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SUMMARY

Millimeter-Wave (mm-Wave) links serve as the enabling technology for a plethora
of commercial and defense applications for rgeteration (5&G beyond) networks. To
support future mm-Wave wireless systemshe nextgenerationsysem necessitates
extreme mobile broadbandata throughput energyefficient massive maching/pe
communication, and ultreeliable lowlatencynetwork.My research focuses on innovative
system architectures that combine mathematical, physical and IC engineering approaches
to overcome mannherent challenges for future communications and achievedtéte-
art performance for emergingideband andow-latency applicationsThe proposed
researchs conducted in multiple disciplingse., solidstate circuit, microwave theory and
technigueand optical communicatioifheywill potentially revolutionize nexeneration
mm-Wave communication, sensing, and optitaér wirelessnework for 5G, as well as
future 6Gbeyond The autonomous beamforming and Katency aspecitsf my work will
beadsoan enabling technology for the 6Tactil e
manipulate, or control real or virtual objects in real titnethis thesissummary several
system solutionare proposetb addressnultiple majorchallenges in the nexgeneration

communication

First, phaseearray architectures are extensively employed in communication and
radar systemdjowever, if any beam misalignment exists, the receiver SNR improvement
and the link performance will be degraded substantially. This is particularly problematic
for largescaled arrays with narrow beamdths. Moreover, aligning array beams by

digital backends often causes a substantial delay in the system response time. Therefore,

XX



accurate, agile, and autonomous beamforming at the RFdnohbecome essential for
high-performance phasedrays An all-passive negative feedback netwlproposedor
a lroadband and widgield-of-View (FoV)self-steering beamformin(BF) with zero DC
power consumptiarlnlike existing active seléteering BFs, the apjassive nature of the
proposed design ensures its zero DC operation power, which is critical foistatge
and/or energyconstrained phaseatrays.It is the world-first systemto demonstrat¢he
autonomoussignal operationon sensing, tracking, antbeamformingover full FoV

coveragevithoutany external controls armbnsuming any DC power

Secondlyo support future wireless communication syst€ni new radi®, such as
orthogonal frequency division multiplexing (OFDM) using radio over fiber (RoF)
technigue in radio access network (RAN) is adopted and standardized because its
manageable si@l processing resourcesimplifies the remote radio units (RRU)
architectureand enable flexible software defined RF operatioMeanwhile, future
communication networkequires smamRRUsto substantiallyocate and sense signalgh
reliablefast switching and respongane. We proposedself-steering array beamforming
(SSABF) achiewng the stateof-the-art autonomous beamforming for 6Gb/s-@GAM
signal over 5&cm wireless distanceith a substantial array factor improvememd no
any external tuning controlgshich is the firshigh-speed switching SSBF receiver in a

fiber-wireless integrated radio access for ftWave mobile fronthaul applications.

Thirdly, mm-Wave massive MIMOs leverage large array size to enhance the link
budget and spatial selectivitidowever, transmittereceiver (TXRX) alignment becomes
difficult due to theirr esul t i ng narrow beamwi dt h. Unl

applications (e.g., miVave HDTV transmission), many future riiave links will
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operateirhi ghly Adynami co environment s/dronsuch as
/machinebased links, necessitating rapid and precise Heaming/tracking for high link

reliability and low latencyWe demonstrate ané@ement MIMO receiver array that is the

first of its kind to support hybrid beamforming: autonomous-Wave/RF frontend
beamforming + digital baseband beamforming. This is the firstvmare MIMO receiver

array that achieves autonomous and dynamic rejection of unknown blockers and
beamforming onmk nown desired signal s. AUnknown b
signal so6 mean t hat t he iband)cangtaf-arrval (AdAj,anquency

modulation scheme are not known a priori.

Next, to preserve full fielebf-view (FoV) and multbeamMIMO operations, digital
arrays often skip FoVMmited frontend beamforming and rely on digital backends for
spatial filtering. However, the RXs and ADCs need high dynamic range (DR) to handle all
the aperture information and avoid array saturation lmngtsignals/blockers that may
hinder digital beamforming. Therefore, to aid digital arrays and reduce RX/ADC DR, there
is a critical need for agile spectgpatial frontend filtering for instinctual blocker
suppressioegaaddi p 0 ggmalsoNfe prdsens a widebaind 21GHz
RX array for NinputN-output MIMO systems. It employs scalable cascadable -array
based higkorder Autonomous Spatial Filters (ASFs) with high spatial selectivity as a
Asmarto spatial f i |-bloekersignal m&nagenoent toiagsistdigital ct u a
BF. It is the first demonstration of-Mput-N-output MIMO RX array with autonomous

and instinctual fulFoV multi-blockerrejectiori-signalBF management

Finally, 5G MIMO systems are expected to concurrently handléipreimodulated

signals (64/256-QAM) at Gigabits/s, which necessitates wideband >30dB SNR to

XXii



demodulate multiple signals simultaneously and demands instantaneously wideband image
rejection ratio (IRR). Additionally, for concurrent signal receiving, im@edulation
distortions are significant, and thus hilijearity tunablegain RX is highly desired to

avoid decorrelations among the array elements during beamforiiadast part of this
dissertationpresents the first CMOS receiver frontend that co&&43.5GHz mm

Wave 5G bands and supports instantaneoub&utl image rejectigmejecting wideband
images and receiving desired signals of m@hi's 64/256QAM with no calibration,
switching/tuning elements, or external controls, enabling futurebar® lowlatency 5G

MIMOs.
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CHAPTER 1. INTRODUCTION

The best way to get people to think outside the box is not to create the box in the first place.

T Martin Cooper

Mm-Wave is the key enablerfor future imaging,sensing and nextgeneration
(5G/6G beyond)high-speedcommunicationsietworks Due to the large signal loss
beamforming a signal processing techniquier directional signal transmission or
reception is requiredto employ future mm-Wave links and extensively employed in
multiple modern commercial and defense applicatioRer an Nelement uniform
trangeiver array, if the beam is perfectly aligned witarecaving/transmittingwave, the
signatto-noise ratio (SNR) of th&ranseiver array is improved by 10logN. To support
mm-Wave wireless systems, massive multipleut-multiple-output (MIMOY phased
array transceiver leveragdarge array size to sstantially enhance the miave link
budget angharperd spatial selectivity, but their resulting narrow beamwidth drastically
complicates the transmitteeceiver (TXRX) alignment. For example, the halbwer
beamwidthofa® | ement o/ 2 di oot iec allelcy efasem -78¢ t o
el ement @&/ Zheteiorprdcise ardraccuaragignal alignmentis necessitated
for the futureversatilemm-Wave applicationdMoreover, apidly growing deployment of
mmwave links incommercial (e.g., 5G/automotive) and defense (e.g.;niasing
drones) applications often exposes the transceiver frontends in complex EM environments
with  multiple  fastchanging yet unknown  blockers  (Angdé-Arrival
AoA/frequency/modulation)lo presere full field-of-view (FoV) and multbeam/MIMO

operations, digital arrays often skip Fdivhited frontend beamforming and rely on digital



backends for spatial filtering. However, the RXs and ADCs need high dynamic range (DR)

to handle all the aperture orfnation and avoid array saturation by strong signals/blockers

that may hinder digital beamforming. Therefore, to aid digital arrays and reduce RX/ADC

DR, there is a critical need for agile specspétial frontend filtering for instinctual

blocker suppg s si on aeegu dilpioaviemr g 0 oWidelhedshighcapatity si g n a l
wireless access nodes are also essential forgagdration networks. For example, future

5G user equipment (UE) favors miiand operation (especially at 24.5/28/37/39/43 GHz)

to wupport multistandard communication and international roaming. However, a large
fractional bandwidth (BW) (>50%) poses challenges for frontend hardware, and image

jamming often becomes a major issue in extreme spectral planning.

During my pastfive-year Ph.D. study at Georgia Tech GEMS L#ie major
research theme of my Ph.Bonsists ohew systermetworkarchitectures anshnovative
circuit techniques to achieve statkthe-art performance for various emergiwigeband,
energyefficient, ard ultrareliable lowlatency applications at maWave. They are
especially focusig on dynamic beansteering and tracking for unknown desired signals,
rapid spatial notching for multiple unknown blockers,-fidld of view (FoV) coverage,
broadband operatn, extreme data rates, instantaneous wideband image rejection, and
rapid response timiesimultaneouslySeveraimportant contributions of thiBh.D.thesis

arehighlightedbelow.

1. A nonlinear feedback loofor the proposedself-steering BFis achievedvia
processig the signals in two different domains, i.e., the phase and voltage
domains The nonlinear conversions between the two domains are fully exploited

in our design to provide a large loopmaiver full FoV, althoughthe entire loop



is fully passive with zero DC power consumptidn.the best of our knowledge,
this is the first demonstration of an-plssive network for frorénd selsteering
BF with zero DC powersupportingdarge scale@nergyefficient phased aays

. Based on the proposerkroDC selfsteering BF,we combined withour
proposed broadband wide®V mm-Wave antenna arrays aogtical fiberlink

to achievethe first demonstration of a higdpeed switching SSBF receiver in

a fiberwireless integrated radio accesthe SSABF for mmWave fiber
wireless network supports 10 Gb/s carrier aggregation of 20-MtHO)OFDM
signalsand demonstrates the statiethe-art full-FoV autonomous beamforming
for 6Gb/s 64QAM signal over 5&cm wireless distangeenabling dynamic 5G
mobile fronthaul applications

. We present an-8lementmm-Wave scalable fulFoV MIMO RX array with
hybrid BF by using closebbop multistage cacadable DS#ree mmwave/RF
BFs and digitaBF. The closedoop beamformers autonomously create spatial
notches on multiple iband blockers and perforBf on the desired signals with
world-record <lus dynamic response timenabling future nexgeneratio
(5G/6G beyond) ultrdow latency communication even under complex/
congested EM environmerithe arrayis the worldfirst MIMO to successfully
rejects wideband Hvand blocker and receives desired signal with 6Gb/s 64QAM
and 1.6Gb/s 256QAM over fuloV with autonomous operatisn

. A widebandnm-WaveN-input-N-output MIMO systems iproposed to support
future high-capacityspatialmulti-stream receivingUnlike any existing design,

it is the first demonstration of -MputN-output MIMO RX array with



autonomous and instinctual fuloV multi-blocker/signal managementhe
array autonomously rejects multiple wideband modulatdshimd blockers and
receives desired signal with mulgib/s 64/256QAM over full FoV.

5. We demonstratea mmWave compact RX fronteth achieving fulifrequency
instantaneously wideband image rejecti@fter image rejection, the wideband
desired RX signal is successfully demodulated with 12GBQ&M and 8Gb/s
256-:QAM under 10dB larger wideband modulated image signal with the same
moduation scheme and data rate. Tisishe first demonstration RF frontend to
support instantaneously wideband GHz image rejection with no calibration,
switching/tuning elements, or external controls, enabling instantaneously

wideband lowlatency 5G MIMOs ircomplex EM environments.

The remainder of this dissertation is organized as follows.

Chapter 2introduces an aHpassive negative feedback network to perform
autonomous RF frorend BF towards the direction of the incident RF beam. The beam
forming frontend block consists of a passive network for RF signal processing, voltage
rectifiers, and voltageontroled phase shifters, all of which are passive components and
consume zero DC power. The measurements demonstrate thatq@udligy 4-element
array factor is successfully synthesized for the input progressive phase shifL&sno
+180 in the closedoop operation, ouperforming reported active sedfeering beam
formers. To the best of our knowledge, this is the first demonstration of-pasailve

network for frontend selsteering BF with zero DC power.



Chapter 3showsa broadband scalable ftHoV self-steering array beamformer
(SSABF) mmWave fiberwireless integrated network over 25 km fiber lidkhome
designed antenna array is designed to achieve addtdte-art mmWave antenna with a
wide broadside -8IB beamwidth= + 80° and broadband36GHz for the proposed SSA
BF receiver for a 5G fibewireless acces3he SSABF achieves calibratierand digital
signal process (DSRjee beamforming with passive dellnckedloop (DLL) phase
domain negative feedback loops dperatewideband modulatn. Without any prior
information (angleof-arrival AoA), a proofof-concept mriwave fiberwireless SSABF
demonstrates that it can rapidly yet accurately align the desired signals wititdowy <
3ms beantracking and exhibits lonterm system stabilit The SSABF achieves the
stateof-the-art autonomous BF for enhanced mobile d@ata up to 10 Gb/s and 7.8 Gb/s
with 20x100MHz carrier aggregation OFDM in backback and over 2&m fiber

transmission over fulFoV.

Chapter 4presentsa hybrid bearforming MIMO receiver array including an on
chip 2stage closetbop mmwave/RF frontend beamformers and ethip baseband
digital BF. The 2stage closetbop mmwave/RF frortend bearformers alone support a
variety of operation modes: (mod#leautonomous éamforming/tracking for an unknown
in-band desired signal, (modl@ autonomous rejection of one unknowntkand/ce
channel blocker + autonomous befosrming/tracking for an unknown iband desired
signal, (mode IHA) autonomous rejection of one unknownband/cechannel blocker
with one deep spatial notch (54dB rejection), and (modB)lkutonomous rejection of
two unknown irband/cechannel blockers with two notches (30~40dB rejectidime

closedloop DSRfree mmwave/RF frontend beamformer achesvapid response time of



<lus per beaniormer stage, which enables rapid befanming/tracking in dynamic
environment or lowatency MIMO applications and is 100x ~ 1000x faster than the state
of-the-art mmwave/analog/digital beamformers using baseband i§al processing for

beamfinding/-locating

Chapter 5 reports a MIMO RX with -Nput-N-Output using scalable cascadable
autonomous arrapased higkorder spatial filters for instinctual fuFoV multi-
blocker/signal Management. The RX is designed weatbcaded-3tage ASFs for different
receiving cases. It shows a stafethe-art maximum 62dB cancellation for autonomous
multi-blocker suppression over full FoV. This is the first RX which can autonomously
support N wideband modulated blocker suppressind desired signal beamforming
simultaneously without any digital beamforming aid and the autonomoustasay high
order spatial filters provide sharpened spatial selectivity, enabling-baath high
capacity massive MIMO. The -diputN-output MIMO RX array covers an extremely
broadband frequency range {2IGHz) and the entire spatial range @adtlV) to address

various unmet challenges in ldatency MIMO systems.

In Chapter 6the first mmwave extreme wideband 5G RX frontend 4RIGHz) is
demonstreed for supporting a statd-the-art 12Gb/s 64QAM and 8Gb/s 256QAM
wideband image rejection even when the image signal is 10dB larger than the desired signal
and they are exactly overlapped after des@nversion The RX 3dB bandwidth is from
24.5 to 43.5GHz, whicleancover major mmWVave 5G bands at 24.5/28/37/39/43 GHz
and support mukstandard communication and international roamirtge transformer

based 1Q networKor broadband image rejecting able to acemmodate large load

i mpedance transformation (500Y) with robus



up-scaling and passive voltage amplification to boost the LO swing. It achieveda@skow
mm-Wave I/Q LO generation with a compact size (0.14nmnd stateof-the-art

instantaneously wide bandwidth-89GHz.

In the endthis dissertatios summarized in Chapter 7



CHAPTER 2. AN ALL -PASSIVE NEGATIVE FEEDBACK
NETWORK FOR BROADBAND AND WIDE FIELD -OF-VIEW

SELF-STEERING BF WITH ZERO DC POWER CONSUMPTION

This Chapter presents an apassive negative feedback network that performs
autonomous RF frorgnd bearrforming and dynamic beattnacking towards the direction
of the incident RF signal. The proposed feedback network consists of a passiga&F
processing network, voltage rectifiers, and voltagetrolled delayline phased shifters,
all of which are passivenly circuits. The negative feedback loop is realized by passive
phase detection, phasevoltage conversion, and voltagentrolled phase shifting,
achieving a large loegain and autonomous operation with zero DC power consumption.
The nonlinear behavior of the loop is exploited to substantially expand the arrapfField
View (FoV). A proofof-concept broadband-@lement alpassiveself-steering beam
former at 5GHz with a wide FoV is implemented in a standard 130nm CMOS process. A
high-quality 4element synthesized array factor is measured for the input progressive phase
shift %tn from -180° to 180°. When the proposed negative faekdoop is enabled, the
normalized array factor i2.87dBf2.8dB athm= +90A/ T 90A with an i ng
of -17dBm/element at 5GHz, achieving > 25dB array factor improvement over the open
loop operation. Moreover, the nonlinear feedback loop allfow significant array factor
improvement even &m= +180A/ 1180A. The proposed bear
quality seltsteering BF from 4GHz to 5.68GHz with 34.7% fractional bandwidth.
Therefore, the proebf-concept alpassive seilsteering bearfiormer outperforms the

stateof-the-art active designs in terms of bedonming quality, FoV, and fractional



bandwi dt h. To the best of the author-sdé kno

passive negative feedback network for a broadband #@tel MoV selfsteeringBF with

zero DC power consumption.
2.1 Introduction

Phaseehrray receivers are extensively employed in modern communication and radar
systemd1]-[3]. For an Nelement uniform receiver array, if the beam is perfectly aligned
with the incident wave, the signtd-noise ratio (SNR) of the receiver array is nonyed
by 10logN. However, any beam misalignment in practice will substantially degrade the
array SNR and link performance; this is particularly problematic for acgied arrays
due to their narrow beamidths, e.g., in nexgjeneration 5G links and adwaed radars.
Conventionally, baclend digital signal processing (DSP) is used to perform array beam
forming and alignment at the expense of extra power consumption, slow response time,

and system complexity].

Without backend DSP or manual beam alignment, frent selisteering bearfiormers
can automatically track the incident bed®j-[7]. The selsteering bearfiormer can
benefit numerous applications, such as eneffjgient largescaled phased arrdg1],
RFID [12], low power sensor netwoit3], and wireless energy harvestifigt][15]. A
generic system of a sedteering beanrfiormer without any external control is shown in
Figure2.1. —is the incident angle fror®0° to 90° %m is the input progressive phase shift
from -180° to 180° in @ /-spaced receiver array, givéa= (' / BipIThe selfsteering
beamforming enables fast and accurate system response and reduces the overhead and

complexity for generating external oplop phaseshift controls.
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Figure 2.17 Conceptual system schematic of a generic salfeeiing beam-former in
a phasedarray receiver system

Existing selfsteering beanrfiormers are mostly based on active approaches and consume
considerable DC power per array elemgsjt[7]. For example, ofthip active phase
detectors and active phased shifters are usg¢fl] ito trackand compensate the beam
alignment with a total DC power of 430mW. [i®], active power detector and
microcontrollers consume a DC power of around 560mW. Injet¢tioked oscillator
arrays (ILOAS)[8][9] and injectionlocked coupled agdllator arrays (ILCOAsS)10] are
utilized to autonomously correct the beam misalignment. However, external injection
signals and manual alignment are often neetteddjust the beam angl&]-[10].
Moreover, these oscillatdrased gstems is often narrowband due to the injection locking
nature[8]-[10]. Recently, coupled oscillator arrays (COAs) and coupled pHaskdoops
(CPLLs) are used for automatic bedonming and tracking7]. Besides substantial DC

power consumption and narrdvand operation, these architectures exhibit direct
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degradation of system stability and FoV for large number of array elements, limiting their
use in largescaled arma[7]. Therefore, there is an unmet need for accurate, autonomous
and dynamic beafforming architecture that can operate at the RF femat and support

low-powerlargescaled phasedrrays.

To address these challenges, fGlsapterproposes an afpassive selbteering beam
former using a passive network with negative feedback for automatic, broadband and wide
FoV beamforming at the RF fronénd[16]. Unlike existing active sel§teering beam
formers, the alpassive nature of the proposed design ensures its zero DC operation power,
which is critical for largescaled and/oenergyconstrained phaseatrays. In addition,
compared with energy harvesting based sys{@mis[19], the proposed system does not
require any energy storage/charging, and it responds instantaneously to the input RF beam
and operates continuously without any duty cycle operation. Thus, the receiver can capture
the incominginformation with no dowstime, and there is no need for energy storage
element. Moreover, unlike the active approaches, e.g., QAthe altpassiveapproach
ensuresnosignal‘®mi ssi on by the beamformer. This

is particularly useful for many military and higiecurity applications.

As a proofof-concept demonstration, a broadband and wide Felédhent alpassive
self-steering beanfiormer is implemented in a standard 130nm CMOS process. A high
performance array operation is achieved for the input progressive phasandetiveen
-180° and +180° and over an operating frequency range from 4GHz to 5.68GHz=At
-17dBm/element, the closdédop normalizedarray factor at 5GHz is measured -as
2.87dB£2.8dB aten of +90°£90°, i.e., the array null point without selfeering operation,

showing >25dB array factor improvement over the elpep operation. The proged aH
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passive selbteering beanfiormer outperforms all the reported active designs for the

operation bandwidth, FoV, and bedarming quality.

This Chapteris organized as follows. Secti@?2 presents the system architecture and
operation principle othe allpassive negative feedback network for-s¢dferingBF. The
details of a 5GHz £lement bearfiormer prototype are discussed in Secod Section
2.4 shows the measurements and a performance comparison with reported active self

steeringobeamformers.

2.2 An All-PassiveNetwork with NegativeFeedbackfor Self-Steering BF
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Figure 2.2 7 (a) Conceptual block diagram of an alpassive negative feedback
network operating in only one signal domain. (b) Conceptual block diagram of an alll
passive negative feedback network operating in phase domain and voltage domain.
(c) The simplified schemaitt of the allpassive negative feedback network for self
steeringBF, shown in the phase and voltage signal domains.
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A selfsteering beanfiormer should respond autonomously and accurately to the
input beam without any external control signal, which theesfeqguires some negative
feedback mechanism in the be&wnming operation. Two conceptual diagrams that
connect passive networks and form negative feedback configurations are stioguren
2.2a and2.2b. Passive networks in practice only exhibit signal loss and cannot provide any
power gain due to the conservation of energy. Therefore, if two passive networks are
connected in a negative feedback loop and process sigrhéssame signal domain, e.g.,

RF power, the overall loop gain is always less than one, which is incapable of producing a
desired compensation signal to track the input and reduce the error Siguaé 2.2a).
However, in the context of beafarmingitracking, the progressive and relative phase
among the array elements is actually the sigfidhterest, and such phase information is

not directly related with the engy of the RF signals being processed in the array.
Moreover, if the forward and feedback passive networks can convert the signals between
two signal domains, e.g., phase and voltage, the overall loop gain of suckpassale
negativefeedback networksan be potentially greater than one due to the-ohenain

signal conversiondgure2.2b). This concept can be intuitively understood. For example,
one can employ nitiple voltagecontrolled phasshifters in cascade to process the
received RF signal, and a small control voltage change can generate a large total phase
shift, i.e., achieving a large voltag@phase conversion gain, without any external power
supply. The proposed afpassive negative feedback network for -s¢éfering beam
forming follows this architecture conceftigure2.2c). It first detects the phase difference

of the incident signal between two array elements by a passive phase detector, yielding a

differential phasalependent voltage output. To complete the negative feedback loop, this
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voltage signal is then converted back to the phase domain as a differentnsation
phase signal by voltagentrolled phasshifters. Note that the passive detectors and the
voltagecontrolled phasshifters are nonreciprocal networks used to facilitate the proposed

negative feedback. The detailed operation principle itaggd as follows.

Assume%in is the progressive phase shift of the RF inputs between two adjacent
elements (path A and path B kigure 2.2c). The negative feedback loop generates the
phase compensation sigfi@ls to minimize the residual output phase differeq@®.:and
achieve automatic beam alignment of the path A and patkirBt, the path A/path B
residual phase differenageut is transformed to a differential DC voltager by a
passive RF signal processing network and two rectifiers, which collectively function as a
passive phase detector. The lasignal phaseo-voltage conversion gaii@ = txu / gFPbout
can be derived based on the specific circuit implementation. Next, by apgbtihgn the
voltagecontrolled phase shifters, the feedback compensation fdsase generated with
a voltageto-phase conversh gain"Q = %es / txwi. The differentialcxw polarities are
selected to ensure an overall negative feedback in the phase domain. Thus, the loop gain is

‘A’'Q, and the resulting phase erg¥eut as the residual output phase difference is

QF6out= %in T %eB = %in / (1 +'QQ). (2.1)

To autonomously and accurately align the receiver beam with the incident signal
over a wide FoV, the loop gai@'Q should be maximized over a broad progressive phase
shift rangekin. This is accomplished by exploiting the nonlinear conversion betveen t
phase and voltage domain and nonlinear operation of the feedback loop, while the entire

loop is kept alpassive with zero DC power consumption. Moreover, urjitkg10], the
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proposed alpassive selsteering bearfiormer does not require to know the actual
frequency of the incident signals a priori; this frequency agnastture ensures its

broadband operation and utility in practical array applications.

2.3 Circuit Implementation
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Figure 2.37 Top-level circuit schematic of an aHpassive broadband and wide FoV 4
element selfsteering beamformer in a phasedarray receiver. The LNAs andthe 4:1
power combiner are not included in this design.

To demonstrate the proposed@dissive negative feedbk network for selsteering
BF, a 4element procbf-concept design at 5GHz is implemeni&d] (Figure2.3). The
inner two signal paths (path 2 and path 3) are included in the negative feedback loop, while
the outer two paths (path 1 and path 4) are controlled in arloppmrmanner. This all
passive selbteering bearfiormer an be employed after fromind low noise amplifiers
(LNAs) in an RF phasedrray receiver; additional dowsonversion mixers can be added
before the bearformer for mmWave operations. Once the receiver is aligned with the
incoming beam by the proposed betormer, the four outputs can bephase combined

for BF. Four operdrain buffers are used in this preaffconcept design only to facilitate
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the testing. Switches are added to enable or disable the feedback loop ftwappen

closedloop measurementsespectively.

2.3.1 Passive Phasto-Voltage Convertor Analysis
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Figure 2.4 7 The passive phas¢o-voltage conversion circuit, i.e., a passive phase
detector, using a 90° coupler, two matching networks, anvo rectifiers.

The simplified passive phase-voltage convertor is shown Figure2.4. It consists
of a 90 coupleras an RF signal processing network, two matchetgvarks, and two -7
stage Dickson voltage rectifier0]. The 90 coupler utilizes an ultracompact
transformetbased topology21][22] with a characteristic impedance ofcgOThe two
input signals in the path A and path B are concurreetiytdé thenput (IN) andlsolation
(ISO) ports of the 90 coupler. The two resulting outputs from thkrough (THU)and
Coupled (CPL)orts are fed to thBickson voltage rectifiers. To maximize the driving
voltage amplitude for the Dickson voltagectifiers, 2stageLC matching networks are
used to dowstransform the rectifier input impedance tag50rhe outputs of the rectifiers
are then used as the differential control voltagedo drive the passive voltagmntrolled
phase shifters to gersge the compensation pheées. The largesignal behavior of the

phaseto-voltage converter can be analyzed by applying two RF incident signals with the
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same amplitudé but at a phase differen@86out into the IN and I1SO ports of the90°

coupler. The vitage amplitudes of the output RF signals atftH&k andCPL ports are

OTHR = == P @ =0 p OmMI% ,and
OcpL= = Q Q=0 p OKI%o . (2.2)

Thus, the 90 coupler transforms the phase difference of the two RF inputs to the voltage
amplitude of the RF outputs, which are further converted to a differential DC valage

by the rectifiers. Assume that the matching networks increase the digpwubltage
amplitude by a factor of due to its impedance transformation, and assume that the two
matched rectifiers are squéeav devices with a conversion coeffici¢ntThe DC output

voltages of the two rectifiers are

dbut, rectifier1=| | 0 =] 1 0 P C’)Epi%o , and (2.3)

dbut, rectifier2= | TO =| TO P OE@T%O . (2.4)

Thus, the differential feedback voltage sigaal is obtained as

d):trl = dbut, rectifierl dbut, rectifier2= 2| 1 0 sinop %o . (2.5)

Thelargesignal operloop phasdo-voltage conversion gaii@ can be further calculated

as
O w0 Tw% ¢ 16 OBRd% Tw %o . 4.6)
Figure 2.5 plots axri and "Q versus the residual phase differers®out, i.€., the phase

difference between adjacent array elements after thesteelfing compensatioiQ is a
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sinc function with is peak value @&%out= 0°. Its operloop response gradually decreases

to zero whers-%out approaches #0°. Therefore, a positive conversion gain is maintained

over the entire £80° phase shift range.
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Figure 25 1 (a) Differential feedback DC voltagecxw versus the residual phase
difference q¥%eut. (b) The largesignal phaseto-voltage conversion gairiQ versus the
residual phase differencayout.

To achieve a high conversiaroefficient| and maximize thghaseto-voltage
conversion gainQ, 7-stage Dickson rectifiers are implemented using -tlereshold
transistors(~70mV) . I n addition, the maqgoatpuisng net
to high impedance valuesatthee ct i fi er sé i nputs, which pass
swings at the rectifier inputs ( p) and further facilitates the rectificatioBy combining
these techniques, the proposed relewelRFiIi cat i t

inputs ¢17dBm/path nominal) and provide a significant pheseoltage conversion gain

"Qover a wide FoV.

The proposed passive phasevoltage convertor serves as a wigieV passive phase
detector.Unlike active analog multiplier based phase detector, it astrie phase
difference of two RF signal paths with no DC power consumpt@ompared to

comparatoibased phase detectors, it operates with RF signals at a low detection sensitivity
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( € Wvel), which is verified by the measurements and includes circuit noise in practice.
Although the phas#o-voltage conversion gail® depends othe input RF amplitude, this

does not affect the negative feedback operation foissediring bearfiorming, as long as

the RF inputs are adequately strong to make the total loofQ&@sufficiently larger than

one. However, the loop gain graduallygdedes at a lower input RF power, which sets the
sensitivity limit of the beamformer. Furthermore, just like othersteléring beanrfiorming

circuits, this beanrformer should be used in conjunction with fr@md blocker rejection
circuits, which means #t the selsteering beanfiormer only processes the desired signal.
Therefore, the proposed system is considered to process one set of the input signals without
considering the effect of blocker signals. The measured and simulatesteseing

performancerersus the input RF power will be presented and discussed in S2dtion

2.3.2 Passive Voltag¢o-Phase Convertor Analysis

The passive voltag®-phase convertor, i.e., a voltage controlled phase shifter, is
implemented as a-3tage LC synthetic delay lines it varactors in this desigrFigure
2.6a). The control voltages of the varactassandasare generated from the two rectifiers.
The differential voltage differenaef cx andVzis axw. The simulated phase shift versus
wxti at 5GHz is shown ifrigure 2.6b. The linearegion slope, i.e., the voltage-phase

conversion gain, is 1.33 degree/mV at 5GHz.

The differential DC voltagéxt are connected to the varactors in the path 2 and path
3 (inner two paths) with opposite polarities to achieve desired differential phase
compensation and double the effective voltagphase conversion gaiRigure2.3). The
simulated voltage¢o-phase differential conversion gai@ is 2x1.33 degree/mV = 2.66

degree/mV at 5GHzl'he averaged loss the 7-stagel -C syntheticT-line is 8dB which
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can be compensated by the fremid LNAs. The phase shifter design can adopt-wire

bonding inductors and effhip varactors to further reduce the loss.
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Figure 2.6 7 (a) A 7-stage L-C synthetic delay line with varactors as the voltage
controlled phase shifter. (b) The simulated phase shift versus differential control
voltage Vet

2.3.3 OpenLoop Controls of the Outer Paths

In a uniform array, the input progressive phsisit of the path 1 and path 4 (outer
two paths) is three times of the path 2 and path 3 (inner two p&tge)€2.7). Thus, the
path 1 and path 4 requirdas for phase compensation. If the same voltagatrolled
phase shifters are used in path 1 and path 4, they require a control voltafge, avl8le
Vel is for the path 2 and path 3, assuming the phase shifters are in their linear regimes. A

fully passive apmach to generateVa for the path 1 (and 4) can be achieved by using
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resistive loads with a 3:1 dividing ratio at the two rectifier outplitgufe 2.8). If Veul is
generated and regulated to the appropriate value by the negative feedback loop in path 2
and path 3, a control voltage ofs3 will be automatically generated by the resistivgder

and can be used to control the path 1 and pail 4ndax) in an operloop manner.

ﬂ&]in
An€ 2 Y7
N | LNA Uina1 Vl::%r RI VR Vlﬁvl | Uout1 Dout,l' l_Jout,4:
A HUin 3/\ N VAPth 1V4 T TV 30 30 -
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€2 " pah1 Tttt
| LNA Uin,z‘ Zzg E:Vz eee VZ:EI I Vz_}_]out,z
ia \ _ _
Adin Vpath 2T T 0 iy _
Ajne 2 ¥ Nin T T T T cos OUE,Z - out,3—
Uin-UrB
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um' N see uOU,
3 HNA>—EVE B 13 "
13U|n . + Path?, I
An€ 277 K
S s = B VA I~

U
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Figure 2.7 7 The input progressive phase shift of the path 1 and path 4 (outer two
paths) is three timedarger than that of the path 2 and path 3 (inner two paths). Thus,
the path 1 and path 4 require %es for phase compensation and thus\& as the
control voltage.

Stage Dickson Voltage Rectifier \, _ 4, v,=3v;
' D o A path 1&path 4
| . o Open-loop control
: M | A peth 28 path 3
ath 2 & pat
n O P
a | _j_ T T T T Closed-loop control
b e e e e e e e e e - - - |

Figure 2.8 17 A 7-stage Dickson voltage rectifier using a 3:1 resistor divider load to
generate Ve for the path 2 (and 3) and ¥ for the path 1 (and 4).V2 and V3
represent the voltages generated by the rectifiers witNcy = V2-V3 (Figure 2.3). V1
and V, are their 3x replica voltages with ¢y = V1-Va.
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2.3.4 ClosedLoop Analysis of the Nonlinear Negative Feedback Network

§ 240 220
< 180] =
I 13200
& 1201 £
@ 601 @180- ¥ =0)01i,=180°
8 04 @ _
<

& 601 EIGO- 0in<180°
2 120 2
¢ 3140
5,-1801 5
O " " " " ‘l O ] " "
& -240 . T T T T + X120 T T T . T

-180 -120 -60 0 60 120 180 60 80 100 120 140 160 180

Residual Phase Difference, Nt out (Deg) Residual Phase Difference, nt out (Deg)
— @ N (b)
§ 270 §200
= 1801 =
(=} 1>
£ £
= 90_ =
) )
(] 0 ()
g g
2 ) Vo2
a 3 v @
$-1803 v 8
3 .-
& 210 F————— & 160 ;
-180 -120 -60 O 60 120 180 170 180 190
Residual Phase Difference, n0 out (Deg) Residual Phase Difference, n0 out (Deg)

© @

Figure 2.971 (a) Progressive phase shifiés versus the residual phase differencg¥%eut
at different k. (b) A zoomin view of Figure 2.9a from the residual phase difference
g¥eut = 60° to 180°. (c) Perturbation analysis of the two possible solutiog86eu:,1 and
¥6out,2 at %m = £180° fork = 2. (d) A zoomin view of Fig. 9c aroundg®eu: = 180° atk
= 2, showing the unstable solution®eut 2.

The largesignal closedoop performance and the normalized array factor of the 4
element beanfiormer is next analyzed. Firghe residual output phase ersfbout can be

expressed as

3%out=%n [(1+ GG) = %n/[1+ (] T © sin3%out/ 3%ou) O]. (2.7)

Note that'O is not a fixed value, and it varies wittbout, i.€., the residual error phase after
the compensation. Thus, the negative feedback loop is a nonlinear loog,7arzhg be

simplified as
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3%out+ K Sin3%out = %m, (8)
wherek=¢| T 0 "O, whichis the loop gain &n=0°when a boresight signal is received.

Sincek s in a quadratic relationship with the input RF amplitude, this again indicates
the loop response is a function of the input power. To examineirthig-power
dependency and the nonlinear loop behavior, the solutioa%df in the transcendental
equation (8) for a givefbn are first analyzedrigure 2.9a shows the input progressive
phase shiftém computed using (8) versus tresidual output phasisoeu at differentQ In
ao /-spaced phased arr&y is confined withint18C°, andq¥ou is also withint180C° by
the negative feedback operation. Far 848 %n <1 8A0-%outhas only one corresponding
solution for eaclem in (8) at anyk values Figure2.9a andFigure2.9b). For % = 180,
i.e., when an entire signal is received, (8) always has a trialution at3-%out = £180°
regardless ok, showing that the negative feedback loop gain is zero and theteseling
is not in operation. However, K >1, equation (8) has one more Hoinial solution at
|3%0u] <180, highlighted inFigure2.9b; based ofrigure2.5b, this solution oftf¥6ou{<180°
means that the negative feedback loop gain iszepo and the seBteering beanfiorming
is still in effect even for this enrfire signal incidence. This is because the valusd%f.:: +
k sin 3%out goes beyond £180° whdn>1 and then falls back to +18@t 3-%out = £180°.
On the other hand, KO1, 3%out+ k sin3%out Nnever exceeds180°, andhere is only one

solution of3%out = £180° for %m= N1 8ADrespectively.

A perturbation analysis is performed to analyze the stability of the two possible
solutionsa%out for %m =K1 8Avhenk > 1 (Figure 2.9c). For % = 180°, assume a small
perturbationd (d > 0) is applied ordem, i.e.,%nm = 180° d. The two possible solutions

3%out,1aNd3%out,2are shown irigure2.9c for the casef k= . &fter the perturbatior®§n
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= 180C° d), 3%out,1 becomes smaller and movesatthout,’. Thus, thisa%eut,1 is a stable
solution, since3%out should be smaller thab80® when%mn < 180° due to the negative
feedbackHoweverthe other solutiors%ou,2=1 8ABnoves to a largex%ou,2' that exceeds

180 when%n < 180° (Figure2.9d); this3%out,2iS Not a stable solution and conflicts with

the negative feedback operation. This perturbation analysis can also be applied for
%n= 180, indicating3%oeut= 180 is not a gable solution fok> 1. Therefore, when

k> 1, there is only one stable solutigs¥%o $< 1 8Aflor $6» 3= 1 8A0This stable solution

can be solved numerically based on (8) or graphically usiggre 2.9a. However, for

kO1, 3%out = #1807 is the only solution and also the tsia solution for%m= N1 84D

respectively.
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Figure 2.1071 (a) Simulated loop gain versudem at different k. (b) Normalized loop
gain versuskn at different k. (¢) Simulated closedoop g¥e.t between path 2 and path
3 versus %m at different k. (d) Simulated normalized array factor versus%m at
different k.
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The total largesignal loop gain and the normalized array factor are presented versus
the input progressive phase differef@eat differentk values Figure2.10). For a given
progressive phase differen%e of the received RF input, the residual phase ex¥&@u:is
calculated using28), and the total loop gain is obtained@<z = (¢/ T 0 sin 3%out/
3%ou) O. The largesignal loop gain peakat %n = 0° and gradually decreases wién
approaches18C (Figure2.10a). The normalized loop gain, i.e., the loop gaidifi¢rent
% divided byk, is shown inFigure2.10b. A largek (k> 1) always maintains a large loop
gain for a giver¥m within and even at180C, while the normalized loop gain drops rapidly
when %m approaches18¢° for a smallek (k O1), e.g., for a small input RF amplitude.
Sucha bifurcation behavior can be observedrigure 2.10b, and its theoretical basis is
explained in the nonlinear feedback loop analySigure2.9). If k O1, the only solution
3%outis £180C° for %m = +18C°, and the resulting loop gain dropsztero based or2(6) and
(2.7). However, itk > 1, a nontrivial stable solution oB{%ou|<180° exists for%m = +18C,
leading to a noizero loop gain even &in = £180° based on4.6) and R.7) (Figure2.5b).
Figure2.10c plots3-%out versushm for differentk values. Ak becomes larger, the residual
output phase err@%out becomes closer to 0 fén between 28C°, showing the desired
phase suppression by the ssifering negative feedback loop. A smakiék O1) loses the
feedback control capability whéém approaches180 with the resulting-%out a %m, while
alargek (k 1) ensures a large phase siggsion even &tn=+18C. This is also verified

in the largesignal loop gain plots iRigure2.10a and 10b.

Next, assuming the RF input signals for the four paths have the same amplitude, the
normalized array factors can be simulated ve¥gust differentk values Figure2.10d). A
significant array factor improvement is achieved whkan large due to the minimized

residual phase difference of the four paths evéénat £18C°. On the other hand, whén
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becomes smaller, array nulls will appear, and the array eventughigdiss to a standard

4-element array without seffteering compensation.

The analyses and simulations above demonstrate that our propegasisale self
steering beanfiormer achieves autonomous and substantial array factor improvement with
a wide FoV ove a standard 4€lement phased array. The nonlinear conversions between
the voltage and phase signals are exploited to maximize the loopvigahimportantly,
the proposed alpassive seléteering beanformer forms a nonlinear negative feedback
that canprovide a large loogain and support selteering operation even when receiving
an endfire signal (%m = £180°). This significantly expands the array FoV and cannot be

realized using linear negative feedback loops.

2.4 Experimental Results
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Figure 2.117 Chip microphotograph.

The allpassive 4element selsteering beanrfiormer is implemented in a standard
130nm CMOS process with an area of 1.63mmx2.53rRigufe 2.11). The array

measurement setup is showrFigure2.12.
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Figure 2.127 Measurement setup for the closedbop measurement
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Figure 2.137 (a) Measured input reflection coefficient of the paths 4 with Pin = -
17dBm/element. (b) Simulated and mesured noise figure of the proposed circuit.

A 1:4 power splitter and four phase shifters synthesize the four RF inputs to test the
beamformer system. The four opeairain buffered RF outputs are sequentially probed,
and the normalized array factor is edited based on the measured amplitudes and phases
of the four buffered RF outputs. The four feedback control voltagesV1 to V4 are also
monitored. The input reflection coefficients and the noise figure are first measured by

direct probing. A good input metiing of the 4 paths is achieved from 4GHz to 5.8GHz
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with an RF input power of Pin ©L7dBm/elementKigure 2.13a). The measured-gath
input reflectioncoefficients are similar at different PiRigure2.14). The averaged noise
figure of the proposed circuit is measured as 9.5BBufe 2.13b), which can be

compensated by the freehd LNAs.
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Figure 2.141 Measured input reflection coefficient of the (a) path 1, (b) path 2, (c)
path 3,and (d) path 4 at differentRF input power levels Pin per element).

2.4.1 OpenLoop Measurement

To evaluate the opeoop performance, the negative feedback loop is disabled by
opening the switches and disconnecting the feedback vokage€2.3). The measured
differential DC feedback control voltage for the path 1 and path 2 versus théoopen

phase errogout is shown inFigure2.15. Note thatgeut =%m, since the loop is open, and
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%m is the input progressive phase difference of two adjacent channels. The voltages in the
path 1 and path 2 exhibit a sinudal behavior versugeut from-180° to 180°, agreeing

well with the theoretical phade-voltage conversion analysis (Secti®:13.1). Moreover,

the measured feedback voltage in the path 1 is 3x larger than that in the path 2, verifying
that the 3:1 restive divider at the rectifier output indeed creates a 3x replica control

voltage.
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Figure 2.157 Measured feedback control voltage difference across varactors in the
path 1 and path 2 versus the opetoop phase error 3%eut =%m with P, = -
17dBm/element at 5GHz.

Figure 2.16 shows the measured differential DC feedback voltage in the path 2
versus the opeloop phase errogfeut at different Pin/element. Frord.%), when the
input power is increased by 3dB, thetrl should be doubled, assuming that the rectigier
asquard aw device with a constant conversion
for the matching network. In measurements, when Pin is increased by 3dB, the measured

axtrl is increased by a factor of 1.Gigure 2.16), matching well with the theoretical
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analysis. The small difference is possibly due to the conversion coefficient drop at a higher

RF input power.
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Figure 2.16 17 Measured feedback control voltage difference across varactors in the
path 1 and path 2 versus the opedoop phase error 3%eut =%m with different
Pin/elementat 5GHz.

2.4.2 ClosedLoop Measurement

The measured normalized array factor of thepa#isive 4element sefsteering
beamformer at 5GHz is shown iRigure2.17. For an ideal seléteering bearfiormer, the
normalized array factor should be constant at 0dB regardless of the input progressive phase
shift %m. On the other hand, a staticeement phased array with no ssiéering
compensation shows narrow beandth with two array factor nulls &bm = +90°,
restricting the FoV. When the sedfeering negative feedback loop is enabled, the proposed
beamformer achieves significant array factor improvement fr@80° to 180°. At R = -
17dBm/element, the measuradrmalized array factor i2.87dBf2 . 8 d B a't +90A/
showing >25 dB improvement over the null points when the feedback is disabled. The array

factor also improves with a higher RF input power due to the increased feedback loop gain.
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The measured arrayadtor reaches0.15dBf0 . 1 4dB at + % GA30BnI O Awi t |

element. Moreover, a higher RF input power also substantially improves the array factor
even abtom = £180°, benefiting from the nonlinear feedback loop operation of the proposed
self-steering bamformer. On the other hand, decreasing the RF input power weakens the
array loop gain. Array factor nulls start to appear, and the array performance is eventually
degraded to a staticelement phased array without any compensation, meaning that the

feedlack loop gain gradually becomes zero.
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Figure 2.17 7 Measured normalized array factor of the 4element array versus%m
with different Pi, per elementat 5GHz.

Figure 2.18 shows the measured array factor at £90° with and without negative
feedback versusifper element. The negative feedback loop shows substantial effect for
Pin >-29dBm/elementigure2.19 shows the Monte Carlo simulation result based on 200
samples and a measured normalized array factor of our proposed passsteesilf
beamformer circuit with Pin =17dBm/element at 5GHz. The Monte Carlo simulations
use the default Monte Carlo models in the GlobalFoundries GFUS 8RF design Kkit,

including both corner variations and device mismatches. The error bar of the simulated
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normalized array factor equals one staddkeviation. The measurementsnj@saurement

curves) are based on three independent samples and thus include the random variations and
mismatches in practice. Based on our Monte Carlo simulations, the variation of the
simulated normalized array factor wgthin 0.8dB, which shows the robustness of the

proposed design.
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Figure 2.1817 Measured normalized array factor versusPin per elementwith % = 90°
at 5GHz.
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Figure 2.191 Monte-Carlo simulation result and measured normalized array factor
of the proposed passive sebteering beamformer circuit with Pin = -17dBm/element
at 5GHz for three independent chip samples. The highly consistent rdtsishow the
robustness of the design.
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Moreover, the measured normalized array factors for the three independent samples
closely match the Monte Carlo simulations, verifying that the process variations and device
mismatches will not cause significant dadation in array factor in practice. To
characterize the FoV and bandwidth of the proposed {feaner, the FoV is defined by
the input progressive phase slih range, within which the normalized array factor is
better than-6dB. The reason to choos8dB is that a 4«lement phased array offers
10xlog4=6dB array gain at 0° incidence compared with a silglaent receiver. Within
the FoV defined by this criterion, theedlement phased array maintains its array gain

advantage over singlelement operatn.
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Figure 2.207 Measured FoVversusPin/elementat 4GHz, 5GHz, and 5.5GHz for three
independent beamformer chip samples.

At 5GHz, the measured FoV is frett20° to +120° with Pin =17dBm/element and
from -180° to +180° with Pin =11dBm/elementKigure2.20), showing a very wide and
consistent FoV for all three independent samples. Wide Fo\sis athieved at other
frequencies (4GHz and 5.5GHz). The measured normalized array factors at different

frequencies and different input power levels are summarizZéidime2.21a- Figure2.21c.

33



The proposed alpassive selsteering beanrfiormer achieves a higherformance array
factor enhancement from 4GHz to 5.5GHz. The-se&léring beanrfiormer fractional
bandwidth is defined ahe frequency range, within which the array FOV is larger than
180° (x90°) for a given RF input power. Based on the measurements, the fractional
bandwidth versus the input power for three independent samples is summaFREpden
2.21d. At-17dBm/element input power, the measured fractional bandwidth is 26%, which

is expanded to 35% feBdBm/element, demonstrating a broadband operation.
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Figure 2.217 Measured normalized array factor of the 4-element array versus¥%m
with different Pin/elementat (a) 4GHz, (b) 5GHz, and (c) 5.5GHz. (d) Measured
fractional bandwidth versus different input power for three independent beamformer
chip samples
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2.4.3 TimeDomain Response Measurernen

The timedomain response of a salfeering beamformer is critical, since it governs
how fast the system can perfoB# in response to the onset of an input or beéaoking
to a varyimg input, i.e., a moving source target. The tidugnain response measurement

setup is shown ikigure2.22.

7-Stage Dickson Voltage Rectifier

O . E _>- Input GSG
. _ -q.D__ pg\,f,ler ‘_[’lLI Input |In2 -
.
input GSG Oscilloscope
Keysight MSO-X 2024A

Figure 2.227 Measurement setup for the system response time measurement

The input RF signal (Pin =17dBm/element) is generated by a vector signal
generator (Keysight 8257D) with an OOK modulation, and the input progressive phase
shift % is generated by the ethip phase shifters to synthesize the incident wave for the
sef-steering beamformer chip. The tirdemain response is measured by monitoring the
DC feedback voltage on a rea@he oscilloscope (Keysight MS®& 2024A). On the
beamformer IC, each DC feedback voltage node from the rectifiers is connected to 14
differential varactors in the phase shifters with a total capacitive loading of 168pF, which,
together with the resistive | oad (~30 Mq)
feedback loopFigure 2.23a shows the measured tirdemain waveform of the DC
feedback voltage &in = 90°, showing a measured time constant of 3ms. The measured

time constant versusin is summarized ifrigure2.23b, showing a similar time constant
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over a wide FoV. The proposed -plissive selsteering beanrfiormer achieves an
acquisition time constant of several milliseconds, which is similar to the activaeseitig
beamformers and is fast enough for many phased array {feamng application$23]-

[25]. The proposed appassive selsteering beanfiormer is compared with the stadé

the-art active designs in the Table I. It demonstrates superior performance, including broad
bandwidth, wide FoV, and large array factor improvementwit zero DC power

consumption.
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Figure 2.2371 (a) Measured timedomain response of the DC feedback control voltage
Vo with -17dBm/elementat S5GHz for %n=90°. (b) Measured time constant versu$m
with -17dBm/elementat 5GHz.
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Table 21 7 Performance Summary and Comparison with State-of-the-Art
Beamformers
Normalized Array
Self-Steering Factor
Element Freq. DC Powe .
(No External BW FoVvy versus Input Topology | Area (mn¥) Tech.
No. (GHz) (mWw) .
Controls) Progressive Phas|
Shift 7%
1.2 180nm
[9] No 2 11.2 N/A 36 +120° N/A ILOA )
(with pads)| CMOS
Not Fully
[10] No 3 2.682.72| 1.5% | 725* -28°~+39° N/A ILCOA N/A
Integrated
2.8 65nm
[8] No 4 42.849.5| 14.5% 85 +90° N/A ILOA
(core area)) CMOS
Open Loop
Phase Detecti(
Not Fully
[5] Yes 2 1.425 | N/A 430* +155° N/A + Feedforward| N/A
Integrated
Phase
Correction
Power Detectq
Not Fully
[6] Yes 4 6.5 N/A 565* |-90°~+127° N/A + N/A
Integrated
DSP
-3dB@60°+ COA 35 45nmCMOS
[7] Yes 4 7.49.4 |23.8%| 143 +100° .
7dB@90** + CPLL (with pads) SOl
-1.1dB@60°/
2. 87dB@ All-Passive
This N120 Nonlinear 41 130nm
Yes 4 4-5.68 [34.7% 0 - ) .
Work N180A -0.1dB@60°/ Negative | (with pads)| CMOS
-0.15dB@90°/ |FeedbackLoop|
5. 9dB@1|
* Estimated DQpower consumption **Estimated based on the measurement figures in [7]
AP, =-17dBm/elemenat 5GHz A &, = -8dBm/elementat 5GHz
y The FoV is defined by %trdnge, withinpvhith thp moonglizee arsy facter

is better than6dB for the proposed circuit
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CHAPTER 3. A FULL FIELD -OF-VIEW SELF -STEERING
BEAMFORMER FOR 5G MM -WAVE FIBER -WIRELESS MOBILE

FRONTHAUL

The upcoming new radio access allows ditigh data rate usgn mmWave
frequencies, while it normally suffers from large path loss. To compensate for path loss,
phased arrays for both the transmitter and receiver are used. The 5G new radio (NR) three
beam management process proceeds as follows: the transmitteds hgsinswept in the
downlink direction from the remote radio unit (RRU) to the user equipment (UE), and then
the uplink beam is aligned to determine which beam direction has the best reception
quality, and vice versa. However, this sequential beam mamageequires that the RX
must be able to perform both beam detection and steering across all the reception angles.
Moreover, due to the narrow beamwidth of
performance improvement of the receiver operatingratWwave is required. In this paper,

a seltsteering array beamformer (SB¥) receiving system is proposed, which is
composed of a homedesigned IC package with zero DC power consumption and a 4
element antenna arraye firstly conduct the measurement waithh the antenna, and the
SSABF receiver shows a significant array factor enhancement with negligible SNR
degradation over full FoV (incidence angle = = 90°), < 3ms fast beam alignment time and
it can support enhanced mobile dedte up to 10 Gb/s and 7@b/s with 20x100MHz
carrier aggregation OFDM in bat&back and over 2&m fiber transmission,
respectively. Moreover, a broadsidedB beamwidth £80° and broadband-3GGHz

antenna is designed for the proposed &FAreceiver in a 5G fibewireless accss. The
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SSABF receiving system with the 1x4 antenna array is designed at 28GHz and it shows

the normalized array gain better tharaB8d 6dB degradation over broad FoV incidence =

+ 68° and * 85°, respectively. Without any external tuning controls rtdpoped SSABF

achieves the stataf-the-art autonomous beamforming for 6Gb/s@AM signal over 50

cm wireless distance, achieving a substantial array factor improvement. To the best of
aut horsé knowl edge, t hi s dspeed witcleing 5SABFS t dem
receiver in a fibewireless integrated radio access as a true enabler fevwane mobile

fronthaul applications.

3.1 Introduction

To support future wireless communication systems, such as 5G new radio (NR),
orthogonal frequencydivision multiplexing (OFDM) using radio over fiber (RoF)
technigue in radio access network (RAJ2¥] is adopted and standardized because its
manageable signal pressing resourcseenable flexible software defined RF operations
and simplifies the remote radio units (RR&chitecturg28]-[37]. However, mmWave
5G-NR is susceptible to atmospheric attenuation such as water vapor and, axffgging
from higher wireless propagation loss. Therefore, in 5G communication network, RRUs
can leverage large array ssze substantially compensate the millimeteave (mmWave)
link loss.[28]-[66]; howe v er , it r-eskéedsbeamai ditple,ncwhi
complicates and poses challenges in the beam aligrforetiie transmitter and receiver.
Moreover, unlike conventional static microwave beamforming in satellite communication,
many futuremmVave | inks are expected to operate i
such as wireless AR/VR and machin@sed commuaations, necessitating fast and

precise beanrfiorming/tracking to ensure high link reliability, enhanced elatte and low
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latency, as shown iRigure3.1. Furthermorefuture dense deployment of rivlave small
cells will result in a complex EM integell interference and thus beam management is

extremely important.

DU Carrier Aggregation
OFDM
RRU #1 LIV 2] /N
gaaa RRU#N
EEEE RRU#2 BEEE
sEEE|/ -- o\ l:EE
EEEE
EEEE
s
MMWave =5 Wide FoV
O ; ([}
o 5GNR UE#N Beamforming

UE#2 S~ M

Figure 3.117 Dynamic 5G fiber-wirelesscommunication for uplink.

Beam management is composed of the following three step sefignedich are
initial beam acquisition, transmitter beam refinement, raégéiver beam refinement. We
utilize the downlink as an example to elaborate the beam management process; while the
uplink can follow the similar method in a reverse transmission direction. To initial a data
delivery for an idle userthe RRU first transnié and sweeps the beam to different
directions via a synchronization signal burst set. Then, the UE will find thedesécted
beam and feedback the information to the RRU. After the RRU knows the selected beam
information the second step will repeattBweep process with a narrower beamwidth to
UE and get a more accurate UE directida.get the full beamforming gain, the receiver
needs to refine and compute its receiving direction by reusing the beam information from
the previous step. However, mosteiver phase arrays have nariform array factor over

scanning angles which can cause misjudgments in the beam aligfonergmple, + 30°
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and * 90°incidencs in a generic €lement phase array antenna receiver. Therefore, to
ensure UE feedback thecarate beam connection information in the first and second steps,
5G-NR beam management requires an advanced receiver design with fast beam scanning,
searching, beamforming, and computation and it is necessary to have the capability for

detecting and perfaing beamforming over full reception angle.

Most existing beamforming systems in 5G fivéreless access are opkop
operations, which require extensive phase control sig@8ls Recently, photoniaid
beamformer (BF) with higher operation bandwidth was reported based on array waveguide
grating and dispersive fib¢B0]; however, its feasility is limited by its bulky sizes and
thus it causes system stability issue due to environmental vibration, pressure, and
temperature changes, which is problematic to precisely and stably align the beam toward
the location of the user equipment (UE). fimic integrated circuit based phased array
with 9.61 Gb/s has been demonstratef®i}. However, the thermoptical ringresonator
phase shifter is also sensitit@ environmental temperature and difficult to achieve fast
beamforming. Multiple calibrations are required to facilitate accurate 4eaking,

adding system complexity to future 5G ultediable lowlatency link.

To address these challenges in futuyaainic mmWave mobile applications, we
present a maWave fiberwireless integrated network with a broadband scalabld-hM
selfsteering array beamformer (S®8%) over 25 km fiber link. The SSBF achieves
calibration and digital signal process (DSRge beamforming via zefdC power
consumption 1J16][67] with a passie delaylockedloop (DLL) phase domain negative
feedback loops to cover-GHz wide bandwidth. A proedf-concept experiment

demonstrates that it can rapidly yet accurately align the desired signals witiidoway <
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3ms beamtracking and exhibits lonterm system stability. The network has been
demonstrated by probirAgased measurement and it can achieve 20-KI99 carrier
aggregation OFDM with aggregating 10Gb/s. In the dkierair measurement, 6Gb/s-64
QAM single-carrier signal is transmitted over-66h wireless distance for future high
speed and dynamic miVave 5G fibetwireless systems. ThiShapteris organized as
follows. Section3.2 presents the wideband fiHoV fiberwireless SSABF system
architecture. The operation principle and implementadietails of the zer®C SSABF

IC as well as the widéoV antenna array design are demonstrated in SegtBoSection

3.4 shows the measurements and a performance comparison with various reported fiber

wireless systems.

3.2 Fiber-Wireless SeliSteering BF

The proposed SSMF receiver system for a fibavireless network uplink includes
mm-Wave frontend low noise amplifiers (LNAs), doweonversion mixers, zefDC SSA
beamforming IC package and electrical to optical converter (E/O converter). Agroof

concepffiber-wireless system is designed at 28GHz for-Mtave 5G NR.

After downconversion mixing, the IF signal is then sent tohtbmedesigned IC for
conducting beamforming, including the detection of angle of the arrival signal and beam
alignment. The clogkloop IC consists of a passive povavare phase detector, time
delaybased LC synthetic phase shifters, and resistive progressive feedback control voltage
generation67]. As shown inFigure 3.2a, the negative feedback loop is realized by the
passive phase detector with phéseoltage conversion G1 and a Dildased voltage

controlled phase shifter with voltage-phase conversion G&igure 3.2b). In orderto
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execute this closkwop beamforming operation, we have to ensure a large loop gain (LG)

= G1G2 for autonomous operation over{atlV and sdlsteering operation with zero DC

power consumptiof67].
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Figure 3.271 (a) Operation principle of thefull -FoV DLL -based negative feedback. (b)
Conceptual diagram for scalable fiberwireless SSABF.

In the first step of beamforming, when the incoming signals with an incidentfangle

are injected into the [igueed.2a)thermiddie tivohpatles uni f

would induce the input progressive phase shift (IPP&)#s” sin%e Then, the successively
poweraware phase detector would react to that phaséatd®v and feedback the

compensation voltagecM f o r phase s hidtSecest istacclospener at e

feedback mani pul at ksovould be shbéractédefrend theanput signdt a s e
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and thus reduce the phase difference in the adjacems. pelte residual output phase

deviation dres[l@]&’h be expressed as

Ores= d/(1+G1G2). (3.1)

't i s wor tisminimizedas the totdl ladp garGz is maximized, which
implies a high accuracy for beam alignment of the received signal over anegtessive
phase s hii fet wide &oVVg e rbnlinear conversion between the phase and
voltage domain is further exploited in Sect®B.1to be extremely large even at efired

incident angle (i.edin = £180° andto= +90°)[16][67].

The SSA beamforming IC can be scalable for a lsgde phased array via
geneating a set of progressive feedback control voltages from the fovaee phase
detector for the preceding phase shifters to align the entire array. For exanfjitgiren
3.2a,-3Vetr, -1Vetrl, 1Vert, and 3\ are generated for a uniform 1x4 array to compensate
the input IPPS. After this autonomous phase detection and alignment, the N output
channels are Hphase summed up to achieve a beamforming gain with 10liggsHo-
noise ratio (SNR) and array factor enhancement. The SSA beamforming IC acts only on
the signal power due to its nonlinear loop operdtdi and does not need any prior signal
knowledge of angle of arrival information. Moreover, thepalssive design ensures its
zero DC operation power, which is important for lasgaled phasedrrays. To conduct
the upstream signal transmission, the beamformed signal is then upconverted by an E/O
converter and then sent to distributed unit (DU) through the dedicated fiber links. Detailed

system design and implementation are shown in the S&t8on
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3.3 System Implementation and Analysis

Voltage-Controlled Buffered Buffered
(a) Phase Shifter Cutputl  Output2 (b)

[uljs]uiuggy

LTI

ALl

Figure 3.37 (a) Chip microphotograph. (b) Zoomtin view, (c) complete wirebonding
view, and (d) full package of the zerd>C SSABF IC.

3.3.1 Operation of the Zero DGSA beamforming IC

To demonstrate the proposed the Mfave fiberwireless network with a fulFoV
autonomous beamforming receiver, a probtoncept DLL-Like SSA beamforming IC is
implemented in a 130nm CMOS process with a size of 1.63 mmx2.5@B#rand then
packaged in lowoss FR4 PCB with an area of 5.6cmx7.1cm to process the-down

conversion 46 GHz IF signalsKigure3.3). The closed loop converts signals between two
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different domains, i.e., phase and voltage domains, and the loop gain is explored to be

extremely large even the circuitry is-pkssive with zero DC power consumpt[6id].
3.3.1.1 Phaseto-Voltage Feedforward Conversion G1

The phaseo-voltage feedforward convertor (phase detector) consists of a compact
singleended 90e c-stageDickson valtage recifilb][67]. The coupler is
designed as a transforrigaised polyphased networ[R1][68] [69] for a compact lowoss
IQ generationfl6][67]. When thetwo signalsingh adj acent pr@andwithvi t h | |
same amplitude A are injected to input and isolation ports of the 90° coupler, output signals
at the through and coupled ports of the coupler are then followed by passive matching
networks and the two-3tage Dicken voltage rectifier§67]. Assume that two matched
rectifiers are as squatew devices, after the rectification, the differential DC voltage

signalaxtrl of therectifier outputs can be expressedG¥d
=21 6 OB+ , 33)

wher e t he fpassive whltagebamplifcatidn ibyethe matching network and the
coefficient U i s[67]. Naetthatftie pradeivatage erivérdionis e n c y
proportinal to signal powed and it is a poweaware phase detector without prior
knowledge on angle of arrival. Thiifferential DC outputsaxw of the rectifiers are then

sent to phase shifter to generate the feedback compensation—pha$ée phaseto-

voltage feedforward conversion[&7]
0 ® I— ¢f 6 0B+ 71— . (3.3)

3.3.1.2 Voltageto-Phase Feedback Conversion G2
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To support wideband modulated signal for 5G NR, the zero DC S8 fbeming
IC chooses DLEbased delay line for wideband phase shifting and signal piogelss
composed by a mulBection LC network as synthetic transmission lines fortirae delay
[67]. The varactors in the muisiection LC network are controlled by ttien to generate
corresponding feedbaek- , aligning adjacent channels and suppressing-thg The

voltageto-phase feedback conversior[63]

0 — To . (34)

The overall loop gaifO™0 is exploited tdoe large even all of them are passive components
and the large loop gain value is maintained over a wide [B@Y Moreover, theux
generated from rectifier dputs ofGi are further scaled via the resistive dividing o
to generate progressiv&/ai, +3Ver for inner or outer path phase shiftingidure 3.2a),

achievinga largescale phased array.
3.3.1.3 Loop Analysis otereDC SSA beamforming IC

The overall closed loop of the zelC SSA beamforming IC is next analyzed. First,

the output residual phase differeree can be expressed E]

— —7%p OO0

siné[1+ (21 6 OB+ T— Ol (35)

Under different— , the feedforward conversion gam variesduring the feedback phase
compensation and it is not a fixed value, showing the negative feedback loop is a nonlinear

loop. It can bdurthermodified as
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— +ksin— " Sinee (3.6)

wherek=2 f 0 , whichis the loop gain valuatincidence¥%.= 0° Moreover k is with a
guadratic relationship to the incident signals amplitude, showing that the loop response is
a function of the signal input power. Moreover, the transcendental equaédrs (further
explored to achieve effective phase error réidacand high alignment accuracy. For a
linear loop operation, the loop gain is normally peaking at broadside incident #srgle (

0°) and gradually decreasing when the signal is injected fronfireniegion Q6= +90°).
However, due to its nonlinear bitcation behavior, the proposed poveerare closed loop

can still maintain its large loop gain value across a large incident angle coverage and even
at %0= +90° or IPPS— = +180°, showing the fulFoV operation as long as thas >>1

[67].

For the stanéhlone SSA beamforming IC measurement, it can achieve wideband
input matching (&< -10dB) from 4 to 5.9 GHz to support wideband IF signalgh\tthe
feedback off, the zerBC SSA beamformingC behaves as a broadside phased array and
forms an array factor null at IPRS = +90° and £180°, i.e%0= +30° and £90°, in a
uniform fourelement array. With the feedback on, the measured normalized array factor
of the SSAbeamforming IC achieves significant array factor improvement (at least >
25dB) over fulF oV, i . e. , | PP S[67]. Mareover vit8 & Mgher ioputl 8 0 A
power, the reasured normalized array factor can be further improved oveFdwll
because of its nonlinear operatif@¥]. The array FoV is significantly expanded which

cannotbe realized via a linear feedback loop. Moreover, the proposed feedback operation
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is robust to corner variation and device mismatch and provide accurate phase shifting based

on multiple chip sample measurements Btuhte Carlo modeling simulatiorj§7].

To achieve a larger LG and minimize the residual phase difference of the four paths
even at endire incidence IPPS = +180° oft= +90° Mm-Wave frontend LNAs ah
downrconversion mixers are applied before the SSA beamforming IC package to increase
loop conversion gain and lower the system noise figure with better sensitivity. The IC
package is wire bonded on the FR4 PCB and experimentally verified withWWdve
frontends as a MAWave SSABF system. Overall nonlinear loop gain of the system is
increased to achieve a flat normalized array factor oveFaM, supporting the proposed
SSABF to preserve seteering operation even when receiving anfemdsignal (IFPS
= +180° or%.= +90°9. Moreover, the signals are operated in Ellde loop, which can
support wideband modulated signal through the following optical fiber as a-qdroof

concept mmWave mobile fronthaul.
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measurement of 1 Gbaud 64QAM single carrier over 10 hours.
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3.3.1.4 Experimental Verifications of SS¥ with Fiber Link

The experimental setup of the proposed EFAwith fiber link is illustrated irFigure
3.4a. We apply a4hannels 16 GSal/s arbitrary waveform generator (AWG) to mimic the
wireless signals with different incident angles as electrical phase shifting generation. The
applied signals fothis SSABF measurement are 1 Gbaud single carrier 64QAM, 10 and
20 106MHz carrier aggregation of OFDM signal, which is generated via ordinary DSP
[70][71], including seriato-parallel, inverse FFT, and cyclic prefix insertion. The output
signals are firstly wigonverted to 28 GHz for 5@R applications via a local oscillator
(LO) and then pass through bandpass filters for sifting out the unwanted LO leakages. 4
LNA with 2 dB noise figure from 26 to 40 GHz are employed to boost the input power up
to 10 dBm before the proposed SBA. It is worth bearing in mind that those wdad
LNAs are applied for supporting multiple SR bands (especially at 28, 37, and 39 GHz),
supporting future mukstandard communication and international roaming. After down
conversion to 85Hz as center frequency, the 4 IF signals with correspohidPg are sent
into the proposed SSBF, whichthe PCB and chip photo of the SSB¥ are also shown

in Figure3.4a.

After autonomous beamforming, the 4pghase output gnals are directly summed up
by a 4by-1 power combiner and delivered to a direct modulation distributed feedback
(DFB) laser with 1550.76 nm central wavelength aned®BB output power. After 2&km
fiber link, an optical attenuator and aBGMHz commerciaphotodetector is used to convert
optical information to electrical domain for testing received performance. After atwalog
digital conversion via a 20G GSal/s r#ate oscilloscope (RTS), the received signals are

then evaluated via their EVM, BER, SNRdaheir corresponding constellation diagrams.
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Due to fully symmetric performance of the SBK[67], a representative |
180¢€e i s us e ththis measutemantaThe optical spectrum of 1 Gbaud 64QAM
(6Gb/s) single carrier after Z2&n transmission is shown iRigure 3.4b. Figure 3.4c
demonstrates that tem-Wave SSABF fiber fronthaul systeman achieve lowatency

response time < 3ms over bV, supporting future dynamic 5G networks. The SHA

is also tested with wideband modulated 1 Gbaud 64QAM (6Gb/s) signal under different

LG setting over full FoV and 2km fiber link transmission. Wh a medium LG = 30, it

remains similar SNR and shows clear constellations over full Fé\gure 3.4d. Figure

3.4e exhibits the BER performance of the proposed-fal/ mm-Wave SSABF fiber

fronthaul systenwith different IPPS. Again, the received performance is similar even
whentheIPPSisatefidi r e 18 0e. Th es,definedas theeedeivedeoneri t i v i
at the FEC criterion, aré8 and-7 dBm for BtB and 25km respectively. A 1 dB power

penalty is measured due to the fiber dispersiofidanre3.4f, over ten hours, stable EVM
performance of 1 Gbaud 64QAM (6Gb/s) single carrier is measured with 7.4% and 8.8%

in BtB and 25km scenario, showing that the S®4& fiberwireless system still provide

stable beamforming for the input wideband mlated Gb/s signal with a consistent EVM

performance.

Figure3.5a shows the electrical spectra of 10 carrier aggregation of 100 MHz OFDM
bands with an accommodated HGbandwidth. Each of them has similar SNR and the
average BER performance shows the received sensitivity (FEC threshold BER =3.8x10
is -6 dBm of the BtB scheme arl dBm after the 25 km link respectivelykigure3.5b.
Compared to the 1 Gbaud 64QAM (6Gb/s) single carrier, the performance of the OFDM

signals is slightly degraded due to higher PAPR and lower SNR under the constrained
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Figure 3571 (a) Electrical spectrum of 10 carrier aggregation of 100 MHz OFDM
signals in BtB scheme. (b) Average BER performance of 10 carrier aggregation in

BtB and over 25km. (c) EVM performance of the 20« 100 MHz carrier aggregation

OFDM as IPPS = @and 18&IPPS. (d) upper inset, 20x 100MHz signal; lower inset,
maximum EVM in achievable QAM level BtB scheme with IPPS =€(64QAM x 10,
16QAM x 10).

linearity of the froriend LNAs. To further enhance mobile data capadithe proposed
mm-Wave SSABF fiber fronthaul systen®20 carrier aggregation OFDM signals with total

2 GHz bandwidth are applied and are successfully demodulated. By applying different
QAM level to different OFDM bands, we can achieve raw data rate umd@rttteshold

to support 10 Gb/s and 9.4 Gb/s in BtB scheme as well as 7.8 Gb/s and 7.4 Gb/s over 25

km fiber transmission with -Oand 180degree IPPS respectivelfFigure 3.5¢c). The
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corresponding QAM level among each OFDM bands and electrical spectrum in the BtB
scheme with @egree IPPS is also presented-igure 3.5d. As we considering the 7%

FEC overhead, 1/32 CP length, 10% training symbols, and 10% signal guard band, we can
achievea net data rate of 7.3 Gb/s in BtB and 5.7 Gb/s for over 25 km, showimgrthe

Wave SSABF fiber fronthaul systerwith full FoV and seHtracking abilities for future
mm-Wave enhanced mobile services. The measurements in SB@itare based on
electrical phase shifting and it shows a flat array factor enhancement with negligible SNR
degradabn over fultFoV and supports enhanced mobile eai# carrier aggregation
OFDM over 25km fiber transmission without considering FoV coverage of the antenna.
However, in the practical scenarios, the FoV coverage of the entirenitedess SSABF

systen is also limited by the antenna design. In following se@®i8t2 a proofof-concept

broadband widd-oV antenna is presented
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Figure 3.6 1 (a) 3D EM HFSS model and radiation pattern of theproposed bowtie
antenna. (b) Measured input matching S11 of the antenna.
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3.3.2 Broadband Widd-oV Antenna Design

To extend FoV and broadband coverage, a-tewipole antenna fabricated on two
layer Rogers RO40350 with 10mil height and 1oz cotipekness is proposed to support
a mmWave lowloss antenna desighRigure3.6). The top signal layer is first designed via
differential feeding lines with differential mpedance ~1004q. One of
banding/meandering to create -@itphase 180° phase difference and they are then
combined asoneinputsinggend 50q f eedi n dgrigueB.@anQ@nithectren on | i
hand, the bottom copper layer is served as PEC plane and designed as a finite ground to
create extremely broadside FoV coverage and smesthnance broadband frequency
response. The 3D EM simulation of the brodesadiation at 28GHz and the antenna are
shown in Figure 3.6a with ground size oflL.5cnk1.3cm and entire antenna area of
1.5cnk2.1cm. Measured input matching. 8 -10dB is from 17GHz to 36GHz, supporting

wideband multi5G standard communicatioRigure3.6b).

Then, the singlelement antenna and the feelement antenna array are nented
with southwest connectors for ffield radiation test Kigure 3.7). Four meandering
transmission line traces in the feelement antenna array are applied for equal phase
distribution for the four inputs and the area of the arr@&/isnx5.5cm Figure3.7b). In
the singleelement antenna, the antenna gain patterns are measured with a peak antenna
gain 2dBi and wide -81B beamwidth FoV = £ 80° coverage (total 160° incidecehoth
E- and Hfield, showing a statef-the-art broadside performance. Note that the overall
array gain pattern of the fibevireless system is a product of the antenna gain of each
element and the beamforming array factor. Since the propose®B8#anerate neaideal

autonomous beamforming array factor over-kdV, the farfield array gain pattern
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measurement in Sectid4 of the entire fibemwireless SSABF system is limited by the

FoV of the antenna.
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Figure 3.7 7 Fabricated (a) singleelement and (b) fourelement antenna design. (c)
Measured E and H- field performance of the singleelement and fourelement
antenna designs.

The farfield performance of fouelement antenna array is then measurék an in
phase 40-1 power combiner without any phase tuning. Due to the IPPS of the four
element antenna arrays infleld, the measured array gain peaks with 10xlog4 = 6dB array
factor enhancement compared to the shajggnent antenna and thalB beamvidth FoV
coverage is largely decreased from 160° to E@jure3.7c). With the proposed SSBF,
the peak of the array gain reahe autonomously tracks and beamfotmshe incoming
signal over fulFoV with significant array factor improvement in the proposed fiber

wireless SSABF system (SectioB.4).
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3.4 Far-Field Experimental Results

Figure 3.8a exhibits the experimental setup of-feMd overthe-air measurement
over 50 cm mmWave wireless transmission and 25 km fiber link. The 1Gbaud single
carrier signal is generated via a 64 GSaWG, and then uponverted to 28 GHz carrier
frequency by mmWVave mixers. A horn antenna with 25 dBi Gain is then employed for

wireless signal deliveryHgure3.8a).
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Figure 3.871 (a) Far-field experimental setup for the proposed SSMF fiber-wireless
system. (b) Farfield normalized antenna array gain pattern versus with incident
angles. (c) Measured faifield SNR of SSA-BF only, SSABF with BtB fiber link, and
SSABF with 25km fiber link over full -FoV. (d) Measured constellations and EVMs
over full FoV in different case scenarios of SSBF only testing, b2b and 25%m
transmission following the order from the top to lottom.

The wireless transmission distance is conducted under tfieléhcriteria, which is

expressed as

Y ¢O7 (3.7)

whereR, D, and @& a ffiedddisthnee, antersha dsaimeten, gnd theRF signal
wavelengthrespectively. To operate the wireless link at 28GHzdeds to be > 42 cm.

The farfield distance of 50 cm is chosen for o¥ke-air measurement and the received
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signal could be approximately as plane waves with the progressive phase shifts across
adja@nt channelsAfter the fourelement antenna array, the received signals are firstly
amplified via the wideband LNAs with 25 dB gain, and then frequency is-@dowverted

via 23GHz LO mixers. The beamformer is operated aGHz IF frequency to
accommodatdF signal bandwidth and practical IC package design issue, which is
especially easy for accurate phase matching, and lower propagation loss at RF frequency
rather than at miwVave frequency. After initial onme calibration betweethe antenna

array andhe SSABF system for phase and amplitude correction, measured array patterns
of four-element fibetwireless system over full FoV with/without the proposed S5A

are shown irFigure3.8b.

The available reception angle of the proposed beamformer is evaluated®iaz28
singletone mmWave source as shown kgure 3.8b. Without emploing the proposed
beamformer, powefrading (<-30dBc), i.e. array factor null, incurs as the incident angle
are near3(° and 30. The result is similar as an ideal static felement array factor
without selfsteering. On the other hand, with the proposed -BEAthe measured
normalized array gain pattern better thadB3Band 6dB degradation is largely improved
to cover wide FoMncidence = 136 and 17C°, respectively, showing that the proposed
SSABF effectively and autonomously traces the incident signal and beamforms the

summing signal towards the desired direction over the extreme FoV.

Then, the modulated beamforming siginain the proposed SSBF is launched into
a 10 GHz directnodulated laser as electriggptical conversion for optical signal delivery
over 25 km fiber link. Then, a commercial-BHz PD is employed to conduct the opto

electrical down conversion wit).6 dBm received optical poweAfter signal is analeg
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to-digital converted via an-&Hz, 20 GSa/s RTS, it is decoded by Keysight Vector Signal
Analyzer with 0.035 filter roloff and FIR equalizerHigure3.8a). Figure 3.8c shows the
receivedSNR with overthe-air measurement coverage over the full FoV incidence. The
black curve represés the SSABF only testing without the optical components and it
shows best received performance with stabile SNR of near 24 dB in most of the cases, and
a 3dB SNR drop at the eriite angles (incidence £90°) is observed. As the beamformed
signal passig through the optical channel, additional noises and signal losses slightly
degrades the received SNR as the blue curtAgime3.8c. Note that the SNR at the end

fire angle is mainly dominated by the S8A loop gain performance and the limited
antenna FoV, and the measured corresponding demodulated EVM performance are similar
at endfire anglesn both SSABF only testing and BtB transmission scheme. While, after
25-km fiber link, the received SNR is further reduced by about 5 dB and thus the available
QAM level is declined to 16 QAM, which can be improved by applying a PD with a higher
received sensitivity or adopting IF LNAs before the RT8.the best of our knowdge,

this is a firstever fiberwireless SSAF system to achieve the statethe-art wideband 6

Gb/s 64QAM single carrier with EVM above the FEC threshold in an optical system over

full-FoV = 9@ incidence(Table3.1).
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Table 3.1 7 Comparison with State-of-the-Art Optical Beamformer and Fiber-
WirelessSystem

M'S'\:lslf:ele T.Mengual BR((J:e.I(();f.lez;] TeNsls’\tAe.ma H. Lu, AM. Trinidad| K.Furuya | V.C. Duartg This Work
orFcs1lo OFC60 OFCb 5MPW6]7OFC018 OFCO01B IEICBE17 OFCO618
Element No. 4 8 16 4 4 4 2x4 4 4
FrequencyGHz) N/A 7.58.5 11.72 20 2225 20 60 28 28
Thermal or| Optical TDD| Thermal | Thermal | Optical |single opticalri|  Optical |True time del . .
A ) . ) ) True time DLL with 4l
Topology stretching | with spatial ligf controlled| controlled| comb liney resonator for| variable delg phase tune assive nonlinear loo
controlled FB| modulator | phase shiftq phase shift§ with SCM| phase shiftind __lines andDsp | P
Beamforming | OpeA.oop | OperA.oop | Oper.oop| Oper.oop | OpeA.oop| OpeR.oop OpeRLoop | Closedoop Closedoop
Electrical Phasq FulFoV
Shifting Incident]  -60~30 N/A N/A N/A -48~35% N/A N/A N/A
90~90
FoVCoverage
RadioOver Fiber Yes Yes Yes Yes
(Distance) NIA (N/A) NIA NIA N/A (85cm) (35cm) N/A (50 cm)
Antenna Aray 3dB Agglieﬁg{;adatlon
FarField Inciden N/A 20 N/A N/A N/A 45 40 N/A .
FoVCoverage 6-dB AG Degradation
g -83-83
Response Time] N/A N/A N/A N/A N/A N/A N/A ~10s < 0.003s
Msogr‘]’;"’r‘n"gn NIA NIA NA | 320AM | 16QAM |  16QAM QPSK QPSK B4QAM
6 Gb/s: 6QAM
EVM N/A N/A N/A 9.61 Gb/s| 8 Gbls 2.8 Gbls 3.5 Gbls 1 Gb/s 10.08 Gb/s: bibadin

AGDegradation*Normalize@rraygaindegradation
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CHAPTER 4. A FULL -FOV AUTONOMOUS HYBRID
BEAMFORMER ARRAY WITH UNKNOWN BLOCKERS
REJECTION AND SIGNALS TRACKING FOR LOW -LATENCY 5G

MM -WAVE LINKS

This Chapterdemonstrates an-@ement multiplenputmultiple-output (MIMO)
hybrid beardforming receier array with autonomous millimeterave (mmWave)/RF
frontend beanforming and digital baseban®8F. It enables autonomous dynamic
suppression of unknown blockers a8l on unknown desired signals, without knowing
their carrier frequency, angte-arrival (AoA), and modulation scheme as a priori. After
autonomous cancellation of an-band/cechannel widebandhodulated blocker, a
widebandmodulated desired signal is measured with high SNR, achieXng dB EVM
for 6Gb/s 64QAM and31.8 dB EVM for 1.6Gb/256QAM. Without baseband DSP beam
searching, the closddop mmWave/RF frontend beafiormer realizes < 1 ps rapid
response per stage, 1®1000x faster than existing mwvave analog/digital beam
formers with DSP bearsearching. The -8lement MIMO receivearray covers a wide
frequency range (230 GHz) and the full Fieldf-View (FoV) to address future low
| atency applications of practical 5G MI MO ¢
this is the first MIMO receiver array enabling autonomouselahd modulated 6256

QAM blocker rejection and desired sigridF with ps response time.
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4.1 Introduction

Mm-Wave MIMO, such as 5G new radio (NR) transceiy88&-[66], often employ
a large number of array elements to boost the array gain and spatial selectivity, resulting in
narrow beamwidth that substantially complicates the transméteiver (TXRX)
alignment. Unlike existing mriVave applications thatare mostlyi ist at i c 0 set t i
wireless HDTV transmission), many future aWave links need to operate in highly
Adynami c0O environments, s u e/drone#reachinebased | e s s
communication, necessitating rapid and precise Heaming/-tracking to ensure high link
reliability and extremely low latency, e.g., 1ms response time for 5G links. Future dense
mm-Wave link deployment will result in congested/contested EM environment, and thus
spatially tracking/ rej ecdwn oagierfraquekcy, @awle bl oc

of-arrival (AoA), or modulation, becomes essential.

Conventional RF/analog frontend beamformers (BFs) support limited number of
beams and are opdmop systems per se, requiring baseband MU&i€ed computation
to generate pls@/amplitude control signa[89][47][50]. Digital bearmforming enables
concurrent multbeam operation§38][65][72][73], yet fully relies on baseband beam
computation. A statef-the-art digital bearrforming mmWave link in an almost idealistic
environment requires tens of milliseconds beam searching time and thus, cannot meet <1ms
5G latency requiremefi38]. Selfsteering arrays (SSA) perform closledp and rapidF
at the mmWave/RF/IF frontends without DSP. However, existing SSAs mostly rely on
PLL- or coupledoscillatorbased architecturg¢s]-[9] that are inherently narrowband with
limited Field-of-View (FoV) and cannot support mulieam operations. The fundamental

inter-element incident angle phase shifts range for coupled oscilaty (COA) is + 30°
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[9] rather than fulFoV incident angle range of + 90°. Although the FoV of the COA can
use multiplier (doubler or quadruplgfj] for phase shifts range extension to cover full
FoV, narrowband and nonlinearities make it difficult to operate when signals have
wideband modulation schemes. Notably mosstexg SSAs will lock to the blockers and

fail to function in complex EM environments. In parallel, although ab@sed spatial
blocker filtering has been extensively studigd]-[76], most of them are opdoop
systems, which rely on prior knowledge of the blockers or baseband computation to

generate spatialotch control sigals.

To address these challenges in dynamic and mobileMawe 5G applications, we
present a scalable feHoV MIMO receiver array with hybrid beaforming by using
closedloop multistage cascadable D$fee mmWave/RF beanformers and digital
beamforming. The closedoop BFs autonomously create spatial notches on multiple in
band blockers and perform BF on the desired signalspsitlynamic response time. The
array rejects wideband-imand blocker and receives desired signal with 6Gb/s 64QAM and

1.6Gbs 256QAM over full FoV in measurements.

This Chaptelis organized as follows. Section 4.2 presents the hybrid autonomous BF
system architecture. The operation principle and implementation details @&xa&@dz 8
element SSA fronend BF prototype are demstrated in Section 4.3. Section 4.4 shows

the measurements and a performance comparison with various reported MIMO RX arrays.
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Figure 4.11 System architecture of the &lement fullFoV MIMO RX array .

4.2 Hybrid BF Receiver with ClosedLoop Multi-Stage Self-Steering Array

4.2.1 System Architecture

Future dynamic wireless applications necessitatelé@ncy frontend hardware and
leave most latency budget for the software layére proposed SSA fromnd RX BF
architecture is calibratierand DSPfree via closedoop BF Figure4.1). Moreover, the
negative feedback loop operates in a dédek-loop-like (DLL-like) fashion inthe phase

domain with intrinsic broad bandwidth and full FEM6][67]. The negative feedback loops
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are also cascadable with multiple stages to handle multiple b&&se4.1). It supports
autonomous unknown blockers rejection and unknown desired signals alignment, while the

digital BF provides further beam alignmemtprocessing

A proof-of-concept 8lement RX aay chip is demonstrated with two parallel 4
element SSA unit array§igure4.1). Multiple chips can further form a scalable massive
MIMO. Each 4element SSA unit aay is composed of frorend mmWave wideband
low-noised amplifiers (LNAs), two paralleF4stage mmWave SSA BFs, and oné®
stage IF SSA BFRigure4.1). The F-stage SSA BF contains two miwave wideband
signatpath 1/Q phase shifters (PS) and aWhave poweraware nonlinear phase detector
(PD). An onchip combiner/subtractor performs befmnming/notching for the Ststage
SSA BFs. The P-stage SSA BF includes twaan-conversion mixers, IF amplifiers, and
IF PD. At the 29 stage, two LGpath 1/Q PS are adopted to avoid phdspendent
amplitude variations in RFor IF-path PSAn off-chip combiner /subtractor is then applied

after the 29-stage SSA BF.

@ DLL-Like Phase-Domain Feedback Loop

Aehin |<| | AeO\ out
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4.2.2 Operation of the DLiLike SSA BF

The DLL-like operation of the SSA BF stages is explaifédyre4.2a). When the
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voltages. This forms the phas®voltage conversion gai@:. The DC control voltages are

then fed back as the control voltages for the 1/Q PS with vettagbase conversion gain
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G2. This forms a negativieedback closetbop operation in the phase domain with a
wideband nature and an overall loop gairGa6.. The output residual phase difference

¥oout can be expressed as

QFbout = %in/(1+ G1G2) = “sind | GuGo)t+ (4.1)

The negative feedlol loop behaves like a DLL to autonomously align the phase of
the two adjacent paths and minimg#out at their outputs. If the combiner is used at the
outputs, it can constructively beamform the desired signal. If an unwanted strong blocker
is presentthe subtractor is chosen to destructively suppress the blocker by spatial notching.
Note that the PD is implemented as a nonlinear paware device. If multiple signals are
received concurrently, the signal with the highest power dominates the PD dustpiat
its nonlinear rectification operation, so that each BF stage only responds to its strongest
received signal, e.g., the dominant blocker. Moreover, variable gain amplifiers (VGAS) are
used in the feedback loop to ensure a large loop gain and aaehieaezero patkto-path
phase errog¥eu even when the signals are at dird incidenced= N Lar@egionlinear
loop gain'O"0 is exploited to achieve full FoV coverage without loop gain degradation
over FoV[67]. Unlike conventional coupled PLlor oscillatorbased SSA, our DLike
SSA BF does not require resonators and is intrinsically broadb@hd~urthermore, our

SSA BFs can be cascaded to process multiple concurrent blockers and desireff1Signals
4.2.3 Receiver Operation Modes

Figure4.2b shows the various operation modes supported bystesg2 mmwvave/IF
SSA BFs to accommodate different reaegvscenarios. In mode I, the two SSA BF stages

both use combiners at their outputs, and the RX array operates adeaneit SSA per
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chip that autonomously tracks and forms the beam toward one desired signal over full FoV.
In mode Il, the 1sstage SSA B stage uses subtractor and the-8taje SSA BF stage

uses combiner. The receiver first creates a spatial notch to autonomously reject one
unknown irband strong blocker, and further enhances one desired signal wisteseihg

BF, boosting its SINR. N@ably, the poweaware PD ensures that the-&&ige SSA BF

only responds to the strong blocker and spatially cancels the blocker rather than the desired
signal. In mode Ill, when both the 1sind 2ndstage SSA BF stage use subtractors, the
RX can eithersuppress one strong-band blocker twice to form a deep spatial notch
(Mode IlI-A) or it can create two independent spatial notches to reject two different in
band blockers (Mode HB). For operation mode Il and Ill, deep spatial notch largely
suppressethe inband blockers, relaxes the following dynamic range requirement (e.g.,
ADC), and enables subsequent baseband digEl Most importantly, for all the
aforementioned operation modes, except thesteyg DSP demodulation for blocker/signal
classificdion, the SSA fronend BF does not require DSP for beam scanning or
computation and signal/blocker are autonomously tracked for beamforming /rejection,

drastically accelerating the beamforming.

4.3 Circuit Implementation and Analysis

To demonstrate the propaxs mmWave hybrid beanrfforming for full-FoV
autonomous unknown signal bedomming and blocker rejection, andbement proobf-
concept design for 230 GHz is implemented in a 130nm SiGe prodd€$. Signals
through each two adjacent elements are sampled and processed with autonomous phase
alignment via 1-/2"-stage SSA BFs for multiple signals BF or blockers rejection.

Simplicity of the scaling for the propasarchitecture can easily facilitate a laggale
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receiver array. Detailed circuit implementations for the-iiave broadband LNAs and
the SSA BFs with the voltage-phase conversiofs: via poweraware PDs as well as

phaseto-voltage conversio: by PSs are shown and analyzed.
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Figure 4.31 (a) Schematic, (b) chip photo, and (c) measurements of the riiave 2
stage LNA.
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Figure 4.41 Schematic of the poweraware phase detectar

4.3.1 Front-End MmWave Broadband LNA

The LNA is designed with resonant loads in two stages at different frequencies to
provide broadband performance aseive as a wideband frontenigure 4.3a). The
PMOS switch at the LNA loads is used for variable gain control for accommodating

different linearity scenarios when thelMO system operates in complicated EM
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environment. The total size of the LNA is 0.54 mn#g(re 4.3b). The measured
performance for the LNAnly test structure is shown Figure4.3c. It achieves S11 <

10 dB from 20.532 GHz and peak gain 19.5 dB with 10 dB tunable gain froil83®2GHz.

4.3.2 Phaseto-Voltage Conversion ircuit

The simpified block diagram of the phage-voltage convertor is shown igure
4.4. It consists of a c Fmp/&Astanddai-&tageeDicksont i a | (
voltage rectifier. The differ enktasedapoly 90e c
phased network for wideband ldass IQ generatiofi77]. When the two signals in the
adjacent path exhibit phasaifts and are concurrently fed to the input (IN) and isolation
(ISO) ports of the 90° coupler, outputs from the through (Thitw) coupled (CPL) ports
are fed to the VGAs followed by the mudtiage Dickson voltage rectifigfigure4.4). The
VGAs are used to maximize the driving voltage amphk for the Dickson voltage
rectifiers with higher nonlinear rectification efficiency. The boosted nonlinear loop gain is
explored to be extremely large even at-Eirelincidence without significant degradations.
The outputs of the rectifiers are thendise the differential control voltagestrl for the
wideband continuoutining I/Q voltagecontrolled PS to generate the compensation phase
%ss. The largesignal behaviourof the phasdo-voltage converter can be analyzed by
applying two RF incident sigals with the same amplitude A but at a phase difference
g¥eut into the IN and ISO ports of the 90° coupler. The voltage amplitudes of the output
RF signals at the THU and CPL ports are al
output voltages are furér converted to a differential DC voltagetrl by the rectifiers

with the rectification efficiency Haw Assum
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devices, the differential feedback DC output voltage sigmalof the two rectifiers is

obtained a$67]

Gxtrl = Gocout1Z Gocoue=2 T 6 O Ed %o . (4.2
Thelargesignal phaséo-voltage convesion gain'Q can be further calculated f¥]

0O ® Tw% ¢ 106 OFd% Tw %o . (4.3)

Two-stage VGA is used to achieve a high gaisind maximize the phage-voltage
conversion gainO. The differential DC outputs of the Dickson rectifiers are directly
connected to the differential gates of the following DC amplifier. The output loats of
rectifiers are high impedance (~MY) to genece
conventional energy harvester designs, the rectifiers are optimized for the conversion
efficiency between RF power and DC voltage rather than between RF potvédGa
power. By combining these techniques, the proposed rectification scheme can properly
operate with a large phasgvoltage conversion gaii@ (overall > 50, linear scale) over
the fulkFoV. The proposed phase-voltage convertor serves as f&bV PD with a high
detection sensitivity due to high active conversion gain. A sufficient loop @dinis
provided and its value is mainta67/7neEd even
simulated SSA BFs performance for signal sédfering/autonomous blocker rejection

versus the loop gaii®"O will be presented and discussed in Sectich4

On the other hand, reliability of the phasevoltage converter is also analyzed. Assume

that there is an amplitude mismaictvith 0< 1 and a phase errdgior between the THU
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and CPL port s Hguredbhthe DT 0wputwvatageslofahe two rectifiers

are

GDCoutl, mismatci I p P Q

=—Cq C¢p O Eﬁ w %o P , and dDCoutz, mismatch

=—— ¢ ¢p OEfl w %o P : (4.4)

Then, the differential feedback voltage signal with the phase and amplitude mismatch

mismatchiS Obtained as

OXtrl, mismatch— (DCoutl, mismatci{ (DCout2, mismatch

=216 p AT P OBEiI% . (4.5)

Differential operation ensures that the compnoode errors are cancelled and theye

signal phaseo-voltage conversion gain due to the mismatch is further calculated as

"Q, mismatch= G, mismath;r(p %0
=2 1 0 p AT D OEJ%O T({O%o . (46)
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Figure 4.517 Conceptual diagram for mismatch of the proposed PD analysis
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Compared to4.2) and 4.3), theaxwn and Gz value are decreased by the coefficient
(1- U) c Oemr) vehich is a linear number <1. Although the loop gain is degraded due to the
mismatch, the nonlinear loop characteristic is not reformed and it ssimwes fulFoV
operation as long as the loop gé&itG2 is >>1 (Sectior®.3.4). Moreover, for the proposed
PD, the degradations from the phase and voltage domain are independent to each other.
Unlike mixerbased PD operation, the amplitude/phase mismatctheo mixer may
generate voltagdependent phase error or phaspendent voltage error due to the self
mixing and erroneously offsets the output DC control voltage. In summary, the proposed

PD is robust to environmental variation and performs-pigitison detection.
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Figure 4.6 7 (a) Block diagram of the mmWave IQ vector-modulator-based phase
shifter. (b) 3D EM model of the mmWave transformer-based 1Q network. (c) The
wideband 1Q phase shifter with built-in pseudosine generation circuits. (d)
Simulated amplitude and (e) phase performance of the 1Q. (f) Simulated output phase
and (g) normalized amplitude variation and versus Vctrl of the wideband 1Q phase
shifters.

4.3.3 Voltageto-PhaseConversion GCircuit

The conceptual diagram and schematic for the wideband 1/Q valtadeolled
continuous PS as the voltaggephase converter is shownhiigure4.6a-6¢. It consists of
a twostage transformdrased polyphase network? 7] and an analog multiplier with built

in DC pseudeSinefCosine generatiofi/8] as a vectemodulator PS. Simulated mm
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Wave 2stage transformdrased polyphase network shows <+0.05 dB amplitude

i mbal ance and <N1. 8e -85G8z figuradhe4.6e)iltsshhoavs ¢ h
EM-simulated passive loss of only 2 dB at 28 GHz in addition to the 6 dB inherent loss
due to to-4 power splitting (overall 8 dB loss), suppogilow-loss ultrabroadband 1Q
generation for maWwave/LO I/Q PS. Compared to the digital phase rofa®}80], the
proposed I/Q PS achieves wideband-falhge continuoutuning and only requires one
analog control voltage for loop control simplicity. ThewVfrom phaseto-voltage
convertor is first sensed by the DC pse®ine/Cosine generation and then it generates
corresponding compensation phase $hift and completes the negative feedback loop.

The voltageto-phase conversion gain is expressed as
O %o T . 4.7)

Simulated amplitude and phase response of the PS is shéwguia4.6f-4.69. It performs
continuouspase shi ft > 2000e with only <0. 4
linear phase shifts with a negligible amplitude change. It achieves orthogonal controls
between the phase and amplitude tuning, which is important for thefoeamg/steering

[39]. The simulated voltag®-phase conversion ga is 6.5°/mV at 28 GHz.

4.3.4 Loop Analysis of the SSA BFs

The phasalomain closedoop performances of the SSA BFs, saslresidual phase
difference g¥out, the normalized array factor for signBF, spatial notch for blocker
cancellation, and response time, are next analyzed. Ewestresidual output phase

differenceqout can be expressed f]
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our="Sind /(1+°0"0)

="sind/[1+ (¢ 16 OEd% Tw% "O]. (4.8)

"0 varies withgout after the phase compensation, which shows the negative feedback loop

is a nonlinear loop and§) can be modified as
¥out + K Sin q¥bout = ~ Sind, (4.9)

wherek =¢/ T 0 , whichis the loop gain aincidenced=0° when a boresight signal is
receivedk is in a quadratic relationship with the input RWfave/IF input amplitude A,
showing that the loop response is a function of the input power. For a given incident angle
d of the received RF inputs, the residual phaser e¥outis calculated usingd9), and the

total loop gain is obtained &G2=(c] T 0 OB % Tw % "O. The largesignal loop

gain peaks atl = 0° and gradually decreases whendrapproaches +90°. Because of its
nonlinear bifurcation behavior, the powewvare feedback loop maintains its loop gain
value for a given incidenagwithin and even at +90° with fuFoV operation as long as

thekis >>1[67].

The residual phase differengd6out, the normalized array factor for signal beam
forming, and spatial notch for blocker cancellation of the SSA BFs versus different loop
gain G1G2 value at endire incidenced = 90° are simulated iRigure4.7a-4.7c. With the
targeted loop gain > 300 (linear scale), residual phase diffeg@fgas highly suppressed
to < 0.6° Figure4.7a). For desired signal sedteering, the combiner is applied at the
outputs of the adjacent paths. The normalized array factor is achiele?2EE4 dB (~ 0

dB), achieving "ideal seléteering" over full FoV Kigure 4.7b). On the other hand, if
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undesired strong signal/blocker is received, the outputs of the SSA BFs is followed by a
subtractor to reject the signal. The notch filter for the blocker rejection (38s6>dB
cancellation without any DSP calibratiorFigure 4.7c). Although the practical
phase/amplitude variation of the powaware PD and the PS are not included in the
simulated performances vi4.9), the norideal effects are measured and presented in
Sectiord.4. Most importantly, operating the proposed phdsmain nonlinear closeldop

with the large loop gain achieves the stafi¢he-art full-FoV autonomous sighdbeam

forming and blocker rejection without doviime controls from the DSP.
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Figure 4.71 Simulated (a) residual phase difference, (b) normalized array factor, and
(c) blocker cancellation atend-fire incidence (90°) versus the SSA phasgomain loop
gain for the two-input SSA beamformer. (d) Simulated and measured SSBF
discrimination of concurrently received multi-tones
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The response time of the loop is mainly determined by the dominanthaalés
created at the load of the phaseroltage converter. With at least 10000x smaller RC load
than [67], the simulated instinctual response time for each SSA BF stage ius; 0.5
enabling future lowatency mmWave applicationsAdditionally, thediscrimination of the
SSABF for concurrent reeeed multitones is simulated and measured. When the two co
channel tones (blocker and signal) are concurrently injected, the jpovaee PD can
accurately respond to the blocker, not the desired signal, and achieve > 22 dB SSA blocker
rejection, if the bbcker/signal power difference is > 3 dBidqure 4.7d). The detailed
cascaded -8age SSAF measurements for various operation modes will be shown in

Section4.4.1

4.4 Experimental Results

The proposed -8lement 2330 GHz scalable SSA BFs RX array prototype is
i mplemented in a 0.13egm Si Ge Bi CMOS proces
(Figure 4.8) [48]. The measurement setup is showrFigure 4.9. Multiple continuous
wave (CW)/modulated IF signals with grammable phase and amplitude in each channel
are first generated by the Keysignt AWG M8195A. Then, they areonperted to mm
Wave frequency by the external mixers, serving as the multiple signals/blockers which are
concurrently injected to the RX arrakip. The Keysight spectrum analyzer UXA is used
for characterizing mawave CW performance of thé-stage SSA BFs. The performance
of the 2%stage IF SSA BFs, response time of the loop operation, and demodulation results

are then captured by the Keysdigiscilloscope MSOS804A.
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4.4.1 CWMeasurement

First, the CW performances of thé-land 29-stage SSA BFs are individually
characterizedHigure4.10a-4.10d). Over the fulFoV and a 2880 GHz wide bandidth,
the Fl-stage mmWave SSA BF achieves an extremely flat normalized array faefos >

dB for the desired signal beafimrming (using combiner) and a-2d dB spatial notch for

80



blocker rejection (using subtractor). Similarly, tHé-&age IF SSA BFlso achieves a flat

normalized array factor-8.53 dB for desired signal beaiorming and a 236 dB spatial

notch for blocker rejection, over fuloV and wideband operation (641GHz for IF). The

full FoV and wideband coverage support autonomous Heaming (or spatial

cancellation) for unknown desiredoand signals (or unknown -@hannel blockers) even

with unknown carrier frequency, AoA, and modulation schemes, enabling fast signal

management in the future complex EM environment.

| '
S w

'
(&)

Normalized Array Factor (dB) &

Normalized Array Factor (dB) <

1st-Stage mm-Wave SSA BF

o

1

[REY
A
.'

Beamforming

23GHz=— 24GHz=~— 25GHz=— 26GH},
—— 27GHz=0m 28GHz=— 20GHz-/— 30GH?

-90

o
f

'
[N
1

1
N

'
w

A

'
(&)}

-90

60 30 0 30 60 90
Incident Angle (degree)

2nd-Stage IF SSA BF

Beamforming

777777 =O=100MHz=0=500MHz=0=1GHz |
= 2GHz ==/==3GHz ==t=4GH

60 -30 0 30 60
Incident Angle (degree)

90

(b) | 1s-Stage mm-Wave SSA BF
Spatial Notching

0 . . ——
23GHz== 24GH == 25GH2=/>= 26 GHZ
—_ ==Om== 27 GH == 28 GHz== 29GHz== 30GH#
' -10- ; ‘ : : :
K=
c
9o
©
E -
5
-50 : : ———
-90 -60, -30 0 30 60 90
Incident Angle (degree)
d) 2nd-Stage IF SSA BF
Spatial Notching
O T T T A A
= 1 00MH2=O= 500MH == 1GHz

= 2GHZz ==/w=3GHz === 4GHg

60 -30 0 30 60 90
Incident Angle (degree)

81



454 mvV

0.71us at Oeincidence as2 mv

448 mV

447 mv

s) =
N
o

=
o
:

o
o
.

Response Time (U

000 €0 B0 o 30 6 90 23 24 25 26 27 28 29 30
Incident Angle (degree) Frequency (GHz)

Figure 4.1071 (a)-(d) Measured wideband and fultFoV autonomous desired signal
beamforming and blocker rejection in the 2 mm-Wave SSA BF and 2 IF SSA BF.
(e) Measured closedoop response time of the SSBF using a reattime oscilloscope.
(f) Measured dynamic response time over full FoV. (g) Measured NEg eqwith the 2-
stage SSA BFs both turned on.

Next, the response time of each clotmap DSRfree SSA BF stage is measured
using a reatime oscilloscopas shown irFigure4.10e. Over the full FoV, the measured
response time is & (Figure4.10f), achieving 100x~1000x% faster response time than the
existing stateof-the-art DSRcontrolled BFs. The fast and instinctual yet precise response
of the SSA BF&nsures rapid beaforming/tracking for the future maWave lowlatency

applications. The equivalent singdéeement doubleideband noise figure (MBs.eq [74]
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with the twoestage SSA BFs on also measured with 4&.3 dB over 280 GHz Figure

4.10g).

@ Mode | + Digital Beam-Forming b)
A Hybrid Beam—Formi ng
n Of=—= : ‘ I : 0 50
% v i | ; ! S, fé\ 10 ‘—0— RX CG Under the Blocker (2 Stage SSA EF )2)0
5 ] g 2
5-101 = -204 30 9
L 15] g - 150 2
> = -304 20 2
g 201 S -40- 10 g
j=)]
B-251 @ -50- ®
B30] | e 1 B o] [ somon >
= J' Meas. 8-Element SSA BF in Mode | + Digital Beamforing T 607 Desired Signak+Blocker (2-Stage SSA BF Of) "} 10 a
2 -351 1| = = = Ideal Static 4-Element Array Factor without SSA B ii- § =704 =Sim. Desired Signal+Blocker (2-Stage SSA Bl ,9)_;0 g
-404 Il--- Ideal Static 8-| Element Array Factor without SSA B “Meas Desned S|gna|+BIocker (2- Stage SSA BF ®n
-90 -60 -30 60 90 -90 -60 -30 0 30 60 90
Incident Angle (degree) Signal/Blocker Incident Angle

Difference (degree)

© ) Mode I1I-B

= = =Sim. Casel: Blockerl at -60°and Blocker2 at 20° incidence
=== Meas. Casel: Blockerl at -60°and Blocker2 at 20° ingi
= = =Sim. Case2: Blocker1l at -50° and Blocker2 at 50° incidencg

= = =Sim. Casel: A Strong Blocker at -40° incidence
=== Meas. Casel: A Strong Blocker at -40° incidence

B e e . B |- —teas Casr: okt 1.5 g Blocker2 50,
.5 -10+ E -104
%] [
g -201 g -204
c c
8 -301 8 -304
B0 8 40]
504
E £ 0]
3 .60 ; ; i i ; 2
90 -60 -30 0 30 60 90 -90 -60 -30 O 30 60 90
Incident Angle (degree) Incident Angle (degree)

Figure 4.11 7 Simulated and measured operationmodes of the receiver array
including: (a) Mode | (an 8-element hybrid beamformer). (b) Mode Il (the RX Piniq4s

and conversion gain of the desired signal with the #band blocker over full-FoV). (c)

Mode 11l -A (one deep spatial notch over futFoV). (d) Mode Il -B (two independent
spatial notches over fullFoV).

The 8element RX array chip is then characterized for its various operation modes.
In Mode |, when both the®tand 29 stage SSA BF are used with the combiners for desired
signal BF, a 4elementSSA with flat normalized array factor®:8 dB over full FoV is

achieved. The outputs of the two paralletlément SSA BFs are together with baseband
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digital BF achieving a highquality 8-element hybridBBF (Figure4.11a). In Mode I, one
desired signal and one meditpower blocker are simultaneously injected; tResthge
SSA BF suppresses the blocker, while thfestage SSA BF perfornBF on the desired
signal. The masured blockefree RX Pings is -25 dBm/element. However, the RX Ri
is degraded to48 dBm under al5 dBm blocker (Pinis+10 dB) injected to the RX. After
the Fl-stage SSA BF is configured to autonomously suppress the blocker, the f2{Pin
largely restored to the blockémee value over a wide Fo\Figure4.11b). However, if the
desired signal is spatially aligned with the blocker, i.e. a small incident diffgieence
between the signal and blocker, the desired signal is also filtered by thage spatial
notch, resulting in a larger but effectively erroneousdgidue to the lower conversion

gain.

In Mode llI-A, when a strong blocker anddasired signal are concurrently injected,
the B- and 29 stage SSA BF both lock to the strong blocker and spatially notch it twice
(Figure4.11c). For different bloc&r incidence cases40° and 53°), a deep spatial notch is
created to achieve maximum 54 dB rejectibig(re4.11c). In Mode II}B, two moderate
blockers and one desitesignal are concurrently injected, th& and 29 stage SSA BF
sequentially lock to and suppress the two blockers, showing two different spatial notches
with a maximum 40 dB rejectiorrigure4.11d). The Mode IHA/-B successfully relaxes

the dynamic range of following ADCs and enables the diBikal

4.4.2 Modulation Measurement

We also test the RX array under the Mdbwith wideband modulated echannel

blocker and destd signal without any digitaBF. A desired signal-46 dBm) and a
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moderate cahannel blocker-86 dBm), both wideband modulated with same modulation
scheme and data rate, are injecteéd|fre4.12). The desired signal and the blocker signal
are first characterized with 2L00MSym/s / 500MSym/s 64QAM and 100MSym/s 256QAM.
They are cechannel with a signal /blocker frequency separation offsgk: f=
100M/500MHz and 100MHz, respectively. When tife dnd 29 stage SSA BF are off,

the downconversion spectra show that the blocker signal overwhelms the desired signal
and the desired signal cannot demodulated. After enabling thé-$tage SSA BFdr
notching the blocker, the desired signal is autonomously beamformed &t sh@ge SSA

BF and successfully demodulated, showh2g.2 dB EVM for 500MSym/s (3Gb/s)

64QAM and-32.6 dB EVM for 100MSym/s (0.8Gb/s) 256QAM.

The desired signal is then swépt its foriset and incident angle difference from the
blocker. The EVM performance of the demodulated desired signal is degraded when the
forisetiS close to OHz, i.e, exact frequency overlap for the signal and the blocker, showing a
clear spectral effedor various éiset versus the cehannel SINR. On the other hand, if the
desired signal is close to the spatial notch with a small signal/blocker incidence difference,
the EVM performance is also degraded due to the attenuated desired signal strength,
demonstrating a clear spatial filtering effect. The desired signal and the blocker signal are
also measured with the higipeed 1GSym/s (6Gb/s) 64QAM and 200MSym/s (1.2Gb/s)
256QAM signal with 50%fset overlap in the spectrunfFigure 4.13). After the £- and
2"d. stage SSA BF are on, the desired signal is successfully demodulate?SaitdB and
-31.8 dB EVM, exhibiting a firsever demonstration for echannel wideand modulated

multi-Gb/s 64/256-QAM blocker rejection.
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Figure 4.127 Measured constellation and spectra of the eohannel blocker and the
desired signal before and after turning on the &tage SSA BFsin Mode II. It
demonstrates for blocker rejection and desired signal beamforming when the blocker
and desired signal are both broadband modulated at the same scheme and speed.
After the 2-stage SSA BFs are enabled, desired signal is successfully demodudlate
showing autonomous spatial cancellation of echannel blocker.
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Blocker and desired signal having at least 50%frequency overlap in spectrum
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Figure 4.131 Measured demodulated constellation of the desired signal with the co
channel blocker before and after turning on the Zstage SSA BFs in Mode I,
supporting autonomous multtGb/s 64/256-QAM blocker rejection.

Table4.1 compares the proposed miiave MIMO RX array with the statef-the-
art desgns. By exploiting the unique multistage closedp SSA BF architecture, the RX
array demonstrates autonomous multiple concurrent blocker rejection and signal
management. Measurement results show that the RX exhibitsfeoMilbperation with
low-latency< 1us response time per SSA BF stage and achieves&tieart wideband

modulated multiGb/s 64/256-QAM blocker rejection and signal BF.
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Table 4.17 Comparisonwith State-of-the-Art Spatial Notch Array RX, SSA RX,and
Mm-WaveBF Array RX

Spatial Notch Array RX SSARX MmWave Bearfiorming Array RX
L. Zhang S. Jain M. Huang A. Gupta W.Roh B.Sadhu H. Kim J.Dunworth This Work
JSSCCO17RFI C016 JSSCOL7TMTTOM Commun _Mafg. IIASCO L7 JSSCo18 1SSCCop8
130nm SiGe 28nm LPRF e
q
Technology 65nm CMOS| 65nm CMOS| 130nm CMOY  45nm SOI NR BICMOS 28nm CMOS CMOS 130nmSiGeBICMOS
Freguency (GHz) 0.1i 3.1 10 4i 5.68 7.4i9.4 28 28 25.8i 28 25i 30.5 23830
Element No. /Chip 4 4 4 4 32 32 8 12 8
_— Open Loop wif Open Loop wi Closed Loop with SSA
Blocker Rejection DSP DSP No No No No No No frontend BFs
e =i Open Loop wif Open Loop with Closed Loop | Closed Loop| Open Loop wit Open Loop wit] Open Loop with Open Loop witlh  ClosedLoop with SSA
eam-orming DSP DSP SSA SSA DSP DSP DSP DSP frontend BFs
SingleElement
Conversion Gain (dg] 43 14 8 NR NR 34 39 2 33
NFyss,e{dBY 34-58 9.5 NR NR NR & 6.7 4448 42863
Spatial Blocker 41 in Mode 11
Suppression (dB) 56 32 No No No No No No and 54 in Mode-Al
Blocker Modulation 200Miy 3Gls 64QAM and
Scheme cw CW | ‘opsk No No No No No No 0.8G#s 2560AM
Desired Signal 3Gh's 64QAM and
Modulation Scheme 2Mb/s QPSK| 200Mb/s QPSH NR NR 2.1Gb/s 16QA NR 120Mb/s 64QAM 2.4Gb/s 64QAl 0.8GHs 2560AM
EVM of Desired Sign| 0.6Gb/s 6QAM 2.68%
after Blocker ZMZ%SS%PSK NR No No No No No No 3Gh/s 6QAM : 4.3%%
Rejection : 0.8Gh/s 259AM 2.34%
Response Time NR NR 3ms NR 45ms NR NR NR < Lys per
Beamformer Stage
Power Consumption| g g; 56 75 36.25 0 %75 NR 206 50 25 70
per ElementnfW
Area (md) 2.25 3.8 41 3.5 NR 165.9 7.28 29 216

NR Notreported EquivalenSingleElemeniNRysg o~ NFpssmeasuredvith singleelemenexcitationandoutputsideb eamforming- 1dog(numbenf elements)?Itincludesits tran smitterdesignand T/Rswitc
3 Basedonthe R F I16priésentatiorslides, it presentsCWhlocker(whenPpooker> Paesired_sgndi@ndmodulatedlocker(whenPyjocier=Paesired_signdi

4 Themodulatiortest is basedon Modell operationwithoutany basebanddigitalbeamforming(Pyjocker=-361BmandPesireq signai=4&1BM

52 CWhlockers+1 modulatectiesiredsianaland fuse~/ ModulatiorBW=400% ®1modulatecblocker+ 1 modulatediesiredsianalandfyx.:/ ModulatiorBW< 1004
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CHAPTER 5. A MM -WAVE WIDEBAND MIMO RX WITH
INSTINCTUAL ARRAY -BASED BLOCKER/SIGNAL
MANAGEMENT FOR ULTRA -LOW-LATENCY

COMMUNICATION

Chapter 5demonstrates a wideband miWave Multiplelnput-Multiple-Output
(MIMO) receiver (RX) system with cascadable arbased highorder autonomous spatial
filters (ASFs) forclosed oop frontend beamforming, achi e
of multi-blockerssignals with ultrefast response time. Over a full FiedéView (FoV),
the ASFs achieve automatic blocker suppression and desired signal beamforming without
prior knowledge on the Anglef-Arrival/frequency/ modulation and without beam
searching using b&end computations. In particular, the ASFs realize frontend blocker
suppression and substantially relax the dynamic range requirement ektteanmn analog
to-digital converters (ADCs) in digital arrays. Moreover, cascading multiple ASFs can
sequentially s ppr es s mul tiple bl ocker s, essenti a
|l ocalizationo DSP al gor it hoficobcegpt 2741 &Hzf4r ont e n
element MIMO RX array is implemented in a 45nm CMOS SOI process to support multi
standard 5G linksni future congested/contested EM environments. With autonomous
cancellation of multiple cehannel wideband blockers, a wideband desired signal can be
received with high SINR, achieving@8.64 dB EVM for 3Gb/s 64QAM aneB2.73 dB
EVM for 0.8Gb/s 256 QAMThe measured MIMO beamforming response time for beam
scanning, localization, and computation is < 1.75us/stage, enabling 5G and-b&yond

ultraclow-latency mmWave links.
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5.1 Introduction

Mm-wave links will serve as the enabling technology for a plethora of cocrathe
and defense applications, including 5G new radio, automotive radar, andbdsed
networks [38]-[66]. With future ubiquitous mrWave links, mmWave transceiver
(TX/RX) frontends should support higkliability operations in future congested/contested
EM environments and readily handle complex andd¢hsnhging blockercenarios, often
with multiple blockers of unknown Anglef-Arrival (AoA), frequency, and modulation.
Different from conventional FoV limited analog beamforming, digital arrays are becoming
a popular technology choice to support mbam MIMO operations ih full field-of-
view (FoV) by performing beamforming and spatial filtering all in the digital backend
[73][74]. However, digital arrays typically need to handle all the aperture information and
accommodate strong signals/blockers. Thus, the RX chain and ADCs require high dynamic
range to avoid satuiah, which exacerbates the power overhead of digital arrays.
Therefore, there is a critical need for agile spedpaitial frontend filtering for blocker
suppression and spatial signal Apower equ
RX/ADC dynamic ange requirements. In digital arrays, fremid spectral filtering, e.g.,
using mixers or filters, can readily suppress-afdband blockers, but not4band spatial
blockers. Although generic frontend analog beamformers (BFs) create spatial notches
[74][75], as fundamentally opdoop circuits, they require blocker knowledgeforehand
or they rely on ofthefly coefficient computation via digital backefid6], limiting their
ability to handle unknown and dynamically changing blockers imptex EM
environments. On the other hand, it is known thatstekring BFs can automatically align

the RX array towards the incident beam in a closg fashion at the frontend. However,
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most existing selteering BFs exhibit limited functionalitiesawAtta-array like BFs are
simple reflectors that receive the incoming signal and then transmit it out with exactly the
same information (modulation scheme or frequency). Coupled oscillators or coupled PLLs
can serve as autonomous BFs as well. Howevey,dften present limited FoV, and are

not scalable to large arrays due to loop staldifityMoreover, their intrinsically nonlinear
operation cannot support widaid Gbit/s complex modulations. Most importantly, in
complex EM environment, most salfeering BFs will simply lock to the strongest blocker

and cannot handle complex mu#tocker scenariof’][9]. Recently[48] demonstrated a
DLL-like autonomous BFs as a hybrid beamforming architecture to suppress multiple
unknown spatial blockers and support wideband Gbit/s signals. However, it performs only
a 2element spatial notch with limited spatial selectivity. More importantly, its array size
reduces by x2 after each autonomous beamforming stage; this cannot suppempuie N
N-output MIMOs, and is undesired for digital arrdys.address these challenges and
support future fasthanging and mobile niWave applications, we present a scalable f

FoV MIMO RX architecture with arrapased higkorder autonomous spatial filters (ASFs)

[64]. Our autonomous beamformer is defined as performing autonomous beam scanning,
localization, and computation in the analog frontend without using any baseband/digital
computation for beamforming, unlike most existing beamforming archited@8gE 2]-

[76]. Mul ti ple ASFs can be cascaded to reald@
algorithm on multiple blockers without backend beam computation, achieving
Ai nstinctual 6 management on muihputiNjoltpat bl o c k
RX architecture is conducive to MIMO systems. A probtoncept 2741 GHz 4element

MIMO RX array with 3stage ASFs is implemented in a 45nm CMOS SOl process to
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support multistandard 5G links in future complex EM environments. With autonomous
cancelation of multiple inrband/cechannel wideband blockers, a wideband desired signal

can be received with high SINR over full FoV and us response time. With signal/blocker
concurrent receiving (with blocker/signal power difference &€dBc and frequency

overlap upto 50%), measurements shows receivd@dp/s 64QAM at 28.64 dB EVM and

0.8Gb/s 256QAM at32.73 dB EVM withASFsonmf o t he best of the aut
this is the first MIMO array with a generalized iterative source location architecture via
autonomous scalable-iNput-N-output arraybased higrorder spatial filters for wideband
modulated 64256-QAM blocker rejection and desired signal benor mi ng wi t h

response time, necessary for 5G and beyg@diltralow-latency mmWave links.

This Chateris organized as follows. Secti®&® presents the proposediiput-N-
output MIMO system architecture using scalable cascadable multistage autonomaus array
based spatial filters. The operation principles and circuit details are shown in Se&tion
Section 5.4 demonstrates the measurements and a performance comparison with reported

MIMO RX arrays.

5.2 MIMO Receiver with N-Input-N-Output Multi -Stage Array -Based Closed

L oop Signal Processing

5.2.1 System Architecture

The proposed wideband-iNput-N-output MIMO RX array architecture is shown in

Figureb5.1a. First, the RX frontend consists of miWave broadband low noise amplifiers
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(LNASs) and passive mixers for wideband and Higbarity spectral filtering. Then, after
downconversion, the RX frontend employs scalable abased higkorder ASFs as a
Asmarto frontend spatial filter banhkhd to pr
assist the following downstream digital beamforming. The proposed ASF spatial
selectivity could be further enhanced via its hagder scalability and each identical ASFs

can be cascaded to performfrennd based fAiterati vetiosanur ce
multiple blockers/signals sequentially64]. Different from hybrid beamforming
architectureq72][73], our proposed ASBased frontend filtering ensuresiiput-N-

output without reducing the MIMO array order or compromising the FoV of the
downstream system. Due to progressive phase shift symmetry of the proposed architecture
(Figureb5.1b), scalability to a large MIMO array can be achieved by arrangingpheuR X

array chips along a zemhase symmetric reference plartég(re 5.1b). A proofof-
concept 2741GHz 4element broadband MIMO array chip is implemented in a 45nm

CMOS SOl process that will be presented in @ipater(Figureb.1a).
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Figure 5.17 (a) System architecture of the 2241GHz N-Input -N-Output MIMO RX
with scalable cascadable arraypased highorder ASFs for instinctual full-FoV
signal/blocker management. (b) Scaling taxN MIMO arrays by assembling multiple
unit chips along the zerephase symmetric reference plane.

5.2.2 Scalable ArrayBased HighOrder ASFs

In a uniform 1x4 array, the input progressive phase dtiféirence between path 1
and path 4 (the outer twamths) is three times %) of that for path 2 and path 3 (the inner
two paths). Therefore, we can set a Symmetric Plan as the Zero Plan Reference in between
path 2 and path 3 (the inner two paths). Referenced to this Zero Phase Reference, the input
progessive phase shifts of path 1 to path 4 thus ae/23 +%mn/2, -%n/2, and-3%m/2.
Figure 5.2shows a conceptual diagram for multiple signals processing irotiosviing
ASF. The ASF comprises phase shifters (PS), a cllosgrautonomous beamformer (BF),
an auxiliary (Aux.) path for arralgased signal/blocker extraction, and feedforward
subtraction (combining) for spatiabtching (beamforming). Next, its operatidetails are

explained Figure5.2).

94



Ae : :
v Feedback & :
Sy e | N s I?j’; \-d AV ...
for Zero Phase ¢ > -
28 1 .
Reference Ae+%m/ 1 3Vt s / i |_Aux. Path ' Main Peth 1
H 4 H XX
Ly Ve a D\ = : =
m ol eI i i { /% NenPahz

Alt i ' Feedforward
[Jponorons | Assoichsiy----emmmmmmmmg- {pgd 4 fediomard

§—|JJ?V Glf — —[AGy s,
E -Vctrl_#lG2 : i ' \
' Vet | A Path ; ) °ee
{7 > - Mol Path 4
i i AN /N
' Feedback for tArray-based Signal/Blocker:
Wﬁ%”fgﬁﬁerf}ts : Phase : Estimator to backend Feedfcquréj/_véa(r:gol?:ocker
PEIPLES 4 Alignment demodulation :

Figure 5.21 4-element conceptual diagram for the operation of th@utonomous N
Input -N-Output array -based highorder ASF.

5.2.2.1 ClosedLoop Autonomous Beamformer

Assume a simple scenario with one received sigrelmt | nc i d & paweravarg | e d.
nonlinear phase detector (PD) detects the phase diffe¥@nse sind betwea the inner
two channels and generates a differential output DC volt&gerge5.2) with a phasdo-
voltage conversion gai@:. The differential output D@oltage isthen fed to the PS as the
control voltages to apply phase shifts, resulting in a voltagdase conversiogain G2
[67]. The PD and PS forms a negatfeedback in the phase domain with a phasghase
loop gain ofG1Gz. In its closedoop operation, the output residual phase differegéaut

can be expressed [&6]

QFbout = %m | (1+ G1G2) = "sind | GiGal + (5.1)

A large loop gairGiG2 directly minimizes the resulting phase differegdé.u: of the two

paths and autonomously aligns their phases, similar to a-lbeleyoop (DLL) but now
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operating as a beamformer. Unlike coupled PLL/oscillatorstering arrayf/]-[9], our
DLL-like autonomous BF does not require resonators or multipliers, and supports broad
carrier frequencies. It is shown that for such aomamous BF, a large phase domain loop
gain G1G2 will ensure a full FoV coverage and improve the robustness against PD
phase/amplitude variatiorji§6]. The IF variake gain amplifiers (VGAS) in the feedback
boost the loop gain and achieve a Asano residual phase errg#%eut, even for endire

i nci denc e[67.@he autoMdbmaud eamformer can be extended to a large array
size. Taking a uniform 1x4 array as an example, the input progressive phase shift of the
outer two paths (Main path 1 and Main path 4) is three times of that of the inner two paths.
Thus, to align th entire RX array for the detected tone, progressively scaled feedback PS
control voltages should be applied to the four paths3a¥cti, -1XVet, +1%Vewt, and
+3%xVeri to compensate for the corresponding phase differences. Further scaling can be
performed similarly. Taking the center plane as a -p&iase reference, the input
progressive phase differences for all the channels %662 + J6w/2 , é ,-1)%h/2 (NN

an N-element uniform RX array, requiring feedback PS control voltages atg +8Vct,

and £(N-1)Vewr, correspondingly. When multiple @hannel tones are received, the pewer
aware PD responds to the strongest tone and performs autonomous beagnéorntin
(Figure5.2). Measurements show this powarare PD and beamforming characteristics
(Figure 5.10a). As long as two tones exhibit a power difference larger than 1dB, the

autonomous BF will respond to the stronger tone.
5.2.2.2 Auxiliary Path for ArrayBased Signal/Blocker Extraction

Now all the N channels are phaslégned towards thestrongest tone by the

autonomous BF. The signal path in each channel is then split into two, and an auxiliary
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(Aux.) path is introduced to sum the N channels together. This essentially performs
beamforming and extraction on the strongest tone, while b tiines are suppressed by

the spatial filtering since they are notphase among the-bhannels Eigure5.2). It is

clear that adding more channels in the A&thances the selectivity of this spatial
extraction on the strongest tone and maximizing the suppression on the other tones. This
extracted tone can be digitized and-step demodulated at the baseband, so that the RX
system can decide whether it is adier or a desired signal. Since this extraction is already
the strongest tone and other weaker tones are further suppressed by the Aux. path
beamforming, its digitization only requires an ADC with a relaxed dynamic range.
Moreover, this onastep demodulain for blocker/signal identification requires negligible
backend computation, compared to running an FFT on the entire array in conventional
digital beamforming. Notably, although blocker/signal classification needstepeDSP
demodulation, as this isue for most other RX systems, the proposed MIMO does not
require DSP for beam scanning, localization, and computation, drastically accelerating the
signal beamforming/ bl ocker rejection, whi c

AO0A, frequency, and naulation.

5.2.2.3 Feedforward Subtraction (Combining) for Spatial Notching (Beamforming)

Next, the extracted strongest tone is feedforwarded to-tleaNnel Main paths. If it
is a desired signal, the combiner A®O i s s
an unwanted bl eoc kiesr ,c hsousbetnr atca i foonr ni a spat.i
strongest tone. Although other tones (e.g., green and blue tokégune 5.2) are also
present in the Aux path, they are largely attenuated by the spatial selectivity of the

beamforming before the feedforward operation, so that their presence in the Main paths
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will not be affected significantly. To verify that the spatial notetestivity can be
enhanced by ASFs with large number of array elements, assume the strongest tone (a
blocker) has an amplitude of A and one weaker received tone at phase differgadé of

from the blocker is examined. The normalizedelment array faot (AF) gain

|AF(«_diff)|created in the Aux paths can be expressed as

AFR s A E A — A — A — A —

E A | =———, where%aitt =~ sinchifs. (5.2)

It shows thafAF N speaks abit =d  =andtlgdfirst null can be calculated as

—— = Nand%aitt = " sindift = —. (5.3)

Thus, the first null incidentangfeor a uni fisorm o/ 2 array

dnull_lst: O E T—. (5.4)

For a large N element array (N >>1), the first null beamwidth angle can be approximated

as

dsw nui 1st= COE T— & —. (5.5)

Based on%4), as N increases, the BF in Aux paths achieves higlager AF with
narrower beamwidth for a sharper spatial selection. Feedforward subtraction of this Aux
path BF signal in the Main paths then realizes a spatial n&ighré 5.3a). The null

beamwidth of the Aux path BF becomes the notch beamwidth after feedforward
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subtraction. Simulated-2-/8-element arraypased higkorder spatial filter results are

shown in Figure 5.3b. The notch beamwidth for the higinder ASF is
180e(N90e)/ 60e( N3O0 edB/ upegsibinl hotch e peamwadthd is 1 0
59e(N29.5e)/27e(N13.5e)/12.8e(N6.4e) respe
selectivity when the arragize increase@~igure 5.3b). Effect of mismatch on the ASF

spatial notch is discussed in Sectnf.4

5.2.2.4 Cascading ASFsforFroEnd fl t er abcaéi 3atroado ComplL

In digital BF, to handle multiple received tones with large blockers, a DSP algorithm
Alterative Source Localizat i [81)-¢lOll. Birstaah t en u
arrayscaled FFT is performed to identify the spatial signature of the strongest tone, whose
sidelobes may shadow other weakegrals. Next, this strongest tone is spatially filtered,
and another FFT is performed on the remaining signals. This process is repeated to resolve

all the received signals.

When cascading multiple ASF stages, the RX MIMO essentially realizes this
Al t eepatSource Localizationo DSP algorithm
importantly in an autonomous fashiobhe first ASF autonomously tracks and spatially
filters out the first strongest tone (redHigure5.2). Note the feedback PS control voltages
generate progressive phase shifts for the N channels on all the signals. Therefore, after
notching the strongest tone, the remaining tones (green and Bigeiia5.2) still preserve
their progressive phase relationships among to@ahnels. In addition, the ASF maintain
its N-input-N-output configuration without sacrificing the array order or the array FoV

(except for the spetl notches). Therefore, the 2nd ASF stage can again operate on the
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remaining signals and similarly notch out the 2nd strongest tone (grdeguire 5.2).
Alternatively, the cascaded ASFs operation can be explained in an intuitive way as follows.
Essentially, the lsitage ASF rotates the entire MIMO array and aligns its boresight
towards the strongest received tone, which is then spatially notched by the 1st ASF
feedfaward subtraction. Next, the 21slage ASF aligns the entire MIMO array towards

the second strongest tone and then notches it. This process is iterated through M ASF
stages, so that the first M strongest tones are autonomously identified and removed from
the received signals. Thus, the array sizanutN-output) and its FoV (except for the
spatial notches) are preserved. This makes the proposed ASFs as ideal frontend spatial filter
in a digital beamforming array. They relax the dynamic ranges of thesti@am circuits

and ADCs and more importantly allow the digital beamforming DSP backend to scan
through the remaining FoV for signal identification with no loss of spatial information. In
addition, different from other MIMO RX arrays with freahd spatiafiltering [74]-[76],

the proposed ASF with the powaware PD acts onlyrmothe RF power and does not need

any prior AoA/frequency/modulation information or external beamforming
amplitude/phase controls. Thus, it is able to handle unknown blockers/signals without DSP
backend beam computations. As a result, multiple ASF spatiethe@s can autonomously

track multiple blockers via their closédop operation, ensuring low response time and

latency for complex EM environment and dynamic {Wave applications.
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Figure 5.37 (a) Conceptual diagram for array-based highorder spatial notching. (b)

Simulated sharpened spatial effect versus element number. (c) ASF for blocker

rejection or desired signal power equalization. (d) Various dynamic MIMQoperation
cases to relax dynamic range requirement for RXs/ADCs.

5.2.3 Reconfigurable ASFs for Various MIMO Scenarios

Cascading multiple ASFs offers reconfigurable modes for different MIMO scenarios.

Cascading three ASFs for three operation cases are prebenteals an examplEiQure

5.3d). It is assumed that blockers are always stronger than desired signals. In case |, the

three ASFs all use subtractors and create threkpendent spatial notches to

autonomously and sequentially suppress three unknowearid wideband blockers. In
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case ll, for one strong blocker and one medpower blocker, the RX can suppress the
strong one twice by the’dand 29-stage ASFs to createdeep spatial notch, and reject

the other mediurpower unknown blocker by the 3sage ASF. In case I, the first two
ASFs use subtractors, and the third ASF uses a combiner. Thus, the first two ASFs create
two arraybased spatial notches to autonomgusippress two unknown-tmand blockers,

and the third ASF enhances one desired signal for high SINR by autonomous beamforming.
Notably, the poweaware PD ensures that the first two ASFs only spatially notch the two

strong blockers instead of the desisgghal.

5.2.4 Autonomous Beamforming Architecture Comparison

It is essential to compare this MIMO RX architecture with a recently published work
[48]. Both achieve autonomous beamforming MIMO RX systems for unknown blocker
rejection and signal beamforming with ps rapid response tj#&] is a hybrid
beamforming architecture that realizes direct spatial filtering and beamforming at each of
its selfsteering array (SSA) stagdsdureb.4a). Although a Z2lement SSA spatial notch
is reported, it can be readily extended to a higitder SSA notch. Its MIMO array order
decreases after each SSA stage (by 2 in this reported design), just like any hybrid
beamforming arrays[38]. However, this hybrid beamforming architecture can
autonomously process salrays for signal/blocker managements and combine all the sub
arrays at the digital gamforming. In contrast, the proposed system in @hspter
preserves the MIMO FoV and size-{hput-N-output) through its ASF operatiorsigure
5.4b). It can be reatyi scaled up with large number of array elements to enhance the spatial

selectivity of ASF notches. Thus, the system in tBisapteri s | de al as fi
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frontend spatial filters to assist digital beamforming systems by reducing the required

dynamic ange of the downstream electronics.
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Figure 5.471 (a) Autonomous seHsteering array (SSA) BF[48]. (b) Proposed Ninput-
N-output MIMO.

5.3 Circuit Implementation and Analysis

A proof-of-concept 2741GHz mmWave wideband 4nput4-output MIMO RX
array chip with 3stage ASFs is implementg#]. Detailed circuit implementations for the
front-end and the ASFs with voltage-phase conversion as well as ph&s&oltage

conversion are analyzed.

5.3.1 Wideband MrWave Font-End

A two-stage LNA is designed with resonant loads at different frequencies to provide

broadband performancé-igure 5.5a). The simulated performance for the fed is
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shown inFigure5.5b. It achieves S11 40 dB from 2844 GHz. Then, at the LNA output,
the passive mixers are chosen to mitigate the entire RX linearity re@mteor the
following cascaded IF ASFs. The overall frontend (LNA + Mixer) conversion gain is at
peak 20.1 dB with 15 dB tunable gain from 24585 GHz with a fixed IF 3.5GHz,

enabling 5G multband applicationgHigure5.5b).

VDD
(a) | R (;1) 30 ‘ —a— S11 —e— Highest CG—O—LowestCG‘
w o J ! g S
_g)l LNA |5 Diff. IF o
T Il’_vctrl R $ Output 5
2um/ | L] L £
o 12nm kTransformer- E
_§ Based Balun %
I I c
400pH 55fF 3 -
S 2x28mv45nm -
mpat [ ] L] 820 R
SBs BB g . Sl1<-10dB:28-44GHz
<pI FTEX 5-30;;;;;;;;;
Vgsl = Vgs2 = 24 26 28 30 32 34 36 38 40 42 44

Frequency (GHz)

Figure 5571 (a) Schematic of the twestage LNA with following passive mixers (b)
Simulated conversion gain and S11 of the m¥Wave frontend.

5.3.2 Phaseto-Voltage Conversion

The simplified schematic of the phasevoltage conversioh circuit is shown in
Figure 5.6a. It is composed of a compact transforsbased lowl oss di f fer ent
coupler[21][22], IF VGAs, multistage Dickson voltage rectifiers, and feedback DC
voltage generators. The differaitinput (IN) and isolation (ISO) ports of the 90° coupler
are used to sense phasefts in the adjacent inner two paths and the outputs from the
differential through (THU) and coupled (CPL) ports are followed by the IF VGAs and the
multi-stage Dicksonaitage rectifier Figure5.6a). Compared to CMOS based sqdlare

deviceg[102], the multistage Dickson voltage rectifiers are chosen to have larger output
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DC dynamic range to detect from relatively small signals to blockers since the DC outputs
are not clipped out by any fixed VDD. Compared48], the' circuit in this Chapter
includes commomode feedback circuit to well control feedback voltage and DC voltage
multiplier for progressive voltage generations in outer p&ksrall loop gain isxplored

and boosted to achieve full FoV coverage without any significant degradd@jn®utput
differential control voltagesuctrl of the rectifiers are then fed into the wideband
continuoustuning 1/Q voltagecontrolled IF PS to generate the compensation phase

The largesignal behavior model of the phasevoltage converter is then analyzed.
Assume two IF incident signals with the same amplitude A but with a phase difference
g¥eut are injected into the IN and ISO ports of the 90° coupler. IF VGAs amplify the
outputRFggnal s at the THU and CPL ports with
are further converted to a differential feedback DC voltagéal with rectification
efficiencyb Assuming the two matched rectifiers are sqdavedevices, thextrl of the

two rectifiers ig48]

Gewl = Goc1Z tocz=2f [! O Esdho . (5.6)
Thephaseto-voltage conversion gaii@ is calculated api8]
' 6 T3 ¢l r! OBbho T3%0 (5.7)

which is designed >100 (linear scale).
by loading a high impedance, i.e., the gates of the commumte feedback (CMFB) DC
amplifiers, which enhances RF power to DC voltage convef{d#jn Two inverting DC
amplifiers with 1:3 ratio feedback resistors are then used to genevateamd +3uxu

(Figureb.6a) for corresponding progressive compensation phase shifts to the inner and the
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outer two paths. By conversion for the two independent domains (phase and voltage
information), the proposed PB not distorted by the amplitude/phase mismatch, robust to

voltagedependent phase or phadependent voltage errpt8] as a precise PD.

@ Autonomous Beamformer: IF Power-Aware Phase (b)| Voltage Controlled IF
Detector (PD) and Phase Shifter feedback Ve generation Phase Shifter (PS) 4
Amp = A & Phase Difference =d 2-6GHz compact 90ecoupler IF+1F-
In_pin n~—"~Iso_plso_n pE——— @ A —
"""""" i 2-Stage RC-CRPPF |

1L 1L
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Figure 5.61 Schematic of the (a and (b)¢ circuit. (c) Simulated output phase and
normalized amplitude variation and versus \& of the wideband IF 1Q phase shifters.
(d) Measured tunable notch depth by changing the ASF feedback gain for multi
signal powerequalization.

5.3.3 Voltageto-PhaseConversion

The schematic for the wideband IF I/Q voltagmtrolled continuous PS as the
voltageto-phase converter is shownkigure5.6b. It consists of a twstage RECR poly

phase filter and an analog multiplier with bultDC pseudeSinefCosine generatiofd 8]
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as a I/Q vectemodulator PS. The proposed wideband-fatige continuoutuning IF 1/Q
vectormodulator analog PS only requires one analog control voltage, ensuring control
simplicity for the proposed scalable closed loop. Thert¥3Ver generated from phase
to-voltage convertor are then sensed by the IF I/Q ventmtulatorPS with corresponding
compensation phase shifix , £3n , completing the negative feedback loop. The

voltageto-phase conversion gain is expressed as

' n 16 . (5.8)

The DCPseudeSinefCosine generation can be easily extended to achieve a large phase
tuning range for accommodating wide linearly progressive compensation phase shifts such
asé (x180°),+n ( N540A), é to cover full FoV inc
Simulated amplitude and phase response of the PS shows that it performs continuous phase
shift > 3000e with onl Bgure5®c),achieveh@hibly hmpar i t ude
phase shifts with negligible amplitude changes. The simulated vdtiggease conversion

gainGzis 6°/mV at 3.5 GHzKigure5.6b).
5.3.4 Loop Analysis of the ASFs

The phasalomain closedoop performances of the Aux BF and ASFs with
feedforward cancellation are then analyzed. Fifst, residual output phase difference

Foout in the Aux paths can be expresseddas

Qeour="sind /' (* 1)+

='si M (@cyr! OBh Tan ' 1 (5.9)



Notably, the varies withg¥out after the phase compensation, which shows the proposed

feedback loop is a nonlinear loop a®®] can be modified as

Qhout+ K Sin qout = * sind (5.10)

where k ] 1! . k has a quadratic relationship with the input IF ingonplitude A,
showing that the loop response is a function of the input power. Thesligrge loop gain
GG =(¢q 1! OBPo T3% ' peaks atf = 0° and gradually decreases whén
approaches +9(0248]. However, based on iteonlinear bifurcation behavior, as long as the
k is >>1, the feedback loop can maintain its peak loop gain value witRdMlloperation
even at incidence +90° without yarsubstantial degradation. Then, the residual phase

differenceq®out is highly suppressed ~0° and theslémentbased BF in Aux paths via

(5.2) can be expressed as

F @) =¢ &= ———\ (5.11)

and 4elememntbased ASF after the feedforward cancellation is

Qo

1- F (q¥%ou) = 1- 1 =0, (5.12)

where theqg¥%out & 0 A . It s h o ws-baseld &ig-opder ABFo care athieger r a y
ideally perfect cancelation regardless of the incidence of the bldgk#r.the targeted
loop gain > 600 (linear scale), simulated residual phase diffesg#ee can be highly
suppressed to < 0.5° and maximum >50dB ASF canicgllaver full FoV. The dominant

pole of the proposed feedback is designed to achieve fast response time. Simulated
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instinctual response time for each artmsed higkorder ASF stage is < 1us, ensuring

dynamic tracking for the signal/blocker and kateny communications. fie spatial

notch depth is also tunable by the IF VGA in phttseoltage converter if multiple eo

channel signal s

tuning ranggFigure5.6d).
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Figure 5.771 (a) Schematic of the curremtdomain signal combiner for the4-element
based BF in Aux patrs. (b) 3D EM HFSS model for Main/Aux signal paths. (c)
Simulated amplitude/(d)phase tuning range to compensate for component mismatch
in Main/Aux signal paths. After initial one-time calibration, measured notch
performance improves from (e) >25dB to (f) >@8dB suppression over full FoV.

Figure5.7a shows the detailed schematic of thelementbased BF in Aux paths.
The voltage information (V1~V4) of four signals lfain paths are first sensed and then
converted to currerdomain signals (11~14) which are then added by a current domain
combiner to achieve higher linearitoreoverjn order to mitigate open loop feedforward
PVT variation after chip fabrication, vatacs are applied in each Main pakigure5.7b)
to achieve simulated phase tuning 6.2°~10.3° with amplitude variation 0.13dB ~0.33dB

(Figure 5.7c and 5.7d). After an initial ondime calibration using varactors in the
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feedforward signal distribution lines, the measured notch performance of sielgiadnt
ASF stage improves from >25dB >40dB suppression over full FoWigure5.7e and
5.7f). This initial calibration is used as constant varactor biasing voltages in all the

measurement (Sectidnd).
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Figure 5.871 (a) Chip micrograph and (b) its scalability for a largescale phased array.

5.4 Experimental Results

A proof-of-concept mmWave 4input-4-output MIMO RX array with 3stage ASFs

is implemented in 45nm CMOS SOI process with a total chip size of 3.6mmx6.5mm
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(Figureb.8a) [64]. The measurement setup is showirigure5.8b. Multiple continuous

wave ormodulated IF signals with programmable phases/amplitudes are concurrently
generated by Keysignt AWG M8195A and thenagmverted to maWave 5G carrier as
4-channel MIMO RX array inputs with concurrent midignals/blockers incidence. All
autonomous spatiaotching or beamforming measurements are achieved only-bipn

ASFs with no external beamforming controls.
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Figure 5.9 7 (a) Measured single stage ASF performance over full FoV, including
autonomous blocker rejection and desired signal beamforming. Measured-s3age
ASF performance in (b) case I, (c) case Il, and (d) case Ill.
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5.4.1 ContinuousWave (CW) Measurements

The CW performances of single IF ASF stage are first charactefipa € 5.9a).
Over the fultFoV and a 2.% GHz wide bandwidth, each ASF achieves ®4@B spatial
notch for blocker rejection (using subtractor) or a flat normalized array fa€&&dB for
desired signal beamforming (using combiner) overfFol/. Wideband coverage and full
FoV IF-domain ASFs support arrdased higkorder cechannel blockers spatial rejection
(or beamforming on the desired-and signals) without prior knowlgd of carrier
frequency, AoA, and modulation schemes of the incident signals or blockers. The proposed
architecture can achieve instinctual management of multiple unknown signals/blockers and

address the challenges in future complex EM environment

Next, he 4element RX array chip with cascadedtadge ASFs is characterized for
its various operation scenarios. In case |, when bothth&@'-, and ¥- stage ASF use
subtractors at themutputs, it createthreeindependent spatial notches to autonorhous
and sequentially suppress thragknown irbandblockerswith > 40dB suppression and
maximum 51dB cancellatiori-{gure 5.9b). In case I, if one excessively strontptker
and one moderate blocker are concurrently injected to the RX (case 2), the first two ASFs
will both autonomously track the strongest blocker and suppress it twica toithl 62dB
deep spatial notch, and the 3rd ASF can reject the other blockes W&dB notchRigure
5.9c). The measurement Figure5.9d is operated in case lll, when two blockers and one
desired signal ard@raultaneously received, the 1sind the 2ngtage ASF are configured
as the subtractors and the 3tdge ASF is configured as a combiner. Since thst&ge
ASF is for autonomous beamforming over the full FoV, its desired performance should

exhibit a fat array factor over the full FoV with no spatiidmain peaks, meaning that the
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ASF can track and beafarm towards incoming desired signal from any incident direction.
This is different from static (neautonomous) array, whose array factor will show one
spatiatdomain peak. The two similggower blockers are sequentially suppressed by two
independent spatial notches with max 50dB rejection over full Hagufe 5.9d).
Moreover, when the desired signal is close to the spatial notch with a small signal/blocker
incidence difference, the conversion gain of the desired signal is degraded due to the
attenuated desired signal strength. Compared to the fredeh@ent spatidilters in [48],

the proposed ASFs achieveslement spatial filters with sharpened selectivity that can be
further improved for larger array sizes. The measuremewsslour proposed system
successfully relaxes the dynamic range requirement of following ADCs and enables the

digital beamforming.

Additionally, thediscrimination of the ASF for concurrently received mtotes is
measured. When two spatial-cbannel tors are concurrently received, if the two tones
have O1dB power <dwafefPB caa accumtely distinguisip thevsonger
one and achi eve FigueeB.1d. Tkeuesgonsetsne of eath Bfee
arraybased higkorder ASF is measured using a r8ale oscilloscopeOver the full FoV,
the measured response time is < 1.7%igure5.10b, 5.10c), enabling fast beamforming

and dynamic spatial notching for lelatency MIMOs.

The RX also achieves wideband operation from 27 to 41GHz with 36dB peak
conversion gain (CG) and 15dBning controls to support 5G muland MIMOs and
future complex EM environment§&igure5.11a). The equivalent singlelement double
sideband noise figure (Nbs.eg [74] with the 3stage ASF on is also measured with-4.3

6.3dB over 2741 GHz Figure5.11b). The entire linearity of the RX is then measured
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while exposed to blockers. With ASF off, the PinldB of the RX is degrade84to
27.3dBm under 35/25dB CG. When the 1st ASF stage is on, the measbagdiiblocker
Pin1dB achieves 15/17dB imguement for 35/25dB CG~{gure5.11c) and the measured
in-band OIP3 of a desired signal performs 18/24dB enhancemenirfotan incidence at

35/25dB CG Figure5.11d).
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Figure 5.107 (a) Measured ASF autonomous discrimination of concurrently received
multi -tones. (b) Measured ASKesponse time over fulFoV. (c) Measured closedoop
response time of the SSAF using a realtime oscilloscope.
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Figure 5.117 (a) Measured wideband RX CG, S11. (b) Measured RX NF with-8tage
ASF on. (c) Measured in-band blocker PinldB with the 1ststage ASF on/off. (d)
Measured inband OIP3 versus signal/blocker incidence difference.

5.4.2 Modulation Measurement

We also test the RX array under multiple (2~3) wideband modulatetiaomel
blockers anddesired signal without any digital beamforming (case Ill). All the
blockers/signals are independently modulated, and the blockers have various power levels
(3-8dBc) to mimic practical MIMO scenarioBigure5.12). Multiple moderate cehannel
blockers {35~40dBm) and a desired signad48 dBm) are injected and both are wideband

modulated with the same modulation scheme and data rate. The blockéne dedired
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signal and are first characterized with 100MSym/s 256QAM, and 200MSym/s /
500MSym/s 64QAM. They are athannel with a signal /blocker frequency separation
offset bitset= 50MHz and 100M/200MHz, respectively, i.e. at least 50% frequency pverla
When the 3stage ASF are off, the dowaonversion spectra show that the blockers highly
overwhelm the desired signal and the desired signal cannot be distinguished and
demodulated. After enabling th&and 2%stage ASF for arrapased higrorder nothing

to the blockers, the desired signal is autonomously beamformed &t-gtage ASF and
successfully demodulated for 0.8Gbit/s 256QAM wgBR.7dB EVM and 3Gbit/s 64QAM

with -28.64dB EVM. When the desired signal is close to the spatial notch wittal& s
signal/blocker incidence difference, the EVM performance of the demodulated desired
signal is degraded due to the attenuated desired signal strémgire6.12). With a 4

element array, a edr ASF spatial signal selection is measured.

Table5.1 compares the proposed miiave MIMO RX array with the statef-the-
art designs. Compad to wattlevel ADC for wideband modulations signal/blocker
processing, the proposed architecture ser
85mW/channel power consumption to relax dynamic requirement and enable the
subsequent digital beamforming.&tetailed DC power breakdown is also listedable
5.1, showing gradually larger DC power of the 3 cascaded ASF stages due to higher
linearity requirements of thetlr ASF stages. By exploiting the uniquanyput-N-output
cascaded multistage arrbgsed higkorder ASF MIMO architecture, the RX array
demonstrates a fuFoV operation with lowlatency ps response time per ASF stage and
achieves statef-the-art widebad modulated multiGb/s 64/256-QAM array-based high

order blocker rejection and sigriaiF.



Figure 5.127 Measured constellations and spectra of the RX with-8tage array-based
ASFs demonstrateautonomous rejection of multiple (23) blockers and desired signal
beamforming (as case Ill). When the blockers and desired signal have the same
broadband modulation scheme and dataate, the 3stage ASF shows successful
demodulation of the desired signahfter autonomous spatial suppression of multi
blockers.
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