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Abstract

Innovative Butler Matrix Concepts based on Mvel Components for 2D Beamforming
Kejia Ding, Ph. D.
Concordia University 2019

Several innovative concepts and schemes to enrich the featfuBagler matrices (BMs}o
enhanceheir suitability over theonventionakchemesire discussediemonstratecandanalyzed
Mobile communicatiorand radar systemsequire compact and vers#i multibeamforming
networks(MBFNSs). Therefore, thestudy is aimed tprovide feasible and practicablutiors with
more flexible beam numbers of BM®soreconcise configurationsf the two-dimensional (2D)
beamforming, and broadband characteristicde maintairing the intrinsic merit®f conventional
BMs (such agheoretically lossless, spatially orthogonal beaamsirelatively simple structuje
In addition, the study implemés some of the concepts to millimeteave (mmwave) frequencies

applications.

Concretelythe effects of some components, such-@ttions and crossovers, on the bandwidth
of paralletfeeding networks and MBFNsre investigated and analyzed. Theresponding
solutions to broaden the bandwidth are suggested and vdnfidtte measurementsSurther, br

the 2-D beamformingbased on BMsa generalized scheme to builedD2VMBFN with any 2Y*N
beamsbased ortraditional 2¥x 2M- and 2Nx 2N BMs is elaboratd and experimentally verified
Especially as the key component eDBMs, an innovative eighport couplemith averycompact
structureis proposedThe applications of the coupler forl2 monopulse arraygjuatpolarized

monopulse arraysnd mmwave2-D beamformingare also demonstted.Besidestwo solutions
1]



to extend the numbers of beams of BMs from traditioNad 2V to almost arbitrary number, such
as x3N or M x 2N, are introduced by using a threy coupler and electrically switchable

coupler,respectively 1 andN are arlitrary integers greater than 0).

Though themajority of ideas and examples preseniedexemplified byplanar circuits and
transvers-electremagnetiq TEM) transmission linegsheycan also be transferred to and applied
on aher circuit forms, such asdgegap waveguide (RGWJprinted RGW (PRGW)substrate

integrated waveguidé&IW), andpackaged microstrip line (PMSEQr mm-wave applications

Keywords: Butler matrices, twalimensional Butler matrices, directional coupleesponfigurable

couplers, phase shifters, crossovers, gigiit couplers, packaged microstrip line.
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Chapter 1

Introduction

In this chapter, a short and general introductmthe thesis is presented, which includes a brief
background of Butler matrices witheir advantages andritationsfrom a convenbnal point of
view, the intention toovercomesome restrictions for more versatile and flexible performances
over the conventional schemes, and the anticipated accomplishibasetd on some proposed
innovative concepts And then, he framework of this thesis is briefly introduced with the

significantcontribution andesearctachievements irach chapter

1.1 BackgroundAbout Butler Matrices

A Butlermatrix (BM) is one of the most importantultiple-beamforming networks (MBR) [1],

[2], which has been intensively studied and extensively applied in communication systems
increase the channel capacity and reduce the spatial interference amonguestersheir unique
properties [3], [4].A classical 2 x2N BM connectinga 2' antennaglemens in alinear array
produces2 independent beams with spatial orthogonal directions from the asame Perfect
matching, isolation, and equal power division can be achieved at the samaél isren(integer
largerthan 1). Compared with other MBBNsuch ashe Blass matrix [5], Nolen matrix [6], and
Rotman lens [7], BM has some attractive features [8] as the realizable bandwidth, structural

simplicity, and theoretically lossless transition.
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In terms of thecompositon, a conventionaBM is composéd of couplers, phase shifters, and
crossoversas theexample othefunctional blocksof an8 x 8BM configurationshown in Figure
1-1. Here therectangular frames with two wider and two narrower lines represgat®°hybrid
couplers; thdoldedtransnission lines witha haltcircular bentdenotethe phase shifterand the
number alongside is the value of phase delay; the cross surroundeahlgflipse indicatesa

crossover.

& E CmBA %o AiAZEOR ADETAIEATOEAAYK -BEI EEGOOAOET T 8

The components and the BMs can be implemented by variety of the forms of transmission line,
such as micrairip line [9], multi-layer microstrip line [10], cglanar waveguide (CPW) [11],
substratantegratel waveguide (SIW) [12], rectangular waveguide [13], ridge gap waveguide
(RGW), substraténtegrated ridge gap waveguide, (RGW, or printed ridge gap waveguide, PRGW)
[15], groove waveguide [16], and packaged wstrip line (PMSL) [17] et. al, according the
limitations of dimension, power capacity, weight, and volume, as well as the frequencidd ¢hat B
will work for. Two of the examplesave been shown igurel-2, which are the BMs built based

onthedoublelayer microstrip line and CPW.
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Top Layer —_—
CPW Slot
coupled coupler
#1 #5 |
#3 w7
w4 #8 ‘
;_L‘ CPW Branch

line coupler

Bottom La

#10 #12 4 #16
(a)Wideband 8 x 8 BM based on doultdger microstrip line [10]  (b) Wideband 4 x 4 BM based CPW [11]
&ECAKBA wBAI DI AO 1T £ "-0 AAOCAA 11 AE AEANAATCADEN I AR T xE GEBA T
In terms of the interfaces to the external devite®btain theypical featureof a BM, the ports
can be sodd into two typesantenngportsandbeamports. All antenngorts of a conventional
BM will be connected to the elementf a linear array sequentially; while, each of the bparts
will be corresponding to @rogressive phase difference between adjaeetgnngports An
example of a conventional 4 x 4 BM is showrFigurel-3to illustrate the connections between

BM and antenna array, as well as the correspondence betweempbedsamand the beams.

CECAHBRAAI T T OOOAOES TOEAA-OADIT A AGAM aise! £ 60
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Here, A-ports represent anteryparts and Bports indicate bearports respectively, as the ports
Al- A4 and B1- B4 demonstrated iRigure1-3. The values of progressive phase differences for
each beam are listed algside the beam. Besiddke correspondence between a specific beam
and the Bport is demonstrated by the same colmt example, the beam wid¥5° progressive
phase difference is denoted &@yed dotted line, which is referrédas beam R1 and indieal by

red color. The R1 is placetwxtto Port BL Therefore Port B1 is corresponding to beam R1.

Some examples from [18], [19] are exhibitedrigure1-4 to demonstrate BMs integrated wiiin

antenna array.

(a)4 x 4 microstrip BM with :;1 1 x 4 patch array [18] (b)) 8 x 8doublelayer SIW BM with 1 x 8 array [19]
SECAABA wBAi DI AO AEOI T OADPI OOAA x1 OE A CAIBEAARRISI AOOAAOQEI
In summarya conventional BMhas2" antennaports and 2 beamports (also referretb as a 2

x2N BM) generate 2V independent beams lilge connectd linear arrayof 2V elementsideal

matching, perfect isolation, and equal power division can be\azhiéthe couplers, crossovers,

and phase shifters inside the BM are theoretically perBesides, o loads or absorbers are

required in BMsin other wordsBMs are theoreticallydssless networkg.he progressive phase
differences between adjacentemaports areN N,/ 2NN, 3 "¢ PH) " (NZEachoneof the

beamports is corresponding topogressive phase difference, or, a beam. In terms of the spatial

distribution of thebeams, lte 2! beams will be spatially orthogonal to each otheany drection
4
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where one beam reachiés peak gainall other bearmmusthavenulls regardless of thespae

between the elements.

1.2 Motivation

Though many advantages of BMavebeen introduced inSection 1.1, thereis still room for
furtherenhancement® meet the demanad$ manyapplicationswhich requiresimpler structurg

more flexibleadaptabilites andmore comprehensive featuré€®r examplethe number of beams
generated by traditional BMs must be identitathe number of antenna arrajements This
limitation is only due to the intrinsic proggrof BMs, butit will restrictadopting BMs on many
demands whichrequire beam numberslifferent fromthe number of antennalemens or the
numberof input ports Even if both numbers are identical to each other, they may not be an integer
power of two Thereforesuchdemand cannot be met by conventional BMligarly, a solution to

diversify the beam and element numbers is needed.

Besides, classical BMaire inendedto onedimension (i1D) beamforming applicatiorby
connectingto linear arrays Forthe requirements of utilizing BMs with planar arrays to achieve
two-dimension (2D) beamforming a generalized solution is required to design the BMs and

arrange tharrayto planar array.

Furthermore,to develop the potential of-R BMs for more widespreadnd comprehensive
applications,it would be better to increase theam number thawhat iscommonly usedn
conventional BMs, far beyond 4 x 4, for example. In otwerds, higheiorder 2D BMs are

demanded. Howevethe complexity of BMs will considerablycrease with the growth of the
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beam numbersn terms of the numbers of components and the route of tfHue®fore, a novel

idea to simplify the BM structure idesired for compact and concis® BMs.

In addition to themotives for improvementbasedon theports outside BMs, the effectsom
components inside BMs also need todimserved and analyzeBor example, to expand the
operation bandwidth of BMs, besgislthe effects of each component itself, the interaxéiorong

components are requiredltieinvestigatel and exphined.

Finally, the approachof employingand transferring the techniques rethte BMs from lower
frequencies to millimetewave (mmwave)frequencies are required for themandsto operate at
mmwave bands, such &fth-generation new radio (5G NR), automotive radars, and microwave
imaging.According to the demands related to Bt some backgroundpplicationsdiscussed

above, the interdns of this study can be determined and clarified.

1.3 Objectives

First, theinvestigation®f the interactionand effectamong the componentsuchasT-junctions
and crossoversn thefeed networks anBMs will be conducted. This research will reveal gom
sourcedo impact thebandwidthperformance ofeed networks an8Ms, which are beyond the

features of the individual componen#sd usuallyare reglected.

Secondly, a geneiiabd scheme to construct2 BMs with therequired numbers of bearnms2-D
is expectedThe scheme is supposed to be simple, clearfeasible to be implemented by planar
circuits. Besides, the intrinsic features of converdldBMs are expected to be inherited to the 2

D BMs.
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Further, a novel directional coupler with more mué#iports and compact sg& simplify the
structural complexity of BMs is expecteslich asan eightport coupler. The aimed coupler will
just takean area similar tahe usual quadratureouplers butan &hieve the directional coupling
from four ports & another four ports with ideaatching, isolation, and fixed phase difference.
Rather than accumulating and stacking more conventionaipfatircoplers (such as-8B 90
guadrature coupler) for higherder BMs or 2D BMs, usinganeightport couplercan effectively

reduce the number of componengededo construct BMs.

Moreover,some methods tdiversify the structural topology of BMs tlifferent configurations

from the conventional one for more flexible numbers of beams and eleaneritgéroducedror
example, the beam number can be different than the element number, and they are natynecessar
2N, The approaches could involve someelmouplers to replace the traditionadlB 9¢° couplers,

such as threwvay couplers or reconfigurable couplers.

Finally, a 2D beam steerable array with feed work based on the-pa@ghtoupler and packaged
microstrip linewill be implementedor mmwavefrequenciespplicationsBy usingthe artificial
magnetic conductor (AMC) packaging circuite ideas proposeabove, such as-R BMs and
eightport coupler, can be transferred from lovirquency to mrwave circuits without many

significant changes.

1.4 Outline of the Thesis

The subsequent chapters in thiesis will bebriefly arrangednto the sequenceoincidingwith
the objectives introduced Bection1.3, but a literature review will be present@dt, as well as a

conclusionand future workwill be summarized at the end
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Chapter 2s the literature reviewwhich includes several sons Each section is corresponding
to an individual objectiveelated to one of the followindghaptes. The reported work in theelated

field is introduced and analyzed.

In Chapter 3, the impacts of some irngemponents on the features of feeding reks are
introduced. Two studies are considenespectively.The effects of crossover on BMs and the
influence of the Jjunctions on a parallel feeding network are presented. A scheme to design
parallel feeding networks with muitictave fractional bandedth is pooposed an@éxperimentally

verified.

In Chapter 4,a method to design-B BMs with 2N spatially distributed beantsased orthe
conventional BMss introducedIn addition,another novel componenhe phaseshifter groupis
introduced to prode wideband phase shiftéx 16 x 16 2D BM for 4 x 4 beams is implemented

by a planar circuit.

In Chapter 5, a compact eighort coupler withavery concise configuration is presented with the
principle, and analytical expressianof its featuresare pesented wittsimulated and measured
results.Based on this novel couplatifferent applications are demonstrated, suchfasir-beam

2-D beamforming network, aR monopulse array, and a dysdlarized monopulse array.

In Chapter 6, two schemes are autuced to build BMs beams not equal tbf@ elements not
equal to 2, which based on thregay directional couplers and electrically switchable couplers,
respectively. A quash x 6 BM, areal 6 x 6 BM, and an electricadlyitchable 12 x 4 BM will be

demonstrated.

In Chapter 7, acompact 2D beamforming network based dime eightport coupler and AMC

packaging for mrwave frequencies is proposdde antenna arrayith compact 4 x 4 MBFNs
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based ormbackto-backdoublelayer microstrip line structureovered bytwo AMC layersonthe

top and bottom surface® prevent surfacevave and leakage and ensure the quiasv
propagtion.
Finally, a conclusion idescribed irChapter 8with the maincontributions andhe futurework of

the researchit is alsoa summary, a review, and an outloalf the entire thesisin terms of the

contributionson bothinnovationand application
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Chapter 2

Literature Review

In this chaptersome reported works the relevant research field®r similar objectivesare
summarized compared and analyzedn terms of the features,merits, limitations and the

inspiration to this thesis

Structurally, here are four sections in this chaptand each section is corresponding to an
individual research objectivavhichis described in amidependent chapterheliterature review

is concentraté on the essentialcontributions and the latest progresgardingthe innovative
concepts of BMs, rather than implementation based on different forms of microwave circuits.
Concretely, the approachesbeam number extermsifor BMs, the method$or 2-D beamforming
based orBMs, the novel components to simplify BiMandthe effects ofsomecomponents on

BMs arefocused on.

2.1 Wideband Feed Networks

2.1.1 Wideband Parallel Feed Networks

The feeding network is@ecessary part of moshtenna arrays to transfer and distribute the energy
from the feed port to every element with the required power division and phase distribution.
Compared with the seridseding configurationf2Q] - [22], the paralleffeeding netwrk [23] -

[29], or, caporatefeeding networf26] has several intrinsic advantages, such aphgmse

10
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transmission on each path, smaller mutual interaction between elements, and better performances
with wideband properties. As a fundamental functionalmament, Fjunctions areisually utilized

in paralletfeeding networks for energy separation/combination.

To enhance the matching bandwidth of pardielding networks, some studies have been reported
for the bandwidth improvement ofjlinction. In[27], by introducing and tunig several metal

walls inside a rectangular waveguide nearby the junctions, expected bandwidth of matching and
phase compensation could be achievegiaaband covering more than 10% fractional bandwidth.

The scheme is demonstrated-igure2-1.

Port 4 Port 3
WOlrJtpl.lyt Output
aveguide Waveguide
Feed
Waveguide

Feed
Waveguide

Port 1 i TpPort1' Port '

[nput Wavcgmdc_)‘d Input Waveguide "¢

GECEEAAI 11 OOOAOEIT T &£ OEA 1 AOCETAZACOROCEAT EABSRADODAAAELT AxE/
In [28] and[29], corporatefeed hollowwaveguide circiis were introduced as a &day divider

for a 60 GHz band usage, and a more than 8.3% fractional bandwidth cdsdreed with

reflection lower than22.3 dB.

Another corporatéeed networkbased hollow rectangular coaxial line was introducd8@h and
the modified Functions with shorted stub were employed for bandwidth broadening. A fractional
bandwidth of 8.3%an be realized with the VSWR less than 1.5 for thenttion. The parallel

feed networkbased Tunctions can also be implemented by othquasitransverse

11
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electromagnetic transmission lines, such as ridge gap wavd@adjdén particular, part of the
ridge with a gradually tapered width was used in the middle of thewlayrpower divider to
replace the conventional / trdnsformer sectiofor a wider bandwidth, and about 27% fractional

bandwidth can be obtainedkati-band. The scheme is illustratedrigure2-2.

NoA/a

Tappering of the Transformer

ridge sections
SECEBAl AU DI xAO AEOEAAO xEOE OAPAOAA xEAEOGEMZ O AAT AxE
For the same operating frequency band, anothecdgtiorate waveguide feeding network was
proposed if32], [33]. In[32], the fourway dividers can cover 12:514.5 GHz with reflection

coefficients lower thar8 dB. The enlarged view for theur-way power divider and the entire

layout are shown ifrigure2-3. The cutcorners for bandwidth improvement can be found in the

layout.
SMA-to-waveguide
transition ) Port 1
'
Port 2
0 . 0.
¥
X y X

GECEEA | AOCAA OE BAUEIDd xQReA AHOFEARAO AT A BOE&8AT OEOA 1 AUT O
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In addition, it has been found that the spacing distances betwjeetions in a paralleleeding
network carresult in a significant impact on the matching bandwig#j. [Moreover, some useful
improvements have been demonstrated to incrdesemtatching bandwidth by adjusting the
intervals between the-jlinctions. It revealed the potential feasibility to extehd matching
bandwidth by treating the network as a whole rather than part by part. The configuration of the

feeding network, circuitnodel, and calculated results showrrigure2-4.

Z _ fa—> , 1L
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2.1.2 Effects of Imperfect Isolation of Crossovers on Bandwidth of Butler Matrices

From the perspective of microwave networks, the merits of BMs entioetgspond tohe major
transmission charaets, such as consecutively progressive phase differences, equal power division

among output ports, and isolatibetweennput ports.More clearly,the transmission characters

13
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are utterly dependent dhe performances of all components,iethare couplergphase shifters,

and crossovers.

Generally, andntuitionally, the property of equal power distribution is supposeletoelatedo
the couplers; meanwhile, the phase response looks more dependent on phasdrskitarsst
crossoves areusuallycorsidered asteuctural devicesather than functional devicés serve the
needsof topologic arrangemenConcretely the perfect crossovers are expected to behatveoas

idealtransmission lingwith an exchange ofoutesbetween thénput and output ends

In somereported researgharious novetrossoverviave beerntroduced 35 - [39] and applied
to build BMs B8] - [42]. These crossovers have satisfying features at matching, isolation, and
efficiency. Both return loss and isolatiaere better thaf5dB covering a specific bandwidth, for

example. Generally, they were qualified and quite competent, as independent components.

Mitro'i,trip to RGW Transition
4

>
=

> &O/' i
#2) Proposed 3 dB

2

“lsolated port Coupler

e g2 3
RT6002-S1 , 4
/\\ y” Input port

RT6002-852

Isolated Port

(a) Example proposed in [36] (b) Example proposed in [37]
&ECEHBA a&dAT P1 AO 1T £ AOT OOF AP BEOODDEAAADLDI EAAOQEIT EI
However, he imbalance of power division and therivationof progressive phase differences can
be found in almost athe designs of BN, regardless ofiow excellentperformartes the couplers
and phase shifters can achie@n the other hand, the design and assessment of these crossovers

were independent ahe requirements and performance of BMs, particularly without the

14
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systematicconsderation of the effects on BMs. For example, a quantitative evaluation of the

relationship of the crossovers to BMs has not been derived.

Besides, it can be found from some work [10], [11], [18J] F [45] that the BMs with wideband
characteristics aridr higher order than 4 x 4 are méikely to adopt multilayer structure to reduce
or avoid the usage of crossovers. The reason is that when the number of crossoveradtab M
increases, the overall performances of BMs will deteriorate unexpettecdyise of crossovers,
as well as ta bandwidth will be obviously limitedgventhough wideband couplers and phase

shifters have already been utilized.

The facts abovenply that theras still somecritical influence beyond hybrid couplers and phase
shifters on BMs In other word,crossoves might play a morecritical role in BMs than just the

structural components, and it has heendiscussed andnalyzedhoroughly.

2.2 Two-Dimensional Butler Matriceand Phase Shifters

2.2.1 Two-DimensionaBeamforming Networks

Though the conventional BMs are gpgised to be applied or[l beam steering, there arany
researchersvho have presentethe contributionsof employing BMs for 2D beam steering
Obviously, by involving BMs for 2D beamanpulation, the arrays could have more flexible
functions and variaaiversatilities, such as covering an area wilistinct shape or differentiating
signals from different direction&enerally, the reported wodt 2-D beamforminghetworkbased

BMs can be sorted into three types.

The most commonlyeportedmethodis adgting 4x 4 BMs as the beamforming network to feed

2 x 2 planararraysto produce four beams on tperpendiculatwo dimensiong46], [47]. For
15
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example, a 4 4 BMs built based osubstratentegratedvaveguide(SIW) is constructed for a 2

x 2 magneteelectric (ME) dipolearray to implement foubeam 2D beam steeringip], as shown

in Figure2-6 (a) and (b).

" SIW to waveguide transitions
i 907 Coupler 2 x 2 antenna array

F
90° Coupler ™ :
e ods ot X 2
""""""""""""" ¥ Beamforming networks
(a) Top view of BM i46] for duatpolarized applications (b) 3-D view of BM in [46]
PSY P4
L] L]
. - e Ay
D il "";‘u"'_.
P7 . o k. M P3 Py
45° fixed D: I
phase shifter P2
T \ g
P1 Al WI
- = |
O/b"'\s‘ 5 4 A b E}
C‘o%/o, Ds - Sessssaass | § jl .......
o ] _ D
p2} APs foeansaneins Wi
(c) Top vew of BM in[47] driven by integrated phase shifter (d) 3-D view ofBM in [47]
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The mosbutstandingnerit of this method is the structli simplicity due to nmeeds of crossovers.
Consequently, the circuits can be very compact and concise and adoptedwmavemapplications.
However, for sure, the insufficient beam number will also limit the potential of this scheme. To

meet some demantisatrequire more beamshe second method has been widely employed.
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The second typsolution tobuild higherorder2-D beamforming network is cascadingwo sets
of stackedplanar BMs as subeamforming networks into two perpendicular directions and
comecing them successivgl. The schematidramework is demonstrateah Figure 2-7 and

exemplified bya16 x 16 2D beamforminghetworkcomposed of two sets sfacked4 x 4 BMs.

Some reportedtudieq48] - [50] aredemonstrated ifigure2-8.

Two examples of <D beamforming networkbased on the second type method[48}, [49] are
shown inFigure2-8. Here the circuit shown irrigure2-8 (a) is based on grounded CPW; another
one show in Figure2-8 (b) is based on multayer substraténtegrated waveguide (SNt can

be found that therinciple of this method is lucid and clear to understand. However, the structure

is complex and complicatdd design, assnbe, connect, and adjust.

Besides the twonethods mentioned abquwehich entirely based on the conventional BMs, there
areafew schemeghat mademodificationsto the designs for more flexible configuratiossich

as p1] - [53]. Some othem have beeshown inFigure2-9 andFigure2-10.

17
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1ade] sLpAPIQ
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Conductor layer
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(b) Example prposed in [4%)r the \ertical coupling structure (c)Overall view of BNn [49]
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(a)Circuit layout (b) Radiation patterns
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This methodcould be @alanceccombination of beam number and circuit complexity. However,

it can onlybeappledto some individual cases and notiBageneralized t@rdinarycases.

In summaryjt can be found thanost of thework of 2D beam operations based on the same
principle and design methaxf the traditional BMs Therefore, it has limited numbeiof input
ports and output ports, such ax4 or 8 x 8, due to thestructurd complexity of BMs. The
insufficient number of beasseparatethto twodimensionsvould lead tdow resolutiors on each
dimension. Thughthere are some worksgith 16 x 16 configurations, thepatialframeworkand
interconnectionsre requiredor fourlayer circuits are needed, which would cause comglita

assembl andcostlyfabrications. Furthermore, the freedom of arranging the positions of all output
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ports to fit he array elements isstriced because the plane of arrays is vertictiéglaneof the

BM circuits.

2.2.2 Phase Shifters

As demonstrated iRigure2-20, with the increase of the beam number of BMs ritmaberof the
requiredphase shiftex with various phase shift values will drastically grow up. Therefore, the
performance othe phase shifters will niee anapparent impact on the BMs, especially feD 2
BMs or wideband BMs which usually have relativelyigherorder and require satisfying

broadband features
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The commonly used wideband phase shifters incl8dkiffman phaseshifter [54], loaded
transmission line phase shift&dy, and some other%§], as illustrated irFigure 2-11. All the
widebandare thedifferential phase shiftewvhich needs a reference line with specific pararaiet

working asa standard for the given value of phasufting.

When two or more distinct phase differences are required on three or more paths, it could be
challengingto implement because no reference line carkvior two or more phasghift values

simultaneously

2.3 EightPort Couplerand Applicatioms

2.3.1 Eight-Port Couplers

Directional couplers are the necessary components in many microwave systems to implement the
power distribution fromcertain input ports to somespecific output ports while keeping the
isolation between the input ports. Besidhe most commonly utilized foyport couplerswhich

have two input and two output ports, eiglurt couplers are the crucial part to some microwave
circuits, such as conapators, tracking radar systems and riogtam forming networks, especially

to the recently proposed twbmensional Butler matrice$T], [58].

Therefore, the eighport couplers haveontinuouslybeen studied andnprovel in terms of
performance, configuration, and thge oftransmission linesised In [59] and [60], the eight
port couplers with a ringtyle structue and compact sizare introduced witha satisfying
performanceof matching, isolationthe balanceof power transmission, and bandwigd#s shown
in Figure2-12. However, four ports areonfinedin an isolatedcircular area by the closed circle
composed ostrips and slots in gdesigrs.
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® ®

LINES ON TOP
OFf BOARD

———~— LINES ON BOTTOM
OF BOARD
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Z,,= 120.710
COUPLED LINES
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(a)Scheme proposed in [59] (b) Scheme proposed in [60]
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Besides, in§1], aconventionakightport couplelcomposeaf four quadrature couplers based on
microstrip line is proposed with the modification for bandwidth expansion. It has also bé&ed app
in [57] and B8] as the key components. This design &aatisfyingperformance, buhesizeis a
little bit large whenemployed in awo-dimensional Butler matrix. Another desigrit2], has

similar properties, as well as the saiediciency Both designs are illustrated Figure2-13.

In addtion, two innovative eighport forwardwave couplers witlperiodically patterned ground
have beempresentd [63] and [64], which hare the abitrary coupling level and he wideband
characters of matching and phase differemespectively based on the foomode method, as
shown inFigure 2-14. They havef remarkableperformance in terms of functionality, but the
structuralcomplexty (some junctions, coupling sloandmetalized vias), relatively large length
(more the three guidedavelengthgor 6-dB coupler case) and some high impedance lines (128
q) can be foundConsequentlytheylack potentialas a componertf the greater scale netwgrk

especially for higher frequency usage.
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2.3.2 Comparators for Monopulse Arrdased on Directional Couplers

Chapter 2

The nonopulse techniquis aneffective mechanisnto detect thalirection of arrivalof a target

and has been extensivelgtudied and gplied on tracking radars, satellite communications,

automotive radarsgtc. [65], [66]. As thecrucial component in a feeding network of monopulse

anenna arraythe comparator can combine the signals from both sides of the array and rearrange

them into he sum and differere channels, which is also the fundamental differenoca other

conventional arrays.

dy

UWB 90°
directional coupler

UWB 45°
phase shifter

Dual-band

(Port 1 Port 4
(a) Comparators based on magic[67]
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(c)Comparators based oguadrature couplef69]
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Chapter 2

Usually, a classicalanparator for onglimension and the singlgolarized array can be achieved
by amagictee [67], ratrace caipler [68], or quadrature coupler [69] which have relatively simple
and compact structures, as demonstratedrigure 2-15. It can be found that most of the

comparators can be implemented by planar circuits.

3 | e |
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o ¥

WR-15 Input
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(a) RF part of the @ample of comparatoreported in [71]
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(c) Example of comparataeported in [75]
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However, in sme complicated and versatile tracking systems, the monopulse arrays with two

dimension and/or dugdolarizedfeatures are required, which demand more intricate comparators
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[70] - [75]. Some of tk examples are demonstratedrigure 2-16 with schematic diagrams or

photos.

It can be found thathe 2-D and/or dual polarizedomparators generallgre built by the
combination of severatonventional couplers omagictees, andhave relativelycomplex
configuratiors, in terms of eitherts structural composition or functional blocks. Besides, they
usually @cupy a considerablrea which makes itifficult to integrate the comparators Wwithe

entirefeeding nawork into the same planar circuit.

On another hand, in additiontteecommonly employedbur-port couplerg76], [77], which have
two input and two output ports, eighbrt couplerg59] - [62] could be an alternativeompetent.
Due to the inherent adumtages at more ports and lower structural complexiity,eightport
coupler has the potential to build functionally complex feeding networks aitioncise

configuration [B], [79].

2.4 Beam Number Extensiand Structure Simplificatio

As one of therimarycharacters athetraditionalBMs, the number of beams (or, number of input
ports) must be equal to the number of array elements (or, the number of output ports) fed by the
BMs. Besidesboth numbersmust be an integer power of, Zas introduced in Sectioh.1
Obviously this limits the flexibility of applying BMsin many situations where the beam number

or elementnumber isnot 2V,

According to theeported worksomeresearchies havedevelopednany interesting and effective

schemes and configuratiorie break the limitatiorof BMs order andchumberof ports and beams
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[80] - [85]. As shown inFigure2-17, the solution to expand the element number by adding some

hybrids with specific outpythase differences is proposed &9][

N4M = 10
Ww{'l‘mm'c Antenna Elements
er

M = 2 Added 9
N=p (etwork Hybrid r—“’LQ
Equipment . Junctions
Porgs Bp — Bip _-,_{Jj
h e /
Hp p 4

! \
. WA
+3
54 ¥
.2 ip V 5% 1
{ — o : _A‘\.I
2
£ 3 l\ %
L [\ s
— 24 24p_

L\ wg
Ly Yp A

o
VP’%(Z-T];;;)'%‘-(Z-T%) Phase,
(a)Bement number extension by extra power dividers
N+M=2 N+M-= 16

Antenna Element
15

M=14 Added
Hybrid Junctions
Symmetric Butler 2i 12 - :,::tr].:eum
Network 11y Equip-  Network M=8 Added
Pors
N=8 M=14 Added e
Equipment Hybrid
PrDl-': Jun 5 ' 80 P
. ﬁ‘—n[j FEPA || [ —
g — W s v W e g -
£ =T iy ¢ i
g . - VYV 4 v Il aw > 5
= +? ,..._UL[:: IP[ ‘ 34.;,7: 3 o 2 &
N ==\l 2y | 295 g -3
+ —n I\ v A g “
-1 = 0 v e o )
¢ =
’ A v B ) B L, —
Phase p N TRl T B el
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Theoretically, thisscheme provides a comprehemssolution for BMs connected to an arbitrary
numberof elemens. Some examples have been demonstrated in (a), (b), andRiguoé2-17.
Based on 0], some improvedschemse have been presented [181] and B2] to decreas the

sidelobe levels by changing the ratio of power divissamnongall output ports ofBMs. The
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schematidiagramsare demonsated inFigure2-18to exhibit themechanisnand configuration

which are exemplified by thextended} x 4 Butler matrix.Through (a) and (b) dfigure2-18, it

can be foud that some power dividers are inserted between antenna elements and traditional BMs
for changing the weights of power distribution on elements. Especially to implement the element
numberexpansion, & extra 180phase shift is required in the power divilelt can also be

achieved by rotating some elements by 180° physically.

180° 180° 180° +180" +180" +180° +180°  +180°  +180°

Eﬂﬂ OO O8O (e 0O O10] 1O

o

L b’ al

5 =

. 4x4 Butler matrix

P
=]
=

as)

-
-
-

I 1 I I
(a) Exampleof extendingthe element numbef81] (b) Exampleof extendngthe element numbef82]
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In addition, some mearcherfave tried to change the sttuies inside BMs to involve different
properties of the beam and element number, sucB4sahd B5]. In the reported work two
different schemes of 8 3 Butler matrices were introduce@spectivey, as listed irFigure2-19.
The two designgrovide similarpropertiesto the conventional BMs, such as equal power

distribution, spatiallyorthogonal beamformingndtheoretically lossless, but thegn overcome

the ruleof beam and element numbensist be arnteger power of two.
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Layout of top layer Side view  Layout of bottom layer s ] e
GND

Antenna
Array

3 x 3 Butler Matrix

Via 4200 +120° O
(a) Scheme proposed in [84] (b) Scheme proposed in [85]
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Besides theestrictionon the beam and element numbers, other potemtiaknes®f BMs is the
drasti@lly increasing number of components atrdictural omplexitywhen thescaleis growing.

For easy anthtuitional understandingf such complexitypne maycompae the structures of 4 x

4-, 8 x 8, and 16 x 16 BMs, ashown inFigure2-20.

It is easy toimage that fi the complexity of conventional BMs can be effectively simplified,
adopting hifper-order BMs can meet the requirements wighver numbers of beams and/or
elements, though some elemeartd/or beanports may be&eombined or terminated by matchin

loads Forexample, if a felement Bbeam MBFN is required, using 8 x 8 BM can meet the needs

but some ports may need to be combined together or terminated by matching loads. Therefore,
configuration simplification can also be seen as an alternatiué@oto ex@and the adaptability

and flexibility of BMs.

29



Chapter 2

(a) Configuration oft x 4BM (b) Configuration of & 8 BM

(c)Configuration of 1& 16 BM
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To achieve a better balance between complexity and capabditye fruitful efforts to simplify
or diversify BMs have been reportef6] - [99]. For example, multilayer transmission line
techrologies [11], B6] - [91] can be applied to avoid using crossovers86i,[[87], multi-section
coupledline couplers based on muléiyermicrostrip lineswvere introduced and exploited in 4x4
and 8x8 BMs to broaden the bandwidth without using crossoMeesrosssectionaliew of the

couplers theconfiguration of the 8 x 8 BMf [87], is illustrated inFigure2-21.
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(a) Crosssectional view ofhe stripline coupled lines [87]
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(b) Configuration of the 88 BMin [87] (¢ Circuit in [87]
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For a similar intention, multilayer CPW technology [1BR], was utilized in a 4x4 BMBackto-

back microstrip line structure [11B9], was also employed in 8x8 BMas showrn Figure2-22.

Moreover, by applying the couplewgith quastarbitrary phase differences [92][94], phase
shifters can be removed in tes of appearance [95]. Based on this work, the progressive phase
differences of BMs could be more flexible than the conventional ones by applying the coupler with
pha difference different than 90° [96]. The two examples have been demonstratpd @2-23.

In Figure2-23 (a), there are no &%hase shifters in the 4 x 4 BM, but the features of the BM is

the same as the conventional BMs. By contrast, the BM showrigure 2-23 (b) has a
conventional structure, but the beam directions (progressive phase differences) are different than

conventional BMs. Though the research in [9f96] can neither alter nor increase the numbers
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of beams and elements, they effectively developdiversity and flexibility of BMs and provide

more possibility and potential for further improvement.

Top Layer —_—

CPW Slot
coupled coupler

CPW Branch
line coupler

Bottom Layer

8

(a) Structure of CPW couplén [11] and [89] (b) Structure ofCPW BM in [11] and [89]
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In addition,combiningadditionalphaseshifting devices with the traditional BM [98], [99] could

be beneficialto extend the beasteering ability, although it would not improve the intrinsic

characteristics inside BMs.
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The schematic diagram of the method proposel®9)] is shownin Figure 2-24. This scheme is
the combination of phased arrays and BMs, and therefore have the advantages of relatively lower

cost than phased arrays angHar resolution than BMs.

(a) Exampleof the BM without phase shiftd®5]  (b) BM withflexible,progressive phase differenc§36]
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Chapter 3
Investigations about Efects of Components

on Feed Networks

In this chapter, the effects of some components, suchjaacions and crossovers, on the
performance othefeedng network and BMs are discusseatialyzedand experimentallyerified.

Consequently, the schertebuld awideband feekhg network is suggested.

Concretely, there are two parts presented in this chditst, the impactsf the distances of-T
junctions on the matching bandwidth of uniform parallel fiegdetworks are investigated
Therefore, acheme to build corporate fergd networks with severaloctave fractional bandwidth

is proposedwith analytcal explanation and experimental verificatiddecondly, the effect of
imperfect isolation of crossovers on the power divisions and phase differeficBMs is
demonstrated by mathematical explanation and calculated results. Besides, it has beenltieoretica
proved that the effort to offset the impacts by adopting asymmetrical couplers is insufficient. The

conclusion is testelly a comparison aheasirements ofhree BMs adopting different crossovers

Some of the related work has been publishgdurnalarticles [D0], [101] and conference paper

[34].
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3.1 Effect of DistanceBetween TFunctionson Parallel Feed

Network

A feedng network isa necessarpart of most antenna arrays to transfer and distribute the energy
from the feed prt to everyelementwith the required power division and phase distribution.
Especially the parallel feed networks, or, corporate feed netwbikge beemxtensivéy applied

in many situations for broadband arrays and uniform amplitude distribution auay® some

advantagedian seriedgeeding structures, as describedaction2.1.1

Generally the parallefeedng networks are built based on thguhctions as the fundamental and
functional componest Consequently, the bandwidth of the netwoiksupposed to depend on

the performance of -junctions. Besides, it can usually be observed that the bandwidth of the
antenna array is apparently narrower than the element. It is commonly ascribed to the mutual

coupling between the nearby elements aerdithited bandwidth of Jjunctions.

However, according to our research, thsill arother reason beyond the effect of individual T
junctions. To clarify the reason and reveal the sources of the effechyhetiof distances between
T-junctions on tk bandwidth is discussed and analyzed based on a simplified and ideal circuit
model in this section. A set of recursive expressions is obtained to illustrate the reflection
coefficient of the feeding network, wdii depends on some lengths of the transomsines
between the adjacentjlinctions. Through the numerical calculation, some rules can be revealed
regulating these lengths, which distinctly change the bandwidth. Some concise rules are
summarized for corenient to use, and one microstrigunctionstructure with flexible directions

of branches is proposed for practical implementation.
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3.1.1 Methodology

Without loss of generality, a sample of a typical 4x4 parallel fed array and its simplified circuit

model are illustrated iRigure3-1to elaboratenthe proposed pmciple.

Here, it is assumed that the feeglnetwork and the elements are located at different layers
Besidesall the inputimpedanceof the antenna elemen®.e,ar e 50 q at,aml | fre
without the mutual coupling effechll the transmissin lines denoted byLr areay/4 matching
sections with 35.35 q characteristic Iimpedanc
q t o .Ad thereptof thetransmission linethat are denoted biL; are5 0 lirgs with various

electrical lengthgi; (at the central frequencys). The node irthe middleof each TFunction is

numbered abli according tats stage from element to feed point, as showhigure3-1 (b).

(a) 44 array with parallefed network

R

aomzen - YA

s

L]

(b) Simplified ideal circuit model with related definitions
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Due to the symmetry dhe parallelfeedingnetwork, each branch from an element to the feed
point must be identical to each oth@hich means that the definitions &, TLr, TLi, Gi, andN;

can be appliedhieach branch. Besides, if we define two input impedadceandZyi, atN; and
after the Function respectively, as thestancef Z > andZr> shown inFigure3-1 (b), we can

obtain theecursive gpressiong3-1) and(3-2) based on th#zansmission line impedaneguation

A @ O0AdQ . jodpq
© O ETG  BGAIq . PRS
A Qm joZ,q
o (:l’) R '“’:‘Q
- -— o OA .
w :::,(b C ~é;()_'* 0 Q ph;h)'B
ir w c OA—k

Here, Zoo is the charaeristic impedance ofLi, andusually, it is 50 q; Zo1 is the characteristic

impedane of Tut, whichis C”Y ¢, and usuallyit is 35.3%) ; f; is the ratio of the given frequency
to thefo. In (3-2), the expression dl.i/2 comes from the parallel connection at the node-of T
junction which @an produce halbf the originaimpedanceWe can find that the output impedance
of the networkZseeq is equal to th&ri wheni is themaximumvalue, and th&esdepends on all
di. Through (3-1) and (3-2), the reflectioncoefficient of the network can be obtained at any

frequency for anynaximumvalue of i.

3.1.2 CalculatedResuts

Somereflection coefficientghat areobtainedfrom the numerical calculation are depicted in
Figure 3-2 for exemplificationand @ntradistinction Here, themaximumvalueof i is 4, or it is a
4x4 parallel feethg network. We can see that when selecting the valués; 6f(ios without any
rule, the reflectiorcoefficientcould beasymmetricin the frequency domainvith respect tdo.
Moreover, the feed network haslimited bandwidtheven thoughall elementshave perfectly
matching throughout all frequenbgands
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In contrastif we regulat the lengths ofio - (iosa asan integraimultiple of " /2 atfo, the reflection
coefficientwill behave inasymmetricfashion andasatidied bandwidth can bebtainedas well.

Especially, when the lengths 6f areodd multiplesof " /2, at least &0% relative wideband is

expectedas shown irFigure3-2 (b).

To implement the proposed regulation to transmission,lthesconfiguration ofthe parallel feed
network needs to beearrangedand the Fjunction withflexible directionsof brancles could be
requred. The possible solutions ftire feedinghetwork and Fjunctions are proposed and listed

in Figure3-3, which showlhat the lengths dio: - (iosa canbe adjusteés shown
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3.2 Multi-Octave Bandwidth of Paallel-Feeding Network

Based orimpedancd8ransformer Concept

Though the method to enhance the bandwidth of a parallel feed work by regulating the distances
between TFunctions has been presented Section 3.1, it may not easyat apply on some
applications dudo the limited space to arrange the network. However, more importanty, thi
research has revealed the poterfealsibility to extend the matching bandwidth by tragtithe

network as a whole rather than part by part.

As the further studya procedureto obtain the paralldieed network with @tavesmatching
bandwidth for a uniform amplitude array is proposed this section The entire network is
considered as wahole entity between the feedopt and all elements to implesnt the impedance
transformation. Furthermore, the concepa ofulti-section impedance transformer is applied onto
the whole to determine trstructural parameterfor specific bandwidth and reflection coefficient.
Forverification and demonstration, theexamples based dme binomial Chebyshev polynomial
and ponentid taper transformers for ¥ 4 arraysare designed, and a better than 5:1 fractional

bandwidth can be observed in the simulation results of all designs. Besides, the experimental
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samplewith tapered transmission lines is fabricated and measuredsattsding agreement
betweensimulations and measurements can be found. Theoretically, the method is expected to
performbetterwith alarge scalenetwork due tahe longdistance fronthe fea portto theelement

porton each path.

3.2.1 Methodology
3.2.1.1Circuit Model ofParallelFeedng Network

Here, we only concentrate on the feed network itself without the impact®f the antenna
element's characteristicBhus, all elements are replaced by thelifleguency independent load
of real resistors Further, all the effects of mutual coupling between branches of thendgeed
network, and all the discontinuities due to bends, steps, or junetieiggored for the simplicity

to introduce an ideal circuimhodel.

Based on th@remiseanentioned above, all branches in a pard#eldng network which start
from the feed point and end at each elemeitithave entirely identicalransmissiorproperties to
each other. Therefore, the network can be described arcuit model withan exponentially
increasing number of branches, as showigire3-4 (a) and (b). Without loss of generality, the

feedng network and the circuinodel are exemplified by a*44 square array iRigure3-4.

Here,Zcen is the resistance value of ideal resistors to substitute the antenna elements. It could be
any real number value and macessaly a50 ( ; Zreedis the required input impedance at the feed
port, which is usually supgsed to be 5@ . The numbers oN; represent the ranking of each
junction. A greatesubscripimeans closer to the feedrpof the network. Besides, the total number

of elements is not necessary to be an integer power of two; just need to keegdmmeity on

each branch.
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Legend

. 1 Antenna elements
Legend for (b) and (c)

o Feed point O Feed point 4+ Idealelectrical connection without loss and d¢

N, Z,; Characteristic impedances N, Number of junctions EC?” Ideal resistor witiresistance value
=== of fransmission lines o

N, Ranking of junctions Characteristic impedancesd electrical lengths of transmission lines

(a) Exampleof a4 x 4paralleHeeding network
01» Ly, 2
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(c)Smplified model
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If the concern is focuseohly on the impedance matching at the feed,pbe circuit model can

be simplified further as a single transmission line composed of several segments with respective
characteristic impedances, as showrkigure 3-4 (c). Concretely, each segment of the single
transmission line has the same electrical length as the linestesametwo ranks of junctions

in the networkThe characteristic ipedance of each segment needs to be dibgiegtle number

of branches between the same two ranks of junctionsterhenatingresistor also needs to be

divided by the number of elements.

The euivalent circuit modein Figure 3-4 (c) reveals the corresponding relations testw the

feedng network and the single transmission lines in terms of characteinsgiedanceand
electrical lengths. It can consequently be adopted for network design through a reverse process.
Moreover, the circuit model indicates that the network Gasden aanimpedance transformer

between the feed poand all elements.
41



Chapter 3

3.2.1.2Widebandreedng Network Design based oimpedancd&ransformer

Assume that a parallééedng network is required for aN-elements unifornarray(in-phase and
uniform power distrilition). Each of the elements h#dse sameinput impedance «; and, the
input impedance i{is desired at the feed pof the network. Based on the discussiortleelast
section, the network can be acquired based on the equivalent impedance trarisfosaen 4

and Zi¢/N. Thecompleteprocedure to construct the proposetivork will be intraduced below.

We begin byestimating the total length of the equivalent impedance transformer to ensure it
longer than the distance of the path from one eleneetite feethg port If we alwaysroute all
branches along with the vertical and horizodtedctionsand placing the feédulg port close to the
central area of the array, the length should be the suttmeafertical and horizontal distances
between a caorer element and the faed port of the network. A surplus length is acceptable
because the position of faad port can be moved on demand as the segment beteand

feedng port shown inFigure3-5 (b).

Zln N4 N3 N2 Nl AL
L, T ] il L, v AL, mEm
0427)////////////////////7/27/////////7//////%rvww‘ I

(a)dngle line impednce transformer

(b) ParalleHeeding network
SECAaBRAOECT AWIIAADE &1 Ei DPAAAT DA O MDMBAIDC AICAOxT OES
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Secondly, design the impedance transformer based on some thesiges, suclas binomial
bandpass response, Chebyshev bandpass response, and exponential thfi@r Minepretically,
an arbitrary relative bandwidth can be achieved in which the refleds lower than any given
value if choosing an adequate lengtih other wordsa large-scale feed network habe best

potential to gain a wideband performance based on this scheme.

Finally, the network can be constructed through the reverse processmadnnthe last section

as illustrated irFigure 3-5 (b). To bespecific,the transformeneeds to beeparatedinto many
segments according to the series of lengths between two ranks of junctions in the network. Further,
the characteristic impedance of each segment needs to be multiplieel bumber of branches
between the same two ranks of junctions. This degigcedure is exemplified by ax#4 square

array inFigure3-5.

Though the configuration of the proposed networkigure 3-5 looks highlysimilar to the
traditional one shown iRkigure3-4 (a), they have definitely distinct bandwidth performae in
terms ofimpedancematching.As the traditional networks jusely on a limited number of -T
junctions indpendently and discretely locateat the joining points to perform impedance
transformation, the proposed network expla@tmulti-section tansformer composed ohany
more sections, or, sttbansformers, distributedverywhereon the whole network along el

branch.

3.2.2 Examplesand Results
3.2.2.1DesignProcedure

Three examplebased orthe impedance transformers with varied reflection responses will be

designed for a 4 x 4 square array to demonstrate the procedure and illustrate the properties. The
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three network typs are based on binomial (maximally flat), Chebyshev (etpalke), and

exponentially tapered line responses, respectively.

Suppose that both input i mpedances of the el e
The microstrip line structure Wibe applied in these examples as the transmission lines based on

the laminate of thickneds= 0.524 mm and relative permittivity = 3.55. Besides, the distance
between the antenna elements is a half wavelength in free space at the central frequency.
Theoretically, the particular operating frequen&y,would not m&e an effect on the design

process if the influence of discontinuitissgnored. It will be discussed in the next section.

It is easy to know that the minimum length from a corner eleroghetcenter of the 4 x 4 square
array i s odfle® gpace Wavdlengty) along the orthogonal directions, which is
approxi ma(tgeuiyd e2d 8w asv e | e gisghobeh in thislcase,me 12 segymedts

quarterwave sections.

According tothe methods in [1Z], three multisection impedancearn s f or mer s bet ween
3.125 q ( 50 gealized Wwith tha binomiakresponse, Chebyshev response, and
exponential taper lines. For the Chebyshev transformer, the maximum ripple l&&Bfin the

passband is expected. The characteristipedanceof each section for the first two kinds of
transformers are listed in Table I. For the tapered line transfptiemharacteristic impedance is

varying with positionsl., can be calculated by

2 jooq
O 0 opcd m
Her e L O @3t the end dt = 0 areconnected to the elements and.at 3a connected to

thefeed port of the network.
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It should be explained that althdugome considerably low characteristic impess can be found

in Tablel and expressiofB-3) whenL is close to 0, they would never appear in the real network.
As these low characteristic impedances always are located nead tteneiected to the elements,
they will be multiplied bya relativelyhighernumber to build the parallel feeding network, as
shown inFigure3-5. In fact, at both ends close to the elements and the feedhgocharacterit

impedances are generalipproximatedo 507 .

4AANEDIZREOETT OOAT O&I Of AOO AEAOAAGAIERAARIE ARD BORROMDIT A 04 ¢

. Characteristic impedanc
No. of sections P a

Binomial Chebyshev
01 3.13 3.24
02 3.15 3.51
03 3.30 4.09
04 3.87 5.18
05 5.3% 7.09
06 9.14 10.27
07 17.0 15.21
08 29.21 22.04
09 40.%4 30.18
10 4740 38.17
11 49.56 44.45
12 49.97 48.25

3.2.2.2Results based on ideal transmission lines

The numerical calculation results of tiedlection coeficient at the feed poof the networks based
on the three distinct transformers are illustratedFigure 3-6. In addition,the resuk from the
traditional parallel network based time quarterwavetransformer and -junctionsare exhibited
together for comparisorin the traditional case, all-jlnctions consist of two branches with

35.35 characteristic impedance and one branch witp. 50
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The results obtained by the numerical calculation basethateal transmission line modeind
without consideration afliscontinuitybetweersteps, bends, and junctions. Aghielast section,

all elenents are substituted by ideal resistors with B8sistance all frequenges

The seriesof curves inFigure 3-6 marifestly clarify the difference of the intrinsic nating
properties from various networks, in terms of relative bandwidth. It should be remarked that the
reflection ofthetraditionalnetwork will vary with the distances betweeguhctions, as reported

in [34]. In other words, any change of the networkfaguration would lead to a bandwidth
alteration By contrast, the other three networks based on impedance transformers have kg relative
stable performancgeavhich reliesonly on theconformity among allbranches regardless othe

positions of elements and the shapes of routes.

---Traditional — -Binomial --- Chebyshev —Exp. tapered
-=. 9:1 (160%)

—— From 0.33f"

“x

0| =

Reflection (dB)
S o

[
o
1

0

.40 - A" h
0.0 0.2 04 06 038 1.0 1 14 1.6 1.8 2.0
Relative frequenc (f;)
&ECOZBAOT ACEAAT MAAGEI AR OET T DAOAN O ENKCAOx 1HOE | ADRGAA PIAIOAC
AEOOET AO OOAT AEOOAAGDEAT A1 AAOEC

Besides, a smatlisaccordof ripple levels can be found in the reflectiontloé network based on

a Chebyshev response transfornmeFigure 3-6. Because, the precdiion to the analygsand
design multisection transformers thetheory of small reflectiongL02], which assums that the
discontinuitybetween adjacent sections can be ignored [(5.41) and (5.42) in 108]. In this case,

some discontinuiés may begreaterthan the limit value and thereforeuse the error. However,
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this deviation haslimited influence andit can bediscoveed andcompensted by tuning the

expectedipple level in practice.

3.2.2.3Impact and Solutiofor the Discontinuity ofSteps andlunctions

Heretofore the discussion is limitetb the ideal transmission line model for thegeneralzed
properties of the proposed netwolkis alsosupposed to work weih low-frequencysituations
where thaliscontinuitiedbetweersteps, junctions, and bends, can be approximately igndd8{ [1

[104].

However, when the frequency is relatively high, the physical lengths of some sections may have
comparabledimensions as the widths, and the parasitic effieotn steps, bends, and junctions
may notably affect the impedance matching. Two examples efgloposed network based on
Chebyshev and binomial transformers are showsigare3-7 to illustrate the configurations and
dimensions. All the characteristimpedanceof each section in the two networissentirely the

same ashie data listed ifTablel. The laminate of RO4350 with a thickness of 0.524 mm is used,

and the operating fregncyis 10GHz.

T ﬁ

(a)Binomial (b) Chebyshev
SECAHBAE AT OEH GO0 T £AEOKAAKAAGA AEANNAS AAEAAUDEBADAOOEAODS
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Chebyshev TL model —- - Binomial TL model

o

10 15
Frequency (GHz)

&ECGABAA £1 AAOCEIT 1T Ao FzeAEGREAT AIOUOEO AT A EAAAI
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OOAT O EOOET I
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The fullwave analysesfor both networks arevith ANSYS HFSS in which thd6 terminak

connectwith ideal 56q lumped resistorsin addition, he simulatedesultsbased orthe ideal

transmission line model are presenteéigure3-8. Manifestly, wherthefrequency is lower than

5 GHz, the fullwave results agree well with tii@nsmisson line modelHowever, the effects of

the discontinuites appear in high frequencyhough they mayonductbetter thantraditional

networks shown inFigure 3-7, a suggested solution could be necessary to apply this secheme

moreextensivesituations.

(a) Definitions for corner cut

Loy
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250 ;
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6250
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(b) Principle anddefinitionsfor changing characteristic impedances

SECAHBAAOETA ICBATMEOA AAEOAD I IGET OEDO8 AOCEIT 1
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To reduce theffect of the stepsanapparensolution is adopting exponential taper lines. Instead

of steps, the gradually varying width wouldusefulin diminishingthe parasitic impacts. Further,

to decrease the influenoé junctions, twomethod for tuningare siggested, as shown kgure

3-9. Thefirst is acornercutin the middle of each junctioas demonstrated in the locally enlarged

view of Figure3-9 (a);thetwo parameters, anglanddepth can be utilized tdjust the reflections.
Secondly, changing the characteristic impedances at the starting points of each tapered branch can
provide the freedom to compensdbe the ambigity of the electrical length of each branch, as

demonstratedh Figure3-9 (b).

Concretely, according tBigure 3-5 (b), each branch of the proposed network has an individual
multiple characteristic impedance than the prototype of the transformer. It can be seeerals s
transformers, aneéach branch needs to pieksegment withthe required length from each
transformer, as shown kigure3-9 (b). Consequentlychanging the startingpintcanequivalently

be seen as a movemaritthe segmen We can usei n+1 t0 represent the relative movement
between two adjacebtanchesnd deine relativelymoving left as positiveln the ideal situation,

all movements should be zero, which means no ambiguityeoééctrical lengthis produced by

the junctions andeeds to be compensated.

4AANISMOECT OAOOEOGUAEEGARD 1
Variables Values Variables Values
Leutt 0.8 mm Uiz -1.1 mm
Leutz 1.0 mm Ups -1.1 mm
Leuts 0.9 mm Usa -1.1 mm
Leuta 1.0 mm tus -1.1 mm

dcutl'dcut4 [0

The @timized parameters are listedTiablell, and the fulwave simulation results adesplayed

in Figure3-10, with the results based arransmissn line model for comparison. It can be found
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that a bettr than-15 dB reflections can be achieved in the frequency band higher th&H2.8
and covering more than 6:1 relative bandwidth. The transmission from the fetatipeelements
is also exhikted inFigure 3-10. Due to the symetry, the transmission to four elemeimshe
cornergepresergthe whole transmission proper§atisfyingconformityamong the transmission
can be observed, and tiaximumimbalances lower than 0.8 dB. laddition,the loss due tthe

dielectricand radiation lossesan be foundo benot more than 2.0 dB through the bandwidth.

It should be noticed that although tixeponentiallytapered network has thieeoreticdly infinite
bandwidthwhen the frequency becomes higher, the effect of leakagetfi@microstrip linewill
inevitablyrise, increase the loss, aedacerbatéhe matching. Thus, it is necessary to make sur

that the thickness dhe microstrip line can worlproperlyat the highest required frequency.

0. Full-wave simulation,
from the feed point to t=12
A corner fuor elements
=10 b — o~
% Full-wave - -13 %
- A e TL model
s \ =
£-20 142
g 2
: W
é-SO- . -15 g
| HET
-40 ; w :
0 S Frequen‘Icg (GHz)‘| > 20
SEC&OM Ok AOA OEI 01 AGET 1T OAOOI 60 1T &£ 1T AOx1T OE A&EOAIO 1T POEI E
I ETA 11T AAI S8

3.2.2.4ExperimentaMeasuremerResults

An experimentakample of the proposed parallel fegpnetwork basednthe design da list in

Tablell is fabricated and measurdde laminate of RO4350B with 0.254 mm thickness is utilized.

It should be nad that there is a significant difference between the circuit and the model in the
prevous simulatiorregardingthe implementation of matching loads.the previoussimulation,
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the ideal lumped resistors were used without the phase delay and other parasitic effects. However,
in the real sample, some-p0surfacemountchip resistors with 402 package (1.0 mm0.5 mm)

are adopted and connected between the network and groundtiplangh a pad with three
metalzed vias. All these physical structures can produce individual influences on the circuit in
tems of theelectromagnetieffects epecially at higher frequenies In other words, the actual

load on each end of the network is not an ideaj 36sistance butfaequencydependent complex

impedance
- &---- Transmission to two output ports
04 —_— Reflection at feed point r-10
)
Connectto cable: &2-10 A 12=
Feed point for/measurement Tz =
@ ? ' = =
Chip resistor '% -20+ 14 E
= v
Pad\ E =
A &30 16 £
i
Vias
-40 T T T " -18
0 5 10 15 20
Frequency (GHz)
(a)Circuit layout of the network (b) Simulaton results
QECAaO@EI O1 AOGETT OAOOI 00 1T &£ OA&EI AAGETT AT A ODAT 01 EOOET I

To evaluatehe impact of parasitic effectd the components, pads, and vias, a model Wigse
consideratias is built for fullwave analysis by ANSYS HFSS, as showfigure3-11(a). It has
entirely the same structure as the network showrrigure 3-9 (a), butonly a different form of
loads Concretely, the 14 terminals of thatire16 ends are connected to the chip resistmd,

theother two ends are joined to ports feonitoring the transmission, as indicatedrigure3-11 (a).

The simulated ults are shown iRkigure3-11 (b). Compared with the results ligure3-10, an
obviousdeteriorationof the reflection can begerceivel, especially when thigequency exceed
10.0 GHz Notably, in the bad between 12 and 15 GHz, the transmission to the twsiptigher

than thetheoreticalpower division level;12 dB. That means &itical mismatchingoccurredon
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each of 14 endsaand then the equal poweividion has beemlestroyedtherefore more enegy
transmittedto the two por with the perfect matching. Thenismatcling can also lead to a
resonancever the whole network and therefaeacerbate the radiation from microstrip lines.
This result indicées that the chip resistor with pad and viasan only provideacceptable

performance when operating frequency is lower than GHa, athoughthereis still some

parasitic effect.

luv10 20 30 40 ‘50 76l 0] . “S“fr::;rtzz B 10
; ;HI\‘\H\‘H\lmI‘IHI‘IrlI|IIII|IIII|IIII'|IIII|III'I|1I1":' _':-"" - S — -
§ . i - -:.— g
=10+ —— Measured ’ 15 =
g ----Simulated E
-§ - .2
= -20- 20 £
@
= =
£
=
-30 . : SRR -25
2 4 6 8 10 12
‘ Frequency (GHz)
(a) Sample othe proposed network (b) Measureal results

SECGOA3 Al DICEBRDIEDT OAA T AOXxTABRAAIAOA AMO@AIAE AACETT AT A 0O,

The experimental circuiindthe measurememesultsare exhibited irFigure 3-12 (a) and (b)
respectivelyand he simulated results shovin Figure3-11 (b) areplottedwith the measured for
comparison. The test frequency bandwidth is from 2 GHz to 124&8Elrdingto the simulation
results A satisfying agreement between measured and sindutatwes can be obsed. Better

than 3:1 fractional bandwidth can aehievedwith reflectionbetter thanl5 dB The losss lower

than 2.5 dB. It should be emphasized that the relative bandwitite sample is mainly restrained

by the parasitic effeadf the chip resistorgpads, and vias, as revealed by the comparison between

simulations shown ifigure3-10 andFigure3-11.
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3.3 Effects of Imperfect Isolation of Crossovers on Performance

of Butler Matrices

As discussed ifsecion 2.1.2 generally, and intuitionally, the main properties of BMs, such as
equal power distribution and progressive phase differences, are supposed to be related to the
couplers and phase shifters.clontrast to this, crossexs are usually treated as structural devices
rather than functional devices. For example, the perfect crossovers are expected to behave as two

ideal transmission lines with an exchang¢hefroute between the input and outputien

However,according tdhe survey and analysis of some reported work, it has been tloatritiere
is still somecritical influence beyond hybrid couplers and phase shifters on BMgher word,
crossoversnight play a morecritical role in BMs tharjust the structural compents, and it has

notbeendiscussed andnalyzedhoroughly

In this section the effect on the power distribution and phasgponses oBMs due to the
imperfectisolationof crossovers is discussed and demonstrated by analgkipedssions with
numericéd results. Theexpressionsare derived through a forwatthnsmission circuit modgl
which is based on the scattering matrices of each compadvetatdy, the quantitativeimpacts
resulting in the imbalanced power division and gghdifference errors arbuistrated by sets of
curveswith respect to the isolation between the branchesasfsovers for the casé traditional

4 x 4- and 8 x 8 BMs. Besides, the investigation alisalicateshat the impact cannot be mitigated
or comgensated by adjusting theuplingcoefficientsor phase differences of couplers in the BMs.
Three samples of 4 4 BMs with different isolations of crossovewgrefabricated and tested for

theverification. &tisfying agreement with thbeoretical results can be observed
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3.3.1 Methoddogy
3.3.1.1Circuit Models

To clarify the impact on the performance of a BM and differentiate the contribution of each
component from others, a forward transmission circuit malbuilt and exploited to derive
analytcal expressions based Siparametematrices ofthecomponentsere, the words, forward
transmission, means that the focus is concentrated on the power division and phase differences on
all output ports rather than the matching and isolatioshort, he emphasis will be aheforward
transmissn, whichis the base to obtatheanalytical expressions frothescattering matrices of

thecomponents.

ClassicaBMs are comprised afouplers, phase shifters, and crogseyas showm Figure3-13,
exemplified by 4x4and &8 BMs with the individual componentBhe antenna portsf BMsstart
with AAO; t he i n phletrounspottclese ®© thaaouplenssd to lsigniiyBhe

line betweerPort 1 andPort 2.

In this section, the framework ah8x8 BM is the etire configuration with the sequential order

at the antenna ports, and quantities of each kind of component can be calculated by [101, (1) and
(2)]. The properties afach componemtrerepresented by-Barameters matric&p, Scr, Spr for

the coupler,crossover,and phase shifteryespectively. The last number on teabscriptis

employed to differentiate the distinct components of the santke &irth asScrr andScre.

The scattering matrix dheentire networks composeaf several subnetworks paralel, series,
or cascade, whichannot directly beharacteried by the scattering matrices of subnetworks, due
to the complex internakflectonsamong subnetworks. However, if the amplitudes of backward

transmission of subnetworks are much less tharfaiveard transmissia, the influence on the
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forward transmission of the whole network would tegligible Since part of the forward
transmissions drivenfrom the backward transmissiQiit will have aboutthe squaremplitude of
the original backward tramission or higher. The principle is highly similar to the theory of small

reflections but takes the backward isolation imtoount as well.
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o] o o o o o o 0
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As shownon the left side ofFigure 3-13, two opposite directions, forward and backward, are
defined according to the transmission frdme RF circuits tothe antenna arraysn general, the
comporentsconstructing BMs have moteanthe 15-dB difference between the magnitudes of
theforward and backwardransmission. Besides, the conckeneis concentrated aeforward

transmission, as clarifieglarlier. Therefore, the backward transmissiofngib components, such
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as the reflections dhe coupler, phase shifter, and crossover, and the backward coupling of
couplerand crossover, will be simplified as naught, as illustrateldignre 3-14 (a) and (b)by
dotted lineswith anarrow.Here, the power transmission directions are exemplified by the cases
of excitations at Poit, and the solid lines withnarrow represé@monzero forward transmission;

the dotted lines with arrow signify the zemmplitude backward transasion.

Based on the premise and postalafiall components are lossless aediprocal,Scp, Scr, and

SpH can be defined as below.

For the coupler, itd defined a$3-4).

~ T Mp YQ nyQ T " _
N Vp YQ T T mYQ ” to4q

1MYQ T T Vp YQ

u m nYQ Mp  YQ s ¥

Here,Ris thereciprocal of the coupling coefficientwhich is less than 1} is the phase delay on
through path{J is the phase difference between through port and coupled port. For example, a

typical 3:dB branchline hybrid coupler has the properties tRat 0.707,lb = 9¢°, andU = 9C.
For the phase shifter,ig defined a$3-5).

3 m Q todq
Q T

Here, (o is the reference phase delay on all other pathsdem the two reference planes, as the
two dashed lines shown Figure3-14 (b); (i is the expected phase shift valu-or example, a

typical 45 phase shifter can be describedias 45°.

For the crossover, is defined a$3-6)

~ T N p @ T i _

, @ n oo jo2
p @ T T Y]
uooom Vp @ N n U

56



Chapter 3

Here, | is thereciprocalof the coupling coefficientto the unwanted pathjo is the same as
mentioned beforedl; is the relative phase shift on the unwanted path than the main path. For
examplean deal crossover should be 0 andly = 0°. For the same kind but distinct components,

anothernewnumber will be added on the lasttb& subscript

Then, the forwardransmission scattering matrix of the BSEswm, can be defined g8-7).

YO plp YO plt YO plw YO phlt . &
Io J o N SR I ;
YO ¢lp YO clt YO ¢ YO cft @ joxq
1iY'0 ofp  "Y'O oft YO ol YO oft nT W
UY'O thp YO thy YO thb YO th U @
Here,ag: - ass express the incident signalstae corresponding B B4 ports;bai - bas express

Sagagagn

the output signals dhe corresponding AL A4 ports. Due to thetructuralsymmetry, we can

obtain(3-8).
YO HQ YO u " Q "6Q pkloft 1944
It is clearthat(3-9)
joaq

Ngr NENENENE
Here,SF - SK arethe forwardtransmission scattering matrices of each section in the BM, as

illustrated in thdeft of Figure3-13. They have similar port definitions asdquence asSFsm.

According to the expressions offrameters of each component, they can be fasiig-10) -

(3-13).
3 ¢p 3 ch T oo )
- 3 3 oh T T ,I,,I jodp 1
n 1T T 3 ot 3 dpn
u T T 3 ¢ 3 «cpU
3 CﬁD Tt s > ¥e)
Vo s b 3 i o W {0 &
r] ¢ N T . n
1T 3 op 3 oh T n
u T i i 3 chU
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3 «¢p 3 <c¢h T T . }GZD qa

. o o 'l
r'] ¢ I$ 0111) 3 aft s - _n

1T s 3 ot 3 odpn

u T il 3 ¢ 3 cpU

n,3 Chl) s - s . n Il jO—Z) G.
r'] ¢ 11 n 3 ch 3 ct[ n ]

1T 3 odp 3 oh T

u T T T 3 ¢l

Substituting(3-9) - (3-13) into (3-8), the expressions for half of all elemewnf SFem can be

obtained, as listed below.

6 0 plp 3 c.ﬁDVCB c.ﬁlgCB c.Fp?CB c.ﬁlg iop q
3 ap B cipB ¢t B ¢p

d0cip 3 op B op B ot B ch i0p q
3 op B cp B ot B cp
3 cpB cpB op B chp

Sbolp 3 cp B cp B op B obp jodp @
3 op B ¢pB ot B op
3 ofp B op B ot B oh

30t 3 op B op B ¢t B 1o "

6opkk 3 ci B cp B cp B chp iodp q
3 ot B cp B ch B <chp

60ckk 3 ot B op B ot B ch 10 q
3 ot B ¢p B ot B cip
3 chi B cp B ofp B chp

6 0 oft 3 ¢ B cp3B op B op joZ q
3 ot B ¢p B o B ap
3 ot B ofp B ot B of

60tk 3 ot B op B chi B cp joZ,

Another falf of the elements can be acquired fr(8¥14) - (3-21) through(3-8).

3.3.2 Examples and Results
3.3.2.1Numerical Results

Based on the analyticaxpressions, the effects each elemerdn BMsperformanceespecially
crossover can be quantitatively investigatetio survey the influences only from the forward
coupling ofthe crossoverit is assumed that all couplers and all phase shifters M ade the

ideal performances. Concreteiy,the4x4 BM, for the coupler oScp1, Ry = 0.707,Ub1 = 9C°, U1
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= 9(°; for the coupler oBcpz, R2 = 0.707,Uh2 = 9C°, andUi2 = 9C°; for the phasshifters 0fSpu1
andSeh2, U21 = 45, G2 = 0°. Besides, thento crossovergre supposed to have identical properties,
andlz = 0; in the 8x8 BM, all couplers have the same featuré&kas all phase shifters have the

delays as indicated irigure3-12 (b).

The effects on power divisions aptiase differences of>#l- and 8x8 BMslue to the limited isolatin of
crossovers are listed ifg) Power divison when B2 is excited irx8 BM (h) Phase differences when B2 is
excited in &8 BM

Figure3-15. Here, he cases wheh | 4 BBMi8 excited are shown (a) and (b); the cases when
B2 is excited are shown (c) and;(thecases wheB | 8 HBMié excited are showe)(and );
the cases when B2 is excited are shogjrafid (); the isolation is defined as thatio betwea
the amplitudes of the output on the unwanted path and the total incident sibicl is the
reciprocalof | used in(3-6). The phase difference betweadjacent ports, Aand Af{+1), for

exampl e, is (riepresented as @

Overall,if the isolationincrea®s to ahighenough value, such as 8B, the BN will achieve theperfect
theoreticalperformance, just like whasindicated in the right ends of all graphs(gj Power divigon when B2 is
excited in &8 BM (h) Phase differences when B2 is excited %8 8M

Figure3-15. Concretly, in(g) Power diviton when B2 is excited irx8 BM (h) Phase differences when B2 is
excited in &8 BM

Figure3-15 (a) and (c),he power divisias of the 4x4 BM will be close to6 dB when either B1 or B2 is excité;
(g) Power divigon when B2 is excited irx8 BM (h) Phase differences when B2 is excited ¥8 8M

Figure 3-15 (b) and (d),the consecutive phaskfferenceswill be -45° or 135, respectively;n
8x8 BM, the power division will be9 dB, and the phase differencegl be -22.5° or 157.5°.
However, theeffects on BM will beconsiderablyapparent when the isolation is limiteglyen

thoughthe value is acqeable in term®f usual criteriasuch as 20 dB.
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(b) Phase differencewhen B1 iexcited in 44 BM
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(b) Phase differences when B2 is excitedix4 BM
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(h) Phase differences when B2 is excited %8 8M

OEA pi xAO AEOEOEIT AT A DPEAOA AEAAAOAI

60




























































































































































































































































































































































