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ABSTRACT

BROADBAN PHASE SHIFTER REALIZATION WITH

SURFACE MICROMACHINED LUMPED COMPONENTS

¢2131 T3 Y2NJ dzi YIF Iy
M. Sc. Department of Electrical and Electronics Engineering
{ dZLISNIDA A2NY ! 34200 t NPT 5N AYd S|

September 2012, pages

Phase Bifters are one of the most important building cells of the applications in
microwave and millimetewave range, especially for communications and radar
applications; to steer the main beam for electronic scanning. This thesis includes all of
the stagesstarting from the theoretical design stage to the measurements of the
phase shifters. In detail, ghlass network phase shifter configuration is used to
achieve broadband and ultra widend differential phase characteristics. For these
reasons, 1 to 2 GH2,t0 4 GHz, and 3t0o 6 GHD4A i1 X HH dPpc LIKIF &S N

&
Q)¢

shifter realization with surface micromachined lumped components are designed,
simulated, fabricated and measured. Basic building blocks of the phase shifters, i.e.,
surface micromachined lumpe components, square planar spiral inductors and
Metal-InsulatorMetal capacitors are designed with EM simulation and lumped
equivalent model extractions. The validation of the designed square planar spiral
inductors is done with fabrication and measuremeteps, very low error, below 1%,
between the designs and fabricated samples are observed. Using this knowledge on
lumped elements finally phase shifters are designed with surface micromachined
lumped components, fabricated using an in house technologyiged by METU
MEMS facilities, RF MEMS group. Low phase rms error, good return and insertion loss

considerations are aimed, and achieved.



In addition to the main work of this thesis, a generalized theoretical calculation
method for 2" number of stagesll-pass network phase shifters is presented for the

first time in literature. A different, new, broadband, and combined phase shifter
topology using twestage aHpass filters is presented. Moreover, the implementation

of this idea is proved to be practid (2 o (2 ¢ DIT pdcupc YR
shifter.

A new approach for stage numbers other than power of 2 is indicated, which is
different from what is already presented in the literature. An example practical
implementation results are providedoff the threestage 4bit 1 to 6 GHz phase
shifter.

Also, a small improvement in SRF of the high inductance valued inductors is achieved
with the mitering of the corners of square planar spiral inductors. Comparison of the
measured data between the normaiductors and mitered versions shows that the
first SRF of the inductors are increased about 80 MHz, and second SRF of the

inductors are increased about 200 MHz.

KEYWORDS: Phase ShiftersPadls Network, Surface Micromachining, Broadband,
Ultra WideBard, Square Planar Spiral Inductors, MdteulatorMetal Capacitors,

Mitered Corners
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CHAPTER 1

INTRODUCTION

1.1 Preface

Phase shifters are key components in phased array antefomaslecommunications

and radar systems, microwave instrumentation and measurement systems, and
industrial applications. There, sure, are a few categorization methods of the phase
shifters. For instance, in terms of design requirements, the phase shiien be
categorized as constant phase and linear phase versus frequency. The cqistaat
design phase shifters are mainly used in radar applications where signal processing
needed, wideband communications systems and components; such as, SSB mixers,
vector modulators, balanced amplifiers, and etc. and Higécision instrumentation
systems. On the other hand, the lingainase designs are employed mostly in phased

array applications as truéme-delay networks.

Another categorization of phase shifters to classify them as mechanical and
electronic depending on tuning. Before the advent of electronically variable phase
shifters, almost all phase shifters were implemented as mechanical for both fixed and
variable phase shifts. The mechanical phase gkifere generally constructed in
coaxial line or metallic waveguides. The insertion phase of the device is varied by
means of mechanical tuning, such as a variation in the physical length of the line or
rotation-displacement of a dielectric slab inside awsguide. As compared with the
electronic phase shifters, mechanical phase shifters are rugged, simple to fabricate,

YR KI @S @SN f2¢g t2aa o6GeLAOlItt& nop R.



shifters also offer an inexpensive option. On the athand, electronic phase shifters
have significant advantage on mechanical phase shifters in terms of volume

requirements in phased array antenna systems for inertialess scaf8jing
1.2 Phase Shifters

Depending on th type of operation, phase shifters can be classified as analog or

digital, having reciprocal or nonreciprocal characteristics. The analog phase shifters,

Fa GKS yIYS NBFSNAZ NB dzAaSR (2 O2y(iNRf
digital phase shiirs are used to produce discrete phase delays, which are selected by

means of switches. A digital phase shifter generally consists of a cascade of several
phase bits with phase shifts incremented in binary steps. For example, iani@ o c nc
phase shifteE (0 KS Sy dANB NI y3S "&dps. fihe éntallesi ghase A & C
bitis ogjim RSANBS& |yR GKFEG 2F GKS f1 NBSad LK
schematic of a -bit phase shifter and switching sequence are giveRigure 11. By

switching the phase bits in suitable combinations, phase shift can be incremented in
aGSLA 2F Hudpc G2 O020SNJ GKS FdA f NFYy3aS 27



(0,2 (0,2 (0,2 (0,2
Vi 2=Vie-j .
I—>npUt 22&5;" 45 bit 90° bit 130: | e

Switching State| h dzii LJdzi t KI &S Differsy UA Tt t K a3

(Degrees)
0000 U o (Reference State) nc
1000 UgbHH®pC HH®pcC
0100 vgbnpec npc
1100 ugbc T ®pcC CT®pcC
0010 Uob N c dnc
1010 UgbMMH ®PpcC MMH ®p C
0110 vgbmMopc MOpC
1110 ugbMpT ®PpcC MPT®pcC
0001 UgbMy nc MY 1cC
1001 UogbH T H®PpC HAH®pC
0101 UgbHHpC HHpC
1101 UugbHNT ®pcC HNT ®pcC
0011 UgbHT NC HT Nnc
1011 Uob HpPH ®Pp C H$pHPpcC
0111 upgboMpC omMpcC
1111 ugbooT ®dpcC ooT ®dpc

Figure 11. Schematic of it phase shifter and binary switetg scheme.

An ideal reciprocal phase shifter (RPS) offers the same insertion phase for either

direction of the RF signal. The scattering matrix of a reciprocal phase shifters is as

follows,

A nonreciprocal phasehster (NRPS) offers different insertion phases to waves

oy T
Q

traveling in opposite directions.
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Q

Tt

Q




The most commonly used NRPS is the ferrite phase shifter, in which the effect of
reversing the direction of magization is the same as that of reversing the direction
of propagation. Thus if the differential phase shift for a given direction of propagation

is3%g then with a reversal in the direction of propagation the differential phase shift
IS 3%0

Depending a the type of electronic control medium or mechanism adopted, these
phase shifters may be classified as ferrite, semiconductor device, active FET, or bulk
semiconductor phase shifters. The surface acoustic wave and magtaiowave

delay lines are truéime-delay devices, and they are gaining increasing relevance for
reaktime signal processing at microwave frequencies. Ferrite based phase shifters are
generally used in arrays where low insertion loss is required (about 1 dB) and slow
switching time (15@s) is permissible. However, these phase shifters are not suitable
for the implementation of low profile and low weight phased arrays. FET based, PIN
based and varactor diode based phase shifters are the semiconductor alternatives for
phase shifter. Thegropose low cost, low weight and planar solutions to phased array

systems.

The basis of operation of all ferrite devices is the interaction between the
electromagnetic waves and the spinning electrons in a magnetized ferrite. In a
magnetized ferrite, themagnetic dipole moment of the spinning electron precesses
about the applied field, and its precession frequency is directly proportional to the
magnitude of this dc magnetic field. The permeability of the ferrite takes the form of
a tensor, the elements oivhich are a function of the applied magnetic field. When
the magnitude or direction of the magnetic field is changed, the permeability of the
ferrite changes, thereby, changing the propagation constant of the electromagnetic
wave. Phase shift is a consemqee of the change in the propagation constant brought

about by electronically controlling the applied magnetic field.

Ferrite phase shifters have been realized mostly in waveguide geometry. Other
geometries, such as the coaxial line, stripline, and midmdine, have been

employed as well but to a much lesser extent. These phase shifters can be designed



to operate either in analog or digital mode, having either reciprocal or nonreciprocal

characteristics.

Semiconductor junction devices are used as etett control elements. These phase
shifters are all reciprocal in nature but can be classified as digital or analog,
depending on whether the control element is used as an electronic switch or a
continuously variable reactance. Examples of devices that aa as electronic
switches are the PIN diode, GaAs FET, and the Schottky diodes. Of these, the first two
are used most extensively, the PIN diode in planar hybrid phase shifters and the FET
in monolithic phase shifters. For analog operation, the varadiode is used most
commonly. The PIN diode operates as an electronioférswitch when switched
between a fixed forward bias and a reverse bias. Under forward bias, the diode offers
very low impedance thus approximating a short circuit-étete), and uder reverse

bias, it offers very high reactive impedance approximating an open circustéi#).

The field effect transistor (FET) is a three terminal device which is used as a two
terminal switch (between source and drain) by applying a bias voltadbeta@ate.

With a large negative bias (larger in magnitude than the pwf€lvoltage) at the gate,

the FET switch represents a highpedance state (off state); and with zero gate bias,

it represents a lowmpedance state (oistate). Note that under the fb-state, the PIN

diode offers a higltapacitive reactance whereas a FET offers a high resistance in

LI NI £ € St gAGK | OF LI OAGA @S -bddslfrégidngeS 2y
Hence, to achieve the switching action, this capacitance is resonatecawigxternal
inductance or its effect is included in the impedance matching sections. Phase shifters
GKIFIG FTYLXATe GKS wC aradaylrf Ay |RRAGAZY (2
shifters. The GaAs metal semiconductor FET (MESFET), in partiveldyatgate
MESFET, is the key control element that enables this dual function. Both analog and

digital phase shifters have been realized.

Analog type semiconductor phase shifters in MIC configuration commonly make use
of varactor diodes as control elemisn The varactor diode provides a wide reactance

range as a function of the negatiéas voltage. Varactor diode phase shifters have



been realized in the following two circuit forms: the hybrid coupled and the loaded
line. A hybrid coupled circuit with gar varactor diodes also has been used to realize

analog phase shifters in monolithic chip form.

The use of bulk semiconductor elements is reported to be an attractive practical
alternative to the use of semiconductor junction devices in realizing phaifiers at
millimeter-wave frequencies. It offers higher bandwidth and higher power handling
capacity. In bulk semiconductor phase shifters, phase control is achieved by
dynamically varying the conductive properties of electtmie plasma in a
semiconducbr material. Plasma is created either through free carrier injection via

contacts or optical illumination.

There are certain requirements for a phase shifter to provide a satisfactory operation.
The electrical performance of a phase shifter generally iscifipd in terms of
insertion loss, operating bandwidth, phase error, and power handling capability. In
electronically variable phase shifters, two other parameters, switching time and drive
power, are specified as well. For all applications, it is delgirebhave the insertion

loss, drive power, and phase error as low as possible. Regarding the bandwidth and
power handling capability, it generally is more cost effective to design phase shifters
separately for narrowband and broadband, and for {pewer and highpower
applications. The physical size and weight of the phase shifter should be minimized
for use in mobile and airborne systems, whereas for ground based systems, the

requirement can be relaxef3].

The plase shifters are implemented in several different topologies, such as; switched
line, reflectiontype, loadedline, highpass/lowpass, and etc. The switched line and

reflection types of phase shifters are most suitable for constant time delay, while all
four types mentioned above can be modified into constant phase shift devices. The

mentioned topologies will be investigated basically respectively.

As it can be seen iRigure 12, switched line phase shifter circuit needs two SPDT

switches. The lower part of the circuit is the reference arm of the phase shifter and



with a lengtht and the upper arm has a length &f Y& Accordingly the upper arm
has a phase delay longer than the reference arm, i.e. the lower arm and the

differential phase shift is given %o  ¢* 3:0F_..

SWITCHED LINE: i
Abr2
Ag=2wAL/N ' I3 -~

Figure 12. Switched lrie Phase Shifter Circyf].

The reference lengthtimust be carefully selected in order to avoid phase errors and
high or unbalanced insertion losses. When the effective lengtifgor its multiples,
large erors occur. The electrical length mentioned above is the electrical length plus
the equivalent length of the switches. It is mentioned before that the switched line
phase shifter is a timdelay device, so phase shift will be proportional to frequency.
In order to achieve widdand properties for this type phase shifter one can use

Schiffman phase shifter in one of the arms.

REFLECTION: OUT Apt/2be
abe
' |N:;" R4

Ad=2mwhAl/h
Figure 13. Reflection Type Phase Shifter Cir¢jt
A rdlection type phase shifter can be made of a switch with a short circuit behind it,
as shown inFigure 13, a series switch with an open circuit behind it, or a lumped
circuit including switch parasitics terminating the line. Tiedlection type phase
shifter can be very useful in phasaday radar applications with the switches backed
up by lengths transmission line that they are thelay devices. On the other hand,
the reflection type phase shifters designed with lumped eletaetan be made to
give constant phase shift. There should be problems according to the mismatches
intervening between the terminating impedance and the perfect circulator as can be
seen inFigure 13. Speaking of the circulator ¢hinternal reflections is also important

when considering the phase errors occurred due to the imperfections of the circuit.



LOADED LINE: A4 ——]
#Bn f Eﬂsu FHI) _é_“;fﬂu
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Figure 14. The Loaded Line Phase Shifter Cirf@}it

The loaded line phase shifter can be operated due to the capacitors or inductors
periodically load the transmission lin@ne can find the differential phase shift with
computing the normalized ABCD matrix of the overall circuit, then finding thefS
the overall circuit. There certainly are a few ways to load the line. The followings may

be some examples to them: switching with stubs, switching with lumped element

diodes, etc.
HI-LOW PASS- #*u L]
vl e
b o~—-||——|_
a¢ A K

xp.ﬁ“ll'lT
Bu=sinAd /2 45 g 15w

Figure 15. The HighPass/LowPass Phase Shift€ircuit[2].

The last circuit topology mentioned is the highss/lowpass phase shifter circuit as
can be seen ifrigure 15. A lowpass filter comprised of series inductors and shunt
capacitors provides phase delay to signals passing through it, and -gpdsgHfilter

comprised of series capacitors and shunt inductors provides phase advance. After
some theoretical calculations one céindthat&d 6 &~ ando i Q& in

order to match the circuit naturally. As frequency is increased, in theplass state,

the series reactance increases proportional to frequency and the shunt reactance
decreases inversely proportiontl frequency. Therefore phase delay is increased. On
the other hand, in the higipass state, the series reactance decreases with increasing

frequency and the shunt reactance increases, so the phase advance decreases. The



net effect is that the phase shifteends to stay matched as frequency is increased,
and phase delay increase in the kpass state is compensated for by phase advance

decrease in the higpass statg2].
1.3 Objective of the Thesis

As already mentiong above, phase shifters are key components, bedoming more
important with increased complexity in the systems. Recent cellular and mobile
communication advancements prove the importance of the phase shifters. Moreover,
constant phase broadband phase f&i usage is gainingccelerationfrom the
beginning of their introductioril], due to the extra features needed in Radar and

communication systems.

The purpose of the thesis is to design, fabricate and measwadband planar type
phase shifter constructed with ghass networks with characteristics of low cost, low
circuit ske, high performance. This wogims to achieve low loss, high return loss,

and low phase error for the designed phase shift bits.

The designed, fabricated and measured components are 1 to 2 GHz, 2 to 4 GHz, and 3

G2 ¢ DITT HH®pcIE npcX dpnecI FYR mync LXKIFA&S
the layout. For a successful-plhss network broadband phase shifters, studies on

lumped dements in planar fabrications, i.e., surface micromachining, thin film, thick

film, and etc. is a must to achieve high performance circuits. For that reason, square

planar spiral inductors are in depth studied. The fabricated and designed inductor
comparsons are provided to fully understand the performances of these components

while achieving final phase shifter practical designs.

In addition to these, some improved ideas are applied for different topics. Namely;
increasing the SRF of the inductors fdtrar wide-band applications, improved
theoretical approach to albass network phase shifter, and new combined phase

shifter to achieve high resolution for the phase shifter.



1.4 Thesis Outline

Organization of the thesis can be summarized as follows;

In Chaper 2, a specific literature review on broadband planar type phase shifter is
given in detail to understand the different circuit topologies, different fabrication

methods related to the performances of the phase shifters.

Then in Chapter 3, the theoreticaalculation method of lumped elements for cne
stage, and twestage alpass network phase shifters is given, which is presented in
literature before. In this work, only-8it designs are introduced. In addition to this,
for the first time in literature he design parameters are optimally found considering
the bandwidth of the phase shifters. Moreover, the design parameter values are

extended to onestage and twestage aHpass network phase shifters Htand bit6,

ADPSDPE MmMPHpc |y Re ghife bits,pasop theCoedigh pafaSeiess areJK | &

optimally found, and presented in this thesfs generalized formulation methodology
for 2"* number of stages ipresented for the first time in literature. In this
methodology, briefly, from the known firshductor formulation all other inductors'
formulations are found. After that the overall differential phase shift formula is found
and the design parameters are optimally found for different bandwidth values. It is
shown that for a sixteesstage alpass néwork phase shifter the bandwidth can be as
large as 500:1. The phase shift bandwidth can be muaofer than this case by
increasing the stage numbers. At tead ofthird chapter, the ideal lumped element
values are calculated and presented for differentave and multoctave band phase

shifters.

Chapter 4 covers the design, fabrication and measurements of the used lumped
components; namely, square planar spiral inductors, and mesallatormetal
capacitors. The design methodology of lumped squaenanl spiral inductors are
described and validated with the measurements. The process variation cases are
investigated for these components to ensure the tolerances of the fabricated

inductors. An idea ofmitering the corners of the square planar spiral uadors is

10



presented to increase the maximum quality factor value as well as the SRF values. The
increased SRF values for the same geometry for mitered inductors and normal ones
are proved with measurements. Note that the improvements a little bit low. The
design, and lumped equivalentodelingof MIM capacitors are discussed at the end

of this chapter.

Chapter 5 provides the practical design of tatage 4bit 1 to 2 GHz, 2 to 4 GHz, and

3 to 6 GHz phase shifters; and thrstage 4bit 1 to 6 GHz phase gter. The design
YSGK2R2f 238 Aa RSAONAOGSR Ay RSGFAT F2N (K
phase shift bit. For the other three phase shift bits for 1 to 2 GHz phase shifter only

the geometrical specifications of the used lumped elementsgaven together with

lumped equivalent model parameters and quality factor related calculations. For the

other phase shifter for twestage design the details are provided in appendices, but

the overall phase shifter design results for sixteen states areiged in terms of

return loss, insertion loss, and differential phases together with the datans

phase,rms phase error values, and maximum phase errors. For the 1 to 6 Gz 4
three-stage alpass network phase shifter only the practical phase tesalre

provided. Other needed specifications are provided numerically. A new circuit
concept for combined phase shifter is explained. This new circuit provides an SPDT

f S48 RAFTFSNBYGAFE LKFaAaS aKATU F2N) idé2 adl i
MMOPHpC LIKFAS aKAFOI oAdaoe 2A0K GKAA ySg YS
dB from the conventional method, cost is decreased, and the circuit size is decreased

compared with the conventional method.

In Chapter 6, the three variations for @aphase shift bit, i.e. 1 to 2 GHz, 2 to 4 GHz,
and 3 to 6 GHz 4 bit phase shifters are briefly describedfabiveecation of the phase

shift bits issummarized. For measurement purposes of these phase shift bits; post
production procedures are needed whi are also described. The measured phase

shift bits are presented in comparison with their related practical design results.

Finally, conclusions of the thesis, related future works, and some suggestions are

given in Chapter 7.

11



CHAPTER 2

LITERATUREREW ON BROADBAND PLANAR PHASE SHIFTERS

In this part of the thesisa brief review of planar phase shifters will gven There

are lots of phase shifters designed and implemented up to date, such as ferrite phase
shifters, mechanical phase shifters, seanductor phase shifters and etd3].
However, in this part the investigated phase shifters @frplanar type in order to go
deeper in to the specific subjeaf the thesis The examined works are mainly
concerrated on the switching elements as FETs or PIN diodes, those use couplers as
a part of their design§4]-[7], those use a new technique as artificial 4&fhd right

handeal transmission line§l7]-[19] ¢which will be touched later in detalgnd as a

last work a phase shifter integrated with an L[2A]. Sgnificant works on this subject

are presented in this part of the thesis, in terms of topology, technology, and main

measurement results.

AstheFANBE G SEI YLX S | oOoNRFRoO6lIYyR LKIFI&S &KATG
one or two analog phaseksh F 1 SNJ aSO0G A2y a Ay pmdeRISiN G2 20
4510 18 GHband[4]isIA Sy d ¢KS mync o6AlG SEKAOoAGA a
the band, however the analog sections require some additional logauitry to

achieve better phase shift characteristics. Belowrigure 21, one can find the basic

odZAf RAYy3 o0f201a 2F (GKS 6ARSOIYR mync LXKI
f AySa || y RetworkafiransdiisSio lines.

Qx¢

After some theoretical manipulations using ABCD parameters, it can be seen that the
two networks are exactly equivalent for all frequencies except that the transmission

phase difference between the two circuits SEI Ot & wmMync®d s{AyOS

12



independent of the electrical length, the insertion phase is independent of frequency
thus, the wideband characteristics are reached. It is important to indicate that both

networks behave like identical bamass filters.

)
o —= 1 —

Zoe Zog /J”_“ —
K N, A
/J_, Zog /L

6 —]

(&) b}

Figure 2. 6 0 { K2NI SR / 2dzLJ SR [AySa {SOi
Section[4].

Ly G(GKA&A ¢62NJ X (GKS wmync LIKF&aS aKATFUSNI 0Ad
FETs are useds switching elemenisThe phase shifter bit provided a measured
LIKFAS aKAFAI 2F MMEEBAdzZNBRRXYyASNAARY DRB® A:
4 to 17.5 GHz. The insertion loss difference between the two states is not greater

than 1.2 dB and generally less than 0.5 dBnf2 to 17.5 GHReturn loss is greater

than 10 dB from 6 to 18 GHz and greater than 8 dB from 4.5 to 18 GHz. The
differential phase seems to kgoodin the band; however, the insertion loss is a little

high, return lossis also acceptable. The analogrpaf this phase shifter section

consists of a pair of varactor diode chips in series with a small bond wire inductance

Fd GKS GSNXYAYylFGAYy3 StSySyidta 2F | oR. bnc
finger interdigitated coupler is utilized on a 0.02B"thick alumina. The two varactor

diodes, GaAs hyperabrupt chip tagi varactors manufactured by MAOM, are

mounted off the substrate on agdestal and connected to the coupler by short bond

wires.

Voltage bias for the varactors is provided through ctepistors and DC blocking
OF LI OAG2NER FNB SYLX 2SR 4G SFOK SyR 2% (K.
shifting can be achieved from 4.5 to 18 GHz for a bias voltage range of +@®vto

13



with the help of the analog phase shift sectidnsertion loss of the section is less

than 4.5 dB over the band. Insertion loss variations versus applied voltage (phase

shift) are less than 2.0 dB from 7 to 18 GHz and less than 3.5 dB from 4.5 to 18 GHz.

The following comments can be given on the results: phage seems to be less at

the beginning of the overall band, although it seems to be satisfactory for the rest of

the band. Insertion loss is not good enough for the overall band and insertion loss
variations are high. Some suggestions are mentioned invibik to overcomethe

improper phase characteristics of the analog phase shifter section; one of these
suggestions is to operate only in the most linear portion of the characteristic and
accepting less total phase shift per section; i.e. usingtwo an&dg8 A 2y a 2F dnc
FYR FYy204KSNIJ I LILINRIFOK A& (2 SyLiXz2e | aavYl N
dzLJ Gl ot Sé¢ G2 RSGSNNXYAYS GKS FLILNRLNAXIGS @2
'y& LJ NIAOdzZ I NJ FNBIj dzSy O& @ ctedneglgiblydiith h& a KA F
AYUNRBRAzOGA2Y 2F avlrftt az2yé adlridS C9¢ NBAAZ

Another work is by Kwon, Lim, and Kajaj, which is awideband phase shifter
consistingof one Lange coupler, four radial stubs and fouitsling diodes and bias

circuits. Below irFigure 22, there is a schematic diagram of a hybrid coupled phase

shifter with capacitive reflective loads, in which two different pairs of radial stubs are

used as the reflective loads the Lange coupler in order to achieve wideband phase
shifting.C2 dzNJ LKl &S AKAFG o0AdG& NB AYLI SYSY(dSR
npcX YR dnc SAGK YIEAWHEYWHES HAINRR  LdkbcxS

respectively, which are indeed adhable results.

The topology isof reflective type,usingt o R. dnc didt@amidationsO 2 dzLX S
are capacitorsas reflective loadsThis typical phase shifter uses two different
capacitors G and G. A relative phase change of the input signal isaoted by
switching between Cand G. When Gis changed to £ the output phase changes by;

0 6 O

% CO WE —————
p U Q6B
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S =T1220°+T122-180° Direct port

‘s
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Coupled port r U/ ioC
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- .
Fybrid &= ay = [/V2£-180°
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Figure 22. Schematic Diagram of a Hybrid Coupled Phase Shifter with Cape
Reflective Loadg].

Bandwidth limitations can be investigated from the above equafidhe phase
difference is proportional tpX ,for] | p¥ & & & which limits the badwidth.
Radial stubs are the reflective elemenggnerally used to ground a wideband RF
signal. hie input impedance of a radial stub can be approximated by a series
combination of a capacitpC andaninductor, L.However, he detailed analysisf the

radial stubs is not investigated this thesis A phase shifter is implemented on 200
um GaAs subsdte. There are important points about the fabrication of the unfolded
Lange coupler; such as, the coupling coefficient of the coupler decreases with
decrease of the frequency because of the loss of the capacitive coupling between the
fingers. Other thanhat, at a high frequencyhis coupling coefficienalsodecreases

because of the conductor loss on the coupler.

The length and the width of the conductors for the coupler are 1600 um and 14 um
respectively. The spacing between the conductors is 6 uminffdementationof the
radial stubs 3 um thick Au metal layers are electroplated. In order to switch between
the radial stubs, HPNBO38 PIN diodes from Agilent are used. Spiral inductors are
used to connect the outer arc of the stubs to the ground alsavigling aDCcurrent
path for the diodes On state inductance of the PIN diode is assumed to be 0.25 nH,
and the off state capacitance of PIN diode is assumed to be 0.0theihductance
and the parasiticsof the five turn spiral inductor 4.5 nH and 9F, frespectively.

Accounting all of the parasitic3 A @Sa LIKI & S-o @pHEca>S (lay R Tb ynce 2|
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MM®HPCS HHPpcC3I n pAfter that, Yhase dhifters drinediagaindoK A F (1 &
give the correct phase shiftalues.ThispK I & S & KA F i SN A inEgugel 2 3 NI LJ
2-3.
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Figure 23. Photograph of fabricated@@y DI 1 npec [SLKI & $
Insertion loss of one PIN diode is given to & dB, and the insertion loss of the
phase shifter is not that high in the barid.fact the losses originated from the losses
of the PIN diodesthe signal returnossand the conductoloss in the Lange coupler.

The worstcasereturn loss in the band is around 10 dB which is an acceptable value.

A significant property about the planar phase shifters (stripline or microstrip) is that
they can achievavideband performance. Coupled trangssion lines are one of the
basic building blocks to achieve wideband phase shifter performance, since couplers
themselves are wideband components. A work by Amin M. Abbosh presents a
specially implemented coupler (elliptically implemented), herfiogh a different
phase shiftef6]. In this phase shifter an elliptical shape for the coupled structure has

been chosen because of its ability to achieve an almost constant coupling factor over

16



an ultra-wideband In Figure 24 and Figure 25, the proposed phase shifter

configurationsare given

Consideringthe given configuration the coupling coefficientand the scattering
parameter equations arebtained and then the dferential phase shift is found.
Phase differencef the output signal compared to the input signal, i.e. the differential
phase shift, can be found as follows;
OETl a
Wp 6 ATrOa

% WO cO WE

where Cis the coufing coefficient, and is the effective phase constant in the
medium of the coupled structure, it is also shown that the effective phase constant
can be found by averaging the even mode phase constant and the odd mode phase
constant of the structte. To find the differential phase shift, which can be obtained
using the proposed structure, a comparison is made with a reference line. The phase

shift caused by a section of microstrip line of physical lentlis;
%o Ioa

wherel is the phase constant of the microstrip transmission line and the microstrip

(N} YEAYAZEA2Y EAYS A& | 88d2YSR (2 08 :pnKo ¢f

OET a

3% wh (0 W& ———————
Mp o AIlTOq
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(d)

Figure 24. Configuration of the proposed phase shifter (a) Top layer (b) Mid laye
Bottom layer (d) Whole structurs)].

Port 1 Port 4
Input port Open circuit

Port 2

Farkd Qutput port

Open circuit

Figure 25. Proposedphase shifter as a foyport device with two of the ports opel
circuited[6].

The substrate is the RO4003C wW&I38 relative permittivityp ny thickhess and
0.0023losstangent. In the design stage, ellimicequations are used since the patch

is designed to be elliptical. Two phase shift lite designed withvalues2 ¥ onc > | y R
n p c Bigure $6, one can find a photograph of a fabricated phase shifter.

According to the resultd, JK I 8 S & KA TG A& YSIFadz2NBR & onsp
10.6 GHzand, return loss is better tharalmost15 dB and insertion loss is better

than 0.85 dB.
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(a) (b)

Figure 26. One of the manufactured phase shifters. (a) Top lay®@rBpttom layer.
The upper part of (a) and (b) is the phase shifter, where the reference transmi
line is shown at the lower part of (8).

Another example of a phase shifter implemented with a coupled together with
parallel stubs, is presented by Eqif}. The proposed phase shifter consists offg
coupled line and parallelip open and short stubs which are shunted at the edge

points of a coupled line, asaan be seen ikigure 27.

Path 2
va * Zmr) 4 9{:

Z,.8
Path 1

Figure 27. The proposed phase shifter consists offg coupled line and parallelfy
open and short stubs [7].

The path 1 is designed using standard transmissionilittecharacteristic impedance
@ and its length is@_ plus and additional length that is required to obtain the
desired phase shiftWhile upper branchis composed of a ¢ coupled line and
parallel_¥ open and short stubs the coupled lineThus upper branch has more
dispersive phase property than a uniform transmission line inlolesr branch The

phase slope can be controlled by the specific ratio of the main impedance of the
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coupled linein the upper branchand the stub impedancewhich are connected in
parallel The device is fabricated using a soft Teflon subsithterelative permittivity
of the Teflon is 2.17 and the loss tangent is 0.0009 at 10 GHabBgating usinghe
proposed methoda satisfactory flaphaseresponsdas achieved with good return loss

and insertion loss.

The planar type phase shifters could be implemented by distributed elements,
lumped elements, or a combination of both. Althoudrstributed elements have
advantageus performances, lumped elements arés@ extensively used to decrease
chip sizeand cost. An example afise oflumped elements in phase shifters can be
aSSy Ay 8} Which iQa digita? pdse shiftetilizing three PIN diodes in a
Tee caonfiguration. One can see the proposed phase shifter circuRigure 28. Its

operationis explained in terms of lovpass and high pass filter circuits.

C G
| | |1
] 1
= 11 N =
O—— TV Kl 1 R—o0
D, D,
D,
j— )
L,
o O

Figure 28. The proposed phase shifter ciitwith three diodes.
In state A, diodes D1 are forward biased, diode D2 is reverse biased, the circuit
behaves like a constant K low pass filter while in state B, diodes D1 are reverse biased

and diode D2 is forward biased so that it approximates torstanmt K high pass filter.

In order to decrease the losses due to the filter characteristics, the cutoff frequency

of the low pass filter is chosen such that it is greater than the-hitha & FAf 0§ SND &
frequency. Also the phase change occurs betwtdencutoff frequency of the high

pass and the cutoff frequency of the lgvass circuit. To investigate the parasitics and

circuit analysis wuepth refer toFigure 29.
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Forward biased diodes are modeled as a resistaRc@R; for D1, B for D2). In the
reverse bias state, the equivalent circuit of a diode is a resistance in series with a
junction capacitance. Also, in the design it is assumed that any parasitic inductance
due to diode packaging may be lumped in with inductaricesand L2. The values of

the lumped components are calculated according to some assumptions such as the

diodes are lossless and the capacitancar@ G are small.

L, Ry Ry Ly
O—— T AN | AN\ R—0
Cp
R, =c,
L,
o )

(b)

Figure 29. Bias States of the Proposed Phaset&h{f) diodesl are forward biasec
and diode2 is reverse biased (b) diodésare reverse biased and dio@eis forward
biased.

Some meritorious workareR 2 Y S 6 §9],[10 ®n& 6f tiem is monolithic phase
shifter operating in the B GHz frequency range, in which the phase shifter topology
is highpass/lowpass with the switching elements of six GaAs FETs pg®]biAs
known the FETs are modeled as a resistor in their-ilopedance state and in the
highrimpedance state it is modeled as a combination of a resistor and a capacitor. In

Figure 210 one can see the overall circuit of the proposed phas€ A T 1 SNJ o0& ! &1l &
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The parasitics of the FET switches are included in the design to achieve improved
results. It is claimed that for monolithic circuit applications, the available switch
elements are FETs. Unlike the PIN diodes, the total capacitor sbutiten high
impedance switch state is large; to realize the switching action, this capacitance must
either be resonated or its effect must somehow be included in the design of the
impedancematching sections. It is understood that for that kind of desigms;not
normally matched to system impedance, impedamcatching circuits must be used.

For both cases the bandwidth is limited. Back to the schematic of the circuit; when
the control voltage Yis equal to zero and,\fs below the pinckoff voltage the @cuit

becomes like ifrigure 211.

Figure 210. Schematic circuit diagram of one [#.
If a suitable design is prepared, the resistive componengsdr, are negligibly small
compared with the resistive impedance in series or parallel with them, the circuit can
be further simplified to the form as shown Kigure 212. The circuit shown ifigure

2-12is the lowpass state of the phase shifter.

In the other state, that is, when,\s equal to zero and,\f's below the pinckoff, the
circuit is shown as ifrigure 213. This is further simplified to as Figure 214 as g
and r, are way too small from the reactive componentbgure 214 is like a five
element highpass state of the phase shifter as the capacitarar@ G do not affect

the shunt inductances.
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Considering the mplementation, the inductors are realized with highpedance
transmission lines since large inductor values are not needed; i.e. short line
approximation is used. A twbit phase shifter is designed and fabricated on 0.1 mm

GaAs substrate in monolithickdy @ ¢ KS LIKIF 4SS &aKATFTO oAda | NB

Cz Cz2

Figure 211. The circuit representation when state becomesid/equal to zero and,Vv
is below the pinckoff [9].

r “;J_ b l L l:F our
oL = L.
R A

Figure 212. Simplified version of the circuit in statg i equal to zero and.\is below
the pinchoff [9].

Figure 213. The circuit representation when state becomesséqual to zero and ¥V
is below the pinckoff [9].
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Figure 214. Simplified version of the circuit in state i equal to zero and;\fs below

the pinchoff [9].

There seems that a ief experiments conducted for that phase shifter. Such as; the
GSYLISNF GdzZNBE Gl NARFGAZ2Y 2F GKS AyaSNIAzy f 2:
YR yyc/ IYyR A0 A& aSSy FNBY GKS NBadzZ Ga
Mc 2 @S gk, ih& Sensitity to the gate bias is checked by varying the gate

voltage from-7 to -9 V and no change in phase or insertion loss is observed. These
experiments are done because it guarantees that fluctuations in bias voltage as it
switches back and fth between states are not translated in to phase or amplitude

noise.

By using the same topology, as kigure 210, in one of the phase shifter bits,

Schindler presented a-Bit MMIC phase shiftef11]. This phase shifter uses passive

MESFET switching elements and it islibéctional. Higkpass/lowpass filter circuits

are used in which MESFET-sifite capacitances incorporated as filter elements. A

high performance can be achieved withis broadband phase shifter. The MESFETs

used in this phase shifter arthe same as the MESFETs used in the amplifiers
operating in the same band in order to ease the work to integrate the phase shifters

with the amplifiers, 18 to 40 GHz. The phase shit G4 npc YR dnc dza S
shown inFigure 215 YR (G KS wmMync LKl &S aMgurg 210asA G dza S

described above.
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The fabrication seems to be very similar af9ina | EA YdzY NX & LKI &S5 S NN
28 GHz. The rms phase error averaged over thdQL&Hz band is T2® ¢ KS NI &
amplitude error has a maximum of 1dB at 18 GHz and 1.2 dB at 40 GHz. The rms
amplitude error averaged over the 40 GHz band is 0.97 dB. The differential phases
are predicted well; however, the insertion losses are around 7 dB wBlWhichare
sure a little bit high compared to a practical phase shifter, but use of the phase shifter
together with amplifiers decreases the importance of the losses at all. Return loss is

generally better than 10 dB with occasional peaks at some frequencéesria states.

V3 TV,
* * IBO°BIT - -
FETT FETIO
22.5°BIT 45° BIT -
RFIN -—
1 RF QUT
T H_J T_H ] H_ I

FETS

9C°BIT

FETI YFETZ FET3 FETS
A

Figure 216. The schematic circuit diagram of the febit phase shiftef10].

A S,

The other work done by Ayasli is a feait digital phase shifter which works inbband
[10]. In this work, the properties of FET switches deeply investigated depending on
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the geometry of the FETSs, doping levels, etc. The schematic circuit diagram of the
phase shifter is shown fRigure 216.

¢tKS HH®Ppc YR npc o0AGa FTNX RSaA3IySR G2
frequency bandwidth using the loaded line technique. The loads are connected
through proper matching networks with terminations as FET switches. The differential
phase shift obtained by switching the loads in two staté#en the main line is
symmetrically loaded, the insertion loss variaticarsd the input and output VSWR

are low enough Also nearly constant insertion phase obtained. This circuit is
reciprocaland passive. The dielectric used to form capacitors is a plassiated CVD

SiNs £ F @S NJ gAUK | y2YAYL fits diekdtrio tofistaatia 6.82 F p nnJ
Insertion loss is around 6 dB and differential phase shift results seem to be

satisfactory for phsedarrays.

There, also, are works done on true tirdelay phase shifters. One of them is-4@

GHz phase shifter for ultra wideband phaseday systems by Kand and Hoig).

For true timedelay phase shiftera linear phase change versus frequency is needed;

in a wideband phased array antenna, a progressive phase shift between successive
radiating elements must be a linear function of frequency in order to achieve a

frequency insensitive scan over a wide sigraidwidth.

For implementing true timelelay, there exist some technigues, among them use of
the switched delay lines is one of the easiest ways. Another one is the distributed
analog phase shifter with diodeaded transmission line. It is chosen becaaséw
insertion loss and low power consumption. This technique has been demonstrated
using Schottky junction varactors, MEMS bridges, or thin film ferroelectric barium
strontium titanate (BST) varactors. A tunable delay line consists of arhggdance
transmission line periodically loaded with voltage variable capacitors. By applying a
single bias voltage to varactors or MEMS bridges, the effective distributed
capacitance of the synthetic transmission line can be changed, which in return

changes the phse velocity, and the associated time delay through the line, as well.
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There are limiting factors for this technique; one of them is the low quality of the

varactors.

Figure 217 (a) shows a conventional varactimaded transmissin line phase shifter.

For this circuit the differential phase shift can be described as
3% C M0 8 6  where maximum and minimum capacitances are
the capacitance values that varactors could achieve. The phase coaftige ris
limited since varactor capacitance values are limited. Furthermore, the characteristic

impedance changes as the capacitance of the varactor changes.

) —andw —

This indicates that theresitradeoff between the matching performance and the

amount of phase per section.

Unlike the above discussiofjgure 217 (b) is a digital distributed phase shifter in
which the L and C values are fix@ase shift increases, byeans of the steps of the
single section phase shift, while maintaining a good matching performance as the
input signal propagates along the artificial transmission liNEximum possible

differential phase shift of n-$ections can be written as
3% ¢“'Qt pWd o

For circuit implementation, phase selection in parallel is realized by distributed active
switchesusing cascode MOSFHiKe inFigure 218. One of these MOSFETSs is used as
the fixed capacitance and ¢hother is used as the switching elemeAtvantages to

use this structure are high gain, high output resistance, and high reverse isolation.

In order to increase the bandwidth of the phase shiftarseries inductor can be
inserted betweenthe shunt peakng inductor andthe capacitive load. This is called
shunt and series peaking load, seenFigure 219 (a) (shown together with the
simplified modelFigure 219 (b)). In comparison with an ordinary shumgeaked
topology, the combination of shunt and series peaking can provide three distinct

resonance frequencies, thereby improving the bandwidth of the phase shifter. Also, it
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is better to note that the shunseries peaked load provides a relatively flainga
response over wideband frequency ranges which can be seen in the experimental

results.

(a)
RFaﬂnfE] RFM[H} RFout(n] RFout(nﬂ}

_r**ﬁvtr**ﬁvtr**ﬁ! .
o TR L L

S S B B

(b)

Figure 217. (a) The distributed analog phase shifter (b) The digital distributed p
shifter[12].

(a) (b)

Figure 219. (a) Shunt and series peaking load (b) Simplified midd|

The overall threebit phase shifter circuit has been realized a&igure 220, with the

help of theoretical approachedescribed aboveNote thata source follower is used
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as an active buffer for ideband output matching. The phase response has nearly
linear phase characteristic and the input return loss is better than 15 dB over the

band.rmsLJK I 8S SNNERNJ Aa fSaa GKIFIY ndpc YR NXA

The serieshunt configurationsof the switches are used iseveralworks. One of

them is by Kanegt. al.[13]. In this phase shifter, the FET switches are a part of phase

shifting elements. Two types of a#&uf YR dnc LIKF&aS aAREFGIEGSNI |
topology used is again higrass/lowpass topology. IfFigure 220 (a) the overall

circuit schematic is presented, Figure 220 (b) one of the states is shown where

V1=0V, V2=4V in which the cingt act like a higtpass filter as -hetwork, and in

Figure 220 (c) the other state is presented where V¥, V2= 0V in which the circuit

actlike alowlJ- & & F-hetwior®.NJ I a -

From the simulated isolation characteristics of the work by Katnal., it is shown

that the lowpass filter has better isolatiocompaed to the highpass filter since the
series connected offtate capacitance of the FET to the lumped circuit capacitance
improves this characteristic. It is a common fact that the size of the FET affect highly
the phase shifter performance in terms of im8en loss, bandwidth, and amplitude
balance, so the larger the FETs the better the performance but worse the bandwidth.
In this work, the topology is the resonated FET circuiEigure 221 the topology of

the resonated FET cuit can be seen as well as the equivalent circuit models for
different states.At the high pass state, satisfying the impedance matching condition,
the inductance and capacitance required to realize insertion pl&sat frequency

1 are equal tathe following;

VT 0A%C
5 p
1 & OB&

At the other state of the circuit the circuit is simplified to a resonated circuit.
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According to the experimental results, they seem to be inadequate. It is bdlibat

the return loss of the reference state restricts the bandwidth.

One of the MMIC phase shifter examples is introduced by Beireal. [14].
Mentioning that a lowband version between the frequency band 26 GHz of the

phase shifter is done before and the new band were chosen as 4.5 to 18 GHz. In the

low-band versionii KS LIKIF 388 aKATGOSNI KIFR | YIwiEHR YdzY LI
fSaa GUKFYy pndc R. Ay a Sbandiversfon the pase shifter NR | G A 2
KR I YFEAYdzY LKIF&S SNNBN 2F 8544 (KLY H
variation with phase state.
) ;Q ;,i-{ Hig'gnF'ass
V‘ Lg \\/: = V v1 Lz ; :C \\‘
P C C - |
\ v, 3 -
RF,, : VoW “ lme, R RF,,,
.O,.. ‘ q Q \ ,Qi
b ,‘%:
\ ‘ Ll ) Vv,
(@) Series—Shut
Series-Shut Switch
Svg\lch ®)
e e G
RF,, F - _ - RF.,,
- ; TN Low Pass
(©) Filter

Figure 220. (a) The circuit schematic of the proposed phase shifter (b) The
where V1=0V, V2=4V in which the circuit act like a higbass filter(c) The state
where V1=4V, V2= 0V in which the circuit act like a pass filterf13].
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Figure 221. (a) The scbmatic of the phase shifter using resonated FET circuit (b)
equivalent circuit of higipass filter state (c) The equivalent circuit of the referet
state[14].

The fivebit phase shifter composed of four sepéely optimized phase shifter
aSOGA2ya O2yaAiradAiAyda 2F wmyncs dpnc npcsx |y
two bits are combined to realize size and insertion loss savings over a separate bit

F LILINR | OK® ¢KS (2L12f23AS38 ®HFpcliKSSOhARY A n ¢
interdigitated quadrature couplers terminated with FET switched reflective loads. The
HHOPpcKkMMPHpcec aSOGA2Yy dziAft Al Sa GSNXYAYLFGAZY

In the operation, the input signal to the coupler splits and spéitt are incident
upon two identical terminations, signals reflected from the terminations added at the
output port of the coupler. Changes in the impedance of the reflective terminations
cause both phase and amplitude variations at the output port of ¢coepler. The
insertion loss of the phase shifter sections is minimized by making the terminations as
reflective as possible, and so as to reduce the incidental amplitude modulation of the
phase shifter sections a small amount of loss is deliberately intred in the
termination networks to equalize magnitude of the reflection coefficient of the
networks in each of their states. A -hil substrate is used to achieve ldass from

the interdigitated couplers over a two octave bandwidth. The authors testedhi®

yield of the phase shifter and the fabrication process. The insertion phases for all of
the states are nearly in the desired range and the return losses are better than 10 dB,

however, the insertion losses are not that promising.
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Another MMIC phaseshifter is introduced by Dai and Ché¢h5]. The introduced
phase shifter works in the-80 GHAand, and it carwork either in analogue or digital
Y2RS® ¢KS LIKIAS aKATU Aa dn ced toyriimideK S (2 L
effect of process variations on performance. The basic topology is a refletyfen

phase shift circuit as can be seerfFigure 222.

The phase shifter consists of a Lange bridge, switch FETS, resistors,ocgpaait

microstrip lines. For analog phase shifter response, the gate bias voltages of the FETs

are operatedin the rangeof 0.1 to 0.9 pinchoff voltage to change the phase shift
fromOci2 dncd ¢KS LIKIFIAES &AKATFTISNI Aa AeYLX SYS)
thickness ofair bridges, microstrip lines, and the bonding padsiaczeasedo 5 um

gold. Measured performances show a flat phase response, on the contrary, the

insertion loss is not that good compartmthe phase response.

RFInput/output

RFEInput/output

Figure 222. Schematic of the phase shifter proposed18).
Since the MMIC technology is preferred a lot, there are lots of works on that topic as

described above and one of those works is a-hitephaseshifter with integrated
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CMOScompatible digital interface circuitry by Simaet. al. [16]. The differential
phase shift is achieved using higass/lowpass topology, FETs are chosen as switch
elements. The digitainterface circuitry is composedf both active and passive
elements formed using the standard microwave implant. A dgplant
microwave/digital process that produces higbrformance digital circuits integrated
with microwave circuits. The duahplant process produces standard microwave

devices alongside loywinch-off (about 1 V) digital devices.

Highperformance digital circuits can be obtained, with the {pimch-off devices. The
duakimplant process also yields reduced digital circuit area over stendard

microwave process due to reduced digital device dimensions and metallization pitch.

Using this digital circuitry and without changing the RF circuitry, the similar phase
performance has been achieved with redud@@power consumption by three ties,

total circuit area reduced by 25%witching time is reduced by a factor of 5. The

phase shifter DC power consumption, completely in the digital interface circuitry, is

300 mW and the switching speed is 50 ns. The DC power consumption of the digital
interface circuitry is high and the switching speed moderately slow due to the use of
high-pinchoff, highcurrent, microwave FETSs in the digital circuitry, result of using a
standard foundry procesRMSLIK &S SNNBNJ Aa fmnc FNRY c¢ ®p
6 to 6.5 GHz. The insertion loss ranges from 10 dB at 6 GHz to a maximum of 14 dB at

18 GHz. rms amplitude error is <0.8 dB, minimum input return loss is 7.5 dB, and
minimum output return loss is 5 dB from 6 to 18 GHz. The slope in insertion loss is
mainlyRdzS G2 GKS dnc oAl GKAOK Aad TFT2N¥YSR 0
performance of this bit shows excellent amplitude tracking but about 3 dB slope in

insertion loss from 6 to 18 GHz.

One of the newest techniqein the designof a phase shifter igshe design with
artificial lefthand and righthand transmission line, however this technique seems to

be not promisingenough aseenin some of the workgresentin the literature.

Starting with an example on artificial transmission lines, a paper writiebdeet. al.

is investigated[17], to understand the theory behind the subject. A broadband
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guadrature hybrid is designed with two power dividers to split the power and the
phase difference elements as the meteterial delay lines are used conventional
guadrature hybrid is built by four transmission lines with two different characteristic
AYLISRIyOSad ¢KS NIy a Yifletedcaa? a/spetific jréddenci | @ S
implyingthat the bandwidth is limitedArchitecture ofa broadband hybrid igjivenin
Figure 223 together with the dispersion relation diagram of the metaterial
transmission line. As can be observed from the architecture, two broadbgbdd
power splittersare used to divide the power equally and two power combiners used
to collect the orthogonal phase signals through a crossover circuit at the output. The
artificial transmission line is a composite lefiht hand transmission line which is like

a bandpass filer. The zero value of the propagation constant can be controlled with

the help of the artificial line's phase slope.

A left-handedline is composed of cascading unit cells where each unitaeflists of
series capacitancanductance and shunt capacitee and inductancePropagation
constant and the impedance of the transmission line are characterized by these four
equivalent parameters and the number of unit cells used. Unlike the conventional
transmission line where the zero propagation constant oscir DC, the dispersion
curve of the CRLHL (Composite Rightft Handedlransmission Line) will cross zero

at a zero (DC) frequency as observed figigure 223 (b). Therefore, the broadband
phase difference between the two tramission lines can be realized, by designing
two dispersion curves with the same slope but different offset frequency. Phase
characteristics seem to be satisfactory in a limited bandifure 224 the complete

structure of the gqiadrature hybrid can be observed.

Another artificial transmission line based phase shifter example is introduced by
Kholodnyaket. al.[18]. Ths phase shifter topology is based on switching between a
conventionaltransmission line with positive dispersion and an artificial rretterial
transmission line having negative dispersidine artificial transmission line used as

the negativedispersionis implemented as a quakimpedelement structure using a
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multilayer technology. Since the phase shift is linearly dependenthenfrequency,

this phase shifter is also a constant tiuelay circuit.

+

ation constant —s
<

+— propag
[

bC frequency ———

Figure 223. (a) Architecture of the broadband quadrature hybrid. (b) Dispers
diagram ofthe metamaterial transmission line, CRLH[17]

‘ power
ichip capacitor Jif ~~°° combiner
I

‘port2

modified Wilkinso
power splitter

microstrip
ground

. port3

Figure 224. Complete structure of the proposed broadband feport quadrature
hybrid.[17]

The righthanded transmission line (RHTL), which is a conventional transmission line,
in which the phase and group velocities arediectional, has a positive dispersion;
the insertion phase of the RHTL is negative and the artificial version of doomein
transmission line can be formed by using a ladder network which is formed by
connecting a series inductor with a shunt capacitor. According to the principle of
duality, the transmission line with interchanged inductors and capacitors can be
consideed as a lefhanded transmission line (LHTL) characterized by a negative

dispersion with the opposite directions of phase and group velocities and the
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insertion phase of LHTL is positive. LHTL is designed as a cascaded connection of two
identical lumpedelement 'y St 62 NJ] & 6AUK bnpc LIKFaAS Ay OdzN
results prove the idea with good results; however the experimental results do not

exist for this work.

The work about the artificial transmission line by Yongzétual .[19] is the last work
to be examined in this section. Righatnded metamaterials are like the normal
transmission lines but they have naero phase constants at DC. The circuit model of

the artificial transmission line can be obsed inFigure 225.

Figure 225. Equivalent circuit mode for the ideal TL unit cell of RH NIk
By using standard Schiffman phase shifter topology amgle two transmission line

topology two phase shifter circuitare proposed as shown iRigure 226.

RHTL 3 4 RHTL
— — I e S—
1 2 1 2 1 2
— I
Coupled TL Coupled TL The novel RHMM
@ (b) ()

Figure 226. Three circuit schemes for (a) Standard Schiffman phase shifter, (b)
A: new diferential phase shifter based on the coupled TL and RH MM TL, (¢BT
new differential phase shifter using the RH MM TL and conventional REJTL

According to the simulation results, the return loss is betteain -10 dB over the

0FlyYRY (KS AyaSNIAzy f23da Aa LINPYAaAaAYy3d Sy2c
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As discussed before, phase shifters could also be implemented monolithically with
amplifiers. For instance, a 12 GHz active phase shifter witin@grated LNA is

implemented in SiGe (SilicgBermanium) proceg0].

37



CHAPTER 3

THE THEORY ON MASS NETWORK PHASE SHIFTER AND IDEAL
PHASE RESPONSES FOR VARIOUS CASES

This part of the thesis is dedicatedttwe theory on the alpass network phase shifter

which is constructed with lumped inductors, capacitors, and SPDT switches, and ideal
design results. Firstly, theory of an-péiss filter is given in detail with some additional

analysis. Then, the designethodologies of onestage, and twestage aHpass

network phase shifters, which are already introduced in the literat{2&], are
investigated. In[21], the design parametrs are given for a fothit phase shifter

design, in addition to this fothit design parameters, in this thesispit 6 MM dH pc LIKI
shift bit), and bitc O p PcHpc LIKIFIAS aKAFE o0AG0 RS&EA-S
presented. As it is already mentioned thelated work[21] has given onetage, and

two-stage design parameters. Using this topology with increased number of stages,

and introducing new design parameters, the differential phase bandwidth could be
extendedto infinity, and a generalized rule for this is introduced for the first time in

the literature in this thesis. Threstage version of this idea is introduced for an ultra

wideband (UWB), 1 to 6 GHz, fehit phase shifter design and implementation in

[22]. Finally, obtained lumped element values, and ideal phase responses for various

cases are given at the end of this part of the thesis.

3.1 Theory of an AllPass Filter Topology

Before starting the onatage topologyand its theory, a common knowledge for an

all-pass filter might be important. The two types of-péilss networks are given in
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Figure 31 and Figure 32. The network in Figure 31, can be named as glhss
network with seriesl configuration, andhe networkin Figure 32, can be named as

all-pass network with serie€ configuration.

All-pass networks are said to be matched naturally, if the followingditmm is

satisfied

) (3.1)

O c: |

where, L and C are the component values used in the all pass networks. The network
is matched with ¢ (system impedance) so that qlhss networks are matched
naturally, no further effort needed to match the network to other netwsrkA very
beneficial advantage of glass networks among the others such as high pass/low
pass phase shifter networks is acquisition of wider bandwidths. Also, cascading all

pass networks increases the bandwidth compared to lesser stage ones.

It is shownthat allpass networks can have configurations of setiem seriesC. Both
networks are unbalanced with a common ground which has an advantage over
integration with different technologies such as stripline or microstrip. Both networks,
i.e., the seried. and serie€ configurations have equivalent phase responses. Even
and odd mode analysis of the two networks leads the way to investigate the
equivalency of the phase responsesFigure 33, both series. and serie allpass
networks are shown in terms of just L and C values, in order to apply even and odd

mode analysis.

For even mode analysis; both circuits are reduced to series L and C circuit. For odd
mode; they all reduce to parallel L and C. So both have the same evede mo
reflection coefficient and odd mode reflection coefficient. Taking this into account
and using unitary property for lossless, reciprocal and symmetric two ports, we can
conclude that their § and $; are the same since they have the same reflection
codficients. To find even mode reflection coefficient, odd mode reflection coefficient,

S and $; the procedure is as follows:
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U The normalized impedance and normalized frequency are;

a — - (3.2a)
m 1]l (3.2b)
1 |}I__ (3.2¢)

U The inductance and capacitance can be written in terms of reactance and

susceptance as,
w10, 0 m (3.32)

® 1 a,0 - (3.3b)

Figure 31. All pass network with seriels configuration
C/2
| |
i

L L
o——Lwwr—r—wnL———o

——2C

L

Figure 32. All pass network with serieS configuration
L L C C

— T T —

C C L L

o 1| || oo T — TR ————0

il. Li I‘c Li

Figure 33. Series L and series C circuits respe-:ctively toyaaaven and odd modes

40



U Then the even mode reflection coefficient is as follows;

oy m P Q00 .
o n P . Q0 Q Oy P~
O O oy PO o P (3.4)
Qm P p Qaap
om P p Q0GP
where;
® m pm (3.5)

0 Odd mode eflection coefficient can be found with a similar procedure. The

corresponding § and $; are as follows;

3 3 (3.6a)
(3.6b)

oy

Y 3 3

N|IONID

U The corresponding phase response of that network is the phasg;of S
W “ OwEw (3.7)
Note that throughout this work, serie§ configuration is preferred because of several

practical advantages on seriesconfiguration. Those advantages are;

1 Eliminating the use of additional inductor elements (implemented inductors
have electrical performance less close to that of ideal elements compared to
capacitors). Hence the design time and variations are decreased.

1 Inductance values are calculated to be smaller (2L inductance is needed in
seriesL configuration;on the other had L inductance is needed for serH@s

configuration). Hence the circuit size is decreased.
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3.2 Theory of OneStage, and Twestage AHPass Network Phase Shifter
Topology

Below inFigure 24, an allpass network phase shifter with orstage is presented.
The two networks have their own transition frequencies according to their

capacitance and inductance values as follows:

1 P 08R  p 08 (3.8)
PG GKA& LRAYIZ 141S whéref NRBE RS FuhiftSis the céniér
frequency of the band of interest, and a new design parameter should be introduced;

@ 1 J1 then the insertion phases of the two circuits are as follows;

W “ coDE M pmd') andwy “ ¢co @& Mg wm so that the
differential phase is;
% G OGEMD P 0hE Mg ‘*’m (3.9)

To find the design parameter p; equdi®@to %o ¢ which is the deséd phase shift

g K Sy ¢We oenter frequency, thend is related as;

% %
6 Lowe  p Dooe (3.10)

Then we can calculate the lumped components values, i.e., inductance and

capacitance, for both combinatns of seried., and serie€ configurations as;

.~ (3.11a) T (3.11b)
_| . (I)_| .

. w . P

0 — (3.11c) 8 o (3.11d)

One can find the design parametey, valuesfor different phase shifts ifable 31.
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Table 31. Design parametety values for onestage fourbit all-pass phase shifter.

Phaseé : | HH® npc dncg myn

=|=: 1.050 | 1.104 | 1.228 | 1.618

FE f26Ay3 (GKS SEIOG &ad8SLBEs 2yS O2dzZ R OF t Odz
YR p®dcHpc LIKI abbcodiguiaton. The talcdated @edign paramdtds
values forit-5 and bit6 are given iTable3-2.

Table3-2. Design parametet values for onestage bit5, and bit6 alkpass phase
shifter.

Phasée : | MM ®H p ®dcC H

+: 1.025 | 1.012

The differential phase plots are givenRigure 35¥ 2 NJ p dcHpcX MMPHpCZ |

shift values, andFigure 36 F 2 NJ npc X dpnc < FyR mync LKIF&S &f

NE
| |
11
L, Ly
SPDT 2Ca SPDT
y 1 .

/ \
o——o ——o
Cy/2
| |
11
Ly Ly

IZCB

Figure 34. An illustration of OneStage Alpass Phase Shift bit with ser€s
configuration.
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Figure 35. Differertial phase shift plots fop ®cHpc OLIAY | fAYyS:
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Figure 36. Differential phase shift plots fopdc 60 LAY 1 f AYS0I «
(red line).

Bandwidth considerations aresal important for a phase shifter. Define bandwidth B
as] j1 where] is the upper frequency for the bandwidth ahd is the lower
frequency for the bandwidth. Then the pe#i-peak flatness3%.can be calculated

from one of the followiig equations
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3% %om W %o (3.12a)
3%0 %0 M P g %0 (3.12b)

One can observe fronTable 33 that for an octave bandwidth the pe&k-peak
flathess values are high aridis not a desirable siation. A further examination on
differential phase shifts could be of more help. The analysis is done for every phase
shift bit for different bandwidth values in terms ains phase, peako-peak flatness

(P-P Flatness), andnms phase error. The results amgiven inTable 34. One can
observe that the FP flatness is increased for the increased bandwidth. This behavior
can be foreseen because of the characteristics of the differential phase. Moreover,
the rms phase $ decreased for increasing bandwidth, and times phase error is
increased at the same time. Taking into account the specifications of a desired phase
shifter, one can achieve propems phase within the band, with proper choices of
design parameter valuesBy doing that, the results are obtained as'able 35. The
Mync LIKIFAaS aKAT(G risphadeYPIResS Bhddsphaseé &idya 2 F
h (i K S NdmphadeavBues aremproved;however, the FP flaness andms phase
errors are degraded, slightly. These degradations are very small, and in overall one
can say that the performance is improved. One can improve bandwidth
characteristics by cascading one more stage epadls filter with the previous an

This brings to a new topic, which is the theory of tstage alpass network phase

shifter.

Table 33. Peakto-peak flatness values for one stage all pass phase shifter

Phaseé j: |HH® npqgq hpng myn

B=121 | n®dd MPH HDPA mDP(

B=161 | o®dd c P MH D MH D

B=2.0:1 CPp MHDP HO P HC D
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Table 34. Differential phase shift related data for each phase shift bit using design
parameter Table 31,Table3-2), for onestage phase shifter, and various bandwidths.

Bandwidth=1.2:1

Bit rmst KI &S Pt CflFdyS{rmst KIasS 9
p®c 5.41 0.17 0.06
MMOD 11.18 0.35 0.11

HH ® 22.05 0.68 0.22

npo 44.36 1.31 0.43

R 89.09 2.21 0.72

MYy N 179.24 2.08 0.68
Bandwidth=1.6:1

Bit rmst KI &S Pt CflFdyS{rmst KIasS 9
p ®c 5.15 0.88 0.28
MMOD 10.66 1.83 0.57

HHO® 21.03 3.57 1.11

npod 42.37 6.96 2.16

g 85.62 12.16 3.76

MY N 175.72 12.57 3.83
Bandwidth=2.0:1

Bit rmst KI &S Pt CftlFdyS{rmst KIasS 9
pdc 4.87 1.58 0.51
MM P 10.07 3.27 1.04

HHO 19.88 6.40 2.04

npod 40.12 12.57 4.00

N g 81.53 22.71 7.19

MY N 170.97 26.10 8.07

Below inFigure 37; there is a twestage alpass phase shifter. For this network; the

phase response should be as the following equation;

%o cowsm —_— owew — owe(.T o
mw w

In the above equations; for each-plss filter there gist a transition frequency and
those affect the phase response. A new design parameter can be introduced at that

point named aso , and it can be defined as;

Hoo— (3.14)
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1 isthe upper transition frequency of one of the two stages andis the lower
transition frequency of one of the two stages. We definedas)f 1 and] as

M 1 according to the designs of tw&tage networks.

Table 35. Differential phase shift related data for each phase shift bit using different
design parameter values for various bandwidths, for-stege phase shifter.

Bandwidth=1.2:1

+ Bit rmst Kl agPt CfF d]mst KIasS 9
1.0125] p ®cH 5.63 0.18 0.06
1.0252] MM ®H 11.28 0.35 0.11
1.051 HH®p 22.44 0.69 0.22
1.106 npc 45.04 1.32 0.43
1.231 dbnc 89.96 2.22 0.72
1.623 MYy nc 179.97 2.07 0.67
Bandwidth=1.6:1

+ Bit rmst KIagPt CtF G rmsPik &S 9N
1.0131] p ®cH 5.62 0.97 0.30
1.0264f MM ®PH 11.23 1.92 0.60
1.054 HH®p 22.47 3.81 1.19
1.111 npc 44.94 7.34 2.28
1.242 dbnc 89.90 12.52 3.87
1.645 MYy nc 180.02 12.27 3.74
Bandwidth=2.0:1

+ Bit rmst KFayPt Cf Il 4] rmsPH aS 9N
1.0138] p ®dcH 5.61 1.82 0.58
1.028 MM®PH 11.22 3.64 1.16
1.057 HH®p 22.43 7.21 2.30
1.117 npc 44.89 13.94 4.44
1.256 dbnc 90.01 24.21 7.65
1.679 MYy n1cC 180.56 24.91 7.69

The center frequency; i.e. , definition is the same as de@d in one stage topology

as| n 1

The other design parameterp, should be; ® 1 1 1 1 . The
Faa20A1F 6SR RSaA Iyandd fNdtwo Stags hebvork are ab iddBvis
in Table 36.
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Figure 37. An illustration of aTwoStage Alpass Phase Shift bit with seri€s
configuration.

Table 36.® andw values for twestage, foutbit, alkpass phase shifter network.

Phasé : | HH® npg hng myn
+: 1.040 | 1.082 | 1.174 | 1.413
+: 1.543 | 1.549 | 1.569 | 1.667

It ismentioned earlier that bandwidth is crucial frosetypesof devices, and fathis
reason, twostage alpass etwork phase shifter bandwidth considerations are
examined. A smilar analysigsin onestage, is, also done here, for tvgtage alpass
network phase shifter for given design parameter value$ahle 36. Theresults are
provided inTable 37. The PPflatnessandrmsphase errors are increased, and at the
same time therms phase of the phase shift bits are decreased as the bandwidth is
increased. A more improved phasaifter design could be made by considering the
desired bandwidth, and the amount of allowed phase errorTéble 38, the design
parameter values are written for a dbit phase shifter design and for various
bandwidths. Note that design parameter values are provided for the first time in the
literature for various bandwidth values. Comparison Table 38 with Table 37
shows that 2:1 bandwidth could be designed almost as a constant phase with proper

choice of design parameter values. In all of the cases the differential phasesnhsve
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value at the desired value. For 3:1 bandwidth design, rthe phase values for the
phase shiftbits is very close to the desired values unlike using design parameter
values given iTable 36, also,rms phase errors are improved. HoweverPHlatness

of the phase shift bits is a little degraded. For 4:1d &1 bandwidth designs it is

clear that the latter designs have superiority against the first one. The differential
phase shifts for various bandwidth designs are provideBigure 38 ¥ 2 NJ p ®c HpcC
Figure 39 F 2 NJ ™ ™ Bigume 810 B A NJZ H HFigyrec3116F 2 (NI nFigare 1A G =

T 2 NJbitp Rigure 313 F 2 NJ My nc

oAl

between the bandwidth and differential phase shifts.

Table 37. Differential phase shift related data for daphase shift bit using design

F2NJ AffdzadNYT GA2Y

parameters (able 36), for two-stage phase shifter, and various bandwidths.

Bandwidth=2.0:1

Bit rmst KI &S Pt CflFdyS{rmst KIasS 9
HH O 22.65 1.58 0.55

npo 45.25 3.10 1.08

dnd 90.44 5.52 1.92

MYy N1 180.04 6.32 2.20
Bandwidth=3.0:1

Bit rmst KI &S Pt CflFdyS{rmst KIasS 9
HH O 22.71 1.93 0.58

npo 45.40 3.67 1.12

dn g 90.76 6.25 1.98

MY N 180.50 6.59 2.22
Bandwidth=4.0:1

Bit rmst KI &S Pt CflFdyS{rmst KIasS 9
HH O 22.08 5.34 1.41

npo 44.18 7.57 2.72

dn g 88.60 18.43 4.80

MYy N 178.01 21.66 5.49
Bandwidth=6.0:1

Bit rmst KI &S Pt CflFdyS{rmst KIasS 9
HH O 20.54 10.34 3.25

npo 41.17 20.39 6.36

dn g 82.97 38.08 11.77

MYy N1 170.10 53.87 15.85
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Table 38. Differential phase shift related data for each phase shift bit using different
design parameters' values for various bandwidths, for-stege phase shifter.

Bandwidth=2.0:1

+ + Bit | rmst K a{Pt Cf I G rmst 9
1.009 | 1.442 | p ®c H 5.62 0.11 0.04
1.018 1439 | Mmm ®H 11.26 0.20 0.07
1.036 1.434 HH D] 2251 0.45 0.13
1.073 1.437 npec 45.01 0.90 0.25
1.155 1.455 dbnc 90.01 1.58 0.43
1.372 1.556 MY N 180.01 1.69 0.46

Bandwidth=3.0:1

4 + Bit | rmst K a§Pt Cf I G rmst 9
1.010 1538 | p ®c H 5.63 0.50 0.14
1.020 1535 | MM PH 11.25 1.02 0.29
1.039 1.534 HH®| 22.50 2.05 0.57
1.081 1.537 npc 45.00 4.00 1.09
1.171 1.554 dbnc 90.00 7.01 191
1.406 1.649 MY I 180.04 7.79 2.10

Bandwidth=4.0:1

+ + Bit | rmst KIFa§Pt Cf I () rmst 9
1.011 1630 | p ®c H 5.63 0.95 0.27
1.021 1642 | Mmm PH 11.27 1.79 0.56
1.042 1.628 HH®| 22.48 3.81 1.08
1.087 1.631 npc 44.97 7.41 2.10
1.184 1.647 dbnc 89.99 13.06 3.70
1.437 1.736 MY I 180.12 14.98 4.18

Bandwidth=6.0:1

<+ + Bit | rmst KIayPt Cf I ] rmst 9
1.012 1791 | p ®dc H 5.62 1.69 0.51
1.023 1792 | Mmm ®H 11.25 3.36 1.02
1.047 1.793 HH D] 22.50 6.67 2.02
1.097 1.795 npc 45.01 13.01 3.92
1.206 1.805 dbnc 90.00 23.47 6.95
1.487 1.882 MY N 180.30 28.32 8.13

Only the equations used to compute the component values are left and those are as
follows in equation set (3.15) (please here note that the labeling of the components

are the ame for the labeling of the components used in the design).
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Figure 38. Differential phase shift plots fgqr ® ¢ H p c -stagé for bandwidths of 2::
(turquoise line), 3:1 (pink line), 4:1 (blue line), and 6:1 (red line).
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Figure 39. Differential phase shift plots for @1 p ¢ -8tdgé foribané@widths of 2::
(turquoise line), 3:1 (pink line), 4:1 (blue line), and 6:1 (red line).
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Figure 310. Differential phasehift plots forh H ® p ¢ -stadelfor hamd®idths of 2::
(turquoise line), 3:1 (pink line), 4:1 (blue line), and 6:1 (red line).
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Figure 312. Differential phase shift plots for 80 0 A-stagdifd@r Bandwidths of 2::
(turquoise line), 3:1 (pink line), 4:1 (blue line), and 6:1 (red line
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Figure 313. Differential phase shift plots for 180 6 A-stagdifa@r Bandwidths of 2::
(turquoise line), 3:1 (pink line), 4:1 (blue line), and 6:1 (red line).
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3.3 Achieving constant differential phase shift fatesiredband of frequency

As mentionedabove one cancharacterize foustage aHpass network phase shifter

introducing a new design parameter, namely. An illustration of dour-stage phase

shifter is given irFigure 314. The differential phase shift equation is given in (3.16)

for a fourstage aHpass network phase shifter. The design paramet@rs¢ , and® ,

are optimally found for various bandwidth values and listedable 39, for the first

time in literature.

The ideal differential phase characteristics can be foundrigure 315, ¥ 2 NJ HH ®pcC

phase shift bit for bandwidth values of 6:1 (turquoise line), 8:1 (pink line), 12:1 (blue

line), and 16:1 (red line); iRigure 316 ¥ 2 NJ n p c

LK a8

KATG oAl F

6:1 (turquoise line), 8:1 (pink line)2:1 (blue line), and 16:1 (red line);Rigure 317

T2NJ pnc

LK &$
(blue line), and 16:1 (red line); and finallyRigure 318 ¥ 2 NJ My nc

AKAT

oA

F2NJ o YREARGK @I f ¢

LKIFasS aK;

bandwidth values of 6:1 (turquoise line), 8:1 (pink line), 12:1 (blue line), and 16:1 (red

line). The yaxis is the differential phase shift degrees;the xaxis is the normalized

frequency in logarithmic scale. The an®are the markers added to indicate the start

andthe stop frequency of the interested band.
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Table 39. @, ®, and® values for fourstage, fourbit, alkpass network phase shifter

for various bandwidth values.

Phase -: HH®| npc| dnacl myn

Bandwidth=6.0:1

1.027 | 1.055 | 1.116 | 1.255

1.359 | 1.360 | 1.376 | 1.404

2.028 | 2.028 | 2.072 | 2.144

Bandwidth=8.0:1

1.029 | 1.059 | 1.122 | 1.273

1401 | 1403 | 1.408 | 1.445

2.152 | 2.157 | 2.175 | 2.279

Bandwidth=12.0:1

1.032 | 1.064 | 1.134 | 1.299

1.465 | 1466 | 1.472 | 1.509

2.349 | 2354 | 2378 | 2.494

Bandwidth=16.0:1

1.034 | 1.068 | 1.142 | 1.319

1.515 | 1515 | 1.522 | 1.558

2502 | 2.508 | 2.534 | 2.660
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Figure 314. The fourstage aHpass network phase shifter with component names. Only one bit is illustrated.
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Figure 318. Differential phase shift plots fary n ¢ éstage foff arthhMdths of 6::
(turquoise line), 8:1 (pink line), 12:1 (blue line), and 16:1 (red line).

Ideal differential phase related results are presented quantitativelyable 310, for

a fourbit, four-stage aHpass network phase shifter; for bandwidths of 6:1, 8:1, 12:1,
and 16:1. Thems phases are close engh to the desired phase shift values, times

phase errors are low enough to be considered as a success. However, the maximum

LIKF&aS SNNRBRNE FNB af A3KGf & KA 3fare Baublly, pnc =
acceptable for high valued phaseshikia t A1 S dnc> FyR mynco®d
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Table 310. Differential phase shift related data for each phase shift bit, for-&iage
phase shifter, and bandwidths of 6:1, 8:1, 12:1, and 16:1.

Bandwidth=6.0:1

Bit rmst K agpPt Cft1I G rmst 9
HH®] 2249 2.07 0.64
npc 44 .97 4,12 1.27
donc 90.01 7.63 2.44
MYy N 180.01 12.99 3.97
Bandwidth=8.0:1
Bit mst KIFagprPt CtF d] rmst 9
HH O 22.46 2.59 0.78
npec 44 .93 512 2.15
dnc 89.92 9.90 3.00
MY N 179.93 16.47 5.04
Bandwidth=12.0:1
Bit rmst KFagprPt CtFa] rmst 9
HH O 22.46 3.12 0.95
npc 44.94 6.17 1.88
dnc 89.92 11.80 3.63
MY N 179.98 19.60 6.24
Bandwidth=16.0:1
Bit rmst K agPt Cft1 G| rmst 9
HH O 22.42 3.70 1.06
npec 44.90 7.36 2.10
dnc 89.88 14.05 4.06
MYy N 179.97 22.78 6.96

For a complete design procedure, one should know the lumped element
formulations. The foustage alpass network phase shifter lumped element

equations are given in the equation set of (3.2Ja

con @O (3172) 6 = @a7h) 8 9P 517g)
ddH— <G| | & '

0 . 0 o]
_ @ (3.17d) __ P @1e) _S (3176
W W wj C(J)(L)(L)(Lﬂ wWwww]
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A geneal rule to obtain these lumped element formulations, and differential phase

shift have been developed. The set of rules is as follows;

i One must have stage numbers as powers of 2; such’ag’,2?, 2, and etc.
In general, the number of stagesequated to 2.

U Such that, 't " is the number of design parameter. The design parameters are
named asy."Q phcf8 &.

U Letu be the coefficients of odd numbered inductors of half of the total
number of inductors (it will be shown that one could obtain the other half by
using the below calculated inductors)(Note that the odd numbered inductors
are placed in one branch, and the even numbered inductors are placed in the

other branch.), i.e’Q photB ¢ o
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0 - 0 (3.18)

The even numbered indtors of the first half of the inductors can be

calculated easily with using the odd numbered inductors as;

b — (3.19)

The first inductor's coefficient's formula is always the same as;

0 A (3.20)

With the knowledge of the first inductor's coefficient one could obtain the
other odd numbered inductors' coefficients of the first half easily. As it is
already mentioned, from those odd numbered inductors the even numbered
ones can be found. From the finstductors coefficient, one can use equation

(3.22) to findb ,0 ,0 ,0 , and so, for large number of
0 0j & ,Q pB R cforg ¢ (3.21)

One can realize that coefficients like, 0 ,0 ,0 , and so, could not be
obtained directly from0 . To obtain coefficients like these, one can use the

coefficients obtained fronv like the following;

0 O jJ & ,a pBHQ pfor'Q p (3.22)

Third version of this equation could achieve to obtain theter inductors

coefficients as follows;
0 0 j @ G pB M pfora p (3.23)

This procedure continues as above for large number of stages. Once the odd
numbered inductors' coefficients of thérst half inductor set have been
achieved, the inductor equations for these odd numbered inductors could be

obtained from equation (3.18). Then, one should obtain the even numbered
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inductor formulations from equation (3.19) should be obtained. Now, tret f
half of the inductor equations are obtained, the other half of the inductors'
coefficients could be reached as in the following equation (3.24) using the first

half set;

0 0 & ,0 phef8 Kt (3.24)

0 The whole inductor equations are, now, complete. Using the inductors the
capacitor equations can easily be obtained by dividing the inductors tp
since the alpass filer is assumed to be naturally matched to system
impedance, as described in section 3.1 of this chapter of the theésisseries
C configuration alpass filter the series connected capacitor equation is given

in (3.25a), and the shunt connected capaciqguation is given in (3.25b).

6 5 0jcd ,Q phetB I (3.25a)

o) Focdjd ,Q pheMB I (3.25b)

U Also, after obtaining the inductor equations, one can directly write the

differential phase equation;

%o ¢ 0 WE

<3

o GE m mui. (3.26a)

3|«

0 ploBc p (3.26b)

U The differential phase shift is obtained, and to finalize the overall ideal phase
shifter design, the only item left if0 optimize the design parameter®

"Q phciB £, to achieve the desired phase shift within the desired bandwidth.
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To give an example we are going to derive the equations for sihdtge aHpass
network phase shifter. The sequence and abilitydevive the equations of inductors

is simply shown ifrigure 319.

1. The number of stages is equalgop ¢ p

2. Then the design parameter number is calculated to be 5. The design

parameters are named @, ®,®, ®, and® .

3. The coefficient of the first inductor can be found from equation (3.22). It is

simply multiplying whole of the design parametebs; 0 ® ®O ® © .
4. Fromu , according to equation (3.2D0) , 0 , and0 can be calculated (3.27a

C).

0 0jld WVWOX|® (3.27a)
0 Vi WOOWjW (3.27b)
L VjO OWWWjW (3.27c)

5. As one can obseevfrom Figure 319, thatv , 0 , and0 is not found, yet.
One could derivé from 0 ; andv ,and0 fromU as in equation (3.28a

c¢) with the help of equation (3.22).

DL V] OWWjW® (3.28a)
0 LI WON]WW (3.28b)
0 L WO (3.28¢)

6. There is, still, one inductor coefficient not resolved, whib can be found

using equation (3.23) with using as in (3.29).

0 0 jO WOjOWW (3.29)
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7. Now that the all of lefthalf odd numbered inductors' coefficients are found,
obtain the lefthalf even numberedniductors' coefficients using (3.19).

8. The righthalf inductors are easy to obtain, using (3.24).

9. Since the inductance equations are ready, one can easily reach capacitors
equations using (3.25kh)

10. Obtain the differential phase shift expression using (3-8ba

11. Optimally find the design parameter®, @, ®, @, and®, considering the

permissible errors, and bandwidth.

Using these formulations, eigistage and sixteestage, design parameters are found

and presented inTable 311, andTable 312; respectively.

Table 311. @, &, ®, and® values for eighstage, fourbit, alkpass network phase
shifter for a bandwidth of 100:1.

Phase : HH®Q npc dnc MYy n
+: 1.028 | 1.0 | 1.119 | 1.258
+ 1.550 | 1551 | 1.554 | 1.571
+: 2321 | 2310 | 2.330 | 2376
+ 5.642 | 5651 | 5694 | 50913

Table 312. &, ®, ®, ®, andw values for eightage, fousbit, alkpass network

phaseshifter for a bandwidth of 500:1.

Phase : HH®PL npc dnc MYy N
=|= : 1.023 1.046 1.097 1.203
=|= 2.002 1.978 2.013 2.012
+: 4.039 | 4.034 | 4214 | 4.221
=|= 5.737 5.759 6.080 6.096
=|= 16.580 | 16.368 | 17.714 | 17.764
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Figure 320. Ideal differential phase characteristics of eighdge aHlpass network
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Figure 321. Ideal differential phase characteristiot sixteenstage alHpass network
phase shifter (Frequency is scaled to center frequermynalized frequency ir
logarithmic scale) for a bandwidth of 500:1 (between the black vertical lines).

Using the above found design parameter values, and the fas)uhe ideal phase
shift results are presented iRigure 320, andFigure 321 for eightstage, and sixteen

stage alpass network phase shifters, respectively. The ideal differential phase shift
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related data are provided imable 313, andTable 314 for eight, and sixteerstage
all-pass network phase shifters, respectively. It can be observed from the tables that
the rmsphases are very close to thesired phase shift values, theFPphase flatness
values are in good condition. Finally, tesLJK &S SNNBNB | N5 f Saa
the phase shift bits. A generalized formula set is introduced. An example calculation
method is provided on sixteestage version. The whole equation set of lumped
elements is not providedThe formulations can be applied to any number of stages,
where the stage number is a power of 2. Thetage can also be characterized with
three design parameters. However, figeage cannot achieve the desired phase
characteristics with four design parameters. The decreasaudber of stages causes
the circuit to be unbalanced in terms of phase performance. The reason that the
three-stage can be characterized and achieve satisfagierformance is that there is
only onestage missing from fotstage and phase performances can be achieved with
higher phase errors compared to festage version. In fivetage, sixstage, and etc.

the phase performances are bad with using design pararsetpproach.

In the next section, various phase shifiédeal desigts lumped element values and

differential phase shift performances are provide

Table 313. Differential phase shift related data for each phase shift bit, fight
stage phassahifter, and bandwidth of 100:1

Bit | rmst KI & § Pt Ftl GyS$]| mst 9 6c¢
HHO® 22.47 2.47 0.64
np 4497 491 1.26
dn 89.97 9.26 2.35
MY N 179.94 14.18 3.64

Table 314. Differential phase shift relatedata for each phase shift bit, for sixteen
stage phase shifter, arfsandwidth of 500:1

13.93 2.60

Bit | rmst KI & § Pt FtldyS$§| mst 9 6c¢
HH® 22.18 1.99 0.50
np 44.66 4.34 0.79
dn 89.86 6.88 1.54

MYy N 179.88
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3.4 Achieving Satisfactory Phase @facteristics for Stage Numbers Other Than
2n-1

Similar to the twestage design procedure, threstage alpass network can also be
designed. An illustration of one of the threstage phase shift bit is given Figure 3
22.

As t is already mentioned earlier in this chapter, while increasing numbstagfesa
third design parameter " must be introduced to characterize the threstage

differential phase response as;

A i P A . DOM W
% ¢ OAl wOowM ——— OAI =z D
WWWM w WWM
A, ~ WM wWw
CAT TG om
U YY) (3.30)
OAl ——
Www M
A .~ WM wWw A -~ WM W
OAI T v T OAI v
wWw WM W WwMm
Cpy Cs Csy
{| {| {1
| L, L L, ILs Ly Ls |
SPDT _/ Ic_n II(_'“ Icm \ SPDT
Fammm —
o— 1« o— o
Cpz Cy Cs,
— {| {1 {1 —
\ | L, L, L, L, L, L | _/_
I(lzg I(fu I(:m

Figure 322. The threestage aHpass network phase shifter with component names
Only one bit is illustrated.

Thethree design parameter® , @, andw are optimized in order to give the desired

phase shift with the smallest possible phase error for a bandwidth:bf &d for

HH®pcX npcX dpncx | yR My nouddasikTableRBHathed y LI NI
related phase shifts are givenfiigure 323F 2 NJ HH ®pc O G dzNJjdz2AasS f A
nc oO6oUxzSH iRRyMy nc ONBR fAYySO®d® ¢KS RAFTTFSNE
analysis are given imable 316. The desired phase shifts are achievednrs term,

and thermsphase errors are low enough to consider the design to be sstgle
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Table 315. @, &, and® values for threestage, fourbit, alkpass network phase

shifter.
Phasé ;: | HH® npg hng myn
+ 1.034| 1.070 | 1.146 | 1.334
=|= : 1513 | 1.515| 1.526 | 1.579
+ 1542 | 1.545| 1.556 | 1.612

Differential Phase (Degree)

Mormalized Frequency

Figure 3230 S5AFTFSNBYGAFE LIKFaS AKPEG oL
00fdzS ftAYSOX | YR -stages:d bandwiBtikR f Ay S0z F2
Table 316. Differential phase shift related data for each phase shift bit, for three
stage phas shifter, and bandwidth of 6:1

Bit |aSlty tKlalFEAYdzY tKI|JwYd tKF&S$S

HH® 22.18 1.99 0.50
np 44.66 4.34 0.79
dn 89.86 6.88 1.54

MYy n 179.88 13.93 2.60

Using the optimized design parameters, and proper choice of center frequency, the

lumped element values can be calculated as giveraivle 317.
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Table 317. The equations of the lumped comportsrior threestage designit is the
system impedance.

o P N
DWW CO MO N BYAXAYAY
U T A A v v
W W] CW W W] W W W]
. W 6 ) p ® G
W W] W0 W] W0 0
. DO ® W p OO ¢
U e - T I v _
W ] W CW] W W]
. OW O W p WO ¢
U v - T T e v _
W ] W CW] W W]
0 e o] = 0 =
1 Cw] W]

However, it is already mentioned early in this chapter, like the tiatagie design, the
stage numbers other than the power of 2 has an unbalanced phase response. Five
stage degn cannot be achieved with this methodology. In order to achieve
satisfactory results for such number of stages, one can increase the degree of
freedom. Considering the center frequency of everypabs filter as a degree of
freedom, good phase performars can be achieved. There are examples of similar

kind of design methodologies in the literatuj23]-[26].

Unlike the design procedure described 2], for three-stage the degree of freedom
is assumed to be 6, since there are sipabs filters for threestage network, ,1
1 ,1 ,1 ,and] are the center frequencies of the gdass filtes, normalized to
center frequency . These normalized center frequencies are found ftit4gphase
shifter and for a 6:1 bandwidth design, and they are summarizethbie 318. The
differential phase respaes of four bits are given figure 324. Phase related data

are provided in
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Table3-19. Compared with the above presented design parameter methodology, the
rms phases a closer to the desired phases, and times phase errors are improved.
However, PP flatness is increased for all bits, which is one of the disadvantages of
this methodology. The other disadvantage can be seen in the practical design step.
The unbalanceduimped element values between the upper and lower branch cause

the circuit to have amplitude imbalance.

Table31871 7 ;1 ,1 ,1 ,and values for threestage, fousbit, allpass
network phase shifter.

Phase ;: HH®| npc| dnc| myn

o : 0.456 | 0.471 | 0.502 | 0.567
o : 0.424 | 0.407 | 0.374 | 0.298
o : 0.976 | 0.999 | 1.050 | 1.159
o : 0.926 | 0.900 | 0.854 | 0.777
o : 2.215 | 2.300 | 2.510 | 3.166
o : 2.053 | 1.975 1841 1.619

200.0-7

180,01 e e S e |

157 5 /

135.0— ’f

112,57 va

850.0—

67,57

45,0

Differential Phase (Degree)

2251

0.0 [
1E-1 1 5ED

Mormalized Frequency

Figure 3240 S5AFFSNBYOGAI T LIKIFIAS aKpEI oL Y
00fdzS tAYyS0EX YR mync ONBR f A
filters, for threestage 6:1 bandwith.
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Table 319. Differential phase shift related data for each phase shift bit, for three
stage phase shifter with optimum center frequencies of-paks filters, and
bandwidth of 6:1 .

Bit | rmst KI & §| Pt Ftlidy$]| mst 9 6c
HHO 22.50 2.35 0.43
np 44.99 4.68 0.83
N 89.99 8.40 1.48
My N 180.00 10.03 1.75

The calculation of lumped elements differs a little from the above discussed

methodology. The inductors can be found as;

v T (3.31)
1 11 31 deenterfrequency (3.32)
Q phtB ¢&; ¢dstage number (3.33

The capacitors can be calculated from equations (3126#&ny other norpower-of-2
stages can be designed with this methodology. Ttetege is given in the flowing

sub-section as an example of this methodology.

3.5 Calculated lumped element values for twpoand threestage alipass

network phase shifters, and ideal phase shift characteristics

It is already mentioned in Chapter 1, that the main purpose of thesithis to cover 1

to 6 GHz frequency band with a number of phase shifters. For that reason, the
designed phase shifters are tvapage; 1 to 2 GHz, 2 to 4 GHz, 3 to 6 GHz, and-three
stage; 1 to 6 GHz;ldit phase shifters.

To design these phase shiftem)e must start with the ideal design of phase shifters.
Following the twestage design formulations, and with a proper choice of center
frequency; the lumped element values for 1 to 2 GHz phase shifter are provided in
Table 320. Similarly the lumped element values are calculated for 2 to 4 GHz and 3 to

6 GHz, they are presentedTiable 321, andTable 322, respectively.
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For 1 to6 GHz design, one should follow the thh&tage design equations and

parameters as presented above in this section. A proper center frequency is chosen

and the calculated lumped element values are presentetiaible 323.

Table 320. Theresultant lumped element values for 1 to 2 GHz phase shifter for

HH®pcI npcX doncs FYyR mync LKFAS akKATFI
HH®pc tKIaS {KAFG . Anpc tKFaS {KATG . Ad
L=8.51 |L,=3.31 |Ls=3.58 | L,=7.87 | L,=8.89 L,=3.17 | Ls=3.71 | L,=7.60
C=1.70 | G,=0.66 | C;=0.72 | C»=1.57 | C;=1.78 | C,=0.63 | G;=0.74 | G»=1.52
G1=6.81 | G,=2.64 | C;=2.88 | C;»=6.28 | C»=7.11 | G;,=2.53 | C;=2.97 | C,,.=6.08
ponc tKFrasS {KATG . Al |mync tKFrasS {KATFTG . Al
L=9.71 | 1L=2.88 | Ls=3.97 |L=7.09 |L=1250 |L,=2.25 | Ls=4.50 | L,=6.26
C1=1.95 | G»=0.58 | G;=0.79 | G»=1.42 | Cy=2.50 | C»,=0.45 | C»=0.90 | Ci»=1.25
C1=7.82 | G»=2.30 | CG;;=8.16 | C;;=5.67 | G;=10.00 | C»=1.80 | C;4=3.60 | C;»=5.00
Table 321. The resultant lumped element valuesrf@ to 4 GHz phase shifter for
HH®pcX npcX dnc YR mync LKFaS akKAT
HH®pc tKFasS {KAFAG .Alnpc tKIFI&S {KATG . Al
L=4.26 | L,=1.66 |L=1.79 |L=3.94 |L=446 |L,=1.58 |l,=1.85 | L,=3.80
C,=0.85 | G»=0.33 | G»=0.36 | G»=0.79 | C,;=0.89 | C,=0.32 | G;;=0.37 | G;,=0.76
Cn=3.40 | G»=1.32 | Cy=1.44 | G»=3.15 | Gy=3.56 | G,=1.28 | C;=1.48 | G,;,=3.04
dbnc tKFasS {KAFG . Ad [mync tKIFasS {KAFG . Ad
L=4.89 |L=1.44 |1,=1.98 |L=355 |L=6.25 |L,=1.13 |L=2.25 |L,=3.13
C;=0.98 | C»=0.29 | G»=0.40 | G»=0.71 | Cy=1.25 | C,=0.23 | G;;=0.45 | G;;=0.63
C1=3.92 | G»=1.16 | C;=1.60 | C;=2.84 | C»y=5.00 | G;;=0.92 | C;;=1.80 | G;,=2.52

Table 322. The resultant lumped element values for 3 to 6 GHz phase shifter for

HH®pcX npcX odnc s (Indidance jnnH, capaiitarkeSin pE)K A T U
HH®pc tKFasS {KAFG . Alnpc tKIFI&S {KATFTG . Al
L=2.84 |L=110 |L=1.20 | L=2.62 |L=2.96 |L=1.06 |L=1.24 | L=2.53
C,=0.57 | C,=0.22 | G;=0.24 | C,=0.53 | C;=0.59 | C,=0.21 | G;;=0.25 | Gy,=0.50
Cu=2.27 | G»=0.88 | C;=0.95 | C,=2.10 | C»=2.37 | G,,=0.84 | C,;=0.99 | C,,=2.03
pnc tKFrasS {KAFOG . Al [mync tKIFIaS {KAFdG . Al
L=3.26 | L=0.96 | L,=1.32 | L=2.36 | L=4.17 |L=0.75 | L=150 | L,=2.09
C,=0.65 | C,=0.19 | G;;=0.26 | C,=0.47 | C,;=0.83 | C,=0.15 | G;;=0.30 | Gy,=0.42
Cu=2.61 | G»=0.77 | C;=1.06 | C,,=1.89 | C;=3.33 | G,,=0.60 | C;=1.20 | C,,=1,67

After the calculation of the lumped element values in ideal, the circuit is constructed

oAl

0 A

in ADS 2009. The switching elements are assumed to be ideal SPDTSs, since the whole

circuit, for now, is composed of ideal lumpe@mlents. Following the construction of

the circuit, the ideal simulation results are obtained. Note that the return loss, and

insertion loss results are not provided in here, because of the fact that thzasd

filters are naturally matched to system ingence and there is no resistance is used
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in the topology. The differential phase shifts for four phase shifters are givéiguime

3-25, Figure 326, Figure 327, and Figure 328; addition to those the differential
phase related data and error analysis are givefable 324, Table 325, Table 326,
andTable 327; for 1 to 2 GHz, 2 to 4 GHz, 3 to 6 GHz, and 1 to 6 GHz, respectively. In
all of the phase shifter designs, onencsay that the designs are close to the desired
phase shift values. Moreover, the phase flatness of the phase shifters is in good

condition; proved by the fact that themsphase errors are small.

Table 323. The resultant lumpedlement values for 1 to 6 GHz phase shifter for

HH®pcX npcX dncs FYR mync LKIFAS aKATO oAl

HH®pc tKIFIAS {KAFTO . A

L=1.18 |L=127 |L=286 |L4,=3.03 |Ls=6.80 |Ls&=7.35
le 0.24 C12: 0.25 C31: 0.57 C32: 0.61 C{,lz 1.36 Q,zz 1.47
G1=0.94 | G=1.02 | G1=2.29 | =242 | G=5.44 | G,=5.88
npc tKFaS {KATFG . Al
,=1.30 L=1.50 | Ls=2.95 14,=3.29 Ls=6.57 Ls=7.65
C1=0.26 | G=0.30 | G;=0.59 | Gx=0.66 | G=1.31 | G,=1.53
Gi=1.04 | Go=1.20 | G=2.36 | Gp=2.63 | G;1=5.26 | Go=6.12
onc tKFaAasS {KAFAG . Ad
L=1.22 L,=1.64 | L;=2.82 L,=3.47 Ls=6.08 Ls=8.27
C1=0.24 | G,=0.33 | GG;=0.56 | Gx=0.69 | G=1.22 | G,=1.65
G1=0.98 | G=1.31 | G=2.26 | Gp=2.78 | G1=4.86 | G5,=6.62
mync tKFasS {KAFG . Ad
LL,=0.97 L,=1.85 | Ls=2.55 4,=3.81 L5=5.33 Ls=10.39
G,=0.19 | G,=0.37 | G;=0.51 | G,=0.76 | G=1.07 | G=2.08
G1=0.78 | G=1.48 | G1=2.04 | G=3.05 | G1=4.26 | G;,=8.31
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Figure 325. Ideal differential phase characteristics of tstage, fourbit, 1 to 2 GHz
phase shifter.
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Figure 326. Ideal differential phase characteristics of tstage, fourbit, 2 to 4 GHz

phase shifter.
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Figure 327. Ideal differential phase characteristics of tstage, fourbit, 3 to 6 GHz

phase shifter.
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Figure 328. Ideal differential phase characteristics of thretage, fousbit, 1 to 6

GHz phase shifter.
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Table 324. Differential phase shift related data for each phase shift bit, for-$tage,
1to 2 GHz phase shifter.

Bit |aSlty tKlalEAYdzY tKI|JwYd tKFaS$

HH 23.35 0.96 0.53
nop 45.24 1.59 1.04
¢ N 90.01 4.72 2.35
MYy N 180.23 3.42 2.17

Table 325. Differential phase shift related datarfeach phase shift bit, for twstage,
2 to 4 GHz phase shifter.

Bit |aSlty tKlalFEAYdzY tKI|JwYd tKFaS$

HHO 22.69 1.04 0.53
np 44.50 2.22 1.16
P 90.31 3.11 1.87
My n 178.50 3.79 2.19

Table 326. Differential phase shift related data for each phase shift bit, for-stage,
3 to 6 GHz phase shifter.

Bit |aSly tK|lalEAYdzy tKF|lwYa tKI&S

HHO 23.17 1.23 0.59
np 46.21 1.81 1.00
P 90.01 3.54 1.95
MYy 179.43 3.45 2.16

Table 327. Differential phase shift related data for each phase shift bit, for three
stage, 1 to 6 GHz phase shifter.

Bit |aSly tK|lalEAYdzy tKF|JwYa tKI&S

HH ® 22.47 1.03 0.69
np 45.06 2.44 0.90
dn 90.03 4.98 1.49
MYy N 180.05 6.23 1.75

Remember that, the theories of orstage, twastage, threestage, and foustage are
provided, after introducing the theory of ghlass filter. The given design parameter
values are extended for alit phase shter design for onestage and twestage. Also,
generalized theory of how to design ideal-diss network phase shifter is given,
together with the found design parameter values for thh&tage, fourstage, eight
stage, and sixteestage, is also given fdhe first time in literature. The designed
phase shifter component values are calculated and tabulated. The ideal phase shifts

are given with additional data, and error analysis.
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As already mentioned, the basic components of this topology are capacitais
inductors. Hence, a considerable amount of time has spent on the design, fabrication,
and measurements of these components. For that reason, the next chapter is
dedicated to lumped elements, which are the critical components completing the

desired phas shifters.
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CHAPTER 4

SURFACE MICROMACHINED LUMPED ELEMENTS: SQUARE PLANAR
SPIRAL INDUCTORS (SPSIs) AND NMIESWLATORIETAL (MIM)
CAPACITORS

In the previous chapter, characteristics of anpks filter are introduced. Based on

this information, the theory of onestage, and twestage alpass network phase
shifters are introducedDifferent thanpresentedin[21]> G KS p®dcHuHpc > | YR
shift design parameters are found for ostage and twestage plase shifters.
Additional bandwidth, phase, and phase error analysis are done for various design
parameter value cases. In addition to those, a generalizegpagh network
formulization is introduced for increased number of stages with power of 2.
Furthernore, design methodology for different number of stages is given. For all of
these, bandwidth, phase, and phase error analysis are done. At the last part of the

previous chapter, the desired lumped element values are calculated and tabulated.

Remember thatthe basic building elements for the phase shifters are the lumped
inductors and capacitors. For the phase shifters to be designed with satisfactory

performances, care should be taken for the lumped elements.

The technology has the most important raledesignof the lumped elements. Our
in-house (METWMEMS) technologyoffers crucial techological opportunities
moreover with this technology we are able to realize surface micromachining

components.
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For these reasons, the phase shifters are realized vgtraf® Planar Spiral Inductors
(SPSIs), and MethisulatorMetal (MIM) capacitors. All of these lumped elements

are designed according to the technology parameters of surface micromachining.
The contents of this chapter can be summarized as follows;

M Indudors

>~

Basics

>\

Previous works from literature

>\

Design method of SPSI, designed SPSI

>\

Mitered SPSIs: a small change in the geometry, a small improvement
in Qfactor and SRF

A Fabrication and Measurement of SPSls
1 Capacitors

A Basics

A Previous works from literature

A Desgn method of MIM capacitors
4.1 |Introduction

A capacitor or an inductor is accepted as a lumped element based on the assumption
that there should not beany significanpphase shift between the input and output
ports of the component, i.e., the maximum dimeasi of the component should not

exceed_f¢ m_is the guided wavelength in the desired system.

Lumped elements are extensively usednanyapplications. Looking from a historical
perspective, lumped elements are first usegp to MHz frequency range. Adt
technological improvements, such as in Microwave Integrated Circuits (MICs), lumped
elements are extensively used for frequencies up to around 3. GHB usage
decrease the size of the circuittompared to the use oflistributed components
[27]-[31], [33]; asin constructing microwave amplifiers. The use of lumped elements

is increased with the improvements in film technologyscal[32]. With the
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advancements in integrated circuits, i.e. Monolithic Microwave Integrated Circuits
(MMICs), the RF componentshowed better performances foreven higher
frequencies [34],[35]. While advancements achieved in MICs, and MMICs, the
production technologies have, also, improved, anddsesthe application range of
the lumped component$27], [33], [36], [37]. As for todaylumped elements can be
used up to 100 GHiue toimprovements in production technofpes; such as etching
the substrate under the lumped components, patterning ground planes for microstrip

implemented lumped components, etc.

Lumped elements are extensively preferred to distributed microwave components to
decrease the size of the circuiThe main reason of this preference is the
advancements in mobile, wireless communication technologies. The advantages of
lumped elements roughly are; small size, low cost, dediwn circuit topologiesand

wider band characteristics. Although lumped elenteihave many advantages, there

are, certainly, disadvantages like; lowf&gtor, higher insertion loss, etc.

In this work, lumped elements are designed to construct tiverall phase shifter

circuits, kecause of the following reasons;

U Octaveband and ulta wideband (UWB) phase shifters are to be constructed.

U Wellknown performances, and webiredicted parasitics of the lumped
elements give us a chance to tune the circuit to a desired performance level
[40] compareal to COTS implementatiofél].

U Since the lower frequency is as low as 1 GHz, use of distributed components

requires a considerable amount of space. Hence cost would be increased.

In the next subsection, inductos basics are presentedsome previous works
presented in literatureare examinegddesign method of square planar spiral inductors
is explained and fabrication of the designed inductors and the measuremests

presented
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4.2 Square Planar Spiral InductorsRSIs): Design, Fabrication and

Measurements

It is already mentioned that basic building blocks of the designed phase shifters are
square planar spiral inductors and meiasulatormetal capacitors. Understanding
and designing of MIM capacitors are eadiean the SPSIs. For that reason, before
fully fabricating the phase shifters, SPSIs with various diameters, turn numbers, trace

widths, and spacings are designed, fabricated and measured.

In the following suksections basics of inductors, some previoughkgopresented in

literature, design procedure of SPSiIs, fabrication, and measurements are presented.

4.2 .1 Inductor Basics

Inductor is ideally defined &&a conductor arranged in an appropriate shape to supply
a certain amount of sefhductance"[38]. Microwave and millimetewave inductors
have several different geometrical shapes; such as, planar inductors, -kingle
inductors, single or multiple wire bonds, chip inductors, etc. For all these forms of

inductors a common inductance formula can be given for perfect conductors;

b ? O & 4.1)

where) is the current through the conductoiQis the magnetic field. This inductance
formula is also known as the séfiductance. The stored magnetic energy can be
expressed using the inductance and the current throaghductor;

o 9 4.2)
C

The mutual inductance is one of the most important parameters for a system of at
least two current carrying conductors in proximity. As a matter of fact, when the two
currents flow in the same direction the mutual irctance has positive sign, i.e.,
additive, and when the two currents flow in the opposite direction the mutual
inductance has negative sign, i.e., destructive. The mutual inductance formulae can

be given a$27];
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(4.3)

C
0 is defined as the total inductance of the two conductors when the currents flow in
the same direction0 is defined as the total inductance of the two conductors when

the currents flow in the opposite direction.

Then the total inductance can be written §27];

0 0 0U;currentsin the same direction (4.4a)
0 0 0;currentsin the opposite direction (4.4b)

This formula is critical to understand the total indlarcce concept of a number of
turns planar spiral inductorssince there are multiple conductors the vicinity of
each otherform a system with currents flow in the same direction and at the same

time in the opposite direction.

Another critical parameteabout the inductors is the qualifactor, which gives an
idea about the loss, seriemmsitic resistance, inductancetc., about the component

of the concern. The qualifactor affects many circuits; such as the phase noise of an
oscillator(proportional to the relationpf0 ), the power consumption of an oscillator
or an amplifier, or the loss of a matching network, filter, and etc., or the noise figure
of a system with the relatiop¥0, and the gain of an amplifier with the proportian

[39]. Hereby, one can understand the importance of the qudhistor of the passives
like inductors.There are several €actor definitions for inductors in literature. The

very basic one is like in the following equation;

1w

where & is the stored energy in the inductor, and is the dissipated power in the
inductor [27]. On the other hand, the conventional definition of the-f&tor

(effective Q-factor) is related to the impedance seen from porf2l7], [39], [42] as in

the following equations;
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' - 4.6a
VY@ (4.62)
. oL
( = 4.6b
0 VER (4.6b)

The complex impedance representation can also be used. But for the sake of
simplicity during the design procedure of the phase shifters, related to the employed
computer aided programs,-fgarameter rgresentation is assumed. For that reason,

the quality factor representation can be modified as in (4.7), assuming that the

inductor's port 2 (output port) is short circuited to grourj89].

5 ¢OaY s
p SYS

As mentioned before, qualitfactor is a measure of many things. From the quality

4.7)

factor, one can also find the seksonant frequency of an inductor. The frequency at
which the qualityfactor is zero according to (4.7) is the fisgllfresonant frequency
of the inductor.The sameselfresonantfrequency can be obtaineds the inductive
reactance is equal to the capacitive reactance at a specific frequentye olarity

of phase of § changes sign

Selfresonant frequency is anber critical parameter that a designer must be aware
of. For instance, one cannot construct a wideband circuit with inductors which has
selfresonance frequencies within the operational band. After the resonance

frequency, the inductor behaves like a capaic

There are many properties of inductors other than the above mentioned ones. For
example, maximum current rating, maximum power handling, temperature range of
operation, and etc. Such properties may be crucial. However, these properties are not

invesigated deeply in here.

In the next chapter, a literature review on surface micromachined lumped
components is given. The importance of highlumped inductors is discussed for

different applications.
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4.2 .2 Literature Review on Surface Micromachined Inductors

Microwave and RF inductors have been extensively studied over several decades; still
there areimprovements on surface micromachined inductors. The main objective of

these works is to improve the qualifgctor, and SRF.

There are plenty of methods to fulfthe duty of improvement of inductorgt3]-[70].

In a generaapproachthe methods can be summarized as follows;

U Using insulating substrates instead of semiconductor, hagh resistivity
substrates, to decrease the loss due to the substrate.

U Etching the substrate underneath the inductors to decrease the loss due to
the substrate and to decrease the shunt parasitic capacitances of the
inductors.

U Using thick metallization Yeer to decrease the metal losses.

U Using thick polyimide (around Im), or any other lowK, lowloss dielectrics
to form a substrate thinner than the commercially used substrates, and to
decrease the shunt parasitics.

U Applying passivation under the struces, and above the higresistivity
silicon substrate§34], [85].

Some works use one of the above, or some works use a combination of two or three

methods to increase thquality-factor and SRF of the inductors.

Quality-factor and SRF improvements by changing or adding a new step in the process
must have the characteristics of compatibility with the existing most used processes,
and not increasing the cost of fabricatiormrEhat reason, passivation methodology is
used. In[84], the passivation is formed between the highsistivity silicon substrate

and silicon dioxide layer with introducing Ar ions. This is done to reduce the
accunulation of the charges in the substrate and in the layer between the substrate
and oxide layer, wikh is caused by the conductivity the substrate Conductivityof

the highresistivity silicon substrate affects the performances of the inductors and

capaitors. Implanting Ar ions between the oxide and substrate traps the charges in
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the upper layer, and hence passives like capacitors and indudtave improved
performances. Anotherpassivation approach is introducing a polysilicon layer

between the substite and oxidd85].

In [43], a process compatible with standard silicon IC processes is done using thick
polyimide and thick metallization. The main aim of this work is aithieve
performances comparable with GaAs MMIC fabricated components. For the same
reason, not only planar inductors are produced, but also transmission lines. The
measured transmission lines have insertion losses around 0.2 dB for CPW, and 0.3 dB
for microstrip at 4 GHz. The fabricated and measured sample inductor has an
inductance of around 10 nH with SRF at 6 GHz, and qgéedityr equal to 5.5 at 1.2

GHz. A passivation layer is formed onto a high resistivity substrfdd]irFabrication
technology is a higepeed complementary bipolar process. The passivation layer is
12xY { Dhb¥E 3Ny,/and1l.5x Y {having the advantages of reducing the
substrate losses and parasitic capacitance of the inductosa, Ahick metallization

with gold is used. Achieved qualitgctor of inductors is around 12. To prove the use

of fabricated inductor, a higpass filter anda singlebalanced mixeare produced. As

the technology improves, application frequenciapproachto 100 GHz. In45],

planar and 3D inductors are fabricated onlison by shrinking the inductaareas as

low as around 5k Y BO0XY GAUGK YyINNRg (NI} OS sARGKEA
values around pH levels afabricated with thismethod and it is proven that the SRF

of the inductors are beyond 100 GHz. To further prove the concept millinvedse

mixer and VCO are produced and measured for 60 GHz and 77 GHz which are the

WLAN and automotive radar frequency loksn

Anotherapproachfor the planar inductorss patterning the groung46]. The parasitic
resistances and capacitances are decreased with patterned ground of the microstrip
inductors. Hence the qualifactor isimproved with SRF. Using the patterned ground
shield method and a new etching method of substrate, i.e., backside inductively
coupledplasma (ICP) deepench [47], four different inductor versions are

compared. Th versions of these inductors are the standard inductor, ICP etched
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inductor, patterned ground shield inductor, and ICP etched patterned ground shield
inductor. ICP etched inductor is chosen as an appropriate method, considering the
compatibility to a stadard RFIC process and the performance of the inductors. Using
the same ICP process, millimetgave applications of inductors can also be

accomplished48].

All of the above mentioned works have novelties in fedtibn processes.
Improvement can also be done by optimizing the layout of the induté}. In the
mentioned work, inductors with constant trace widths, and variable width inductor
are compared in term of qualitfactor. It is seen that the optimized various width
inductor have superiority to other constant value trace width inductors in term of

guality-factor. The optimized layout can be seerfigure 41.

Figure 41. Optimized layout of a 20 nH induct@i9].

A common method in a general manner is to suspend the inductors to improve-the Q

factor and SRF. However, the method of suspension differs for fabricaglated
parameters, design, etc. [p0], the traces of spiral inductors are first formed with
polysiliconand cavity under inductors are formed with a height of 8 ® CAY I f f e X
order to decrease the resistiveds Cu is plated. Inner surfaces of the cavity also Cu

plated, thus, a good RF ground is formed underneath the inductor. This metallization

of the cavity, also, helps to decrease the crosstalk between two adjacent inductors.
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HighQ (around 30 is achieved wh a SRF of higher than 10 GHz. A fabricated
example is given ifrigure 42. The suspended inductors can be formed with many
techniques. As already mentioned the most common method is etching the substrate
underneath the inductors. While doing this, one should care the fabrication costs,
too. For example if51], a maskless front side micromachining procedure is applied.
This method ensures that all of the traces are sefmyasuspended, which decreases

the inter-turn capacitances and hence increase théaQor and SRF.

Figure 42. SEM image of a suspended indudte).

A different method for a symended inductor is exemplified i®2]. In this work, the
inductors are suspended with-Shape pillars with a height of 6& Y® a 9 a {
technology is used to fabricate the inductors. The maximum qutdior is
measued to be 37 for a 4.2 nH inductance. The fabricated sample can be observed

from Figure 43.

Another suspended inductor version is described58|; with a different integration

technique named as glass micro bump bonding.

The suspended inductor method can be applied to different technologies, such as
LTCQ54], [55]; the airgap underneath the inductor i®rmed with use of several
LTCC layers (actually LTCC technology allows multilayer combinations, so that, vias,

packaging and etc. are easy to produce).

In [56], the inductors are suspended 10@&m above the subsate. CMOS

micromachining is used. Proposed process helps to remove the sidewall oxides, and
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hence the intesturn capacitances are decreased. Moreover, etching the silicon
underneath the inductor helps to decrease the shunt parasitic capacitances. As a fact

the quality-factor and SRF are improved.

Figure 43. SEM image of a suspended inductor witkhape pillar (zoomed in versic
on the righ) [52].

To decrease the substrate lossasd parasitic capacitances to the ground, not only

the inductors but also the capacitors or the transmission lines can be suspgbided

The examples of suspended inductor and capacitors ffofhare given inFigure 44.

Large spiral inductors such as 100 nH can also be suspended. This is proved by Chang

et.al,; the inductor is implemented in a CMOS RF ampli&8}.

a3 9u agon!

D ed daaaaa

(@) (b)
Figure 44. Photographs of (a) suspended inductor, and (b) capal&igr
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In [59], it is shown thé& inductors are suspended on a thin dielectric membrane.
Inductors with inductances 1.2 nH, and 1.7 nH had SRFs of 22 GHz and 17 GHz
respectively. With the proposed method the SRFsiamproved to 70 GHz, and 50
GHzrespectively. The membrane is formedwsiQ, SiN,4, and again SO

The compatibility of the etching processes with the standard process flow is also an
important fact. Nowadays, SiGe BICMOS processes are extensively used. Thus,
adaptation of the suspended inductors is also investigated@e BiCMOS area. Back
side etched highQ inductors and etc. are investigated[80], [61]. Qualityfactor of

in the order of 30 is achieved with this etching processGe3BiICMOS.

A different approach to increase the qualfigctor of the inductors is the self
assembly[62], [63]. In[62], the metdlization Cu is fabricated with solder pads. When
the wafer is heated, the solder pads on metallization melts and the tension force on

the Cu base metal rotates the structure as showRigure 45.

— il

Figure 45. SEM image of a sedffsembled inductoj62)].
On the other hand, if63], the inductors are designed and fabricated such that after

releasing pocedure the inductors sedissembled away from the substrate. Variable
and fixed inductors are achieved. The examples are givelrigare 46. In [64],
sacrificial layer ffers from others, i.e., nickel is used as sacrificial layer to increase
the height of the inductor from substrate. 30n air gap is reached, and the metal is

thick 10xm copper.
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Other than planar spiral inductors, cd5], and solenoid66]-[69], inductors can also
be fabricated with @ surface micromachining technolodyioreover, an application

of a solenoid inductor can bexamined in70].

(@) (b)

Figure 46. Photographs of (a) sedissembled variable inductor, and (b) se
assembled fixed induct¢63].

4.2 .3 Design Procedure for Square Planar Spiral Inductors

In-house MEMS process is used for implementation of the phase shifters, and hence
for the square planar spiral inductors. Since there are no moving parts, the process is
named as surface micromachining. fine design of these components, a thick
electroplating is assumed to decrease the metal losses, as a result, the daetdy

of the inductors are increased (and at the same time SRF of the inductors). In the
previous chapter, the phase shifters are dgsd with ideal lumped elements.
However, in reality, the lumped elements are not ideal and they have parasitics
related to the substrate losses, shunt capacitances to ground, metal losses, eddy

current losses, and etc. These parasitics affect the perfooaaf the phase shifters.
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The designed inductors are modeled with an equivalent lumped circuit, to fully
understand the behavior along the frequency band of interest, with the knowledge of
the aforementioned parasitic effects and the achieved inductaradaes. This type of
study is crucial to achieve a satisfactory performance of practical design of phase

shifters.

For these reasons, the design of surface micromachined square planar spiral inductors

is the most important step achieving the final phatefter design.

Lumped inductor design has, also, its importance for the other applications. To
predict the inductance of the specific inductor geometry before its manufacturing is a
critical knowledge. The inductance formulas for circular and square eods
presented by Wheelef71]. Planar spiral inductors have gained importance with the
advancements in fabrication technologies such as GaAs MMIC, CMOS, and etc.
Mutual inductance approach and several formulas presented by Greenhouse for
microelectronic inductor$72]. However, these formulations are not always valid for
all type of the inductors. Moreover, when the formulas are given for the specific type
of inductor the error is around 10% for the measured and predicted values. A most
common way is the optimization of the inductors with some iterative analysis of with
electromagnetic simulations. If73], electromagnetic analys for planar inductors
(square or polygon) and transformers is done, and equivalent models are extracted.
Moreover, a custom design tool done by the authors is described for these structures

named as ASIT[T5].

A starting point to design planar spiral inductors is needad74]; there are three
approximating formulas about planar spiral inductances for fypes of topologies
namely square, circular, octagonal and &ganal. From those four topologies the
square planar spiral inductor (SPSI) topology has been picked up because of ease on
computations, manufacturing and etc. One can see the square topology in the

following Figure 47.

From theapproximated formulas, the design started with modified Wheeler formula

with the equation;
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b 0 : (4.8)

where'Q and” . £ is the turn number.0 ® ¢ ® are the

layout dependent parameters and they are 2.2475 respectively for square planar

spiral inductor.

First of all, an example was chosen as 1.44 nH inductance, which belongs to 2 to 4

DI'T LKIFaS aKAFAOSNI dnc LIKIFaS -seétionFofithed A G 0 L.
previous chapter). Before startinge design some parameters have been fixed, such

as the turn number, the width of the trace of the inductor and the gap between the

two inductor turn base metals. The turn number is fixed on 1.75. It is decided on that

turn number value from previous workdone by the group[78]-[79], since it is

enough for 1.44 nH inductance values. In the beginning the trace width is fixed on 50

KYZ FYR GKS 31 L) 0S¢SR Alyp2mp 86 &FSyid3 aa
encounter the process variations on etching the gold. The gap and trace width

variations are also investigated and presented later in this chapter.

First of all, a parametric model has been drawn in HF8JS for 1.75 turn square
planar spiral indator. It can be observed iRigure 48. Note that there is no air bridge
and second metallization, so in order to connect the open ends of the inductor a torus
dzZASR | da GANB o02yRAY3I 6A0GK | RAFYSGSNI 2F |
fabrication, because of the following reasons;
U To decrease the masks needed for the fabrication, to decrease the complexity
of the fabrication, and to decrease the cost of tladfication.
U To decrease the possible series parasitic resistance caused from-unidair
bridges on the inductor. Hence the qualiigctor of the inductorgs increased

and SRFs are increased.

91



Wire Bond

) A

Qo
IO
=

S| e—>

Q -

o d in

5 —

S w_line (WL ¥

e X
| feed T w_feed

Figure 47. lllustration ofsquare planar spiral inductor with geometrical paramete
and wire bond.

From the modified Wheeler formula with the fixed turn number, trace width, and
gap;initially found Q @I £ dzS 6l a non XxY® {AYdzZ A2y &I
the feed lines are a bitlongg nn xY® LG A& R2yS Ay 2NRSIH
evanescent modes excited on microstrip line. After the simulations is done with the

KSf LI -8@¥0 8RS yTRYFOUAH { = GKS FTSSR ftAYyS NBRdAzZO
AAYdzZ F SR AYyRdzOG2NR KI @S 02YY2y FTSSR ftAyS
KYZ NBaLSOuA@Steo

The substrate for this design procedure is assumed as alumina-withef, and

with dielectricloss equal to 0.001. The thickness of the substrate is®¥0d C2 NJ 0 2 i K
ground plane and base metallization, gold is assumed with conducfivityg p Tt

Simand XY UGKAO|lySaaod

After the EM simulations are done, the matrix data cpadameters has been
exported as Touchstone file. This is done to extract lumped equivalent model

parameters for the inductors. To decide on lumped equivalent circuit is a series
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action. One must consider that the circuit shall not be too complex, for understanding
and consi@rations on design time. On the other hand, the equivalent circuit should
match the EM simulation data with a minimized error between the EM simulated S

parameters and extracted modelfarameters.

Figure 48. 1.75 turn squee planar spiral inductor drawn parametrically in 3D |
simulatgr HF857,6] (the sub§trate i§ chosgn as alumina, and the metal is chose
32fR sAGK F GKAOlYySaa m xYOo

There are several equivalent models preshtin the literature. In general, the
equivalent circuit models are presented for silicon substrd@@-[83]. A general
equivalent circuit for planar spiral inductors ailicon is illustrated irFigure 49. Lg
represents the total inductance of planar spiral inductorsisRhe loss due to metals,
or in some cases the radiation loss is included in hefeef@esents the inteturn
capacitance. & is the capacitance due to the oxide layer underneath the inductor,
and above the silicon substrate; & the capacitance to the ground caused by the
dielectric property of the silicon substrate. Finally,i®Rthe substrate loss du® the

low resistivity of the silicon. Since the used substrates for our cases are either alumina

or quartz, onedoesnot need,;

U Oxide capacitance, since there is no oxide used underneath the inductors for

alumina or quartz substrates.
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U Substrate loss, sinadumina or quartz are very looss substrates compared

to silicon.

One can model the planar spiral inductors for #requency applications, such as 1 to

6 GHz, with dwhich is total inductance of the structures ®hich is the losses due to
metallizaton and/or radiation, gwhich is the intesturn capacitance, and finally with

G which is the shunt capacitance to ground due to the substrate permittivity.
According to this knowledge, the final lumped equivalent model used for this study is

constructedas inFigure 410.

Using this circuit, optimization is done in APS] to match the EM simulated-S
parameters and lumped equivalent modep&ameters. EM simulation and lumped
equivalent model Sparameters are given ifigure 411. Note that optimization is
done within the band 1 to 6 GHz, since it is the band of interest. Red lines represent
the EM simulation, and blue lines represent the lurdguivalent model results. The
model matches well with the EM simulation, which means that the used circuit

accurately models the square planar spiral inductors.

Ls Ry
o F—ANN o

Figure 49. Lumped equivalent circuit for planar spiral intlus on silicon.
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Figure 410. Lumped equivalent circuit for planar spiral inductors on aluming
quartz.

The extracted model parameters are=1.768 nH, 99.22x1(f3 pF, B=0.875K, and
C~=67.9 fFlt is obvious thathe result does not match the desired inductance value,
which is 1.44 nH. So that a modification on modified wheeler formulation is done,

such that;

o
c

From the results the included new parameteri& found to be 0.32496x10 Then a

new iteration has done on the new modified wheeler formulation. The resultant
2dz6SNJ RAFYSGUSNI Aad F2dzyR G2 06S oyp xYod ¢K
above. The resultant lumped equivalent model parameters dee1436 nH,
G,=2.3x10" pF, R=0.825K, and G=58 fF The model and EM simulations seem to be

fitted well enough and the desired inductance value has been reached very closely.

With the new obtained modified Weeler formulation as mentioned above, an outer

diameter value has been obtainedNd m @y V' I LI Iy N &LIANI £ AYF
Replacing the new outer diameter value in HFSS to obtain EM simulation results has

been done. After that the optimization is done in ADS and the resultant comparison

graphs are given ifigure 412. The resultant lumped equivalent model parameters

are; Ls=1.981 nH, £8.9x10" pF, R=0.909K, and G=74 fF. The desired inductance

value is achieved in the first trial after the design of previous inductor.
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However, this could not be the case alwayhen the modified Wheeler formulation
with the additional constant does not give the desireductance valueteration on
outer diameter value could achieve this, or a new iteration enwith a basic

calculation on modified Wheeler formulation.

On the other hand, the 1.75 turn planar spiral inductor could not achieve the desired
inductance valus when they are large, within an appropriate size, and without a self
resonantfrequency within the desired band. To achieve the desired inductance
values for those inductors 2.75 turn, 3.75 turn, or even 4.75 turn planar spiral
inductor could be used. Theame design procedure was applied on 2.75 turn PSls as
for the above described inductors. An example geometrical illustration is given in
Figure 413. Any further investigation is not needed here, since the 2.75 turn PSls are
desred to be avoided in terms of series parasitic resistance values. For the same
inductance value the 1.75 turn PSI can achieve less series parasitic resistance. On the
contrary, for some inductance values such as in the 1 to 2 GHz phase shifter (for the
inductance values one can refer to previatisapteror the further chapter about the

design of 1 to 2 GHz phase shifter in this report) 2.75 turn PSls are needed.
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Figure 411. Sparameters comparison between thevVEsimulation (red lines) an
lumped equivalent model (blue lines) for 1.44 nH inductance with outer diamet:
434« Y, (a) Return loss {eft axis) and insertion loss-fight axis), (b) Transmissic

phase
The effect of trace width and spacing valuesowld be investigated for each

inductors, since forach variationparasitics are different, and hence, the quality
factors of the inductors. Moreover, this will help to choose the appropriate variation
for a specific inductor, for lovoss, and flat phaseesponse phase shifters. In the next

sub-section the trace width variation and spacing variation are investigated.
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Figure 413. 2.75 turn square planar spiral inductor drawn garetrically in 3D EMN
simulator HFS§6] (the substrate is chosen as alumina, and the metal is chose
32t R gAGK  GKAOlYyS&aa 1 xYOoo

4.2 .4 The Effect of Trace Width and Spacing Variations

In this work, various trace dih values together with various spacing for 1.75 turn

planar spiral inductor of 1.44 nH inductance values EM simulation and optimization
F2NJ Y2RSE FAGOAY3 A&a R2ySd® ¢KS (NFX OS ARG
XKYZ mMnn xYZX | yR KvuanLd kO yi2 IHGEKISSNE ¢2AF0 mn kY I
Ad o0SGGSNI G2 NBYSYOSN) dKIFd GKS AyAluALf RS
GAGK aLI OAy3d 2F wmp xYI &2 GKIG Ay GKAE& LI
G§23SGKSNI 6A 0K &Ll Okegidn. FHe othentrace Width walRes wilh  x Y |
0S IAAGBSY GAGK &L} OAy3a @GlftdzSa 2F mMn XYI wmp
In Table 41, the parasitics values obtained for 1.44 nH planar spiral inductors for

various width and spacing values after opization are given. Corresponding

comments will be given afterwards. The parallel connected parasitic capacitor values

are not given in the table, since the values are very low. Addition to that, the S

parameters comparison graphs are not given, they vadravell fitted.

As it can be observed froable 41, obviously, the less the trace width values the
KAIKSNI GKS f2aao !'faz2s GKS 2LIAYdzy &aLd OA

inductance value. However, it may change for oth@rse other spacing values may
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be due to eddy current losses and respectively increased line length conductor losses.
For the desired inductance values it is possible to pick having less loss and nearly
equal to the desired inductance values for a diffgrérace width and spacing. It is
better to note that the feed lines are not changed during this procedure they were
FAESR 4 pn xYo

Among those variations the most appropriate one should be picked for a desired
inductance value. The effect of the metdaliion thickness is another critical
parameter that affects the metallization loss, and it can be more understood in the

next subsection, in which the process variations are concerned.

For a stable design, one should, also, consider the process variakongxample

GKEFEG Aff KFLWSY ¢6KSy (KS (KAOlySaa 2F GK
KYSZ 2N GKS aLI OAy3 GFENARFGA2YAT F2N SEIl YLIX
GKS LINRPOS&aa AlG O2ddZ R O2YS 2dzi suBsedidh, mT XY

the possible process variations cases are examined and presented.
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Table 41. The whole 1.44 nH inductance designs with trace width, spacing, outer
diameter, found inductance, and found parasitics values.

Wine 6 M) | { LI OA Y| Doue 6 X Y Ls(nH) | R (0hm) | Gun (F)
40 10 338 | 1.432| 0.877 | 49
40 15 347 | 1.437| 0917 | 51
40 20 357 | 1.452| 0903 | 53
50 10 375 | 1.429| 0823 | 57
50 20 393 | 1.444| 0833 | 60
60 10 412 | 1.438| 0.803 | 64
60 15 420 | 144 | 0775 | 66
60 20 429 | 1.45 | 0.794 | 68
80 10 480 | 1.441| 0777 | 80
80 15 489 | 1.443| 0.765 | 82
80 20 497 | 1.454| 0727 | 84
100 10 546 | 144 | 0764 | 97
100 15 555 | 1.458 | 0.711 | 99
100 20 563 | 1.473| 0.727 | 101
120 10 610 | 1.448| 0.747 | 115
120 15 618 | 1.466| 0.697 | 117
120 20 626 | 1.475| 0.723 | 119

4.2 .5 Process Viaations Considerations

Process variation case is investigated for the designed planar spiral inductor of 1.44
YI AYRdZOUGlIyOSd® ¢KS 9a aAyvydzZ SR AyRdzO02 N&
AL OAYy3a 2F mp XxY®P ¢KS LINE O&#hainvestigitortoi A 2y Ol
the conduction losses by solving inside the metallization of the inductors in HFSS,
which shows us that, the real loss of the inductors. Remember that the thickness is
aStSOGSR a m xYP ¢KS GKAO] VYol a2 T arirdzrS RR dzS

the process which is not the edge values, but it is simulated in order to give an idea
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about the changes in the inductor due to metal thickness. The etching of the

YSOGFTEtATFOGAZ2Y OFaS Aa | aadzySR deadsasSo Ay (o
Mo XY aLl OAy3a @lLfdzS YR pH xY fAYyS GARI
YSGFEEttEATIGA2Y Aada SGOKSR M xY Y2NB (GKIFy (K¢
GAROK YR MT XY &L} OAYy3a @ltdsSaod ! ff L2 a

consicered.

The outer diameter is fixed far KS ma®nn Yyl AYRdzZOG2NE A PSPPI o
YSGFEEEATIGAZ2Y f1F@88SNJ Aa O2y&a8ARSNBR Ay (KNB
AL OAy3a @I tdz2Sa INBE Mo XxYXI Mp XKYZI mdkKAOK A&
overSGOKSR OFaSe® C2NJ 0K2aS aLl OAy3 @I tdzSa
pn XY FYR ny xY® ¢KS fdzYLJSR SljdaA @t Syda
these 9 cases, and they are presentedTable 42 together with the geometrical

variation data.

Table 42. The whole process variation case for 1.44 nH inductance with trace width,
spacing, thickness, found inductance, and found parasitics values.

Wine0 XK Y] { LI OA Y| ¢ KA O1 Y S| L(nH) | R(ohm) | G (iF)
48 17 0.8 1.449 | 2.576 58
48 17 1 1.446 | 2.22 58
48 17 1.2 1.449 | 1.932 58
50 15 0.8 1.428 | 2.416 58
50 15 1 142 | 2.124 58
50 15 1.2 1.422 | 1.868 58
52 13 0.8 1.395 | 2.35 58
52 13 1 1.393 | 2.122 59
52 13 1.2 1.418 | 1.696 57
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Fram Table 42, it is seen that the 1.44 nH, 1.75 turn planar spiral inductor is not
affected so much from the line width variations and spacing variations in the sense of
shunt parasitic capacitance and series pdiasiapacitance. However, the inductance

value differs very little, which does not affect the responses much.

On the other hand, the series parasitic resistance differs much. In order to understand

the changes one should refer to the skin depth issue whigg a major role in the

conductor loss mechanisni88]. Skin and proximity effects have a huge impact on
microwave circuits, and modeling them is another is$86], [87], which is not

examined in the scope of this thesis. At 1 GiHe skin depth for gold is around 2.5

XKY® C2N) GKIFdG NBrazy S@gSy | atA3akKa OKIFy3
significantly changes the series reaixe values. It is better to note here that the

thickness should be increased in order to get rid of the high values of series

resistance, and hence the losses in the SPSiIs.

The optimum metallization thickness should be around 2 times the skin deptk valu

Fa adrdiSR Ay GKS fAGSNI GdINBE 6KAOK fSIFRa d
hand, it is stated from the previous researches that the metallization thickness should

0S FNRdzyR 7 xY 2F 3J2fR 2NJ AF O2LIISMI Aa dza
low frequency level inductor desigri89]. As it can be observed, even when the
GKAOlySaa AyONBlasSa G2 mon xYI (GKS aSNrSa
The inductance valueare decreased from the oveetching caseomparing with the
under-etching caseHowever, the inductance variations are not that high compared

to the series resistance variations.

From these process variation simulations, one can conclude that the shunt parasitic
capacitance is noaffected, even they did affected the fluctuations on those values
are very smallin the order of 1 fF,and have not considerable effects on the

performanceof the inductors

The inductance values seem to have changed a little; which are believed to have

negligible effects on the performance, since the changes are low enough (around 3%)

103



The main issue here is the metallization thickness, since the series parasitic resistance
values are a bit high, which yields more losses on the planar spiral inductors, and

decreasing the quality factor of the inductors.

The next design consideration focuses on increasing the metallization thickness.
Related literature points out that the thickness for low frequency values should be

around 2 times the skin depth of the usetetallization material. However, it is also

mentioned that this would not be enough. In order to decrease the losses and
increase the quality factor of the inductors one should increase the thickness at least

p XY TF2NJ O2 LIS NI[30ytRs decidaed Yo cAegkNbhe atdlliRation
GKAOlYySaa QINBAY3I FTNRBY W xY (2 71 xYo LG )

thickness on model parameters with the changing metal thickness.

4.2.6 Obtaining the Proper Thicknesgalue for Low Series Parasitic Resistance

As it was discussed in the part above, the metallization thickness should be increased

in order to decrease the series parasitic resistance of the planar spiral inductor and to
increase the quality factor of thegohar spiral inductor over the desired band of 1 to 6

DIT® C2NJ KIFIG NBlFazys (KS (KAOlySaa Aa Ay
GARGK 2F pn xY YR &aALIOAYy3I 2F wmp xYI F2NJI
oyn xXxY® ¢KS f dzY LIpdRam&dy osulBsifor tBegdi6 casesRu® hiven

in Table 43.

Table 43. The whole thickness variation case for 1.44 nH inductance with trace width
2T pn xYX ALI OAy3I NIT2 Tvmpo yknY Ix Y22dzOiFS2NdzyRRA | AYYSRIdSC
parasitics values.

¢ KAOLYS| L(nH) R, (ohm) Gn (fF)
2 1.405 1.442 58
3 1.399 1.203 58
4 1.387 1.138 58
5 1.374 1.041 58
6 1.37 0.919 58
7 1.352 0.974 58
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The shunt capacitance values seem to be nat@éd from the thickness variations,

as it is expectedThe most important changes are observed in the series parasitic
resistance value as the thickness increases, the parasitic resistance decreases with
increasing thickness which is a good result, switfirms the idea oflecreasing the

loss in the inductor byncreasing the thicknes€On the other hand, the obtained
inductance values seem to decrease with increasing thickness, but not that much.
This section is done to see the effects of thicknesslangy spiral inductors. So, more

accurate designs are done for further steps.

4.2.7 Q-Factors for Different Width and Spacing Values

Please remember the procedure about the different trace width values and spacing.
For these inductors for different values of ¢ewidth and spacing there are the outer
diameters calculated and the model fittings are done for all of them. Trec@rs for
those simulations are extracted, assuming that port 2 of the inductors are short

circuited to ground. Moreover, the related-factor formula is given in paggo.

The corresponding {actors are given ifrigure 414. Note that the very best three-Q
FIOG2NE FNB 200l AYySR FTNRY (KkMps kREDK ylny R &
Hn XYX FyRAamrY RNBaLISOGAGSted LG gAfft 06S L
but it is, also, appropriate to note that the inductors are chosen for the phase shifters

with peak qualityfactor values and less quakfgctor ripples in the band.

Figure 414. Q-factor calculations on 1.75 turn 1.44 nH planar spiral inductors fo
of the trace width and spacing values.
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4.2 .8 Fabrication and Measurement of Square Planar Spiral Inductors

As it is already mentioned in th@evious parts of this section, in the implementation
phase of the phase shifter, the critical elements are the planar spiral inductors.
Confinement of the magnetic field in a small area without increasing the dissipative
insertion loss and without decreeg the series resonance frequency (SRF) is a
serious task. There are numerous studies in the literature regarding to different
production technologies such as RF CMOS, RF MEMS and MMIC. Most of these
studies concentrate on improving the quality factor dfe inductor without

complicating the production process.

Modeling the inductor performance is another critical issue. An accurate model is
necessary to be able to use in the design process. The ideal inductors which are used
in the designs based on anabtal derivations are not practically achievable; each
parasitic effect changes the inductor performance and consequently changes the

circuit, i.e. phase shifter, performance.

Electromagnetic (EM) simulations are, in most cases, reliable in predicting the
inductor performance. The simulation results are then used for obtaining the circuit
model. However, without getting the confirmation of the results by measurements,

the design circle is not completed.

Before going thru the final production phase of the paahifters, confirmation of the
component performances by measurements is the last step. In this part, this step of

the phase shifter implementation is explained in detail.

Following these arguments, inductor design by using EM simulation tools is decalle
first for on quartz wafer designs. Comparisons with circuit simulations give clues

about the simulation settings for getting a better accuracy.

After that, production and posproduction processes of the sample inductors are
given in detail. In brief, ohuctors with different line width and gaps and also inductors
with different turns are included to the characterization process. In order to decrease

the losses, increasing the thickness of the inductor turns by electroplating is also
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considered. Comparisoof the measurement results with the design predictions is

also given.

The differences in the comparisons are also examined. The final conclusion is the

verification of the design and the production processes.

Before the production of final prototype dhe phase shifters, it is desired to validate
the designs of the lumped elements with production and measurement phases. For
that reason, a group of square planar spiral inductors are designed with quartz
substrate with different turn numbers, trace widthspacing, and outer diameters.
The geometrical specifications of the designed square planar spiral inductors are
given inTable 44, together with their names in the processes. The view of the mask
could be obsergd inFigure 415. It is better to note that the inductors are varied in
two as base metal and with electroplating. The electroplated version names are
finished with "E", for instance inductor "1A" with electroptag named as "1AE".
There are two masks for this maskt; one is the "Metall”, which is related to the
etching process of the base metal layer, and "Electroplating”, which is the needed

mask for the electroplating process.

The process is simple sincesth are two masks for the overall process. As a first step,
20 nm Ti is sputtered and then 1 um thick Au is sputtered on the substrates. Then
electroplating mask is used to do the lithography in order to thicken the gold with
electroplating process. Afteéhat the electroplating is done, and the wafers are ready
for the last step, which is the etching process of the base metal layer. A final

lithography is done for etching process, and then the etching is done.

Note that the measured conductivity of the wpered base metabold is 4x10S/m.

On the other hand, the relevant conductivities of electroplated gold are measured to
be nonuniform ranging from 1.5 to 3.3 x 1&/m. This conductivity variation studies
are done on all phase shifters, and it is sélest there is no significant effect on the
overall phase shifter performances; however it affects the insertion loss of the phase

shifters.
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For the inductors, to be measured, some ppsbduction steps are needed. The
reason behind this is the inductoese designed for microstrip and the measurement
setup is for CPW measurements. For all of the inductors that are produced have a
CPW to microstrip transition on port 1 and microstrip to CPW transition on port 2,
which are same for all inductors, an examptaild be observed ifigure 416. There

are two postproduction steps after the dicing of the samples; those can be ordered
as the bonding the inductor samples to a gold sputtered holder substrate with either
silver-epoxy or Ultrasonic bonding machine, after the bonding procedure is done the
wire bonding processes are done. The wire bonding is done via automated ball
bonder. Making reference to the previous parts of this chapter, remember that in the
inductors, naair bridge or undeipass is used to get rid of the extra parasitics induced
by those aitbridge or undetpass structures. Instead wire bonds are used to connect
the internal arms of the inductors. Wire bonds are, also, used to connect the ground
of CPW tahe bonded holder substrate which is also connected to the ground of the
microstrip inductors. Total of 9 (nine) wire bonds are done; one is for the internal
connection of the inductors and the other 8 (eight) are for the ground connections of
the CPW andnicrostrip structures. An example of an ultrasonicédnded inductor
could be observed ifrigure 417. Because of the ultrasonic vibration, some part of
the metal layers scratched a little; however, no considéadffect is observable, all

of the bonded inductors are successfully measured.
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Table 44. Designed square planar spiral inductors with their geometrical
specifications.

Inductor Name | Wijine (um) | Spacing (um)| Dgy (um) | Turn Number
1A 60 10 458 1.75
1B 80 15 538 1.75
1C 100 10 602 1.75
1D 120 10 668 1.75
1E 50 20 456 1.75
1F 100 20 644 1.75
1G 120 20 716 1.75
1H 50 10 728 1.75
1J 60 20 820 1.75
1K 120 10 654 1.75
1L 120 15 664 1.75
1M 120 20 670 1.75
1IN 60 15 780 1.75
10 40 15 750 1.75
1P 60 20 531 1.75
1R 100 15 811 1.75
1S 40 20 599 2.75
1T 30 20 676 3.75
1U 30 15 600 4.75
1v 30 20 634 4.75

In order to get rid of the effects of additional fixture parts (CPW to microstrip
transition on port 1 and micsrip to CPW transition on port 2) during

measurements, muHiine TRL calibration kit is prepared on the same mask set.
However, this TRL calibration method did not work properly, and the results were not

even close being a passive component considehiegriductors.

For that reason, the fixture parts are tried to be-dmbedded via ADS, by introducing

the CPW line and microstrip line; and also EM simulations of those parts are used for
de-embedding. The SOLT calibration is used, for the measuremeheahductors.

The measured inductors are listed as Table 45. ¢ KS Y SIF &dz2NBR Ay Rd
magnitude of & in dB scale, magnitude o%,9n dB scale, and the phase of $

angle scale are given igure 418, Figure 419, and inFigure 420, respectively.
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Figure 415. The mask layout of square planar spiraluctors.

Figure 416. An example of the designed square planar spiral inductor, in w
fixtures for measurements could be observed.
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(a) (b)
Figure 417. An example of an ultrasonicalbonded inductor, 1U (a) Before bondir
(b) After bonding.

Table 45. Geometrical and electroplating specifications of the Measured Inductors.

Inductor Name | Wi (um) | Spacing (um)| Doy (um) | Turn Number | Electroplated
1G 120 20 716 1.75 No
1M 120 20 670 1.75 No
10 40 15 750 1.75 No
1S 40 20 599 2.75 No
1SE 40 20 599 2.75 Yes
1U 30 15 600 4.75 No
v 30 20 634 4.75 No

-10 |

-20

-30

-40
1 6 11 16 20
Frequency (GHz)

Figure 418. dB(S11) responses of the measured inductors with SOLT calibeattb
without de-embedding.
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S21 of The Measured Inductors
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Figure 419. dB(S21) responses of the measured inductors with SOLT calibratio
without de-embedding.

Transition Phase of The Measured Inductors

200

100

-100

-200

Frequency (GHz)

Figure 420. Phase angle(S21) responses of the measuretlictors with SOL
calibration and without deembedding.

In order to compare the measured data with the designed inductors, HFSS simulations
of all measured inductors are done with quartz substrate and fabrication related data.
The extracted lumped edvalent model parameters for those inductors are given in

Table 46.

112



Table 46. Lumped equivalent model parameters for all measured inductors simulated
in HFSS on quartz substrate dabrication related data.

Inductor Name | Ls(nH) | Ry(ohm) | G (fF)
1G 2.123 1.845 44
1M 1.867 1.601 40
10 4.78 4.208 43
1S 5.409 4.803 37
1SE 5.326 4.096 37
1U 11.009 | 8.958 37
v 11.084 | 8.917 40
1K 1.844 1.721 39

In order to extract the lumped edualent model parameters for the measured
inductors, one should get rid of the fixture effects on ports 1 and 2. Several de
embedding options are tried and, finally the microstrip equivalence of the fixtures are
achieved proper dembedding of the measurethductors, the same procedure is
done via EM simulated microstrip lines and the best fitted microstrip line length is
found to be 900 um with 50 um line width.

The extracted lumped equivalent model parameters of the measured inductors with
additional micostrip lines are given iable 47. The differences of the lumped
equivalent model parameters are givenTiable 48. Note that the designed inductor
lumped equivalent modl parameters are well matched. However, there is a
significant difference for the electroplated inductor. In order to match the EM
simulations and the measurements, a fully process related EM simulation is done in
HFSS with 1 um thick gold with the spugté gold conductivity of 4 x 1&B/m, and 6

um thick gold with the electroplated gold conductivity of 3 X $0m for the inductor
named as "1SE". The lumped equivalent model parameter results of the simulated
inductor as follows: L (nH) = 5.122, R_s (okm)98, and C_sh (fF) = 37, so that the

differences are given ifable 48, with green background.
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Table 47. Extracted Lumped equivalent model parameters for all measured inductors
with additional microstrip lines with EM simulated in HFSS, 50 um line width and 900

um line length.

Inductor Name | Ls(nH) | R;(ohm) | G (fF)
1G 2.185 1.679 48
1M 1.957 1.693 43
10 4.767 4.507 49
1S 5.418 5.132 41
1SE 5.022 2.127 41
1U 11.011 | 10.636 48
1V 11.146 | 10.12 52
1K 1.839 1.869 41

Table 48. Difference between the extracted Lumped equivalent model parameters
for HFSS simulated and measurement results for all measured inductors with
additional microstrip lines EMrmaulated in HFSS, 50 um line width and 900 um line

length.
Inductor Name | pls(nH) | pnR;(ohm) | NGy (fF)
1G 0.062 0.166 4
1M 0.09 0.092 3
10 0.013 0.299 6
1S 0.009 0.329 4
1U 0.002 1.697 11
v 0.062 1.203 12
1K 0.005 0.148 2

In order to check the validity of the eéembedding with line length of 900 um tfe

microstrip line, a sample inductor "1K" is chosen with additional microstrip lines of

900 um simulated in HFSS. The comparison of the measured and simufated S

parameters is given ifrigure 421. Note that there is a really gol match between

the two cases. So the emmbedding of the inductors can be trusted, and so the

design of the inductors via HFSS is proven to be correct as compared to the measured

data.
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Figure 421. The Sarameers comparison graphs for the measured (red lines),
the simulated with additional 900 um length (blue lines) inductor named as (d)x
Return loss (eft axis) and insertion loss-(ight axis), (b) Transmission phase.

4.2.9 Mitered SPSIs: A small changethe layout, a small improvement in Q

factor and SRF

Microstrip based transmission lines, passives, and etc. are the most exclusively used
structures for microwave circuits for lewost, satisfactory performances, and light

weight applicationg89]. In microstrip applications, even one small discontinuity has a
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considerable effect on the performance of the circuits, and it is worthy to model

these discontinuities to fully understand their behavi©g].

Some examples to these discontinuities are gaps, steps, double steps, open ended
lines, crossingsslots, and etc. Microstrip bend is one such discontinuithich has
chances to be improved with mitering the corng¢®®], or using square cutouts from

the cornerg[91].

. @ YAGSNAYy3a GKS O2NYSNAR 2F (GKS YAONRA&AGNR
ground of the bend is decreas¢@0].

Remember that the designed, fabricated, and measured inductors in this work are
microstrip square planar spiral inductors. Inspired from the same idea of decreasing
OF LI OAGF YOS FNRBY YAGSN&Bnedidd@o® areifallichledn p ¢ 0 ¢
gAGK npc O2NYSNBZ YR pr?: YAGSRpuea2n !y SEI

The fabrication of these inductors is the same as the normal ones described above.
The postprocesses are sb the same. The measurements and-etebedding
procedure is also done to the mitered inductors. The measured mitered SPSIs'
geometrical specifications together with electroplating information are provided in
Table 49. Note that he mitered inductors are named beginning with "2". For

example, "2U" is the mitered version of "1U".

Figure 422. An illustration of a 4.75 turn mitered square planar spiral inductor
alumina substrate.
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Table 49. The geometrical specifications of measured mitered square planar spiral
inductors.

Name | Wine (um) | Spacing (um)| Doy (um) | Turn Number| Electroplated

2A 60 10 458 1.75 No

2D 120 10 668 1.75 No

2K 120 10 654 1.75 No

2KE 120 10 654 1.75 Yes
20E 40 15 750 1.75 Yes

2R 100 15 811 2.75 No

2U 30 15 600 4.75 No

2V 30 20 634 4.75 No

These inductors are simulated on quartz substrate with process related data in HFSS.
As described above, the lumped equivalent model parameters are extraatetl,
given inTable 410. The deembedding is done as described in the above part, and
from the deembedded measurement results lumped equivalent model parameters
are extracted. The extracted parameters are not given in heregdusthe difference

between the simulations and measurements are givenable 411.

The difference between mitere®&PSIand normal SPSIs can be understood more
smoothly by comparing the pairs. Such as pairs "dtd "2U", "1V" and "2V". Before
the measurements one should observe the comparison -pai@meters between
these two pairs. Note that the geometrical specifications of the normal inductors are
given inTable 45, and for mitered inductors iffable 49. The inductor pairs "1U" and
"2U" EM simulated parameters comparison graph is givenFigure 423, together

with quality-factor canparison graph. The blue lines represent the mitered inductor

case and the red line represents the normal inductor case.
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Table 410. Lumped equivalent model parameters for all measured mitered inductors

simulated in HFSS onaypz substrate and fabrication related data.

Inductor Name | Ls(nH) | Rs(ohm) G (fF)
2A 1.983 2.800 25
2D 2.067 2.329 40
2K 1.994 2.304 39
2KE 1.795 1.157 37
20E 4.561 1.654 44
2R 4.119 3.491 56
2U 10.917| 9.052 37
2V 10.951| 9.004 40

Table 411. Difference between the extracted Lumped equivalent model parameters
for HFSS simulated and measurement results for all measured mitered inductors with
additional microstrip lines 50 um line width and 900 um line length, EM sinuliiate

HFSS.

Inductor Name| nls(nH) | pRs(ohm) | nG (fF)
2A 0.101 0.671 2
2D 0.114 0.767 1
2K 0.05 0.694 2
2KE 0.036 0.112 2
20E 0.067 0.062 5
2R 0.042 0.162 1
2U 0.072 1.277 11
2V 0.095 0.688 11

The firstselfresonantfrequency which is the paralleesonant frequency is shifted
from 6.27 GHz to 6.35 GHz for the mitered case80 MHz improvement has been
achieved for the parallel resonant frequency. The secealtresonantfrequency
which is the series resonant frequency is improved from 9.45t6165 GHz, which
is a 200 MHz improvement. The qualiictor maxima slightly decreased from the
normal case;however the flatness of the qualifactor is increased for the mitered

case.

For the inductor pair of "1V" and "2V", the simulategh&ametas comparison and
quality-factor comparison is provided frigure 424. The line representations are the
same as described above. One can observe that the parallel resonant frequency is
shifted from 6.23 GHz to 6.27 GHz for theared case. This time the improvement is

a bit low compared to the above one, i.e., a 40 MHz improvement is achieved. The
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series resonant frequency improvement is about 200 MHz, in which the frequency
shift is from 9.85 GHz to around 10.05 GHz. In thig,ce qualityfactor maxima

and flatness are both improved.

An example comparison between the design and measusgar&meters are given in
Figure 425 for the inductor named as "1U". Note that a good match between the

design ad measurements has been achieved.
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Figure 423. The simulated Pparameters comparison graphs for the normal induc
"1U" (red lines), and the mitered (blue lines) inductor named as '@)'Return loss
(y-left axis) and insertion loss-fyght axis), (b) Qualitjactor.
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Figure 424. The simulated parameters comparison graphs for the normal induc
"1V" (red lines), and the mitered (blue lines) inductor named as (2Y'Return loss
(y-left axis) and insertion loss-(ight axis), (b) Qualitfactor.
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Figure 425. The simulated and measuredp@rameters comparison graphs for tt
normal inductor "1U", red lines represent theeasurement results and blue line
represent the EM simulation resul{a) Return loss {eft axis) and insertion loss-(*
right axis), (b) Qualitjactor.

In order to decide whether mitering has improved the inductor performance or not,
could be undersiod from Sparameters and qualitfactor comparisons for the
measured inductor pairs. IRigure 426, the pair "1U" and "2U" is compared and S
parameters together with qualitjactor are seen. The parallel resonant frequency is

shifted from 6.31 GHz to 6.34 GHz, which means a 30 MHz improvement. From the
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simulations the improvement is found to be 80 MHz (from 6.27 GHz to 6.35 GHz). The
series resonant frequency, on the other hand, is improved from 9.22 GHz to 9.46 GHz,

which is a 20 MHz improvement (larger than the simulated c288 MHz).
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Figure 426. The measured-Barameters comparison graphs for the normal induc
"1U" (red lines), and the mitered (blue lines) inductor named as '(@)Y'Return loss
(y-left axis) and insertion loss-(ight axis), (b) Qualitfactor.

For the other pair, i.e., "1V" and "2V" pair, the comparison graphs are giveiguine
4-27. The improvement on parallel resonant frequencyo@® MHz, from 6.2 GHz to

6.25 GHz. The improvement on series resonant frequency is 230 MHz from 9.51 GHz
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to 9.74 GHz. Both are higher improvements than the expected ones. The results are

promising in a way that, these mitering percentages are same foryevace width

which is 50%. A better approach could be made by finding the optimum mitering

percentages for different trace widths, and then the mitered could be applied.

S(1,1)-dB Scale

— __*-'--
-1 :
7 —-10
22— B o
- (1]
1 O
- o
-3 N 20%
. - o
4 r w
. —-30
-5— i
=0 IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII -40
1 2 3 4 5 6 7 8 9 10
Frequency (GHz)
(a)
30
25—
5 20— |
° - 0 A
(1] - i | i
w . I
> 157 A 'j i
= 7 UYLV i
g i)
O 10 Wy
- i1
- My
57 L
4 it
7] A\ A
B [/
0 I I I I | 1 | 1 I ‘ 1 I I 1 | T I 1 1 | I T 1 1 I T I I I
1 2 3 4 5 6 7
Frequency (GHz)
(b)

Figure 427. The measured-Barameters omparison graphs for the normal inductt
"1V" (red lines), and the mitered (blue lines) inductor named as (@Y Return loss
(y-left axis) and insertion loss-(ight axis), (b) Qualitfactor.

As one can observe the extracted lumped equivalent modelarpaters for

measurements, mitering has effects on inductors; such as, the inductance is
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decreased, as well as the series parasitic resistance. On the contrary, the shunt
parasitic capacitances are not changed. The increase in parallel resonant frequency,
and series resonant frequency could be explained as the decrease in inductance is
lower than the decrease in resistance, and hence the SRFs increased,-fquidity

are flattened.

Table 412. Extracted Lumped equivalent moderameters for all measured normal

and mitered pair inductors with additional microstrip lines with EM simulated in HFSS,
50 um line width and 900 um line length.

Inductor Name | Ls(nH) | R;(ohm) G (fF)
1U 11.011| 10.636 48
v 11.146 10.12 52
2U 10.989| 10.329 48
2V 11.046 9.692 51

In the next suksection, the design, process considerations, and etc. for the Metal

InsulatorMetal (MIM) capacitors are examined.

4.3 The design of Metalnsulator-Metal (MIM) Capacitors.

Before going deep into the design of Mlicapacitors, literature is discusséxdiefly

below, to fully understand the importance of capacitors in use of lumped elements.

The lumped capacitors, like lumped inductors, have been used for over four decades
for low-cost, and small size microwave igtated circuits[93], [94]. The first
examples of lumped capacitors are the interdigitated capacit@8} [94]. These type
capacitors have weknownresponses, at first, coming from the distributed approach
[27]. However, with this topology one can achieve barely around 1 pF without
degradationin the lumped element response. For that reason, a more complex
fabrication but denser capacitance; MetalnsulatorMetal (MIM) capacitors are
extensively used. To increase the usefulness of the MIM capacitors; such as
decreasing circuit size, the researchenave been focused on increasing the
capacitance density over a unit area by either decreasing the dielectric thid@tss

or using different dielectric§96], [97]. The most important property of surface
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micromachined MIM capacitors is to become tunable using MEMS techn@8pBy

using these tunable capacitors, one can construct bledilters as irf99], and[100].

However, in the frame of this work, the capacitors are optimally designed using

possible abilities in geometry.

When designing MIM (Met-InsulatorMetal) capacitor the only formulation used

was the parallel plate capacitance formulation. The thickness of the dielectric layer
GKFG Aa GKS yAGNIGS 61 a OK2aSy a nodo XY
the RF MEMS group in whichet fabrication steps had already been considered. The
dielectric permittivity was chosen as 6.9 according to the previously measured MIM
capacitances. The designed MIM capacitance looks lilkegure 428. The width of

the overlg changes in three valde & pn XY ™naAccarding tol YR H A
those three values three separate calculations were made in order to calculate the

length of the overlap area. After a few iterations the formulations appear as;
6 ™WipmewwOH2NI pn xY SARGK OFasS:
6 MWCcNnWEdOR2NI mann xY S6ARGK OF &assz

6 THTPOAXWOR2NI HAan XY S6ARGK OFasSo

Figure 428. lllustration of the designed MIM capacitor in HFSS.
The model can be observeddom Figure 429. Note that the parallel resistance is

ignored since it has very little effect on model and it is very large (please refer to the
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equivalent circuit of inductors on silicon). Parallel capacitance is not ignoteticgn

be ignored in some cases. Also the shunt capacitances help the model fits to the EM
AAYdzZ FGA2yd® ¢KS FTSSR fAySa FFNB wmnann xY
simulations results, no dembedding hasbeen done since it is not necessary,
becausethe capacitors are used with these additional lines. For the MIM capacitance
case the quality factor is not investigated, since the quality factor values are very high

for MIM capacitors.
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Figure 429. lllustration of lumpedequivalent model of MIM capacitors, for alumir
and/or quartz substrates.

4.3.1 The Effect of Width on MIM Capacitors

.
z

Ly 2NRSNJ 2 akKz2g GKS STFFTFSOGa 2F S6AROGK O f

of the MIM capacitor; two EM simulations and two moddiirig are done and the
comparison is done according to the model fitted values. The two simulations are

predicted to give the exact capacitance value. The EM simulations are all done in HFSS

MHZ AAYAfFN 42 GKS AYyRdzO0 2 NEh le@th NOthen kY

2OSNI LI FNBF Aa OFfOdZ I GdSR (2 0SS dc xYZ

GKS OFLIOAG2NI 0KS fSy3idK 2F GKS 2@SNI I LJ

fitted Sparameters results and the EM simulateeb&ameters comparists are

given in the following two figures d&gure 430F 2 NJ 1 KS 2 @SNI I LJ 6A R(K

2PSNI LI Sy 3imgure 81 i2yNJ xiVKeS 2y@RS NI | LI 6 A RGO K
2PSNI LI Sy 3 Kdelitled ldoped eqlidalertt Kafies ¥ah be found in

Table 413 for the two capacitors for different width and length values of overlap
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area. As it can be observed froffable 413, with increasing width othe overlap
area, the series parasitic resistance and the series parasitic inductance values are

decreased with a very slight increase in the shunt parasitic capacitances.
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Figure 430. The Sparameters comparan of the model fitting (blue lines) and the E
AAYdzZ FGA2y ONBR fAySav 2F (KS 2@SNI I

127



0 0
] —-1
-5— -
o . o
T - 2 g
[&] | w
@ N i ]
% -10— —3 9
= ] S
= - L, O
P ] -4
-15— -
- —-5
-20 T | T | | T | | T 6

1.0 15 20 25 30 35 40 45 5.0 55 6.0

Frequency (GHz)

(@)

60

50—

40—

phase[S(2,1)]-Degree

Frequency (GHz)

(b)

Figure 431. The Sparameters comparison of the model fitting (blue lines) anel EM
AAYdzZ FGA2Yy ONBR ftAySao 2F GKS 2@0SNI

128



Table 413. The lumped equivalent model fitted MIM capacitors for different width

and length values.

2 ARUK [ [ Sy 3K C(pF)| Gn(fF) | Ls(pH) | R (ohm)
cil 50 96 1.025| 36 | 511 | 0.345
c2| 100 48 1.024| 40 | 366 | 0.168

4.3.2 The Effect of Metallization Thickness

Remember that when designing planar spiral inductors it is shown that thickness has

a considerable effect on the performance of the utbr in terms of the series loss

parasitic resistance, and a smaller effect on the inductance value of the planar spiral

inductors.

However, in the case of MIM capacitor, the structure is smaller than the planar spiral

inductors in comparison of the sigeln that case, it is thought to investigate the

metallization thickness effects on the lumped element model MIM capacitor.

Also the electroplating case is also considered. In the end, there are four case

investigated for the effect of metallization tlkioess on the capacitor. The thicknesses

I NB O2yaARSNEBR

0S3dGSNI

g2

y208$S

G2 o085

0gKIF G

noy
0 KS

XKYZ M XYZ
YSl‘jI-ff)\Tl-ij)\zy G

H

electroplating, however; according to the fabricatiorighmetallization thickness is a

bit high to produce. It is examined to see how it would affect the capacitor.

Also it is better to note that the electroplating case is a bit different than the planar

spiral inductor case, in a way that the overlap areanad electroplated in the

KYZ

simulations since the feed line and the overlap area could touch and forms a direct

path.
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Table 414. The metallization thickness comparison of lumped element model
parameters for an MIM capacitor.

2 ARUGK |[ Sy 3 K Thickness| C (pF)| G (fF) | Ls (pH) | Rs(ohm)
c1 50 92 0.8k Y | 0.988| 36 504 | 0.396
c2 50 92 1xY |0985| 36 507 | 0.358
C3 50 92 2xY | 098 | 36 506 | 0.262
C4 50 92 7xY |0976| 35 507 | 0.236

As it can be observed fromable 414, the metallization thickness has a véditjle

effect on the capacitance, series parasitic inductance, and the parallel parasitic
capacitance values. It has nearly no effect on the shunt capacitance to the ground.
Obviously, it has a considerable effect on the series parasitic resistancenéaitize

series parasitic resistance does not change so much it is decided to fix the
YSGFtftATFOARZY (GKAOlYSaa 2y m xY® | 256SOSNE

by increasing the metallization thickness whenever and wherever it is necessary.

4.3.3 Achieving the Desired Capacitance Values

¢KS OFLI OAGIFYyOSa RSAANBR (G2 0SS 200GFAYSR |
capacitances. Inrable 415, one can find the desired capacitances in the circuit
topology. Note that the dsired capacitances are designed for two different width
grtdzSa a pn xY 2@SNIFL) ¢6ARGK IYyR mnn xY
g tdzSa pn xY SARGK OlFasS Y2NB O2y@SyASyd i
2T GKS OFrasSa wmnn xy OpAaASxXI Al Ao RPs §O86 RS
LISNBLISOGAGS AG Aa oSGGSNI G2 RSarday GKS OF
Hnn XY FOO2NRAY3 G2 GKS ySSRao

Note that the lumped element modet@rameters and EM simulationdarameters

comparison are nogiven in this case since they are very similar to the above ones.

¢tKS O2YLI Nrazy GGFofS FT2NJ 6KS pAdabe¥5FyR wmn
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The next move is to use these models in the total phase shift bit model andosee h

those affect the performance of the phase shifter.

Table 4150 ¢ K S

RSaA3IySR

alLa

OF LI OAGF yOSsa

cases together with lumped element model parameter values.

Desired (pF) 2 ARUOK | [ Sy 3( K C(pF)| Gn(fF) | Ls(pH) | R, (ohm)
0.98 50 92 0.982 36 506 0.35
100 46 0.978 39 369 0.182
3.92 50 368 3.918 53 687 0.547
100 187 3.923 50 442 0.217
0.29 50 27 0.285 31 512 0.396
100 14 0.291 37 415 0.251
1.16 50 109 1.16 37 519 0.37
100 55 1.173 40 371 0.178
0.4 50 37 0.399 32 483 0.361
100 19 0.414 37 363 0.194
1.6 50 150 1.599 39 546 0.396
100 76 1.613 42 381 0.183
0.71 50 67 0.722 34 492 0.344
100 33 0.708 38 362 0.183
2.84 50 267 2.833 47 623 0.475
100 135 2.841 46 413 0.196
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CHAPTER 5

DESIGN OF BROADBAND AND ULTRABWRE (UWB) PHASE
SHIFTERS USING SURFACE MICROMACHINED LUMPED COMPONENT

Bear in mind that the ideal design procedure of phase shifters are given in Chapter 3.
At the end of that chapter, ideal lumped elentevalues are presented for phase
shiftersoperating invariousfrequency bands. Aftevards,the theory and ideal design
of phase shifters, the surface micromachined lumped components are examined. The
design of these components, fabrication, and measurermesults are provided in
Chapter 4. These two chapters are important, for achieving a practical and final
design of broadband and UWB (ultra widand) phase shifters implemented with

surface micromachined lumped components.

In this chapter, the practidalesigns of 1 to 2 GHz, 2 to 4 GHz, 3 to 6 GHz, and 1 to 6
DITT HuH®PpcXE npcX dncI YR mMync LKIFaS akKA-
procedure of one phase shift bit is the only one explaimedietail becausethe

procedure is exactly the sanfer the rest of the bits The final result$or the other

phase shift bitare presented. For eadbit, a comparisorof the phase characteristics

between the ideal and practicdesignis presented.

Remember that the ideal design of phase shifters areaaly presented, however,

the return loss and insertion loss results are not presented, since tpasd network
phase shifters are inherently matched to system impedance, and the components
have no loss at all. In this chapter, because the componemtsreaw, not ideal, the
return loss and insertion loss results are atfoconcern Well matched lpw return

loss), and lowoss (low insertion |la§ circuits are designeahd presented.
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5.1 Design of 4bit 1 to 2 GHz Broadband Phase Shifter

Inthispart, 1ttn DI T LIKIFI &S &aKAFGSNI HHDPpcI npcI dnc
designs results are given. In order to give an example of the design procedure of all

phase shift bitsthem G2 W DI T wmync LIKI &S, stapkbgstep. 0 A G A

Oneof the most important issues about the design of 1 to 2 GHz phase shifter is the
high inductance and capacitance values. Nearly half of the inductors are designed
with a turn number of 1.75 for relatively low inductance values. On the other hand,
the other half is designed with 2.75 turn number, to decrease the size of the circuit,
to achieve flat qualityffactor, and high qualitjactor values within the band of

interest.

51.1 58aA3y 2F wmync tKFasS {KAFdG . Al

After designing a few phase shift bits with differerdsin algorithms, an effective,
proper, and relatively easy design procedurdesermined The design procedure can

be ordered as follows;

U First of all, the series connected MIM capacitors should be designed according
to the largest series MIM capacitodsngth. Then the shunt connected MIM
capacitors should be designed to their exact values and the lumped
equivalent models should be extracted.

U From this point on, with the reference length of the largest series connected
MIM capacitor the extension lendt of the planar spiral inductors should be
computed. With the computed value of the extension length of the inductors,
various trace width and spacing values should be tried in order to decide on
the most appropriate planar spiral inductors, the procedufer the
appropriate planar spiral inductor selection must be done with EM simulation
in HFSS and using ADS to achieve the lumped element equivalent models of

the inductors.
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U To decide the configurations of the inductors, one must implement them in
ADS to chck the phase shifter response together with the simulated and
model extracted capacitors. Remember that this procedure could be done
with the extracted lumped element equivalent models of planar spiral
inductors and MIM capacitors.

U After deciding the mosappropriate SPSIs (Square Planar Spiral Inductor), one
should compensate the shunt parasitic capacitances belonging to the SPSIs
with decreasing the capacitance of the shunt connected MIM capacitors.

U The next step can be summarized as layout issues, asicthe design of the
Tee junctions, and the additional microstrip transmission lines. The additional
microstrip line length is computed as the maximum of the total length of the
neighboring SPSiIs.

U As the last step, one should compensate further the pérasshunt
capacitances by decreasing the capacitances of the shunt connected MIM

capacitors, sometimes increasing is the case.

M G2 H DIT LKIA&S &kasthé fBsNdnery be desigdédiat®f & KA T i
all, the series connected MIM capacitoase designed in order to give the same

f SYyadkK +ta nnd xYd ¢KS fSy3adK Atk highSsti SN Ay S
valued series connected MIM capacitor. The geometrical parameters together with

the associated lumped equivalent model parametersgiven inTable 51.

After the series connected MIM capacitor designs are finished the first design of
shunt connected capacitors are held. Remember that these designs would be
changed according to the compensation of shunt pai@sapacitances of both shunt
connected MIM capacitors and the square planar spiral inductors. The first design
related geometrical parameters, and lumped equivalent model parameters are given
in Table 52.
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Table 5. m 2 w DIT LKFI&E&S aKAFGSNI mync LIKIF&S
capacitor design related geometrical parameter values, and the lumped equivalent
model parameter values.

2 ARGK|[ Sy 30K Leead X Y C(pF)| Gn(fF) | Ls(pH) | Rs(ohm)
100 119 100 2.507| 45 404 0.196
100 21 149 0.454| 43 442 0.278
100 42 1385 | 0.891| 44 428 0.247
100 59 130 1.257| 44 420 0.23
Table52.¢ KS m G2 w DIT wmMync LKIFI&S &AKATG oAl
capacitors witHumped equivalent model parameters.
(PF) |2 ARGK |[ Sy 3dK|C(pF) |Cn(fF) |Ls(pH) | R (ohm)
C2_1/10 |200 240 10.005 |70 355 0.132
C2 2|18 |100 85 1.798 |42 386 0.182
C4.1/3.6 |100 172 3.613 |49 432 0.209
C4 2|5 100 240 5.035 |54 468 0.231
TheltoDIl T LKFIaAaS aKAFGSNI mync LIKIFIaS AKAFTG oA

planar spiral inductors. The selected configuratiSRSIs are given iifable 53
respectively for 2.25 nH, 4.5 nH, 6.26 nH, and 12.5 nH inductancesviloée that
2.25 nH and 4.5 nH inductances are designed as 1.75 turn PSIs, on the other hand
6.26 nH and 12.5 nH inductances are designed as 2.75 turn PSIs. The quality factor

related data is calculated within the band of interest, which is in this cas@ IGHz.

lff 2F GKS AyRdzOG2NB NS 9a aAvdzZl GdSR FyR
pn XYZI c¢cn XYZI yn XYI mMan XYXZ YR MHA XYZI ¢
Hn XYI YR KSyOS 6AGK RAFFSNBYy(d 2dli SNI RA
procedure is done together with extraction of qualfgctor related data. An

important note should be pointed out here that the quality factor has a considerable

effect on differential phase, insertion loss, insertion loss imbalance within the band of
interest, and amplitude imbalance of the phase shifter. For flat phase within the band

of interest, low insertion loss imbalance within the band of interest, and low
amplitude imbalance of the phase shifter, one should minimize the ripple in quality

factor results (quality factor ripple is calculated as the absolute maximum difference

between mean quality factor and max or min quality factor). For low insertion loss
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achievement, the chosen inductor must have a high quality factor (remember that

quality facta is, also, a measure of the loss within the component).

One must also consider the extracted lumped equivalent model parameteisvior
return loss values, and flat phase response. The below gihai€ 53) inductors are
chosen based orthe criteria explained above.

Table53® M G2 W DIT LKIFaAS AKAFTUESNI mync LIKIas$s
SPSiIs (first designs of PSIs).

\(;Vl.l;zeY- { sp.'(a%ng EO:E Y I(_;H) (R(;hm) Qh (ﬂ:) Qmax Qripple Qmin Qmean

100 15 712 |2.242|10.632 |[143 52.055|9.491 | 34.525/44.016
120 20 1256 |4.509|1.02 332 55.088|7.599 44.411/52.010
120 20 1200 [6.235|1.480 |376 43.887|4.612 | 37.40342.015
40 20 1148 |12.45|3.284 |288 31.925|8.937|19.448|28.384

With these designand the previously designed MIM capacitors, a whole phase shift
bit simulation was done with lumped equivalent models loé ttcomponents. The-S
parameterresults are given ifrigure 51. Note that the ideal desigs'return loss and
inserton loss plots are not providddr all cases. The differential phase shift response
is given inFigure 52. The differential phase shift related calculation results are given
in Table 54. Observing the results, the responses of botkpaBameters and
differential phase shift are not satisfactory. The iterations are done on shunt

connected MIM capacitors.
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parameters (a) return loss for the practical case, and (b) insertion loss for the pre
case.

After that shunt connected MIM capacitors are redesigned according to some
calculations that reduced to compensate the shunt parasitic capacitors of the SPSIs.
The iterated shunt connected capacitors are givemable 55. The results for this
case are given ifrigure 53 for Sparameters comparison, anBligure 54 for the
differential phase shift characteristics. The differential phase shift related calculation
results are given ifable 56. Observing the results, it is obvious that the differential
phase shift response is a little bit improved in terms of phase ripple together with S

parameter results.
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phase shift bit configuration # 1 (red line represents the present case, and blu
represents the ideal case).

Table 54. Calculated mean phase, minimum phase, rms phasimum phase and
phase ripple comparison between the ideal case and the configuration # 1 of 1 to 2

DI'T LKIaS aKAFGOISNI mync LKIaS akKATG oAGO
alAyod t KwYa tKHalE® t KlwA LILX
Ideal 177.357 180.230 183.636 3.419
Present case|178.330 182.463 188.821 6.389

Table 55. The compensated shunt MIM capacitors with their lumped equivalent
model parameter values, and the overlap area width and length for configuration # 1.

(pF) |2 ARG K |[ Sy 30 K|C (pF) | Gn(fF) |Ls(pH) | R (ohm)
C2_1|10 |200 224 9.346 |69 352 |0.142
C2_2|1.8 |100 69 1.464 |41 378 0.8
C4_1|3.6 100 137 2.888 |46 413 |0.196
C4 2|5 100 200 4191 |51 449  |0.217

After this step, layout considerations aoé concern The suitable Tee junctions are
addedto the schematicand the results are obtained’he Sparametercomparison
graphs are given iRigure 55, and differential phase shift related graphs are given in
Figure 56, with some calculation results as ifable 57. The results are quite

satisfactory.
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Table 56. Calculated mean phase, minimum phase, rms phase, maximum phase and
phase riple comparison between the ideal case and the configuration # 1 with
AGSNI SR aKdzyd alLa OFLIOAG2NRE 2F wm (2 W DI

alyo t KwYa tKHalE® t KlwA LILX
Ideal 177.357 180.230 183.636 3.419
Present case|181.199 184.486 189.151 4.681
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iterated shunt MIM capacitors and added Tee junctions to the circyiar@meters
(a) return bss for the practical case, and (b) insertion loss for the practical case.
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Table 57. Calculated mean phase, minimum phase, rms phase, maximum phase and
phase ripple comparison between the idezdse and the configuration # 1 with
iterated shunt MIM capacitors and added Tee junctions of 1 to 2 GHz phase shifter
Mync LKFasS aAaKAFG oAl

alyod t KwYa tKHalE® t KlwA LILX
Ideal 177.357 180.230 183.636 3.419
Present case|179.668 183.146 187.267 4.139

Further increasing the layout concerns leads to redesigning the SPSIs with some
SEGSYRSR tAySaod ¢KS SEGSyarzy tSy3aiaka I NB
YR c®Hc yI T YR AU 61 & ¥F2dzyRethigindackr mHn ®p
Ad O2yySOGSR (2 wunn xY 6ARGK alLa OF LI OAl:
connected MIM capacitor. The layout considered PSls for 1.75 turn could be observed

as an example iRigure 57, andfor 2.75 turn as irFigure 58.

The resultant layout considered SPSI related geometrical data together with some
quality-factor related calculation results and lumped equivalent model related

parameter results argiven in the followingable 58.

¢KS FTRRAGAZ2YIE YAONRBAGNRARLI fAyS fSy3adkK oSia
Only the EM simulation results are used in this layout consideration case.-The S

parameters comparison graphs ageven inFigure 59, and the differential phase shift
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graph is given inFigure 510, together with some phase characteristic related

calculation results as ihable 59.

The insertion and return loss results are quite satisfactory. On the other hand, the
differential phase related results could be better than the present case, for that

reason some iterations are done on layout considered schematic.

Figure 57. An example of layout considered 1.75 turn PSI.

Figure 58. An example of layout considered 2.75 turn PSI.
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Table 58. The layout designs of selecte®B for configuration # 1 (with extension

f Syadka 2F mtndp XY F2NI HOPHp VYI I nodp
Wi Spacing D Rs
0 I'I|r(]eY' L‘ (')p'K Y 8 (jof:(t Y LS(nH) (ohm) Gen (ﬂ:) Qmax Qripple Qmin Qmean
100 15 694 |2.277 |0.713 |142 51.062|9.817|33.167|42.984
120 20 1248 [4.507 {1.145 |341 56.388|5.796 | 48.543| 54.339
120 20 1170 |6.34 |1.445 |368 47.27414.793 |40.515| 45.308
40 20 1010 [12.595/3.174 |268 34.720|4.317 | 28.666| 32.983
0
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2 20
@
ei -307]
% -40—
-50—
-GGl\\ll\\\\lll\l‘llll‘llll|\ll\
1.0 15 2.0 2.5 3.0 3.5 4.0

S(2,1)-dB Scale

Frequency (GHz)

(@)

2.0
-2.57]

-3.0—

e

-3.5
1

.0 1.5

2.0

25

Frequency (GHz)

(b)

3.0

Figure 59. The 1 to 2 GHz phase $hif NJ my nc
considered $arameters graphs for practical case (a) return loss for the prac
case, and (b) insertion loss for the practical case.
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Figure 510. The differential phaseksA T NBaLRyasS 2F wm
phase shift bit configuration # layout considered (red line represents the pre
case, and blue line represents the ideal case).

Table 59. Calculated mean phase, minimum phases phase, maximum phase and
phase ripple comparison between the ideal case and the configuration # 1 layout

O2yAARSNYIGA2Y 2F wm (2 W DIT LKIFIa&AS aKAFAISNI
alyd t KwYa tKHal E® t KlwA LILIX
Ideal 177.357 180.230 183636 3.419
Present case|182.594 186.312 191.150 4.864

After the iterations, the desired phase shift response with satisfactory insertion and
return loss results have been obtained. The present iterations are done only on the
shunt connected MIM capaciter The finatlesigns of capacitors agiven inTable 5

10. The obtained Pparameters comparison graphs and differential phase shift plot
together with some phase shift related calculation results are givelRignre 511,
Figure 512, andTable 511, respectively. The maximum return loss is arouh@ dB,
which corresponds to a considerabfjpod result. The maximum insertion loss is
around 1.7 dB, which is also a satisfactory result. The differential phase shift related
results are in good shape as it can be observed in the figure and the related
calculation results table. In fact, the rippefound to be better than theesign with

idealelementsh ¢ KS m (2 W DIT LKIFI&S aKATUESNI mync

with this very last step.

144



Table 510. The final design of shunt connected MIM capacitors for cordigpn # 1

LK &S

F2NIm G2 W DIT LKIFI&AS AKATFTGSNI mync
(pF) [2 ARG K |[ Sy 3 K|C (pF)|Gn(fF) |Ls(pH) | R (ohm)
C2_ 1|10 200 224 9.346 |69 352 0.142
c2 218 |100 82 1.734 |42 385 0.183
C4 136 |100 136 2.864 |46 414 0.198
C4 215 100 200 4191 |51 449 0.217
-10—
o 157
§ 20—
g
= 25
@ 30—
35—
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Figure 511 ¢ KS ™M U2 H DI | LIKIFaS aKATUSNI

iterated shunt MIM capacitors;-farameters graphs for practical case (a) return |

for the practical casegnd (b) insertion loss for the practical case.

145

ak



1
f=2]
o

1
oo
o

|

-100—

-120—]

-140—

-160—

Differential Phase (Degree)

-180—

-200I\\I[llll[1ll\11l|1|l|||||\|r
1.0 1.5 2.0 25 3.0 3.5 4.0

Frequency (GHz)
Figure 5120 ¢ KS RAFTFSNBYGALFf LIKIAS aAKATFG
phase shift bit layout considered, and iterated shunt MIM capacitors (red
represents tke present case, and blue line represents the ideal case).

Table 511. Calculated mean phase, minimum phase, rms phase, maximum phase and
phase ripple comparison between the ideal case and the finalized layout

considerationsoft 2 W DI T LIKF&AS aKAFTAISNI mync LKI &
alyd t KwYa tKHal E® t KlwA LILIX
Ideal 177.357 180.230 183.636 3.419
Present case|178.017 180.826 183.666 2.851

Considering the sizes arnle layou view, one should refer td-igure 513 for the

dzLJLISNJ 06N} yOK 2F wm G2 w DIT LKIFI&S &aKATFTGESN
branch refer toFigure 514.

ol

L —1 ‘ R |
| |
. T
Figure 513. Upper branch of 1 to 2 GHz phasefshiSNJ my nc LK I &
cPMMCc YYI 2ARGKY HOMdD YYSI {SLI NFGAZY
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5.722 mm, Width: 2.18 mm, Separationbe§ Sy Ay RdzOG2NEY c

All other phase shift bits are designed according to the above described procedure.
For the sake of simplicity, only the final design geometrical specifications of the phase
shift bits for SPSIs, and MIM capacitors; and the #irdlidesign return loss, insertion

loss, and differential phase shift results are given.

51.2 585aA3dy 2F dnc tKFAS {KATFTOG . Ad

The final series connected MIM capacitors design related data are givebia 512,

the layou considered SPSIs are givenTable 513, and the shunt connected MIM

capacitors' final designs are givenTiable 514. The S$arameters graphs of the final

layout desig are given inFigure 515, the differential phase shift related graph is

given inFigure 516, with the phase shift related calculation results a3 able 515. It

can be seen that these results have return loss aroi®d6 dB, insertiotoss around

1.7 dB at 1 GHm the worstcase The differential phase shift response is satisfactory.

Table 512. 1to 2 GHz phase SHF 4 SNJ dpnc LIKIF aS AKAFEG oAl FAyY

capacitor design related geometrical parameter values, and the lumped equivalent
model parameter values.

2 ARGK |[ SY 31 K|leea® X Y| C (pF) | G (fF) | Ls(pH) | R (ohm)
100 92 100 1.943 (43 389 0.183
100 27 132.5 0.581 (42 410 0.228
100 37 127.5 0.797 |42 402 0.219
100 67 112.5 1.426 (43 393 0.205
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Table 513. The finalized layout designs of selected SPSIs (with extension lengths of
MCM XY FYR MMM XYU®

Wine | Spacing Dot |Ls R _ _
6x Y6 KYU0oxY|(mH) |ohm) |&n(F)|Qnax | Qrppe | Quin | Qean

120 20 904 |2.893|0.746 213 56.948|8.735|41.397/50.132

120 20 1136 |[3.979|1.001 |298 55.247|8.084 | 43.264|51.347
100 20 1110 |7.087|1.516 |336 52.035|4.884 | 44.874/49.758
60 20 1016 [9.769|2.217 |282 39.156|2.966 | 34.677|37.643

Table 514. The final design of shunt connected MIM capacitors for 1 to 2 GHz phase

AKAFGOGSNI dnc LKIFAS aKAFAH oAl

(pF) [2 ARG K |[ Sy 3 K|C (pF)|Gn(fF) |Ls(pH) | R (ohm)
C2 1(7.82 |200 172 7.183 |64 325 0.121
C2 2123 |100 97 2.048 |43 392 0.184
C4 13.16 |100 120 2.527 |45 404 0.192
C4 2 15.67 |200 118 4,953 |59 299 0.109
% -40-]
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Figure 5150 ¢ KS wm u2 H DI | LIKFasS aKATDU and

iterated shunt MIM capacitors;-@arameters graphs for practical case (a) return |
for the practical case, and (b) insertion loss for the practical case.
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Figure 516. The differential phase shift response of 1 td2 1 LK I a$s
phase shift bit layout considered, and iterated shunt MIM capacitors (red
represents the present case, and blue line represents the ideal case).

Table 515. Calculated mean phase, minimum phase, rinage, maximum phase and
phase ripple comparison between the ideal case and the finalized layout

O2yaARSN}GA2ya 2F m G2 u DIT LKIFIaS &aKAFGSH
alyd t KwYa tKHal E® t KlwA LILIX
Ideal 87.551 90.033 93.169 3.155
Present case |87.870 90.245 92.516 2.361

Considering the sizes arnbe layout view, one should refer t&igure 517 for the
dzLJLISNJ o N} yOK 2F ™M G2 H DIT LKIFIaAaS &aKAFGESNI
refer to Figure 518.

- i
_

_
%@ =T

Figure 517 ! LILISNJ 0N} yOK 2F wm G2 w DIT L
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MIM capacitors design related data are givenTable 516, the layout considered

SPSiIs are given Tlable 517, and the shunt connected MIM capacitors' final designs

are givenm Table 518. The $arameters comparison graph of the final layout along

with the ideal design is given kigure 519; the differential phase shift related graph

is givenin Figure 520, with the phase shift related calculation results a3 &ble 519.

It can be seen that these results have return loss arotfsll dB, insertion loss

around 1.64 dB at 1 GHi the worst case The differential phase shift response is

satisfactory.

Table 516. m

G2 H DI

I LKI &as

AKATAOSNI npc
capacitor design related geometrical parametalues, and the lumped equivalent
model parameter values.

LK a$s

2 ARGK |[ SY 31 K|leea® X Y| C (pF) | G (fF) | Ls(pH) | R (ohm)
100 84 100 1.78 |42 384 0.181
100 29 127.5 0.621 |42 415 0.255
100 34 125 0.725 (42 412 0.258
100 72 106 1.526 (42 400 0.222
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A ¥ 4 A x

Table517.¢ KS fl @2dzi RSaAdya 2F aStSOGSR {t{La&
oPmMT YI X FYR odtrm YIT YR mMat xY F2N 1 dc
Wine | Spacing Douwr | Ls Rs . .
OKYUOKYUO K Y|(nH) |(ohm) Gn(fF) | Quax | Qrppre | Quin | Qmean
120 15 946 |3.165/0.839 |228 61.658|11.029 43.918(54.948
100 15 952 |3.736|0.977 |221 56.887(9.233 |42.245/51.478
80 20 1040 |7.611|{1.600 |277 46.682|3.466 |41.627|45.093
60 20 1006 |8.885(1.948 |254 |41.517|3.120 |36.737|39.856
Table 518. The final design of shunt connected MIM capacitors for 1 to 2 GHz phase
AKAFGSNI npc LKIFaAS aKAFAI oAl
(pF) [2 ARG K [[ Sy 3 K[C (pF)[Gn (F) [Ls(pH) [R (ohm)

C2 1 |7.11 |200 156 6.518 |62 317 0.116

C2_2|2.53 |100 98 2.066 |43 393 0.187

C4 1 |2.97 |100 118 2.482 |45 405 0.189

C4_26.08 |200 130 5.449 |60 306 0.117
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Figure 519¢ ¢ KS ™
considered, and iterated shunt MIM capacitorsp&ametes graphs for practica
case (a) return loss for the practical case, and (b) insertion loss for the practical «
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Figure 5200 ¢ KS RAFFSNBYyGAFf LKIFaAaS aKATI
phase shift bit configurédn # layout considered, and iterated shunt MIM capacit
(red line represents the present case, and blue line represents the ideal case).

Table 519. Calculated mean phase, minimum phase, rms phase, maximum phase and

phase mple comparison between the ideal case and the finalized layout
O2yaARSNIdAz2ya 2F m (G2 w DIT LKI&aS akKATGSH
alyod t KwYa tKHalE® t KlwA LILX
Ideal 43.858 45.255 46.835 1.592
Present case|43.370 45.064 46.677 1.679

Considering the sizes anbe layout view, one should refer t&igue 521 for the

dzLJLISNJ o NI yOK 2F ™M G2 H DIT LKFIaAaS &aKAFGSNI
refer to Figure 522.

Figue 521d ! LILJISNJ 0N} yOK 2F wm G2 w DIT L
pdnTc YYI 2ARGKY MdpoH YYI {SLI NFGA?Z
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Figure 522. Lower branch of 1 to 2 GHz phase $itJ npc LKLl &S
pPpnan YYI 2ARGKY mMdpn YYI {SLINFGAZ2Y

51.4 55aA3y 2F Hudpc tKFAS {KAFTOH . A

/| 2y&ARSNAY3I (GKS wm (G2 w DIT LKIFIaS &aKafFias
connected MIM capacitors design related datee given inTable 520, the layout

considered SPSIs are givenTable 521, and the shunt connected MIM capacitors'

final designs are given ifable 522. The Sparameters comparison graph of the final

layout and the ideal design is givenHigure 523; the differential phase shift related

graph is given irFigure 524, with the phase shift related calculation results as in

Table 523. It can be observed from these results that return loss is aro:8dl1 dB;

insertion loss is around 1.63 dB at around 1.5 @ithe worst case The differential

phase shift response is satisfactory.

Table5200m G2 wHW DIT LKIF&S &KATFTUESNI HHdpc LIKI &S

MIM capacitor design related geometrical parameter values, and ltimaped
equivalent model parameter values.

2 ARUGK |[ SY 3l K/Leea6 ¥ Y] C (pF) | Gn(fF) |Ls(PH) | R (0hm)
100 80 100 1.694 |42 383 |0.19
100 31 124.5  |0.664 |41 411 |0.259
100 34 123 0.725 |41 410  |0.25
100 74 103 1.574 |42 395 |0.221
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A ¥ 4 A x

aSt SOGSR {t{La

KY FT2N 1dyT

Table521.¢ KS f | @2dzi RSaixdya 27

odom YI Z YR odpy VYIT FYR mnp

\(;VI_II:eY d sp_l(a%-ng go:(t Y I(-;H) (P;hm) Csh (ﬂ:) Qmax Qripple Qmin Qmean
120 20 990 |3.312 (0.737 |244 64.454|10.761| 46.206| 56.967
120 20 1048 |3.595/0.911 |263 58.093|9.142 |43.601|52.743
80 20 1068 |7.925|1.765 |290 43.037|2.632 |38.960]41.592
80 20 1136 |8.524/1.936 |330 42.981|6.340 |34.236/40.576

Table 522. The finaldesign of shunt connected MIM capacitors for 1 to 2 GHz phase

AKAFAOGSNI HHdpc LIKFAS aKATU oAlGD
(pF) |2 ARUGK |[ Sy 30 K|C(pF)|Cn(fF) |Ls(pH) |Rs(ohm)

C2_16.81 |200 145 6.063 |61 314 |0.119
C2_2|2.64 100 110 2.323 |44 400 |0.189
C4_1|2.88 |100 109 2297 |44 400 |0.191
C4_2|6.28 |200 134 5.621 |60 307 |0.116
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considered, and iterated shunt MIM capacitorsp&@ameters graphgor practical
case (a) return loss for the practical case, and (b) insertion loss for the practical «
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Figure 5240 ¢ KS RATFTFSNBY(GALFf LIKIFIAS aKATFI(
phase shift bit configuration #yout considered, and iterated shunt MIM capacitc
(red line represents the present case, and blue line represents the ideal case).

Table 523. Calculated mean phase, minimum phase, rms phase, maximum phase and
phase ripple cormparison between the ideal case and the finalized layout

O2yaARSN}GA2ya 2F m G2 u DIT LKIFIaS aKAFGSH
alyd t KwYad tKHal E® t KlwA LILIK
Ideal 22.624 23.351 24.306 0.961
Present case|21.510 22.453 23.810 1.367

Cansidering the sizes anthe layout view, one should refer t&igue 521 for the
dzLJLISNJ 6Nl yOK 2F mwm (G2 H DIT LKI&S &aKATFGSN
branch refer toFigure 522.
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5.1.5 All Phase Bit States of 1 to 2 GHz Phase Shifter

{AYyO0S GKS m (G2 ©w DIT LKIFI&S aKAFGISNI myncs
completed the overth phase shifter performance is simulated based on the EM
simulations of the components. The SPDT switches are assumed to be static, and the
switches are assumed to have 0.5 dB insertion loss (that is total of 4 dB insertion loss

of the phase shifters areoming from switches since there are total of 8 switches are

needed), 25 dB isolation. The return loss plots for all phase shift bits are given in

Figure 527. The maximum return loss is arourlB dB. The insertion loss plots falf

phase shift states are given kigure 528. The maximum insertion loss is arousd

dB at 1 GHz (4 dB from the switches).
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Figure 527. The overall performance of 1 to 2 GHz for all 16 phadé sthtes and
the reference state $plots (Return losses).
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Figure 528. The overall performance of 1 to 2 GHz for all 16 phase shift states
the reference state Splots (Insertion losses).

The overall differential phise shift performance for all phase shift states are given in
Figure 529. The results are, indeed, satisfactory, as it can be observed Tabte 5

24, which is about phase shift related calculationse Tesign of 1 to 2 GHz phase
shifter is complete. The maximum rms phase error could be observedFigure 5

30 Fa I NRdzyR podycd

0

Differential Phase - All States (Degree)

'350 T T 7T I T 1T [ T 1T T 7 | T T 7 | LI LI I LI B
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Figure 529. The overall differential phase shift performance of 12dGHz phase
shifter for all 15 phase shift states with respect to reference phase shift state.
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Figure 530. Phasemserror graph for bit states of 1 to 2 GHz# phase shifter.

Table 524. Cdculated mean phase, minimum phase, rms phase, maximum phase and
phase ripple of 1 to 2 GHz phase shifter for all phase shift states.

Mean Phase | Min. Phase |rmsPhase [Max. Phase | Ripple

22.50 |22.873 21.672 22.895 24.834 1.961
45.00 |45.091 43.366 45.108 46.681 1.725
67.50 [67.958 65.127 67.991 71.661 3.703
90.00 ]90.519 87.686 90.542 93.826 3.306

112.50 (113.237 108.999 113.266 116.456 4.238
135.00 [135.515 131.083 135.549 139.879 4.433
157.50 [158.240 152.374 158.282 162.612 5.867
180.00 [180.568 178.072 180.577 183.408 2.840
202.50 [203.465 199.680 203.483 207.074 3.785
225.00 |225.655 221.456 225.675 229.607 4.199
247.50 |248.552 243.044 248.583 253.438 5.508
270.00 |271.124 265.440 271.151 277.294 6.170
292.50 [293.887 286.602 293.920 299.891 7.285
31500 |316.123 308.811 316.160 323.429 7.312
337.50 | 338.886 329.958 338.931 345.927 8.928

158



5.2 Design of 4bit 2 to 4 GHz Broadband Phase Shifter

In the above sufsection, the design procedure of a phase shift bit is detailed for 1 to
H DI T wmync .ERldwidthisidksigi, the boigf design of other phase shift
bits for 1 to 2 GHz is presented with the geometrical specifications of the used
lumped components and necessary dimensions. After that the complete design of

phase shifter is presented.

For the sake of simplicity, only the overall design results for 2 to 4 GHz phase shifter
are presented. For detailed designs of phase shift bits, please refer to "Appendix A".
The used SPDT switches are assumed to have an insertion loss of 0.5 dB over the
whole band with an isolation of 25 dB. The return loss plots for all phase shift bits are
given inFigure 531. The maximum return loss is arouAth dB. The insertion loss

plots for all phase shift states are givenHigure 532. The maximum insertion loss is
around-7.9 dB at 4 GHz.
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Figure 531. The overall performance of 2 to 4 GHz for all 16 phase shift states
the reference state g plots (Return losses).
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Figure 532. The overall performance of 2 to 4 GHz for all 16 phase shift states
the reference state Splots (Insertion losses).

The overall differential phase shift performance for all phase shift states are given in

Figure 533. The results are, indeed, satisfactory, as it can be observed from

Table 525, which is about phase shift related calculations. The design of 2 to 4 GHz
phase shifter is coplete. The maximum rms phase error could be observed from

Figure534> | & | NRdzy R T dopc d
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Figure 533. The overall differential phase shift performance of 2 to 4 GHz pl
shifter for dl 15 phase shift states with respect to reference phase shift state.
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Figure 534. Phasemserror graph for bit states of 2 to 4 GHz# phase shifter.

Table 525. Calculated mean phase, minim phase, rms phase, maximum phase and
phase ripple of 2 to 4 GHz phase shifter for all phase shift states.

Mean Phase | Min. Phase |rmsPhase |Max. Phase |Ripple

22.50 |22.581 21.408 22.588 23.789 1.209
45.00 [44.784 43.459 44.797 47.732 2.948
67.50 |67.373 65.238 67.387 71.364 3.991
90.00 [89.973 86.854 89.998 94.076 4.103

112.50 [112.620 108.107 112.651 117.345 4.725
135.00 [134.779 130.656 134.810 141.794 7.015
157.50 [157.419 151.997 157.458 165.180 7.761
180.00 [180.104 174.545 180.152 186.135 6.032
20250 |202.659 196.813 202.704 208.304 5.846
225.00 |224.888 218.010 224.936 230.956 6.877
247.50 [247.457 240.259 247.503 253.465 7.198
270.00 |270.083 261.324 270.153 278.522 8.760
292.50 |292.702 282.533 292.775 301.168 10.169
315.00 {314.889 305.326 314.%60 323.671 9.563
337.50 | 337.496 326.532 337.570 346.331 10.964

5.3 Design of 4bit 3 to 6 GHz Broadband Phase Shifter

Like the same for 2 to 4 GHz phase shifter section, for the sake of simplicity, only the

overall design results for 3 to 6 GHz phase shédte presented. For detailed designs
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of phase shift bits, please refer to "Appendix B". The SPDT switches are assumed to

have an insertion loss of 0.5 dB over the whole band with an isolation of 25 dB.

The return loss plots for all phase shift bits areeg in Figue 535. The maximum
return loss is aroundl2 dB. The insertion loss plots for all phase shift states are given

in Figure 536. The maximum insertion loss is arowi®.4 dB at 6 GHz.
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Figue 535. The overall performance of 3 to 6 GHz for all 16 phase shift states
the reference state g plots (Return losses).

Figure 536. The overall performance of 3 to 6 GHz for all 16 plss# states and
the reference state Splots (Insertion losses).

The overall differential phase shift performance for all phase shift stt&sto 6 GHz
phase shifteare given irFigure 537. The results are, indeed, satisfary, as it can be
observed fromTable 526, which is about phase shift related calculatioN&aximum

rms phase error could be observed frdfigure 538 | & | NRdzy R T c ®
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