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Résumé

L’objectif de cette thése a été premierement ddisefades dispositifs passifs
intégrés a base de lignes a onde lentes nommédaWE{pPour « Slow-wave CoPlanar
Waveguide ») aux fréequences millimétriques. Plusigachnologies CMOS ou BIiCMOS
ont été utilisées: CMOS 65 nm et 28 nm ainsi qU&MBDS 55 nm.

Deux baluns, le premier basé sur une topologieatieace et le second basé sur un
diviseur de puissance de Wilkinson modifi€, ainsuqg inverseur de phase, ont été réalisés
et mesurés dans la technologie CMOS 65 nm. Ledtaésiexpérimentaux obtenus se
situent a I'état de l'art en termes de performan@estriques. Un coupler hybride et un
diviseur de puissance avec des sorties en phasessdation ont été concus en technologie
CMOS 28 nm. Les simulations montrent de tres bompeermances pour des dispositifs
compacts. Les circuits sont en cours de fabricattgmourront trés bientbt étre caractérisés.
Ensuite, une nouvelle topologie de diviseurs degarice, avec sorties en phase et isolé a
été développée, offrant une grande flexibilité@hpacité en comparaison des diviseurs de
puissance traditionnels. Cette topologie est parfeent adaptée pour les technologies
silicium. Comme preuve de concept, deux divisegrpuissance avec des caractéristiques
différentes ont été réalisés en technologie PCBarmiban a la fréequence de 2.45 GHz. Un
composent a été concu a 60 GHz en technologie BiSM® nm utilisant des lignes
S-CPW. Les simulations prouvent que le dispostiffaibles pertes, adapté et isolé. Les
circuits sont également en cours de fabricatioriinEdeux topologies de « reflection type
phase shifter » ont été développées, la premiens tha bande RF et la seconde aux
fréquences millimétrique. Pour la bande RF, le déphe atteint plus de 360° avec une
figure de mérite trés élevée en comparaison avatlde l'art. En ce qui concerne le
déphaseur dans la bande millimétrique, la simulatimntre un déphasage de 341° avec
également une figure de mérite élevee.

Mots-clés: Ligne a ondes lentes S-CPW, facteur de qudbtnologies CMOS,
balun, rat-race, inverseur de phase, diviseur dssance, coupleur hybride, déphaseur,
bande millimétrique, bande RF, figure de mériteniaturisation.






Title

New topologies of power dividers, baluns and plsdstters in RF and millimetre-
wave bands, based on microstrip lines and slow-wapéanar waveguides technologies.

Abstract

The first purpose of this work was the use of sleave coplanar waveguides
(S-CPW) to achieve various passive components tvéhaim to show their great potential
and interest at millimetre-waves. Several CMOS oZNBOS technologies were used:
CMOS 65 nm and 28 nm, and BiCMOS 55 nm.

Two baluns, one based on a rat-race topology aadtiher based on a modified
Wilkinson power divider, and a phase inverter, wachieved and measured in a 65 nm
CMOS technology. State-of-the-art results wereeaakd. A branch-line coupler and an in
phase power divider without isolation were desigimed 28 nm CMOS technology. Really
good performances are expected for these compaatedebeing yet under fabrication.
Then, a new topology of in phase and isolated pa¥iader was developed, leading to
more flexibility and compactness, well suited tdlimietre-wave frequencies. Two power
dividers with different characteristics were reatizin a PCB technology at 2.45 GHz by
using microstrip lines, as a proof-of-concept. Aftieat, a power divider was designed at
the working frequency of 60 GHz in the 55 nm BiCM@®hnology with S-CPWSs. The
simulation results showed a low loss, full-matclaad isolated component, which is also
under fabrication and will be characterized as sapossible. Finally, two new topologies
of reflection type phase shifters were presented for the RF band and one for the
millimetre-wave one. For the one in RF band, thasghshift can reach more than 360° with
a great figure-of-merit as compared to the stattrefart. Concerning the phase shifter in
the millimetre-wave band, the simulation resultsvgla phase shift of 341° with also a high
figure-of-merit.

Key words : Slow-wave CPW, quality factor, CMOS technologieslun, rat-race,
phase inverter, power divider, branch-line couplefiection type phase shifter, millimetre-
wave band, RF band, figure-of-merit, miniaturizatio
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Introduction

Introduction

Nowadays, 21st century, progress and innovati@tience and technology are jaw-
dropping. Wave propagation is directly impacted thg technology developments in
several domains and applications. More particulariflimetre-waves have concentrated
much and much interest since more than ten years.nmain advantages, as compared to
radio frequencies (RF, a few GHz), make millimetr@ves attractive today, (i) the wide
bandwidth and (ii) the antennas small size. Inenirsystems, the bandwidth is more or
less proportional to the working frequency; exclptthe particular case of Ultra-Wide-
Band dedicated to short range low data-rate comeations, the relative bandwidth is
limited to a maximum of 10 to 15 %. Hence, for aegi relative bandwidth, increasing the
working frequency increases the bandwidth. The rarate size is also a key issue. It is
obvious that smaller antennas lead to smaller systdut the main interest stays the
possibility to achieve large antennas arrays algviocused beams, which is mandatory in
order to address consumption issues for autonomsyatems. Antennas arrays also enable
to carry out beam-steering and/or beam-formingesystby using phased antenna arrays. In
a more general point of view, millimetre-waves amni@ arrays lead to an improved
efficiency, as compared to RF systems, for the sanea of the antenna system.

High-data-rate communications, radars, securityd amedical applications are
concerned by the development of millimetre-waveesys. In order to ensure data rates
greater than a few Gbit/s, the most suitable smiutias been to operate in the millimetre-
waves. In the vicinity of 60 GHz, in particularcammon 5 GHz band between 59 and 64
GHz was defined for unlicensed use in the countslesre the consumer electronic market
was the most developed. This spectrum is an atteaciption for very high data rate
wireless local area networks (WLANSs) or wirelesgspeal area networks (WPAN).
Moreover, this millimetre-waves radiation is camabf penetrating clothing while being
partially reflected by human skin. As the reflentipattern of metals, but also plastics,
ceramics and liquids are readily detectable foratamh at these frequencies, millimetre-
waves imagers have been considered as a supeeanagive as compared to traditional
metal detectors. Hence, the security domain camssit one of the major areas for
millimetre-waves imaging systems. The frequencetteb suited to this use are 35, 94, 140,
and 220 GHz, which correspond to the atmospheropaggation windows, e.g. to the
minima observed in terms of atmospheric attenuatiorthe past, 94 GHz systems were
usually adopted, but higher frequencies, leadingvien better spatial resolutions, are under
study. Recently, significant technological advanicethe automotive industry have taken
place for improving vehicles safety. The radar eyscan detect and track objects in the
frequency domain triggering a driver warning of amminent collision and initiate
electronic stability control intervention. For longnge radar there is a certain international
consensus regarding the 76-77 GHz band whereahéot range such as anti-collision and
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handheld radars for parking assistance, pre-ces$irgy, obstacle avoidance and blind spot
detection the working frequency was fixed to 79 GHere again, high spatial resolution is
required and obviously the smallest antennas asilpes

All these millimetre-waves applications are comnyar@cognized to belong to and
to lead to a smart society because they will fiatdi the communications between people,
inside or outside homes and offices, and from Imgido building (backhauling), avoiding
heavy civil engineering infrastructure. They wils@ increase safety in transports, with
improvement of traffic and parking. Nonethelesgythvill also be sustainable because they
will not consume much power, will have a small aaad high performances level.

CMOS and BICMOS technologies are addressed todaterilow cost millimetre-
wave devices. Indeed traditional monolithic micrewantegrated circuits (MMICs) with
Gallium Arsenide (GaAs) can provide high-performamaillimetre-waves devices due to
the higher electron mobility of GaAs, higher breaka voltage, and good insulating
properties. However, GaAs technology is expensiameén mass production, which results
in systems with prohibitive costs for consumer aggions. This is why CMOS/BIiCMOS
technologies are preferred for mass production.

Such applications convey high innovation. They waifio permit a large part of the
microelectronic industry in developed countrieptiosue its activities.

As discussed above, for some applications beamisgegystems are required either
to achieve specific functions (e.g. radars) or napriove point-to-point transmissions
efficiency. The beam-steering approach gives dpagidity, locating and concentrating the
emitted/received energy in the direction of theereer/emitter. This allows a longer
communication range and an improvement of the systapability, leading to a more
secure communication, and also to the detectiomalbile blind spots. In that case, the
system will quickly establish a new communicaticathp using for example, beams that
reflect off the walls. It is a significant techngloal challenge to achieve such goal in a
compact, cost-effective and energy-efficient solutiMechanical beam-steering has been
used with the advantage of a wide field of view aodsignal processing requirement; but
its manufacturing complexity, size, weight and stag rate are not appropriate for low-
cost consumer applications. Nowadays, few techsidueve been developed for beam-
steering. It can be performed by changing the pb&#iee local oscillator at the millimetre-
wave mixers level but high power consumption isuretl because one mixer is necessary
for each antenna element of the antenna array.r @adéizations have shown monolithic
millimetre-waves antenna array front-ends, withitdity processed phase shifting for each
antenna. Here again, the main drawback of suchoappris linked to its very high power
consumption, which is not compatible with mobilepkgations where autonomy is
mandatory. The phase shifting in the millimetre-esmpath would ensure low power
consumption. The system could be very simple, withple power splitters feeding phase
shifters controlling each antenna of the antenmayailhe key issue is then to improve the
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devices performance while decreasing their suréaea in order to decrease the fabrication
costs. A great challenge!

To improve the performances and reduce the ardeeqgiassive components needed
in the millimetre-waves range, slow wave transmoissilines have proved to be good
candidates and particularly the slow-wave coplamaveguides (S-CPWSs). It has been
shown in [1] and [2] that the phase constafit ihcreases while keeping the same
attenuation constant;) than a classical microstrip transmission lin@diaeg to a quality
factor Q) defined as:

0=L
2a
about two to three times higher than the classraalsmission line. With such transmission
lines not only performances can be improved but #le compactness of the devices.

The performances of the integrated tunable devacesisually related to the tuning
elements used to vary the phase. The utilizationapéctors induces high insertion loss
level because of the low quality factor of the wtwes, particularly at millimetre-wave
frequencies. Until no varactors with better perfantes are achieved, all the tunable
topologies developed at RF frequencies have totlniesl again in order to reduce the
insertion loss or should be modified in order tbsitute the varactors. Ferrites could be
used for this purpose but they suffer from hightcasd lead to large size components.
Liquid crystal (LC) appears to be a promising tuaattielectric, since its losses decrease
with frequency. Thus, it is ideally suited for higberformance millimetre-waves
applications. At these frequencies, LC features ldwlectric losses and continuous
tunability. The main drawback of LC-based devicethe response time (tenths of ms) and
the length of the devices due to a low tunabilitythee dielectric constant of about 25 %.
BST material is a good candidate at RF frequenbiessuffers from high dielectric losses
at millimetre-waves. Finally, microelectromechanhisgstems (MEMS) have the potential
to be inexpensive, low loss, with high quality pha$ifting capability. However, all the
above technologies are not compatible with CMOSesmlperforming a post-process.
Hence, in parallel of the study of these hybridusohs, it is still important to continue to
study fully integrated solutions and try to develogh-quality factor tunable elements.

The purpose of my thesis work was thus to exploeepossibilities to use S-CPWs
in order to achieve high-performance passive devatamillimetre-waves. Power dividers,
baluns and phase shifters were realized in CMOBIGMOS technologies. Efforts were
carried out towards the study of new topologiesrter to improve both performance and
compactness. Some devices were first realized ainRFPCB technology as a proof-of-
concept, but also for some of them because theieldement at RF frequencies was
interesting for RF systems.
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In the first chapter, the principle of planar detd/combiners with their most
important striking evolutions and applications imetRF range are given. Baluns are
considered as an application of certain power divigipe devices. Then, the reflection type
phase shifter topology is explored. The common atimization techniques for all the
presented components are also listed. Finallystaee-of-the-art, at millimetre-waves, for
phase shifters and power dividers is developed.

In the second chapter, in order to highlight theaginterest of slow-wave coplanar
waveguides at millimetre-waves, baluns achievedth®y use of power dividers and a
wideband phase inverter were designed in the 65CWiOS technology and measured.
Also, power dividers with in phase (modified Wilkon power divider) and in quadrature
(branch-line coupler) were designed in the 28 nmd@3vtechnology.

The third chapter presents a new topology of insphpower divider, which is
compact and flexible, perfectly adapted to millireetvaves. Two power dividers and two
antennas array feeding circuits were realized iB R&hnology, as a proof-of-concept, and
then characterized. Next, the simulation resultswfh a power divider with slow-wave
coplanar waveguides designed in the 55 nm BiCM@Bnilogy are given.

Finally, the last chapter describes a new topolofyyeflection type phase shifter
(RTPS) in RF with a high figure-of-merit as compghte the state-of-the-art. This topology
is based on lumped varactors together with trarsamndines as a reflexion load and was
achieved after a careful study of the most suitabf@logies and a new optimization
procedure. A second solution of reflection typegehshifter was developed for millimetre-
waves in the 55 nm BICMOS technology. As a reflexioad, a slow-wave coplanar
waveguide loaded with distributed capacitive swakhs used. This phase shifter was
achieved thanks to the development of a new swdtclagacitor showing improved quality
factor as compared to the varactors available endsign kit. Designs carried out showed
that high performance reflection type phase shuftmuld be realized thanks to this new
topology.
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Chapter | : Power dividers/combiners and Reflection
Type Phase Shifter presentation

With the fast development of multifunctional teclowes and the need for
miniaturization in wireless communication systemsmpact microwave components and
circuits—especially microwave integrated circuitghwsystem-level performance—have
become increasingly popularhose considerations stay available whatever ¢imsidered
frequency range and topology, i.e. radio frequedy) in advanced PCB technologies, or
millimetre-waves (mmW) compatible with CMOS and Bifegration techniques.

Among the large number of microwave integrated ipassircuits, power dividers
and phase shifters are fundamental, powerful amessary, devicéuilding blocks. For
wireless communication purpose, they are full pérthe front-end transceiver. They can
also be used independently to make analog activeuits more performing: power
amplifiers or local oscillators are common example.

In this chapter, after a brief overview of the atlg existing solutions in terms of
planar dividers/combiners, we will remind the pipie of the commonly used components
with their most important evolution and recent aggilons in the RF range. In a second
time, solutions for phase shifting will be exploréocusing on the theory of the Reflection
Type Phase Shifting, the most appropriate techntqueombine high phase shifting and
port matching in the meantime. Various topologies @mpared and explained. Then, we
will list, illustrate and comment miniaturizatioechniques; most of which are similarly
used to miniaturize both components: power divigerd phase shifters. Finally, we will
draw the state-of-the-art, at millimetre-waves, goase shifters, power dividers, and baluns
(one application among many of power dividers).

|.1 Planar dividers/combiners

Power dividers are usually considered to be a faofildevices. They can be found
in many applications, including power division arbmbination, modulation and
demodulation, balanced mixing, balun for power afigpltion, Butler matrices, and
feeding network of antenna arrays, among othergciprocal divider can provide an equal
or unequal power split between two or more chanfiéglanks to reciprocity, and assuming
that input signals to be combined should be cohexed of equal magnitudes, this circuit
may also be employed to combine a number of osmilaor amplifiers towards a single
port.

The major parameters used to define and compardittters/combiners in RF and
microwave integrated circuits are bandwidth, powasision, relative phase difference,
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phase and magnitude imbalance, insertion loss,mgt®r return loss, isolation, number
of inputs/outputs, integration level and cost. Peeformances concerning these parameters
have been improved over time, either developing t@wlogies or with the help of more
advanced techniques and methodologies. Conseqguemdiye than one hundred different
types of dividers/combiners have been developedtbeepast four decades.

[.1.1 Overview

Dividers/combiners can be classified according timnerous characteristics. The
most common ways are: distributed, lumped-elemantombination of both, number of
ports, equal or unequal power division, fixed onable power division, bandwidth and
relative phase difference. Hereby this is the dais¢rion which is chosen as a parameter so
that the graph in Figure 1.1 shows the main plahaders/combiners classified according
to the relative phase difference. Outputs can bephase 4, = 0°), in quadrature

(4, = 90°) or out-of-phased(, = 180°).

Planar dividers/combiners

Resistive T-and Y- Coupled Branch-line Lange
. N Wilkinson . p g
circuits Junctions lines coupler coupler

Rat-race Tapered coupled

line hybrid

Figure 1.1: Main types of planar dividers/combiners

This study concentrates on the Wilkinson powerdiivicombiner, the branch-line
coupler and the rat-race. They are the three masty dividers/combiners among the ones
of their phase difference category.

[.1.2 Wilkinson power divider/combiner

[.1.2.1 Presentation

The lossless Wilkinson divider/combiner developedl960 [3], shown in Figure
1.2, is composed of two quarter wave transmissioes| (TLs), of characteristic impedance
ZoV2, with Z, being the ports impedance. It is a really effitieamponent in terms of
matching and isolation. Indeed, it can be matchedl @orts simultaneously, while keeping
isolation, thanks to a unique lossy elemRrtonnected between the two output ports. The
branch between the output ports is named isoldtranch. Theoretically, the resistanke
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equate® x Z,. However, this resistance limits the ability tardmne any signals of higher
power than that developed in the isolation bramghich is usually rated for several watts.

ZoV2, 90°

Port 2
Port 1 R Zo
Z o
° ZyV2, 90 | Port:

Figure 1.2 : Wilkinson power divider

Because of the quarter wave TLs, its relative badthwnder 20 dB of return loss
is limited to 20 %. For the applications requiribgpadband one possibility consists to
cascade the dividers. Obviously, not only the badtwincreases but the insertion loss and
the complexity of the device as well. The real déri characteristics deviate from the ideal
ones, due to manufacture tolerances, losses, disuades, mismatching of the
terminations, as well as the physical quality o¢ tlesistance. The influence of these
different factors on the parameters of the divmtas examined by Paral and Moynihan in
1965 [4]. The ideal§| matrix has the following form:

s1=201 0 o (I-1)
Sl=—=1|1 0 0 -
\/5100

1.1.2.2 Evolution

The first modified Wilkinson divider/combiner wittmequal power-split ratio was
presented in [4] (see Figure 1.3 and equationg)(lthe electrical lengths of the four TLs
are 90° at the working frequency. The propertiedulifmatching and isolation at the
working frequency are observed.

|
1SOLATION RESISTOR /

/

7 ox ) s Jlw %
z ; - 7
0 M|
z N ! z L oumwyTs
03 S _

—
(] O]
CENTER FREQUENCY
f [ e —o— AT 8= 90°

Figure 1.3 : Wilkinson power divider with arbitragyower division

POWER AT PORT 4 1 1+ K2
= - R = ZO
POWER AT PORT5 K K
ZOZ == ZOV K(l + KZ) Z04 == Zo\/E (|'2)
1+K?2 Z
Zo3 =2 X3 Zos = \/_%
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However, when the power dividing ratio is higheartt3 2 > 3), TLs with very
high characteristic impedances are required. Savpelar TLs with potentially very high
characteristic impedances, such as microstrip dVCBecome too narrow to be realized
practically. The high characteristic impedance barrealised by using a meander-shaped
defected ground structure (DGS) [5]. Nevertheld#lss,increase of impedance in such a
manner is limited. The rectangular-shaped defegtednd structure is also effective for the
realisation of high characteristic impedances [6][7] the high characteristic impedances
for a 5:1 unequal power divider were realized bynguwffset doubled-sided parallel-strip
lines (DSPSL). DSPSL-to-microstrip transitions hdagebe employed at the three ports,
which inevitably introduces additional insertionrssoand increases the circuit size. The
grooved substrate microstrip method could be usedalize high characteristic impedance
as in [8]. But this grooved substrate microstripdifiicult to be fabricated, compared to
traditional microstrip. In [9] the high characteitsimpedance TLs were replaced by T-
shaped structures, in order to decrease the ckasdict impedances towards more suitable
values. In the case of the 4:1 unequal dividergohesi, the highest characteristic impedance
was 97Q and the lowest 48 instead of 1582 and 35Q for the conventional unequal
divider.

1.1.2.3 Striking applications

1.1.2.3.aFeeding network

The Wilkinson power divider is the basic device faany applications. In [10] and
[11], it was used as a feeding circuit for antearmays beam forming. In [10] one power
divider feeds two antennas and used stepped-impedapen-circuited radial stubs to
achieve good operation within a ultra-wide band[1lih] two power dividers in parallel
were connected at the outputs of a first one td fae array of four antennas as shown in
Figure 1.4. Phase shifters between the Wilkinsowgrodividers and the antennas enable
beam-steering. In both cases, the measured inpiléctren coefficient §,;) is
below -10 dB, in the band 4-14 GHz for [10] and-2.8 GHz for [11], respectively.

Figure 1.4 : Electronic passive vertical beam scaagwith Wilkinson dividers and phase shifters.
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[.1.2.3.bBalun

If a phase inverter is placed in series with on¢heftwo quarter wave TLs of the
Wilkinson power divider, as in Figure 1.5, the 18@lative phase difference obtained
between the two output ports makes its use as unl@ssible. The output ports of the
modified Wilkinson power divider stay close to eather. We will see soon this is a great
advantage comparing to the rat-race balun. Howeter, resistancdr, mandatory for
isolation and output matchingjust be removed. Indeed, the 180° relative phdtereice
between the outputs would create a permanent fipwinrent through the resistance and
would increase considerably the losses. When ramydwis resistance, isolation and output
ports matching are degraded in such a way thatadhgonent cannot be used anymore as a
combiner. Nevertheless, it is still remarkably ghie for differential power amplification.
This device, performed at the IMEP-LAHC, is totahpvel. It has been designed and
measured in a 65 nm CMOS technology and will bemssd in detail in chapter II. It is
not referenced herein since the final version isatimised case of Figure I.5.

ZyV2, 45° Z2, 45° poyt
phase ‘
T inverter [L—1—® Zy
Port ]
20 ZyV'2, 90° Port

— L+

Figure 1.5 : Modified Wilkinson divider with phaseverter for balun application.

[.1.3 Branch-line coupler

[.1.3.1 Presentation

The branch-line coupler or 90° hybrid coupler ipaticular case of a directional
coupler. It is a four ports network where coupliiagtor is -3 dB and phase relationship
between the output ports is 90°. The ideal coujddossless and matched at all ports.
Compared to the Wilkinson power divider, it does meed any resistance for ports
matching, but requires a fourth port. The branok-kcoupler is composed by four quarter

wave TLs of characteristic impedancgsfor the vertical TLs and,/+/2 for the horizontal
ones in &, system as shown in Figure 1.6. Incident poweraat p separates between port
2 (the through port) and port 3 (the coupled pdatX, no power flows through port 4 (the
isolated port). Similarly, incident power at portn@l couple to ports 1 and 4, but not 3.
Thus, ports 1 and 4 are decoupled, as are pors 3.alhe fraction of power coupled from
port 1 to port 3, named coupling (C), is given bg). The leakage of power from port 1 to
port 4 is given by{l-4) and is named isolation (I). To conclude, thectivity (D), which is
the ratio of the power delivered to the coupledt @ord the isolated port is defined as
D =1-C (dB) or by (I-5).
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Coupling= € = —10log = = —=10log|Ss; |2 (I-3)
1
Isolation= I = —10log = = —10l0g|S,,|? (I-4)
1
Directivity = D = —1010gi—: = —1010g|S,s|? (I-5)
Port ] \/_,900 Port Z

Figure 1.6 : Branch-line coupler

The bandwidth of this device is about 10-20 %. éwsthe Wilkinson power divider,
by cascading dividers, the bandwidth is enlargealling unfortunately to an increase of the
insertion loss and the complexity of the deviceatting parameters demonstration is
available in [12]. The ideaH matrix has the following form:

0
_1 ]

NAE
0

[S]=

1 0
0 1
j 0

_ O O

[.1.3.2 Evolution

When the output ports of the hybrid coupler arenemted to impedances different
from Z,, an additional matching network is needed. To édoe need for a supplementary
network, [13] presented a device with both arbytr@rmination impedances and arbitrary
power division. By referring to the nomenclatureFigure 1.7, the ratio of the scattering
parameters$S, ;| to |S34] is that ofd, to d,. The electrical TL lengthg,, 8,, 65, andé, are
all /4 at the centre frequency, and the characteristpedances,, Z,, Z; andZ, in
Figure I.7are expressed as:

dy

A/ R Z, =—,/R,R

dy +d2 27 g, VibTc
dy

A/ R Z, =—,/RiR

dy +d2 47 g, Vidia

where R,, R,, R., andR; are the real impedances termination. For héth= d, and
R, = R, = R, = Ry, the results are similar to a conventional 3 d&nbh-line hybrid.

(I-7)
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Figure 1.7 : Branch-line coupler with both arbitratermination impedances and arbitrary power diwisi
1.1.3.3 Striking applications

1.1.3.3.aCoupling for frequency mixing

Mixers are frequency translation devices. Thanks tocal oscillator (LO), they
allow the signal conversion from a high frequenBy¥) to a lower intermediate frequency
(IF or baseband), and inversely. In down-convesidiybrids as well as rat-races may be
used as functional passives to bring the RF andsigBals towards the non-linear active
component. In [14], a 138 GHz down-conversion miwgh a branch-line coupler was
developed. It was based on a 90 nm CMOS technokgghown in Figure 1.8 the branch-
line coupler converts the separated RF and LO igmnals into two RF-LO combined
signals, which were injected into M1 and M2 thasibally operate as independent mixers
and generate the IF signals. Although at 138 Gimnaxter wavelength line, equivalent to
one edge of the coupler, becomes shorter than B00rnusilicon substrates, the size is still
reduced with specific techniques such as capacttpen-stub loading (non-visible here).
This miniaturization technique will be explainedhvimore details further in this chapter.

Figure 1.8 : Down-conversion mixer with branch-lineupler

1.1.3.3.bReflection Type Phase Shifting

When connecting the output ports 2 and 3 of a ltrdine coupler by two identical
reflective loads, a reflection type device is obtai between ports 1 and 4. Aifis the
reflection coefficient at ports 2 or 3, the phak#t vetween ports 1 and 4 is equal to the
phase of/” plus 90°; such device is so called Reflectionelfgmase Shifter (RTPS). Figure
1.9 shows the block diagram of a typical RTPS wiita impedance value of the reflective
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loads denoted a5 . If Z; is purely reactive, there is no power lost in tl#ective loads so
that the whole power is coupled to the output. fiteen advantage of this configuration is
that input and output impedance matching is preskrwhatever the phase shifting is, as
long as the coupler is terminated with identicdleative loads. Any load which can
provide an impedance mismatch can produce reflecticHowever, to get better
performance, which means high phase shifting wotk loss, different kinds of modified
loads were compared. In chapter IV, devices withinuped loads are achieved and
measured in a PCB technology with state-of-thgzarformances. Simulations in a CMOS
technology show excellent performances, to be omefil soon by measurements.

90° BRANCH z, i

<m LINE COUPLER Z, i

Figure 1.9: Block diagram of a RTPS

|.1.4 Rat race coupler

1.1.4.1 Presentation

The rat-race coupler or hybrid ring directional plau is a lossless reciprocal four
ports network. The conventional circuit is schemedi in Figure 1.10. It comprises three
90° branches and one 270° branch. The characateimsppedance of the ring branches
should bey2 times the characteristic impedance of the portsitetions with the purpose
of impedance matching at all ports.

Port 1 A Port ¢
Z, /4 Z,
A/ Ay
Port Port ¢
ZO ZO
31 /4

Figure 1.10 : Rat-race coupler

Historically, the first hybrid ring was describey Byrrel in 1947 [15]. As a power
divider, the rat-race coupler can be used for iagghoperation and 180° out-of-phase
operation. However some of the components deschiegin are much more suitable and
compact for in phase power division. Consequetily,rat race coupler is mainly used for
180° out-of-phase. For this application, a sigmgdted at port 2 divides evenly between
ports 1 and 4 with 180° phase difference, meanwhid 3 keeps isolated. As a power
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combiner, signals are simultaneously injected iasghat ports 2 and 3, summing at port 1,
and subtracting at port 4. Consequently, ports d 4nare referred to a8 and A,
respectively. By contrast, if signals injected attp 2 and 3 have a 180° phase shift, sum
and difference result inversely at ports 1 and e bandwidth of this device is less than
25 %; improvement can be obtained by the additioa 6fth port. Scattering parameters
demonstration is available in [12]. TH§ atrix has the following form:

o 1 1 o0
_TJ|l1 0 o0 -1 )
B]_¢§1 0 0 1 (-8)
0 -1 1 0

1.1.4.2 Evolution

In 1961, [16] gave the design equations of a reg¢-reoupler with any degree of
coupling. These equations are detailed in (I-9hwjt andY, the normalized admittances
anda; andb; the incident and reflected waves at porespectively, as in Figure 1.11.

Figure 1.11 : Rat-race with any degree of coupling

V,2+1°%=1

bs __ 1

b, Y; (1-9)
bl_YZ

bZ_Yl

In 2007, Mandal and Sanyal proved that there iseniean one solution in terms of
electrical lengths and characteristic impedancebritag to a lossless, isolated and full-
matched component. Indeed, in [17] it is shown #Hrainfinite number of solutions exist
for coupler design at a given frequency. For al gblutions, characteristic impedances are

less than the conventiongj+/2. Theoretically, the characteristic impedance efrihg can
be chosen between 0 and 7@7in a 50Q system. For each value, two ring electrical
lengths are addressable, one giving a total riegtetal length higher than 125and one
lower. The drawback is the bandwidth strengtherimther and further with the decrease
of the total electrical length.
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1.1.4.3 Application

The main application of the rat race coupler islibkin function, used for instance
in balanced mixers as in [18]. The single balanwixkr gets use of a microstrip rat race
hybrid and two GaAs Schottky diodes, in the coniagon given in Figure 1.12. The LO
and RF signals are mixed in these diodes and alatesl by the rat-race. The IF port is
isolated from both the RF port and the LO port bg tow-pass filter. The RF chokes
provide a tuning mechanism and prevent the RF bifrmen leaking into ground.
Measurement results show that conversion lossss tean 13.5 dB from 90 GHz to
97 GHz. Such mixer can be widely used in commuitnatnd radar systems in the mmw

range.

RF CHOKE

‘"-E

O

Lo RF CHOKE

Figure 1.12 : Configuration of the rat-race balartcenixer [18].

Another application of the rat race as a balunhis differential measurement as
presented in [19]. The purpose is to measure threagal noise performances of differential
amplifiers by using single-ended measurements.llidethe input balun B1 shown in
Figure 1.13, equally splits the signal along twd®18ut-of-phase branches. The behaviour
of the output balun B2 is equivalent, although commyg the output signals from the
amplifiers A. Baluns to characterize a differentahplifier allow the use of conventional
two ports measurement equipment.

Bl A B2

3 3

Figure 1.13: Measurement procedure of a differeidiaplifier using baluns.
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|.2 Reflection Type Phase Shifter

[.2.1 Principle and theory

The first Reflection Type Phase Shifter (RTPS) wasposed in 1960 by Hardet
al. [20]. The RTPS is composed by the branch-line Byugiven in Figure 1.7 with equal
power split loaded by two identicalaractorsas in Figure 1.14 The usual input and
isolation ports of the branch-line coupler alonettp 1 and 4dn Figure 1.14 have a port
impedance o¥,, whereas the usual through and coupled ports hgvertimpedance of
Zr. The input signal is divided into two parts. Eacht pareflected by a reflective load, to
finally combine at the last port.

Figure 1.14 : RTPS loaded by varactors

The calculation of the transmission paramétgrwith the S matrix of the branch-
line coupler loaded by the variable impedangesasily brings to:

S,1 =jT (I-10)

with I the reflection coefficient between the outputstiod branch-line and the loads
defined as:

Z,—Zr
Z,+Zy

= (I-11)
Considering the load; as an ideal varactar/jCw, the magnitude of the transmission
parametes,, is 1, which means that all the power is transmjttehile the phase depends
on the reflection coefficienT and so, on the load,. The principle of the RTPS is
demonstrated. Intentionally, the two following spdrts which detail the theoretical
equations for loss and phase shift are not refexento our best of knowledge, the analysis
throughout the literature was not enabling to drieg the compromise between minimized
losses and maximized phase shift. The following aestrations are thus totally novel.

[.2.1.1Insertion loss

In practice the load is not ideal and leads todes3 o represent losses, a resistance
R representing the loss was connected in seriesiifiw. Z;, can be written as:
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— 1 1+j/Q

= = = —7 |'12
Z, =R+ o=R—7n—=R(1-jQ) (-12)
with Q (I-13) the quality factor of the varactor.
1
= [-13
Q=r'r2 (I-13)
Under these conditions, the reflection coefficiBiig:
_ Iy . _
s L=z _RA-jO -2y 1-F ¢ _1-k-jQ (-14)
Z.+Zr RQA—-jQ)+Z; 1+ZITT_jQ 14+x—-jQ
with k = 2L,
R
The magnitude af,,is thus given by:
7 2
o ( —TT) + Q2 (1—1)? + Q2
1S21] = IT] = 72 = AT 0%+ 02 = (1-15)
(145) +o

According to (I-15)x has to be much greater or much lower than 1 tqjet close to 1
and so to reduce the insertion lossZ}f= Z, (for the conventional branch-line coupler),
sinceZ, andR are both fixed values, this condition cannot be foetossy varactors with

the simple configuration given in Figure 1.14. Look atk = ZITT, it is straightforward that

by increasingZy, the conditionk > 1 is roughly met and therefore the insertion loss is
reduced. In accordance with the formulas givenlif),(Z; may take any desired value
while the branch-line coupler given in Figure I\&duld keep equal split and matched ports
1and 2.

[.2.1.2 Relative phase shift

According to (I-10) and (I-14) the phase of thensmission parametes,; of the
RTPS is:

T

- T 1-k—jQ
g0521—2+Arg(F)=§+Arg( )

1+x—jQ (1-16)
s
=5+ ArcTan(—Q/(1 —k)) + ArcTan(Q/(1 + k))

Among the two possible solutions for minimizing timsertion loss, the only one
leading to a variable phase according)t@and so tdC, is ak much greater than 1. Indeed,

withk > 1:
T

m
P ® 5+ 2 »ArcTan(Q/x) = 5 +2 -ArcTan( (1-17)

ZTC(J)>
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We named’,,;,, andC,,,, the minimum and maximum values of the varactoe Th
relative phase shift calculated @s,

1(Cmin) - (p521(Cmax) IS:

) — ArcTan (é)] (I-18)

Ap = 2. [ArcTan(
Zr * Cpax " @

Zr* Copin * @

Theoretically, if the conditior > 1 is checked and if the varactor varies between 0
and +o, 4¢ could reach 180° without insertion loss. Howewartactors have a limited
range so that only a maximum relative phase shafy be reached corresponding to a fixed
value ofZ;. The equation (I-18) is derived accordingZtoand fixed equal with O in order
to find the value of/; leading to the maximalg. The obtained equation is given in (I-19),
and is consequently the condition to respect tdtgetnaximalde, considering that > 1.

1
\/le'n-cmax-(‘)2 . (|-19)

1=
Zr

To reduce the insertion los8; has to be as high as possible whilst to get the
highest relative phase shift the equation (I-19% toebe verified. For a given varactor, two
different criteria have to be met by only one Vialéa In consequence, it is not possible to
benefit simultaneously from the lowest loss witle thighest relative phase shift. A
compromise between these two characteristics hias found. The next part illustrates this
case with a practical example.

1.2.1.3 Practical example with non-ideal varactor

Let's choose a varactor with a capacitor valian the range [1-5] pF with a
parasitic resistanc® of 2 Q at 2 GHz. According to (I-19; has to be fixed to 358 to
get the maximal relative phase shift. Tablesuins up the calculated performances of two
RTPS realized with ideal hybrid couplers, takintpiaccount only the parasitic resistance
R of the load. For one RTP&, = 35.6Q, chosen to get the maximal relative phase shift,
and for the other ong; = 100Q, chosen as high as possible to resgeet 1 while taking
into account standard technology limitation.

. Exact A
Approximate A, xac ~? | Max. insertion loss
L K according to (1-18) according according to (I-15) FoM
() & to (1-16) 8 (°/dB)
(°) o (dB)
(°)
35.6 17,8 80.57 83.53 0.81 75.3
100 50 58.79 58.94 0.34 92.1

Table 1.1 : RTPS performances with simple capazitéflective load.

The figure-of-merit (FOM) of a phase shifter isidefl as the relative phase shift
over the maximum insertion loss. It would not beunate to calculate the FoM only taking
into account the loss due ® if we consider that these circuits were fabridata a
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dielectric substrate wittan 6 = 0.0027, the insertion loss added by the bramzhdoupler
is estimated to about 0.3 dB. So the FoMs presehted take also into account the
insertion loss induce by the branch-line coupler.

With Z; = 35.6Q, the relative phase shift is about 83° with 0.8Laf insertion
loss leading to a FoM of 75.3 °/dB. As expectedhwi; = 100 Q the insertion loss is
lower with 0.34 dB but the relative phase shiftwadl with 59°. The FoM is higher with

92.1 °/dB. We can notify that the criteka> 1 is respected in both cases, because the error
between the approximatkpy and the exact one is less than 4 %.

[.2.1.4 Conclusion

The ideal RTPS is lossless and has a phase cewti®yl the loads connected at the
branch-line output ports. Due to the limited raage the parasitic resistance of the varying
loads, the performances of the phase shifter d@tangevorse. With the flexible output port
impedance of the branch-line coupler, it is possitd find different values than the
classical 502 in such a way that performances can be improvedilllbe a compromise
between the relative phase shift and the loss .Iddelvever, in this configuration the
maximum relative phase shift stays modest and ight é&nough for some applications. In
order to get more degrees of freedom than the drlyfor better performances and
compromise, networks may be placed between theubprts of the branch-line coupler
and the varactors. As we have seen, the purpdeegist a value of; different fromR, so
the added network can be called a mismatching mktwide next part introduces the most
usual modified reflective loads including mismatghinetwork.

[.2.2 Modified reflective load

|.2.2.1 Serial inductance

A modified reflective load can be designed with ,otwveo or even more varactors
depending on the targeted phase shift. As a genalal the more varactors, higher the
phase shift. The simplest modified reflective lesgd as a mismatching network is a series
inductance with the varactor, also named seriesaasg load. We will first explain the
advantages of this widely used reflective load teefpresenting mismatching networks
with or without inductance, but of higher complegxit

If the reflective load consists in a fixed induatah in series with an ideal varactor
C as inFigure 1.15, the reflective load becomes:

1
=] — -2
Z; =jlLw +jCaJ (1-20)
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Figure 1.15 : RTPS with inductive load.

The minimum and maximum values &f are reached for the extreme values of the
variableC. For this studyC andL are ideal, e.g. without loss, a@dcan reach any value in
the [0;+e0] range.

ForC =0: Z, =jLw — joo = —joo (L has no influence)
ForC = +00: Z, = jLw ++1le = jLw ifL = 4o, Z, = +joo

—jOO

Sodp = 2. [ArcTan( ) — ArcTan (JFZ]—:O)] = 2.(90 + 90) = 360°.

0

When adding a series inductance the maximum relgthase shift increases up to
360° as long as its value tends to-be. In practice the value of andL are limited.
Hence the relative phase shift is much lower, sat #h compromise should be found
between phase shift and insertion loss. This isveho the state-of-the-art.

[.2.2.2 State-of-the-art at RF frequencies

[.2.2.2.aReflective load with lumped inductance and one ctara

With an lumped inductance in series with a capacdaelative phase shift of 97°
with 1.5 dB of maximum insertion loss was measwed GHz in [21]. The varactor range
value is [1.4-8] pF with a parasitic resistanc@ 61. The insertion loss variation for the 97°
is 0.4 dB. The relative phase shift is much beltne 860° theoretical maximum one
calculated above. This is due to the limited ranf®alues of the varactor and the finite
inductance value. Moreover, there is a compronas@dke between the insertion loss and
the insertion loss variation. The outputs portsedgnceZ; of the branch line coupler is
50Q, leading to an impedance transforming ratio= Z,/Z; = 1. Still in [21], another
RTPS with the same reflective load was measuredwiib Z; = 12.5Q, e.g.r; = 4. In
that condition the relative phase shift is now 24@h 3.8 dB of maximum insertion loss
and an insertion loss variation of 2.2 dB. In ceupart of the increase of almost 150 % of
the relative phase shift, both the maximum insertmss and the insertion loss variation
expanded. To reduce the insertion loss variatioesestance®, of 82 Q was connected in
parallel with the load, as shownHigure 1.16.
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Figure 1.16 : Reflective load proposed in [21].

This resistance smoothes the loss at its maximuorevaut does not modify the
relative phase shift. Indeed, concerning the dewitte Ry, the maximal insertion loss is
still 3.8 dB but the variation of this charactadstwindles as low as 0.1 dB. The return loss
is better than 20 dB. Figure l.1shows the measured reflection coefficient of theedh
presented RTPSs at 2 GHz.

= r.=1, without R,
© r.=4, without R,,
& r;=4, with R,=82Q

Figure 1.17 : Reflection coefficient of the thrgpes of reflective load at 2 GHz.

These results confirmed that it is not possibletgejet a relative phase shift of 360°
with only one varactor in series with an inductgndae to their limited range. Other
variable reflective loads have been enfaced witlersg varactors in order to increase.
Some of them include a series inductance.

1.2.2.2.bReflective load with lumped inductance and sevemedctors

In [22], a varactor was added before the reflectoed previously presented in
Figure 1.15, leading to &l-shape as described in Figure 1.18(a). The sinmrakigure
1.18(a) shows that the impedance variatio gf is not centred anymore on the Smith chart
real axis. Consequently the relative phase shifea@ly small. Therefore, an impedance
transformation was added. On the Smith chart irufeig.18(b), it can be seen that the
simulated relative phase shift becomes higher &&@3 with the impedance transformation.
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= 1.2/ gy = 08V

(b)

Figure 1.18 : Simulated Impedance trajectory on 8mith chart. (aJ/-shape load without impedance
transformation. (bY/-shape load with impedance transformation.

This RTPS was implemented in a 0.18 um CMOS teduyoht 2.45 GHz. The two
varactors have a capacitance range of [0.52-1.4]apé [1.9-5.4] pF, resulting in a
measured relative phase shift of 340° with a marmmsertion loss of 12.6 dB and a loss
variation of 4 dB. With this topology the simulatedative phase shift shown that 360° can
be reached but the measurement result was linot8d 1°.

In [23], the reflection loads are composed by twaductances in series with
varactors, interconnected by a quarter-wavelengtha$ shown in Figure 1.19.

Figure 1.19 : Reflective load proposed in [23].

Here again the resistandg was used to smooth the insertion loss, anavas
modified and fixed to 1.25. The measured maximulatixe phase shift is 407° and the
insertion loss is 4.6 dB at 2 GHz with a variatafr0.4 dB. The phase shifter was realized
with silicon varactors of a [1.4-8] pF capacitamaege and an averag&Xresistance.

[.2.2.2.cReflective load without lumped inductance

It is also possible to get 360° of relative phalsét svith a reflective load without
inductance. The reflective load suggested in Figut@ by [24] consists in two shorted
transmission-line stubs connected in series wighvidractors. Those two parallel arms are
interconnected with a quarter-wave TL. It incredseth the total amount and the linearity
of the phase shift. The phase shifter showed d phiase shift of 380° and a maximum
insertion loss of 5.3 dB with a variation of 1.6 dB10 GHz. The high insertion loss is
mainly due to the GaAs beam-lead varactor diodegclhwlexhibit a 5.5Q parasitic
resistance.
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varactor

A\ /4 T-line
Z0

Figure 1.20 : Reflective load proposed in [24].

In [25], 6 varactors were used in each reflectvadl Z; is shown in Figure 1.21.
Each one of the seven TL is 8Dquarter-wavelength arms with a varactor diodevatye
node. All the varactors are similar, with a [0.2]1pF capacitance range. The relative phase
shift is really high with 500°. The maximum insertiloss is 3.5 dB with 2.5 dB of
variation. The main drawbacks of this topology thesbig area needed due to the numerous
guarter-wavelength TLs and the cost with the usE2ofaractors for one RTPS.

ﬁa §z §_
5 W X

A A o

T4

Figure 1.21 : Reflective load proposed in [25].

1.2.3 Branch-line coupler substitution

The above literature review showed that all of papers that dealt with the RTPS
assumed by default that the coupler, which is #ekbone of the phase shifter, is a branch-
line coupler. However, the Lange coupler or quantavelength coupled lines coupler can
be used instead, particularly in order to increhsébandwidth. The RTPS presented in [26]
consists in a CPW Lange coupler with 3-dB couplamgl, as a reflective termination, a
combination of two interdigital capacitors in seri@ith an inductor. The relative phase
shift is 95° at 2.5 GHz with a 96 % relative bandthidetermined for an input return loss
better than 10 dB, whereas it is about 10-15 %afBTPS using a branch-line coupler.

[27] shows that a RTPS can be designed using tessdne tenth of a wavelength
coupled structure if the mode impedances of thiatire are chosen properly. At 2.2 GHz,
the relative phase shift is 373° with a bandwidti3® % under 10 dB of input return loss.
To achieve the maximum possible phase range athessequired bandwidth, the odd-
mode impedance of the short coupled structure nteels around 1@, whereas the even-
mode impedance needs to be around 200Thus, the optimized short-section design
requires higher even-mode impedance and lower aoidemmpedance than the values
needed in the traditional design method. To reafimeh extreme impedances, slotted
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ground plane was used, which results in a reducdtidhe even-mode capacitor and, thus,
an increase in the even-mode impedance. Concethengequirement for a range of low
odd-impedance values, it can be achieved by comgeet chip capacitor between the
middle points of the coupled lines. This capaclias no effect on the even-mode circuit.
However, it increases the equivalent odd-mode d¢taaf the coupled structure and thus
decreases the odd-mode impedance.

[.2.4 Applications

Phase shifters are used to adjust transmissiorephas system; they can be fixed
digital phase shifters or analogue variable tydd®y are key elements in phased arrays,
especially tunable phase shifters. They can be ts@@érform adaptive beam-forming or
beam-steering; they enable multi-beam operation aedalso used in phase-modulation
communication systems. Recently, the demand foisqihaarray systems operating at
millimetre-wave bands has increased owing to th@iegtions of security, imaging, radars
(automotive), military surveillance and satelliemamunication. The RTPS is praised as a
low control complexity device (only one control tage), owing good stability against
temperature changes and low sensitivity to prodetsrances. Nevertheless, its main
advantage stays the independency between portdhimgatand phase tunability thanks to
the recourse of a four-port coupler which leadslésign simplicity and high electrical
performance.

|.2.5 State-of-the-art review

. Max.
Phase _A"e“"Tge Insertion Varactor| Parasitic Return 10 d& insertion
Freq. . |insertion| loss . Lumped return loss . Nb. of |Type of FoM
Ref. shift - range |resistance). loss . loss in the o
(GH2z) o loss | variation inductance bandwidth varactors| RTPS [ (°/dB)
O | @ | @) | ® | @ @) | o BW
(dB)
Yes Branch
21 . +0. 4 - - . ) .
[21] 2 237 3.75 0.05 14-8 2 @7 nH) 21 >10 >4.6 2 ine 62.4
+0.1 for
31| 2 | a7 | a4 | 3 | 14.8 2 ves 1 0 >10 >5.8 4 |Brancht ggs
+0.2 for ) line
407¢
241 10 | 380 | 45 107 | 016-2l9 55 No -14 - - 4 Br""’r‘]r:h 731
25] | 205| 500 | 22 | #125| 02-11 2 No 17 >10 >3.5 12 Br""’r‘gh 142.9
Yes Lange
[26] | 2.5 95 1.6 0.4 1.35-4.p <1 -15 96 3.8 4 475
(2.2 nH) coupler
Yes Lange
2711 2.2 373 2.5 +0.75 0.6-4. 2 -13 36 4 2 116.6
(1.7 nH) coupler

Table 1.2 : State-of-the-art of the RTPS in PCBitextogy.
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Table 1.2 summarizes the electrical performances ierportant characteristics of
the RTPS in PCB technologfhe RTPS presented in [25] has the highest FoMh wit
142.9 °/dB but suffers from serious drawbacks as lily surface, the cost due to the
numerous varactors and a big variation loss. Qphase shifters reached high phase shift
as in [23] with 407° but it is worth to insist thidtere is no practical need for phase shift
over 360°. Some phase shifters have very smallMasgation as in [21] but a high level of
loss and are not optimized to decrease it, leadingw FoMs.

1.3 Miniaturization techniques

Size reduction is an old but very important toghattruns throughout the design
procedure of microwave components from the firsthi® last stage. To get low cost and
competitive components, the shrinking of the ocedmircuit area is essential and pressing
especially when considering integrated technoloiikess CMOS. Many efforts are carried
out to miniaturize the components. Among them, firliisiaturization is one of the research
topics of major interest in the microwave ranges Bie the basis of any passive distributed
device and therefore proportional. Neverthelessendbn has to be paid to other
miniaturization techniques in parallel to TLs impement. Thus in this section, several
techniques dedicated to exploiting miniaturizatiare described. The use of high-K
dielectrics was not addressed in this section, userdt relates to specific substrates, and
cannot be transferred to integrated technologies.

Although other performances improvement such asmbaic suppression,
broadband or multiband techniques does not focesifspally on miniaturization, most of
them involve it, and, thus, should be included aisoéhis discussion. Finally, it is worth
mentioning that striking references that illustréite numerous solutions for miniaturization
mainly focus on the Wilkinson power divider, the-race coupler and the branch-line
coupler, that is to say the components studiechduhis thesis for power division, power
combining and reflection type phase shifting pugsos

[.3.1 Shunt-stub-based artificial transmission lines

The most promising strategy for miniaturization mbg the shunt-stub-based
artificial TL. As an example, it has been developsdthe T- andI-shaped open-stubs in
[28]. The shunt-stub-based artificial TL which cmts of series high-impedance microstrip
and bilateral low-impedance shunt stubs, as showiigure 1.22(a), can be replaced by
shunt stubs with two sets of high-impedance bragpk-stubs to become more flexible to
utilise the folding technique, as shown in Figu22(b). Thanks to the slow-wave effect
generated by the shunt stubs, this artificial Th ogplace thel/4 TL of any device, with
an equivalent 90° electrical length at centre fezmpy, which results in a significant
miniaturization.
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High-impedance
1 —®  Branch-type stub

ﬁequivalent

(@) (b)

Figure 1.22 : (a) A conventional TL and its equivalent shunt-stub-based artificial TL, (b)quact
structure.

In [29], [30] and [31] this strategy was applietVdkinson power divider, a branch-
line coupler and a rat race coupler, respectijé§] occupies 14.7 % circuit size compared
to the conventional structure, [30] occupies 8 % 1] only 3.9 %. The drawback of this
feature is the stubs characteristic impedanceddatbe high with non-reachable values in
an integrated technology. In the previous papeegsctiaracteristic impedance may be as
high as 110Q. In integrated technologies, values above (YCare unattainable when
considering microstrip TLs.

[.3.2 Meander and Fractals

The space-filling behaviour of the folding techreglias proven to be beneficial in
the design of small size devices. It is somewhatilar to the space-filling nature of
meanders [32] and fractals [33], applied to a aaerand a branch-line coupler. Fractal
geometry is an essential and typical technique wattsimple miniaturization mechanism
arising from the high degree of meandering and segrmompression introduced during the
space-filling process. The performance of frackelped devices has been demonstrated
without any performance deterioration in variousblmations. However, it should be
highlighted that the small fractal segments encenack in the second- or even higher-order
iterations deserve consideration [33].

|.3.3 Phase inverter

The 270° TL needed with the conventional rat-ramepter is the main reason for its
big surface. In 1968, in [34], March replaced theeé-quarter wavelength section by a pair
of equilateral and broadside-coupled segments ofasirip TL with an electrical length of
90°, having diametrically opposing short-circuitedds, thus creating a phase-reversing
network.Its purpose was to broaden the frequency band nmfeknveducing the rat-race
dimensions. In 1994 two 180° phase shifters wekeldped, one with coplanar striplines
in [35] and one with a CPW-slotline transition i86]. In 1999, [37] showed a phase
inverter in a CPW topology with bonding wires. Allese phase inverters are efficient in
the framework of the fabrication of uniplanar stures although their need for bonding
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wires, but they are inefficient for non-uniplanares. Later, the concept was developed for
non-uniplanar structure as in [38] for a microstdpW transition and even for microstrip
TLs in [39]. In [40], a phase inverter in a CPW afggy was integrated in a CMOS back
end of line (BEOL). Figure 1.23hows two possible phase inverters in a CPW togolog
compatible with CMOS BEOLs. The symmetrical oneegresented in Figure 1.23(a) and
the asymmetrical one in Figure 1.23(b).

(@) (b)

Figure 1.23 : (a) Symmetrical and (b) asymmetriCadW phase inverter.

[.3.4 Capacitor loading

To minimize the physical size of any device, lumpe@acitors can load each port
as in [41] or distributed capacitors can be plaakxhg the TL as in [42] for a Wilkinson
power divider, in [43] for a branch line couplerini{44] for a rat-race coupler. [42] shrinks
the area to 47 % that of the conventional struct[#8] to 38 % and [44] to only 8 %.
Furthermore, the capacitor loading has good harmsmppression performance due to its
intrinsic low-pass behaviour.

[.3.5 Stepped-impedance

The stepped-impedance is also a really popularoddtinreduce the size of a TL. In
[45] a periodic stepped-impedance was applied tat-aace coupler. The reached relative
circuit size was only 21.5 % that of the converdiloone. In [28], the concept was adapted
to a Wilkinson power divider. The conventional geawave transformers were replaced
by a constant VSWR-type transmission-line impedaraesformer (CVTs). Stubs can be
added at one or two extremities of these CVT ineprtb get a modified constant-
conductance-type transmission-line impedance toamsfr (MCCT). According to the
chosen topology, strong miniaturization can be iokth It is possible to have CVT or
MCCT with electrical lengths smaller than the 9@®ded in the classical Wilkinson power
divider. However, in that case, more complex igotacircuit is required to keep perfect
isolation and matching at the outputs. The samieoautescribes several design of isolation
circuit in [47].

|.3.6 Slow-wave transmissions lines

The main drawbacks of the classical TL such agrleeostrip TL or the coplanar
TL in integrated technologies are their big surfaoe poor quality factor. Many different
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approaches have been studied for miniaturization,irfstance the use of high relative
permittivity substrates or the use of lumped or isemmped components with interesting
results at RF frequencies [48]. However these amres cannot be transferred to CMOS
technologies, especially in the mmW range. In cativeal CMOS processes, classical
coplanar waveguides typically suffer from signifitdosses (1-2 dB/mm at 10 GHz)
mainly due to dielectric loss effects in the lowsistivity silicon substrate.

Slow-wave coplanar waveguides (S-CPW) are basecbomentional CPW with a
patterned floating shield, consisting in floatingtailic strips underneath the line as shown
in Figure 1.24.

Si Substre

Figure 1.24 : S-CPW topology.

Considering a classical S-CPW configuration, geoimeparameters can be
classified in two groups: one linked with the m&RW and one with the added floating
strips.

» Parameters regarding the CPW:
W: signal strip
G: signal to ground gap
Wj: ground planes width
» Parameters regarding the floating strips:
SL floating strips length
SS floating strips space
h: dielectric thickness between floating strips &rW

The two parameter§$SL and SS are chosen as the minimum allowed by the
technology. Concernin§L, this enables to reduce the eddy currents that pédkce in the
floating strips. Meanwhile the conventional condieeloss along these strips increases. Up
to now, it appears that an optimum between eddsents and conductive losses is reached
for aSLlower than the minimum authorized by the techngldg. ConcerningSS it has to
be smaller or equal th so that the patterned floating shield acts aslectree wall. The
electric and magnetic fields propagation modesshosvn in Figure |.2%&ssuming that any
substrate is replaced with vacuum. The signal srigentred, with the ground strips on its
sides. The horizontal strip is the floating stiip.a 3D view, the length of the structure is
equal to a perio®SSL which is much smaller than a wavelength. This &thio perform
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the simulation with Flux 38", a 3D quasi-static electric and magnetic solutoftware.
The electric field, given in Figure 1.25(a), is centrated between the CPW and the
floating strips so that the capacitance per umgtle C; is greatly enhanced. Moreover,
there is no field underneath the floating shieltjol let us think there would be no electric
field neither if the substrate were the lossy siticOn the contrary, the magnetic field, as
shown in Figure 1.25(b), passes through the patemground, so that the inductance per
unit lengthL; is quite unchanged and stays similar to thatadraventional CPW.

Electric field

Magnetic field

— Q | E—

(b)
Figure 1.25 : Cross-section of the (a) electriddi@and (b) magnetic field of a S-CPW.

In this context, the phase velocity, given in (I-21) decreases for the S-CPW as

compared to the CPW one. This explains the nanmv-glave. In the same manner,
according to (I-22p high relative effective permittivity is reached.

KA (21

Erefr = Co’-L1. C (1-22)

The quality factor, defined in (I-23) by [49] expeethe loss per degree of phase.
This definition is used all along this manuscript.

Q B (1-23)

2a
In practice, the quality factor of slow-wave TLsrread out in CMOS/BICMOS
technologies is about 2 to 3 times higher tharcthssical TL one, as we will see further in
chapter II, and the characteristic impedance cachr&0Q?, that is simply impossible with
other TLs, with a limitation of about Q. In [50] an efficient electric model was proposed
for S-CPWSs. More details about this S-CPW are gingd] and [2].

A classical dual behaviour resonator (DBR) filteasarealized in [51] by associating
two different parallel open-ended stubs built WBHCPW. This topology of TL was also
used to realize matching networks in a power amplRPA at 60 GHz in [52], fabricated in
the BEOL of a 65 nm CMOS technology. Power divideese fabricated in [53] at 56 GHz
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and 71 GHz without isolation and in [54] at 67 GWith isolation. In [54] the authors did
not deal with a floating shield but applied towdng CPWs periodical loading stubs and
elevated signal conductors. The performances detlvo power dividers are discussed in
the next section focusing on the state-of-the-ariew at mmW.

|.4 State-of-the-art in millimetre-waves

With increased bandwidth and speed requirementhi®rwireless access and data
transfer, much effort has been carried out to ektbe exploration of silicon-based passive
components to mmW applicationrSommercially available silicon technology preseats
cost-effective option to realize highly integrategstems for applications such as local
multipoint distribution system (LMDS) at 36 GHz, hngigabit short range applications at
60 GHz, but also at 77 GHz for high performancegldi@6—77 GHz) and short (77—
81 GHz) range automotive radars, and future emegr@lfi-imaging applications above
100 GHz.

60 GHz radio has proved growing interest becaugbefvorldwide availability of
unlicensed 9 GHz bandwidth. The major drives fomowercial applications of 60 GHz
radio are SiGe BICMOS and CMOS technologies. Wittthier down-scaling and accuracy
of fabrication, it is expected that the CMOS/BiCMQ&chnologies may become an
alternative solution for circuits and systems impdatation at millimetre-wave frequencies
and even towards terahertz.

[.4.1 Power divider with in phase outputs

Distributed passive components such as power dsficiembiners, which are used
extensively to split or combine power at board learee not considered practical at RF
frequencies to be used on a chip because of chéplisiitations and cost factors. However,
in the mmW range, the wavelength becomes much emallith a relative permittivity of
about 4-4.2, the dimension of a quarter-wave lenfithapproximates the 650 um at
60 GHz. As it is the case for any distributed passiomponent, the miniaturisation at
mmW is a mandatory topic to get low cost devicevi@usly, the size reduction should
maintain high level performance to keep highly cefitive dividers/combiners.

Table 1.3summarize the state-of-the-art for power dividersxemW frequencies. In
[55], a Wilkinson power divider was developed usiagymmetrical shunt-stub and
meander-line leading to an ultra-compact devicg5#4], the design was based to a slow-
wave elevated coplanar waveguide. The area waslesntahn the one in [55] but its
working frequency is higher, with 60 GHz instead4&fGHz in [55]. The worst value of
the input reflection coefficierfl;; of the power divider using this technique is -8 é@nce
matching is poor. Also in [54] 2.3 dB of extra in#en loss (that is to say excluding the
theoretical 3-dB power dividing ratio) were measuvéhereas only 0.9 dB were added in
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[55]. The simple meander technique applied in [B&Hs to a bigger surface but with only
0.5 dB of insertion loss at 60 GHz. The meandex-tissociated with a floating defected
ground structure in [57] induced 1.5 dB of extraslavith a middle area compared to the
other devices.

Return loss In 20 % bandwidth
Insertion . Max. Return loss .

Freq. Isolation Min. Area
Ref./Tech. Topology loss S | S»&S insertion . :

GHZz 1| =298 | (g 2

©en) @) |@e)| @ | @ | loss | Su|S2&Sw 'Sf(’(;aB“)Of‘ (mrm)

(dB) |(dB)| (dB)
slow-wave
[541/90 nm 60 elevated coplanar -5.3 -8 -11 -12 -5.3 -6 -10 -11 0.051
CMOS .
waveguide
asymmetrical shunt
(55190 nm | stub and 39 | 21 -15 -19 42 | <13 14 15| 0.06
CMOS A
meander-line
[56]/0.13 um ) X
BICMOS 60 meander-line -3.5 -19 -17 -22 -3.7 <-L7 <1 -1 0.12
floating defected
[57]/0.18 um )
SiGe BICMOS 60 [ grounding struct.ure -4.5 - -16.5 -21 -4.3 - -16.5 -19 0.09
and meander-line

Table 1.3 : State-of-the-art of power divider arau®0 GHz.

Isolation is often desired in order to avoid refbet signals to propagate to other
paths in the system. In [55], [56] and [57] thelason reaches respectively -19, -22
and -21 dB. In [54] isolation is only of -12 dB.

1.4.2 Power divider with quadrature outputs

At mmW frequencies, power-efficient quadrature gatien based on a passive
approach has been widely adopted in 1/Q direct-emion transceiver, in the radio front-
ends of wireless systems, amplifiers, balanced majx@nd vector modulators because of
their versatile use. The realization of these cexgplequires a large area because of the
utilization of quarter-wavelength TLs. Thus, it essential to reduce the couplers size,
which significantly lowers the fabrication costgeping low insertion loss and good return
loss and isolation.

Table 1.4 compares the state-of-the-art in termpafer dividers with quadrature
outputs at 60 GHz. The simple branch-line couplih weandering in [58] adds the least
insertion loss with 1.5 dB, induces the best retimss and isolation but is much less
compact than the other topologies. Branch-line tergpith modified CPWs are studied in
[59] and [60]. The Lange coupler [40] leads to thest compact device with an area of
0.048 mm. The difficulty with coupled lines, as in the Langoupler, is that high even
characteristic impedancé,, is needed. Values are usually unreachable inosilic
technology. In [40] a Thin Film MicroStrip TLs (TF®) is used. The magnitude imbalance
between the outputs is less than 1 dB for anyesd¢ipower dividers.
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) Max_. Worst return .| Magnitude | Phase
Freq. insertion Isolation | . . Area
Ref./Tech. Topology loss at any por imbalance| imbalance 2
(GHz) loss 4B (dB) B o (mm°)
(&) (B) (aB) )
[40)/0.13 pm Lange couper
SiGe BICMOS 60 with TEMS TLs 55 19 (only S11) 15 1 05 0.044
S[i‘r’gg/ g.i1C3MLé)rg 60 | meandering 45 | 200np8 | 25 0.35 13 0.28
elevated-cente
LU coplanar 55 15 17 0.7 2 0.10
CMOS .
waveguide
slow-wave
[Boysonm | g, coplanar 6.2 12 25 0.8 03 0.083
CMOS .
waveguide

Table 1.4 : State-of-the-art of power divider withadrature outputs at 60 GHz.

1.4.3 Power divider with out-of-phase outputs

In the RF domain, both active and passive baluascammonly used. For mmwW
frequencies, nevertheless, the use of active stestbecomes more troublesome as the
delay introduced by the transistors yields to anifitant negative effect on the phase
balance of the balun output. Among passive cirtcsitdutions, they can be realized with
lumped coupled inductors or transformers, or wistridbuted TL's based circuits. The key
issue for CMOS RFICs is the chip area. While in By, until one tenth of GHz, the use of
transformers is obvious and easy to implement, anthe other hand distributed circuits
are size consuming, the situation becomes diffendr@n dealing with frequencies of 60-
100 GHz and above. The design of the transformeecsrnes more difficult because of the
low efficiency of the coupled inductors, the ingmrtloss increases and the phase and
magnitude imbalance becomes difficult to controhisT lumped approach needs the
development of very accurate electrical models ngkinto account all the parasitic
elements, in particular the capacitors. On therotlamd, the design of TLs is made easier
because of less parasitics, and they are welldstotemillimetre-wave devices.

Among the TL based baluns, two main structures paioeninent:. the Marchand
balun [61], [62], and the rat-race balun [40] a68][ Marchand baluns combine two pairs
of coupledi/4 lines, one of which is open-ended and the twWerst are shorted. Rat-race
baluns, adapted from rat-race couplers, are set pgrts in a circular disposition with a
total length of 3/2. Table I.5compares the performances of several baluns rdalzi
the main structures.
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Magnitude
Freq. . Rewm o slation imbalance _Phase | rea
Ref./Tech. Architecture loss (dB) imbalance 2
(GHZ) (dB) (dB) (o) (mm?)
Through | Coupled
[61]/0.18 pm i ) i i y i | L
CMOS 16.5-67| Marchand balup <-6 7 to -§ 8toH 180+% 0.06
[62}/0.18 pm 25-65 | Marchand balun <7 - -10tof -9to-p 180410 0.%5
CMOS
[40]/0.123 um i . . . } _/ - B y
SiGe BICMOS 48-80 Rat-race <-10 <-18 5to 6to-p 184+2 0.11
[63]/0.13um !
BICMOS 57-71 Rat-race <14 <-16| -75t0o-%.5 -6to-45 180+B0 280.
[64]/0.13 pm i i i } !
CMOS 55-65 Transformer 7.510-4.5 18015 0.05

Table 1.5 : State-of-the-art of the baluns at 60ZGH

|.4.4 Phase shifter

Phase shifters can be active or passive in nafioteze ones can be located in the
high or low frequency path of a transceiver. Presiers in the low frequency path tend to
be more complicated with larger surface area amghdni power consumption. In this
approach, power consumption is a major concerrt aan range from 20 mW to almost
1 W. 60 GHz active phase shifters limit the lingadf the front-end and may be prone to
saturation in presence of interferers or jammerd #merefore passive designs are
preferable.

The passive phase shifter can be classified amueg tmain types: the reflection
type, the switched-network approach, and the lodded The varactors allow the RTPS to
have a continuous and accurate variation of theghdevertheless, the low quality factor
of the silicon varactors at mmW makes this kindR@PPS really lossy, as high as 7.5 dB for
180° in [65]. The use of lumped MEMS can improve thsertion loss, however, they still
remain high with 5.5 dB for only 135° of phase slai$ reported in [66]. The switched-
network approach consists on switching differenaygeetworks to obtain the required
phase delay. In [67] and [68], these networks wesmposed of simple TL sections.
Switched-path type phase shifters are inherengljalj and quickly become cumbersome if
a large number of phase states are desired. Desticbsas phased arrays often require high
resolution in phase control, which would lead tdaege and lossy digital phase shift
system. Another solution for the reflective netwodasists on periodically loading a high-
impedance TL with MEMS variable (or switched) capms [69] or varactors [70]. The
phase shift of the loaded line can be controlledrdmying the capacitance of each period
(or a set of periods). Here again the varactorsdachigh loss, 12.5 dB for 156° in [70]
instead of 3.6 dB for 337° with MEMS. Table témpares more in detail the performances
of the discussed phase shifters.
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Average | Insertion Return loss
Phase|. . Return A
Ref./Tech Freg. Architecture | shift Insertion loss loss overa rea | FoM
' " | (GH2) ) loss | variation (@B) 10 % BW | (mm?) | (°/dB)
(dB) (dB) (dB)
[65]/130nm RT Varactor
SiGe 60 MOS 180 5.85 +1.65 0.18 24
[66)/quartz 60 RT MEMS 135 4.25 +1.25 -14 -13 3.15 24.5
substrate
[67Vquartz | o | o MEMS | 2602| 25 +0.5 13 12 4| 8971
substrate
SL without
[68]/90nm .
CMOS 60 small s_lze 360 12.5 +2 <-10 <-10 0.28 24.8
capacitor
[69]/quartz CPW Loade
substrate 65 MEMs 337 2.8 +0.8 10 10 9.45 93.6
Differential
[70])/65nm d
CMOS 60 TLNII(E?ged 156 9.25 +3.25 -13 -11 0.2 12.5

Table 1.6 : State-of-the-art of phase shifter ard@® GHz.

The maximum FoM of the phase shifters presenteéimés about 90 °/dB for [67]
and [69]. However, the areas of these two devices@spectively 4 and 9.45 rron a
guartz substrate which is unacceptable for a simppéese shifter in integrated circuit, even
in an interposer type technology with 3D integmati®uch surface, and so such cost, will
eliminate these solutions for most of the applamai Among the moderate areas, the FoM
dramatically decreases down to around 25 °/dB foiaaimal phase shift of 180° for RTPS
and 360° for switched-network approach.

.5 Conclusion

The Wilkinson power divider/combiner (in phase)ge thranch-line coupler (in
guadrature) and the rat-race coupler (out-of-phlags)oeen selected and described because
of their efficiency and their popularity among tHesigners. They were first defined for
equal power split and 5@ ports impedance loading, but later on, their defin was
generalized to arbitrary termination impedanced@narbitrary power division leading to
more freedom for their applications. The reflectigpe phase shifter, based on branch-line
coupler, is also explained and different typesefiection loads are compared. The state-of-
the-art is given at RF. The shrinking of thesewiscarea is an essential topic to get low
cost and competitive components, and it is evererpogssing when considering integrated
technologies like CMOS. Shunt-stub-based artifiarad S-CPWs, folding technique, phase
inverter, capacitor loading and stepped-impedamneaisual ways to reduce the size of the
power dividers but also of any circuits using Tlslacan be available to both PCB and
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silicon technologies. Finally, the state-of-the-@frthe presented power dividers and phase
shifters working around 60 GHz is given.

It is really difficult to associate compactnessw lmsertion loss level and low
phase/magnitude imbalance at millimetre-wave fraqies for power dividers. In chapter
Il the S-CPWs are used to design two baluns comgria phase inverter, a branch-line
coupler and a Wilkinson power divider. Design isfpened at 60 GHz in order to
highlight their potential as passive circuits. Argahe various power divider applications:
balun, mixing, differential measurement..., feediirgwit for antenna arrays beam-steering
attracted our attention because of its structures. isually composed of Wilkinson power
dividers and reflection type phase shifters whighthemself based on branch-line coupler.
Both Wilkinson power divider and reflection typegsie shifter face limitations in CMOS
technology at millimetre-wave frequencies. Thetfoae needs an isolation resistance in
order to work as a combiner but the latter indungesvanted parasitic and coupling,
moreover it suffers from a lack of characteristigpedance flexibility. A new solution is
proposed in chapter lll, first on a PCB technolagya proof of concept and then at 60 GHz
in a CMOS technology. The second one does not dffgh FoM which means high
insertion loss level. In chapter IV two solutionee grovided, one in RF on a PCB
technology and another one at 60 GHz in a CMOSntaolgy. All the proposed passive
devices at millimetre-wave frequencies were acldewégh S-CPWs in order to improve
performances and compactness.
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Chapter Il : S-CPW applications

Performance and compactness are extremely importaguirements for
components design, especially in integrated ciscuibhere performance is limited by the
technology and costs are directly linked to thefemur area. Many miniaturization
techniques, with their impact on the performanesehalready been listed and described in
the chapter I. Here we are interested in the SlavenCoPlanar Waveguide (S-CPW). This
topology of transmission line (TL) has been underdg for about six years in our
laboratory IMEP-LAHC and already proved its grederest, [50] to [53], and [71], to [73].
Its low insertion loss leads to quality factorsvibetn 2 and 3 times higher than the classical
TL one. Many development steps have been overcasimaulation, de-embedding,
parameters extraction, topology optimisation, ptaisicircuit model and realisation of
simple circuits. The continuity of this developmé&how to enlarge the use of this type of
TL in more complex microwave passive circuits idarto improve their performances and
compactness.

A phase inverter in S-CPW, also presented as aataigation tool in chapter I, was
simulated, fabricated and measured. To prove dadivand and compactness benefits, two
power dividers for balun application making reqment of a phase inverter were designed
and measured. These circuits were realized in the GMOS technology by
STMicroelectronics.

In order to cover all the types of power dividdratthad been considered in chapter
I, the slow-wave technique was also applied to pswer dividers with in phase and in
guadrature outputs. The circuits are still undéritation while writing my dissertation, so
only the simulation results are shown. The techywlavolved for those ones is the 55 nm
BiCMOS by STMicroelectronics.

At the beginning of this chapter, the simulationltosed for designing the TLs and
devices is mentioned and the de-embedding methpplsed to the measured TLs, two
ports and four ports devices is explained. The goerédnces and dimensions of the
simulated and/or measured TLs needed for the devare presented and gathered
according to their back end of line (BOEL).

1.1 Simulation tool

The simulation results of the TLs were obtainednkisato the industry-standard
simulation tool HFS8" provided by ANSYS. This software is a 3D full wafrequency
domain electromagnetic field solver based on tinéefielement method (FEM). HFSS
automatically generates mesh and solves Maxwelbatempns at several nodes of the
meshing. A big amount of random access memory (RANJ long simulation time are
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needed, particularly with our structures becaus@é®huge difference between the smallest
and the biggest dimensions.

1I.2 Calibration & De-embedding

The whole TLs and devices presented in this repere measured at the IMEP-
LAHC laboratory with a two ports 110 GHz vectorwetk analyzer (VNA) ME7808C by
Anritsu or with a four ports 67 GHz VNA 8510C by ikemt Technologies. The first step of
a RF Sparameters measurement consists in calibrating/t&, before placing the RF
probes on the circuit pads. In addition to the ection of the errors associated with the test
setup, the calibration step fixes the measuremefgrance planes. The LRRM (Line
Reflect Reflect Match) calibration method was agplbecause of its accuracy concerning
Sparameters until 110 GHz [74]. However, the calilbn method does not correct the
interconnects parasitics (pads, TLs, tapers...) efdévice under test (DUT). Considering
the high working frequency and the size of the dedompared to the size of the pads, it is
mandatory to correct these parasitic effects byharstep, named de-embedding, in order
to extract rightly the parameters of the DUT, thiginsic device.

[1.2.1 Two port devices

[1.2.1.1 Transmission Line

To reduce the influence of the pads and eventwéltite interconnects from pads to
TLs, the two lines method proposed by Mangan in| Was applied in this work. To
compute de-embedding, two identical TLs of différeamgths must be measurdd £ [,
for instance).The purpose is then to deduce the ABCD matrix kandfer matrix) of a
fictive TL of lengthl; — [, from the raw results of the two TLs. This matrandoe written
as:

A1) B(ll—lz)>
Cu-1) Das-1) (11-1)
_ < cosh[y(l; = ;)]  Z.sinh[y(l; — lz)])
sinh[y(ly — )] /Z.  coshly(l; — ;)]
From (II-1), it is then easy to extract the chagastic impedanceZ,. and the
propagation coefficient with equations (II-2) and (11-3).

By _
7, = |2 (11-2)
C(l1—lz)

arccosh(4,-1,))

ABCD, 1) = (

(1I-3)

y=atjp= L =1,
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One advantage of this de-embedding method is liegparasitics from the pads and
interconnects do not need to be known or approxcay a lumped-element network. On
the other hand, as all the TLs that have to bendleeelded have to be fabricated twice with
two different lengths, this method results in a diga.

[1.2.1.2 Devices

Concerning the devices, the applied de-embeddimgiple is explained in Figure
II.1. Contrary to the S-matrix, the ABCD matrix ef§ the advantage of being chained. So
the purpose consists in calculating the ABCD masiof the global device with pads and
interconnects (indexed as raw), and the pads aedconnects alone (indexed as pad and
TL, respectively). In our work, the used intercoctseare TLs. Then, the raw ABCD matrix
can be written as in equation (11-4):

[ABCD] 2 = [ABCD]aq. [ABCD]yy.. [ABCD]pyr - [ABCD] 1y [ABCD] aq (11-4)

The determination of the ABCD matrix of the intemoects relies on the
aforementioned two lines method. The TL ABCD matsbexpressed as in (II-5) with the
parameterg . andy extracted thanks to the Mangan method.

( cosh(yL) Z, sinh(yL))

sinh(yL) /Z,  cosh(yL) (I1-5)

The pads are usually modeled by a lumped elemerasitc those elements are
determined thanks to a shortg&d s, and an opefi;; open Pads measurements. Then the
ABCD matrices of the pads are determined from theiped elements equivalent circuits.
In our specific case, with the pad dimensions amel ¢onsidered frequencies below
110 GHz, the open measurement alone is enouglaborgte the model of the pad effect.
As the pad is considered as a one port circuith whie reflection coefficienf” = S;;
between the probes and the pad, it is easy to @dtiecmpedance of the pad thanks to the
equation:

Zpad - ZO

— 11-6
Zpaa + Zo (11-6)

S11 =

where Z, is the impedance of the probes, here (80The values of Z,,; show a
capacitance effect. Consequently, the matrix of ptlael has the form of a parallel
capacitance as:

[1/lead N (11-7)

The raw Sparameters are simply converted to ABCD matricE®].[ The final
equation to calculattABCD ]yt With pads and TLs as interconnects is:
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cosh(yL) Z.sinh(yL)] “ [ 1 o] '
A B = | sinh(yL) 1
C Dlpyr |——=——= cosh(yL) 7 1
ZC TL pad pad
LB 1 o]
. 1 -8
[c D]raw 7 1 (-6)
pad pad

-1

cosh(yL) Z,sinh(yL)

- | sinh(yL
SinhL) - oshoyL)
ZC TL

Then, it is easy to convert the ABCD matrix int8 anatrix.

Measurement of [S]

Interconnects : obal de
TL | 1 &TLI ;

Conversion [S]

VT {0 [ABCD]
| 3 }
[ABCDJ 4 (II-7) [ABCD]J,, (II-5) [ABCDJ .,
& ----------- Cascade of [ABCD] matrices
[ABCD],ay = [ABCD],a4. [ABCD]yy. [ABCD]pyr . [ABCD]y. [ABCD]paq  (11-4)
k ........... Matrices inversion and
calculation
[ABCD]pyr (11-8)
\l/<_ ____________ Conversion [ABCD]
to [S]

Figure 11.1: De-embedding principle for two portewces.

[1.2.2 Four port devices

Concerning the de-embedding of a four ports deviee principle is similar to the 2
ports method except that classical S to ABCD andCBBto S matrices conversion
formulas cannot be directly used since they areistent only for two ports devices. These
formulas have thus been modified involving matriaestead of complex numbers. The
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measured parameters of a four port S matrix areegad in such a way that a two ports
matrix is created where the four parameters arealyatbraic coefficients but matrices of
coefficients, as expressed in (11-9).

511 512 513 514-

S21 S22 S23 Saa| _ [[511]2><2 [512]2><z] (11-9)

S =
[S]axa S31 S3p S33 S3g [S21laxz  [S22]ax2
Sa1 Saz Saz Sus

with
S11 512] S13 514]
S = S =
[ 11] 521 5'22 [ 12] 5'23 5'24

S S S S
S — [ 31 32 S — [ 33 34-]
[ 21] 541 542 [ 22] 543 544

The equations between the voltage and current inséd ABCD matrix definition
(V,, i) and the power waves of the S matrix definitiap, b,,) are rewritten as follows:

(11-10)

* For [S] to [ABCD] conversion:

_ Vil + Zo[I4] _ Vo] = Zo[I5]
[A1] = Y [A2] = YA i

B = [Vi] — Zo[I4] (B,] = [V2] + ZolI2]

1 ——2\/2—0 2 ——2\/2—0

» For [ABCD] to [S] conversion:
[Vil=VZo([A1] +[B4]) [Val = VZo([A2] + [B2])

[41] — [B] [B2] — [42] (I-12)

L= /= )= 22

[ 1] 77 [12] 77

In both casedda] = 1], [B:] = [Z;] il =[] [l = [2] and[4z] =[], [B2] = Zi]

[V.] = [zz] [I2] = [ii] Z, is the common port termination, it is an algebraadue.

Therefore, the conventional development to caleulie conversion equations [S] to
[ABCD] or [ABCD] to [S] can be applied, paying attéon to the matrices properties, as
the non-commutability. Thus equations (lI-13) aldL4) are derived:

» For [S] to [ABCD] conversion:
[A] = %(([ld] + [S22D[S2 7 ([1d] — |S22]) + [Sz2])
[B] = %(([ld] + [S22D[S24) " ([1d] + |Sz2]) — [S12]) (11-13)

[C] = ZLZO((Ud] — [S2D[S2a] "2 ([1d] — [S22) + [S12])
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[D] = %(([ld] — [S2D[S2a] "2 ([1d] + [S22]) — [S12])

-1
7) (m

* For [ABCD] to [S] conversion:

81\ -
[512] =<(V”+z—o> +([c1zo+[z>]>-1) (([AH

[B] 1
=7 )~ €120+ [DDTH((C)Z0 - [DD

-1

B [C1Zo + [D]> (II-14)

[S21] = 2 ([A] +

[B]

(5111 = (€120 + 101 (141 + 20 + (€120 + 101) (4] +2) ~ )z,
0

- [D1) (€120 + [DD) !

Zy

[B]

5o = (141 + 2L 1z 0) (—0a1+ 2 120+ 0
22 7 0 7 0

[14] is the identity matrix of the second order. TABCD],., matrices of the interconnects
and pads are obtained as previously explained,dasoaded and combined in order to get
only one matrix (pad + interconnect) for each pditter that, these matrices are re-
arranged into twgABCD],, matrices to be cascaded with the four ports glolesice
matrix. If the ports of the four ports matrix ar@medp,, p,, p; andp,, the ports of the two
ports equivalent device am® (including p; andp,) and P, (including p; andp,), as
described in Figure 11.2.

Measurement reference —__

» Portpl

planes with Z

Port p3

p— —
b, N Pads+ : a
< Inter- o — Inter- : €&—
_al> :  connects connects & _b)
o : 4 ports DUT i ¢
Port P = Port p2 Port p4 1 ~ Port P2
b H H
&3 . Pads+ Pads + (i
— Inter- — — Inter- P —
— % connects connects = D, _

|

[S],, matrix

Figure 11.2 : Schematic of a four ports device mgament.

The[ABCD],, matrix of the pad with interconnects at port nunbés:
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[Apn By

II-15
Cn Dy (II-15)

If there is no coupling between portg andp,, neither between portg; andp, the
[ABCD],4x4 matrix of the pads with interconnects at pRris:

(5 4l [%
0 A, 0
ABCD]p; = P

[ ]Pl [Cpl 0] [Dpl
0 Cp 0
and the/ABCD],, matrix at portP, is:

Aps 0 Bps 0
(R
[Cpg 071 [Dps O J
5 [0 b,

If the interconnects are similar, a},,, are equalled with X referring to A, B, C or D.

0 H
Byz (11-16)
ol

[ABCD]p, = (1I-17)

Measurement of [S]

_ Interconnects : Global device
Fad Sll_open TLI 1 &TL |2 [S]4x4 raw

Z.(fF2) &
v (11-3)[75]

Z . (1-6)

Conversion
[ [ABCD]ZXZ_pac (1-7) [ABCDlzxsz (11-5) ] <+ [S] to [ABCD]

with (11-13)
sexssnenes Cascade of [ABCD]
matrices

Conversion [ABCD] 2x2_pad_TL
[ABCD],,, 10 [ABCD], , sssssss >
(1-16) (11-17) W
[ [ABCDJI4X4_pad_TL [ABCDJ‘4X4 ra ]
Cascade of [ABCD] matrices ======x== >‘l’
[ABCD]4X4_raw = [ABCD]4X4_pad_TL- [ABCD]4X4_DUT g [ABCD]4X4_pad_TL
Matrices inversion and calculation ========= >l/
[ABCD] x4 put
Conversion [ABCD] t0 [S] (11 -14) s=sssasas >\l/
[S]axa put

Figure 11.3: De-embedding principle for four podgvices.
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On the basis of the previous theory, it is now fmssto follow the process
described in Figure 11.3.

[1.3 Stacks

The simulated and fabricated components in thiertapvolve three different Back
End Of Lines (BEOL) from STMicroelectronics comparlye 65 nm and 28 nm CMOS
technologies and the 55 nm BICMOS technology. Fglird(a) compares the various
stacks and Figure 11.4(b) is a SEM (scanning etectmicroscopy) picture of the 65 nm
CMOS technology BEOL by STMicroelectronics, fron®]7In those BEOLs at least three
thick metal layers (M6, M7 and Alucap) are avaiahbt the upper levels, which have for
purpose to decrease the resistive loss. In therb&enhnology, an eighth level (M8) of very
thick metal is even added before the aluminum baghe lower levels (between levels M1
and M5) the dimensions significantly decrease rmseof thickness and authorized small
widths for metallic paths. The decrease of the hateers thickness also leads to smaller
dielectric thicknesses, and concludes to thin rhetilyers closer to the lossy substrate
which decreases the quality factor of the passiveponents built in these layers.

I Metal Cu Metal Al
I Dielectric Padopen
—~ 10 1
|
2 o
£ 087
g ||
[}
<
5 @ J
© L
g, 9
2 -
= v :
) = .
p
65 nm 55 nm 28 nm

Generation technologies

(a) (b)

Figure 11.4 : (a) Comparison of the STMicroelectiomBEOL stacks used during this work. (b) SEMupeéct
of the 65 nm CMOS technology BEOL from STMicromedats [76].

1.4 Simulated and measured transmissions lines

As it was the first time that S-CPWSs were realizethese BEOLSs, it was important
to study the influence of the different availablack configurations. This enabled to,
firstly, select TLs with the best quality factoend, secondly, to measure the TLs further
used in the devices in order to verify their cheeastics and compare them with the
simulation. In the 65 nm CMOS technology, devicemposed of S-CPW and microstrip
TLs were fabricated and measured. In the 28 nm CM@E55 nm BiCMOS technologies,
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components with S-CPW were also designed and sietulaut the chips containing them
are still in the fabrication chain which compelstapresent only the simulated results.

[1.4.1 Study of the quality factor of the S-CPW in the 651m CMOS
technology

The characteristic impedanée = /L;/C; and the effective relative permittivity
gerr Of @ TL depend on the capacitance per unit leidgtiand so depend on their signal
width W. The influence oW is even more significant in the case of S-CPWsbse of the
high value ofC;. WhenW increases(; increases, leading to the increase of the insertio
loss in the floating strips, whereas the seriestasce decreases leading to the decrease of
the insertion loss in the signal strip. Hence befflects act oppositely. Therefore it is not
easy to fix the rightW. It is also not easy to determine which stack igométion and
dimensions lead to the best compromisée,.r¢. In this part, three stack configurations
are compared at 60 GHz for S-CPW in the 65 nm w@dgy, the CPW part is respectively
simulated in M7, M7-Al and Al layer, as shown irg&ie II.5. To make the study easier,
the floating strips (FS) level is fixed to M5 layfer all configurations.

Al
Il

— — —
65 nm CPW M7 CPW M7-Al CPW Al
BEOL FS M5 FS Mt FS Mt

Figure 11.5: Compared stack configurations for S\GP.

The de-embedding method applied here is the ondRES with 15 um of CPW
feeding. First simulations, not reported hereimvadd that the quality factd® increases
with the gapG and so with the total width of the TL. However tb&al width cannot be too
large otherwise the physical length saved with hifgh ¢, would be wasted by a too
wide TL. This is why the maximal width was fixed 100 pm. The width of the ground
strip was fixed to 12 um because of design comgtréfhen the ground is enlarged, there is
only a small variation in the characteristic impeca Figure 1.6 gives the effective
relative permittivity, the insertion loss and theatity factor versus the characteristic
impedanceZ,. for the three different stacks and different disiens, for a total width equal
to 100 um. The shape of the symbols indicates tdoek onfiguration and the colour the
dimensions of the TLs. The characteristic impedaange is 38-1002.
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Figure 11.6 : Parametric study for three stack cignifrations. (a) Effective relative permittivity,)(lmsertion
loss and (c) quality factor versus characteristigpedance.

For each couple o-G, the CPW in Al layer shows a high&r and a lowek,.. ¢,
as shown in Figure I1.6(a), aralower insertion loss, as shown in Figure I1.6(lmdeed,
there is a greater distance between the floatimgssand the ground strips and so a lower
capacitance per unit length as shown in Figurdd).Z, ande,.r; are slightly shifted for
the stack configurations M7 and M7-Al whereas tlapacitances per unit length are
similar, as shown in Figure I.7(a). The inductapee unit length is however reduced when
the Al layer is stacked with M7 as shown in Figuir@(b) and has for consequence to
decreaseZ, and ¢,.¢¢. With the stack M7-Al the insertion loss is lowtan with M7
because the series resistance is decreased. As ahéigure 11.6(c), whatever the stack is,
an optimal value of. concluding to a maximal value §f can be found. The highe&tis
reached for a CPW in M7-AL level fora standing between 40 and 0

As expected from the theory of electromagnetisra, iffductance decreases when
the metal stack increases with a stack composédi7odnd Al layers, as shown in Figure
[1.7(b).
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Figure 11.7 : (a) Capacitance and (b) inductance peit length for three stack configurations

[1.4.2 Transmission lines in the 65 nm CMOS technology: n@surement
versus simulation results

[1.4.2.1 Microstrip
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Figure 11.8 : Simulation / measurement results cangon for miscrostrip TLs in the 65 nm technology.
(a) Characteristic impedance, (b) effective relatpermittivity, (c) insertion loss and (d) qualfactor versus
frequency.

Two different microstrip TLs were simulated, falaied and measured, one with a
characteristic impedance of 4bandW = 6.2 um in M7-Al (TL1) and one of 7Q with
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W=3.8 um in Al (TL2). The comparison between thewation and measurement results
are shown in Figure 11.8. The measured parameitevery well with the simulation, except
for the insertion loss which is under estimatedhmsy software tool leading to a measured
quality factor lower than expected. The measurdectbe relative permittivity is about
3.5. The measured quality factor reaches 6 to6® &Hz

11.4.2.2 S-CPW

Two S-CPWs were also measured, one Witkr 20 pm,G = 25 pm,Wy = 12 um
with floating strips in M5 (TL1) and one with/ = 7 pm,G = 31 pm,Wy; = 12 um with
floating strips in M4 (TL2). In both cases the &tamnfiguration of the CPW strips is
M7-Al. For all the S-CPWs designed in this workg floating strip width (SL) was chosen
close to the smallest feasible value fixed by #ehhology and the floating strip space (SS)
large enough in order to respect the density rufégure 1.9 shows the comparison
between the simulated and measured parameters.
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Figure 11.9 : Simulation / measurement results cangon for S-CPWs in the 65 nm technology.
(a) Characteristic impedance, (b) effective relatpermittivity, (c) insertion loss and (d) qualiactor versus
frequency.

The measured parameters fit well with the simutgtiout here again the insertion
loss was under estimated in simulations, leading tower quality factor in practice. The
resonances of the characteristic impedance se&igure 11.9(a) are due to the electrical

length of the TLs which reaches values multipleﬁﬁj because of the high value of the
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effective relative permittivity. In the case of theicrostrip TLs no resonance appeared
because of effective relative permittivity low valu

The measured effective relative permittivity is ab8.4 and 12.3 for the 483 and
70Q characteristic impedance, respectively. The measquality factor is greater than 20
at 60 GHz.

11.4.2.3 Results synthesis

Table 1.1 gathers the physical parameters andpeagnces of the measured TLs in
both topologies, microstrip and S-CPW, at 60 GHz.

Dimensions Performances

z Signal Floating | _
(QC) stack strips W G W SL sSS nsertion

Topology
layer | um)| um) | m) | (m) | (m) | Eret | 0SS Q

(dB/mm)
S-CPW | 45 | M7-AL M5 20 25 12 100 550, 123 0.78 24
S-CPW | 70 | M7-AL M4 7 31 12 100 550 84 0.76 2]
pstrip 47 | M7-AL - 6.2 35 1.55 6.5
Ground plane in M1
pstrip | 70.7 AL - 3.8 3.5 1.05 9.9

Table 11.1 : Characteristic and performances of theasured TLs in the 65nm technology at 60 GHz.

The Q factor slightly depends on the characteristic idgree. It reaches 24 and 21
for the 45Q and 70Q TLs, respectively. In the worst case, measuremsmigy aQ factor
at least 2.2 times higher for the S-CPW, as conaptaréhe microstrip lines.

[1.4.3 Transmission lines in the 28 nm CMOS technology: siulation
results

Table 1.2 summarize the physical parameters antbpeances of the simulated
TLs in both topologies, microstrip and S-CPW, at GBiz in the 28 nm technology.
Because of design constraints, the width of theumgo strip was fixed here to
10.8 um.Three different characteristic impedancesewargeted, 3%, 50 Q and 70Q,
with both types S-CPW and microstrip. The maxinfaracteristic impedance reachable in
microstrip topology is limited to 68 but it is still close to 7®. The effective relative
permittivity of the microstrip TLs is 3.7 wheredsd between 10 and 12 for the S-CPWs.
As for the 65-nm technology, th@ factor of the S-CPW type should also be in thesivor
case 2.2 higher as compared to the microstrip ©he. highesiQ is reached for a 5Q
characteristic impedance.
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. Dimensions Performances
Z. | Signal Floating Insertion
Topology| () | stack Ttrlps W | G | Wy | SL | ss|_ s 0
aver reff
yer | (um) | (um) | (um) | (hm) | (nm) (@B/mm)
S-CPW | 36 | M7-Al M5 32 18 10.8 50 450 11.4 0.5 37
S-CPW | 50 | M7-Al M5 16 31 10.8 50 450 11.9 0.43 44
S-CPW | 70 Al M5 7 35.5| 10.8 50 450 10.B8 0.44 4(
ustrip 35 Al - 15 3.7 0.61 17
ustrip 50 Al - 7.6 Ground plane in M1 3.7 0.64 16
ustrip 65 Al - 3.6 3.7 0.7 15

Table 11.2 : Characteristic and performances of gimulated TLs in the 28 nm technology at 60 GHz.

[1.4.4 Transmission lines in the 55 nm BiICMOS technologysimulation
results

The physical parameters and performances of thelaied TLs in both topologies,
microstrip and S-CPW, at 60 GHz in the 55 nm tetbgware summarized in Table 11.3.
The maximal total width of the S-CPW was fixed heyel24 pum, with 12 um of ground
strip width.

. Dimensions Performances

Z Signal Floa_mng | i
Topology| oy stips | w | G | w, | SL | ss nserton

@] Stk Tayer | umy | qumy | ) | (om) | oy | Eer | foss | Q

Hm) | H (dB/mm)

S-CPW | 23 | M8-M3 M1 32 34 12 16 64 36.6 1.2 27\5
S-CPW | 50 | M8-M7 M1 26 37 12 16 64 10.4 0.46 38
S-CPW | 83 M8 M5 6 47 12 16 64 8.5 0.5 31
ustrip 26 M8 - 26 3.8 1.01 10.5
ustrip | 49 M8 - 8 Ground plane in M1 3.86 1 11.2
pstrip | 72 M8 - 2 3.9 1.1 9.1

Table 11.3 : Characteristic and performances of gimulated TLs in the 55 nm technology at 60 GHz.

The three targeted characteristic impedances wegKe, 50 Q and 83Q (72Q for
microstrip), for both types S-CPW and microstripcduld be possible to reduce the signal
width of the 72Q microstrip TL in order to get higher charactedsinpedance but the
insertion loss would increase as well. Ind&€ds really thin, equal to 2 pum. Lower values
would lead to very high series resistance and Imgertion loss. The effective relative
permittivity of the 23Q S-CPW is 36.6. This value is really high thankshe stack M8-
M3 of the CPW and leads to a strong capacitanceméetength. The drawback is the high
level of insertion loss, 1.2 dB/mm, but in spitetbét, the quality factor is still 2.6 times

60



Chapter Il

higher as compared to the microstrip TL with thensacharacteristic impedance. The
highestQ factor is still obtained for the 52 TL.

1.5 Phase inverter

As the phase inverter is an important componenthviwas used in two devices
fabricated in the 65 nm technology, it has beerukited and characterized alone. Figure
[1.10(a) shows the symmetric 3D view from HFSS &mgure 11.10(b) the layout of the
measured phase inverter. The topology is based symanetrical design. The floating
strips are on M1, the top branches on M7 and th&imoones on M6The wider the
overlap between signal and ground conductors atitbes point, the bigger its parasitic
capacitor value. Thus, the narrowest width allowgdhe technology was used in order to
minimize the parasitic capacitor.

[
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| Symmetry

[/ 3 h
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,-mummum

50 um

(a) (b)
Figure 11.10 : (a) 3D symmetrical design and (bydaut picture of the phase inverter.
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Figure 1.11 : Simulation and measurement resuftthe phase inverter in the 65 nm technology. Miugis
of (8)S,1, (b)S;1, and (c) phase f,;.

61



Chapter lI

Figure 11.11 gives the comparison between the satedl and measured
Sparameters. The magnitude of the measured trasgmis,; and reflectionS;;
parameters are slightly different from the simudatenes. At 60 GHz, measuref);
is -1.28 dB ands;;, -18 dB. The return loss is better than -11 dBnfrbC to 100 GHz.
Simulation of such device is a real issue becadisés @hysical length which is really
small, 50 um, and seems not long enough to enhbl@ropagating mode to be properly
established. However, the measured phasé,pf 198° at 60 GHz, fits well with the
simulation. This value is greater than 180°, dugn{out inductive parasitic effects, and the
capacitive loading when ground and signal strigsauerlapping. If better accuracy of the
simulation tool could be reached, the phase invexdeld be optimized in such a way to
improve the performance of the whole device in Wwhictakes place. Other phase shifters
are currently under fabrication with different widtfor the TLs at the overlap in order to
better understand this component in the futureo Alsecial attention has been paid to the
interconnects to be de-embedded.

1.6 Baluns

[1.6.1 Rat-race coupler balun

A rat-race coupler working at 60 GHz was desigta&olricated and measured in the
65 nm technology. The design was divided in sevblats simulated individually with
HFSS. Then, the&s-parameters were all gathered to be simulated thaokthe circuit
simulator ADS. As already mentioned in chapteml[17], it is reported that an infinite
number of electrical lengths exists for the desfim 3-dB hybrid coupler. Whatever the

arms characteristic impedance is, below the coiweaitvalue 0fZ,v/2, the ring electrical
length may be less than 1A5 This is very interesting, because the rat-race dag be
shortened, and the characteristic impedance o&ta#W can be chosen in order to reach
the highest quality factor. Moreover, in order édluce even more the ring physical length,
to equate the insertion loss, and to improve thesphmbalance between the two output
ports, a phase-inverter was inserted in the long@stof the rat-race. Figure 11.12 gives the
rat-race topology. The selected TL for the rat-rang exhibits a characteristic impedance
Z. = 45Q with W=20 pum ands = 25 um, with the CPW stack in M7-Al and floating
strips in M5. As shown in Figure I1.6(c), this dtaconfiguration and characteristic
impedance leads to the highest reachable qualityrfan this technology. According to
[17], considering a 48 characteristic impedance, the electrical lengthshe rat-race
paths become 52and 232° instead of 90° and 270° for the conveatidopology,
respectively. Thus, while choosing the TL with thighest quality factor, not only the rat
race will present better loss performances builitalso be miniaturized.
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S-CPW to pstrip Phase-inverter pstripTL
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Figure 11.12 : Schematic of the rat-race balun

[1.6.1.1 Design and layout

Because of the high memory computing needs duket@itesence of the very thin
thickness and width of the floating strips, fiigunctions based on S-CPWs are heavy to
simulate and to optimize with a full-wave simulatimol. In aT-junction of S-CPW, the
floating strips placement is problematic and albstyunot obvious. Hence, to avoid errors
due to inaccurate simulation resulfsjunctions were designed in a microstrip technojogy
much more easy to simulate. The characteristitkeomicrostrip TL used were previously
presented in Table Il.1and exhibit a characteristic impedancé =47Q. The
S-CPW/microstrip transition brings about 0.11 dBrsertion loss at 60 GHz with a very
good return lossS, equal to-28 dB in simulation). Th&-junction model was taken into
account in the whole rat-race model. Figure Il.43aipicture of the rat-race layout, its
dimensions and the different elements are pointedTie highlighted phase inverter is the
one presented before. The main disadvantage ofatheice when integrated in a CMOS
process is that the orientation of the devicenstéd to only two positions in quadrature.
As a consequence the output ports are far from edlcbr and need non-symmetric
interconnects towards the next circuit. Non-symioeinterconnects mean different
induced insertion loss which is problematic for leggtions dealing with differential
systems.

12 pym 50 pm

Figure 11.13 : Layout of the circuit
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11.6.1.2 Simulation versus measurement results

Measurements were carried out from 10 GHz to 67 Girla four-ports VNA. The
four ports de-embedding method presented abovep@sed with open pad measurements
including the tapers as explained in the sectistudising the de-embedding method.
Figure 1l.14(a) compares the simulation (solid Jie@d measurement (dash line) results.
The return loss$;; andS,, of the measurements show a shift of the workinguescy of
8 GHz; indeed the best matching is reached arodr@Hiz with -12.5 dB ane0.5 forS;;
and S,,, respectively, instead of -22 dB at 59 GHz for #aulation. The transmission
coefficientS;,, through the branch without phase inverter, fidlwvith the simulated one
and reaches 4.6 dB, which means 1.6 dB of addesgddseyond the theoretical 3 dB;,,
the transmission through the phase inverter igiB,2that is to say 4.2 dB of added losses.
The transmission parameters are robust with vatyctirves. With a bandwidth defined by
considering a return loss better than -10 dB, anaiking frequency centred at 67 GHz, a
minimum of 15 % is obtained by symmetry of the nueed result at 67 GHz (between
62 GHz and 72 GHz minimum). A measurement till 1GMHz may confirm this
assumption. Isolatio;, is better than -23 dB over a very large frequenayd) at least
from 10 GHz to 67 GHz. Figure I.14(b) shows a ghdsference centred around 185°
with a phase imbalance afl° between 32 GHz and 67 GHz or 185.5 +0.5° between
62 GHz and 67 GHz which is excellent in comparisothe state-of-the art. This result is
clearly obtained thanks to the use of the phaseriex; because its phase does not vary with
frequency, leading to an equivalent phase shiftHerrat-race branches over the frequency.
There is a shift of 58ompared to the perfect phase imbalance, butvernyg flat over the
whole bandwidth. 5° is easy to overcome thankslidefgth readjustment in a second run.
Finally, the chip is compact with an area equd.@85 mm

* How to explain the discrepancies?

The simulated microstrip and S-CPWs of the rat-tzepee small electrical lengths,
and we noticed afterwards that tB@arameters of such small lengths obtained with HIFS
were not right, leading to an inaccurate estimatibtihe TLs effective relative permittivity.
This comes from an un-established propagating mddEn considering small-length TLs.
However, this error could be easily corrected. Amovwn above, simulation and
measurement results of the TLs characteristic patens fit really well, and hence could be
used for the design of a second set of rat-raambal
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Figure 11.14 : S-parameters for measurements anelfg simulation, (c)-(d) first retro-simulation dn

(e)-(f) second retro-simulation.

A comparison between the measurement results d@matsienulation is shown in
Figure 11.14(c) and (d), where th&parameters blocs of the TLs were replaced by
equivalent TLs with the parametefs, ¢..rr anda determined from the measurements
results. TheS-parameters of the phase inverter from HFSS simulaere kept. The return
lossS;; ands,, of this retro-simulation show a good fitting of tbentre working frequency
with the measurement results, at 67 GHz (Figudet(t)). The phase difference is kept flat
and is 177.1° at 67 GHz, as shown in Figure 1l.1L4Ttke matching is improved because in
this retro-simulation the microstrip/S-CPW trarmis were not taken into account. If now
the Sparameters bloc of the simulated phase inverteeptaced by the measured phase
inverter bloc, the curves shown in Figure Il.144ey (f)are obtained. The return loSg
containing a branch connected with the phase ievest degraded compared to thg
which does not contain any branch with phase ieveds shown in Figure 11.14(e). The
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effects of the phase inverter are here highlighfegdis also degraded and gets closer to the
measurement result. Finally the simulated inselttissS;; increases up to 5.2 dB.

11.6.1.3 Further improvements

The method consisting in simulating the TLs witkithreal lengths and taking their
Sparameters in a circuit simulator does not worloun case because of the really small
physical lengths. Equivalent TLs have to be usedth@a circuit simulator with the
parameters obtained from HFSS simulation with lengugh physical lengths.

The phase inverter has a strong effect on theac#-balun performances. In order
to get better performances, tlgarameters magnitude of the phase inverter hdseto
better simulated in order to allow an accuraterogtion. With the measurements of the
different phase inverters upcoming soon, we shoeltier understand the influence of the
parasitics induced by the overlap. Special attenti@s been paid to the future de-
embedding procedure for these phase inverters. dergit could be possible to replace
the CPW phase inverter by a microstrip type to @be use of really short S-CPW. In that
case all the TLs between ports 1 and 2 of theawd-would be of a microstrip type.

[1.6.2 Power divider balun

A new topology of balun has been tested out: & '[Sassicaﬂ/ 4 power divider in
which a phase inverter was inserted in one branaet 180° of phase difference between
the two output ports. The isolation resistaRcesed in the Wilkinson power dividers must
be removed, otherwise the 180° relative phaserdifige would increase considerably the
losses. Removing this resistance, this topologyhctibe used anymore as a combiner
because isolation and output ports matching areaded. This balun was fabricated and
measured in the 65 nm technology on the same chipearat-race balun presented above.
The layout with the dimensions is given in Figur&3.
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Figure 11.15 : Layout of the power divider balun
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As for the conventional Wilkinson power dividergeticharacteristic impedance of
the TLs is 70Q with 90° electrical length. The characteristics tbé microstrip and
S-CPWs used in this design were presented in Tihldle The main advantage of this
topology compared to the rat-race balun is the ipniix of the two output ports. The input
port was placed in such a way that the outputsttiee same level with a phaseSef and
S5, equal to 90° and 270°, respectively. In that casggod matching at port 1 and 180° of
phase difference should be obtained.

The design method is the same as for the rat-raeenbTLs, S-CPW/microstrip
transitions and phase inverter were simulated WSS to get th&parameters, and then
gathered in ADS to simulate the whole device.

[1.6.2.1 Simulation versus measurement results

Measurements were carried out from 10 GHz to 67 .GHe same four ports de-
embedding method as the rat-race balun was apgligdre 11.16 compares simulation and
measurement results. The return ISgsresonance was shifted towards a lower frequency
with a down step of 7 GHz, as shown in Figure a)6The best matching is -43 dB at
53.3 GHz instead of 60 GHz. However, the matchsngfiil equal to -20 dB at 60 GHE;,

andS;, equal -4.3 dB and -3.6 dB, respectively. The plth$erence is 173°, as shown in
Figure 11.16(b).
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Frequency (GHz) Frequency (GHz)

(a) (b)
Figure 11.16 : Simulation and measurement resuftthe power divider balun in the 65 nm technology.
(a) Magnitude and (b) phase difference.

The simulation of the transmission coefficientswghdhats,,, through the phase
inverter, should have less insertion loss tBgnalong a long lossy microstrip TL. That is
to say that the simulation of the basic componentsneously indicates lower insertion
loss due to the phase inverter than to the migpodits. The measured results, on the
contrary, clearly show that,; is higher thanS;;. We already discussed about the high
insertion loss added by the phase inverter anccdneplexity to simulate it. Despite that,
S,1 andS;; were measured at -4.4 dB and -3.6 dB at 53 GHighwdre really good results.
The difference of magnitude betwe&yy andSs; is also due to impedance mismatch seen
from the input port. The phase inverter acts agpped impedance creating a discontinuity
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for the signal between ports 1 and 2. The reldiemedwidth centred at 53 GHz satisfying a
-20 dB return loss reaching 25 % (between 46.5 @it 60 GHz). In this band the phase
difference is 173.5°, e.g. a discrepancy of 6.5¢@spared to the targeted 180°. However
it is really flat since the phase imbalance is aily4°.S,, varies from -4.64 dB to -4.31 dB
andS;; from -3.72 dB to -3.56 dB. The area equal to Oi?ris bigger as compared to the
rat-race balun (0.085 mm?2). This directly stemgrfrihe output ports position which was
adjusted to fit with the RF probes (in order to idvextra connection TLs and to simplify
the de-embedding). The TLs could be designed clioser each other and would decrease
the surface area of at least 25 %. Even thoughlléiseggn method was the same as for the
rat-race balun, here no problem occurred becaus@ efventual misestimating of the TLs
effective relative permittivity. Indeed, the simigdd TLs are longer, and so, long enough
for their propagation mode to be well established their simulation to be accurate.

[1.6.2.2 Further improvements

The mismatch due to the phase inverter slightlitskine working frequency. With
shorter TLs and better adjustment, the workingdesrpy and the phase difference could be
improved. Moreover, a study of the position of giase inverter in the branch could lead
to an optimised position.

11.6.3 Comparison with the state-of-the-art

The Table 11.4 compares the measument resultseofwtb topologies of baluns with
the state-of-the-art of power divider with out-dfgse presented in Chapter I.

Maghnitude
Freq. . ReWm oo lation imbalance . Phase Area
Ref./Tech. Archite cture loss (dB) imbalance 2
(GHZ) (dB) (dB) (o) (mm°)
Through Coupled
[61]/0.18 um d L
CMOS 16.5-67| Marchand balup <-6 - -7to -5 -8 to -j 180+5 0.06
[62}/0.18 pm 25-65 | Marchand balun <7 - -10 to -] -9 to -4 180+10 0.%5
CMOS
[40]/0.13 pm |
SiGe BICMOS 48-80 Rat-race <-10 <-18 -5to-4 -6 to -5 184+2 0.11
[63]/0.23um
BICMOS 57-71 Rat-race <-14 <-16 -7.5t0-55 -6t0-45 180+30 280.
[64]/0.13 pm i i i i )
CMOS 55-65 Transformer 7.510-4.5 1805 0.05
This work 62- >67 Rat-race <-10 <-23| -7.561t0-1.24 -4.87 to2§.685.5+0.5| 0.085
Power divider
This work 46.5-60 with <-20 -6 |-4.64t0-4.31 -3.72t0-3.66 173.5+0.4 0.1
phase inverter

Table 11.4 : Comparison of this work with the staffethe-art.
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II.7 Branch-line coupler

A branch-line coupler with -3 dB at each outputtgor 502 system characteristic
impedance was designed in the 28 nm technologheaivbrking frequency of 60 GHz.
Only the simulated results are presented here. vidrgcal TLs have a characteristic
impedance of 3% and the horizontal ones of 8D 50 Q microstrip feeding lines connect
the pads to the input/output ports of the branoh;las shown on the layout in Figure 11.17.
These feeding lines and pads will be easily de-elude thanks to the method described
above.

500 um

50 um 303 um

Figure 11.17 : Layout of the branch-line couplertiwiS-CPWs in the 28 nm technology.

The simulated performances of the S-CPW and migpo$tLs used in this device

have been summarized in Table 1.2. Here again THpenctions were designed in a
microstrip technology to simplify simulations andybut design. To simulate the full
device, equivalent TLs on ADS were modelled wite ffarameterg,, .. anda, the
attenuation loss. All the parameters were deterthipeeviously thanks to HFSS. The
S-CPW/microstrip transitions were considered aseperwhich means that the equivalent
TLs were directly and ideally connected in the wircimulator. The simulated results are
shown in Figure 11.18. Th&parameters correspond to the ports number acaptditheir
position in the device, which means that pads ahd2Seed lines were not taken into
account in the simulations.

69



Chapter lI

IIIIIlllllllllllllllkllll o 130
11 120

110
100
90
80
70

60
50—IIIIIIIIIIIIIIIIIIIIIIIIIII

40 50 60 70 30 40 50 60 70 80
Frequency (GHz) Frequency (GHz)

@) (b)

Figure 11.18 : Simulation results of a branch-liseupler with S-CPWs in the 28 nm technology.
(a) Magnitude and (b) phase difference.
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At 60 GHz, the return loss is -28 dB and the trassimon coefficientss,; andSs;
are respectively -3.67 dB and -3.48 dB, as showRigure 11.18(a). The device has two
symmetry axes, vertical and horizontal, so therreloss parameters are similar at all ports.
The isolation between ports 1 and%,, is -30 dB. The bandwidth determined with a
return loss better than -20 dB reaches about 12eeen 57 GHz and 64 GHz. Over this
bandwidthS,; is constant and;,; varies between -3.48 and -3.68 dB, so the maximal
magnitude imbalance is 0.19 dB. The variatiorsgf is less flat than the variation 8§,
because the electrical length between ports 1 aidl80° and only 90° between ports 1
and 2, so the narrow band effect of the TLs is equently stronger fof;,. The phase
difference is 90.2° at 60 GHz and between 89.6°&kdin the bandwidth, which means a
phase imbalance af0.7°, as shown in Figure [1.18(b). The TLs were ptaced in a
configuration to optimize the device area, leadimg surface of 0.252 nfmin order to
reduce the surface area, it could be possible tander the TLs by using the free space in
the middle of the device.

11.8 Power divider

A power divider was designed in the 28 nm technplimgbe used at 60 GHz. The
layout is presented in Figure 11.19. No resistawas placed between the two output ports,
hence it was not realized a Wilkinson power dividarCMOS technology the resistance
dimensions are really small and the S-CPW widthegairge (around 100 pum) so that long
interconnects were needed between the S-CPW ssgiiyaland the resistance which leads
to a strong inductive effect. As it is really ddfilt to simulate and estimate this parasitic
effect, the isolation resistance was removed. Qlshothis has for consequence to limit the
use of this device as a power divider only. A 40-jomg 50Q microstrip feed line was
inserted between the pad at port 1 andTHenction. Same feed lines were used for output
ports 2 and 3. Then @3 microstrip TLs connect thi$-junction to the 7@ S-CPWs. The
minimal allowed width and the highest distamc@etween the ground and the signal strip)
were fixed for the microstrip topology to get thexmimal possible impedance, which is
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only of 65Q. The equivalent TLs modelled with the paramef&rse,.rr anda given in
Table 1.2 were ideally connected, without S-CPWjmstrip transition equivalent
electrical model.

Figure 11.19 : Layout of the Wilkinson power divideith S-CPWs in the 28 nm technology.

Figure 11.20 shows the magnitude %, S,,, S,; andSs,. The circuit has horizontal
symmetry axis so th&t,, = S;; andS,; = S34. The return loss is really good with -44 dB at
60 GHz. Using 65Q characteristic impedance instead of 7Q7shifted the working
frequency of 3 GHz towards the lower frequencidsis was corrected by adjusting the
electrical length of the S-CPWs in order to reacB0aGHz working frequency. By this
way, the working frequency is centred with a takdctrical length of 84° instead of the
theoretical 90° between the input and output pdviisteover, as the error is only 8 % on
the characteristic impedance and as the electangth of the 652 microstrip line is small,
21° among 84°, the device keeps an excellent magclAs expected, with no isolation
resistance, the isolation and matching of the dupputs are only -6.4 dB. The bandwidth
determined with a return loss better than -20 d&ches 40 % (between 48 GHz and
72 GHz). Over this bandwidth, the transmission foehts S,; and S;; vary
between -3.35 dB and -3.28 dB. The surface ar¢heopower divider is 0.12 nfmAs for
the power divider balun, the output ports were sigjd to fit with the RF probes. With
closer TLs the surface could be decreased of st Ba%.
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Figure 11.20 : Simulation results of a Wilkinsonvper divider without isolation branch, with S-CPWighe
28 nm technology.
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1.9 Conclusion

In this chapter, S-CPWs were used to realize skdenaces. The slow-wave TL
combines high effective relative permittivity angyin quality factor, and lead to compact
and performing devices having low insertion losserk though for high characteristic
impedances the quality factor decreases, S-CPWsbeadesigned to reach a 1Q0
characteristic impedance, with a simulated qudhftstor of 28 in the 65 nm technology.
With microstrip type TLs, the maximal charactedstinpedance is limited to about ¥0
(the poorer case is 83 only in the 28 nm technology). However, microstfips are still
needed, for th@-junctions for example, as S-CPW junctions aré atimplicated to design
due to the floating strips.

A phase inverter was fabricated and measured irf65hem technology. It is very
wide band and strongly reduces the area of thecdsvn which it is inserted. Even if the
phase of the transmission coefficient is well deiaed with HFSS, the magnitude is not
well predicted. With more accurate simulationgoitild be optimized in order to reduce the
insertion loss. Based on this phase inverter, talaris using S-CPWs were achieved in the
65 nm technology at a 60 GHz working frequency. fits® one was based on a rat-race. It
exhibited good isolation and matching. The secamelwas carried out by a novel topology
based on a power divider with close output ports eithout isolation. They exhibit a
surface area of 0.085 mirand 0.1 mrfy respectively. 25 % of surface area could be saved
for the power divider balun without fitting the tkdéines with the RF probes. Optimised
surfaces would reach the state-of-the-art presantetiapter | in terms of miniaturization.
The design method used in this work was not swetédol the rat-race and leaded to a shift
of 8 GHz towards the higher frequencies. Moreotke phase inverter degraded the
insertion loss in both circuits.

Then, a branch-line coupler and a power divideth@ut isolation) were simulated
in the 28 nm technology. A design method with eglaéat transmission lines characterized
with the parametersZ., &..;; and a, obtained from HFSS and validated by the
measurements, was applied. Really good performaareesxpected at 60 GHz. Also, de-
embedding methods are given for two ports devices teansmission lines, and for four
ports devices.

The devices designed in this chapter proved thatstbw-wave transmission lines
have a strong interest for the design of compaa Bow-loss passive devices at
millimetre-wave frequencies.

The applications of the power divider designechie 28 nm technology are limited
because of the lack of good matching at the ouiptis and the lack of isolation. However,
despite the constraints of the isolation resistaart its access in silicon technology, it is
important to develop fully matched and isolated podividers for combiner applications.
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In the next chapter a new topology of power divideproposed to design and optimise
such power dividers.
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Chapter Ill : New type of power divider based on a
Wilkinson power divider/combiner for millimetre-wav e
frequencies applications

This chapter focuses on the design, developmealization and test of a new type
of power divider based on the Wilkinson power deridThis new power divider is intended
to be further implemented in a feeding network eyystor antenna array beam-steering. At
the beginning, the original Wilkinson power dividetas designed for use in shielded
coaxial systems at frequencies low enough not ke tamto consideration additional
parasitic effects. Design complexity arises whealidg with millimetre-wave bands in
planar technologies. Parasitics typically derivesif undesired coupling between the two
guarter-wave arms, or distributed effects introdubg the physical requirements, such as
the stretching of the resistance between the tws an IC’s, inhibit performances. This is
most of the time not an issue at RF frequenciesitlhaecomes particularly troublesome at
high frequencies.

The Wilkinson power divider faces another issusiiiton technology which is the
characteristic impedance limitation. Indeed, fixed by the BEOL and the design rules of
the considered technology so that it may be nosiptesfor the microstrip type TL to reach
the 70.7Q2 characteristic impedance required in alb8ystem.

As already mentioned in this thesis, miniaturizati®c an unavoidable topic,
particularly for integrated circuits, due to thglmicost. Some of the techniques given in the
first chapter are really efficient and could besen, such as the stub loading technique. By
using a procedure comparable to Mandal’s optinonatif the rat-race coupler, described in
[17], we will see that many solutions are availa@eong which the original Wilkinson
power divider), so that it becomes very easy byeig to compare one solution to another
and to choose the most appropriate for our purploseer characteristic impedance or
reduced area, or a compromise of both.

Hence, in this chapter a new topology of power divicombiner with in phase
outputs is proposed. Our study shows that compsstard high-performance can be met
simultaneously, with high flexibility thanks to ssral design solutions. The design consists
in a modified Wilkinson power divider with added §to connect the isolation resistance
to the output ports, in association with an opearb st the input port junction. While
keeping very good isolation between output portd m@tching on all ports, the proposed
new power divider enables an optimal choice ofdiracteristic impedance of the TLs, of
the output ports position with the best compromisetween size and electrical
performances.
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This chapter focuses first on the design and thedation of the proposed power
dividers at RF frequencies, carried out in a ctad¥PCB technology, as proof-of-concept.
1:4 antennas feeding circuit was fabricated andsomea, one at 2.45 GHz and another one
at 5.8 GHz. The second one is associated to irtesfjrslot-array antennas on a single
substrate, taking advantages of small size, lovilpr@nd low cost.

Based on the same technology demonstrated at REeineies, a 60 GHz power
divider was designed in the 55 nm BiCMOS technolfigySTMicroelectronics). S-CPWs
were used in order to reduce the TLs’' length angdc@emprove both compactness and
performance.

l11.1 Issues for Wilkinson power dividers in silicon techology

I11.1.1 Isolation resistance

The undesired coupling between the two quarter-wawas, or the distributed
effects introduced by the physical requirementsmsteetching the resistance between the
two arms can be devastating for the performanceshef circuit at millimetre-wave
frequencies. In order to connect the isolationstasice to the outputs using the smallest
footprint as possible, the typical solution invavine wrapping of the quarter-wave arms
into rounded shapes converging briefly to the tasise placement [77]-[78]. Another way
is the use of interconnects between the isolatesistance and the signal strips [79], but
their physical length is long as compared to tlsestance dimensions so that they cannot
be neglected. It is also worth mentioning that facfice it is really difficult to perfectly
model the effects of these interconnects becauskeotias, bends and contact resistance
parasitics.

[11.1.2 Characteristic impedance flexibility

The 70.7Q characteristic impedance of the quarter-wave afixed in the
conventional Wilkinson power divider may be notateable in all CMOS BEOL. We have
seen for instance that in the 65 nm technology aiimam of 65Q can be obtained with
microstrip TLs. If such a 68 TL is used to build a power divider, the electriegths
have to be adjusted to compensate for the chaistct@mpedance mismatch, so the design
is more complex, and the return loss will be undably degraded. In the case of S-CPWSs,
70.7Q is easily reachable, but the corresponding S-CRRibigs a lower quality factor as
compared to the one with a characteristic impedanaend 43). Hence, flexibility for the
choice of the characteristic impedance could petmichoose the TLs exhibiting the
highest quality factor. Moreover, if different chateristic impedances leading to full
matched, isolated and low loss power divider cdaddound with electrical lengths shorter
than those of the conventional 90°, solutions waaldclude to a more compact device.
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[11.1.3 State-of-the-art of the solutions

In [80], the authors added extra TLs for connectimg isolation resistance to the
output ports as shown in Figure Ill.1. This avgidsasitic coupling between the two output
ports and in the same time allows the isolatiomstasce access to be taken into account.
Nevertheless, the proposed power divider suffesifhigher surface as compared to the
classical Wilkinson one because of the link betwdbe two electrical lengths,
e.g.0; = 6, + 90°. More recently, a general model was develdpeorder to give design
rules for the synthesis of these additional TLg.[8he characteristic impedances depend
on the power ratio between the two output ports.

Figure 111.1: Modified power divider with resistaa@ccess proposed in [80].

In [82], the conventional quarter-wave length o timpedance transformer arms
were miniaturized thanks to open stubs and stegdapces as shown in Figure Ill.2. This
also enhanced flexibility in the choice of the Tdlgracteristic impedance, even though all
the solutions cannot be applied in a CMOS technolbgcounterpart, this topology leads
to a complex transformation instead of the classi&a one. Since the phase delays of the
modified TLs are arbitrarily greater than -90° teelation circuit does not only consist in a
resistance but also a series capacitance for caapeg the imaginary part. Moreover,
these topologies do not bring any solution concgriine feeding lines.

Z[nTmc Z}:ﬂ_mv
G)mu :'-JI
. R, 2R,
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Figure 111.2: Modified asymmetric impedance transher proposed in [82].
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[11.2 Study of a new solution

[11.2.1 Topology presentation

Figure II.3 gives the proposed power divider topology. Compaiedhe one
presented in [80], an open stub of characteristigeidanceZ, and electrical lengtd, was
added at the junction between input port 1 andatings joining output ports 2 and 3. The
characteristic impedance and electrical lengthhef latter were named,; and 6;, while
Zs and 65 characterize the arms connecting the output gdortthe resistance. The new
solution is thus a combination of [80], Figure 1land [82], Figure 11l.2As will be seen,
this combination offers a very high flexibility.

Figure 111.3: Modified PD with open stub and resiste feeding lines.

[11.2.2 Theory and design equations

It is easy to show, by an even-odd modes analygs adding the open stubB,(6,)
alone, without TLs 45,605), deteriorates the matching of the conventionalkiWson
topology. However, when both TL&{,65;) and open stukZ{,6,) are used, good matching
and isolation can be achieved. They are slightlgraiged as compared to the classical
Wilkinson topology, but the corollary will be anterded bandwidth as demonstrated by
Fano in [83]. For simplicity, all the characterstiimpedances were normalized to the
system characteristic impedangg, e.g. z; = Z;/Z,. An even-odd mode analysis was
carried out considering the circuit symmetry, &sstrated in Figure Ill.4. The open stub
was replaced by two parallel open stubs with aasttaristic impedance ofz2. Similarly,
port 1 impedance was doubled. The line of symmaingses the middle of the resistance
so that it should be replaced by two series rasista with a value /2. For given ports
conditions and a given the two circuits, corresponding to even- or ododm analyses,
totalize six unknown parameters corresponding t® tiwee TLs £; 6;), so that six
independent equations are required to find thetisols.
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ZiN1 ZiNg
Port 1 L, z1, 61 o Port 2

zg rlez ZIN3—¢ ., 1
222 93

Figure 111.4: Half of the normalized topology shed within the odd-mode and open within the evenemod

[11.2.2.1 Even-mode analysis

For even mode excitation, the voltages at ported23ahave similar magnitude and
phase. No current flows through the resistarné2 which is open circuited. The value of
the impedances;y, . andz;y; . looking towards the open stubs, §,) and 5 65), in
Figure II1.4, are:

ZiNze = —J225c0t(6;) (11-1)

Zins e = —jzzcot(63) (111-2)

Impedancez,y, . is in parallel with port 1. The equivalent impedarx.4; . of their
combination is given by equation (111-3):

2z
Zeqie = 2 (11-3)
- z, + jtan(6,)
The impedance,, . is then derived as follows:
Z +jz,tan( 8
ZINdae = 21 eqr.e +j71tan(0y) (1n-4)

Zy + jZeq1_etan(6;)

Impedance;y, . is in parallel withz;y; . and should be equal to port 2 impedance in order
to get a matching condition at port 2, leadingdaation (111-5):

1 N 1 _tan(93)+ Zy +jZeqr etan(6;)
ZIN3.e ZIN4e z3 Z1Zeq1 e T jZ1%tan(6;)

(111-5)
From (IlI-5), the real and imaginary parts of thetmembers of the equation were split in

two equations. Equation (111-6) was obtained by amg the real parts while equation
(I1I-7) corresponds to equating the imaginary parts
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2y 2,323 — 32,°2,% 25 tan(6,) tan(6,)
+ 2,225 tan(0,) tan(0,)3 = — 2,2z, z5 tan(6,)?
- 422223 tan(@l) tan(gz)

— 4z, z,% tan(6,) tan(63) (111-6)
— 2,%2,3 tan(6,) tan(65)
+ 3z,%z, tan(8,) tan(6,)? tan(65)
Z1 2,275 tan(0,) + z,%2,3z5 tan(6,)
— 32,2, z5 tan(6,) tan(6,)? = z,z5 tan(6,)?
+ 22,325 tan(6,) — 2z, z; tan(0,) tan(0,)? (11-7)

+ 22, 2,° tan(83) — 2z, z, tan(8,)? tan(6s)
— 3z,%2,% tan(0,) tan(6,) tan(6s)
+ z,% tan(0,) tan(6,)3 tan(6)

In the same manner, impedanggs . looking towards the TLz; 65) is in parallel with
port 2 impedance, thus the equivalent impedancesdary, . becomes:

1 >_1 _ —jzzcot(6s) (111-8)

Zeqz.e ( 1— jzzcot(6s5)

ZIN3_e

Impedancez,y, . is the input impedance of Tlz(6,) loaded byz,,, ., given by (111-9):

Zeqz_e + jZl tan(el)

= -
ZINl_e “ A +jZeq2_e tan(el) ( 9)

The combination of,;y, . in parallel withz;y, . should be equal to port 1 impedance in
order to obtain a matching condition at port 1dlag to equation (111-10):

1 N 1 7y + jZegp o tan(6;) tan(6,) 1

- _ j - 111-10
ZIN1, ZIN2, Z1Zeqz.e TJZ1% tan(6;) 27, 2 ( )

By developing and equating the real and imaginanmspof the two members of equation
(111-10), equations (111-11) and (llI-12) were dedd:

z; z3 tan(0,) cot(03) — z,* tan(6,) tan(6,) + 22,2,
+ 222Z3 tan(@l) COt(Qg) (l“'ll)
= 2,2z, z3 tan(6,) cot(85)

7y Z3 tan(6,) tan(6,) cot(03) — z,z3 cot(03) = z,z, tan(6,) (In-12)

Finally, the even-mode analysis leads to four deffie equations, (llI-6), (111-7), (111-11)
and (111-12).
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[11.2.2.2 Odd-mode analysis

For the odd-mode analysis, the voltages at poeaa®3 have the same magnitude
and are 180° out-of-phase. The voltage is conselyuegqual to zero along the line of
symmetry of the circuit which can be thus shortwiied in its middle part. The impedance
looking towards the circuits from port 2 can becoddted by means of the impedances

ZIN3 o @NAZiyy o

. ")y + jzs3 tan(63)
3 24 +j7 /o tan(6;)

ZIN3 o =

(11-13)

ZIN4_O =jZ1 tan(el) (I”'14)

The combination of these two impedances in paralkeuld match port 2 impedance,
which leads to the following equation (111-15):

LT
11 z3 + jytan(83)  cot(6;)

=TT .
ZIN3.0o  ZIN4o Z35 + jz3?% tan(63) Z1

1 (I1-15)

Equations (IlI-16) and (llI-17) are obtained by ating the real and imaginary parts of
equation (llI-15), respectively:

25 cot(8) tan(6s) = z, (g ~1) (I11-16)

—2z3 cot(0,) cot(83) =z, <§Z32 — 1) (11-17)

Equations (IlI-16) and (Ill-17) are the two missirgguations over six independent
equations, which is the necessary condition to esadv problem with six unknown
parameters. Next, equation (111-16) is substituted (111-17) in order to get:

(I11-18)

which implies the following condition on the valwé the resistance according to the
value of the characteristic impedangce

ifr < 2,then z3 > \/gor ifr > 2,thenz; < \/é (1n-19)

Moreover, equation (llI-16) can be rewritten asdofs:

(111-20)
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From equation (llI-20), it is obvious that the valof r cannot be lower than 2, which
would lead to a negative value of the electricabtd 6; or an electrical length longer than
a quarter wave length which is not acceptable. Tthes right condition among the two
suggested in (111-19) is:

r > 2withz; < \/é (11-21)

Meanwhile equation (llI-12) can also be rewrittef@lows:

9, = tan-1< 2, = ) (11-22)
2 zzcot(B3)  zytan(6,)

Finally it is remarkable that equation (IlI-18) g&6; versusr and z; only, equation

(111-20) gives O, versusr, z;, zz andfs, and equation (l1I-22) gives, versusz,, z,, z3, 6;

andé;.

[11.2.3 Design procedure

With an adequate procedure, it seems thus podsildiad, in that order, the TLs’
electrical length;, 8; andé@, which depend on the values of the characteristfedances
74, Z5, Z3 and resistance However, the three equations (llI-6), (11-7) afitd-11) are too
complex to be solved in an algebraic way with (i}, (111-20), and (IlI-22). Consequently,
for equations (l1I-6), (111-7), and (lll-11) delt@rror functions, respectively namey,
4,, A5, were defined as:

|member on the right — member on the left | (| 1 23)

| member on the right |

A solution consists in a set of four valugs z,, z;, andr. The electrical length&,,
6,, andf; uniquely depend on the solution set. A set istgwiuof the circuit if the three
delta error functions are simultaneously equal toAOcareful study showed that this
condition cannot be reached, except for the pdaticsolutiond, = 6; = 0, e.g. without
open stub neither resistance feeding lines, leatbnthe conventional Wilkinson power
divider. As an example, Figure IIl.5 shows the a@dtror functions versug, for two sets
of values, set 1 (in black}, = 25Q, Z;=25Q, R=105Q and set 2 (in red¥, = 25Q,
Z3;=49Q andR = 105Q, respectively.
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Figure 111.5: 4., Of (111-18), (11I-20) and (l11-22) for two sets ofalues.

For set 1, the delta errdy, reaches 0 fof; = 84Q, whereas delta errors and4;
are not equal to zero for the same characteristipedance. In the same manner,
considering set 24,, 4, or 4; are equal to O for three different valuesZgf e.g 67Q,
57Q and 65Q, respectively. However, it is obvious that therage of the delta errors is
smaller for Set 2 iZ; is chosen near @Q. Hence, even if a perfect set of characteristic
impedances cannot be found, there exist some lsatsehable to be close to the ideal
solution. These “approximate solutions” can be ioled thanks to the use of a simple
algorithm.

However a question remains which is how to rely die#a errors calculated from
equations (111-6), (IlI-7) and (lll-11) to the kndadge of power divider mismatch, isolation
and insertion loss. A solution could be to linkamm algebraic way, the delta errors to some
specific goals on the power divid&parameters. Such relationship cannot be carri¢d ou
easily. Another way could be to calculate dire¢lg aforementione&-parameters and to
compare them to the power divider specificatiossa aondition for the algorithm to end. A
far simpler solution was used. As it is proved kela single condition solely based on the
scattering parametéy, as close to zero as possible is sufficient to enawgood matching
at the three ports as well as a high isolation betwthe two output ports.

[11.2.3.1 Demonstration of the good matching and isolation aording to the value of
522

Statement is valuable for any three ports netwarkiceng as (i) the symmetry
condition between ports 2 and 3 is verified (batmhoetwork) and (ii) there is no loss in
the equivalent even-mode circuit (which means reiste@e element in the even-mode
circuit). Those conditions are fulfilled by the pewdivider given in Figure 111.3. Due to
condition (i) the latter can be redrawn as the foants network in Figure I11.16(a).
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Odd-mode Ever-mode a, 2,6, L Odd-mode Ever-mode
1 1 « 1 1
+ — + - 2 b4 + -_ + -
2 2 2 2
"3 +o as, 8, 7,6, : -3 +2

Figure 111.6: a) Normalized representation as a fqorts network of the power divider in Figure 8).
b) odd-mode schematic and c) even-mode schematic.

Based on those considerations, the network camalgsed by an even-/odd-mode
approach. If an input power wavg is considered at port 1, the following equationtdh

for the relationship between the power waves ddfimeFigure Il.16, where " means
even-mode §” means odd-mode, respectively:

Ay = Ay e+ A4, by =by e+ by,
Qs = Qg ¢ — Q49 bs = b4_e - b4_o (III-24)
a; =01 tag, by =by ¢+ b1,

Similarily, if an input power wave, is considered at port 2, the following equations
occur:

a, =az, + a o b2 = b2_e + b2_0 (”I'25)
Az =0z ¢~ 0z by = bz = bz

[11.2.3.1.a0dd-mode analysis

As port 1 is shunted, see Figure 111.6(b), it isviolis that no transmission may
occur between ports 1 and 2. Consequently, thergefeem of the odd-mode scattering
matrix [S,] is written as:
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S110 0 ] (111-26)
0 522_0

With no resistive element in the netwofK;; ,| = |S22 0| [12]. With the presence
of a resistance in the network, as in the conveatidVilkinson power divider or in Figure
1.6, necessarily|S; ,| # S22 |- Moreover, because of the shunt, power wawmes and
b, , are equal in the odd-mode to zero:

ay4=0 by, =0 (1-27)

[11.2.3.1.b Even-mode analysis

The even-mode scattering matfs ] takes the form below:

S11e S12_e] (111-28)

SlZ_e SZZ_e

The even-mode network being lossless, the twovatig equations hold:

S =18
| 22_e| | 11_e| (|||-29)
andSll_ez + Slz_ez = 1
Moreover, power waves, , andb; , may be expressed as:
A1 e = V2- Ay e by . = V2. by e (”I-BO)

[11.2.3.1.c Discussion on the scattering parameters

Using the equations (l1I-24) to (I11-30) linking em, odd and global power waves,
the demonstration given in Appendix-A leads to:

S11 = S11e (11-31)

S12 = 5\1/2; =513 = 521 = 531 (111-32)
S22 = S22.¢ = S22.0 = 533 (11-33)
S23 = S22.¢ + 5220 = S32 (11-34)

In order to design a three ports device, a paramstindy is often necessary. The
convergence of the design process can be ensurggkéys of conditions on the scattering
parameters. Various possibilities can be enforced.
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1) Condition|S;;| =0
This condition leads t{5;, .| = 0 (IlI-31), implying |S1; .| = 1 (11I-29), and hence
S12 = 1/4/2 (1I-32). This is sufficient as long as output omatching is not required.
However, such condition is not enough for the usa power divider as a combiner where
isolation is required.

2) Condition|S,,| =0
Two solutions exist. The first one consists in &mggsS,, . 10 S,, , keeping them
different from 0O (llI-33), however this solution ot satisfactory for our power divider.

Indeed, according to (111-34) §,, . = S, , # 0, S3; is not equal to 0 which means a bad
isolation. The second solution is equivalent toihg\at the same time matching for both
even- and odd-modes at port 2:

$22.0 =522=0 (In1-35)
Consequently:

* Matching at port 1 is realized:
Considering (l11-29)S;, . = 0 implies:

Sll_e = 0 (I”'36)
Considering (111-31)S;; = 0 implies:
S5, =0 (11-37)

» -3 dB ratio between ports 1 and 2 is reached:
Considering (111-29)S;1 . = 0 implies:

Slz_e = 1 (I”'38)
Considering (l11-32) S;, . = 1 implies:
S, =1/V2 (111-39)

» Perfect isolation is realized:
Considering (l11-33)S3, , = S22 . = 0 implies:
S,3 =0 (111-40)
Hence, a matching condition on the scattering patars,, alone holds for the four
conditions onS,,, S;;, S;, andS,; as long as the power divider stands symmetricdl an
lossless (except for the isolation resistaRLe

[11.2.3.2 Procedure for finding solutions

In practice, the algorithm described in Figure7llvas used to find close solutions,
based on the port 2 matching condition alone. Ndalzftware was used.
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fix r value
Z1 = Z3 = 23 = Znin
fix initial S35 max goal

v

Calculate 65,04, 6,

A\ 4

Save solution
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y

Increment z;, z, or z3

No

Solutions
exist ?

y

Increase S, max

Choose the best solution

Figure 111.7: Algorithm for finding solutions.

First, r must be fixed to the desired value and z, and z;to the minimum
achievable characteristic impedance given by trehn@logy. Included in the three
overlapping loops of,, z,, andz; (symbolized with only one block in the algorithrt)e
three electrical length&;, 6;, andf, are calculated in this order, according to equatio
(111-18), (111-20) and (IlI-22). ThenS,, is compared to the initial goal. Typically, it is a
good choice to start the procedure With ,,,,, = -35 dB. If after any combinations of,
Zy, and z3, S,, stays higher thai$,, 4., this means that the goal is too ambitious.
ConsequentlysS,, 4, should be slightly increased. The poorer the camustconcerning
S22 max» the worst the isolation and matching of the podigider. In practice, the choice
of S, max IS deserved to the designer, depending on theifgadions related to the
application.

Finally, additional conditions concerniig and/orz; ranges, may lead to conditions
on the device maximum size and/or quality factartfe TLs (in particular if integrated
technologies are targeted). The designer thus ltaose a compromise between the power
divider electrical performance and size by electitigg appropriate values of the
characteristic impedances and electrical lengths.

86



Chapter llI

[11.3 Circuits design and experimental results

Two power dividers with two different values Bfwere fabricated as a proof-of-
concept to illustrate and validate the method mresly described. As shown in (llI-21),
should be strictly bigger than the normalized vaue.g.R > 100Q when considering a
50-QQ system characteristic impedance. One power dividey a valueR = 105Q and
another on® = 150Q.

[11.3.1 Power Divider with R = 105Q

The targeted condition fdf,, was fixed to -35 dB. The characteristic impedances
range of variation was fixed to [25-100), except forZ; which is limited to 51Q from
(M1-21). A step of 2Q is a good compromise between time simulation angedance
resolution for the construction of the design gsaph

Figure II.8 shows the solutions in terms of electrical lengéhs 6,, and 65,
according to the characteristic impedanégs Z,, and Z3, respectively. Figure 111.8(a)
shows the electrical length; map versusZ;. 6; varies between 14° and 38°. Figure
[11.8(b) gives the electrical lengthy, according taZ; andZ;. The colour scale indicates that
the smaller the characteristic impedanZe, the smaller the electrical length,.
Consequently, in this example, a strong miniattioracould be reached with the choice of
Z; = 25Q and6@; = 14.4°. With such a solution, several valuesZipandé, are available.

It may be noticed that the biggé&;, the smallerg;. Z; = 81 Q appears to be a good
compromise to avoid too high characteristic impeganwhich leads t8;, = 57.7°. Lastly,
Figure 111.8(c) gives the electrical length versusZ, andZ,, for various achievable values
of Z;. Many possibilities exist for the paif{,6,). Based or¥; = 25Q andZ; = 81Q, a
wide range remains possible but when taking intwoact design constraints this choice
gets reduced. In particula#, should be chosen short enough to avoid parastiplog
between the TLsZ;,05) and €,,0,). Z, = 39Q, leading tod, = 35.2° is a good couple.
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Figure 111.8: Design graphs for R = 108.

Calculi are based on theoretical equations only dadnot consider junctions
electrical models neither bends nor parasitic dagphat in practice contribute to degrade
the performances. The electromagnetic simulatiothef power divider with the chosen
characteristic impedances and electrical lengtinduding junctions, bends and coupling,
showed that the working frequency was slightly teldifand the return loss a little bit
degraded, consequently a tuning on these valuesye@essary. The final characteristic of
the TLs after tuning are the following (original lwas are given between brackets):
Z,=84Q (81Q), 6, =56° (57.7°)Z, = 39Q (39Q), 6, = 30° (35.2°)Z5; = 30Q (25Q),

0; = 14.9° (14.4°).

The circuits were fabricated on the dielectric $tdie Rogers RO4003C, of relative
permittivity 3.38 and thickness 813 um. All cirauiare working at the frequency of
2.45 GHz. A SOLT calibration was carried out on &f20 Vector Network Analyzer.
Figure 1.9 compares theSparameters obtained from electromagnetic simulatio
[Momentum by Agilent Technologies] and measuremengspectively. A very good
agreement was obtained. While keeping the prewsets of £;,6;), the SMD resistanci
placed in the fabricated circuit was measured etudl00.2Q. As expected the power
divider is very low loss with 0.13 dB of insertidmss only at 2.45 GHz, partially due to
SMA RF connectors. The available bandwidth, defingd,,; below -20 dB, reaches 14 %,
from 2.26 GHz to 2.6 GHz. Considering this bandtvidhe output port return loss, and
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the isolationS;, are better than -24 dB, and reach -26 dB and -34atR.45 GHz,
respectively. Remember th&,, was fixed to -35dB as an input condition for the
convergence of the design algorithm. Even if tratug was reached in the optimization
process in theory [Matlab], here again, since daldo not take into account junctions
models nor parasitic couplings, the return losdegraded. Moreover, the value Rfwas

5 % below the right value. However, let's emphasirzd -26 dB as a measured return loss
constitutes excellent conditions for a large majyoof applications.
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Figure 111.9: Simulation [Agilent ADS Momentum™] dumeasurement results of the proposed topology with
measured R = 100.2 (theoretically 10%2). (Z,,0,) = (84 Q, 56°), €,,0,) = (39 2, 30°), ¢3,65) = (30 Q,
14.9°). (a) Insertion loss and input return lods) Isolation and output return loss.

Figure 111.10 is a viewgraph of the fabricated powdvider compared to the
modified power divider early proposed in [80]. Testyn the latter, the value & was
fixed to 95Q in order to get an electrical length of the TLau&qto 12.6° between the
output ports and the resistance, which is closheol4.9° of the topology presented here.
The TLs’ characteristic impedance was fixed to(®9with an electrical length between

ports 1 and 2 (or 3) equal to 102.6° (90° + 12.8Hese values lead to a surface of the
proposed circuit that is 24 % smaller as compawetié one proposed in [80].

13.2 mm
ww €°8T

Figure 111.10: Measured circuits. (a) Proposed dgsi (b) Power divider from [80].

To conclude, these results suggest that the prdgo®eer divider is low loss, with
really good matching and isolation. It is smalledanore flexible than the one proposed in
[80] whilst keeping similar advantages such as lihtation of the parasitic coupling
between the output ports thanks to the TLs conngckie resistance. In terms of simplicity,
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miniaturization and performance, this design i® akearly well suited to further circuit
integration considerations.

[11.3.2 Power Divider with R = 150Q

Another power divider was achieved and measureld Ritixed to 150Q. As for
the previous one the maximum valueSgf was fixed to -35 dB for the initial design, the
characteristic impedances still varied betwee®2d 102, andZ; was limited to 6XQ.
Figure IIl.11 gives the graphs of the electricahgths 6,, 6,, and 6; versus the
characteristic impedances, Z,, andZ;. The electrical lengtlé; varies between 44° and
69° with Z5, Figure lll.11(a). Comparing the graphs in Figuhe8(a) and in Figure
[11.11(a) whenR is fixed to 105 and 15Q, respectively, we notice that whé&niincreases
the maximal reachable value @&f increases and; needed to obtain this maximal value of
05 increases as well. WitR equal to 50@2, the maximal value dd; is 77° forZ; = 100Q.
With higher resistance value, high#®r can be obtained buk; is beyond our characteristic
impedances’ range. The solutién=49°,Z; = 49Q, 6, = 60° andZ; = 65Q enables high
flexibility in terms of power divider shape withralatively long TL connecting the output
ports to the resistance. In counterpart, particateention was paid on the electrical length
6, that should be longer thah to avoid meandering of the T(Z;, 65). The open circuit
stub ¢,,8,) was designed in a T shape in order to fit fremcepn the power divider loop.
In order to get more flexibility and reduce the dén of the stub, the TL, chosen as
Z, =41Q andé, = 53°, was realized by a stepped-impedance stejcis shown ifrigure
.12, with Z, =125Q, 6, = 3.5°,Z,, =35Q, andf,, = 41°, respectively. Finally, the
TL with the lower characteristic impedance was didd in two parallel TLs of similar
electrical length but with a characteristic impetamultiplied by 2, so that,, becomes
now equal to 7@. Here again a tuning was needed to adjust thempeaihces of the power
divider in order to take into account the junctigasasitics, bends and couplings. The final
characteristics of the TLs after tuning are givemem with the original values between
brackets:Z; = 65Q (65 Q), 6, = 58° (60°),Z, = 130 Q (125 Q), 6,, = 5.8° (3.5°),
Z,, =88Q (70 Q), andf,, = 39° (41°),Z; = 51Q (49Q), 6; = 47° (49°).Z,, can be
considered as a high characteristic impedance,shah value is still achievable in a
classical PCB technology and its shortness shoatléhming too much loss.
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Figure 111.11: Design graphs for R = 15Q.
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Figure 111.12: Steps to design the open stdb.4,) in order to fit the free space in the power darigbefore
tuning and between brackets after tuning).

Figure I11.13 gives a picture of this proposed podider.

Figure 111.13: Proposed design with R = 150
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Figure lll.14compares th&parameters obtained from electromagnetic simuiatio
[Momentum] and measurements. The agreement betweeulation and measurement
results is very good. The insertion loss is 0.23adR2.45 GHz and the bandwidth reaches
4.5 %, from 2.37 GHz to 2.48 GHz, see Figure 1l{a)4 The return loss at the output port
S,, is better than -17 dB and the isolatig, is better than -21 dB in the defined
bandwidth. They reach -19 dB and -29 dB at 2.45 GH#gzpectively, see Figure II1.14(b).
This power divider is only slightly smaller (6 %)ain the one presented in [80] but its
topology proves a huge shape flexibility which daythe end, save much space in a global
system. Here, the cost of such flexibility is aueed bandwidth. The longet;, the
narrower the bandwidth.
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Figure 111.14: Simulation [Momentum] and measurermgsults of the proposed topology with measured
R =150Q. (Z;,0;) = (652, 58°), €,.6,,) = (130Q, 5.8°), €;,.0,,) = (88 2, 39°), €3.05) = (51 Q, 47°).
(a) Insertion loss and input return loss. (b) Id@a and output return loss.

An application of the fabricated power divider lisstrated in section Il11.5 where a
4-antenna feeding circuit was realized as a préaacept. But before this, the influence
and the potential in terms of harmonics suppressidhe added TLs to our power divider
are compared to the classical one.

[11.4 Harmonics suppression

In [84] and [85] modified power dividers contairsisgance feed lines and additional
TLs or open stubs in order to suppress harmonikesd structures seem quite similar to
ours, but they are exploited only for harmonicspapsion and not for miniaturization or
characteristic impedance flexibility. Their giveropedures lead to power dividers with big
area because of the several stubs of low charstitenmpedances (equivalent to large
widths) which make the meandering technique comfbeapply. It is thus interesting to
study the capability of our topology in spurioupgression.

In [84], the structure looks like the one presentedrigure 111.3 but another open
stub was added, name#, (%), see Figure IIl.15. The electrical lengihgequivalent tdd,
in our design)y (equivalent td9;), and¢ create three transmission zeros. The first step of
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the design procedure in [84] consists in fixingitha&lues according to the harmonics to
suppress thanks to the formulas (llI-41). In a sdcstep, the other characteristic
impedances and electrical lengths were chosenloulated with extra formulas (given in

[84]).

_| Port 2
A ,
2, oV
J=4 . #
[_' Zp.§
Port 1
A R
) . .
‘ Zp.§
Zp, Y
i, 4 ’
_| Port 3
Z,.0 Z..0

Figure 111.15: Circuit configuration of the powervdder proposed in [84] for spurious suppression.

T

fi :%'fo
T

f2 =ﬁ'f0 (11-41)
Vs

f3 zﬁ'fo

Figure 111.16(a) shows the wideband ideal elecsiiaulation of our power dividers
with R=105Q, and Figure II1.16(b) withR = 150Q, respectively. Circuit simulations were
performed with perfect TLs, perfect junctions ahd TLs characteristics deduced from the
optimization process. For the power divider Wk 105Q the transmissios,; shows two
transmission zeros occurred at 6.26 GHz and 15.3, G$pectively. They correspond to
the theoretical values calculated with (ll-4%},= 6.26 GHz § = 6, = 35.2°) and

fo = 15.3GHz { = 6; = 14.4°). ForR = 150Q the two transmission zeros occurred at
4.16 GHz and 4.5 GHz which correspondfio= 4.16 GHz (¢ = 6, = 53°) andf, = 4.5

GHz @ =65 = 49°). So, as explained in [84] and demonstrategd @ur designf, and6,
create two predictable transmission zeros. Thisilshbe confirmed by electromagnetic
simulations. Figure 111.16(c) and (d) show the @lemagnetic simulations [Momentum] of
the two power dividers foR=105Q and R = 150 Q, respectively. For the latters,
junctions, bends and coupling were taken into actdua that case, witiR = 105Q (see
Figure 111.16(c)), the resonances occurred at 6-& @Gistead off; = 7.35 GHz ¢, = 30°
after tuning) and 15.8 GHz instead ff=14.8 GHz §; = 14.9° after tuning). For
R=150Q (see Figure II.16(d)), the resonances occurred34dt GHz instead of

fi = 4.16 GHz (the open stub in T-shape after tuningdsivalent tod, = 53°) and
4.9 GHz instead of, = 4.7 GHz @; = 47° after tuning).
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Figure 111.16: Electric simulation of the power dilers with (a) R=10%2 and (b) R=15Q2 and
electromagnetic simulation on Momentum with (c) B5@ and (d) R=15Q2.

The junctions, bends and unwanted coupling obligetb tune the TLs parameters.
The modifications 0B, and6f; had for consequence to change the resonance fregse
Despite the values of the electrical lengths afiaing are used to calculate the theoretical
resonances, a mismatch persists between the dadoutand the electromagnetic simulation
due to the parasites.

The electrical length®, and 6; create transmission zeros that can be used for
spurious suppression. In the case of strong mirzatiion solution of the power divider as
it has been achieved wiR = 1050, these electrical lengths are really small andiced
resonances at much higher frequencies as compare tworking frequency harmonics.
Hence the interest for harmonics suppression is. leewever, whenR = 150 Q is
considered, it is possible to take profit of thessonances. The drawback of the proximity
of the first resonance is a smaller bandwidth. Witk purpose of harmonic suppression,
first R must be fixed, theA, and6f; can be calculated with (IlI-41). After that, thther
parameters can be chosen thanks to the design sgraphpresented before. An
electromagnetic simulation is needed at the enutdoisely tune the resonance frequencies.
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l1.5 Antennas array feeding network application

[11.5.1 2.45 GHz working frequency

The power divider witlR = 150Q was used as a 1:4 feeding network to be applied
in a 4-antennas array. Two power dividers were eoted in parallel at the outputs of a
first one thanks to TLs, called,6,), in such a way that each output stays equidigtant
its neighboursZ, andf, were fixed after a tuning procedure. The choica oharacteristic
impedanceZ, different from 50Q offers the opportunity to slightly increase thedaidth,
as compared to the single power divider bandwidihand 6, were taken equal to 43
and 165°, respectively.

Figure 111.17: 1:4 feeding circuit.

Figure I11.17 shows the fabricated circuit and Feglil.18, the comparison between
simulation and measurement results, respectivehe @greement is very good. The
insertion loss is 0.48 dB above the ideal valué dB at 2.45 GHz. The bandwidth, defined
by S;; below -15 dB, reaches 15 %, from 2.26 GHz to 233z, as shown in Figure
[11.18(a). In the considered bandwidth, the retlmss at the output powf,, is better
than -15 dB. The isolatios,;, which is the one between two outputs of the spower
divider (i.e. between output ports 2 and 3, or d &nrespectively) is better than -15 dB,
while the isolatiors,, which is the one between two outputs from diffengoiver dividers
is better than -23 dB, as shown in Figure 111.18@&f) 2.45 GHz,S,1, S,,, S,3 andsS,, are
equal to -17 dB, -18 dB, -21 dB and -35 dB, regpelt. It would be very easy to improve
the network return loss thanks to the tuning of e (Z,,0,). This would lead, in
counterpart, to the reduction of the bandwidth.

Thanks to the particular shape of the proposediitirit is possible to save more
surface area compared to what would be obtaindd aaihventional Wilkinson type power
dividers. It is easy to reach both flexibility ihet topology and electrical performances. As
in an antenna array the distance between the optpgtg is a major point to address, with
our topology we can first fix this distance, themnmaturize the PD to match as far as
possible the topology conditions whilst miniatungithe device and finally play od,6,)
for the best compromise between bandwidth and im@aithing.
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Figure 111.18: Simulation and measurement resuftshe 1:4 feeding circuit at 2.45 GHz. (a) Magnitualf
S, Siand $,. (b) Magnitude of §and S,

[11.5.2 5.8 GHz working frequency

Another 1:4 feeding network with four-by-eight igtated slot-array antennas [86]
was designed and fabricated at 5.8 GHz on the sifextric substrate Rogers RO4003C,
as shown Figure 111.19. Before showing the measergmesults of the full circuit, the
feeding network alone is studied.

Figure 111.19: Fabricated slot array antenna wittsifeeding network.

111.5.2.1 1:4 feeding network

The resistanc® of the single power divider was fixed to 180 The design graphs
in Figure Ill.11 were used once again. The solutith 6; = 52°,Z; = 51Q, 6, = 66°,
Z, =58Q, and the couplé, = 53°,Z, = 41Q, was chosen. Here again the open circuit
stub ¢,,0,) was designed in a T shape with stepped-impedatroeture, as in Figure
[11.12. After tuning, the final TLs parameters bewa 6; = 47°,Z; = 58 Q, 6, = 60°,
Z;=56Q andz, =75Q, 0, =14.7°Z, =59Q, andd,, = 18.4°.Z, was taken equal to
50Q. Figure 111.20 shows the comparison between abecagnetic simulation and
measurement results of the 1:4 feeding circuit euththe antennas. The insertion loss is
1 dB above the ideal value of 6dB at 5.8 GHz. Thendwidth, defined bysS;;
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below -15 dB, is 9.3 %, between 5.46 and 6 GHzshewvn in Figure 111.20(a), which is
large enough for this application. In the considdsandwidth, the return loss at the output
port S,, is better than -18 dB. The isolatiép; (between two outputs of the same power
divider) is better than -15.8 dB, while the isatats,, (between two outputs from different
power dividers) is better than -20.5 dB, as showFRigure 111.20(b). At 5.8 GHzS§,,, S,5,

S,3 andS,, are equal to -17.2 dB, -20.1 dB, -23.9 dB and82i3, respectively.
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Figure 111.20: Simulation and measurement resuftshe 1:4 feeding circuit at 5.8 GHz. (a) MagnituafeS,
Si; and $,. (b) Magnitude of § and S..

[11.5.2.2 1:4 feeding circuit with antennas

In [86], a four-by-eight substrate integrated wavdg (SIW) slot array antenna was
proposed at 10 GHz. Next, a two-by-eight was deesdoat 5.8 GHz in [87]. They are
composed of longitudinal slots and via holes. Tldume in the substrate integrated
waveguide, delimited by the rows of the via hole¥ énd the height of the substrate, acts
as an equivalent rectangular waveguide. In ouriegpn a four-by-eight SIW slot array
antenna at 5.8 GHz was fabricated and measure@. mcrostrip feeding lines were used
with tapered transitions to match impedances betwlee output ports of the power divider
and SIW guides [88]. The dimensions of the anteramessy given in Figure I11.19 and in
Figure I11.21 were optimized with the 3D electromatjc simulation software CST.

Longitudinal slots Via holes

w=14.8 mn
d=1mm
dl=3.5mm
d2 =20 mm
d3 =30 mm
s=2mm
c=2mm
Ir=12 mm

Figure 111.21: Configuration of the on-substrata@grated slotted-waveguide synthesized using rizsdll
via-hole arrays from [86].
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The return loss of the SIW slot array antenna waasured from 4 to 7 GHz. The
results are shown in Figure 111.22. The return lshksws a 5.65 GHz working frequency
instead of 5.8 GHz, which means a shift of 150 MAZ5.65 GHz it is -18 dB and less
than -10 dB within a bandwidth of 43 MHz.
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Figure 111.22: Return loss of the 1:4 antennas afra

The measure&-plane pattern at 5.65 GHz is compared with theukted pattern
in Figure 111.23(a), and the measured and simulétqulane patterns in Figure [11.23(b). At
0° the measured gain reaches 10.1 dB instead 5fdBin simulation, and 10.3 dB instead
of 13.5 dB forH-plane ande-plane, at 5.65 GHz, respectively.
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Figure 111.23:; Simulated and measured (a) E-plamg gb) H-plane radiation pattern at 5.65 GHz.

The measurement of the feeding circuit alone shogedd results, with the
expected working frequency and good matching, eadtkcrepancies of the full circuit are
caused by the antennas array. They are certairdytalihe inaccuracy of the fabrication
process: indeed the via holes plating and slotedgions are critical.

111.6 Millimetre-wave application

The study of the new power divider in PCB technglghows that such a circuit
meets all the requirements needed for a silicohn@ogy and is ready for integration.
Thus it was designed in the 55 nm BiCMOS technoldggcribed in chapter I, for a
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working frequency at 60 GHz. It is still under fedation meanwhile the writing of this
manuscript, so only the simulation results areqmtd herein.

[11.6.1 Design and simulation

For the TL ¢,,0,) between the input and output ports, S-CPW weeel ,ushereas
microstrip TLs were chosen for the open stub aedéisistance feed lines because they are
narrower. Here again the bends and junctions weakzed with microstrips. The value of
the resistanc® was fixed to 10%2; so the design graphs given in Figure 111.8 wesedito
choose a solution. The resistance is a polysiliype. Two ways for selecting a design
were possible:

» Considering that the quality factor is quasi-constar the microstrip TLs but that
it depends on the characteristic impedance folSH@PW, the optimal solution can
be achieved by fixing firsk; with the characteristic impedance leading to testb
quality factor of the S-CPW. Then, other parametans be determined with the
design graphs.

 The TLs’ parameters can be simply fixed by the teles lengths leading to the
smallest componentn that case the characteristic impedances leadirtge best
quality factor S-CPW are not used. Moreover therattaristic impedance of
microstrip lines is limited in integrated technalesy

A study comparing these two methods showed thas¢hend one leads to a smaller
power divider area. Indeed, for lowgy (betterQ for S-CPWs)f, and6; increase (Figure
[11.8), and despite a high&)p, the total loss gets higher than with smafiewith lower Q.
Consequently, the second method was finally applidus circuit was fabricated on the
same chip than the branch-line coupler which wdl gresented in chapter IV. To avoid
having too many different TLs to characterise, shene 260 microstrip TL used in the
branch-line coupler were used as the stub and dhistance feeding lines. Finally the
selected solution wa%;, = 83Q, 6; =59°,Z, = 26Q, 6, = 24°,7Z; = 26 Q andf; = 15°.
Figure 111.24(a) shows the schematic of the powierddr and gives its dimensions. The
83Q characteristic impedance cannot be achieved withi@ostrip TL in the 55 nm
BEOL, so a value of 72 was used. Because of this lower value, the leafjthe S-CPWs
needed to be shortened by 5 um (corresponding)tto Khift back the working frequency
to 60 GHz while the microstrip stub was shortengdlB um (corresponding to 1.8°) in
order to improve the input port matching. The siatioh was carried out with equivalent
TLs with the parameters given in chapter I, witkrfpct S-CPW/microstrip transitions,
R=100Q, and without the 5@ feeding lines. The layout with the differentialdgais
given in Figure IIl.24(b) and the results are givienFigure 111.25. At 60 GHz, the
transmission coefficienf,; shows only 0.55 dB of added insertion loss abtne3 dB.
The return loss at any port is lower than -28 dBe TsolationSs, is -26.6 dB. For an input
port return loss;, better than 20 dB, the bandwidth is 20 % (betws®and 65 GHz), the
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isolation is better than 19 dB, and the outputgogturn loss better than 25 dB. The added
insertion loss reaches a maximal value of 0.62 his bandwidth. The surface area of

this circuit is 0.104 mmz2, and according to theolaty we see that it could be reduced with
narrower S-CPWs. With a width of 100 um insteadl®4 pum the total surface could be

lower than 0.09 mmz.

. 141 pn -
| B
42 un S-CPW 50 un

Vias from M1 till M8

@

Figure 111.24: Modified power divider (a) schematigth dimensions (not at scale), and (b) layouthie
55 nm BiCMOS BEOL.
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Figure 111.25: Simulation result at 60 GHz.

The Table Ill.1 compares the results of this podigrder with the state-of-the-art
presented in Chapter |I.
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Return loss In 20 % bandwidth
Insertion . Max. Return loss )
Freq. Isolation Min. Area
Ref./Tech. Topology loss S, S»&S insertion B :
GHz 1 2 33 dB lat 2
() @ || @@ | © | loss | Su|Ses Sulscuon (mm)
(dB) |(dB)| (dB)
slow-wave
[Séll\//?gsnm 60 | elevated coplanar| -5.3 -8 11 12 53| -6/ -10 11| o005t
waveguide
asymmetrical shunt
(55190 nm -\ stub and 39 | 21 15 -19 42 | <13 14 15| 0.0
CMOS )
meander-line
[56]/0.13 um ) d 15
BICMOS 60 meander-line 3.5 19 17 22 3.7 <17 <-1 1 0f12
floating defected
[57]/0.18 um h
SiGe BICMOS 60 [ grounding struct.ure 4.5 16.5 21 4.3 16.5 19 0.09
and meander-line
This work | 6o | SCPWestband | o o g g 26 | -362| 24 25 19| 0.104
resistor acces

Table 111.1 : Comparison of the simulated poweridiér with the state-of-the-art.

[11.6.2 Sensitivity to the resistance value

In CMOS technology, the polysilicon resistancesttes one used here exhibit a
variation of + 20 % around the nominal value. Ithsis important to verify the impact of
such variation on the power divider performances.tie resistance determines only the
isolation and the output ports matching, ol and S;, are modified withR. Figure
[11.26(a) and Figure 111.26(b) shows;,, andS;, for the lowest and greatest possible values,
80Q and 120Q, respectively. Still in the bandwidth between 33z2Gand 65 GHz,
determined with a return losg,; better than 20 dB, the isolation is in the woestecbetter
than 18 dB and,, is better than 19.8 dB.
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Figure 111.26: Output portS,, and isolationS;, simulated at 60 GHz with (a) R = 8Dand (b) R = 12Q.

The resistance variation degrades the isolationthadoutput ports matching but

simulated results show still acceptable performandé&e polysilicon resistance of 10D
has also been designed alone on the same chigen tor extract its exact value.
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[11.7 Conclusion

A new topology of power divider was studied. Itdeao more flexibility and better
compactness as compared to the classical Wilkipsarer divider. Hence, it is well suited
for a fabrication in silicon technology at millinmetwave frequencies. Design rules were
carried out thanks to design graphs, and a simpkaad of optimization.

Two power dividers were realized at 2.45 GHz inGBRechnology as proofs-of-
concept, with different characteristics. They pitiee high level of flexibility offered by
the new developed topology. Measurement and sifoualatesults were in very good
agreement and proved the efficiency of the desigthod. The two 1:4 antenna arrays
feeding network achieved thanks to the flexible powivider, can minimize the surface
area of these feeding networks.

The simulation results and the surface area ofhtbdified power divider designed
at 60 GHz in the 55 nm BiCMOS technology confirntiedt the new proposed topology is
well suited for CMOS millimetre-wave power dividetsensures a low loss, full-matched
and isolated component together with a small sarfdtanks to the use of S-CPW with
high quality factor. The measurement of this up-tmmcircuit should confirm the
expectation.

If we keep in mind beam-steering application, éffit feeding circuits for antenna
arrays can now be achieved and only reflection pipese shifters (RTPS) with high FoM
have to be performed yet. In the next chapter tpmlbgies of RTPS are provided, one in
RF in PCB technology and another one at 60 GHZMIOS.
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Chapter IV : New topologies of Reflection Type Phase
Shifter for high figure of merit

Phase shifters, used to adjust the phase of the,vea® widely used in radar phased
array systems. They have to be compact, low losd, law cost to enable consumer
applications.

As explained in the first chapter, among the thmesin types of passive phase
shifters which are the switched-network approalh,lbaded transmission lines (TLs), and
the reflection type (RTPS), only the last assosiatntinuous and accurate phase shift with
good matching. Also, it has been shown that refladype phase shifters reaching 360° of
phase shift and/or with really small insertion leasiation can be realized in printed circuit
board technology (PCB). Concerning integrated teldgy, the literature barely provide
RTPS with phase shift higher than 200° at 60 GiHd, seems totally void for phase shift of
360°. The referred devices exhibit high insertiossl leading to poor figures of merit
(FoM). As already said in chapter |, the FoM isided by the ratio of the maximal relative
phase shift over the maximal insertion load.

maximal relative phase shift (in ©)
FoM = —— . (IV-1)
maximal insertion loss (dB)

In this chapter, three RTPSs with design methogerposed in PCB technology in
order to reach high FoM. The reflection loads aasyeto design, composed of one
transmission line with varactors, and without extn@ped element. For proof of concept,
one RTPS was realized to achieve a maximal phasieo$200° with a maximal FoM,
while the others were designed to reach 360° o$@lsaift, but with a lower FoM. Special
attention is paid to the insertion loss in ordeké®p it as constant as possible whatever
phase shift. The background principle is explainigd design procedure is given and
circuits design and experimental results are desdriA very good agreement between
measurement and simulation results was achieved.

One RTPS in integrated technology was also desigiie8D GHz. Its reflection
loads are based on a slow-wave coplanar waveg(81€$W) phase shifter with variable
capacitors. The topology of this new phase shifteich is currently under study in our
laboratory is explained. As the circuit is in-presg only the simulation results are
presented. A phase shift of 341° is expected.

Finally, a new concept of reflection load for RTRSsuggested as a perspective,
mixing digital and analog control to reach 360pbase shift, high FoOM and compactness.
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IVV.1 Study of the topologies

IV.1.1 Reflection load with one varactor

Figure IV.1 shows the schematic of the proposed & Mich consists of a 3-dB
branch-line coupler loaded by two identical netvgorkhe network is composed of a
transmission line of characteristic impedatgeand electrical lengtld,, in series with a
varactor of capacitanc€ and a resistancB representing the parasitic resistance of the
varactor.Z;y is the input impedance of each load. The branuh-tioupler presents a port
impedanceZ, at ports 1 and 2 and a port impedarie at the loaded ports. The
relationships between the characteristic impedaatése transmission lines of the branch-
line coupler and its ports impedances were givethénfirst chapter and are rewritten in
Figure IV.1.

Z = [2XZT 900 Zp
A 2

Figure IV.1: Proposed RTPS with only one varactordach reflection load
Without considering the loss of the transmissioedinoiR, Z;,, can be written as:

~Z1 + Z,* Cwtan 6,
Zin=] V-2
w=J ZiCw + tan 6 ( )

Let’s consider first an ideal capacitor, e.g. wéih infinite capacitance range [6;frand

R =0Q, ideal transmission lines without losses, @din the range [0;%[. When the
minimum value of the capacitor is faceti= 0, the input impedance of the load, obtained
from (IV-2), is:

_Zl
tan 6,

Zinc=0=1] (lV'3)

When the capacitor maximal value is lookedGCat +o, the input impedance of the load
becomes:

ZIN C=+ =]Zl tan 01 (IV'4)
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It is easy to demonstrate from:

Zin— Zr =
[ = — — and S,, = | V-5
Zin+ Zp ¢ 2= ( )

already given in chapter I, that the relative phstaéting is:

Z ZiNmi
Ap =2 [arctan( INmax) — arctan( INmm)]. (IV-6)
Lt Ly

where Zymin = Im(Ziy c=+00) @NA Ziymax = IM(Z;y c=0). According to (IV-3), (IV-4)
and (IV-6) the relative phase shift can be writhsn

_Zl
tan 6 Zitan @
Ap = 2 |arctan 71 ) — arctan (;) (IV-7)
Zr Zr
In order to get a phase shifip = 360° equations (IV.7) have to be checked:
_Zl
tan 6 Zitan @ _
arctan [ 2222 | = +90° and arctan (;) = +90° (IV-8)
T T
leading to:
_Zl
t Zitan 6 _ -
Zr Zr

The first solution for (IV-9) isZ; =0 Q with Z; and tan 8, having finite values
different from 0, which mean®, different from 0°. The second solution4g = 4o with
Zr andtan 6; having finite values different from 0. A%, andZ; have a limited value
fixed by the technology, a relative phase shifB60° cannot be reached. On¢e andZ,
are fixed, when plottind\p given by (IV-7) as a function afan 6,, it can be shown that
Ag varied between minimum and maximum values. By kBiggato O the derivative oA,
the conditiontan 6,2 = 1 is obtained. Foé, ranging between 0 and 180° the two solutions
of this condition aref; = 45° and 135°. They correspond either to a maxinmuna
minimum value ofAg. A study about the sign of the derivativeAgd showed thaf; = 45°
and 135° correspond to a maximum and a minimumevafuelative phase shift in the case
Z, > Zr, respectively. It is the opposite whéq < Z. Z; > Z; is the most attractive
condition as the maximal relative phase shift isamted with a shortef,, 45° instead of
135°.

The varactor capacitance variation is also limitadd a series parasitic resistance
should be taken into account. Hence the practesults may differ from the theoretical
ones previously presented for an ideal circuitrder to point out the practical limitations,
Figure IV.2shows the performances of the RTPS vei&uysvith 6; = 45°,C in the range
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0.45-2.72 pF withR = 1 Q, corresponding to practically available varact@sd with a
conventional ideal branch-line coupléf = 50Q, at a working frequency equal to 2 GHz.
The formulas necessary to calculate the insertoms bnd the phase shift of the RTPS
presented in Figure V.1, and taking into accoRnare given in (B-3), (B-4), (B-6) and
(B-7) in the Appendix-B.
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Figure 1V.2: RTPS performances vergiyswith one varactor for each reflection loa@l. = 45°,
C[0.45-2.72] pFR=1QandZ; =50 Q, at 2 GHz.

For the FoM calculation (IV-1), 0.3 dB of addeddes were taken into account in
order to consider the coupler insertion loss asnas¢d with ADS. Hence the FoM values
are very realistic. As expected the phase shiftemses withZ; (getting closer to the
solution Z; = 4+o0), whilst the maximal insertion loss, and so itfas the insertion loss
variation, decrease after a maximum reached fof.66or Z; = 120 Q the maximal
insertion loss is quite low, leading to a high FoM318 °/dB for a phase shift of 160°.
Figure IV.3 presents the performances of the RTE®Sus0,, with Z; = 120Q, for the
same varactor andl; than previously, at 2 GHz. Fé; between 0 and 360°, two points of
maximum phase shift are obtained, one &r = 35° and one for8; =215° (e.g.
35° + 180°), both leading to 168.6° of phase sHif.the capacitance range variation is
limited, equation (IV-7) determined with in the range [0;%[ is not valid anymore. Hence
the condition8; = 45° withZ; > Z; leading to the highest phase variation is nottyri
valid anymore. As a consequence, the optifhal 35° instead of 45°. Similarly, the two
minimum relative phase shifts are reached dpr= 125° and 305° (i.e. 125° + 180°)
instead of 135° and 315° (i.e. 135° + 180°) asrdateed previously. Further, the maximal
values of the insertion loss and relative phasé sie not reached for the sanfg.
Consequentlyp; giving the maximal FoMs are slightly shifted asmared to the ones
giving the maximal phase variation. Finally, theMFs maximal forf; equal to 45° (same
point which has been found in Figure IV.2) and 22&%%d reaches 318 °/dB for 160° of
phase shift.
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Figure 1V.3: RTPS performances verglyswith one varactor for each reflection load,. = 120 Q,
C[0.45-2.72] pFR =1Q andZ; =509, at 2 GHz.

In [21] it has been shown that by changing thgpoutmpedance;, it is possible to
increase the phase shift. Figure IV.4 shows thiopaances of the phase shifter vergus
for Z; = 120Q andf, = 45°, at 2 GHz.
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Figure 1V.4: RTPS performances versijswith one varactor for each reflection load, = 1202, 6, = 45°,
C [0.45-2.72) pFR =1 Q, at 2 GHz.

WhenZ; decreases from 120 to about 402, the phase shift increases faster than the
insertion loss. Hence a higher FoM is obtained.h\¥it below 40Q, it is possible to get
phase shifts higher than 180° with a FoM highentB@0 °/dB. For an optimal; = 30Q,
the maximum FoM reaches 345 °/dB with a phase sefifial to 211°. As we can see from
the theoretical then practical point of views preed in this sectiory, Z; andf, have to
be adjusted to reach a compromise between the rabxnsertion loss, the insertion loss
variation and the phase shift. For the chosen wardbe maximal phase shift that can be
reached is limited to 247°. The purpose of the limgies presented in the next sections is to
increase the phase shift.
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IV.1.2 Reflection load with two varactors

Figure 1V.5: Proposed reflection load with two vatars

The previous topology gives really promising parfances in terms of insertion loss,
insertion loss variation, and FoM, but does notexa 360° of phase shift needed in some
applications. In order to get higher phase shiftther varactor was placed at the beginning
of the load network, between the branch-line caupletput and the transmission line
(Z,,6,), as shown in Figure IV.5. The theoretical inpupedance when considering ideal
circuits, and neglecting, can be written as:

_Zl + le C(Utan 81
2Z,Cw + tan 0, — Z,*C2w?tanb,

Ty = ] (IV-10)

The structures proposed in [23] and [24] seemeggiinilar to ours. However, as shown
in the first chapter, in [23], inductances andstsices were added and the varactors were
connected in series with the transmission lind2#], stubs were added between varactors
and ground. Moreover, in both papers the electligagjth of the transmission line was
fixed to1/4.

Considering an ideal capacitor, eRy= 0 Q with a capacitance range [6f; and an
ideal transmission line, e.g. without losses anth i, in the range [O;®[, when the
capacitor has the minimum value= 0 pF, the input impedance of the load obtainethfro
(IV-10) is:

_Zl

V-11
tan 6, ( )

ZiNe=0 =]

When the capacitor has the maximal valties +oo, the input impedance of the load is:
ZiN c=400 = 0 (IV-12)

With the solutions (IV-11) and (IV-12) it seems tilthe maximal possible phase shift
according to (IV-6) is 90° withZ; = +c and 6, different from 0°. In practice, the
variation ofIm(Z;y) with C is not monotonous as shown on Figure 1V.6 so ttatphase
shift is greater than 360°, when considering amit& variation of the capacitor. With a
realistic variation of the capacitor, e.g. a vavaatange of 0.45-2.72 pF as considered
previously, the 360° phase shift cannot be reackesh after an optimization dfy, 8, and
Zr. We will focus on that point more precisely by thiowing.
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Figure IV.6.Im(Z,;y) versus C for reflection load with two varactors,= 1200, 8, =45°,R =0 Q, at
2 GHz.

IV.1.3 Reflection load with three varactors

In order to get a 360° phase shift without compiirgathe topology of the load and
with the same varactor without applying anothersbialtage, a varactor was added in
parallel of the second one, as shown in Figure.lVh7that way, the value of the shunt
capacitance is doubled.

Figure IV.7: Proposed reflection load with threeraetors

The input impedance of this load without considgfRrtan be written as:

; _Zl + le C(Utan 91 (IV_13)
Zin =] 22, 2
3Z,Cw+tan b, —2Z,"C*w*tanb,

i DL L LY | DL L DL L LI L L B
400 £ 3
200 f— —f
& f :
E 0 =
200 £ =
a0 £ E
=L I 1 I 1 I 1 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1

06081012141,61,820222426
C (pF)

Figure 1V.8:Im(Z;y) versus C for reflection load with three varactdfg,= 12002, 6, = 45°,R =0 Q, at
2 GHz.
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As for the load with two varactors, the variatidrnZg, with C is not monotonous, in
Figure IV.8. Moreover, for the particular values &f, 8; and the variation o€ chosen
here, the extreme values Gflead t0Z;y ;=045 = Z;y c=272 = -18. Figure IV.9 shows the
relative phase shift between the two extreme vabfi€with two and three varactors.

370
360
350
340
330
320
310
300

n ¥ )
LT --m-- Load with 2 varactors
—e— Load with 3 varactors
1 I 1111 I | | I 1111 1111 1111

20 40 60 80 100 120
zr (@)

Phase shift (deg)

JIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIL
'IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII'

Figure 1V.9: Relative phase shift of the RTPS v&Zsuwith the loads of two or three varactors for each
reflection loadZ; = 1200, 8, = 45°, Gn = 0.45 pF, Gax=2.72 pF,R =0 Q.

It is clear that the addition of a third varacteadis to a higher phase shift. The phase
shift obtained with the reflection load with threaractors is equal to 360°, whatever the
value of Z;. This is due 1t0Z;ymax = IM(ZnNc=045) = Zinmin = IM(Z§ c=2.72)»
introduced in (IV-6). As we will see further, witither values of, 6, it is possible to get
phase shifts higher than 360°.

Figure 1V.10 gives the RTPS return loss ver8udor the reflection loads with one
and three varactors. The worst return loss in &I8andwidth was considered. The lower
Zr leads to the worst return loss. With = 20 Q, the return loss is 12.2 dB for the two
kinds of reflection loads, whereas wiih = 120Q it is 16.7 dB for the reflection load with
one varactor and 17.4 dB with three varactors,e@sgely. This plot proves that the three
varactors type reflection load allows the real@atiof a 360° phase shifter without
scarifying the return loss, e.g. without any tradiebetween the FoM and the return loss.
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Figure 1V.10: Worst return loss versds with loads carried out with one and three varastéor each
reflection loadZ; = 1200, 8, = 45°, C [0.45-2.72] pFR =1 Q, at 2 GHz.
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I\VV.2 Design procedure

The choice of the set of val#g, Z; andZ; results from a compromise between the
maximal insertion loss, the insertion loss variatand the phase shift. An algorithm was
used in order to sele&,, Z, andZ; for each reflection load proposed here. It hasnbee
considered that the return loss should be alwagterbthan 10 dB in a 10 % bandwidth
whatever the values of the parameters are. Theitlgois given in Figure 1V.11.

First of all, a varactor has to be chosen whicleg64,;,,, Crnax @ndR. The limits of
the characteristic impedanég, e.9.Z;min aNdZ1mqx, @and the hybrid output impedance
Zr, €.9. Zrmin @Nd Zrmax, are fixed by the technology. The insertion lossirot be
calculated only at the two extreme values ©fbecause its variation may not be
monotonous, so it has to be calculated for interatedvalues.Cy,., was used as
incremental value betweél,;,, andC,q,. Typically Cs., = 0.01 pF is a good choice, with
a good comprise between calculation time and acgurat the beginning, the maximal
insertion los9L,,,,, the maximal insertion loss variatidiL,,,,, the minimum phase shift
Apnin and the working frequencireq have to be fixedThe maximal phase shift is
calculated with equations (B-3), (B-4), (B-6) ariétq) for a load with one varactor and
with equations (B-3), (B-5), (B-6), (B-7) for twa three varactors, respectively, given in
Appendix-B. If the calculated phase shift is loviean the targeted one, one of the three
parameter®,, Z; or Z; is incremented, otherwise the insertion loss Isutated for the
intermediate values of to deducell,,,, and4IL,,,,. If they are lower than the fixed
criterions the solution is saved, el$g, Z; or Z; is incremented. If after all the
combinations off;, Z; andZ; any solution is found, this means that the goaéstao
ambitious and less constraints have to be apptientder to find a solution. At the end, the
designer can select a solution among all the plessites.
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Cmin' Cmax' Cstep' R:
Zlmin' Zlmaxr ZTmin, ZTmax ’ glmax'
A¢,in Ilnaxs AlLmax, fTeq,
Zy = Zimin, 01 =0, Zr = Zrmin

Calculate 4¢ with
Chin and Ca, increment of

Zyor@,orZy

A

Calculate IL
for all C values between
Cinin and Cp g, With Cstep

IL < ILyygy ?
AIL < AlLjpg,?

Save solution

Select a solution

Figure 1V.11: Algorithm for finding solutions

I\VV.3 Circuits design and experimental results in PCB

Three RTPS were fabricated to illustrate and vétidhe topologies and design
methodology described in the last section, one thghreflection load presented in Figure
IV.1, a second one with the reflection load presénn Figure V.5 and cascaded with
another phase shifter in order to reach 360° amallyi a third one with the reflection load
presented in Figure IV.7. In the three cases, thekiwg frequency is 2 GHz and a SMD
silicon hyperabrupt-junction varactor diode was duseith C,,;, = 0.45 pF (20 V),
Cnax = 2.72 pF (0 V) an® = 1 Q. The technology limits the characteristic impedenof
the microstrip transmission lines between 20 an@d(13The circuits were fabricated on
Rogers RO4003 substrate, with relative effectivempiiivity 3.38 and thickness 814an.
All the measurements were carried out with a TRlibcation and the bias voltage was
applied directly from the VNA through SMA conned®oldered on the board.
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IV.3.1 Reflection load with one varactor

The optimisation procedure gives a maximal reachgiblase shift of 270° with
Z; =130Q, 6; = 35° andZ; = 20Q. R leads to an amount of 0.59 dB of insertion los$ an
0.53 dB of insertion loss variation. 0.3 dB of iris® loss were added in order to take into
account the insertion loss of the branch-line ceygeading to a total insertion loss equal
to 0.89 dB. Hence the FoM of the RTPS was estimaie203 °/dB. For a minimum 180°
phase shift, a higher FoM with lower insertion lassild be reached. For example, an
RTPS withZ; = 116Q, 6, = 45° andZ; = 30Q achieves 211° of phase shift and gives the
highest estimated FoM for a phase shift higher t20f, with 346 °/dBR adds 0.31 dB of
insertion loss and only 0.2 dB of insertion losgat#on.
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Figure 1V.12: Simulated performances versus fregye(a) insertion loss, (b) return loss, and (capé shift.
Each reflection load is with one varactd, = 116 Q, 8, = 45° andZ,; = 30 Q.

Figure IV.12 shows the electrical simulation (WADS) of this last RTPS, taking
into account the losses due to the branch-line leouSimulations were carried out for the
whole range of the varactors bias voltage, witlea 8f 2 V. The maximal insertion loss is
0.65 dB at 2 GHz, as shown in Figure IV.12(a), Whig close to the estimated insertion
loss in the FoM calculus (0.31 dB + 0.3 dB duehte branch-line), and the 0.25 dB of
insertion loss variation also fits with the 0.2 dfeoretically calculated. The maximal
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insertion loss is reached for a bias voltage of &% expected, the return loss is better than
10 dB over a 10 % bandwidth, as shown in FigurelZ(b). It is better than 16 dB at
2 GHz. The reached phase shift is equal to 203%hasvn in Figure IV.12(c), and was
reached for the maximum bias voltage of 20 V, geeeted.

Figure IV.13(a)shows the viewgraph of the fabricated RTPS andrEidi.13(b),
(c) and (d) its measurement results. A very goaeéegent with the simulation results was
obtained. As expected the RTPS is very low los$ Wi63 dB of maximal insertion loss
and 0.18 dB of insertion loss variation. This meansaverage insertion loss of 0.54 dB
with +0.09 dB of variation for 201° of phase shift at 215 The FoM of this RTPS is
318 °/dB. The return loss reaches 22 dB at the mgrikequency and remains better than
10 dB over a 10 % bandwidth.
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Figure 1V.13: (a) Realized circuit. Measured perfances versus frequency, (b) insertion loss, (cyme
loss, and (d) phase shift. Each reflection loadith one varactorZ; = 116 Q, 6, = 45° andZ; = 30 Q.

IV.3.2 RTPS with reflection load with two varactors cascadd with aIl-
type phase shifter

The simplest method to get 360° of phase shift MehRTPS loaded with reflection
loads with two varactors consists in cascadinglergbhase shifter at the output port of the
RTPS as shown in Figure 1V.14(a). A simplelype phase shifter was chosen, as shown in
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Figure 1V.14(b). Both phase shifters, RTPS &ht/pe, need to be optimized to the lowest
insertion loss because they will be added in tiedall circuit. Thel-type phase shifter has

to be built with the same varactor as for the RTRP®rder not to complicate the bias
voltage circuit and to have only one voltage cdntro

ZZa 92
) L A T e
Phase |_|LINE COUPLER“ —;f_j C —757 C
—' Shifter L =
(b)

(a)
Figure 1V.14: (a) RTPS cascaded with phase shitt®rl/-type phase shifter.

IV.3.2.1 Choice of the RTPS

The procedure presented in Figure IV.11 with tred®given in Figure 1V.5, with
the capacitor range 0.45-2.72 g~ 1 Q and characteristic impedances ranging between
20 and 13QQ, proposes a RTPS with 0.66 dB of insertion loss tiuR and 0.6 dB of
insertion loss variation, witlf; = 130Q, 6, = 35° andZ; =20Q, at 2 GHz. The phase
variation of such component is 335°. Figure IV.15ws the electrical simulations (ADS)
of this RTPS. The maximal insertion loss is 1.18vdth 0.88 dB of insertion loss variation
for 338° of phase shift at 2 GHz, leading to ane=ted FOM of 286 °/dB. Comparing to
the theoretical calculation with the loss dudRtalone, 0.52 dB of insertion loss are added
by taking into account the extra loss due to the @hd junctions of the branch-line. The
insertion loss variation is increased as well. Bimulated (ADS) return loss in a 10 %
bandwidth is better than 10 dB.
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Figure 1V.15: Simulated performances versus fregye(a) Insertion loss, (b) return loss, (c) phabét.
Each reflection load is with two varactotd, = 1300, 8, = 35° andZ; = 20 Q.

IV.3.2.2 Optimization of the II-type phase shifter

The characteristic impedance and the electricgtleaf the TL in thdI-type phase
shifter, named 4,,8,) in Figure 1V.14(b), has to be optimized to adchimial insertion
loss, not to degrade the return loss and to compiet missing phase shift in order to reach
360°. Figure IV.16 shows the performances of ikeype phase shifter optimized with
Z, =130Q and#, = 20° at 2 GHz and the same varactors as used psdyioithe phase
shift is 82°. With the 338° of phase shift simuthteith the previous RTPS, the adddéd
type phase shifter will easily allow the desigreiget 360°. The maximal insertion loss is
0.73 dB with 0.66 dB of insertion loss variationeaurn loss of 17 dB in the worst case at
2 GHz, and 12 dB in the 10 % bandwidth. About 6@Pthe phase variation is achieved
between 0 and 2 V (among 20 V) which means a stnomglinearity. For this variation the
level of insertion loss and insertion loss variati® high.
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Figure 1V.16: Simulated/-type phase shifter performances versus frequdagynsertion loss, (b) return
loss, (c) phase shiff, = 1300 andé, = 20°.

IV.3.2.3 Simulation of the RTPS with thell-type phase shifter

The simulation results of the global phase shiffffPS cascaded with tHétype

phase shifter) are shown in Figure 1V.17. The makiphase shift is 420° for a bias voltage
between 0 and 20 V with a maximal insertion los4.66 dB and 1.25 dB of insertion loss
variation, leading to a FoM of 254 °/dB. As no mdman a full cycle is needed, for a bias

ranging between 1 and 20 V, about 360° of phadeistobtained with 1.3 dB of maximal

insertion loss leading to a better FoM of 277 °/@Be insertion loss variation is reduced to
0.9 dB. Also, starting the bias voltage from 1 gtead of 0 V improves the worst matching

over the 10 % bandwidth, from 6 dB to 9 dB.
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Figure IV.17: Simulated RTPS wititype phase shifter performances versus frequdagynsertion loss,
(b) return loss, (c) phase shiff, = 1300, 6, = 35° andZ; =20 Q, Z, = 1302 andé, = 20°.

IV.3.2.4 Measurement results

The measured circuit is pictured in Figure IV.184ajyl its performances are given
in Figure IV.18(b), (c) and (d). A maximal phaseftsbf 393° was obtained for a bias
voltage ranging between 1.5 V and 20 V, as showRigure 1V.18(d), with 1.97 dB of
maximal insertion loss and 1.34 dB of insertiorslgariation at 2 GHz, as shown in Figure
IV.18(b). Below 1.5 V the insertion loss stronghcieases. Between 1.8 V and 20 V, 362°
of phase shift is achieved for 1.7 dB of maximalirtion loss and 1.12 dB of insertion loss
variation, which means an average value of 1.1466@B and a FoM of 213 °/dB at
2 GHz. The worst matching at the working frequeisc§1.1 dB. It is only 6 dB in a 10 %
bandwidth, as shown in Figure 1V.18(c).

The technique consisting in cascading another pslaisier to the RTPS allows the
phase shift to reach more than 360° leading toM Fach higher than the state-of-the-art.
However, thell-type phase shifter deteriorates the return losthefglobal phase shifter
which was an advantage of the RTPS as compardx tother phase shifters topologies.
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Figure 1V.18: (a) Realized circuit. Measured perfances versus frequency, (b) insertion loss, (cyme
loss, and (d) phase shiff, = 1300, 6, = 35° andZ; =20 Q, Z, = 1302 andé, = 20°,

IV.3.3 Reflection load with three varactors

The purpose was to achieve a phase shift higher 8&° with the topology
described in Figure IV.7. The design procedureddad a phase shift of 373° for 0.87 dB
of insertion loss and 0.8 dB of insertion loss atoin due to the resistan& according to
the theoretical formulas given in the Appendix-BithwZ; = 120 Q, 6, = 40° and
Zr = 30Q. Figure IV.19 shows the simulation results. Theximal insertion loss and
insertion loss variation are 1.42 dB and 1.1 dBpeetively, as shown in Figure IV.19(a).
The return loss is better than 11 dB over a 10 ¥dwadth, see in Figure IV.19(b). The
phase shift reaches 372°, Figure 1V.19(c).
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Figure 1V.19: Simulated performances versus fregyge(a) insertion loss, (b) return loss, and (cppé shift.
6 varactorsZ; = 120Q, 8, = 40° andZ; = 30 Q.

Figure IV.20(a) shows the viewgraph of the faliledaRTPS and Figure IV.20(b),
(c) and (d) its measurement results. Here againeg yood agreement between
measurement and simulation results was obtained. ii$ertion loss and insertion loss
variation are 1.56 dB and 1.16 dB, respectively? &Hz, as shown in Figure 1V.20(b).
This means an average insertion loss of 0.98 dB #Wit58 dB of variation for 385° of
phase shift, as shown in Figure IV.20(d). The FoMhis device is 246°/dB. The return
loss is 13.4 dB at the working frequency and betit@n 10.9 dB over a whole 10 %
bandwidth, as shown in Figure 1V.20(c). It is wonttentioning that the bias voltage varied
from 0.5 to 20 V. It was not necessary to use a b@tage lower than 0.5V because a
phase shift greater than 360° was reached anyway.
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Figure 1V.20: (a) Realized circuit. Measured perfances versus frequency, (a) insertion loss, (tyme
loss, and (c) phase shift. Each reflection loadiih three varactorsZ, = 1200, 6, = 40° andZ; = 30 Q.

I\VV.3.4 Results synthesis

Average Insertion loss . Return loss
Totalnb. | -rag o Phase shift FoM
of insertion loss variation ©) over a 10 % (°/dB)

varactors (dB) (dB) BW (dB)
/Topo. of - - - . .

he load Simu. Measu- | Simu. | Measu- | Simu. | Measu- | Simu. | Measu- | Simu. Measu-
the loa (ADS) ment | (ADS) ment | (ADS) ment | (ADS) ment | (ADS) ment
2l 'I:\'/g;"e 0525 | 054 | +0.128 +0.09| 203 201 10 10 31 318
6/Figure
IV.5+11- 0.85 1.14 +0.45 +0.56 360 3627 9 6 277 213
type PS
6/ 'I:\'/g;"e 087 | o098 | =055 =+058| 372 38| 11 109 | 262 246

*rom 1V to 20V7from 1.8V to 20V from 0.5V to 20V

Table 1V.1: Sum up of the measured performancéseahree achieved RTPS

Table IV.1 summarizes the simulated and measumadtseof the achieved RTPS at
2 GHz. Both fit really well for all the phase skift The simulated results are obtained
thanks to circuit analysis on the basis of the lkogy characteristics determined by the
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theoretical equations given in the Appendix-B arnn tdesign procedure explained
previously.

The proposed RTPSs exhibit very high FoM. Howeuwbe second solution,
consisting in cascading a RTPS witHIaype phase shifter, leads to a lower FOM with
higher insertion loss and bad return loss as coedpty the third solution which uses 6
varactors too. Consequently, the last solutioneteld when a 360° phase shift is needed.
For a phase shift lower than 200°, the first soluiis more suitable, first because the FOM
is much greater and also because only two varaaterseeded which means a lower cost.

V.4 RTPS in integrated technology

The insertion loss of the RTPS depends on the ipbarassistance of the varactor
and on the loss of the circuit itself (transmisslmes, junctions...). In [89], two RTPS
were achieved at 2.45 GHz in a 0.18 pm CMOS tedugyolFor the first one, with a series-
resonating load, it had been shown that 65 % obtBelB of insertion loss were due to the
varactor load which had a minimal quality factos0f For the second RTPS, with a series-
resonating load idl-shape as shown in the first chapter, 86 % of th8 dB of insertion
loss were due to the varactors. The two varactsesl un the load had minimal quality
factors of 33 and 8. No similar analysis has beemd at millimetre-wave frequency, but
the high contribution of the varactor for the irts®r loss should be even more important
because of lower varactors quality factors at 6z GH [90] varactors were used with a
minimal quality factor of 15 at 60 GHz thanks t@ thse of differential poly/n-well MOS
varactors having a better quality factor as compaoea single-ended varactor. However,
even with such varactors the insertion loss is Vegp, 12.5 dB of maximal insertion loss
for a 156° phase shift (as shown in the first cegpt

Here the purpose is to substitute the conventigafidction loads with varactors, by
loaded line phase shifters carried out with S-CRWthis case, it is possible to associate
the performances of the loaded line phase shifiir tiwve good matching of the RTPS.

I\VV.4.1 Topology of the reflection load based on a distribied loaded line
phase shifter

The loaded line phase shifter was built with a SACEPx which the capacitances
between the ground and shielding strips can beogheally modified, as shown in Figure
IV.21(a). The total physical length of the S-CPW was dividiectight similar segments
where each segment is composed of ten groups laf gigps as shown in Figure IV.21(b).
There is one variable capacitance per group qisstri
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”mnmumw L
M- - - KL
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@ (b)

Figure IV.21: (a) Phase shifter based on capaciyiwwitched S-CPW used as a reflection load.(b)Rivigr
principle.

All groups of strips in the segments are connebtstveen them according to their
position, e.g. all the groups number one are caedetogether, all the groups number two
are connected together too and so on... Each capeeitaas two states, one with a low
value and one with a high value. This new typeoafded line phase shifter is currently
under study and will lead to a patent demand, socémfidentiality reasons, no more
information about how this two states capacitoreialized in practice can be given. The
groups of finger are driven by a thermometer cadarting from zero to ten, leading to
eleven configurations. Thanks to the variationhefse capacitances, it is possible to modify
the global capacitance of the transmission lingl, laence to modify its relative effective
permittivity &,..¢. As its physical length is fixed, whes, s, increases, the phase of the
S-CPW increases as well. The average characteinsgiedance of this loaded line phase
shifter is 22.5Q. This loaded line phase shifter was simulated®aGHBlz in the 55 nm
BiICMOS technology by STMicroelectronics. Its exmettperformances for the eight
suitable configurations giving the best lineard@ynong eleven possible configurations, are
shown in Figure IV.22.
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Figure 1V.22: Simulated performances of the phdsfes for eight configurations at 60 GHz with a.22
system characteristic impedance.
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By considering a 22.8 system characteristic impedance, the maximal pslaseis 186°
for 2.74 dB of maximal insertion loss and 1.5 dBnsfertion loss variation. The return loss
is better than 14.3 dB at 60 GHz.

I\VV.4.2 Layout and simulation of the RTPS

The loaded line phase shifter based on S-CPW imsirtated by a short circuit to
serve as the loading network of the RTPS. The auyiptts impedancg, of the branch-
line coupler was tuned to get the best compromedevden the insertion loss, the insertion
loss variation and the phase shift. The best choe®Z; = 27Q. TheZ, ports impedance
was kept equal to 5Q. For these values of port impedance, the chaiatiteimpedance of
the two horizontal TLs and the vertical one betwdes loaded ports is 2. For the
vertical TL between the ports,, the characteristic impedance is 80 The branch-line
coupler was designed with S-CPW except the T-jonstiwhich were designed with
microstrip lines. The dimensions and simulatedgreriinces of these TLs have been given
in the first chapter.

The layout of the RTPS is shown in Figure 1V.23eThlative effective permittivity
of the TLs varies according to the characteristipedance. Consequently, the physical and
electrical lengths of the S-CPW and microstrip Tlawe to be adjusted in order to get a
square shape for the branch-line coupler. The Dd3 pdlow the variable capacitors to be
controlled with the digital code.

pstrip TL

Connexions between
the groups of finger—»
and DC pads

650 umr

1050 pn
Figure 1V.23: Layout of the RTPS in the BICMOS &btachnology.

The simulation results, always for eight configumas at 60 GHz, are given in
Figure IV.24. The maximal reachable phase shiddi$° with 6.44 dB of maximal insertion
loss, 2.8 dB of insertion loss variation and ametoss better than 17.8 dB. This means an
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average insertion loss of 5.04 dB with.4 dB of insertion loss variation. The expected
FoM is 53 °/dB. With one more segment in the S-Cphase-shifter, the RTPS could reach
360° of phase shift. The circuit covers an areaakd¢o 0.68 mrh without taking into
account the DC pads.
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Figure 1V.24: Simulated performances of the RTR&ifght configurations of the S-CPW phase shifter a
60 GHz.

IV.4.3 RTPS, loaded line phase shifter alone and state-tife-art
comparison

Another loaded line phase shifter based on S-CP¥/de&aigned and simulated with
a phase shift around 360°, not to be used as ectieih load but to be compared with the
proposed RTPS. The comparison of the simulatedtsesith the state-of-the-art presented
in Chapter | is given in Table IV.2. The loadedeliphase shifter alone exhibits lower
average insertion loss and insertion loss variafmma phase shift higher than 360°,
consequently the FoM is higher. However, here aganstructure obliges the ports
impedance to be 228, so if 50Q ports connexions are required, matching netwoeke h
to be added, and so the area which is currentgettimes lower, and the insertion loss, will
increase. Moreover, as expected, the return |dssaed by the loaded line phase shifter is
not as good as the one achieved by the RTPS. THeoFthe proposed RTPS is more than
twice higher as compared to the one of the otHrateon type topologies.
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Average | Insertion Return loss
Phase|. . Return A
Ref./Tech Freg. Architecture | shift insertion loss loss overa rea | FoM
' " | (GH2) ) loss | variation (0B) 10 % BW | (mm?) | (°/dB)
(dB) (dB) (dB)
[65]/130nm RT Varactor
SiGe 60 MOS 180 5.85 +1.65 0.18 24
[66)/quartz 60 RT MEMS 135 4.25 +1.25 -14 -13 3.1 24.b
substrate
[67Vquartz | o | o MEMs | 2602 25 +0.5 .13 -12 4 89.1
substrate
SL without
[68]/90nm .
CMOS 60 small—s_lze 360 12.5 +2 <-10 <-10 0.28 24.8
capacitor
[69]/quartz CPW Loade
substrate 65 MEMs 337 2.8 +0.8 10 10 9.45 93.4
Differential
[7oy65nm | o | Tl aded | 156 | 925 | #325| -13 11 02| 125
CMOS
MOS
. RT with
RTPSofthis | o | adedine| 341 | 5.04 +1.4 17.8 - 0683 53
work .
phase shifte
Loaded line
S'C;\]’i\]fts:‘ase 60 |witha22.5Q| 370 | 4.04 +1.27 | 106 - 0234 70
system

Table 1V.2: Comparison of the simulated performaotthe RTPS with the S-CPW phase shifter and the
state-of-the-art presented in Chapter I.

V.5 Perspectives

Another type of reflection load is presented here ia currently under study for RF

applications in the 1 GHz-10 GHz frequency ranggesthematic is given in Figure IV.25.
It consists in basitC cells, whereC is a varactor antd a TL short enough to be considered
as a lumped element at the working frequency. guie 1V.25, two cells are drawn but the

optimum number has to be fixed by an optimisatiozcedure. Thé&.C cells are connected

with two PIN diodes (PIN1 and PIN2) in parallel.efliodes have complementary voltage
control, when PIN1 is ON, PIN2 is OFF, and viceserPIN1 is ended by a short-circuit

and PIN2 by a load Z, which is consider so farragéinite impedance.

fc

z

<

PIN2
~—|’ — -
[~ 7
Zin c Y PIN1

E

1

Figure 1V.25: New proposed topology of reflectioad.
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The purpose of the PIN diodes is to switch thescetim either an open or a short
circuit. This leads to a great difference of phabdt whereas the varactors allow a
continuous and accurate phase shift variation.rgt glectrical simulation (not presented
here) has shown that the two available relativesplshifts obtained wit, when the short
and open circuits are successively switched, atecowtinuous: a gap in the phase shift
appears between the two configurations. In the vdmse PIN1 is ON and PIN2 is OFF,
the reflection load is short-circuited &g, has the form:

Ziv = jZ.tan(0) (IV-14)
whereas when PIN2 is ON and PIN1 is OER; has the form:

_ch
I =
N tan(6)

(IV-15)

with Z. and 6 the parameters of the equivalent TL of the reitectload, without
considering loss. It is obvious that the vali;g is really different between these two cases.
Hence a gap appears in the phase shift. To getrcl@ues ofZ,y, Z should have a pure
imaginary finite value. Its value has to be optiedz This load can be achieved by a
lumped or distributed element. With finely optimizeC cells andz, 360° of phase shift
with high FoM should be achieved.

The mix between digital control for high phase striation and analog control for
accuracy makes this reflection load convenientathB°CB and integrated technology. For
the latter, the varactors should be replaced by MEVd PIN diodes built with transistors.
For PCB technology, microstrip TLs should be usadL{C cells instead of coplanar type
usually used for loaded TLs. Indeed, really shdus @re expected, so with microstrip type
TLs the varactors can be alternatively placed atdbe strip without touching each other.
The varactors would be then connected to the grthnadigh via holes.

V.6 Conclusion

In all the topologies of RTPS, referenced in chaptnd using transmission lines
with different manners, the authors fixed theircéieal length tod/4. In this chapter, it
has been shown that this choice was not optimal,fanthe devices optimised in a PCB
technology a maximum of 45° of electrical lengthswased. In that case, a single
transmission line in series with a varactor or le&mwtwo or three varactors in parallel can
lead to very high performances, as long as all design parameters are optimized
simultaneously.

A procedure was given in order to optimize the RT&8ording to the minimal
targeted phase shift, the maximal insertion logkthe insertion loss variation, depending
on the chosen varactor and fabrication technologitd, and for a given return loss over a
given bandwidth.
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Concerning PCB technology, the first RTPS, withyoohe varactor for each
reflection load, achieved a really high FoM of 31@B for a maximal phase shift of 200° at
2 GHz. The second RTPS, with two varactors for eaflection load was optimized by
simulation in order to get high FoM and phase stifise to 360°. However, it was not
possible to reach 360° with this topology of refilee load with the chosen varactor.
Hence, in order to get 360° of phase shifil-type phase shifter was cascaded at the output
port of the RTPS. The 213 °/dB of measured FoM3#@2° of phase shift are really good
but the return loss was sacrificed down to onlyBsaver a 10 % of bandwidth. Not to
deteriorate the return loss and to keep the adgardfthe RTPS comparing to other phase
shifters topologies, a third RTPS with three vawestor each reflection load was achieved.
It exhibited a phase shift higher than 360°, ameadly high FoM of 246 °/dB was obtained.
For the first and third RTPS the return loss ov&0&%6 bandwidth was better than 10 dB.
The measured maximal phase shift, insertion logisisertion loss variation showed very
good agreement with the theoretical calculatiomjoteon and electrical simulations, which
demonstrates the efficiency of the proposed dgsigoedure.

In silicon based integrated technology, a new tyfpghase shifter, based on S-CPW
with variable capacitances between the grounddlaating strips, was used as a reflection
load of a RTPS. Its purpose was to substitute lier taractors which have really low
guality factor in integrated circuits, leading thigh level of insertion loss. The branch-line
coupler was designed with S-CPWs in the 55 nm Bi@Guéchnology, with an impedance
of 27Q at the loaded ports. The simulated phase shithefRTPS is 341° for a FoM
achieving 53 °/dB . For the S-CPW loaded line phakdter alone, the simulated
performances are better, with 370° of phase shift a FoM of 70 °/dB. However, the
major drawback of the latter is its structure whiobcessitates a system characteristic
impedance of 22.8, far from the commonly used %2

Finally a new concept of reflection load using thgjiand analog control was
proposed in order to target a compact and accamatgonent, with high FoM for 360° of
phase shift. This reflection load should be ach¥van PCB technology as well as in
integrated circuit.
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Slow-wave coplanar waveguides were applied on séyassive components to
show their interest at millimetre-waves. Two balaishe working frequency of 60 GHz,
one with isolation based on a rat-race topology ane without isolation based on a
modified Wilkinson power divider, and a phase ingealone, were realized and measured
in a 65 nm CMOS technology. The measurement opliase inverter proved that it is very
large band. Moreover, it strongly reduces the arfethhe devices in which it takes place.
However, concerning its simulation, more accuracyeeded for better prediction of the
device performances. The areas of the rat-racehandnodified Wilkinson power divider
are 0.085 mrmand 0.1 mry respectively. Without RF probes connexion coiistsa the
area of the latter can be at least 25 % smalleth Bomponents showed a shift of the
working frequency that could be easily adjustabig,in their working bandwidth the phase
imbalance was +0.5° in the worst case, which isket in comparison to the state-of-the
art. Then, a branch-line coupler and an in phaseepdivider without isolation were
simulated at the working frequency of 60 GHz in & @2n CMOS technology. The
simulation results were carried out with equivaleahsmission lines characterized with the
parametersZ;, &..;; and a of the simulated S-CPWs. Really good performaraes
expected for these compact devices.

Next, a new topology of in phase and isolated padisader was presented, leading
to more flexibility and compactness. The input \aled by a stub, and extra transmission
lines for connecting the isolation resistance ®dhtput ports were added. This component
is perfectly suited to millimetre-wave frequencidavo power dividers with different
characteristics were realized in a PCB technoldd@d.4b GHz as a proof-of-concept. They
demonstrated the high level of flexibility and naturization. The simulation and
measurement results are in very good accordanosyirsty the efficiency of the design
method. Two 1:4 antenna arrays feeding networkse veehieved at 2.45 and 5.8 GHz,
respectively, in order to prove that thanks to flexibility, the area of these feeding
networks could be minimized. To confirm the effiudg of this new kind of power dividers
in silicon technology, a component was designetth@tvorking frequency of 60 GHz in a
55 nm BICMOS technology with S-CPWSs. It is currgntbeing manufactured. The
simulations results showed a low loss, full-matchad isolated component corresponding
to the state-of-the-art.

Finally, two new topologies of reflection type phashifters (RTPS) were presented,
one for the RF band and one for the millimetre-wavee. As far as the RF band is
concerned, the measurement results of a firstarensith only one varactor per reflection
load exhibited a figure-of-merit of 318 °/dB fomaaximum phase shift of 200°, which is
much higher than the state-of-the-art. The insertess variation was only £0.09 dB. In
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another version with three varactors per reflectaad, the measurement results showed a
phase shift reaching more than 360° with a figurezerit of 246 °/dB, still much higher
than the state-of-the-art. The insertion loss wamafor this RTPS was +0.58 dB. For the
two versions of RTPS the return loss was betten tta dB over a 10 % bandwidth. The
RTPS topology in the millimetre-wave band was based a slow-wave coplanar
waveguide loaded line phase shifter used as acteffeload. The design of this phase
shifter was achieved thanks to the development olew switched capacitor showing
improved quality factor as compared with the vasextavailable in the design Kit.
Simulations, carried out in the 55 nm BIiCMOS tedbgy, demonstrated that 341° of
phase shift could be reached with higher figureneiit than the state-of-the-art. The
expected average insertion loss is 5.04 dB witl B of insertion loss variation. The
component is currently being manufactured.

Several short-term prospects can be drawn. Theureasnt results of the power
divider and phase shifter up-coming in the 55 niCMDS technology at the working
frequency of 60 GHz should confirm the good expdgterformances. With a longer phase
shifter in the reflection load of the RTPS, it wdblde possible to reach 360° of phase shift.
Thanks to the new flexible power divider at 2.452G&hd the new RTPS topology leading
to a great figure-of-merit in RF, it will be alsogsible to build a beam-steering system for
Wifi applications, at 2.45 GHz. Topologies are Basiansferable to 5.8 GHz. Also, the
substitution of the branch-line coupler by couplees in the RTPS is currently under
study in both PCB and silicon technology, in ortteincrease the bandwidth and to reduce
the area of the devices. Moreover, a novel typefbéction load mixing analog and digital
phase shift control is also under development tihér reduce the surface.

Mid-term prospects will concern the developmentaotomplete beam-steering
system by using the proposed devices in the mithea@ave band. A hybrid integration of
the antenna should be studied in order to getiefficand compact systems. A power
balance approach will tell if power amplifier armM noise amplifiers should be added in
the millimetre-wave front-end, after the transcei@fferential phase shifters, which could
be connected thanks to the developed baluns, @sidbe interesting in order to address
the feeding of differential antenna arrays.

Finally, demonstrations should be now carried outfraquencies higher than
60 GHz in order to explore the potentialities o 86 nm BiCMOS technology to address
millimetre-wave imaging systems above 100 GHz.
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Appendix-A

This appendix aims at demonstrating the formulds3Ql) to (111-34) of the

Sparameters. According to the Figure 111.6 we caren, as:
by =bye+bso=511¢6 e +S12¢ A2e +S110 1o +S120 "A20
From (llI-24), it is easy to deduce:

_a4+a5 _a2+a3 _a4_a5 d _
a4_e - 2 ’az_e - 2 ’a4_0 - 2 an aZ_O - 2

Because of the shunt at the port 1:
512_0 = 0 andSll_o = _1
So with (A-2) and (A-3), (A-1) can be rewritten as:

a4 +a5 az +a3 a4 _as
by = Sll_e ' <—) + SlZ_e ' < ) - ( )

2 2 2
and then as:
Sll - 1 Sll + 1 SlZ SlZ
b4=+-a4 %-a}; +T‘e-a2 +T‘e-a3

In the same way) can be expressed by:
bs = bS_e + b5_o = Sll_e "as e t Slz_e "az e + Sll_o "as o Tt 512_0 "az o
It can be deduced from Figure 111.6 that:

a3z o = Q29 and s o = —0Q4 9

and that:

So that we can rewrite (A-6) as

bs =S511¢ A4 ¢ +S12¢ "2 —S110 "Aso —S120 A2,

a4 +a5 az +a3 a4 _as
2511—3'<T)+512—e'< 2 )+( )

S +1 S -1 S S
_ 11_(32 g + 11_(32 Cas + 12_e Cay + 1;_3 . ay

2
Then adding, (A-5) andbs (A-9) we get:

by +bs =511, a4 +S11¢ A5 +S12¢ " Ay +S12¢ "3

131

(A-1)

(A-2)

(A-3)

(A-4)

(A-5)

(A-6)

(A-7)

(A-8)

(A-9)

(A-10)



Appendix-A

With (I1I-24) and (A-8), and asi; , = —a, , (A-7), the addition ofa, andas can be
simplified to:

a,+tas=0a4, ta4, tas, +as, = V2 - a1 ¢ = V2 - a, (A-11)

In the same way:

by + bs =V2- by (A-12)
We obtain from (A-10), (A-11) and (A-12):
512 e 512 e
by =811 a1 +—— a,+——"a
1 11_e 1 \/E 2 \/E 3 (A-13)
Consequently, it is easy to conclude that:
Si1 = 511e
s (A-14)
S =S — 12_e
12 13 \/E

The three missin§-parameters can be calculated thanks to the eqsadioport 2 as
the following:

by =byet+by =520z +S12¢ " Ase +S220 20 +S120 "y (A-15)

With (A-2) and (A-3), (A-15) is written as:

a, +a a, + as a, —a )
b2:522_3.<%)+512_e.<42 )_522_0.(22 ) (A-16)

Finally, (A-11) and (A-16) are combined to get:

S12 S22.e — S22 S22.e T 522 )
The three otherS-parameters can be now obtained:
SlZ e
S —_- =
21 \/E
_ Szz_e B 522_0
522 - 5
2 (A-18)
S22 5220
23 — 2
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This appendix aims to give the formulas to calaulédte insertion loss and phase
shift of the RTPS as described in Figure V.1, witle reflective loads of Figure IV.1,
Figure IV.5 or Figure IV.7. Ideal transmission kneand branch-line coupler were
considered, but the varactor series resist&eas taken into account;, can be written
as:

_ E+jF
IN — G

whereE, F andG are variables depending on the load topologydahatdefined below. The
reflection coefficient” can be written as:

(B-1)

_ Ziw—Zr E—-GXZp+jF
 Iivt+ Zy E+GXZp+jF

r (B-2)

The transmission parametgy; of a RTPS is by definition equal b, so the magnitude of
S,1 can be written as:

(E—GXZp)2+F?
|Sz1] = IT'| = T (B-3)
(E+GXZ)2+F

The phase shift is calculated with (IV-6) and (B-The equality of (IV-6) is not true
anymore; it is about equal, exactly as it was thgecn chapter I. This is due to the low
value ofR, leading to a real part df;y quite negligible as compared to its imaginary part
and as compared #-. The variableg, F andG depend on the reflection load topology.

* For the reflection load in Figure 1V.1:

E = AC+BD
F = AD - BC (B-4)
G= C*+D?

* For the reflection loads in Figure IV.5 and Figiver:

E = ACR,* + BDR,?Q,* + AR, + ACR,*Q,* + BDR,*
+ B?R,

F = —BCR,* + ADR,*Q,* — A’R,Q, — BCR,*Q,* + ADR,* (B-5)
- BZRZQZ

G = (CR, — DR,Q, + A)* + (CR,Q, + DR, + B)?
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In both cases, the parameté&td3, C andD can be written as:
A= Z,*Ri* — Z,*R%Q,* + Z,* tan 6,2
B=2Z,"R,"Qs
C = Z,’R, + Z,*R, tan 6,2 + 2Z,R,%Q, tan 6, (B-6)

D = leRlQl tan 912 + Z1R12Q12 tan 81 - Z1R12 tan 91
+ Z,%R,1Q, + Z,3 tan 6,
with R; andR, the parasitic resistances, apdandQ, the quality factor of the varactors at
the end of the transmission ling,(0,) and at the output port of the branch-line coupler

respectively. In Figure IV.5R, = R; and C, = C; while in Figure IV.7,R, = ¥2R; and
C, = 2C;. The quality factor is defined as:

Qn = Rn . Cn ) (B'7)
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