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ABSTRACT

ARNAB JYOTI BARUAH . A Novel Bulk Acoustic Wave based Super-harmonic
Quadrature Voltage Control Oscillator. (Under the direction of DR. JEREMY
HOLLEMAN)

As the demand for wireless connectivity increases,new power and area efficient solu-
tions will be required to meet the specifications of these systems. Most transceivers
require a local oscillator with quadrature(I/Q) phases and the power and noise spec-
ifications of this oscillator plays a crucial role in the system performance. Although
traditionally these oscillators were designed using on chip LC components, recent ad-
vances in manufacturing have opened the possibilities of incorporating Bulk Acoustic
Wave(BAW) resonators in the design of such oscillators. In this work, we introduce
a novel coupling technique for creating a Quadrature Voltage Controlled Oscilla-
tor(QVCO) which leads to a lower phase noise and power consumption compared to

other published designs.
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CHAPTER 1: INTRODUCTION

1.1  BACKGROUND AND MOTIVATION

The growing demand for wireless communications has led to new requirements
in Transmitters and Receivers(Transceivers).In order to reduce equipment size and
cost, highly integrated. The performance of any architecture depends on the what
specification are achievable from the building blocks, so it is very important that
these building blocks are optimised to get the most performance for a given power
and area budget.This gives us the motivation to explore new circuit ideas.

One such circuit that almost every electronic system uses, is the Voltage Con-
trolled Oscillator. Most wireless receivers, use one of the two basic receiver front end

architectures:

e Super-Heterodyne:The incoming signal is down converted to an Intermediate
frequency(IF) and then another demodulation stage is used to extract the in-

formation from the IF signal.

e Homodyne:The RF signal is down converted to base-band in one stage with the

local oscillator being at the same frequency as the incoming signal.

The drawback with super-heterodyne receivers(SHR) is that both the incoming
RF signal and the image frequency(which is an unwanted input frequency equidistant
from the local oscillator frequency but opposite sign from the desired input RF signal
) is that both the image frequency and the desired RF are down-converted to the IF(as
shown in figure 1.1). This issue can be avoided by adding an image reject filter but
this demands the use of components with very tight specifications. They are generally

external components and make the system larger. This can be however be eliminated



2
by using the quadrature signals in the mixer (Hartley and Barber-Weaver) [8] . These
receivers are called Image Reject Receivers(IRR)

Although Homodyne Receivers(HR) are not subject to this issue, they are sensitive
to parasitic baseband disturbances and to 1/f noise. These receivers are also called
Zero-1F (ZIF) receivers.

We can also combine the best of both the architectures above called the Low-IF
receiver(LIFR). This is in principle a Superheterodyne Receiver with a combination
of image rejection and low IF.

The choice of the architecture is based on the standard that is being designed for.
For example some standard such as the GSM/DCS/PCS/EDGE have been designed
using SHR, LIFR and HR. Bluetooth implementations mostly use a low-IF whereas
multi standards such 802.11a/b/g use the Zero-IF architecture.

The oscillator plays the role of an important building block in the design of these
receivers. Although the output of the oscillator can be just one phase, most archi-
tectures require the use of 2 quadrature phases. Quadrature signals are two identical
periodic signals, quater of a period apart in time and are required to obtain the im-
age cancellation in IRR. For FSK and PSK demodulation using the ZIF, quadrature

signals are required for the mixer as well.

|
| 4] "
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Cartiar Processing

—\ a
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— e it}

sanf it}
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Figure 1.1: Direct Conversion Receiver

A Primary specification for the Oscillator is the phase noise. As it will be shown
later, this determines the ability of the receiver to detect a weak signal in the pass

band in the presence of a strong in-band blocker, a feature which is very important
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in wireless systems where multiple agents share the same channel. The oscillator
is therefore also responsible for the system to be able to operate in different bands
within the given bandwidth of the transceiver. Hence the ability of a VCO to deliver
quadrature signals within a power budget and good phase noise performance is critical
for the operation of any communication system.

Besides being used in receiver front end circuits,these quadrature oscillators also
find use in providing phase interpolation for phased-array transceivers and for creating

clock phases for half-rate clock and data recovery (CDR) circuits.

Mixer input without
RF filter S2 s1

Mixer output = fir—=1— fir —

W

fi f—
IF filter -
' F

IF fitter !
output H81+82

Figure 1.2: Image problem in Superheterodyne Receiver

Generation of quadrature signals with good power and phase noise performance
presents an interesting challenge for the designer of wireless systems. Oscillators
that are used for this purpose are a topic of active research. More importantly it is
important to achieve good quadrature accuracy as well as low phase noise noise at

the same time.



1.2 QUADRATURE SIGNAL GENERATION

Quadrature signal generation can be accomplished through several methods. They

are briefly described below
1.2.1  POLYPHASE FILTERS

They are constructed by splitting the signal into two paths. Each path consists
on a RC network. The top path is a RC network whereas the bottom path is a CR
network.The phase shift at DC for the top network is 0° whereas the phase shift for
the bottom network at DC is +90°. As we increase the frequency the phase shift
of the top network starts decreasing to -90° whereas the phase shift in the bottom
network starts decreasing towards 0°.

Although the phase shift of each branch varies with frequency,the phase difference
between the branches is always 90°.

One limitation of this approach is that the amplitude does vary with frequency.
The outputs are only equal at a certain frequency given by w,=1/RC

At w,, phase shift in the top network is +45° whereas the other path has -45° of
phase shift.

Although it is straightforward to set w, as the frequency of oscillations. There is
3dB attenuation and there is thermal noise generated in the network. Besides that,
mismatch between the RC components leads to phase errors.

Since the poly-phase filters are created using passive elements i.e. resistors and
capacitors, in order to drive the resistive loads it is required that the VCO output
has to be buffered. These buffers bring up the power consumption of the system.

In order to reduce the power consumption in the buffers the resistance has to
be increased. This however means that the corresponding capacitance values have
to be reduced(RC time constant is set by frequency of oscillations). Reducing the

capacitance makes it more sensitive to parasitics.This becomes a problem as we go



to higher frequencies as both R and C become smaller with increasing frequency.
Due to these limitations other quadrature techniques may be used which offer a

better phase and amplitude relationship.

A‘WVT LO 1 (09)
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Figure 1.3: Single ended Polyphase filter

1.2.2  DIVIDE-BY-2 FREQUENCY DIVIDERS

Another method of generating quadrature signals is by employing frequency divi-
sion. This techniques involves the use of a master slave flip flop pair to divide the
frequency of a oscillator(which runs at double the desired frequency). If the duty
cycle of the incoming reference frequency is 50% the phase difference between the
output of the two flip flops is 90°.

Although this method of generation of quadrature signals is pretty straightforward,
the local oscillator has to work at twice the frequency. As we go higher up in fre-
quency,the power consumption in the local oscillators goes up too. This limits the
maximum achievable frequency of operation.

The other drawback to this approach is that the two latches have to be laid out in

a way to minimize mismatch between them which might lead to phase error.
1.2.3  QUADRATURE OSCILLATORS

Two identical oscillators can be made to operate in quadrature by coupling the
outputs of one oscillators to the other oscillator using a coupling port as seen in
Figure 1.5

A typical implementation of this circuit would look like Figure 1.6
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Figure 1.4: Divide by 2 Quadrature generation

In this case the coupling is created using another differential pair that is used to
sense the output voltage of the first oscillator and inject a current into the tank of

the second circuit.

Osc+

Coupling-

Figure 1.5: Quadrature Oscillator Architecture

The equivalent linear model in Figl.7 can be used to calculate the phase difference
between the oscillators.

For the circuit to sustain oscillations,it has to satisfy Barkhausen’s criteria. This
also means that the total phase change around the loop will be 27. For simplicity
if we assume the phase contributed by each coupling transconductance is 0 and 7

respectively. Since the tanks will behave identically and each contribute a phase shift
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Figure 1.6: LC Quadrature Oscillator

which we will assume to be ®, we can write the total phase shift around the loop as

04+7+20 =27

which leads to

b =r7/2

This can also be visualised using the phasor diagram as shown in Figure 1.8
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Figure 1.7: Linear model of Quadrature Oscillator

It can be shown that the frequency of oscillation can be approximated as
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Figure 1.8: Phasor diagram of Quadrature oscillator
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The oscillator will oscillate at one of these frequencies and it has observed through
measurements that it is often the lower of the frequencies that the system locks in.

Although it is relatively popular, the oscillators designed using this method suffer

from poor phase noise as the tank circuit works off resonance.

1.2.3.1  SUPER-HARMONICALLY COUPLED QUADRATURE VCO

VCO1 Vdd VCO2 Vdd
.5_.?- é Vtune % é Viune % f
g AN pr [y g
s [72]
g - A A I -
ol O - <f‘
I, -° t‘l\ll
ffg M IX{ M2 M3 }Xl M4 g
= Va é VSZI | >o’
]l.m[‘1+ i * tail,2
n

Ly ? I.=1_,Cos(2ayt EEJU
as =loCos2mgt+y)

Figure 1.9: Super harmonic Oscillator

The alternate way to couple harmonic signals uses the second harmonic frequency
which lets the tank work at resonance and this results in better phase noise.

As can be seen from Figure 1.9, instead of coupling through fundamental nodes,
quadrature locking can be realized by enforcing a 180° phase difference between the
second harmonics extracted from the IQ oscillator common-mode nodes [9].

This anti-phase relationship between the two second harmonics can be achieved
by either using an on chip transformer [10], using a second harmonic oscillator or a
frequency doubling circuit [11]. Although these methods allow to establish a quadra-
ture phase lock between the two oscillator cores, the transformer adds extra die area
whereas the second harmonic oscillator and the frequency doubling circuit require
that addition of extra active devices which lead to the additional noise in the sys-

tem.In the quest to achieve cost efficiency(silicon area) and better performance(lower



10

phase noise), new circuit designs will have to be investigated.
1.3  THESIS MOTIVATION AND STRUCTURE

BAW oscillators, which will be introduced in the next chapter, are different from
their LC counterparts due to the inherent differences in the equivalent circuit and this
leads to a different biasing scheme in order for them to satisfy stability conditions.
These differences brings about new challenges in designing coupling networks for
quadrature oscillators built using these devices.

In this work we introduce a novel technique to couple the second harmonic sig-
nal by exploiting the inherent passive biasing network so as to minimise the use of
extra devices. As per our best knowledge, this is the first documented work that
demonstrated the use of this technique for use in Bulk Acoustic Wave(BAW) based
oscillators.

We begin by looking at BAW Resonators and Oscillators based on these Res-
onators(Chapter 2) and how super-harmonic coupling works(Chapter 3), followed by
the analysis of the Proposed circuit(Chapter 4) and simulations results(Chapter 5).

We conclude(Chapter 6) with key results from the proposed design.



CHAPTER 2: BAW BASED OSCILLATORS

In this chapter we look at some oscillator topologies that have been published in
the literature over the years. Although the first such oscillator can be traced way
back to 1976 [12], BAW oscillators have not been used in commercial products until
2019.

We first discuss the resonator model and then take a look at some oscillators and

compare the performances.

2.1 BAW RESONATOR

Top Electrode

Bottom Electrode Ti' Y

Figure 2.1: BAW Resonator Cross section

A BAW resonator is a passive structure designed by using piezoelectric material like
Aluminum Nitride(AIN) and connected by two electrodes Figure 2.1. The resonant
frequency is a function of the AIN thickness and the ability of make high frequency
resonators is primarily limited by the ability to grow thin films.

The resonant frequency can be expressed as

fo = ’U/Zd
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where fj is the resonant frequency,v is the acoustic velocity and d is the thickness
of the piezoelectric

For such a resonator, the piezoelectric coupling is a measure of how effectively

energy is transformed from mechanical to electrical domain and vice versa. Resonators

with higher coupling have lower losses.
2.1.1 BAW RESONATOR MODEL

For BAW resonators, two parameters of interest are the Quality factor(which is
an indicator of how capable the resonator is in its ability to store energy during
one cycle of operation) and the electromagnetic coupling co-efficient (kgff) , which
represents the effectiveness of the resonator in its ability to convert mechanical energy
to electrical energy and vice-versa. Based on these, we define a Figure of Merit as

the following

where the @ is the quality factor and kff 1 1s the effective coupling coefficient, which

also gives the bandwidth information, is defined as [13]

2. fs. »— Js
K, - le(.J;g fs)

It is to be noted that kgf s Is not the same as k? which is the piezoelectric material
coupling co-efficient. If the material has sufficiently high k?, a resonator with the
required kZ;; can be designed [14]. Other factors that effect kZ;, are the acoustic
reflector, electrode configuration and the parasitics [15] [16].

In terms of an equivalent circuit model the BAW resonator is very similar to the
crystal resonator.

The BAW resonator can be characterised by an equivalent Modified Butter-worth
Van Dyke Model which is shown in fig 2.2
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C,: Static or Plate Capacitance

R.: Motional Resistance (Acoustic Loss)

L..: Motional Inductance

C.,: Motional Capacitance

R.: Used to Model Electrode Ohmic Loss Parasitic
Ry: Used to Model Acoustic Loss Parasitic

Figure 2.2: MBVD Model

Although this linear model is useful in modelling the resonator for most applica-
tions, it fails to capture any non linearities induced by the changes in DC bias. In
order to combat these non-linearities Seungku Lee et al. [1] proposed a bias voltage

dependent(V;.) MBVD model as shown in Figure 2.3

Ve

Measure
=< - Modeled

[ S A
i Lmo(Vee)

(Rl Vi)

electrical  motional

(a) (b)
Figure 2.3: (a) Non-Linear MBVD Model. (b) Comparison between measured and
modelled reflection parameters [1]

In terms of construction, these resonators can be broadly classified into two cate-

gories as shown in Figure 2.4

e FBAR(Thin Film Bulk Acoustic Resonator):The air gap increases quality factor

as acoustic energy doesn’t leak into substrate(Avago/Broadcom).

e Solidly Mounted Resonator(SMR): An acoustic reflector is placed under the bot-

tom electrode and helps in reduction of energy loss through substrate(Qorvo).
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Figure 2.4: Types of BAW resonators: a)FBAR b) SMR [2]

2.1.2 ADVANTAGES OVER CRYSTALS

14

In order for BAW resonators to be an alternative to crystal resonators in clock-

ing /timing applications,they must bring certain advantages to the table. The follow-

ing few points highlight some such advantages.

e Due to the nature of construction of these devices, BAW resonators can be made

smaller than the crystal counterparts. This leads to better integrated packaging

which can lead to lower costs [17] as well better hardware security [18].

e Compared to crystal counterparts,BAW resonators offer better immunity to

vibrations as seen in fig 2.5. This makes them more suitable for industrial,

automotive and defense applications as these demand more robust system per-

formance.

e BAW resonators can be constructed to resonate at much higher frequencies.

Unlike crystal resonators which can be made to resonate in the order of few tens

of Megahertz, BAW resonators can be designed to resonate at a few Gigahertz.
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5 ‘ l @ crystal-less solution

.WM m s

Frequency variation (ppm)
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Figure 2.5: Crystal vs BAW vibration sensitivity

e A significant portion of the wake up time in wake up radio systems is wasted for
the oscillator to startup and establish the system clock. BAW Oscillators have
lower startup times compared to crystal counterparts.Lower startup times in
oscillators gives power savings in duty cycled wireless communication ( Figure
2.6) as the wake up time can be reduced in each cycle and hence the power

savings add up to give a longer battery life.

Wake Time Wake Time Wake Time

—» —
f Sleep Time Sleep Time

Transmit Interval T Transmit Interval

Figure 2.6: Wake up radio startup time

It should also be mentioned here that BAW resonators offer a much higher (3 than
integrated LC resonators. The caveat here is that the packaging parasitics have to
be considered when the resonator is to be combined with active circuit elements on a

separate silicon die.
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Figure 2.7: Resonator frequency plot

2.2 SINGLE ENDED OSCILLATOR TOPOLOGIES

The use of BAW resonators in oscillators has been explored slowly but steadily over
the years. Although initially explored as a candidate for low phase noise oscillators,
they demonstrate excellent Figure of merit for oscillators [19] and overcome limitations
like limited tun-ability [20].

BAW oscillators have also been demonstrated to be a candidate for Wafer chip
scale package(WCSP) integration [21]. Although the majority of oscillators use the
resonator as parallel circuit element, there are instances when they have been designed

using their series resonance [4] [22].
2.2.1 PIERCE ARCHITECTURE

In recent years one of the first oscillators that was designed using the BAW res-
onator as the tank element is presented in [3|. It can be seen in Fig 2.8, that the core
device M, is responsible to set the trans-conductance Gm, in the loop gain equation
given by

Ap = Gmy.R.Cy/Cy

where R is the real part of the impedance seen at the drain node of M;. It can be
shown that a lower value of R, results in a higher value of Ry by using the series to

parallel transformation, given the Q) of the resonator is high enough [23|. For optimal
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stability and startup conditions, it is required that C'; = C5 which means that in

order to minimize transconductance, the value of R has to be maximized.

VSZ_' Mburz
Moui1 }—14| M,

'_41 —1

CZ : \ _: C1

Co
| |
J'ww—{l l}—:rL
Rx Cx Lx

Figure 2.8: Pierce Oscillator using BAW resonator 3|

2.22 BUTLER ARCHITECTURE

Unlike the Pierce oscillator, the Butler architecture utilises the series resonance of
the device [4]. In the schematic shown in fig 2.9,the transistor and the resistor were
implemented in NXP’s BiCMOS technology while the inductor and capacitors were
integrated on a carrier substrate on which the BICMOS die and the BAW die were
flip chipped onto.

The drawback of using the Butler architecture is that the BAW resonator and the
resonant frequency of the LC tank must be matched to within a few percent.

This oscillator circuit consumes 1.4mA of current from a 2.7V power supply and
the resonator @ is 700 at 2GHz with passive temp compensation of 5ppm/C.The
area occupied by the oscillator is 2.8 x 2.2 mm?2.A 6nH embedded inductor was also

implemented on the laminate along with the flipped-chip active and BAW die.
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Figure 2.9: Butler Oscillator using BAW resonator [4]
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2.2.3 COLPITT’S ARCHITECTURE

Another common single ended topology is the Colpitt’s oscillator shown in Fig
2.10. The negative resistance is generated by using a BJT in the common collector

topology and is given by

Im

Riey = ——
" CL.Cyw?

Between f; and f, the BAW resonator acts like an inductor and this is used to

create the oscillations by resonating it with the load capacticance C'p. The frequency

of oscillation can be given by

Cr,
fosc = fs (1 + —2<CO+CL))

where
o (Cy + Cr)Cy
Lo+ 0+ Oy

The phase noise of the oscillator can be minimised by increasing the amplitude
of oscillation which can be accomplished by loweing the Value of C5; capacitor.The
caveat however is that higher oscillator amplitudes might lead to circuit instability.

For this oscillator [24],the quality factor of the resonator is about 600 with a res-
onant frequency of 2.1 Ghz with a 600ppm frequency variation. The active part of

the circuit was implemented in 0.25um BiCMOS process.The oscillator circuit runs
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off 2.5V power supply with a current consumption of 4.8mA

R=Real(Zgaw)
r

Capacitive Inductive | Capacitive ,I:I [] Rys

part part part

| e
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Figure 2.10: BAW based Colpitts Oscillator

2.3  DIFFERENTIAL OSCILLATOR TOPOLOGY

Although single ended topologies are easier to implement, differential topologies
offer better supply rejection and common mode noise rejection. In this section we

look at 3 common topologies of differential BAW oscillators
2.3.1 DIFFERENTIAL ARCHITECTURE

In case of a differential oscillator circuit,the active part of the circuit presents a
negative resistance which is used to cancel the impedance presented by the BAW
resonator at parallel resonance. The cross coupled pair presents a wideband negative
resistance and hence is used as the core of the oscillator.However,because the DC
impedance of the BAW resonator is different from that of an LC tank,additional
circuit elements are needed to ensure proper operation.This architectural trade-offs
will be described further in Chapter 4.

In [25],the authors used the cross coupled pair and created a BAW oscillator to be
part of a QVCO.The frequency of operation of the oscillator is 2.1 GHz and it was
shown that in 0.13um CMOS, it provided about 33dB of phase noise improvement

over its integrated LC counterpart.
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Figure 2.11: Differential BAW Oscillator

2.3.2 DIFFERENTIAL COLPITT’S

Figure 2.12: Differential Colpitts BAW Oscillator

Just like its single ended counterpart,the differential version of Colpitt’s oscillator
is quite popular in the RF applications as it provides good rejection against common
mode noise. Fig 2.12 shows a differential Colpitt’s 26|, implemented in a 0.25um
BiCMOS process. The ratio between C; and C5 helps in setting the frequency of

operation. The oscillator operates at 2.5GHz and consumes 10mA off a 2.7V supply.
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Figure 2.13: Gain boosted colpitts BAW Oscillator [5]

In case of the Colpitt’s, gain boosting can be employed to improve startup require-
ments,increase the output swing and lower the phase noise. [5]

It can shown that the negative transconductance of the oscillator is increased by
14 (gms/gmy).(14C4/Cy). This oscillator is useful in applications which have a lower
supply voltage when compared to it’s cross- coupled counterpart.

Another improvement that can be made to differential Colpitt’s is to eliminate the
tail current source by the use of a transformer and cross coupled capacitors [27]. This

eliminates the 1/f noise contribution which results in reduction of close-in phase noise.
2.3.3 COMPLEMENTARY DIFFERENTIAL

The complementary cross coupled Fig 2.14 is the power efficient version of the cross
coupled oscillator as it can reuse the bias current and this results in lower thermal
noise. Compared to the 3 point oscillators described above,this architecture provides
significant power savings for the same output amplitude.

In [28], the authors use this technique to demonstrate a 2.5 GHz Oscillator that

consumes 675uW designed in 0.18um CMOS.
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Figure 2.14: Complementary differential BAW

24  CHAPTER SUMMARY

In this chapter we introduced the BAW resonator and how it can be used to design
oscillators. We also looked at various topologies of oscillators and in particular the
cross coupled oscillator which will be used in our design due to its easier startup

constraints.



CHAPTER 3: SUPER HARMONIC QUDRATURE VOLTAGE CONTROLLED
OSCILLATORS

In chapter 1,we saw how different techniques like polyphase-phase filters, divide-
by-two frequency dividers and quadrature voltage-controlled oscillators(QVCQO) are
different ways of generating Quadrature signals. Among these QVCOs offer better
power and area efficiency as the frequencies go up.

QVCOs are created by using two identical oscillator cores and using a coupling
network to create a phase relationship between the two cores. Based on the nature of
the coupled signal, QVCOs can be classified into fundamental(first) mode or Super-
harmonic(second) mode coupled oscillators.

Fundamental mode coupling often involves the use of active devices which can be
used either in a parallel or series configuration.For the parallel version (PQVCO),
four additional coupling transistors are added to the circuit which aid in coupling

signals between the two oscillator cores [29].

I+ =

—
T

Q+ = Q_

TR
—

e
g

Figure 3.1: P-QVCO

It has been shown that there exists a trade off in the phase noise and the phase error

in a PQVCO [30] [31]. Even within PQVCO,a disconnected source has a better phase
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noise than the one where the sources are connected for the switching and coupling
transistors [32].

In order to overcome the weak phase noise performance,two other coupling meth-
ods have been proposed in which the coupling transistors are added in series, either
at top(TS-QVCO) of the switching transistors figure 3.2 or at the bottom of the

switching transistors as shown in Figure 3.3

Figure 3.2: Top Series coupling-QVCO

ML _rml/m\_

RS
e - = ;|

Figure 3.3: Bottom Series Coupling-QVCO

However in these cases, the oscillator is operated at a frequency that is slightly
off from the resonant frequency of the tank circuit. This creates a reduction in the

impedance seen looking into the tank as seen in figure 3.4
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Figure 3.4: Impedance reduction

This phenomenon, which happens due to the phase difference between the oscillator
core current and coupling currents,can be resolved by using the second harmonic of

the oscillator instead of the fundamental as shown in fig.3.5
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Figure 3.5: Tank voltage and current phasors in I and Q branches for fundamental
and second harmonic coupling oscillators.

3.1  SUPER-HARMONIC COUPLING

The basic principle used in the Super-harmonic coupling is to use a network that
will establish an anti-phase relationship between the second harmonic signals in two
identical differential oscillators. This anti-phase relationship at the second harmonic

translates to a quadrature lock in the fundamental. This is illustrated in figure
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3.6.In the absence of the coupling network, the oscillators will be running freely and
the phase difference between the two could be any arbitrary value. However as the
coupling network is added, the common mode nodes are forced to run 180° out of
phase by the network. This coupling happens at the second harmonic frequency of the
oscillator output frequency.When the second harmonic is anti-phase, the fundamental
locks into quadrature. This happens because the minima of the second harmonic

aligns with the minima of the fundamental [33].

Independent
Oscl Oscillators at f, Osc2

0'atf, /
Common-Mode

/ Nodes \

0°

90°atf, ‘:>

EL
2f,Coupling | 180

Circuit

>

Figure 3.6: Super harmonic coupling principle.

It is a common technique to use the tail node of the differential pair as the coupling
node in such oscillators as it creates a second harmonic signal without the use of
additional circuitry. The second harmonic currents can be generated by using an

auxiliary oscillator [34] or can be derived from the T and Q oscillators. [35] [36] [37]

OSC1 0SC 2

Superharmanic]
Coupling
Network

ZTa-H ZTa\IE
(a)

Figure 3.7: Super-Harmonic coupling using tail impedance engineering(a)Coupling
architecture (b) corresponding half circuit [6]
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Figure 3.8: Current re-use Cross coupled Super harmonic Oscillator |7]

3.2 ACTIVE COUPLING

Super-harmonic coupling using active devices can be classified into two categories.

In the first category, the active circuitry is used to create another oscillator that
operates at twice the frequency which is then used to inject the coupling currents
into the I and Q oscillators [34]. The other method is to use an active device to
modulate the impedance seen by the second harmonic signal such that it creates an
anti-phase signal at the coupling nodes of the I and Q oscillators. [6] shows the use
of such an active coupling network at the second harmonic to create a quadrature
phase relationship. However in both of these methods, the use of active devices injects

additional noise into the system which degrades the phase noise.
3.3  PASSIVE COUPLING

Among the passive methods of coupling, any network that can create an anti-
phase relationship at the second harmonic between the I and Q cores, can give rise
to a quadrature lock at the fundamental frequency.

[38] uses a transformer to couple the common mode second harmonic signals that
are tapped from the tail node of the differential switching pair. The fact that it is

passive and uses super-harmonic coupling makes it appealing for better phase noise
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performance. The drawback of this approach is the large die area required for the
layout of the transformer.

[7] show the use of a passive coupling network to achieve quadrature oscillations

in a current re-use cross coupled CMOS oscillator.
Besides these methods, some other passive methods of super-harmonic coupling
are capacitive coupling the common mode signal in to the tail current [36],using the

tuning cap as coupling node [37| and AC shorting the tail current nodes [9].
3.4 CHAPTER SUMMARY

In this chapter we described the process of super-harmonic coupling along with
some methods by which to generate this coupling. The objective of this chapter was
to prepare the reader for the coupling technique introduced in this thesis which is a

passive super-harmonic coupling method.



CHAPTER 4: A NOVEL BULK ACOUSTIC WAVE BASED SUPER-HARMONIC
QUADRATURE VOLTAGE CONTROL OSCILLATOR

As mentioned in the first chapter,there are several ways to generate quadrature sig-
nals. Among the coupling methods,the two most used are the fundamental mode(first
harmonic) or super harmonic(second harmonic) coupling methods. These methods also
can be further classified into active and passive modes of coupling which have their
advantages/disadvantages. In terms of published designs, the only quadrature VCO
using a BAW device uses fundamental mode coupling. Although the design uses the
BAW resonators to achieve low phase noise and power consumption, coupling using

fundamental mode has two disadvantages.

e The additional coupling transistors add extra noise to the circuit

e The off resonance operation of the tank further keeps it away from maximum

achievable phase noise performance.

In this chapter we introduce the basic cross coupled BAW oscillator, the equivalent
small circuit model of the oscillator and finally the quadrature VCO architecture
using this BAW oscillator.

As stated above, this oscillator uses no extra active devices for achieving quadrature
lock and also the tank circuit(described in the small signal model) is able to operate

at resonance, both of which help in achieving lower phase noise.
4.1 THE BASIC CROSS COUPLED BAW OSCILLATOR

The BAW cross coupled oscillator is very similar to the LC tank cross oscillator.

The BAW resonator itself can be considered as an inductor near its parallel resonant
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frequency, for the purposes of comparison between the two. The tank is completed
with the addition of a tun-able capacitor.

A cross coupled transistor pair drives the tank differentialy in order to excite its
parallel resonance, thereby acting as a negative parallel resistor, to supply the energy
lost in a cycle of oscillation, back to the tank.

Despite the similarities BAW based oscillators have two major differences from

their LC counterparts.

e To prevent de-tuning the BAW resonator at high frequencies,a high impedance
load is used to bias the structure. In the case of the LC oscillators, the same
tank inductor could be used to provide the bias voltage. The usage of a fully
differential structure to bias the oscillator means that the common mode of the

oscillator has to set by using feedback.

e The resonator provides a high impedance at low frequencies. So if the cross
coupled pair provides a negative resistance across all frequencies, the circuit
would end up latching. In order to prevent this from happening, it is required
to incorporate a high pass response into the negative resistance. This can be
achieved by adding a degenerative capacitor at the source node which reduces
the negative resistance at low frequencies and yet creating a short at high fre-

quencies.

Keeping these differences in mind, the basic BAW oscillator shown in the figure
is chosen the building block of the oscillator. As it can be seen the circuit is fully
differential biased with current mirrors and uses Common mode feedback for setting

the operating point. It also uses a degenerative capacitor to prevent it from latching.



31

Tank Circuit with
—. BAW resonator

| and tuning Cap

—l—O Out-
I

,_

- I

el
I
e

Degenerating DC Block Cap

—

4.2

=

Figure 4.1: BAW Oscillator

SMALL SIGNAL LINEAR MODEL

Before we look at the proposed architecture, it is important to break down the

basic BAW oscillator and look at the small signal linear model.

As seen in the figure, the oscillator small signal model consists of three different

parts.

e The resonator

e The tuning cap

e The active circuit
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The resonator is represented by the equivalent Butterworth-Van Dyke model. The
circuit can be simplified to an equivalent Inductor given by Lm at the parallel resonant

frequency. The equivalent capacitance for the tank can be approximately given by

Ctank = Ce + Ct + C(osc

where the 3 terms represents the electrode capacitance of the resonator, the tuning

capacitance and the parasitic capacitance of the active circuit respectively.

Lm

Cm Am
— }—"W‘_P/YYL BAW resonator

o Butterworth-Van Dyke
I e model

} Tuning capacitance

Cosc

1|
I Active part
Gosc
WA

Figure 4.2: Small signal Linear model of the Oscillator

It can be further shown that the net impedance of the active part of the small

circuit can be given by

Gosc =—1
gm[ " 2808]

where Cs is the capacitance coupling the two source nodes.The equivalent negative
resistance at high frequencies is -2/g,,. The choice of this capacitor is critical as it
sets the negative resistance pole frequency and reducing it will reduce the loop gain
at the parallel resonant frequency. However setting Cg too high is also an issue as
the cross coupled pair looks inductive when it is degenerated by a capacitor and this

inductance could potentially resonate with the plate capacitance of the BAW.
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4.3 PROPOSED QUADRATURE SUPER-HARMONIC COUPLING QVCO

As it was seen previously the degenerative capacitor plays an important role in the
stability of the circuit and the presence of this component in the circuit was therefore
exploited to propose a new coupling mechanism that leverages the circuit symmetry
to achieve super-harmonic coupling using passive elements to give rise to a novel
QVCO architecture.

Using the principal of symmetry in a differential structure, the capacitor Cg could
be in theory split into two series capacitors of double the value. In doing so,we create
a node of symmetry in the circuit where the odd modes cancel but the even modes
add constructively. If we create two instances of this base oscillator we can ensure a
180 phase difference of the even mode by connecting a passive element(an inductor)

across the two corresponding nodes.
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Figure 4.3: Superharmonic BAW QVCO

It will be shown in the later section that if the second harmonic is forced into a

180° phase difference, the fundamental modes oscillate at a 90° phase difference.
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44  PHASE RELATIONSHIP BASED ON SECOND HARMONIC CURRENTS

For evaluating the current through each transistor is a function of the DC overdrive

voltage
and the instantaneous AC voltages at the Gate and Source

The DC overdrive can be written as

Vov =Vo —=Vs =V}

where

The current through the 4 transistors can be modelled as

Ipn = K[Voy + Ajcos(wt) — Aycos(2wt + T)]?

Ipr = K[Voy + Ajcos(wt + 1) — Ascos(2wt + 7T)]2

Ipg1 = K[Vovy + Ajcos(wt + 0) — Agcos(2wt +  + 20)]?

Ipga = K[Voy + Ajcos(wt + m + 0) — Agcos(2wt + 7 + 26))?

where
A;=Fundamental Amplitude at Output
As=Second harmonic amplitude at Common Source node

K=Transistor parameter

(4.1)
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Figure 4.4: Currents in the Oscillator core

Expanding the expressions,

Ipn = K[V, + Alcos®(wt) 4+ Ascos® (2wt + 1) + 2.Voy . Ajcos(wt) (46)
4.6
—2.Voy.Ag.cos(2wt + ) — 2.A1. Ag.cos(wt).cos(2wt + )]

Iprs = K[V3, + Alcos®(wt + m) + Aicos® (2wt + ) + 2.Voy . Ajcos(wt + ) wn)
4.7

—2.Voy.Ag.cos(2wt + ) — 2.A1. Ag.cos(wt + ).cos(2wt + )]

Ipg1 = K[V3y + Ajcos®(wt + 0) + Ajcos® (2wt + 7 + 20) + 2.Voy . Ajcos(wt + 0)
—2.Vov.Ag.cos(2wt + 4 20) — 2. Ay. Ag.cos(wt + 0).cos(2wt + 7 + 20)]

(4.8)

Ipg2 = K[V3y + Ajcos®(wt + 7 + 0) + Ascos® (2wt + m + 20) + 2.Voy . Ajcos(wt + 7 + 0)
—2.Vov.Ag.cos(2wt + m + 20) — 2. Ay. Ag.cos(wt + m + 0).cos(2wt + )]

(4.9)
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Simplifying the expressions to isolate harmonic components

!

2
1

+2.Voy.Arcos(wt) — Q.E.Al.Ag.(cos(wt + 7) + cos(3wt + 7)) (4.10)

1 1
Ipn = K[V, + = (A2 + A3) + §Afcos(2wt) + §A§cos(4wt)

—2.Voy.Ascos(2wt + )]

1 1 1
Ipp = K[V5y, + 5(14% + A3) + §A%cos(2wt) + 5A§cos(4wt)
1
+2.Voy . Ajcos(wt + ) — 2.§.A1.A2.(cos(wt) + cos(3wt + 2)) (4.11)

—2.Vov.Ascos(2wt + )]

1 1 1
Ing1 = K[V5y + 5 (A7 + A3) + S Afcos(2wt + 20) + 5 Ajcos (4wt + 49)
1
+2.Voy.Ajcos(wt + 0) — 2-5-141-142.(005(&)15 + 7 +0) + cos(3wt + m +30))  (4.12)

—2.Vov.Ascos(2wt + m + 20)]

1 1 1
Ipg2 = K[V + 5(/1% + A2) + §A%cos(2wt +20) + 5143003(4&)75 + 40)
1
+2.Vov.Ajcos(wt + 7+ 6) — 2.§.A1.A2.(cos(wt +0) + cos(3wt + 27 + 30))  (4.13)

—2.Vov.Ascos(2wt + m + 20)]

The DC blocking capacitors in the source will block the DC components.Also the

odd harmonic terms cancel each other.

It = Ipn +Ipre (4.14)

= K[Ajcos(2wt) + Ajcos(4wt) — 4.Voy . Ascos(2wt + )]
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Ig = Ipgi + Ipge

(4.15)
= K[Afcos(2wt + 20) + Ajcos(dwt + 40) — 4.Voy. Aycos(2wt + 7 + 20)]
Using KCL
I +1p=0 (4.16)
— K[Aicos(2wt) + Ajcos(dwt) — 4.Voy . Agcos(2wt + )]+
K[Afcos(2wt + 20) + A3cos(4wt + 40)— (4.17)

4.Voy.Ascos(2wt + 4 20)] =0

The Fourth harmonic current will be attenuated by the inductor and we are left

the following terms

K[A2cos(2wt) — 4.Voy . Aycos(2wt + )|+
(4.18)

K[A2cos(2wt + 20) — 4.Voy . Ascos(2wt +m +20)] =0

For non-zero values of K, A;, VoV and A,,the solution of the equation above

becomes

0=02n+1)r/2 (4.19)

where n is an integer.
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Since the period of the signals is 27,the phase relationship between I and Q channels

will be +7/2 or -m/2.
4.5 CHAPTER SUMMARY

In this chapter we introduced the novel super-harmonic coupled BAW based quadra-
ture voltage controlled oscillator. We described the basic cross coupled oscillator and
presented the analytical model of how the coupling creates the quadrature relationship
in the I and Q oscillators. In the next chapter we demonstrate the the performance
of the circuit using simulations and compare it to its fundamental mode coupling

equivalent.



CHAPTER 5: SIMULATION RESULTS

5.1  CIRCUIT IMPLEMENTATION

In order to verify the proposed concept, the oscillator was designed in two processes.
In the first design, the QVCO was designed in a 0.13um 6-metal FD-SOI process. The
BAW resonator was modelled by using measured s-parameter data from an available

source. The center frequency of the resonator was 5.8 GHz.
5.2 PHASE NOISE COMPARISON
5.2.1 GPDK IMPLEMENTATION

For the phase noise comparision, the propsed QVCO was implemented in a 45nm
GPDK from NCSU. The supply voltage was chosen to be 1V and the switching
transistors(NMOS) were sized at 50um/45nm while the PMOS Load transistors were
sized at 50um/lum. This was because the NMOS switching transistors were deigned
for fastest switching times with enough current density whereas the width of the
PMOS transistors were designed for carrying enough current but longer length made
sure we were presenting a high impedance to the switching nodes.

Additionally the NMOS tranistors used in the tail current sources were sized at
50um/10um.The tail coupling capacitor was set to 250fF on each side(differentially)
whereas the inductor was chosen to be 2nH.

The entire circuit consumes 1mW of power accounting for all the bias branches

while working of a 1V supply.
5.2.2  COMPARISON WITH FUNDAMENTAL MODE OPERATION

In order to establish the improvement in phase noise due to the use of this technique,

it was essential to compare the super-harmonic QVCO to a fundamental mode QVCO.
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This comparison had to be between two oscillators with identical parameters. By
adding parallel coupling transistor and removing the coupling inductors, the proposed

QVCO was modified into the BAW based parallel QVCO as shown in Figure 5.1

Figure 5.1:

Figure 5.2: Phasor Diagram for tank current in Parallel coupling QVCO

W = tan_l(]cpl/lsw) = tan_l(chl/Wsw) = tan_l(m)

Also for a second order RLC network, the phase deviation from resonace can be

expressed as

2Q (Wose — wo) _ 20 Aw

Wo Wo

tany =

where Q) is the quality factor of the tank circuit.
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From these two equations we can calculate the frequency of oscillation as the fol-

lowing.

m
Wosc = wo(l + E)

This deviation in the frequency of operation results in the degradation of phase
noise. At the same time, the frequency of operation in case of super-harmonic coupling
is the same as the resonant frequency of the tank.

It can be seen from the table that if all things are kept constant, this method of

coupling, the phase noise of the oscillator using fundamental mode coupling is higher.

Table 5.1: Comparison of SH and Fundamental mode Oscillators

Super-harmonic QVCO | Fundamental Coupled QVCO
Supply Voltage(V) 1 1
Current consumption(A) 1m 1m
Frequency of Operation(Hz) 5.8G 5.8G
Phase Noise @ 1 MHz offset(dBc/Hz) | -136.9 -132.8

0.0

-40.0 —;

-80.0
] M2: 1.0MHz -132.888dBc/Hz

Phase Noise (dBc/Hz)

-120.0

-160.0

0" 10° 100 10* 10 10 10 10
relative frequency (Hz)

Figure 5.3: Phase Noise @ 1M Fund
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Figure 5.4: Phase Noise @ 1M SH

5.3 TIME DOMAIN STABLITY
5.3.1  FD SOI IMPLEMENTATION

The same ciruit was implemented using components from the Global Foundries FD
SOI process. The supply voltage was chosen to be 1.5V and the switching transis-
tors(NMOS) were sized at 30um/90nm while the PMOS Load transistors were sized
at 50um/lum. Additionally the NMOS tranistors used in the tail current sources
were sized at 50um/10um. The tail coupling capacitor was set to 200fF on each

side(differentially) whereas the inductor was chosen to be 2nH.
5.3.2  STABILITY VERIFICATION USING PULSE INJECTION

Ir order to verify the phase stability of the structure, time domain simulation was
used. As the two oscillator cores started, it was observed that the startup time in both
was different. After the Oscillators reached steady state,the positive output of the I
side was shorted with the positive output of the QQ side, whereas the negative outputs
were shorted together. The whole time domain settling of the second harmonic signal

with respect to the phase reset and injected current pulse can be seen in Figure 5.5
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Figure 5.5: Summary:Phase reset and pulse injection
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It can be seen from Figure 5.6 that after the phase reset,the amplitude of oscillation

gets restored within 0.5us and so does the second harmonic envelope.
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Figure 5.6: Second harmonic envelope during phase reset

After the phase reset period is over, the oscillator is allowed to run for another 2us.

At this instant, a current pulse of 1uA is injected into the I side tank for a duration

of 10ps.

As it can be seen from Figure 5.7, the phase of the I and Q channels stays the same

and doesn’t abruptly change. This ensures that the amount of charge injected into

the tank was low enough to not affect the phase of the output wave-forms.

At the end of 24 us, it can be seen in Figure 5.8that the phase has locked in

quadrature with the second harmonic envelope being very stable.
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Figure 5.8: Quadrature phase established after pulse injection

5.4 CONCLUDING REMARKS

In this chapter we demonstrated the improvements in phase noise that using Super-
harmonic coupling provides when compared to fundamental mode coupling when ap-
plied to generate quadrature signals using the same oscillator core. We also demon-

strated the stability of the quadrature mode when it was perturbed after startup.



CHAPTER 6: CONCLUSION

This thesis describes a novel Bulk Acoustic Wave based Super-harmonic Quadra-
ture Voltage Controlled Oscillator.We began by introducing the role of Quadrature
VCOs in signal processing and followed it up with comparisons with various methods
to generate quadrature signals. Next we discussed how BAW based oscillators are
designed and looked at various topologies that have been designed in the past. We
then presented the oscillator circuit,which is the novel contribution of this work,along
with an analysis of how it works to achieve quadrature lock. The circuit was imple-
mented in two technologies and the results of the simulations were also presented in

order to demonstrate the working principle.
6.1 COMPARISON WITH OTHER QVCO

Although this is the first superharmonically coupled BAW QVCO as per our knowl-
edge,it was important to compare the performace of the QVCO to the only other BAW
based QVCO known in the literature.The results of the comparision are summarised
in table 6.1

The Figure Of Merit(FOM) of the oscillator was computed as per the formula

shown below.

ZO — L(Aw) — 10log(Ppc(mW))

w

FOM = 20log
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Table 6.1: Performance Summary and Comparison of QVCO with similar work

Phase Noise
Power . CMOS
Consumption Frzeglll_lezr;cy ((g]fcl\é[?[zz) FOM(dB) Cr;)gtr;ll:;g Rei;ﬁztor Technology
(mW) (um)
offset
Ng [39] 5 17 -110 187.6 Fundamental LC 0.18
Yao [40] 27.7 5.1 -132.6 192 Super-harmonic LC 0.18
Kim [41] 5.4 1.1 -120 173.5 Fundamental LC 0.18
Rai [25] 0.6 2.1 -143.5 212.1 Fundamental BAW 0.13
This work 1 5.8 -136.9 212.1 Super-Harmonic BAW 0.045
6.2 FUTURE WORK

The list of future tasks that can be supplemented to this work can be identified as

follows

e Tape-out of oscillator: This will include laying out of the circuit and adding

additional buffer/test circuit to aid in measurements

e High Frequency FOM:It can be explored to see whether a higher frequency

resonator will aid in a better FOM.

e Test circuits:A Mixer and some baseband circuity can be added to verify phase

accuray of the QVCO

e Modelling of Packaging losses:In order for the system to work,the resonator and

the CMOS die have to be put on a laminate.The design of the Laminate will

include minimzing losses incured during going from one die to another
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