arbitrary waveform generator (AWG) was used to generate the modulated QPSK signal with a
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Table 4.2: Link budget for 3.5-4.75 km communication

Distance (km) 3.5 4.75
Frequency (GHz) 29 29
TX EIRP (dBm) 51 51
Space loss factor (dB) 132.5 | 135.2
Atmospheric absorption (dB) 7 9.5
Antenna Gain (dB) 22 22
RX system electronic gain (dB) 31 31
RX system NF (dB) 7 7
Received signal power at antenna (dBm) | -66.5 | -71.7
Receiver noise power (dBm) -78.9 | -78.9
Modulation Bandwidth (MHz) 650 650
Signal power received at DSO (dBm) -35.5 | -40.7
Noise power at the DSO (dBm) -47.9 | -47.9
Expected SNR (dB) 124 | 7.2

carrier of 29 GHz, and an external amplifier is employed to drive the array to P1dB. The signal
was received by another 8x8 phased-array operating in the RX mode and down-converted to an IF
of 6 GHz. A IF amplifier was used to maintain the received SNR before feeding into the DSO
scope. The QPSK waveforms are demodulated by a Keysight S804 real-time digital sampling
scope (DSO) and the Keysight Vector Signal Analysis software (VSA 89600).

A communication link was setup at distance of 3.5-4.75 km as shown in Fig. 4.5. The
transmit array was placed on the sixth floor of the UCSD Jacobs Hall and the receive array was
placed at Torrey Hills which was 3.5 km away from the transmit side. Mount Soledad was chosen
for the 4.75 km link. The arrays were first aligned using line of sight adjustments, and then,
the RX beam was moved electronically for best SNR (this is an advantage of phased-arrays as
opposed to fixed reflectors).

The EIRP of the transmit array was set to 51 dBm which is 2 dB backoff at 29 GHz. Also,
a QPSK modulation scheme was used since it allows operation very close to the transmitter P1dB
and is immune to AM to AM and AM to PM distortions when compared to quadrature amplitude

modulation (16 and 64-QAM). The simulated communication link budget at a distance of 3.5
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Figure 4.6: Mecasured: (a) EVM at different data rates with QPSK modulation and (b) EVM at different
scan angles in the azimuth plane with 200 Mbaud QPSK modulation.

km and 4.75 km is presented in Table 4.2. The expected SNR are 12.4 dB and 7.2 dB for 3.5 km
and 4.75 km, respectively, with 500 Mbaud QPSK modulation. Note that a=0.35 was used, and
the bandwidth for a 500 Mbaud signal is actually 650 MHz. Atmospheric attenuation of 0.1-0.2
dB/km is typically quoted at 30 GHz, but this is only for propagation at nadir (for SATCOM). A
closer look at FCC document shows that the atmospheric attenuation at grazing angles to earth
(P=80°) is actually 2 dB/km at 30 GHz [28].

The Fig. 4.6a presents the measured error vector magnitude (EVM) at different data rates
with QPSK modulation. A maximum data rate of 1 Gbps can be achieved with EVM less than
36% (SNR=9 dB). Fig. 4.6b presents the measured EVM at different scan angles in azimuth plane
with 200 Mbaud QPSK waveforms. The EVM remains below 28% (SNR=11 dB) when scanning

up to 45°, and the EVM degradation versus scan is due to the reduced SNR when steering the
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Different Data Rate QPSK (3.5 km)
Data Rate 200 Mbps 400 Mbps 800 Mbps
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Figure 4.7: Measured constellations for the 3.5 km communication link.

beam. The measured constellations at different data rates and scan angles are presented in Fig.
4.7.

The TX array consumes 20 W at an EIRP of 51 dBm, and the receive array consumes 11
W. Knowing that an LO/mixer/down-converter can be obtained for < 2 W, the entire TX/RX

phased-array system power consumption is < 23 W if fielded.

Conclusion

This work demonstrates a 1 Gbps communication link at a distance of 3.5-4.75 km using
a low-cost 8x8 5G phased-array with SiGe chips. The 5G phased-array can not only support
300-800 meter links but also has potential for supporting extra long distance links for backhaul

and point-to-point communications.
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Chapter 5

A Bidirectional 36 Gbps Connectorless
Connector at 2-4 cm Using a 28 GHz 2x2
Phased-Array with Position-Offset

Compensation

5.1 Introduction

High-data-rate short-distance wireless communication systems are useful in a variety of
environments. In a data center, they may be used to transfer data between servers at high speed.
For personal use, they may be used to transfer gigabytes of data between devices, or be used as a
connection between a device and a high-definition screen without the need for wires. Therefore,
in situations where a high volume of data needs to be transferred between smart devices, it is
advantageous to use a “connectorless connector" than a cable, as this eliminates any physical
contact and improves the mechanical reliability of the connection.

One of the largest challenges for the connectorless connector is that the quality of data
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Table 5.1: Summary of the 2x2 TRX array.

2x2 Array TX Performance 2x2 Array RX Performance
Electronic Gain (dB) 21 Electronic Gain 17
EIRP bandwidth Electronic gain
(GHz) 23.5-30.5 bandwidth (GHz) 23.5-30.5
TX NF (dB) 16 RX NF (dB) 5.5
Antenna gain (dB) 9 Antenna gain (dB) 9

transfer may be affected by physical misalignment between the devices. If a high antenna
directivity is used, this can result in 5-10 dB less gain at wide angles on both TX and RX antennas,
which can greatly reduce the data rate. This paper demonstrates high data-rate links with robust
performance in extreme misalignment situations by using a 2x2 phased array on both the TX and
RX units.

The goal of this work is to prove robust Gbps connections over short distance (2-4 cm)
both for data transfer and in the future, as a potential to remove the coaxial connector between two
industrial boxes (at the data center or any RF system). For RF systems, and as the data now is all
digital and does not suffer from SNR degradation in links due to the regeneration of the digital data
on the RX end, one can image a new set of connectorless connectors, placed in a row, and with
digital transmit and receive chips transferring the RF signal at any bandwidth required (1 Gbps to
50 Gbps). Such a system requires wideband digital transceivers and phased-array transmitter and
receivers, and this work presents the possibility of robust links using small phased-arrays. 5G
frequencies are chosen for this work since phased-array chips and transceivers are really available

and with wide bandwidth [4-6,9, 10].

5.2 Connectorless Connector Based on a 2x2 Phased-Array

In this work, a 2x2 phased-array based on a single SiGe beamformer chip [11] is used
to demonstrate a short-distance high-data-rate link. The chip is flipped on a multilayer printed

circuit board (PCB) and feeds four stacked-patch antennas (Fig. 5.1). The chip is designed for
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Figure 5.1: Front and back view of the 2x2 phased-array.

5G long-distance links, and each channel consists of a 6-bit phase shifter, variable gain amplifier,
a PA and an LNA. Four RF channels are combined on chip with a 1:4 Wilkinson network. The
antenna has a grid size of 5.3x5.74 mm? (~ 0.53)\ on a side at 30 GHz), which results in an
active array size of 10.6x 11.5 mm? and a directivity of 11 dB at 27-28 GHz. A scanning angle
of +/-60° can be achieved without grating lobes. The 2x2 array has a 3-dB beamwidth of 54°
allowing for a certain degree of misalignment without loss of signal (see Section 5.3). The 2x2
antenna gain is 9 dB at 27-28 GHz and includes the antenna loss and the transmission-line loss

between the chip and the antennas (Table 5.1).

5.3 Link Measurements with Connectorless Connector

The measurement setup for the short distance link is shown in the Fig. 5.2. A Keysight
MS8195 arbitrary waveform generator (AWG) is used to generate the modulated signal with high
symbol rate. The modulated signal is centered at 27 GHz and fed to a 2x2 array operating in the

TX mode. Another 2x2 array is used as the receiver. A Keysight DSOZ632A 63 GHz real-time
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Figure 5.2: Measurement setup for 2-4 cm link: (a) block-diagram, (b) photograph.

scope is used to demodulate the signal using the Keysight VSA 89600 software suite. The two
arrays are placed at a separation of 2-4 cm which is in the far field of each 2x2 array (FF = 2D%/A

=2 cm at 28 GHz).

5.3.1 No Misalignment Case

The link budget for a range of 4 cm is shown in the Table 5.2 for a center frequency
of 27 GHz. The 2x2 array is designed to be very wideband (23-30.5 GHz) and this enables
high baud-rate communication links with up to 7 GHz instantaneous bandwidth (Fig. 5.3). The
transmit EIRP is -4 dBm which translates to -16 dBm of radiated power per antenna. The received
SNR is simulated to be 40 dB for 6.5 GHz bandwidth due to the low NF of the SiGe beamformer,

and the high SNR is ideal for high-order modulation waveforms. However, in this experiment,
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Table 5.2: Link budget for R=4 cm

Misalignment angle (°) 0 | 50
2x2 Far-field distance (cm) 2 2
Modulation Bandwidth (GHz) | 6.5 | 6.5

Space Loss Factor (dB) 34 | 34

EIRP (dBm) 4 | -7
2x2 Antenna RX Gain (dB) 9 6
RX Signal (dBm) -29 | -35
RX NF (dB) 6 6
Total Noise (dBm) =70 | -70
SNR (dB) 41 | 35
O T T T T T T
@ -2
2 23.5-30,5 GHz \
T 4 —
w
sSeft ‘/
-10

23 24 25 26 27 28 29 30
Frequency (GHz)

Figure 5.3: Measured normalized EIRP of the 2x2 antenna array. Inset shows 2x2 pattern at broadside.

the SNR is dominated by the AWG at 30-23 dB for 1-5 Gbaud symbol rate respectively, and the
EIRP can be further reduced by ~5 dB without affecting the system performance.

Fig. 5.5a presents the measured error vector magnitude (EVM) relative to the constellation
peak for no misalignment with 1-6 Gbaud symbol rate using 16-64 QAM waveforms. The EVM
increases with the data rate due to the increased noise in the channel, but a 64-QAM / 6-Gbaud
(36 Gbps) can be demodulated with <5% EVM and low bit-error rate (Fig. 5.5b). Forward-error
correction coding (FEC) can improve the bit-error rate to 109 at such an EVM.

Measurement at a distance of 2 cm yielded near identical results, but the EIRP was

decreased to -10 dBm so as not to overload the RX channels. This is equivalent to -22 dBm of
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Misalignment distance

(b)

Figure 5.4: (a) Misalignment view of the two connectorless connectors, (b) two beams in alignment.

radiated power per antenna.

5.3.2 Misalignment of up to 63°

The measurement was also performed with two arrays having a misalignment distance
as shown in the Fig. 5.4. A link budget for a 50° misalignment angle is presented in Table
5.2. In this set-up, the phase shifter in the 2x2 beamformer is adjusted to scan the beam of both
the TX and RX arrays, so as to align to each other. The simulated patterns of the 2x2 array at
broadside and scan at an angle of 50° are shown in Fig. 5.6. The gain drops by 3 dB at 50° as
compared to the broadside pattern, and results in 6 dB lower system SNR (Table 5.2). Still, an
SNR of 35 dB is available for a TX EIRP of -7 dBm and the system SNR remains limited by

the AWG. Note that the scanned pattern results in 7.6-11.5 dB higher radiated power over the
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Figure 5.5: Measured: (a) EVM at different data rates, (b) constellations at different data rates with
16-QAM, 32-QAM, and 64-QAM modulation.
broadside pattern at 50°-60°, which yields 15.2-23 dB SNR improvement in the communication
link. Therefore, pattern scan is essential to maintain a high data rate connection over a large
misalignment distance.

Fig. 5.7 presents the measured EVM with different misalignment distance using a 16-

QAM 5-Gbaud waveform (20 Gbps). In the two-beam alignment case with pattern scanning, the
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Figure 5.6: Simulated patterns of the 2x2 array at broadside and for a scan angle of 50°.
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Figure 5.7: Measured 16-QAM EVM with different misalignment distance for 5 Gbaud symbol rate at
R=4 cm.

EVM is almost constant as the misalignment distance increases. The misalignment can be as
high as 8 cm (=63°) and the EVM does not increase by more than 0.5%. This is achieved for an
EIRP of -7 dBm and a 50° scan-angle setting (as in Table 5.2). The system is a very low power
system, and the phased-array capabilities compensate for misalignment in any plane (elevation or

azimuth).
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5.4 Conclusion

This work presented the first short-range connectorless connector link using 5G frequen-
cies and with scanning capabilities. It is seen that the use of phased-array scanning, even in a
small array, greatly increases the link robustness versus misalignment and maintains a low EVM
over large misalignment distances. The system requires a very low EIRP, and the maximum data

rate is mostly determined by the instantaneous bandwidth of the phased-array link.
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Chapter 6

Determining the OIP3 and Bias-Network
Resonances of Phased-Array Amplifiers

Using Far-Field Measurement Techniques

6.1 Introduction

The increasing demand for higher data rate of mobile users has motivated the development
of complex 5G phased-arrays at millimeter-wave frequencies [1,4-6,8-10,12,26,29]. These
phased-arrays operated under high-order complex modulation waveforms such as 64-QAM and
256-QAM and the power amplifiers used at each element (in the beamformer chips) must have
high linearity [30]. The measurement of the output 3"-order intercept point (OIP3) using cables
and connectors is a common way to determine the power amplifier linearity. But the amplifier
OIP3 can also be measured in the far-field, since the output of each amplifier is combined in the
air and this includes both the linear and the nonlinear components (intermodulation products,
IM3).

The OIP3 of a single TX channel can be measured using a two-tone test (Fig. 6.1).
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The input signals are continuous wave (CW) with a frequency spacing of Af. The amplifier
output spectrum includes the main output tones and the OIM3 (output intermodulation product)
components. The amplifier OIP3 can be calculated as: OIP3=P,+AP/2, where AP=P,-OIM3 [31].
Since the phased array combines the output of all transmit channels, the radiated spectrum of
a phased array should be a scaled version of the single-channel amplifier for both linear and
nonlinear components. A basic assumption in this work is that the IM3 products generated
in the power amplifiers are coherent. The assumption is correct as the two tones input to the
phased-array amplifiers are coherent and simple analysis indicates that the IM3 components are
coherent too [30].

In this chapter, an experiment is performed using a 5G 28 GHz 2x2 TRX beamformer
chip and a 32-element phased array built using these chips. The results show that the OIP3
determined from a single power amplifier measurement done in a coaxial 50 Q setup, and from
far-field measurements done in an antenna chamber, agree with each other provided that a couple

of equations are used to translate the far-field measurements to the power amplifier port.

6.2 2x2 TRX Quad Beamformer Chip OIP3 Measurement

Fig. 6.2a presents the block diagram of the 2x2 TRX beamformer chip used [10]. The
chip has four RF channels and a common RF port with an on-chip 1:4 Wilkinson network. Each
channel contains a 6-bit phase shifter and a 25 dB variable gain amplifier (VGA). The chip is
assembled on a printed-circuit board (PCB) with four RF connectors as shown in Fig. 6.2b. A
single channel is measured and the other three are terminated with 50 Q load. Planes A and B
present the chip’s common port and RF output port and are the reference planes.

Fig. 6.3 presents the measured AM-to-AM and AM-to-PM distortion of the TX channel
at 28 GHz. The TX channel is operated in class A mode with an electronic gain of 33 dB and an

OP1dB of 7.7 dBm. The phase distortion at P1dB is only 3.3°.
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Figure 6.1: Architecture of a millimeter-wave phased array and its far-field radiated spectrum.

A two-tone test with a center frequency at 28 GHz and a frequency spacing of 10 MHz is
then done (Fig. 6.4). An OIP3 of 17 dBm is found for low input powers and agrees well with the
expected result for class-A operation (OIP3=0OP1dB + 9.6 dB). Note that at higher input powers,
there is interaction between the IM3 and IM5 components resulting in a dip from the linear IM3
response. Therefore, it is essential that the IM3 measurement be done at low enough powers so as
to form a weakly nonlinear system and higher-order nonlinear terms are negligible. Fig. 6.4b

shows that the IM3 components grow 3x faster than the linear components, as expected [31].

6.3 28 GHz 4x8 Phased Array RF Performance Measurements

The far-field OIP3 measurement is performed on a 28 GHz 32-element phased array
with an architecture shown in Fig. 6.5a ( [6,8, 10, 12]). The array is based on 2x2 quad TRX

beamformer chips as described in the Section 6.2. The beamformer chips are flipped on one side
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Figure 6.2: (a) Block diagram of the 2x2 TRX beamformer chip and (b) picture of the test PCB board for
single-channel OIP3 measurements.
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Figure 6.3: Measured (a) AM-AM and (b) AM-PM distortion for a single TX channel of the 2x2 TRX
beamformer chip at 28 GHz.

of a low-cost printed-circuit-board (PCB) and the antenna elements with a stacked patch structure
is designed on the other side of the board. The input power is distributed to eight beamformer

chips using a Wilkinson network on the PCB.

68



30 T T T T T =
20
10

-10f
20}
230
40
-50

-40 -35 -30 -25 -20 -15 -10
Pin (dBm)

(a)

Pout (dBm)

— Pout Main Tone
— 0IM3

N}
=]
r

-35.5dBm
-44.7 dBm

PSD (dBm)
A
o

&
=]
r

27.96 27.98 28.00 28.02 28.04 27.96 27.98 28.00 28.02 28.04
Frequency (GHz) Frequency (GHz)

(b)

Figure 6.4: Measured (a) output power versus input power for the 2x2 beamformer chip at 28 GHz, and (b)
output IM3 spectrum for a single channel with -36.7 and -33.7 dBm input power to the beamformer chip.

Fig. 6.5b presents the fabricated phased-array board with an antenna aperture of 4.2x2.4
cm?. The 4x8 array employs an antenna grid size of 5.3 mm (0.53A @30 GHz) on the horizontal
(azimuth) axis and 6 mm (0.6A @30 GHz) on the vertical (elevation) axis, and is capable of
scanning +/-60° in the azimuth plane and +/-35° in the elevation plane at 27-28 GHz without
grating lobes.

Fig. 6.6a presents the measured H-plane (azimuth) patterns at 27 GHz in the Tx mode
with uniform illumination. Measurements are done to +/-55° and with <-12 dB sidelobes. The
array has a measured EIRP of 42 dBm at P1dB and 46 dBm at Psat for broadside illumination

(Fig. 6.6b). Measurements agree well with calculations done using EIRPs,; = 20logN + Ggp; +
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Figure 6.5: (a) Block diagram of the 28 GHz 4x8 phased-array, (b) front and back view of the phased-array
board.

Poiemen: = 30 + 4 + 12 = 46 dBm, where G,,; = Directivity - Loss, with Directivity = 5 dB and
Loss =1 dB and includes antenna loss (0.7 dB) and the transmission line loss between the chip

and the antenna (0.3 dB).

6.4 Far-Field OIP3 Measurements Using the 4 x8 Phased Ar-
ray

The setup for far-field OIP3 measurements is shown in Fig. 6.7a. Two CW tones are
generated by the Keysight N5247B PNA-X with a center frequency of 28 GHz and with 10 MHz
spacing, and is the same as the single-channel measurements. The phased array is operated in the

TX mode, and a horn antenna is placed at a distance of 0.4 m.
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Figure 6.6: (a) Measured H-plane (azimuth) patterns at 27 GHz in the Tx mode. (b) Measured EIRP
versus frequency.

The phased-array system can be modelled using the Friis blocks shown in Fig. 6.7b.
The power amplifier IM3 components (i.e., OIP3) pass by a block which represents the transmit
antenna gain with coherent power addition of N-amplifiers (G¢,.7x=34 dB), then by a block which
represents the space loss factor (SLF=(A4TR )2=-53.4 dB), and then by a block which represents
the receive horn antenna and cable loss (Gr,=18.5 dB). Note that all of these blocks are highly

linear and do not generate any IM3 components. The measured OIM3g, are then calculated as:

OIM3g, = OIM34np + Geo—1x + SLF + Gpy 6.1

where Ge,.7x = 20logN + G,y Note that Ge,.1y 18 not the array antenna gain G;, commonly

given as G; = 10log(N) + Gy The OIM3,,,, (Which is the average over all amplifiers used in
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Figure 6.7: (a) Setup for far-field OIP3 measurement using a 4x8 phased array, (b) Friis block diagram for
OIP3 in the far-field.

the phased-array) can be found using:
OIM3p, = OIM3g, — Gco—1x — SLF — Gpy (6.2)

This is now done for two different transmit powers and the OIP3 is determined. The same

Friis equation can be used to determine the amplifier OIP3 as:
OIP3 ., = OIP3gy — Gco—1x — SLF — Gpy (6.3)

with Gey.1y = 34 dB, SLF =-53.4 dB and Gg, = 18.5 dB.

Fig 6.8 presents the measured linear and IM3 powers at the horn for various levels of input
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Figure 6.8: Measured (a) received power at the horn versus input power to the array (Af=10 MHz), and (b)
IM3 spectrum at the horn with -22.4 and -19.4 dBm input power to the 32-element phased-array.
power, and an OIP3g, of 15.7 dBm is found. Using (6.3), this translates to an OIP3,,,=16.6
dBm and agrees well with the single-channel measurements of OIP3=17 dBm. There is a 0.4
dB discrepancy between the obtained average OIP3 using far-field measurements and using
single-channel measurements. This is because of a slight P1dB degradation of the 32-element
phased array due to increased temperature and due to the averaging effect of 32 power amplifiers.
Fig. 6.9 presents the power of main tone, OIP3 and OIM3 (all referenced back to the PA)
from PA output versus different frequency spacings (Af) between two tones. The main tone is
easily referenced back using Pgr, = P;-G;-SLF-Ggy, and P; = 10logN + Pjemens. As Af changes

from 1 kHz to 10 MHz, the output linear and nonlinear terms remain constant, as expected.
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Figure 6.9: Measured output power versus frequency spacing for (a) 1 kHz to 10 MHz with Pin=-22.4
dBm (array input power) and (b) 1 kHz to 800 MHz with Pin=-19.4 dBm (array input power). All output
powers are referenced to the PA output of a single channel using Equation (5.2), (5.3).

When Af changes from 1 kHz to 800 MHz, an increase is observed for OIM3 components at
Af=174 MHz and is due to resonances in the PCB bias network. These resonances are due to the
inductance between the chip and the decoupling capacitors, and are typically in the 40-1000 MHz
range. This technique therefore allows the user to easily characterize resonances in the PCB bias
network which can reduce the OIP3 and degrade the phased-array modulation performance. At

Af=174 MHz, the OIP3 drops from 16.6 dBm to 12.7 dBm, which is significant and can increase

the error vector magnitude (EVM) for wideband waveforms.
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6.5 Conclusion

This chapter presents a method of determining the OIP3 of amplifiers used in phased-
arrays using far-field measurements. An equation translating the OIP3 measured in the far-field
to a single amplifier output in the array is derived and proved to be valid by experiment. The

technique can also detect resonances in the chip bias network.
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Chapter 7

A 37-42-GHz 8 x8 Phased-Array With
48-51-dBm EIRP, 64-QAM 30-Gb/s Data
Rates and EVM Analysis Versus Channel
RMS Errors

7.1 Introduction

The millimeter-wave spectrum is currently used for the fifth-generation (5G) standard for
high data-rate and low-latency links for both mobile users and fixed wireless access [1,2,32]. The
5G standard supports licensed bands at 23.5-30.5 GHz and 37-43 GHz, and an unlicensed band at
57-71 GHz. The beam steering capabilities of phased-arrays compensate for the high path loss at
mm-waves and allows for long-distance communication links. Also, low-cost silicon chips allow
the construction of affordable phased-arrays.

Over the past few years, there have been several demonstrations of phased-arrays at 28

GHz [4-7,10,11,29,33-36], 39 GHz [12,26,37] and 60 GHz [14-17,38-40]. For example, a 28
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Figure 7.1: (a) Block diagram of the 39 GHz 8x8 phased-array, and (b) 2x2 39 GHz 5G TRX beamformer
chip, and (c) dimensions of antennas and feed lines for the 2x2 cell at 30 GHz and 42 GHz. The 2x2 chip
fits well within the 37-42 GHz antenna period.
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GHz 8x8 phased-array is used in [6] to demonstrate a 12 Gbps link at 300 meters without any
calibration. Also, there are demonstrations of 28 GHz dual-polarized silicon chips and phased-
arrays with up to 32 elements on a single chip [4,5] and [35,36]. Phased-arrays and their related
silicon chips have also been demonstrated at 44-46 GHz for Q-band satellite communication
subarrays (up to 16 elements) [41,42]. The 60 GHz frequency range has also been an active area
of research with demonstrations of phased-array communication links at distances ranging from
a few meters up to 800 meters [14—17,38-40]. Finally, the 39 GHz region has gathered some
attention in the past two years with some array demonstrations [12,26,37].

This chapter is an expanded version on [12], and presents the design and construction of a
low-cost 8x8 39 GHz phased-array focusing on its system performance including local oscillator
leakage and rejection. Also, a detailed analysis on the effect of amplitude and phase errors on the
radiated EVM performance of a phased-array is presented. The paper concludes with detailed
measurement showing patterns, EIRP, and EVM versus scan angle. Also, the EVM performance

of the phased-arrays with and without calibration is presented and discussed.

7.2 Phased-Array Architecture and Beamformer

The 39 GHz phased-array employs the 2x2 beamformer architecture shown in Fig. 7.1a-b.
The beamformer chips are flipped on one side of a low-cost multilayer printed-circuit board (PCB)
and the antenna elements are placed on the other side of the board. The antennas are connected
to the silicon beamformer chips using short transmission-lines, which ensures minimal loss and
better system efficiency (Fig. 7.1c). The design is also symmetric and minimal calibration
is needed for good operation. Also, a uniform heat distribution is obtained over the phased-
array since the chips are distributed uniformly over the 2-D antenna grid. A transceiver chip is
used at the sum port, and a high-pass filter after the transceiver chip greatly reduces the image

response and any LO leakage. Note that a similar topology has been presented at 28 GHz in [11],
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Table 7.1: Summary of the 2x2 SiGe TRX beamformer chip
Receive mode Transmit mode
Gain (dB) 26 Gain (dB) 25
Pout (dBm)
NF (dB) 5.5 @ P1dB / @ Psat 10-11/12
IP1dB (dBm) -28 IP1dB (dBm) -13
Gain Control 25 Gain Control (dB) 25
Phase Shifter 6-bit Phase Shifter 6-bit
DC power / Ch (W) | 0.15 | DC power / Ch (W) 0.25
VDD (V) 2.5 VDD (V) 2.5
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and this work expands on previous publications in terms of designing better cross-polarization
performance, system measurements and EVM investigations versus RMS gain and phase errors.

The 2x2 TRX beamformer chip is fabricated in a SiGe BiCMOS technology with 0.5 mm
ball-grid array (BGA) packaging (Fig. 7.1b). The chip has four RF channels and a common RF
port with an on-chip 1:4 Wilkinson network. Each channel contains a 6-bit phase shifter with 5.6°
phase resolution and a 25 dB variable gain amplifier (VGA) (Table 7.1). In the RX mode, the
chip has 26 dB electronic gain and 5.5 dB noise figure (NF), and consumes 150 mW per channel.
The electronic gain is defined as the measured S,1+6 dB with one channel being activated and the
other three channels terminated. The 6 dB takes into account the added Wilkinson loss which

is not present when all channels are energized. The relative high power consumption is due to




the IP1dB of -28 dBm (OIP1dB of -3 dBm at the common port when one channel is activated)
resulting in a VGA OP1dB of +2 dBm when the SPDT switch (after the VGA) and the Wilkinson
loss are taken into account. In the TX mode, the chip has 25 dB electronic gain and an OP1dB
of 10-11 dBm, and consumes 250 mW per channel at P1dB. The chip performance listed in
Table. 7.1 includes the BGA packaging. The digital control of the chip is implemented through a
serial-peripheral interface (SPI).

The 8x8 phased-array is built on a low-cost 12-layer PCB as shown in Fig. 7.2. The
substrate material is Panasonic Megtron-6 with €,=3.2~3.5 and tand=0.006 (at 40 GHz). Sixteen
of the 2x2 TRX beamformer chips are placed on the M1 layer, and are connected to a 1:16
Wilkinson network on M1-M2 to the sum port. The Wilkinson network employs commercially
available resistors for reduced cost. The SPI lines and VDD are routed on M3-MS5. Also, passive
antennas terminated with 50 Q loads are placed around the 8x8 active elements to improve
the performance of the edge elements. The antenna is placed on M10 and M12 layers with a
stacked-patch structure [23] to enhance the bandwidth and M6 is used as the antenna ground. A

symmetric PCB is used to reduce warpage.

7.3 Antenna Design

Fig. 7.3a presents a 2x2 sub-array with the antenna feeds located at one side of the
microstrip antennas. The direction of the magnetic dipoles around the antenna is also shown for
the TM(; mode excitation. M, is the magnetic dipole along the radiation edge and generates
the co-pol pattern. M1-My are the magnetic dipoles along the non-radiation edges and result in
the cross-polarization pattern. Fig. 7.3c presents the simulated electric-field distribution along
the antenna’s non-radiating edge, and an imbalance in both amplitude and phase is observed for
M; (M3) and M; (My), and is due to the finite coaxial feed at the edge of the antenna. Note

that M| &M3 and M, &My have the same amplitude and are 180° phase difference due to the
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Figure 7.3: Single polarized 2x2 subarray with (a) standard feeds and (b) rotated feeds. (c) Simulated
electric field distribution along the non-radiation edge of a single antenna. (d) Simulated 2x2 antenna array
pattern with feed rotation. M1, M3 and M2, M4 are 180° out of phase.

symmetry of the antenna feed in the y-direction. This current distribution results in a radiated
cross-polarization component which cancels at broadside and when scanning in the E-plane
(y-direction). However, when the array scans in the x-direction (H-plane), the magnetic dipole
pair M &M, and M3&M4 do not cancel and this results in a high cross-polarization level.

A common method to solve the cross-polarization problem in the H-plane is to use feed
rotation [16], and this is achieved by flipping the antenna feeds between two adjacent rows as Fig.
7.3b. In this case, every 2x2 antenna cell maintains a symmetric field in the x and y directions.
The magnetic dipoles M, and My from element-1 cancel the M| and M3 dipoles from element-3

and so forth. As a result, a phased-array based on a 2x2 cell with feed rotation radiates a very
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Figure 7.4: (a) 39 GHz antenna model and coaxial feed. Simulated S; and S,; versus scan angle for (b)
E-plane and (c) H-plane.

low cross-pol level when scanning in the E and H-planes. This is shown in Fig. 7.3d with <-55
dB cross-polarization level in the H-plane. Also, feed-rotation results in more space for the 2x2
beamformer chip as shown in Fig. 7.1c.

The wideband antenna model for the 39 GHz phased-array is presented in Fig. 7.4a. The
antennas employ a grid size of 3.76 mm (0.52A @ 41 GHz) in both the x and y-axes. A coaxial
via from M1 to M12 layer is used to feed the antenna, with a characteristic impedance of 50
Q. The distance from the beamformer chip’s RF port to reference plane is 2.7 mm resulting in
0.35 dB loss (t-line loss is 1.3 dB/cm at 40 GHz). This improves the system EIRP and noise
figure as compared to 16-channel RFICs with 1-1.5 dB distribution loss between the chip and the

antennas [4,5,15,29,40].
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Figure 7.5: (a) Setup for EVM analysis in Matlab and (b) transmit RF channel model with 11 dBm OP1dB
and its AM-AM and AM-PM response.

The antenna model is simulated in ANSYS HFSS using master and slave boundary
conditions and Floquet port excitation. Fig. 7.4b, ¢ presents the simulated S;; when scanning in
both the E and H-planes. In the H-plane, the antenna can scan up to 60° with S;;<-7 dB at 37-42
GHz. In the E-plane, the antenna scans up to 40° with S11<-7 dB at 37-41 GHz. The simulated
S21 shows an antenna loss of < 0.8 dB at 39-40 GHz at 0 to 40° scan angles (see reference plane

in Fig. 7.4a). The Sy response includes both the antenna ohmic loss and the reflection loss.

7.4 EVM Analysis versus Gain and Phase Error

Fig. 7.5a presents a system simulation setup in Matlab to investigate the effect of the

phased-array channel variations on the radiated EVM of a complex waveform. A random integer
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generator together with a rectangular QAM baseband modulator are used to generate the 64-QAM
waveform with a=0.35 and a peak-to-average-power ratio (PAPR) of 7.7 dB. This waveform
is then distributed to 64 channels each with a different amplitude and phase response. The
combining in the air is modelled using an ideal 64:1 summer and the signal is demodulated using
a Matlab constellation diagram block. If the phased-array is scanning to 65 and a progressive
phase shifter, 0, is used in the channels (o,s=kdsin(6s)), then a TTD phase shifter is used in each
arm of 64:1 combining network to simulate the time-delay propagation in air for the 64 antennas.

The channels are modelled using a linear gain part with amplitude and phase control,
and a non-linear power amplifier with OP1dB = 11 dBm and an AM-to-AM and AM-to-PM
response as shown in Fig. 7.5b. The AM-AM and AM-PM responses were chosen since they
result in a simulated EVM which is close to the measured values at different backoffs. The
MemorylessNonlinearity function in Matlab communications toolbox was used to model the
power amplifier using a cubic polynomial function.

Fig. 7.6 presents the simulated 64-element phased-array EVM at different backoffs
and versus RMS gain and phase error levels. For 14 dB backoff (highly linear operation), the
EVM remains at 0.8% and is independent of the RMS gain and phase errors. This is because
the different gain and phase values across the elements average to zero and do not affect any
constellation point. At 8 dB backoff, the EVM for an ideal array (RMS gain and phase error =
0) is 1.3%, and increases to 1.8% for an RMS gain error of 2 dB. The EVM increase with the
RMS gain error is the result of +/-4 dB peak-to-peak gain variation across the array, leading to
different compression characteristics for the power amplifiers. Note that the EVM increases from
1.3% to only 1.4% for an RMS gain error of 1 dB (+/-2 dB peak-to-peak gain variation). Finally,
at a backoff of 5 dB, the EVM starts at 4.05% for no gain and phase error (given solely by the
amplifier compression characteristics) and increases to 4.1%-4.2% for an RMS gain error of 1-2
dB (+/-2 dB and +/-4 dB variation).

Note that the EVM is independent of the RMS phase error on the array, and the increase
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Figure 7.6: Simulated EVM versus rms gain and phase error across the array for a 64-QAM signal with
a=0.35 and a PAPR=7.7 dB, and at (a) 14 dB backoff, (b) 8 dB backoff and (c) 5 dB backoff. Constellations
are plotted for 2 dB rms gain error and 20° rms phase error.
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Figure 7.7: Simulated EVM versus number of element with 1 dB rms gain error and 10° rms phase error
at (a) 8 dB and (b) 5 dB backoff for 60 iterations.
is solely due to the RMS gain error, which is basically the variations in the amplifier non-linear
compression characteristics for different channels. The reason is that different RMS gain errors
cause different amplitude and phase distortion from the power amplifiers for a modulated signal.

One surprising conclusion from this analysis is that the RMS phase error on the array
does not affect the I / Q modulation properties (and EVM) even if it is very high (20° to 40°
RMS error). This is because the 64-channel are added together in the far-field, and phase errors
for all the channels average out to nearly zero. And even if there is a residual phase error after

adding the 64 channels, it is a static (constant) phase error and is equally presented for every
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constellation point. Therefore, it is ignored in the demodulator and does not affect the EVM. Note
that a high RMS phase error does affect the array sidelobe levels and reduces the array directivity,
thus reducing the SNR in the far-field. But as long as the system is not SNR limited, it does not
affect the EVM.

Fig. 7.7 presents the simulated EVM versus number of antenna elements in a phased-array
with 1 dB RMS gain error and 10° RMS phase error, at 8 dB and 5 dB backoff. 60 iterations are
performed due to the statistical nature of the RMS error. It is seen that the mean EVM is nearly
independent of the element count for N > 16. Also, for arrays having 64 elements and above,
the EVM is tightly distributed around the mean value. Similar results are obtained for an RMS
phase error of 20°. This simulation shows that the results in Fig. 7.6 apply for a wide size of
phased-arrays.

The analysis shows that large phased-arrays (such as 32, 64, or 256 elements) can be
operated up to an RMS gain error of 1 dB, with a minor penalty in pattern sidelobes and virtually
no penalty in the radiated EVM. This finding will reduce the calibration overhead even for

stringent EVM requirements and will reduce the cost of 5G phased-arrays.

7.5 Transceiver and High-Pass Filter

The up-conversion from IF (5 GHz) to RF (39 GHz) is achieved using the UCSD 22-44
GHz wideband up/down conversion transceiver chip, and is also fabricated using SiGe BICMOS
technology (Fig. 7.8a). The up-converter TX path contains a variable IF amplifier, a double-
balanced mixer, and an RF power amplifier. A wideband T/R switch is also integrated on the
chip for half-duplex operation. To suppress the lower-sideband (image) response from the mixer,
on-chip low-Q elliptic filters are integrated between the mixer and the PA [43]. An integrated
doubler is used in the LO path so as to reduce the external local oscillator frequencies (an LO of

17 GHz is required for 39 GHz operation).
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Figure 7.8: (a) Block diagram of UCSD wideband transceiver and (b) measured broadband spectrum at 10
dB backoff from P1dB in the TX mode.

The up-converter path results in a measured gain of 17 dB and an output P1dB of 12 dBm
at 39 GHz. Fig. 7.8b presents the measured up/down-converter spectrum operating at 10 dB
backoff in the transmit mode. The LO leakage is -18 dBc and the image is -28 dBc compared
to the RF signal. Note that the LO leakage absolute level does not reduce versus backoff and
therefore, it is important to measure it at the operating point and not at P1dB (LO leakage is
-28 dBc at P1dB). The other mixing spurs are also shown and are <-40 dBc at 10 dB backoff
operation.

Due to the limited suppression of LO leakage and image rejection from the transceiver, an

additional high-pass filter is used after the transceiver (Fig. 7.9a). The filter is based on a multi-

stub multi-mode resonator, which can be analyzed using even- and odd-mode techniques [44],
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Figure 7.9: (a) Simulation model for the 39 GHz high-pass filter, (b) measured and simulated filter
S-parameters.

and exhibits high rejection in the LO band (32-35 GHz) and low insertion loss in the RF band
(37-42 GHz). Note that 42 GHz operation is obtained using a 35 GHz LO and 7 GHz IF. The filter
operation is explained as follows: coupling between the input and output feedlines is controlled
by the interdigital capacitor and the defected ground structure (DGS). The center step-impedance
stub generates a transmission zero at the lower side of the passband, and is designed to be at
the LO frequency. Fig. 7.9b presents the measured and simulated filter S-parameters. The
transmission zero is located at 34 GHz, and S, <-20 dB at 33-35 GHz for LO rejection. The
image at 27-29 GHz is also reduced by 12-15 dB. In the passband, the filter insertion loss is
1-1.5 dB higher than simulations (and Sy has larger ripples) and this is due to difficulties in

deimbedding the coaxial connectors at 40 GHz.

7.6 39 GHz Phased-Array RF Performance Measurements

7.6.1 Construction, Array Electronic Gain and Calibration

The fabricated 8x8 39 GHz phased-array is shown in Fig. 7.10 with an active area of 3 x3

cm?. The array consumes 9.6 W in the Rx mode and 16-18 W in the Tx mode at P1dB and Psat.
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Figure 7.11: Block diagram for system analysis in (a) TX mode, and (b) RX mode.

A fan is used behind the array for cooling and keeps the PCB at a temperature < 55 °C.

In the Tx mode, the input P1dB at the common-port (coaxial connector) is calculated as

(Fig. 7.11a):

Pcommon—port_ldB =—-134124+5+3=7dBm (7.1)

90



where -13 dBm is the input IP1dB for the beamformer chip, 12 dB is the Wilkinson division loss,
5 dB is the Wilkinson ohmic loss, 3 dB is the extra transmission-line loss between the array and
the connector (2.2 dB), and connector loss at 39 GHz (0.8 dB). The 7 dBm power at the common
RF port is achieved using the UCSD transceiver.

The TX gain is defined as the power available at the antenna port for each element divided

by the power input at the common port (Fig. 7.11a):

. P, element
GalnTX_electrom’c = P =-3-12-5
in

(7.2)
+25-0.35=4.65dB

where the beamformer electronic gain is 25 dB and the transmission-line loss between the chip
and the antenna is 0.35 dB. The other factors are explained above.

The RX electronic gain is defined as the ratio of the output power at the RF connector
(Pou) to the total power collected at the antenna aperture (referred to the microstrip antenna port),
and is (Fig. 7.11b):

Pout

=—-035+26-5-3=17.65dB

Gaingx _electronic —

where S;, is the incident plane-wave power, Area is the phased-array antenna area (33 cm?) and
€.t 18 the antenna efficiency. This gain includes the antenna-to-chip loss (0.35 dB), beamformer
chip electronic gain (26 dB), Wilkinson network ohmic loss (5 dB) and the extra transmission-line
loss (3 dB). Assuming a filter and transceiver NF of 9 dB at the common-port, the entire system
NF, referred to the chip input port, is 5.7 dB and includes the beamformer chip and the Wilkinson
network loss. This is only 0.2 dB higher than the beamformer NF due to the high electronic
gain of the phased-array. Note that if we use the antenna port as the reference plane (since the

available RX power may be defined at the antenna port), the system NF becomes 6.05 dB and
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Figure 7.13: Measured normalized gain and phase variation (a) without calibration and (b) with calibration
at 39 GHz in the TX mode for 64 channels.

includes the 0.35 dB transmission-line loss between the antenna and the beamformer chip.
The 8x8 phased-array is measured in the far-field in an anechoic chamber with a standard

gain horn antenna and a Keysight Vector Network Analyzer (Fig. 7.12). Each channel is turned
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on individually at the nominal gain and phase state and S,; is measured. Due to the Tx/Rx switch
loss (~1.7 dB) and transformer loss (~0.8 dB) after the PA, the neighboring antenna elements
are still connected to loads having S;;<-8 dB when the power amplifiers are turned off. Fig.
7.13a and b present the gain and phase variation across the 64 channels at 39 GHz in the TX
mode. Although the phased-array has a symmetric layout and equal feed-line lengths from the
beamformer chips to the antennas, there is +/-4 dB amplitude variation and +/-40° phase variation
across all channels. This is due to the variations between the 16 different beamformer chips,
assembly, and the non-ideal behavior of the 0201 lumped-element 100 € resistors at 39 GHz in
the PCB Wilkinson network. The array is then calibrated, and the offset between the reference
channel and all other channels is compensated using the phase shifter and VGA on each channel.
Note that with calibration, most of the channels have been placed within a +/-10° and +/-2.5 dB
range, resulting in an RMS gain and phase error across the array of 1.29 dB and 6.4°, respectively.

This RMS error has minimal effect on the patterns as previously shown in [6].

7.6.2 Patterns, EIRP and Frequency Response Measurements

Patterns: Fig. 7.14 presents the measured broadside pattern with -12.8 dB sidelobe level
and a 3-dB beamwidth of 13°. The cross-polarization level is <-40 dB at broadside. A cross-
polarization level of <-30 dB is achieved over all scan angles in the H-Plane and agrees well with
the analysis in Section 7.3 (Fig. 7.14b, ¢). The cross-polarization level is also <-30 dB in the
E-plane and is not shown.

Fig. 7.15 presents a comparison of the Tx-mode H-plane patterns (azimuth scan) measured
with and without calibration (RX-mode has similar patterns and is not shown). The phased-array
can scan to 4+/-60° with <-12 dB sidelobes for uniform illumination, and the patterns with
calibration result in 1-2 dB lower sidelobe levels than these without calibration, as expected from
previous work [6]. A 6-dB raised-cosine taper results in -15 dB to -16 dB sidelobe levels. The

patterns follow a cos!>@ response, and drop by 3.6 dB at 60° as compared to broadside. This
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Figure 7.14: Measured broadside co-pol and cross-polarization components at (a) broadside, (b) 30° scan
angle in the H-plane and (c) 60° scan angle in the H-plane All patterns are measured at 39 GHz without
calibration.
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Figure 7.15: Measured H-plane patterns in the TX mode with and without calibration for (a) uniform
illumination, and (b) 6-dB raised cosine taper.
shows that the antenna is well matched up to wide scan angles. For lower sidelobes with more
aggressive aperture distributions such as -30 dB Taylor, one should definitely calibrate the array
to an RMS gain error of <0.5-0.7 dB.

Fig. 7.16 presents the measured E-plane patterns. The array scans to +/-50° at 39 GHz
with sidelobe levels of -13 dB to -14 dB.

Fig. 7.17 presents the measured H-plane patterns at 38-40 GHz when the phase shifters
across the array are set to scan the beam to 50° at 39 GHz. The measured beam-squint is 2.2° at
38-40 GHz which is close to the simulated value of 1.8°. Since the beamwidth is 18° at this scan

angle, the beam-squint has negligible effect on the phased-array performance.
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Figure 7.17: Measured beam-squint from 38 to 40 GHz at 50° scan angle in the H-plane and normalized
to the broadside pattern at 39 GHz. Patterns are measured without calibration.

EIRP: The measured EIRP at broadside of the 8x8 array with and without calibration is
shown in Fig. 7.18a. An EIRPg, of 51 dBm is achieved with a 3-dB bandwidth of 36-41.5 GHz.

The EIRP can be calculated as:

EIRPsy = 20logN +4+412=36+4+12 =52 dBm (7.4)

where Pgj ¢ = 12 dBm, and agrees well with measurements of 50-51 dBm at 39-40 GHz. A
microstrip antenna gain of 4 dB is used and includes both the antenna loss and the transmission-

line loss from the beamformer chip (0.3 dB + 0.35 dB = 0.65 dB). The measured EIRP 45 is
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Figure 7.18: (a) Measured EIRP at P1dB and Psat versus frequency with and without calibration and (b)
wideband frequency response in TX and RX modes of the 39 GHz 8x8 array.

49 dBm with calibration, which is 1.4 dB higher than the non-calibrated array. This is due to
all elements being driven together to P1dB after calibration. Also, the calibration improves the
antenna directivity by ~0.5 dB due to reduced RMS errors and results in more uniform amplitude
and phase distribution on the array.

Frequency Response: The measured array wideband frequency response is shown in Fig.
7.18b. The RF band is 37-42 GHz, and for 39 GHz operation, the LO is chosen at 34 GHz which
results in an IF of 5 GHz and a 29 GHz image band. There is only 5 dB LO suppression and 15
dB image rejection in the TX mode which is not enough to satisfy the FCC emission requirements.
This is due to the wideband performance of both the beamformer chip and the antenna. Therefore,

the up-converter and filter response is essential for low spurious radiation.
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7.7 System Level Measurements

Complex modulation measurements are performed on the 39 GHz phased-array system
with the setup shown in Fig. 7.19a. A Kesight M8195 arbitrary waveform generator (AWG) is
used to generate 16-QAM and 64-QAM waveforms with an IF centered at 5 GHz. The modulated
IF signal is upconverted to 39 GHz using the transceiver chip and the high-pass filter (LO is
set at 17 GHz) described in Section 4.5. On the receive side, a Ka-band horn antenna is used
at a range of 1 m, and results in a space-loss-factor (SLF=( M4mR)?) of 64.3 dB at 39 GHz. A
Keysight DSOZ632A 63 GHz real-time scope is then employed to demodulate the signal using
the Keysight Vector Signal Analysis software (VSA-89600). The scope has excellent sensitivity
even at -40 dBm and a pre-amplifier is not required. Also, a spectrum analyzer is used on the RX

port to measure the LO and image leakage.

7.7.1 Radiated LO and Image Power

A single-tone test is first performed to measure the LO and image rejection with frr=39
GHz, f1.0=34 GHz, and fjn.e.=29 GHz (Fig. 7.19b). An LO rejection of 50 dBc and an image
rejection of 49.5 dBc are achieved at the array EIRP4p level.

To calculate the total LO radiated power, one starts with understanding the measured RF

signal power levels. The received power at the horn is found using the Friis equation as:

A
P, :P,G,Gr(m)z (7.5)

where EIRP=P,;G;, with P; being the total power radiated by the antenna and G is the antenna
gain, both defined at the antenna input port. G, is the receive horn gain, and R is the distance

between the phased-array and the horn antenna. This equation can also be written as:

A

2
475_R) (7.6)

P = PraleGr(
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Figure 7.19: (a) Setup for 39 GHz 8x8 array 1 m link and EVM measurements. (b) Measured spectrum
for the 39 GHz array system at P1dB.
where P, 1s the total radiated power from the array and Dy is the transmit array directivity.
Both P,,; and D; are defined in the air, just in front of the antenna (Fig. 7.19a). At 39 GHz, the
antenna radiates a total power of P,,q = 10 dBm (P,;) - 1 dB (antenna and t-line loss) + 18 dB (64
elements)= 27 dBm.

The measured receive LO signal is 50 dB lower than the RF signal at P1dB (Fig. 7.19b),

and if the LO and RF signals are at the same frequency, then the total radiated LO power is found
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using a simple ratio and is P,4q-Pro =27 dBm -50 dB = -23 dBm. However, the LO frequency
is at 34 GHz and there is a -1.7 dB difference in the SLF between 34 GHz and 39 GHz (-1.7
dB=(34/39)?). Taking this correction factor into account, the total radiated LO power is -23
dBm+1.7 dB =-21.3 dBm, and is 8.3 dB lower than the FCC allowed value of -13 dBm/MHz.
The LO radiation pattern is nearly the same pattern as the RF signal pattern due to the
wideband phase shifters used. When the phased-array is set to scan to 65 at 39 GHz, the LO
radiation at 34 GHz peaks at a slightly different angle. This is calculated using the progressive

phase, o5, between the antenna elements, and is given by:

Oy = kRFdSin(es) = kLodSin(eLo) (7.7)

Sin(eLo) = (kRF/kLo)Sin(es) (78)

where kpp=21/Agr and k;p=21/Ar0, and d is the antenna spacing. For example, a scan angle
of 50° at 39 GHz results in a 34 GHz LO peak radiation angle of 61.5°. Therefore, for OOB
(out-of-band) emission specifications, it is important to measure the LO power at a different angle

than the RF scan angle.

7.7.2 EVM

A 64-QAM 200 MBaud waveform with a 5 GHz carrier is generated by the AWG with a
pulse shaping factor «=0.35 and a peak-to-average-ratio (PAPR) of 7.7 dB. Fig. 7.20a presents
the EVM,,,,; versus the array EIRP. In region 1, the EVM is limited by the SNR due to the low
EIRP and the SLF of 64.3 dB. In region 2, the EVM is limited by the AWG SNR together with
the phase noise contribution of the LO signal generator and the real-time scope (EVM=1.7%).
And in region 3, the EVM is limited by the power amplifier non-linearity in the phased-array. The
measured constellation diagrams for the different EIRP regions are shown in Fig. 7.20b. The 39

GHz phased-array is capable of radiating an average EIRP of 44 dBm for a 64-QAM signal with
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Figure 7.20: Measured (a) EVM versus EIRP at 39 GHz with a 200 MBaud 64-QAM waveform with and
without calibration, and (b) constellations at different EIRP levels.
7.7 dB PAPR and <5% EVM,,,s, which is 5 dB backoff from the array P1dB.

A closer look at the EVM with and without calibration (Fig. 7.20a) shows that the EVM
with calibration results in 1.7 dB higher EIRP. This is because the calibrated array results in
1.4 dB higher EIRP than a non-calibrated array and the EVM is dependent on backoff from
P1dB. Also there is an RMS gain reduction from 1.76 dB to 1.26 dB between the calibrated and
non-calibrated array, which improves the EVM as shown in Fig. 7.6.

The EVM is also measured for different scan angles for the 64-QAM 200 Mbaud waveform
(Fig. 7.21). An almost-constant EVM is achieved within a +/-60° scan range at 5 dB (44-45 dBm)

and 10 dB (39-40 dBm) backoff from P1dB. All EVM values include the transceiver and LO

101



o

—e— 200 Mbaud 5dB BO (44 dBm)
- —e— 200 Mbaud 10dB BO (39 dBm)

~

64-QAM

e

(o2}
T

EVM RMS (%)
(6)]

al |
W—\.\‘

3l i

2 L L L L L

-60 -40 -20 0 20 40 60

Scan Angle (degree)

Figure 7.21: Measured EVM versus scan angles in the H-plane for a 64-QAM waveform. Measurements
done without calibration.

distributions.

7.7.3 Wideband Performance

Fig. 7.22a presents the measured EVM versus data rate with 16 and 64-QAM waveforms
at a carrier frequency of 39 GHz. A maximum data rate of 24 Gbps and 30 Gbps with 16-QAM
and 64-QAM waveforms is achieved with low EVM. Note that for 30 Gbps 64-QAM waveform,
the instantaneous bandwidth required is 5 GHz, and this is within the 3-dB bandwidth of the array
(37-42 GHz). The reason why the 16-QAM measurements have a worse EVM than the 64-QAM
measurements is that the 16-QAM results were done at an EIRP of 40 dBm, which is 6 dB higher
EIRP than the 64-QAM results (see Fig. 7.22b). Example constellations for different data rates
are shown in Fig. 7.22b. Table 7.2 presents a comparison with state of the art phased-arrays in
the 39 GHz band. It is seen that this work has the highest beamformer linearity, wide scanning

range and highest data rate to-date.
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Figure 7.22: Measured (a) EVM versus data rate with 16 and 64-QAM waveforms, (b) constellations at
different data rates. Measurements done without calibration.

7.8 Conclusion

A 39 GHz 8x8 phased-array for 5G applications was presented. The array achieves an
EIRP of 49-51 dBm with 3-dB bandwidth of 36-41.5 GHz. The array can scan up to +/-60° in the
azimuth plane and 4+/-50° in the elevation plane. A complete 39 GHz system is demonstrated using
an 8x8 array with a high-pass filter and a compact transceiver. The system has excellent LO and

image rejection and < 5% EVM is achieved using a 64-QAM 200 MHz waveform with an average
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Table 7.2: Comparisons with State-of-the-Art 39-GHz Phased-Arrays

Chip Parameter This work Tokyo Tech ‘19 [37 ] Intel ‘19 [26]
0.18 um
Technology SiGe BICMOS 65 nm CMOS 28 nm CMOS
Elements per chip 4 4 8 (dual-polarized)
Phase control (bit) 6 >6 4
Gain control (dB) 25 N/A 27
RX NF / chip (dB) 5.5 >7 5.8 (chip only)
N/A (estimated
RX IP, 5 (dBm) -28 <39 dBm) -43
TX OP, 4/ ch. (dBm) 11 15 11.5
TX Py / ch. (mW) 250 @ P,y 375 @ Pygg 339 @ P,y
RX Py / ch. (mW) 150 N/A N/A
Phased-Array Measurements
Elements in array 8x8 4x16 4x4
Polarization Single Single Single
EIRP (dBm) 51 @ P, 53 @ P, No EIRP
16 @ P,y 5.4 @ P, / Pol
TX Py / array (W) 18 @P.. 24 @ P, (N/A @ P.y)
Scan range (°) +/- 60° +/-20° +/-45°
-26 dB @ 200 MHz | -30 dB @ 400 MHz .
EVM 5dB BO from P1dB |  (no EIRP value mng:r::tz
(EIRP=44 dBm) mentioned)
9ver-the-alr 30 Gbps / 64-QAM N/A N/A
maximum data rate | 24 Gbps / 16-QAM

EIRP up to 44 dBm with calibration. Performance comparison with and without calibration is
presented and negligible difference is observed in patterns and shows that phased-arrays based
on 2x2 beamformer chips and a symmetrical layout can operate well. The EIRP and EVM of
calibrated arrays are better than non-calibrated arrays and improvement of 1.4-1.7 dB is observed.

The 39 GHz array achieves up to 30 Gbps data-rate with 64-QAM waveforms and is an excellent

candidate for 5G 39 GHz mm-wave systems.
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Chapter 8

Conclusion and Future Work

8.1 Conclusion

This dissertation presented several demonstrations of phased-array systems at 28 and
39 GHz. The arrays are based on 2x2 TRX beamformer chips with all-RF architecture and
excellent performance is achieved. Also, some advanced techniques and applications such as
carrier aggregation or wideband data transfer between connectorless connectors were presented.

In chapter 2, a 23.5-29.5 GHz wideband 8x8 phased-array for multi-standard operation
and 5G carrier aggregation was presented. The array achieves a peak EIRP of 54.8 dBm. The
array results in excellent patterns in the E- and H-planes over the frequency range using a single-
point calibration at 27 GHz. EVM measurements (-26 dB) at 24.5-29.5 GHz with 200-800
Mbaud 64-QAM waveforms resulted in 46-47 dBm EIRP which is 6-8 dB backoff from EIRP4g.
Inter-band 5G carrier aggregation measurements were also demonstrated with 25- and 29-GHz
carriers with 12 dB backoff and a total radiated EIRP of 41 dBm. The IM3 components are out of
band and partly filtered out by the antenna response. The work shows that carrier aggregation is
possible in 5G millimeter-wave system provided that the beamformer phase setting is done so as

to minimize the beam squint and pattern gain loss for two carriers.
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In chapter 3, the all-RF architecture, both at the chip level and at the PCB level, was shown
to result in excellent performance for mm-wave 256-element phased-arrays. State-of-the-art
patterns, EIRP and EVM have been demonstrated using this architecture.

In chapter 4, a 1 Gbps communication link at a distance of 3.5-4.75 km using a low-cost
8x8 5G phased-array with SiGe chips was demonstrated. The 5G phased-array can not only
support 300-800 meter links but also has potential for supporting extra long distance links for
backhaul and point-to-point communications.

In chapter 5, the first short-range connectorless connector link using 5G frequencies and
with scanning capabilities was presented. It is seen that the use of phased-array scanning, even
in a small array, greatly increases the link robustness versus misalignment and maintains a low
EVM over large misalignment distances. The system requires a very low EIRP, and the maximum
data rate is mostly determined by the instantaneous bandwidth of the phased-array link.

In chapter 6, a method of determining the OIP3 of amplifiers used in phased-arrays using
far-field measurements was presented. An equation translating the OIP3 measured in the far-field
to a single amplifier output in the array is derived and proved to be valid by experiment. The
technique can also detect resonances in the chip bias network.

In chapter 7, a 39 GHz 8x8 phased-array for 5G applications was presented. The array
achieves an EIRP of 49-51 dBm with 3-dB bandwidth of 36-41.5 GHz. The array can scan up
to +/-60° in the azimuth plane and +/-50° in the elevation plane. A complete 39 GHz system is
demonstrated using an 8x8 array with a high-pass filter and a compact transceiver. The system
has excellent LO and image rejection and < 5% EVM is achieved using a 64-QAM 200 MHz
waveform with an average EIRP up to 44 dBm with calibration. Performance comparison with
and without calibration is presented and negligible difference is observed in patterns and shows
that phased-arrays based on 2x2 beamformer chips and a symmetrical layout can operate well.
The EIRP and EVM of calibrated arrays are better than non-calibrated arrays and improvement

of 1.4-1.7 dB is observed. The 39 GHz array achieves up to 30 Gbps data-rate with 64-QAM
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waveforms and is an excellent candidate for 5G 39 GHz mm-wave systems.

8.2 Future Work

The phased-array systems presented in this dissertation may be expanded and improved
in a few aspects:

1) For the wideband 28 GHz phased-array, future work is needed to optimize the carrier
aggregation systems including the design of wideband power amplifiers with low IM3 products,
the possible use of filters between the beamformer chip and antennas, and the design of radomes
with bandpass properties.

2) It is advantageous to design a dual-band phased array which can be operated at 28- and
39-GHz bands and one RF system is needed for two licensed bands. This will greatly lower the
cost of deployment. The design and optimization of dual-band antennas and beamformer chips is
the main challenge for this system.

3) Electromagnetic band-gap (EBG) structures generate a stopband to block the propaga-
tion of electromagnetic waves at a certain frequency. Therefore, EBG structures can be used in
phased arrays to suppress the triggering of surface-wave modes and improve the array scanning
performance.

4) Wideband digital pre-distortion can be used at the array level to improve the system
performance (EVM) vs. backoff. This can be done using low-power side-coupling antennas as
feedback paths to the digital pre-distorter. The challenge is to find the correct algorithm which

can be used over a large array, and to reduce the number of feedback paths.
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