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ABSTRACT

A PLL Design Based on a Standing Wave Resonant Oscillatargat 2010)
Vinay Karkala, B. Tech., Indian Institute of Technology Masl, India

Chair of Advisory Committee: Dr. Sunil P. Khatri

In this thesis, we present a new continuously variable highufency standing wave oscil-
lator and demonstrate its use in generating the phase laikel signal of a digital IC.
The ring based standing wave resonant oscillator is imphé@agewith a plurality of wires
connected in a mobius configuration, with a cross coupledrtay pair connected across
the wires. The oscillation frequency can be modulated byseoand fine tuning. Coarse
modification is achieved by altering the number of wires ia timg that participate in the
oscillation, by driving a digital word to a set of passgatésol are connected to each wire
in the ring. Fine tuning of the oscillation frequency is astdd by varying the body bias
voltage of both the PMOS transistors in the cross couplegriav pair which sustains the
oscillations in the resonant ring. We validated our PLL gesh a 90nm process technol-
ogy. 3D parasitic RLCs for our oscillator ring were extrabbath skin effect accounted for.
Our PLL provides a frequency locking range from 6 GHz to 9 GMih a center frequency
of 7.5 GHz. The oscillator alone consumes about 25 mW of poavet the complete PLL
consumes a power of 28.5 mW. The observed jitter of the PLL56%. These numbers

are significant improvements over the prior art in standiagevbased PLLs.
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CHAPTER |

INTRODUCTION
The work presented in this thesis is the first step in the dgveént of a new technique
suitable for clock distribution at high frequencies (6GH2GHz). Digital integrated cir-
cuits typically require a global signal calletbckthat controls the flow of data within and
across the circuit blocks. Thidocksignal is distributed over the chip using a clock distri-
bution network which ensures that each end-point has the sbook frequency and phase.

Conventional clock distribution topologies are as follows

e Trees: Clock trees are a network of buffers and wires that conne@ndral clock
source to a multitude of clock loads. The most commonly useel distribution is
the H-Tree. Figure 1.1 shows a two level H-Tree. A H-Tree tsis®f wires arranged
in a recursive-H geometric pattern. All the end points of ith@ree are uniformly
spaced with respect to the central clock driver. Hence alktid points receive their
clock signals after traveling through identical wire segtsein terms of length and
width) and the same number of identical drivers which ardaleg as triangles in
Figure I.1. A large buffer drives the clock signal to the ezrdf the tree, while the
length of the wires and sizes of the buffers are progressieeluced as we traverse
each path from the center of the H-Tree to any end-point. Nhatieall the end-points
can be reached from the center by traversing identical varesidentical buffers.
Skew (which is defined as the maximum difference in the drtiaze of the clock
signal over all the pairs of end-points of the distributicgtwork) in this structure

arises due to non-uniform loads along the tree.

The journal model i$EEE Transactions on Automatic Control.
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Fig. 1.1. H-Tree Based Clock Distribution Network

e Grids: A clock grid is a set of horizontal and vertical metal wires;ming a mesh
structure. Figure 1.2 shows a 4X4 grid. The clock is injectéter from the middle
or from the edges. Horizontal and vertical segments aretethavhereever they
intersect. Because a clock grid has a number of shorted dasitirtlock paths, it

reduces clock skew at a cost of increased capacitance and pewer.

e Hybrid: In some recent digital ICs, hybrid topologies (which congbboth H-trees
and grids) are used. The first (global) level of the clockribstion network uses a
H-Tree, ending in multiple points on the chip. The secondlggl) level of the clock

network uses grids in order to reduce random and uneven Esetiskew.

The above mentioned techniques have been effectively useldd past few decades.
As process technology scales and die sizes increase, agpihgse techniques has become

increasingly difficult due to the following reasons:

e Timing Uncertainty:Keeping maximum timing uncertainty below a fixed percentage
of the clock period is a significant challenge. The two catiggoof timing uncertain-

ties are as follows
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Fig. 1.2. Grid Based Clock Distribution Network

— Skew: Clock skew refers to the maximum difference in the clockvatrtime
between any two different end-points in a clock distribatieetwork. Clock
skew is graphically shown in Figure 1.3. In this figuregdel andnode are
two different end-points of the clock distribution netwoNominally, the clock
is expected to reachodel andnode at the same time. The main reasons
for clock skew in a network are mismatches in device and ¢otemect, and
temperature or voltage variations across the die. In an sdbemario we would

expect a clock distribution network to have zero skew.

— Jitter: Jitter refers to uncertainties in timing at a single endap{clock load).
Jitter is pictorially depicted in Figure 1.4. In this figurthe clock period of
nodel varies over time from a minimum valug to a maximum value€l,,
yielding a jitter of T, — Ty. Jitter is computed by measuring the difference be-

tween maximum and minimum clock period over a long duratibopzration.
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Sources of jitter can be power supply noise or capacitivesztalk induced

noise.
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Fig. I.4. Clock Jitter

These timing uncertainties can result in setup time viotetialong the longest path,
and hold time violations along the shortest path. Hencedewsrable to keep these

uncertainties within bounds.

e Power: In the current digital ICs there is an increasing eom@bout power con-

sumption. Since the clock distribution network drives géaamount of capacitance,



this results in a large power dissipation, which is a sigaifidraction of the overall

chip power.

In this thesis we propose a novel technique to generate atribdite a phase-locked
synchronous clock with low skew, jitter and reduced poweasighation. In recent times
there has been much interest in mobius ring based resoraltimss as a means to gener-
ate the clock signal for digital ICs. Both traveling wave 5,7, 8] and standing wave [1]
oscillators have been proposed in the literature. The &ganfiguration of these oscilla-
tors is a pair of closely spaced wires configured in a ring kagpg and implemented on the
higher metal layers of an IC. At one end, these rings are aiaden a mobius fashion.
This structure has RLC parasitics, and for reasonable saltithe perimeter of the ring,
it can exhibit high frequency oscillations. A single pair @omultitude of pairs) of cross
coupled inverters is connected between the 2 rings of theusdbcation, to provide a
negative resistance and hence sustain the oscillatiorce $imarge is recirculated in these
configurations, they exhibit a low power consumption. Resdosses in the ring, as well
as the power consumed by the inverter pair(s) contributeg@ower consumption of these
structures. By choosing the length of the ring carefullgiltetions of high frequencies can
be sustained, as long as the inverter pair(s) can switcleaetfrequencies. The traveling
wave structure has been fabricated and impressive penfmenaas demonstrated [9].

Both the standing and traveling wave configurations pro@daeans to generate a
free-running clock signallin other words, the resonant standing or traveling wawegire
oscillates at a fixed frequency, determined by the parasifithe rings. In practice, how-
ever, it is crucial that any oscillator in a digital systenshtie ability to modify its phase
and frequency in a predictable manner, so as to allow it totegrated into a PLL.

A PLL is a negative feedback control system that generatesigyut clock which is

both phase and frequency locked to the input referencelsigridock diagram of a basic



PLL is shown in Figure I.5. In this figureut is the output clock generated by the PLL
which is phase locked tee fclk (which is the input clock). Theut clock is frequency
divided to yield adivided_clk signal, which is phase and frequency lockede®clk. The

operation of each of the blocks in the PLL has been discusgedih this thesis.

divided.clk out
Divider

Phase Charge Loop Vetl
Detector Pump Filter

VCO

refclk

Fig. 1.5. Block Diagram of a Basic PLL Design

There are numerous applications of a PLL in a digital syst#nwhich clock synthesis

and synchronization are the main applications.

e Clock SynthesisModern day digital systems require clock frequencies indige-
hertz range. The on-chip clock is generated from a refer@adernal) crystal oscil-
lator (which typically generates a low-jitter clock in threduency range of 100MHz).
To generate a high frequency on-chip clock from a slowerreatecrystal oscillator,

a PLL is used as a frequency multiplier, as shown in Figure 1.6

e Synchronizationln a digital system, iDatais received synchronous with respect to
an externate f_clk, then the internal clock of digital system (shown in the Fegl7)
needs to be synchronized tef_clk. A PLL phase and frequency locks the output
of the clock buffer with respect teef_clk and henceData is correctly captured.

Without a PLL, a high frequency on-chip oscillator (such assonant standing or



Digital
System

fsys(em: NX fcrystal
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Crystal
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Fig. 1.6. Clock Synthesis Using a PLL

traveling wave oscillator) can easily exhibit significakeéw compared to the external
(board or system) clock. This would make it impossible toigiles synchronous

system using an IC with a free-running, high frequency rasboscillator.

Data

Digital
System

A

ref_clk
> PLL 1>
|

Fig. I.7. Clock Synchronization Using a PLL

Typical oscillators in a digital IC use some form of Voltager@olled Oscillator
(VCO) [10, 11, 12, 13, 14], and implement a PLL with the VCO irlased-loop con-

figuration (as depicted in Figure 1.5). A phase frequencectetr (PFD) determines the



phase error, and accordingly either speeds up or slows desvodcillation frequency of

the VCO. VCOs are typically implemented in one of two ways

e AnalogVCOs (ACOs) [15, 16], in which a ring oscillator with a smaibd) number
of inverters is typically used. This ring oscillator’s figency is modified by means of
a voltage or current signal. Figure 1.8 shows an impleméntatf an Analog VCO.
The frequency of oscillation of the ring oscillator is caniked by modulating the gate
voltage V) of the stacked NMOS transistors, thereby achieving a otistarved

ring oscillator based ACO.

Vel

Fig. 1.8. Analog Voltage Controlled Oscillator (AVCO)

¢ Digitally Controlled Oscillators(DCOs) [12, 13, 14], in which a large number of
inverters are implemented such that invertdrives the input to inverter+ 1. By
closing the loop at th&" inverter (wherek is odd), the oscillator can be made to
oscillate at variable (discrete) frequencies. The ogoillaan be sped up or slowed
down by decrementing or incrementikgespectively, using a control sigrialwhich
closes the loop at thé" inverter. Figure 1.9 shows an example of a DCO implemen-
tation. The number of inverters that act as part of the rirgprgrolled by setting the

values ofbs, bs, b7,... by,...bn in @ one-hot fashion.
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Fig. 1.9. Digitally Controlled Oscillator (DCO)

In this thesis, we present a PLL which is implemented as a awatibn of both an
ACO and a DCO, using a resonant standing wave topology. Sheenobius rings are
made up of wires on (typically higher) layers of the metatktaf the IC, it is hard to mod-
ify the parasitic inductance or capacitance of the resonags in practice. The parasitic
inductance and capacitance of the rings are fixed once tleedivirensions, metal layer and
wire spacing are determined. The key observation that eadl#quency to be varied is
the use ohwires in each ring (i.er2wires in all). By selecting between various configura-
tions in which a variable numben of these wires are programmed to carry the ring signal
(with the othermn - m wires connected to a virtual ground terminal), we are ablealy
the parasitic inductance and capacitance significantbwalg the structure to behave like
a DCO. This gives us the ability to tune the oscillator fraggyein a coarse manner. For
finer tuning of the oscillation frequency, we modulate theerse body bias voltage of the
PMOS transistors of the cross coupled inverter pair. Weddbat this is an effective way
to change the ring capacitance in a continuous manner, aroe laehieve a continuous fine
frequency control.

We have designed a PLL with a standing wave resonant oscifiatone of its compo-
nents. The PLL consists of coarse and fine tuning circuit® ddarse tuning circuit, with
the help of a threshold detector, a successive one detext@ thermometer converter, pro-

grams an appropriate numbarof wires (out ofn) to participate in the oscillation. The fine
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tuning circuit is a conventional third order PLL consistimiga PFD, charge pump and low
pass filter. The fine tuning circuit changes the body biasageltof the PMOS transistors
of the inverter pair in order to modify the oscillation frespcy in a continuous manner.
The complete PLL has been simulated in HSPICE [17], usingra®@TM [18] tech-
nology. Skin-effect adjusted parasitics of the mobius viege extracted using Raphael [19].

The key contributions of this thesis are:

e By providing both a coarse and fine control over the frequesfaye resonant os-
cillator, we are able to demonstrate a continuous frequesgyonse from-6 GHz
to ~9 GHz (with a reduced power consumption due to the use of esg@tanding

wave oscillator).

e The PLL has been integrated with the proposed variable &egy standing wave
oscillator, and is able to lock within the above-mentionedjfiency range using the

fine and coarse control circuits, based on our SPICE sinoulstti

The remainder of this thesis is organized as follows. Preyigork is described in Chap-
ter I, while Chapter Il provides the details of our resohatanding wave oscillator and
the PLL. Chapter IV presents results from experiments whielconducted to implement
our PLL. In Chapter V we present discussions related to ouk\aad in Chapter VI we

conclude and present directions for future work in this area
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CHAPTER I

PREVIOUS WORK

Recently, atraveling waveresonant oscillator circuit (referred to agaary clock was
described and implemented [5, 9]. The key idea in this aggraato utilize a sufficiently
long wiring ring, such that its capacitive and inductivegsatics result in a high frequency
oscillatory network. This resonant clock topology is désed in Figure 11.1. Oscillations
in this network are sustained by a plurality of inverter papaced along the ring (Fig-
ure 1.1 ). The key drawback of the rotary clock is that the gghaf the generated clock
varies along the ring (as shown in Figure 11.2 ), making tiadal synchronous clock based
design extremely difficult. Also, the clock signal at evepjr of the ring is a full-rail sig-

nal, resulting in a larger power consumption.

Mobius Crgssing
Full amplitude
c'ockp

N N N
& El%lcl:i?mplitud(
=g =g
= 2
135 315 225 45
i =
Ly &
) 270 i
N N N - N NN

Fig. II.1. Circuit Topology
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Fig. Il.2. Sample Waveforms (Overlaid)

In [8], the authors present a 2.5 GHz PLL using a travelingev@scillator, to sample
input data and perform clock recovery using the 24-phageildlised VCO. The design
recovers 16 bits within a clock period. Though it is advaetags for Clock Data Recovery
(CDR), the varying phase of the traveling wave clock makegksonous clock based
design difficult.

In response to this, standing wavaesonant oscillator circuit was proposed [1]. In
this approach, a long wiring ring is used, but oscillatioressustained in this resonant ring
by just using asingleinverter pair (Figure 1.3 a). By making a mobius connectatrthe
end of the ring, the clock signal at any point in the ring isusimidal, and has theame
phaseat all points along the ring (as shown in Figure 11.3 b).

By using differential amplifiers at different points in thiag, full rail clock signals
are extracted at the locations desired (Figure 1.3 ¢). A®m@sequence, this approach

yields clock signals that have the same phase everywheng &h@ ring. This is a key
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improvement over the rotary clock of [5]. In addition, thelueed ring capacitance due to
the use of significantly fewer inverters (in particular tjose), increases the operating speed
and reduces power consumption as well. Note that there i<Camull (virtual "zero”) point
in the center of the ring as shown in Figure 1.3 a). As a resb# phases of the signals
on the right and the left of the null point are T8&&part. Therefore, clock recovery circuits
on the left have their connections reversed compared toveegaircuits on the right of the
null point. Note that clock recovery is not performed near thull point, since the signal
amplitude is very low near the null point. Both Figure I1.3d)d c) were obtained using
the same simulation conditions that were used in [1]

As described earlier, the resulting clock for all the abgppraaches is free-running,
and since the inductive and capacitive parasitics of thgpahe fixed, the above approaches

do not lend themselves to realizing a variable oscillatreqdiency.

(

L

[

e
l_&

Fig. Il.4. Cross-Coupled Pair Used in [2]

In [2], another high-frequency standing wave oscillatoisvpoposed. It is based
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on the use of multiple coupled oscillators (each comprisednoNMOS cross-coupled
pair to sustain the oscillation, and a PMOS diode-connelctadi for setting the common
mode voltage (Figure 11.4)) as shown in Figure II.5. Eachha blocks labeled "ccp” in
Figure 1.5 is a cross-coupled pair exhibiting negativeduetance. It can also be noted that
the approach of [2] does not use a mobius connection like ppircach does. In [2], the
frequency of the oscillator is modulated byection Locking Injection locking involves
injecting current (as shown in Figure 11.6) to force oscitbas at a specific frequency. This
current can be dictated by an external source such as a Ple_pdsition of the injected
current affects the strength of the coupling, with maximurersgth at the center of the
Standing Wave Oscillator (SWO). Unlike our approach, [Ajiages a very small (6.4%)

locking range (In contrast, we achieve-a833% locking range from-6 GHz to~9 GHz).

A A

U U
ccp ccp ccp ccp

A [

U U

Fig. I1.5. Standing Wave Oscillator of [2]

PLLs have been important blocks in the field of VLSI for thetgaw decades. As the
operating frequencies increase while the supply voltageirsg scaled down in the modern
day CMOS technology, the VCO tuning gain has to increaseiderably to achieve a
good frequency range of the oscillator. But having a high Vgaih would degrade PLL
performance in terms of noise. This issue can be tackled apgdoth coarse (DCO) and
fine tuning (ACO) mechanisms in the VCO (as shown in Figur@ liln Figure 11.7 b) the

tuning range achieved is the same as in Figure 11.7 a). Howthefine tuning range (and
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I

inj 5 5 linj

N N
U U
ccp cep cecp ccp| | ccp
N N
U U

Fig. I.6. Injection Locking SWOs as Shown in [2]

the VCO gain) required in Figure 11.7 b) is a small fractiobdat 1/5) of that in Figure 11.7
a). The authors of [4, 3, 20] have implemented a PLL using abdoation of an ACO and

a DCO. However, none of the oscillators in [4, 3, 20] were nes.

h
) // tuning
tuning ? range of

Frequency

range combined VCO

v

a) Single VCO b) Combined Coarse
and fine VCOs

Fig. I.7. Technique to Achieve Large VCO Frequency Rangth\8mall VCO Gain

In [3], the authors proposed an open loop coarse calibr&idnshown in Figure 11.8.
During the coarse tuning mode, the loop is opened at the Itiepdind VCO is connected

to a reference voltage. Counters for b&andV are triggered and both count until one of
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the counters overflows. If the counter triggeredbgverflows before the counter triggered
by V, then the VCO is moved on to the next higher coarse configuratlf V finishes
beforeR then the fine tuning loop is closed in order to lock to the resphifrequency. To
ensure good accuracy, both counters should have a suffjciergge number of bits. Hence
coarse tuning is slow. The block diagram of the VCO used i tiethod is shown in the
Figure 11.9. The coarse programmability is implemented biyg a current multiplier. The

PLL in this work was designed to operate around 1GHz.

N
In | PFD cP LPF C vCo |-
) I
- Vref
Logic
» Counter Ncal [«
\%
Fig. 11.8. PLL Proposed in [3]
vetrl f V- R Current
o : Converter Multiplier : Fose
L-bit
coarse - :
SELNG -

Fig. 11.9. Digitally Programmable VCO Used in [3]

In [4] authors propose a closed loop coarse calibratiomigci® shown in Figure 11.10.

In this method the VCO in the PLL tries to lock to the desireshfrency under the given
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fine tuning setting. When the loop settles, the control ydtss compared with a pair of
predefined voltages. If the settled control voltage is olgt$ine range of these two voltages
then the VCO is moved on to the next coarse configuration. rEjpisats till the appropriate
range is reached. In this approach the PLL has to settle tdéicha@ntrol voltage before
comparison. The VCO used in this work is an LC oscillator veititched-capacitors used
for coarse configuration, and MOS capacitors used for finegunn this paper the PLL

operates at around 900MHz.

| Vctr
n PFD CP LPF VCO

Vrefl

Logic

Vref2

Fig. 11.10. PLL Proposed in [4]

In [20] the authors proposed a coarse calibration mechawisich results in a small
coarse calibration time. In this approach, during the eoarsing mode, the loop is opened
at the loop filter, and the VCO is operated at a constant frecueEight copies of the
reference signal are generated, each with a phase difee@niav4 from the reference,
where k=0,1...7. A phase selector selects one of thesexapiieh has a phase difference
betweenr/4 and1/2 compared to the VCO signal. Based on this phase differemmeof
8 coarse frequencies is selected, after which fine tuningvizkied. The VCO used in this

work operates on the same principles of [4] for coarse anddiniag.
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It can be noted that none of the above mechanisms use a réssadiator as a VCO.
Also the operating frequencies of the PLLs proposed in [4y8much lower (about 1GHz)
compared to the frequency of operation of the PLL proposedigthesis. The maximum
power consumption of the PLL proposed in [20] is much highi@n{w) than what we
achieved in our work (28mW). The center frequency of [20].& G@Hz while ours is 7.5
GHz. Also, [20] has a smaller lock range (14%) compared to33%. Also, none of the
previous approaches uses inductance based coarse tuning.

Using our approach, we can effectively control the ring ictdace and capacitance
(and hence the frequency of oscillation), making the resbaoacillator a good candidate

for the oscillator block of a PLL.
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CHAPTER III

OUR APPROACH

[lI-A. Design Goal

The design goals of our approach are to realize a resonaitiattscwith a high center
frequency and frequency tuning range, and to demonstratevtinking of a PLL which
incorporates this resonant oscillator.

The equivalent circuit for our resonant oscillator is shamiigure 111.1. In this figure,
Lw andC,, refer to parasitic inductance and parasitic capacitandbeofing respectively.
The capacitance due to the cross-coupled inverter pairt@uiee the sum of the diffusion
and gate capacitances of any inverter in the pai@.iSinceC andC,, are in parallel, we

obtain the equivalent circuit shown.

—Cy+C

Fig. lll.1. Equivalent Circuit for Our Resonant Oscillator

The oscillation frequency of the equivalent circuit is givey

f= ! (3.1)
2M+/Lw(C+Cuw)

[lI-B. Standing Wave Oscillator Design

llI-B.1. Coarse Frequency Control of the Standing Wave [Ggor

In order to realize a variable frequency oscillator, we mMpthe base design of [1]. The

major modification is to use a large numbeof wires in place of the single wire that is
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used to implement each ring in [1]. By using a subset ofthéres for oscillation, we are
able to modify the parasitic inductance and capacitancheofihg on the fly, allowing us
to realize a variable frequency standing wave oscillatbe Wires are used symmetrically
about the midpoint of therwire bundle for oscillation. Each subset of thevires that we

use for oscillation is referred to asaarse configuration

Wq

Wp

W3

Y3

Y2

Y1

1
1
1

1
1
0

1
0
0

1
0
0

1
1
0

1
1

1

~<— Coarse config 1

-—— Coarse config 2

-—— Coarse config 3

Wires of outer ring Wires of inner ring

Fig. lll.2. Coarse Frequency Configuration

To simplify the coarse frequency control logic, we seledgaigicantly reduced subset
of the 2'— 1 possible coarse configurations. Figure 111.2 illustrdtes coarse configura-
tions, forn = 3. In this figurew; refers to the outermost wire of the outer ring, gads
the outermost wire of the inner ring. In this figure, coarsefiguration 1 (2) uses a total
of 6 (4) wires for oscillation (indicated by a '1’ in each ofetlpositions). Note that the
oscillating wires in a coarse configuration are symmeteeciad the midpoint of the bundle
of 2n = 6 wires. We simulated our oscillator with= 30.

In practice, the wire locations that are labeled as 'O’ inurgylll.2 are actually left
floating by the control logic. Assuming that the supply vg#af the inverter pair i¥ DD,
both rings oscillate around a DC val\M®D/2, with sinusoidal waveforms which are al-
ways in phase, but whose amplitude vary as we traverse tgeSince the null oscillation
point (labeled awirtual “zero” crossing in Figure 11.3) applies foall configurations, we
short all Zh wires at this virtual ground location. As a result, all withat are left floating

by the control logic actually have\aDD/2 voltage on them due to the short at the virtual
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ground location ( and therefore these wires act as grounebwiran AC sense).

From Figure 111.2, suppose we have two configurations withhatical indices® and
Q respectively. LeP < Q. Then there are more oscillating wires in the inner and outer
rings for P (as compared tQ). Also, the distance between oscillating wires in the two

rings is lower forP. This has two effects.

e The capacitance of the oscillating wires is largerPas compared tQ, sinceP has

more oscillating wires.

e The inductance oP is lower than that of), since the current return loop is smaller

in P compared td, due to proximity effect.

The ratio of the increase in capacitancéaiverQ is less than the ratio of the increase
in inductance ofQ overP. As a result, based on the frequency of oscillation of thg rin
(Equation 3.1)P oscillates at a higher frequency th@n

Our resonant standing wave oscillator is controlled by veyyhe values of the-bit

vectorsw andy.

Mobius connection

cylytig?ﬁnogf< j:bﬁw

ng< i%
) W

Fig. lll.3. Coarse Configuration Selection and Mobius Cantio& of 2n Wires
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The circuitry for coarse frequency control is illustratedHigure 111.3. This circuit
takes as input the vectovg andy. Based on the values of these vectors, the appropriate
wires among the rRwires of the oscillators are made to oscillate. If coarsefigaonation
2 is chosen, for example, only the top 2 and the bottom 2 wirdsgure 111.3 oscillate.
Note that this circuit resides at the mobius point of the masb oscillator, and the cross-
coupled inverter pair is shown in the figure as well. The msloionnection of ther2wires
is illustrated to the right of Figure 111.3. Note that in ptae w; = ;.

In practice, the switches in Figure I11.3 are NMOS passgat#e tried complemen-
tary passgates, but the diffusion capacitance of compleanepassgates caused a notice-
able drop in oscillation frequency. In order to decreasebibedy effect, we connect the
source and bulk terminals of these NMOS passgates. Theecharisig approach achieves

a maximum (minimum) frequency of a 9.2 GHz (6.2 GHz) in ourigies

llI-B.2. Fine Frequency Control of the Standing Wave Osilt

For fine frequency control, we take advantage of the facttti@tapacitance of the cross
coupled inverter pair contributes significantly towards tbtal capacitance of the resonant
ring. One of the major contributors of cross coupled invarépacitance is the drain to bulk
depletion capacitance of both the PMOS and NMOS transisidris depletion capacitance
is varied by changing the bulk voltage. An increase (deekemsthe body bias voltage
(i.e an application of reverse body bias) of a PMOS (NMOS)distor would result in
an increase in the depletion width, reducing the depletagracitance and resulting in a
decrease of the overall ring capacitance. This results imenease in the frequency of
oscillation of the ring.

In our implementation, we varied the body bias voltage ohlibe PMOS transistors
from 1.2V to 2.4V to achieve fine tuning of the oscillator fuemcy. Fine frequency control

could also be achieved by using varactors, but this wouldire@dditional components in
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the design, and a more complex fabrication process.

l1I-B.3. Integrated Coarse and Fine Tuning

In this section, we describe the approach by which we dedignescillator with a contin-
uous frequency range from 6 GHz to 9 GHz, by combining coanddiae tuning as shown
in the Figure 111.4. In the figurefg is the operating frequency under current conditions and
f is the final desired frequency. The dots in the figure are tlagseoconfiguration points.
In Figure 1.4, in order to speed up frorfy to f, fine tuning is done till a coarse point is
reached. Because the oscillator has to speed up furtheraéehing this coarse point, a
coarse jump takes place. Another coarse jump takes place tia oscillator has to speed
up even further. After this, the oscillator has to slow doaumg since the desired frequency
is within the coarse range, fine tuning is done to refich

One important requirement to achieve integration of coangkfine tuning is that the
frequency range spanned by reverse body biasing the PM@Sidtars of the inverters at
every coarse configuration is greater than the differenéequency between the two ad-
jacent coarse frequency points. This is important as it kesals to achieve a continuously
adjustable frequency in the range of 6 GHz to 9GHz without ‘dmjes” in frequency

coverage.

current fine coarse jump

operatin tune
frequenc%\ i %
VR

R

fo T f
desired operating
frequency

coarse ranges

fine tune

Fig. lll.4. An Example to Show Coarse and Fine Tuning Intégra
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[lI-C. Proposed PLL Design

I1I-C.1. Overview

Figure 111.5 shows the block diagram of our PLL with the reaphoscillator incorporated.
All the components above the dotted line in the figure camstithe fine control circuit and
the components below the dotted line constitute the coamstat circuit. The fine tun-
ing circuit of the PLL is a conventional PLL consisting of allFcharge pump, low pass
filter, VCO and a divider. The charge pump output is used tdrobthe bulk voltage of
the PMOS transistors of the cross coupled inverter pairgtheachieving fine frequency
control. The coarse tuning circuit consists of two thredtagtectors, two successive one
detectors and a thermometer converter. The thresholdtdetaaput goes high if the con-
trol voltage, which is the charge pump outpbtilk) voltage, reaches its highest (lowest)
value. The output of any successive one detector goes hilga dutput of the correspond-
ing threshold detector stays high for more than a predetedmumber of clock cycles. A
rising transition in the output of either of the successiae detectors results in a change
in the state of thermometer converter, which drives thetaligiord (v andy) that is used

to program the oscillator to a particular coarse configarati

[1I-C.2. Coarse Control

A brief description of each of the components of the coarserobis given below.

Threshold Detector: If the control voltage exceeds (or goes below) a predetexdhin
threshold value, the threshold detector output goes higdur€ I11.6 shows the circuit of
the threshold detector that we used. Two threshold detebt@re been used in the PLL
circuit to detect when the control voltagbuk) exceeds the threshold voltagef_hi or
when it goes below the threshold voltagd _|o.

The threshold detector circuit has a pair of PMOS transg@randP,) whose gates
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divided.clk .
Divider
Voltage
Phase Level Charge Loop bulk veo
Detector Shifter Pump Filter
T Fine control
refclk
Threshold ¢
Detector Coarse control
] Successive
bulk + /\ A Thermometer
. One —
refhi | Converter
(2Vop-A) Detector
ref low —— + Successive 5
(Vop+A) One +—
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Fig. l11.5. Block Diagram of the Proposed PLL Design

ref_hi
bulk (ref_low)

divided.clk
P b R
bD
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th.up
(thdn) —1 PX

Vbp

dividedclk—| Ny

Fig. lll.6. Threshold Detector Circuit
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are driven bydivided.clk, and source terminals of these transistors are connectaa ko
andref_hi (ref_lo). The drain terminals of the PMOS transistors are connemtedlss a
cross coupled inverter pair whose ground terminal is gatigadl a’NMOS transistorN;)
whose gate is driven bgivided clk.

The working of the circuit is as follows. Whetivided. clk goes low, the voltage on
bulk andref_hi (ref_lo) terminals is sensed by the nodes of the cross coupled @mgert
(whose ground terminal is floating as the NMOS transidiprs off). Whendivided clk
goes high both the PMOS transistors are off and NMOS tramsiston, and hence the
ground terminal is not floating anymore. The intermediatéasth_up (th_dn) andx are
pulled to eithe/ DD or GND, based on which of these nodes was at a higher voltage when
divided.clk went high.

In our simulations, the value of the voltage of referenceeasodf_hi, ref_lo was
2.3V and 1.3V respectively, we assume that these voltagepravided externally since
the range of voltages of thmilk node is 1.2 Vto 2.4 V.

Successive One Detector (SODEach successive one detector detects if the control
voltage pulk) exceeds (or goes below) the threshold voltagehi (re f_lo) for more than a
particular number of cycles afivided.clk. It is a shift register as shown in the Figure Ill.7.
Its outputA (B) goes high when the output of all the flip-flops in the shiftiségr go high.

The outputs of successive one detectors drive the cloclakiginthe thermometer
converter. All the flip-flops of the detector have to be regedraa particular number of
cycles ofdivided clk. This is because if there is a coarse jump in order to speedioyw (
down) the clock, and if the oscillator needs to speed up (slown) yet further, themA
(B) needs to be reset before it rises again, since the rising efly (B) triggers a change
to the next faster (slower) coarse configuration. This iSeagd by having additional
flip-flops in the shift register of the SOD. In Figure 111.7 et (B) signal rises ifth_up

(th_dn) is high for three consecutive cycles divided clk. This triggers a transition to
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the next higher (lower) frequency coarse configuration.nifther shift is required to the
next higher (lower) frequency configuratidh,up (th_dn) continues to stay high, and after
seven more consecutive cyclesdifided clk, theresetsignal resets the flip-flops of the
SOD. Now ifth_up (th_dn) stays high for three more cycle&,(B) rises again, causing a

transition to the next higher (lower) coarse frequency cumétion.

R N AB) reset
th_up (‘—/ J—‘—/
thay 1 @ D QP . D cj ,,,,,,,,,,, b ¢
FF1 FF2 FF3 FF4 FF10

(reset (reset (reset ( reset ’7 reset

Fig. lll.7. Successive One Detector Circuit

Thermometer Converter: The next coarse configuration can be arrived at by an arith-
metic right shift of the current state (to speed up) or arharétic left shift of the current
state (to slow down). The thermometer converter shown inirf€idll.8 implements this
logic. The thermometer converter consists of a series of fithps connected through
MUXes. The output of a particular flip-flop stagés the input to the MUX + 1, and it
drives the output of MUX + 1 when the control sign& (output of the successive one de-
tector which goes high if there has to be a change in coardegooation in order to speed
up) is high. The input to the first MUX that is selected whegoes high i3/ DD. Hence
whenA goes high (indicating that we need to shift to the next fasbarse configuration),
the 1's in the thermometer shift to the right. The other inpudach MUX is the output of
the D flip-flop two stages to the right of the current flip-floprizeconsidered. The input to
the last MUX that is selected whekxgoes low iSGND. Therefore ifA=0 andB goes high
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(indicating that we need to change to the next slower coarséguration), the 1's of the
thermometer shift to the left with a 0 injected into the laagge. The clock signal of all the
flip-flops is the output of a®R gate whose inputs are andB (from the two successive
one detectors).

As we usec=30 wires in our resonant ring, we used 30 flip-flops and 30 M&JiXe

order to configure the oscillator.

Wi W2 W3 Wy
A A A A
Vop Mux1 Mux2 Mux3 Mux4
B D Q B D Q- B D Q! B D Q
Reset— Reset— Reset— Y Reset—|
Set— Set— Set— Set—

b,

Fig. ll1.8. Thermometer Converter Circuit

I1I-C.3. Fine Control

The fine control circuit we used is a conventional third orBéL consisting of a PFD,
charge pump and low pass filter, AVCO, and a divider. We had#oawoltage level shifter
in order to drive the charge pump (which drives the bulk of BMOS transistors of the
cross coupled inverter pair) between the voltagé&d and 2/DD. A brief description of
each of the components is shown below.

Phase Frequency Detector (PFD)The PFD consists of two flip-flops and &ND
gate connected as shown in the Figure 1l11.9. The output offRB, as its name sug-

gests is dependent on both the phase and frequency difeebetween the input signals.
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The PFD has two input clocks, the external crystal cloeif (clk) and the divider output
(divided.clk) and produces two outputsP andDN.

The PFD is a simple state machine which has three states.ideomisat the UP and
DN outputs are initially low. Wheme f_clk leadsdivided clk, theUP output is asserted
on the rising edge ofef_clk. TheUP signal stays high until a low to high transition of
divided.clk. At this point of time,DN rises, causing both the flip-flops to reset through
the asynchronous reset signal. There will be a small pulsa®DN output, the width of
which is equal to the sum of the delay through the AND gate ardReset-to-Q delay of
the flip-flop. The pulse width of thg P signal is the phase error between the two signals.
A similar situation arises whedivided clk leadsre f_clk (the phase error in this case is the
width of DN pulse).

Under a lock condition, short pulses will be generated oh beU P andDN outputs.

LD uP

reset

- 1 C
reset
D

Fig. ll1.9. Phase Frequency Detector Circuit

Vbb

refclk

divided.clk DN

Voltage Level Shifter: A voltage level shifter is not required in a conventional PLL
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In the fine tuning circuit that we used, we require a voltagellshifter in order to drive
the charge pump (which is connected betweéDP andV DD). The charge pump drives
the bulk of the PMOS transistors of the cross coupled invemgth a voltage within this
range ¥ DD to 2V DD), to reverse body bias the PMOS transistors in a contintesigdn.
The outputs of the PFD are the inputs to the two voltage leviftiess. The circuit for
the voltage level shifter used for theP signal is shown in the Figure 111.10. The voltage
level shifter for theDN signal is identical, except with different signal namese Tbltage
level shifter requires two power supplies, the input domailtage supply{ DD) and the
output domain voltage supply\DD). When the input signdJ P (DN) is atV DD, MN1
turns on and MNZ2 is off, and this pulls tleP_shiftedb (DN_shiftedb) signal toGND.
This transition inJ P_shiftedb turns on MP2, which pulls the P_shifted(DN_shifted

signal to 2/ DD, as required.

2Vpp

UP_shiftedb UP_shifted
uP — —— UPb
%VDD
GND

Fig. l11.10. Voltage Level Shifter Circuit

Charge Pump and Low Pass Filter: The level shifted pulsedP_shiftedb and
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DN_shiftedmust be converted into an analog voltage that control thagelof the bulk
node of PMOS transistors of the cross coupled inverters.s Tias been implemented
by making use of a simple charge pump and a second order fitsh@awn in the Fig-
ure lll.11. The charge pump implemented is a pair of currentrces being switched by
using thdJ P_shiftedb andDN_shiftedsignals. A pulse on the P_shiftedb signal adds
charge to the capacitors at the output, proportional to tieepnidth ofU P_shiftedb. The
DN_shiftedpulse removes charge from the capacitors, proportionastpulse width. If
the width of theU P_shiftedb pulse is larger than theN_shifted pulse there is an effec-
tive increase in the outpubylk) voltage, which increases the reverse body bias and hence
the frequency of the oscillator. Note that in our case & voltage varies betweenDD
and 2/DD.

The loop filter consists of a resistBf and capacitor€; andC,, and hence is a second
order filter, making the system third order. Having only aamar at the output of the
charge pump would result in a open loop transfer functiorecbsad order, with both poles
located at the origin. This would render the system unstabiach of the poles contributes
a constant phase shift of 90esulting in a 180phase shift before the unity gain crossover
frequency, causing the system to oscillate. Hence, in aaletabilize the system, the
phase characteristics have been modified by introducingoaz¢he loop gain by adding a
resistor Ry) in series with the loop filter capacitanc& J. Even though the systemis stable,
the series combination & andC; could result in a large control voltage ripple that could
perturb the oscillations. In order to suppress these rip@e additional capacitancés|
was added. The values B, C; andC; have to be chosen carefully, because the PLL is
a third order system, which could result in instability. Tgrecedure to choose values for
R1, C1 andC;, has been discussed in Chapter IV.

Divider: In order to achieve an oscillator running with a desired diestey in the

range of 6 GHz to 9 GHz, the oscillator output frequency hasetalivided by a constant
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\ Charge Filter
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Fig. lll.11. Charge Pump and Low Pass Filter Circuit

factor in order to compare the phase and frequency with th&18@ reference crystal
clock. In our case the division factor was chosen to be 128.divider that we used was a
7-bit ripple counter. The clock to the first stage of the rgopbunter is the output from the
oscillator (running at high frequency). A conventionalst® flip-flop in the first stage of
the counter might result in incorrect operation, as theevaltmaxtsetup+ teiktog) €XCEES
the minimum desired period of the oscillator. Hence a dyraiflip-flop with carefully
sized gates (shown in Figure 111.12) was used. Starting fieensecond stage, we can use
either static or dynamic D flip-flops. In our PLL, we used dymam flip-flops for the

second and higher stages as well.
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Fig. l11.12. Dynamic D Flip-Flop Circuit Used in the Divider

34



35

CHAPTER IV

EXPERIMENTS
We implemented the PLL described in this thesis, using a 9B8HVI3 PTM [18] process
technology. The power supply voltage was 1.2V, and all satiohs were conducted in

HSPICE [17].

IV-A. Oscillator Design

The inner and outer wiring rings of the oscillator consishef 30 wires each. All the 60
wires were implemented on METALS8, and the total length ofrthg was 150Qum. Each of
the 60 wires were im wide, with an inter-wire spacing ofdm. In all the results presented
in this thesis, we ensured that at least 80% of the ring (eéXoeghe region near the virtual
ground point) could be used to recover a rail-to-rail closkg a clock recovery circuit. All
large MOSFETSs were implemented using multifagyerswhich shared diffusions, thereby
reducing the parasitic capacitances in our design.

The 16 coarse configurations that we used are shown in TaldleNéte that for each
configuration, we report the 30 valuesvof Note that thev; value is the leftmost bit of any
row of Table IV.1. Also, the 6 highest order bits are alwaysozand their corresponding
NMOS devices are omitted from the circuit (see Figure Il Similarly the 9 lower order
bits of w are always 1, and their corresponding NMOS devices are atstienl from the
circuit of Figure I11.3. These 9 outermost wires are stdljozonnected to the cross-coupled
inverter pair.

We next swept the size of the cross-coupled inverters in BEPWe observed that
for larger inverter sizes, the inverters’ diffusion andegatpacitance resulted in slower
oscillations. For smaller inverter sizes, we found thatadbof our coarse configurations

could sustain oscillations in the ring. Sometimes, even sfraller inverter size could
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Table IV.1. Coarse Configurations Used in Our Experiments

Index w value

1 111111111111111111111111000000
2 111111111111111111111110000000
3 111111111111111111111100000000
4 111111111111111111111000000000
5 111111111111111111110000000000
6

7

8

9

111111111111111111100000000000
111111111111111111000000000000
111111111111111110000000000000
111111111111111100000000000000
10 111111111111111000000000000000
11 111111111111110000000000000000
12 111111111111100000000000000000
13 111111111111000000000000000000
14 111111111110000000000000000000
15 111111111100000000000000000000
16 111111111000000000000000000000

sustain the oscillation, it allowed a rail-to-rail clocklte recovered from less than 80% of
the ring. We eliminated these inverter sizes from consta@raince they did not meet the
80% recovery requirement. We found that the optimal widtthefcross-coupled inverters
was 16Qm (66um) for the PMOS (NMOS) device. This allowed all configurasaio
sustain oscillation, and also passed the 80% recoveryregant.

To size the NMOS passgates of Figure 111.3, we conducted &5RlWweep starting
with a minimum sized passgate. As we increased the passgatene found that more
configurations were able to sustain oscillation. For an NM@Ssgate of size P, oscil-
lations were sustained by every configuration of Table NIso, the 80% recovery rule
was met in each case.

We have simulated the oscillator in HSPICE [17], with skifeet adjusted wiring
parasitics extracted using Raphael [19]. We demonstratetir oscillator provides a con-
tinuous frequency response fron® GHz to~9 GHz, with a center frequency of 7.5 GHz.
Figure 1V.1 illustrates the set of frequencies achievableobr coarse tuning approach.
Note that the resulting range of frequencies achievableiie ¢arge and substantially lin-

ear. Figure IV.2 illustrates the continuous frequency eaaghievable for one of the fine
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configurations.
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Fig. IV.1. Frequencies Achieved through Coarse Tuning

The power consumption of our oscillator i€25mW. This power varies between
configurations, but the range of power consumption valusgest between 23.5mW and
25.5mW. As expected, more power was typically consumedgdenifrequencies.

The two rings of our oscillator sustain a sinusoidal osttdla To recover a rail-to-rail
clock from any point on the ring, a clock recovery circuit@am in block diagram form in
Figure 11.3 a) is required. This circuit is essentially afeliéntial amplifier with a buffered
output. The schematic view of our clock recovery circuithewn in Figure IV.3. A plot
of several recovered signals from around the ring is shovigare IV.4. From this figure,
the rising skew is 3.44ps, while the falling skew is 3.99j8 & clock of period 142ps).

An important parameter that determines the charactesistian oscillator is its quality

factor (Q factor). The Q factor is a dimensionless quantit tdetermines how under-
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Fig. IV.2. Frequency Range Achieved through Fine Tuningafétarticular Coarse Config-
uration

damped an oscillator is. High Q and low Q oscillators havé thwen advantages. High Q
oscillators oscillate with a smaller frequency range, aadehvery high amplitudes at the
resonant frequency. Such an oscillator would do a betteofdittering out noise signals.
For a network of coupled oscillators, the locking range igéafor oscillators with low Q.
The Q factor of our oscillator is measured using the follayvyorocedure. First, the
cross-coupled inverter pair (which provides negativestasice) is disconnected, and re-
placed by its equivalent average capacitance (the avei@ggcitcance when the bulk is
connected to 1.8V was used for this purpose). Then an AC musignal of differen-
tial amplitude equal to 1 ampere across the terminals isexgpplhere the cross-coupled
inverter pair was connected. After that, the voltage ddfee across these terminals is
measured. We plot this voltage as a function of frequencywddous coarse ranges, in the

Figures IV.5, IV.6, and V.7 (for coarse range 1, 7 and 15 eefipely). It can be observed
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Fig. IV.3. Clock Recovery Circuit

from the plots that voltage makes a peak at the center asegl&equency. The value of
Q can be computed by measuring the center frequangygnd the 3dB bandwidth (BW)
from each plot, computing Q @o/BW. Figure 1V.8 shows the values of Q for the different
coarse ranges of our oscillator. The value of Q lies in thgeaof 3.4 - 6.4 for all our os-
cillator configurations. Hence, it can be concluded fronséhplots that our oscillator has
a modest Q, with a good locking range and hence is a good ctediddesigning coupled
oscillator networks.

The cross-coupled inverter pair in our oscillator providegative resistance which
compensates for the resistive losses in the ring. An arsabfsihe negative resistance is
shown below. The Figure IV.9 shows the AC equivalent cirofid NMOS cross-coupled

pair. From this equivalent circuit, the input impedance lbarlerived to be

2

Om — ZystZgs
M~ ZyeZys

Zin=— (4.1)
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Fig. IV.4. Overlay of Recovered Waveforms

Similarly the corresponding equation for input impedanicdde PMOS cross-coupled
pair can be determined. Therefore, the total input impeelafthe cross-coupled inverters
is a parallel combination of the input impedances of NMOS BMIOS cross-coupled
pairs. Based on the size of NMOS and PMOS transistors usedth@nDC bias at the
inputs (which is set to 0.6V), the 3dB bandwidth of the inpupedance and its magnitude
at low frequencies can be determined using Equation 4.1.vahe of bandwidth comes
out to be 41 GHz and the magnitude of impedance at low freqegns about 19.82.
These values agree with the simulated waveform shown inr&iyu10

Hence, from the above observation it can be concluded teattactor is completely



41

15G Wy eview 12 0G

36lb

32db

28db

dB20)

=

24¢lb

volt

20¢lb

16¢lb

12¢lb

Bd%l/

41
o

Fig. IV.5. Voltage vs Frequency Plot in Coarse Range 1

dependent on the impedance of the ring which makes a peakadriter frequency, while
the impedance of cross-coupled inverters is almost constdahe frequency range of in-

terest.

IV-B. Loop Filter Parameters

The PLL designed consists of coarse and fine tuning circtitte fine tuning circuit is a
conventional third order PLL design. The main parameteas dietermine the stability of

the system ar®;, C; andC, which are the components of the loop filter as shown in the
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Figure Ill.11. These values have to be chosen with care ierdodensure that the system is
stable. The set of design equations [21] that can be arrivéd enaintaining a particular

phase margin to ensure stability are as follows

PM = atan(v'b+ 1) — atan( \/%) (4.2)

where

b=C/Cy (4.3)
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let
_ vb+1
We = RC (4.4)
then
I
_ _p@ b 1 (4.5)

YT 2nN Vbt 1aR
In the above set of equations, is the loop bandwidthkg is the VCO gain], is the

charge pump current, and N is the factor by which the outmaikcbf resonant oscillator is



44

divided. We choosex. = 5 MHz, which is one-tenth of the reference crystal freqyeand
the phase margin (PM) was chosen to bé.60he value ofKg was calculated for all the
coarse ranges. The value I§§ varies from 125 MHz/V to 375 MHz/V across the coarse
configurations. The highest of all these values was usedarabove set of equations.
These equations have four degrees of freedamCy, C; andl,. Choosing one of the
values allows us to calculate the remaining. In our case wselhe value ofp, to be

1 mA, and the values dR;, C; andC; turned out to be 9248, 16.067 pF and 1.24 pF
respectively.

Figure V.11 shows the control voltage waveform in the ceaenge 15. The lock
time from boot within this coarse range (based on the comutihge profile) shown in
Figure V.11 is 2us for the given reference crystal frequency (50 MHz). Nog the time
to switch between adjacent coarse ranges is 1280 VCO cysabesn operating frequency
of 7.5 GHz the clock period is 0.13 ns. Hence the average trswitch between adjacent
coarse ranges is 0.18. Hence the lock time is dominated by lock time of the finergni
circuit unlike the hybrid PLLs of [4, 3, 20]. We also verifiedat our PLL was able to
correctly lock to the reference frequency when this regliseveral coarse ranges to be
traversed in order to lock.

The total power dissipated in the PLL at lock was found to b& 28W and the jitter

observed was 2.56%.
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CHAPTER V

DISCUSSIONS

V-A. Longer Standing Wave Resonant Oscillators

The area covered by the standing wave resonant oscillagoribed in the previous sections
is very small compared to the area of a typical digital IC. erthere is a requirement to
increase the size of the oscillator ring to cover a largea afethe chip. This cannot be
achieved by simply increasing the length of the ring, sire frequency of oscillation
of the ring decreases (due to increase in its parasitic dapae and inductance). In this
discussion, we propose a way by which the length of the rimgkmincreased without
reducing its frequency of oscillation.

Longer rings which cover a greater area on the chip while wotgromising the
frequency of oscillation can be built by connecting the $rarssion lines and the cross-
coupled inverters in the configuration shown in the Figude Yigure V.1 shows a two wire
standing wave resonant oscillator consisting of threessoosipled inverter pairs, placed
at an equal distance from each other. The distance L betwess-coupled inverter pairs
in the longer ring shown in Figure V.1 is equal the length & #tanding wave oscillator
with one cross coupled pair of inverters. Hence, the lenfthe ring in Figure V.1 is
three times that of an oscillator with one cross coupled ghiinverters but it oscillates at
the same frequency. The rings are bootstrapped with a PM@8edas shown in the Fig-
ure V.1 to provide the initial condition to the ring for thessgm to oscillate. In this manner,
the ring in Figure V.1 covers/3 times the chip area as compared with a ring with just one
inverter pair in a similar manner, rings with 5,7,9... ineerpairs can be constructed to
cover a larger chip area.

Figures V.2, V.3, and V.4 show the waveforms at various goahbng the oscillator
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rings with three, five and seven times the length of the rinthh whe cross coupled pair
of inverters. It can be seen that the frequency of oscilet@mains constant even with an
increase in the total length of the ring. All the simulatiovexe performed using M8 wires,
and the distance between the inverter pairs, width and pit¢the wires considered was
1900um, 20um and 40um respectively. The widths of PMOS and NMOS transistors used

in the inverters were 30@m and 125um respectively.

V-B. Virtual Ground Options

As we discussed in the previous sections there is a AC nufitgeirtual ground) at the
center of the ring (half way along the length of the ring frame tross coupled inverter
pair) in a standing wave resonant oscillator. The phasdseoignals on the right and the
left of the null point are 180apart. In the case of the oscillator that we have implemented

(with 60 wires) there are three ways by which the virtual zsvmts of all the wires can be
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connected.

e All the 60 wires are shorted at their virtual ground locat{ased in the PLL imple-

mentation discussed in previous sections).

e Wires are not shorted at virtual ground location, and thesvihat are not oscillating

as part of the system are left floating.

e Only the wires that are not oscillating as part of the systemshorted, and connected

to Vpp/2.

The frequency of the standing wave resonant oscillator émheof the above three
options has been plotted in Figure V.5 for all the 16 coars#igorations considered in
our design. It can be observed from the plot that the frequehoscillation of the ring
changes slightly, based on the virtual ground option udezhr also be seen that the range
of frequencies covered by the virtual ground option withtladl wires shorted provides the

maximum oscillator frequency range, and hence we usedrtlusri design.
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CHAPTER VI

CONCLUSIONS AND FUTURE DIRECTIONS
In this thesis, we presented a PLL design, based on a standing oscillator, for use in
generating the clock signal of a digital IC. The resonarg riiimplemented with a plurality
of wires connected in a mobius configuration. The osciltafrequency is modulated by
coarse and fine tuning. Our oscillator was implemented taigeoca continuous frequency
response from-6 GHz to~9 GHz The length of the ring considered was 1%00. Par-
asitic RLC extractions were performed for the wiring, wikinseffect accounted for. The
PLL with the standing wave resonant oscillator incorpatat@s validated, using a 90nm
process technology. The total power dissipated in the PUbck is about 28.5 mW, of
which the oscillator alone dissipates 25 mW, and the jitteyeoved at lock is 2.56%.

The area covered by a single ring with one cross coupled panverters is much
smaller compared to chip size. Therefore a possible futueetibn is to investigate solu-
tions to distribute clock in a phase locked fashion over wadea on the chip using standing
wave resonant oscillators. There are two possible ways lghithe oscillator can be made
to cover a larger area - a) make rings longer and use more coogged inverters as dis-
cussed in Chapter V, or b) couple the rings by shorting theraabus points. For such
an oscillator to be useful for synchronous digital desighas to be integrated into a PLL.
Hence the next main challenge would be to investigate teciasi to integrate the bigger
oscillator in a PLL. Supplying the analog control voltageatbthe cross coupled invert-
ers, and controlling the course configuration circuitry a€le of rings in such a coupled

oscillator are the key issues to be investigated.
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