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Abstract

Next generation communication systems widmand gtremely high system capacitppproaches

such as complesdligital modulation schemes, widening of the instantaneous bandwidth and massive
multi-input multioutput (MIMO) architectures will need to be employed to realize such high capacity
systens. However, these approaches impose stringent requirements on the radio hardware. For in-
stance, in conventional wireless transmitters, isolators/circulators are typically used to immunize the
radio hardware and its performance from negative effects of tearamtoad variation. However, in
massive MIMO transmitters, while the antenna active impedance varies significantly, isolators cannot
be used due to their unacceptable overhead in terms of cost and space. Thus, within these transmitters
the power amplifies 6 ( P A) p ethefaspect®é limearity, autput power and efficiency are
significantly impacted by the load modulation introduced by the finite isolation between the antenna
elements. To date, studies in the literature have mainly relied on emulating the load modulation in
massiveMIMO transmitters and have used generic PAs rather than those specifically designed for

massive MIMO transmission.

This work begins by designing a tvioy-two RF frontend for a massive MIMO transmitter, com-
prised of antenna and PA arragtstablefor use n a base station. The antenna array is formed of mul-
tilayered patch antenna elements that achieved an enhanced isolation and extended fractional band-
width of 19 dB and 14%, respectively. The PA array was built using gallium nitride transistors and
carefuly operated inClass J mode. Under continuous wave measurements, the PA array element
demonstrated high pegdower efficiency of between 54%6% over the frequency band ranging
from 3.2GHz to 3.8GHz. It also showed excellent linearizability when drivenmaitiulated signals
with 200 MHz instantaneous bandwidth. When both the antenna and PA arrays are connected, they
form a frontend that was used to study the effects of the antenna load modulation using realistic
modulated signals. This study undertook méaset of measurement configurations specifically de-
vised to investigate the effects of coupling due to the PA substrate and finite isolation between the
antenna elements, as well as the extent of the nonlinearity of the PA elements. Furthermore, a single
input singleoutput (SISO) digital prelistortion (DPD) scheme was applied to attempt to linearize the
overall response of the PA array. This study revealed that the coupling attributed to the PA substrate
had a minor i mpact o n rtheérroee, itahighlighted tke necessitljoiintlynma n ¢ e .
designing forboth the PA element linearity and the antenna isolation lsedhat SISO DPD can be
used andMIMO DPD is avoided

il
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Chapter 1

Introduction

1.1 Motivation

The fifth generation (5G) communication systénexpected to be the dominant communication
technology, supporting diverse applications including but not limited to Internet of Things (loT),
high-definition videos andenhanced broadband mobile servidd$. Accordingly, unprecedented
challenges need to be addressed. For example, large capacity transmission (100 Mbps ~1 Gbps), end
to-end low latency (1 ms) and energfficient ultradense cover (1 million connections per square

kilometer) are the key perfoance indicators?).

The demand for high throughput and high signality leads to making efficient use of precious
and crowded radio spectrum imperatively. On the one hand, employing spectrum efficient modulation
scheme such as higitder quadrature golitude modulation (QAM) in combination with orthogonal
frequency division multiplexing (OFDM) exploit the spectrum potential. On the other hand, massive
Multiple-Input Multiple-Output (MIMO) technique, integratingrge numbeof active antenna and
multiple signal chains at both transmitter and receives,eisca very promising solution to achieve
the system capacity requirement in many ways. Fjrgtly combination of multipledamsin the far
field provides the high directivity and high robustness, pensatingor the channel fading and sur-
rounding interferences. Secondly, the spatial multiplexing incedheedata rate by serving users at
different locationsn parallel B], offering efficient utilization of spectrum since all the users are still

using the same spectrum band.

To utilize the advantages of massiWMIMO concept, massive compagitke, and low-power
consumption RF front endss well aghe ability to accurately control elatransmitted signal over the

wide-band frequency rangee required4].

Since all the antennas MIMO are working at the same frequency, the signal emitted by one an-
tennaelement can be coupled to another doe to the limited isolation levelithin antenna array. In
aconventional communication system, circulators are inserted between antenna and PA to prevent the
reflection from mismatch and mutual coupling. However, circulators are Jdoksy and costly, es-
pecially when employed in largenumberof RF chains. In addition, the removal of circulators ena-

bles thecompacintegration of RF front end. Based on these reasons, the next generation communica-

1



tion system will use circulatdree architecture, whicmvalidates some of the assumptions in con-

ventional wireless communication architecture whémutators are used

For example, PA and antenna designed for 50 Ohms-@ftliBreturn lossndividually, will have
at worst-5 dB mismatchwhen directly connectedvhich will cause severpower lossand linearity
degradation and even damage transistor. Furthermore, under the mutual couplindq@antenna
array, a 50 Ohroriented PA is presented with a tirmarying load modulated by signals from all the
antenna elements, instead of its own phyfsidaading antenna only. Since the impedance seen by
the PAdictate t he PAG&6s per f or man c enggligible eonlivearrdigtortoy | oad ¢ au

In awireless communication system, power amplifieong ofthe most powehungry componest
and dommates the total power efficiency in the systdimerefore, for ensuring relatively highover-
all efficiency,PA is alwaysdriven into a high efficiency but more nonlinear region, which leads to a
significantsource of nofinearity. As the last stage offRchain before antengaPA hasgreat impact
onthe transmitted signal qlity. Especially in MIMO transmitter, nende al i ty of PAOGS out |
ly generates the iband and ouband dstortion of theradiated signal, thus the bedormed pattern
andtotd channel capacitare degradedConsequently, to fully understand the behavior of massive
MIMO transmittes, the analysis methodology must be revised to take consideration-AhfeAna
interface at the presence of antennatdingolation and PA mismatds]. For achieving this goal, a
realisticPA-Antennaarray system is a prerequisite, where all the nonlinearity are included and mani-

fested, so that the comprehensive analysis can be conducted

1.2 Problem statement

In SISO transmitter environment, especiditly base station application, PA design is mainly focused
on achieung high efficiency due to itdecisive impact on the total efficiency of the chain, without
intensive consideration of linearity. Then linearization techniques such as DPD, feedbagledand
forward, are applied to linearize the PA, which is operating in high efficiency mode but with nonline-
ar behavior. The gain of linearity is at the cosaddlitionalpower consumption and design complexi-

ty. When the power generated by single PA is deas or hundreds of watts,igloverheads ac-

ceptable and cosffective.

If the same PA design strategy is employed for MIMO transrjttee system efficiency could be
degraded significantly. The output power of each PA(imassive) MIMO transmittes scaled down

with the increase of the number of PA. However, the DPD power consumption for each PA is still

2



kept the same when the load modulation problem isonsideredThis way, the power consumed

by DPD is already proportionally increasleylthe number of chains. It must be noted that the same
multiple copies of PA designed for SISO transmitter working at MIMO scenario will experience load
mismatch and load modulation induced from antenna coupling, as introduced by the thesis motivation
in sectim 1.1. This issue motivatessearcherto develop more complicated DPD schenii&e duat

input DPD[15] and multiinput DPD[7] to incorporate theouplingsfrom other paths. The cqrtex-

ity of DPD further add®urdento thesystem or even becomes unféésiin realistic hardware.

Therefore, the PA lineayitissue needs to be examirgakcifically in MIMO scenarioThis paper
investigates experimentally the joint impact of RF power amplifierlm@arity and cross coupling
between the antenna elementstloa linearizability of sul6 GHz digtal beamforming arrays using
SISODPD technique. Specifically, it is shown that to avoid high complaéifylO DPD both fac-
tors must be carefully edesigned. Foexample, highly nonlinedPA elements (e.g30 dB adjacet
channel power ratiACPR) before DPD correctionjvould require very high isolatioa.g.-30 dB
between antenna elements (significantly in excess of the commonly assurd&digflation[12]
[14], where the tested PAs are more lineag.-40 dB ACPRbefore DPD correction which may not
be possible in practicespecially for large arrayThis study thus demonstrates the importance of
jointly designing the PAs and antenna arrays as separate designs cannot ensure overall system per-
formance optimizationA 2 x 2 PA-Antennaarray was designed, using GaN power amplifiers and

patch antennas operating at 3.5 GHz, to serve as a device under test in the experiments.

1.3 Thesis Organization

This thesis is orgdped as follows. Chapter mtroduces the PA nonlineayitand Digital Pre
Distortion to provide the background information. Then the literatures studying the antenna coupling
effect in MIMO transmittes are summarized. From the literature review, the importance of employ-
ing the realistic RF front end to charagte the problem is demonstrated. The following is the thesis
objectives. Chapter 3 andptesentghe architecture ofhe designed PA and antennaay, and the
reasons behindrhe design steps are detailed, including the simulations and measurem#mtsieWi
designed PAAntenna array, system measurement and investigation is performed in Chapter 5. Dif-
ferent impact factors for SISO DPD performance in MIMO transmsitiex studied. Enlightening de-

sign considerations for MIMO transmitter are given. Aténe, the thesis is concluded in Chapter 6

and the future work is suggested.



Chapter 2

Background

The radio hardware imperfection degrades the transmitter performance. Amaogihenents ifRF
chain, PA contributes the largest portion of noedrity, and impact significantly the total efficiency.
In this chapter, the PA nonlinearity aBiSIO DPDtechnique are introduced. Then the literatures of
studying the PA nonlinearity behavior in MIMO transmitter are summarized.

2.1 PA nonlinearity

Among thevarious indicators for PA linearity, the AM/AM and AM/PM are the most widely used
AM-AM is power gain variation versus output power, and-RM is the output phase variation ver-
sus output power. These two curves are expected to be flat, which meanm#hésgproportionally
magnifiedby the same magnitude amplificatiand phase shift. However, the real situation is illus-
trated in Fig.2..when stimulus is continuous wave (CW). The expansion or compression MM
and AM-AM is the result othevariation of conduction angle and nonlinear parasitic capacitors of the
transistor. The relatively flat part only exists at low power region, where PA operates less efficiently.

AM-AM in dB

©

— D)
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Fig.2.1 AM/AM and AM/PM vs. Drain efficiency (DEPf aClass ABGallium Nitride (GaN)PA

In addition to the tradeff between PA efficiency and linearity, whére PA is driven by modulat-
ed signal, signal quality is also suffering from the dynamic distortion. Dynamic distortion is also
known as memory effect becaude PA output isa function of not onlythe current input, but also
the past input. The memory effect can be caused by the frequency response of the matching network,

the drainsupply modulationdue tothe even term intermodulation product, and transigstoperties



variation due to heat accumulation. Fig.2.2 depicts the dynamic distortion when a GaN PA is driven
with a100MHz OFDM signal.

Gain Distortion AMIPM Distortion

'S
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0r 1. . I I I
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Fig.2.2AM/AM and AM/PM of aGaN PA with 100MHz 8 dB PAPR OFDM signal
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Fig.2.3 Spectrum regrowth andland disortion.

The consequences of the PA nonlinearity are the distortitretfansmitted signal and the leakage
to the adjacent band as shown in Fig.2.3. The former deteriorate the signal quality, and the later gen-
eratednterference to other channels. Tdeviation of the iFband signal is quantified by themal-
ized mean squarerror (NMSE),where ¢ is the output signal normalized liye gain, & is the
input signal:

yon ey~ B S S
00U YO—B — (2.1)

The adjacent channel power ratio (RR)is used to evaluate the out of band distortion, where

is the power of adjacent band, and is the power of irband:
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660 YpmméQ (2.2)

Both of these two factors need to be elimindteas low as possible.

2.2 DPD technique

1L AN JL AN IL

x(n) y(n) x(n) z(n) y(n)

Fig.2.4Block diagram of PA model Fig.25 Block diagram of PA compensated by DPD

Digital PreDistortion has been demonstrated to be an effective way toopnpensate the PA non-
linearity. If a PA behavior can be described by a nonlinear function of input signaWwith the out-

put signako € as shown in equatiof2.3) and Fig.2.4
wE MQwe (2.3)
The DPD appliesthe inverse function 6Q"Q before PA input such that the desired signal can be
recovered at the PA output as shown in equdfiof) and Fig.2.5
weE Qae ¢ "Q wt (2.4)
Different behavior model functieand numerical solutions have been researched deeply and ma-
turely. However, most of them are based on the simglet-singleoutput model, which means the
PA behavior is only decided by the input signal. When apgI$$ISO DPD toa MIMO transmitter,

the &pected linearization performance cannot be achieved becauke ofoss coupling between

antenna elementas the following section 2&hd 5.2will show.

2.3 Literature review on study of cross coupling effects in MIMO transmitter

Cross coupling is theignal leakage fromtherchains. Ina conventionatommunication system, the
crosscoupling normally existsbetween antennag\ntenna array has electromagnetic coupling be-
tween elements, which is linear in nature. In the meantime, isolators betweenl BAtamna protect
the PA from the harm of load mismatch and injection of other signal. Thus the antennagaupli
conventionakystem onlycauss the lineadistortion inoutput signals. Together with channel equali-
zation, this linear coupling effect ckie compensated #iereceiver end easily. However, theure
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generation communication systemill integrate massive transmitters in one chip or board, where
shared LO, substrate and supplies introduce inevitable linear and nonlinear cross eftaolisf].

In addition, the dermsintegration also requirdbe removal bisolators, which are bulkypssyand
costly. In anisolatorfree architecture, the mismatch and coupling indP#enna integce needs spe-
cial attention, because PA, a nonlinear deyivill transfer the antenna linear coupling into a nonline-
ar problem when PA load is changing as shown in equé®iéh and figure 2.6 The active imped-
ance seen by PA is a function of all the incident sigaats antenna parameters, which is the direct
consequence of cross couplifighe cross coupling ia massive MIMOtransmitteris complex and
has significant effect on system perf@amce. Great attention has been gitehistopic during the
past ten years.

(1)

Z;(t)

a (t) ax(t)

_—

b, (t)

Fig.2.6 Active impedance embodied with reflection coefficient of the PA in MIMO transmitter

3 S — (2.5)

In 2009, the authors ir¥] categorized the couplingstmtwo groups, eforePA and after PA. The
couplings before PA are amplified and distorted by PA, which is the main source of nonlinearity of a
transmitter. Theeonventional DPD is incapable of lineariziitdgpecause conventional SISO DPD is a
function ofsingle input signal. As for the coupling after PA, like antenna coupling, they claimed that
this linear coupling can be easily compensated with the matrix inverse algorithm together with chan-
nel equalization, which is true for isolator added system. Foulation validation, they added the
extra directional couplers before PA to create the RF nonlinear coupling, and provided the two
branches with the same input signal s. I n their
talk is modeled as:

O Qw | W Qw (2.6)

Fig.2.7 depicts the DPD architagte in this work. The proposedaossovetDPD is based on
memory polynomial with the addition of input cross terms and formulategpproximation of the
inverse of the composite nonlinearity in the two input two output transmitter, to linearize the distor-
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tion introduced before PA. We can see from equdt®®) and fig. 27 that it limits the studyo the
cross talk before PA in twiransmitter system, and only tade linear combination of two inputs
and ignores the higher order crdesms.Be si des, t hey didnét provide

idation of linear cross coupling effect.

Tx.2

MIMO DPD j
Zy Y2
t{( X —
LT Y« >L
Txd

RN

X
DPD euractionJ

Fig.2.7 MIMO transmitter withcrossoverDPD and nonlinear crosstali][

Compaed with [7, the authors in§] conductedneasuremestnot only for coupling before PA but
also the coupling after PA. For quick validation and low cost setup, couplers beforecarithafare
employed to artificially create coupling between signal patlggirA they also believe the coupling
after PA is linear combination effect. Respectively, Generalized Memory Polynomial for Nonlinear
Crosstalk (GMPNLC) is proposed for compensgtthe coupling before PA as shown in equation
(2.7) [8], and Generalized Memory Polynomial for Linear Crosstalk (GMPLC) is proposed for com-
pensating the coupling after PA as shown in equdf@).

6 ofmdms QoS @7)
® Qohs Qohws (2.8)
The couplers armserted before and after R& mimic the nonlinear and linear coupling effect re-
spectively as shown in Fig&(a) For assumed lineamly coupling compensation, we can see the
residue of out of band distortion by GMPLC is higher ttizat by GMPNLC, andimilarly for the
NMSE. Thi exactlydemonstratethat the coupling at PA output is not simg@ljinear combination.
Besides, their DPD architecture is muiftput based, i.e., a multivariate polynomial or Volterra series,
which is aleady complicated for large numbmrsignal patk, and not to mention that this higbhm-

plexity calculation has to be done in every path of the transmitter.

These couplebased simulatiamor measuremestan only approximate two branch coupling cas-
es, otherwise the complexity explodes significantly when considering all level of coupling in large

antenna arrag/ Therefore, the highest number of transmitter chain studied by means of sasipler
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three in P]. However, they put isolators closely behind PAs, and then followed by couplers. In this
arrangement, the coupled sigmbb e s n 6 t PAE leeeadse of the isolators, thus only linear cou-

pling effect is studied, which is not realistic f6G system.

|
VSG 1 PA |
) Directional Directional |7 ,
> Coupler Coupler | Switch H ONCY HADC'
vsG2 [, PA |
TSRS A— ]
‘—Il PC 'L
@
0 T T — 1
=~ Output
DPD SISO GMP
-&—DPD GMPLC
-10[ DPD GMPNLC
DPD EGMPNLC
- = DPD 2x2 PH
-20
~
= =
>
o
=
(=]
w
o,
0 2

Frequency (MHz)
(b)

Fig.2.8 a) Measurement setup with different insertion of couplers b) measured power spectral density versus
frequency for DPD of device under tesDUT) with -20 dB linear crosstalk. The different inversodel used
for DPD areexplained in théegend[8].

Inspired by active loagull system, direct injeiin of asignalinto the PA output is another meth-
od to emulate the coupling effect in MIMO transmitter. For example, the workQJmpfovided an

antennafree measurement setup as shown ir2fgy At the output of th®UT (PA), the secondhput

9



signal TX2, calculated based on RX1 and designated antenna parameters, is injected to emulate the

power coupled from antenna. The circulator is placed for DUT matching. Since the signal injection

changethe effective load ofheD U T and thus DUT6s output is also c¢
This setup works like an active logdll, and it can emulate any level of coupling with any kind of

adjacent input signals. According to their resul?§, dBcoupling between two elements could avoid

distortions byalarge extent.

RX 1
-16dBh
X 1 ~[>_I> — X 2
Driver1 DUT 50 Driver 2
ohm

Fig.2.9Proposed measurement setup for emulation of coupling ¢ffgjct

Combing coupler and load tuner together, load mismatch and mutual coupling in MIMO transmit-
ter are studiedh [11] as shown in Fig 20. A unified behavior modeling and DPD solutionpiso-
posed to take into account thfese two factors as a resultant reflection coefficient at the PA output.

The reflection coefficient is a function of active impedance and : , Which is @&termined

by the physical parth , & and the virtual part—, —— as shown in the equati¢@.9) [11]. The

physical part embodies the load termination or mismateti,the virtual paris led bythe antana

coupling.

A set of training load points ithe Smith Chart corresponds to different coraplreflection coeffi-
cients.DPD coefficients are estimated for each point of the training load. The new coefficients for
test load are generated from the interpofaof the training data with respect to the reflection, includ-
ing both magnitude and phase. The model they used is dangualMemory Polynomial with the
nonlinear order of crossovéerm [7][8] between PA input and PA output reflectidgfor modeling
extraction and validation, a programmable load tuner is added at the PA output to create mismatch,
and an identical PAG6s output is coupled to the me
pling from other paths. The inputs signals amated to the two identical 20 MHz, four carriéfide-
band code division multiple acce@8/CDMA) modulated signal centered at 2.3 GHz for mBA
and coupling path PA. Forl&s AB PA and Doherty PA, the proposed Reflectiarare DPD can
reduce ACPR by aehst-13 dB and-10 dB respectively when mismatch and/or coupling exist. With

10



the same reflection magnitude but different angles, the modeling accuracy and DPD linearization per-
formance vary significantly according to their resultsis worth noting thathe excitation signals

used for two paths are the same. Therefore the load variation presented is static within a given signal
frame, which is just the load mismatch, not load modulation by the coupled signal at-s@cooml

level. In essence, this woiik still researcing on the reflectiordependent crossover DPD.

________ PC _————-
' nput € e ch2 cnaV Cha
'_. Output it
signal (x P

: gnal (x,) Relf?:cl;te d Incident Reflected Output
' Signal (y,) Signal Signal (x,) Signal (y,)
] r
:—} VSG =) Pre-Amplifier =) lIsolator =) Coupler x:::l Pawer = B rcchonal Coupler = Load Tuner =) 00
1 b up Amplifier ' LR B Attn,
' | Coupler
' Plane of | Pla
1 Reference Refe rence
]
]

Q
L vsG = Pre-Amplifier |=lsolator + A:’:ﬁ;;r A Coupler iftn

@

l:fi I Oils I.IIJI - V] L \l/
== |;‘§ - L

<= G‘z

b, ZL PA V, b, r_-"l‘ ‘.":i Y
l_|[,:- Z|. ,J" e / Zina
(b) (©)

Fig.210 (a) Proposed measurement setup to emulating load ndhraad mutuatoupling effect (b)Two-port
power amplifier (c)Transmitting front end with mutual apling [11]

3 —= O O £iw (2.9.a)
—=: — (2.9b)
—=: — (2.9.¢)

Insteadof emulating the coupling effect in antenna array with extra couplers or load, tusieg
real antenna array as loadn®re appropriate. The work i17] did the investigation of twdranch

PA and antenna array eat-band distortion variation when having different antenna element spacing.
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The setup is centered at 2.12 GHz and testi¢ldl two independent 5SMHz WCDMA signals. The
measurement shows that closer spaced antenna array introduces higher coupling and Fadther out
band distortion, which refuted that the assumption7ntiat antenna coupling only leads to linear
distortion. Ard deterioration of the ACLR appears to increase proportionally in dB with the rising of
antenna coupling. Based on dyma extensions of theoly-harmonic distortion FHD) mode| the
authors of 12] proposed a duahput excitation PA behavior model in the lgpass equivalent com-
plex envelope domain as shown in equa(®i0). "H, HandH are vectors of the output and input
waves for all N transmittesranchest) ,n1 andfj are diagonamatrices containing the nonlinear

parts of the PA functiorAndr}  is the antenna-Barameter matrix.
"H f SHSH 1 SHSH §f/ 'H H’ (2.108)

"H f SHSH n sHsiqp "H A Hn/ “H (2.1)

Each power amplifier outpusia nonlinear function of iimputA and the reflection combination
A from all the antenna ports at this PA output. The first item 10 @escibes the PA nonlinearities,
the second and third itesrdescribe the antenna mutual coupling and mismatch effects brought by
antenna array. Unfortunately, this model does not predict the input impedance variations, and it also
is a first order linear approximation, thus being still limited to relatively wels ofVoltage Stand-
ing Wave RatiqVSWR).

Based on thaimilar dual input model in12] mentioned above to predict the PA RF behavior in
MIMO scenario, the authors ittd] also include the model of transistor DC current to predict PA ef-
ficiency andlinearity properties under the MIMO environment. The transistor intrinsic current is
transferred to the measured power supply current, loyadass filter composed afable resistance
and the largest decoupling capacitor as depicted in fig. 2.11 a)h&ndttinsic dc current is decided
by incident current and reflected current of the RF output. Thus the DC behavior model is based on
the extraction of RF modelThe PA model is extracted witbFDM signal (modulation band-
width=20 MHz, PAPR= 10d Bhat 2.1GH using the active loadull setup. The load variation range
is confined in a circle on themith Chart, which is determined by a four by one linear dipole antenna
array with-20 dB coupling level. Each PA is separately housed in ietabver, and hasstown
PCB board. The system is measured in both phased array case, where highly correlated signals are
used for excitation, and MI MO case, where totally
ciency, output power and ACLR show an evident variatidren having different input phases in

phased array scenario. Take PA efficiency as an example as shown in fig. 2.11 b). Besides, the addi-

12



tion of mutual couplingaddsthe imbalanceo in-band signal spectrum and ehdnd regrowttcom-

paring withthe 50 Ohmérmination case. The assumption they madbadsall the PA are the same,

thus the model extraction is done for one PA. However in reality each chain has inevitable hardware
variations and would provide abundant diversity to the MIMO system, which makdére advantage

of since the diversity may offer a certain level of averaging cancelatictatistic. Proper DPD
probably is able to correct the linearity degradation, but cannot do anything with output power com-

pensation.

46
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Fig. 2.11a) Equivalent model for the dc current generation. b) simulated and measured PA behavior when hav-
ing different input phasq4.3]
An antenna array closer to real application in 5G base stiatemployed to study the coupling ef-

fect in [14] and [L5]. The two by two microstrip patch antenna array is a typical ahatyincorpo-

rates thehree kinds of coupling level between four elements, which offers the flexibility to test dif-
ferent input corhinations. As an extension of work ihZ], a dualinput Volterra seriedased model

is pruned to a duahput memory polynomial model, which includes PA nonlinearity and its mixing
termswith mutual coupling and mismatct4]. Besides, for notflat frequancy response antenna ar-

ray, finite impulse response (FIR) filters, derived from minkguency Sparameters, are used to de-
scribe the relationdiween an incident wave and the output sigriatsead of using single frequency
S-parameters. They designettigh coupling level{12 dB) and a low coupling levetZ4 dB) two by

two antenna array$-our different and independent 20MHz OFDM signals with @GPAPR are

used for drivinghe four PAs. The model were used to predict the behawbsigle PA and R ar-

ray with and without SISO DPD as shown in fig.2.12. Based on their results, we have the conclusion
that the distortion due to mutual coupling and mismatch are lower than the distortiePdf itself,

but cannot be linearized by SISO DPD, especiallyhigh coupling environment.
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Fig. 2.12 Spectra of PA1 for (a) higloupling array and (b) loweoupling array. Left: PA is operated in a sin-
gle-path scenario. Right: MIMO scenario. Measurements (meas) without SISO DPD and with SISO DPD are
compared with simulations (sim) without SISO DPD and with SISO DPD [14]

Later on, a DPD solution is proposed for MIMO transmitter to linearize the distortion due to anten-
na mutual coupling and mismatch ib], avoiding the complexity explosion ftargenumberof an-
tenna array. The DPD architecture can be dividagtwo parts: a linear relationship which describes
all the inputs and output @hn antenna array, and is shared by all the parallel chadegisted by
CTMM (crosstalk and mismatch model) blkoin Fig. 2.13 and a nonlinear dudthput DPD block,

originating from the model inlp], that existsat each transmit path, as shown in Fig. 2.13.

Since the complexity of CTMM blocls linearly increasing with the number of trangmg paths,
and dualmput DPD of each path has nothing to do with the total number too, the complextpatoe
explode when scaling uiine transmiing paths. Yet the performance achieved by this technique is
extremely @nilar to the multrinput DPD which has significanthcoefficients explosion for large

MIMO system. A single antenna is placed at fatdfiso measure the combined signal. The ACPR
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improvement of the combined signal is close to the improvement of individual PA. However, the sig-
nal bandwidth is limited to onlgMHz, which does not satisfy the requirement of the next generation
communication. For calculating CTMM coefficients, they made an assumptioththBA output

"H ¢ alreadyequalsthe desired input signai € , which corresponds to the linezgd scenario.

This might not be an accurate estimation. In addition, the PA used to predict the behapeaird|

verify the DPD performance irlp] are four SKY6600411 amplifiers which are linear amplifiers

and not represeative application for bas&tation
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Fig. 213 Block diagram of a mukiantenna transmitter with the proposed DPD mefiéi

To geta betteranalysisof PA nonlinear distortion caused by antenna array laayghe numerical
simulation fora 64-element PAAntenna transmitting arrayas conductedh [16]. Using circuit en-
velop simulation with 5 MHz WCDMA signathe PA model is extracted based on the 4wput be-
havior model in 12] for memoryless case. The active impedadcdA , shows an evident variation
space when the antenna arragteeredor different angles. The central elements in array experience
severer chargsthan theones on theedge. Accordingly, the PA nonlinear properties embodied as
AM-AM and AM-PM also display the dependence in the eleni@cation and beam angle. It should
be noted that at certain beam angles,-AM curves have different expansion and compression level
as shown in Fig.2.14which provides the possibility of canceling each other at the combined signal
(The relevant simut#on is done in17]).The PA inputs have the same signal magnitwde differ-

ent phases, which corresponds to the phased array case. Howevenoine general scenayrie.g.
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digital beamforming, all inputs are totally different at magnitude and phasesh would pesent

larger impedance variatidn the Smith Chart and even negative impedance.

Beam steer direction with lowest in-band distortion. Elevation =40°, Azimuth = 70F.
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Fig.214. Simulated AM/AM distortion in each of the 64 transmitter PAs. Contour plots to the right show max-

imum dB deviation from constant gairlg

2.4 Thesis objectives

From the review and analysis above, it is significantly necessary to build a two by t&atérna

array system, where all the nonlineargyncluded and manifested so that the comprehensive analysis

can be conducted-or fulfilling this purpose, mploying typical PAs and antennas & digital

beanforming base station with wideband signal verification is the prerequisite to reveal the sources

and mechanism of nonlinearities in realistic MIMO systé&instly, the antenna gain and PA outpu

power ckcide theequivalent isotropically radiated powgEIRP), whichdescribes the transmission

powerin acertain direction. Consequently, those low power linear PA for cellular applicstarid

not be used as device under test in this investigaB@sides, wider bandwidth transmitter can pro-

vide higher system capacity, which is highly desired in 5G system. As for the antenna array isolation,

there is no meaning weliberatelycreate a high couplingray, e.g. placing | e ment s

because this arrangement will harm the antenna tiadipattern, leading to nulls iime coverage re-

o

oser

gion, and also exaggerate thaad variation level induced by antenna coupling. Last but not least,

since the distortion and linearizability of PA array unéleite antenna coupling is the subject this

thesis, each PA alone should be linearizallien working separatelguch that the impact ahtenna

cross coupling can be isolated from the impact of nonlinearity of PA. Based on the analysishabove, t
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design specifications are givehlp to date, no literatures hanbeen found in investigatintpe PA

load modulation proleim with suchrealistic hardware system.

The power efficiency, bandwidth, and linearity requirements of tRA in this thesis folOFDM

signaltransmission are as follows:

A Aver age o25dBmunter rpodulated sigrals with PAPRSAB

APeakDrain Efficiency (DE) > 50%across the band

AFractional BandwidthRBW) > 15%

A Adjacent c¢hanneli4ddBater ®Rlelinearaationo ( ACLR) <
ANormalized mean square error (NMSE}%.

Antenna bandwidth, gain and isolation specifications are given:

A Fractional Bandwidth (FBW) > 10%
A Array broaB side gain >11
A Array isB®lation > 20
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Chapter 3

Antenna array design

Building MIMO RF front end is complex and costly, thus pleotyork on MIMO transmitter only
usesseveral identical commercial PAs combined by couplers and loaded with load tuner to emulate
the complicated mutual couplirgffectsand active load ariation P] [11] [18]. However, thiemula-

tion does not epresenthe realistic load modulation situation. First, the artificial coupling created by
couples only emulates the magnitude ®f, yet the phase (& decides the constructiver decon-
structive impactf the combined waves, which, together with magnitudeerdenethe active im-
pedance seen lihe PA. Second, antenna elements at different locations experience difference cou-
pling level and combination. For example, the Fig.3.1 display&elelnent antenna array with dif-
ferent levels of coupling. For the element sitting in the center, they have four highest coupling paths,
four less strong coupling path and other weak coupling paths. On the contrary, the corner antennas
have only two highdscoupling and one less strong coupling. Hence only using several couplers is

not comprehensivéo embody the various physical coupling.

|
]

D

Strong Moderate Weak

Fig.3.1 Antenna array showing different coupling levels
Furthermore, the passive load tuner is unable to provideosecondievel load variation, which is
the envelop variation time scale. Thhe {passive load tuner can only emulaged mismatch instead
of load modulation for PAIn conclusionin order to investigate the active load modulation in MIMO

system, aeal antenna array is unavoidable.
18



Although [L3] used real antenna array for their test, the linear array, agaim | dnét st and

completereal antenna array coupling case. Besideg,jadtwo by two patch antenna array, but nar-
row matching bandwith limits the measurememtith wideband signal Wideband signal test reveal
more details of PA memory effect when operating in such active load modulation environment. So it

is imperative to design a real 2D antenna array with wide bandwidth.

3.1 Single wideband antenna

A two-layermicrostrip patch antenna is designed.

Microstrip patch antenna hdeen attractingttentionfor the past 50 years for its low profile, low
cost and easy to tiegratewith other printed circuit. Especially in MIMO system, planaoparty of
patch antenna maké possibleto integratewith PA closely in the same panelwasl be shown later
in chapter 4In the meantime hie wide beam width of path antenna allows better beamforming cov-
erage Howeverthe plainmicrostrip patch antera is a resonator, which has narrow band characteris-
tic by nature(less than 10%)In order to perform more comprehensive measurement refated
memory effect, we need to increase the operation bandwidtiesignal, and the matching band-
width of theantenna as well. AccordingBfforts havebeenmade for enlarging the bandwidth of mi-
crostrip patch antenna.

Basically, he bandwidth of patch antennas can be broadened in two @agsvay is to increase
the substrate thickness and decreasiaglieledric constant. Both reduce the Q factor of the resona-
tor. The secondvay is to introducemulti-resonance to the radiator arlifja resonances closelyBe-
cause of thesingleresonance nature, bandwidth improvementtinying the substrate is limited
Basedon the theoreticahnalysisin [19], for larger than 10% bandwidth, the ratio of substrate thick-
ness ovel (wavelength in substratdjas to be at least 0.1, whiglmposes restriction for feeding
structure. As to the secomgbproachjnvestigation and &sign are intensively conducted. For exam-
ple, adding parasitic elements above the main p&@hof around the main radiata2{], cutting the
U-shape 22] or V-shape slot43] on the patch to introduca second or third resonance. A Ron
radiating resonarcreated by tshape feeding prob24] can be used to modify the input impedance
of antenna so as to increase the bandwid#sid®s, adding shorting pin [2&) excite ad merge

more than one modes [26multaneously are also quite helpful for bandwigtttension.

19

f



Among all the techniques mentioned above,-tawer stacked patch antenna is simigedesign
and fabricateeasy to be scaled to an antenna array and able to provide a reasonable wide bandwidth

for our investigatior{abovel0%).

A stackedmicrostrip patch antenna consists of more than one loepatch layers. Layers are
electromagnetically coupled between each other. As shown in the fig 3.2, the top patch is the radiat-
ing element, coupled from the bottom patch, which is feed by a coaxiakctor backward. The bot-
tom patch introducethe second resonance. By proper tuning the distance and dimensions of two
patches, the two resonances can be merged clostyntovide impedance bandwidth. Particularly
for the air substrate case, works #7][found that the wide impedance bandwidth happens at the air
gap smaller thae/10.

Upperlayer ____ co——

Substrate
Lower layer

Substrate
Ground

(@) (b)

Fig 3.2 Topview (a) and side view (b) of two layer antenna

3.1.1 One layer antenna

Design starts from a odayer patch antennaenterecat 3.5 GHz. A 22.66nm by 20.6mm metal is

etched on Rogers 4003C substrate, which is composed of two standard 60 mil Rogers 4003C lami-
nates and a il RO4450F badply. A conductivevia feeds the antenafrom ground layer to patch

layer. The antenna is excited By50 Ohm coaxial SMA connectaccounting for the discontinuity

from the coaxial cable tdhe feeding position. Fig. 3.3 depicts the top and side view of the one layer
antennaThe full Electromagneti¢EM) simulation is performed in ANSYS HFSS.

As expected, ontayer patch antenna only has 34 fractioral bandwidth as the simulated S
parameter showing in the Fig.3.4. At the center frequencgB25the maximum gain is 7 dBi
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Fig. 3.3Top (left) and side view(right) of the onelayer antenna. w=22.&m, 1=20.6mm, p=5.8mm, h=124
mil.
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Fig. 3.4 Simulated parameter a) and radiation pattern for phi=0 (red) and 90 degree (blue) b)sofglee
layerantenna

3.1.2 Stacked microstrip patch antenna

In order to improve the impedance bandwidth, the parasitic layer is added as shown in Fig 3.5. Con-
sidering the ease ddbrication, the same substratackup for the parasitic patch issedandthetwo

parts are assembled together. Dimension details can be seen from Fig.3.5. Th@agnelsize is 55
mm x 55 mm.

From the return loss plot of two layer stacked antesiravn in Fig. 3.6, two resonance frequen-
cies, 3.48 GHz and 3.82Hz, can be recognized clearljhe peak gain at 3.&Hz is 7.1dBi. From
3.3 GHz to 3.%GHz, the return loss is less thd® dB. The fractional bandwidth is around 11%
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Fig. 3.5 Top(left) and sidg(right) view of Stacked Microstrip patch antenna. Lower patch wlmfd 11= 20
mm, p=2.6mm, h1=120mil. Upper patch w2 17 mm, [2=19 mm, h2= 120mil.
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Fig. 3.6 Simulated parameter a) and radiation pattern for phi=0 (red) and 90 degree (blue) b) of the stacked
antenna

3.2 Wideband high isolation antenna array

As analyzed irChapter2, if a perfectly isolated antenna arrayuiged, the load variation csed by

mutual coupling will be eliminatemh essence. Mutual coupling reduction technique for rawitenna
system is an active research tofuicthe past twentyears. Decoupling networks [28] and neutraliza-

tion lines [29] introducing extra signal coupling at the inputs of antennas, cancel the original mutual
coupling between two antennas. But the network only deal with the coupling between two ports, and
ités difficult and -porbmatbrle tva mult-pore 20t netwadk. Defeated t w o
ground structures3p] , etching different shape of slots in ground metal, cut the surface current flow
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induced from coupling, yet the backward radiation may be increased due to the slot leakage. Electro-
magnetic bandgap (EBG3]] structures or metamaterial3Z] take advantage of the band stop char-
acteristics in their frequency response to prohibit the coupling between adjacent antennas. However,
their periodic structure, and the complicated design parameters, pose large gpaemeat and de-

sign complexity.

Inserting parasitic element33] between antennas to suppress the surface current from one antenna
to another is a spaaaving and lowcost approach to reduce mutual coupling. But how to make the
suppression effective fowvideband is not straightforward. B. Lakshmi Dhevi and all proposed an
asymmetric loop resonator i134]. This asymmetric loop providessvo different paths for surface
wave to cross from one side to the other, ending up with different phase delay amdirgaeach
other as shown in Fig.3(8) [34]. The loop is modified with the addition of a capacitive microstrip
line, whichwidensthe suppression bandwidth of the resonator furéiseshown in Fig.3.T). The
loop resonatoin Fig.3.4b) [34], acting asa band stop filter as shown in Fig.338l], is employed for

the two by two antenna array desigrthis thesis

Each element is the single wideband antenna designed in thedashand the center to center
distance is>-/2 (e~here is the wavelengti ifreespace for center frequency 33Hz), which is the
realistic spacing for beamforming application. The two loop resonators aedbttween antenna 1,
2 and 3, 4on the same layer of upper patch, going along wittetipdaneas shown in the Fig. B.
For patch antenna, the coupling parallel with the length is E plane coupling, which is dominated by
electric field, and the coupling perpendiculaiE plane is the H plane coupling, dominated by mag-
netic field. The loop resonators can be used to kiloekd plane surface wave between antenna 1 and
2, however based on the simulati on, the |l oop re
Thus only one direction decoupling elements are addeddiitensions ofhe loop in Fig. 2 are the
following: 0 =2.3mm,a=40.4mm,0 =05mm,d =346 mm,0 =0.3mma =11 mm,d=

3.4mm.

The Sparameters and radiation pattevith/without loop resonatorare plotted in Fig3.11.With-
out the loop resonator, H plane couplityg and E plane couplingy are both arounell7 dB. With
the addition of loop monator suppressing H planeupling Y is reduced te21 dB for theentire
band. For the other directiofY, , remains to bel8 dB ~ -19 dB. The radiation patterm H plane,
shown in blue curves in Fig.11 (d), is also affected by the loop resonators ara ligtle narrower

beam width than thatithout loop resonatorns Fig.3.11 (c)
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Fig. 3.7 Evolution of the decipling unit cell[34]. (a) Asymmetric loop resonator with different loop lengths.
(b) Wideband loop resonatproposedy [34]
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Fig. 3.8 Sparameter chacteristics of the loop resonator (Stage 3 corresponding to Fig.3.7a, Proposed corre-
sponding td-ig.3.7b)[34]
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Fig. 39 Loop resonator dimensions
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Fig. 310 Top view oftwo by two antenna arrayith loop resonators
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Fig. 3.11 (a) Simulated-Barameters without loop resonators b) Simulatgzi@meters with loop resotars.
¢) Simulated radiation pattern without loop resonators for phi=0 degree (red) and 90 degree (blue).d) Simulated
radiation pattern with loop resonators for phi=0 degree (red) and 90 degree (blue).
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As continue of the last pag€ig. 3.11(a) Simulated Sarameters withut loop resonatord) Simulated S
parameters with loop resonatocs.Simulated radiation pattern wiht loop resonators for phi=0 degree (red)

and 90 degree [e)d) Simulated radiation pattern with loop resonators for phi=0 degree (red) and 90 degree
(blue).

With the same design methodology but different substrate-afaak shown in Fig,3.12 (a& wid-
er bandwidth and higher isolated two by two antenna asragsigned and siumhated in HFSS. The
simulated Sparameters are plotted in Fig.3(tkR From 3.4 GHz to 3.6 GHz, the designed array-has
28 dB isolation levelHowever, due to the high fabrication cost of Rogers 5880, onliniti@ de-
sign based on RAO3C is fabricated.

In digital beanforming scenario, each RF chaias significantly different signal magnitude and
phase Therefore, the active impedance plot should embody this application scenario. In Fig. 3.13, the
active impedance variations of lowolated array and high isolated array are plotted orSithi¢h
Chart from 3.3GHz to 3.7GHz when input phase for element 1 2 3 and 4 are-B0209 degree
respectively. Thenaximuminput stimulus power ratio between elements are setd® (phased ar-
ray scenaripall chains have the same signal magnixud® dB, 20dB and 30dB. For comparison,
the passive reflection coefficients afie element of the array (since all four elements are the $ame)
also plotted in black. The other four cdd curvesareactive impedanceof the two array®f each
input ltds clearly seen that higher power differenc
sion in Smith Chart. With high power diffemce or low isolation levehegative impedancmay ap-

pearas shavn Fig.3.13(e), (g), and(h). Improving isolation of therdgenna array reduces the active
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impedance variation. Fno the point view of investigatingpad modulation, a high isolated antenna
array is incapable to manifest the nonlinearity issdléchusually happesin anormal antenna array.

Thus the low isolated antenna array is fabricated and used deavibe under test.

(@)

(b)
Fig. 3.12(a) Rogers 5880 staakp for highly isolated array (b)}Sarameters of hidp isolated antenna array
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