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ABSTRACT

Power consumption of CMOS digital logic designs hageased rapidly for the last several
years. It has become an important issue, not onlyaitery-powered applications, but also in
high-performance digital designs because of packpgnhd cooling requirements. At multi-GHz
clock rates in use today, charging and dischar@hPS gates and wires, especially in clocks
with their relatively large capacitances, leadsigmificant power consumption. Recovering and
recycling the stored charge or energy about tambewhen these nodes are discharged to ground
is a potentially good strategy that must be expldie@ use in future energy-efficient design
methodologies.

This dissertation investigates number ofmovel clock energy recycling techniquies
improve the overall power dissipation of high-peni@ance logic circuits. If efficient recycling
energy of the clock network can be demonstratedhight be used in many high-performance
chip designs, to lower power and save energy.

A number of chip prototypes were designed and coostd to demonstrate that this
energy can be successfully recycled or recovereliffierent ways:

* Recycling clock network energy by supplying a seapnDC-DC power convertethe
output of this power converter can be used to suppbther region of the chip, thereby
avoiding the need to draw additional energy frora grimary supply. One test chip
demonstrates energy in the final clock load camelogcled, while another demonstrates
that clock distribution energy can be recycled.

» Recovering clock network energy and returning itkb#o the power grideach clock
cycle, a portion of the energy just drawn from siply is transferred back at the end of
the cycle, effectively reducing the power consuommptf the clock network.

The recycling methods described in this thesisadte to preserve the more ideal square clock
shape which has been a limitation of previous worthis area. Overall, the results provided in
this thesis demonstrate that energy recycling ig peomising and must be pursued in a number
of other areas of the chip in order to obtain agrgy-efficient design.
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1 INTRODUCTION

1.1 Main Motivation

Power consumption of digital logic has increaseaidig for the last several years. It has become
an important issue, not only in battery-poweredliappons, but also in high-performance digital
designs because of packaging and cooling requiresmAs current manufacturing reaches the
nanometer range, clock switching frequency hasess®d dramatically. This further increases
the dynamic power loss of those designs becausfeeatontinuous charging and discharging of
capacitance that characterizes CMOS logic behavior.

In high-performance chip designs, the clock itsmhsumes a significant amount of
power. For example, the clock network in IBM’'s PORMEprocessor can operate above 5GHz
and consumes 22% (roughly 22W) of the total powsr i@ second only to leakage power [1].
As another example, the Intel Itanium 2 micropreoeslock, with adaptive frequency changes
around 2GHz, consumes 25% (roughly 25W) of thd fmaaver [2]. In an older 1GHz Itanium 2
microprocessor, the clock consumes 33% (roughly YA@Whe total power [3]. Clearly, it is very
important to reduce clock power consumption as nascpossible.

A typical buffered clock network consists of a alead H-tree distribution network
terminated by a chain of inverter drivers. The fidavers are sized large enough to drive
hundreds to thousands of latches and very longswWik To reduce skew, groups of these final

drivers can be shorted by a mesh, effectively pcodua larger driver and clock capacitance.



Charging and discharging large clock capacitancthisf nature is the main cause of the high
power consumption.

There have been a few methods of clock energy testupreviously reported in the
literature, such as gated clocks, low-swing signd@ible-edge triggered flip-flops, adiabatic
switching, and resonant clocking. Clock gating, ahhis the most common method, is done by
masking the clock input to a sub-circuit with arpegpriate signal to cut-down its activity and
thus power [5] [6]. One drawback is the high legtldesign effort needed to ensure that there
are no potential timing problems in the circuit &#ese of clock gating. Another disadvantage is
the resulting explosion of different clock gatirgtes that makes the circuits difficult to verify
and test.

Low-swing signaling and double-edge triggered flgps utilize complex circuitry and
are sometimes employed in high-performance deslgns:-swing is used in the distribution of
the clock but not the final drivers [7]. Double-edgiggered flip-flops are sometimes employed
in ASICs [8], which often operate below 1GHz, bt in custom microprocessors operating
over 1GHz.

Adiabatic switching is done by slow charging anslctiarging of the clock [9], but it is
too slow to be employed for high-performance cisuiResonant clocking is a promising
technique for high-speed clocks. It operates byaiagy the clock energy using another charge
reservoir [10] or by exchanging the charge betwlead capacitances of two differential clock
networks [11]. In both methods, because of thenatiog nature of the circuits, a sinusoidal
clock waveform is generated. This type of clock afavm is problematic because sharp edges
are needed to define precise timing points. Althopgmising, resonant techniques are not yet

practical enough for most applications.



1.2 Research Challenges and Objectives

The main objective of this dissertation is to irtigeste methods of recycling or recovering
charge in the clock netwotky using fully integrated power conversion teclueig| in a system-
on-chip. It takes an extremely large amount of gnéo operate a high frequency clock in high-
performance designs. In each cycle, the energgdatorthe clock is wasted by discharging it to
ground. One way of recovering energy is to re-deph® charge elsewhere in the circuit as a
second voltage source. Such re-deployment is caliedgy recyclingn this thesis, and it can be
used to enable further energy-reducing stratediesther way of recovering the energy is to
return it to the original power grid, a concepti@dkenergy recoveryThe goals of this thesis are
to:

» apply energy recycling and energy recovery techesqto energy stored in clocked

capacitances,
» design switching converters that operate at a lggly frequency so passive components
are small enough to fit on-chip, and

» demonstrate the proposed solutions through chigpctatiion and testing.
In this dissertation, novel voltage converter diicare introduced to recycle energy stored in the
clock network on every cycle. As shown in Figlré4, these converters operate by taking their
input energy from the clock network and producingsaful DC energy source. By running at a
high clock frequency of roughly 3GHz, the size @ispive components for a low-pass filter
needed by the switch-mode power supply are gremfjuced and this enables on-chip
integration. However, operating at a high switchiregjuency results in high switching losses in
power converter. These losses are reduced by emgplozero voltage switching (ZVS)
techniques and by directly integrating clock-tremats with converter power-transistor drivers.

Also, using low-swing signaling helps in reducinghdmic losses in the gate driver.
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Figurel.l. Recycling clock energy with a DC-DC convefsgproximate model)

Although the main goal of this thesis is to redeoergy by recovering stored energy in
the clock, many energy-saving techniques rely upaving voltages other than the primafiy
supply available on-chip. For example, since dymapawer is a quadratic function of voltage,
circuitry that is not performance-critical can ogterat a lower supply voltage to save significant
energy. Also, adaptive body biasing can use newagelsources to dynamically adjust transistor
threshold voltages between high-performance andplower modes. Generating these voltages
with an on-chip power converter rather than brigginem in from outside can simplify chip and
board design and reduce costs.

Since the extra regulated voltage may not alwaysd®ted, a more practical solution
would recycle energy in a way that more directlguges power consumption of the clock
network. Figurel.2 shows one way this can be done using an indtctoecover energy from
Cuk. Here, rather than providing a second voltage lsupipe energy is returned back to the on-
chip power-supply grid through a circuit configuoat resembling a DC-DC boost converter. To

achieve a nearly square clock waveform, the enisrgiansferred in a non-resonant way.

VARVR A

L e
Clock |\>c f ’\ Vei

L

Cclk
4 Clock Driver L 1

Figurel.2. Reducing clock power consumption with an irniduc
4



This thesis investigates recycling and recovergtsgies to reduce the effective clock
power consumption. Here, the main challenge commas the necessity of being limited to on-
chip CMOS power transistors and passive compon@ttser challenges to overcome to make
these methods feasible are:

* minimizing the impact of using charge-recycling heets and driver integration on
internal signals of the original system,

* reducing the increased dynamic losses that resmfh the high switching frequency
needed to shrink the passive components,

» avoiding complex circuit solutions as they are jgrem malfunction, have higher chance
of failure, and can easily introduce more energgds than they save,

» avoiding technology-dependent solutions that maytmovalid for future generations of
finer feature size CMOS technologies, and

* coping with inaccuracy of models and simulationulssat very high frequencies with

very large current densities.

1.3 Research Contributions

Overall, this dissertation presents several “firgisthe field of on-chip power supplies
and clock distribution. It is the first work to cgider recycling or returning energy stored in the
clock distribution network back to the power supphstem. The work also includes switch-
mode DC-DC converters with the smallest area atrir, and the highest operating frequency
at 3+ GHz reported to date. Furthermore, it reprissthe first work to employ ZVS at such high
operating frequencies.

To enable successful on-chip integration, the failhg techniques have been applied:



A high switching frequency of 3GHz was used to eedthe size of the converter passive
components, so they could be moved on-chip.

Converter switching drivers were integrated withocgttree drivers, to improve
efficiency of the voltage converter by reducing pmever needed to drive the converter at
such high frequencies.

Zero-voltage switching was employed in the clockwaoek to recycle its energy by
redeploying it through the power converter.

Creation of a novel delay circuit to provide theei delay needed to implement ZVS at

such a high switching frequency.

Also, this dissertation introduces “reduce, reusd eecycle” as a complete energy savings

strategy using an on-chip buck converter circuiblmgxample. While the previous contributions

focused on recycling energy at the final outpuaiafiock driver circuit, this method focuses on

the energy used to operate the “front end” of aveder circuit which can also be applied to

clock networks. The following additional contribaris were made:

Low-swing signaling is used to reduce energy in tlent-end drive chain (energy
reduction).

Supply stacking of two separate front-end drivehthallows the charge used by the
PMOS drive chain to be re-used by the NMOS drivartiienergy reuse).

Surplus charge from the PMOS drive chain is seihédoad by the switching converter

(energy recycling).

Although the first two concepts have been implemeértefore (low-swing signaling and supply

stacking), this thesis demonstrates how they amré @glaan overall strategy encompassing

reducing, reusing, and recycling energy. Howeves,third concept of energy recycling is a new

contribution.



This dissertation also presents a novel clock drcweuit that returns energy back to the
power supply grid with the help of a charged inductThe circuit configuration is based on the
boost converter topology. This method differs framevious contributions by improving the
power consumption of a clock tree itself insteagfducing an auxiliary voltage supply. The
following additional contributions were made:

» The gating delay circuit also provides ZVS delaydifor turning on the final PMOS
driver.

» Compared to clock resonant schemes, the clock wawet kept nearly square.

» The clock duty cycle is fixed to avoid concernglofck jitter and timing uncertainty.

» This method is simpler than the other circuits pnésd here. Modification to the original
clock driver is done by adding only one inductod @awo transistors; the other methods

require a large filter capacitor.

1.4 Thesis Outline

The remainder of this dissertation is organizedoflews. Chapter2 provides background on
discrete and integrated DC-DC switching power covs, including an explanation of typical
switch-mode power converter topologies. It alsocdbss some of the previous work that has
been done in the area of on-chip converters anld pégformance clocking. Chapt8rpresents
the charge-recycling architectures using buck cdevéopology. Chaptet explores alternative
converter topologies, namely boost and buck-boestgiis. Chapteb presents the low-power

clock driver design. Lastly, Chaptémprovides a final summary and discusses futur&wor



2 BACKGROUND

Discrete switch-mode power converters [12] are fapas they are very efficient regulator
circuits. The use of switch-mode DC-to-DC power\aters has increased in recent years as
more electronic devices, such as laptop computaiiscall phones, are powered from batteries.
By powering the electronic circuits through a DC-D@hverter, they receive a regulated voltage
as the battery voltage drops. DC-DC converters alan adjust the voltage level needed to
supply different sub-circuits of a system as thay provide higher or lower voltage levels than
the battery voltage or even a negative voltageedded.

A key quality metric for power converters is thengersion efficiency. Typical
efficiencies are 50 - 70% for the lower end, and 8%% for the higher end. Other key quality
metrics are the output voltage regulation and thgwt voltage ripple which is usually kept
below 5% peak-to-peak.

In a discrete switch-mode converter, efficiencyc@mpromised due to the parasitic
elements of the circuit. Integrating the convewtéhin a system-on-chip diminishes the problem
by reducing the stray components. Therefore, a eumb efforts are underway to move the
power converter on-chip [13] [14] [15]. This alsoutd lower the number of required power pins
and improve the quality of voltage regulation adl.we

The rest of this chapter provides background oworeie and integrated DC-DC power
converters including a brief explanation of theibaspologies and a detailed survey of the
previously published on-chip power converters. I#oadescribes some of the previous work
which has been done in the area of high-performaloaking.
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2.1 Discrete Switching Power Converters

2.1.1 Basic Switching Converters

Switch-mode converters consist of an inductor tpatiodically is connected in different
configurations. Usually the input of these convertis an unregulated DC voltage, such as a
rectified AC voltage or a battery. By adjusting tlagio of time spent in each configuratiom,,

the duty cycle, the output voltage can be estabtiséind regulated. Switching frequency itself
does not have an effect on the output voltage.

Switch-mode converters are more efficient thandineonverters, in the range of 80% to
95% for a discrete design. As switches are eitb#y tlosed or fully open, the voltage drop
happens only across the inductor, which ideallg r®-loss component. That is, voltage drop is
due to energy stored, but not dissipated, in tHadtor. The higher efficiency of these converters
has made them attractive for all types of applareti For example, using these converters can
increase battery life in a portable device. As ¢hare switches in the circuit that are closed and
opened, harmonics are present in the system tleak toebe dealt with by employing a suitable
filter.

There are two basic DC-DC converter topologies taat generate output voltages that
are lower or higher than the input voltage. A thsmhple configuration can be derived from the
two basic ones to generate a negative output vwhdth a magnitude that is either greater than
or less than the input voltage magnitude [12].

One of the basic switching conversion topologieshis step-down or buck converter,
shown in Figure2.1(a). Basically, its operation can be describedweeraging a PWM square
wave signal by passing it through a low-pass filldre average or DC value 3xVpp which
implies that the output voltage is a function of thagnitude\(pp) and also the duty cycl®}

of the square waveform. The operation of the bumkverter is fairly simple as there are only
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two operational states. In the first state, theigwis closed, diode is reverse-biased and current

builds up in the inductor. In the second state,séch is opened. Current in the inductor can

not change instantly, so the current finds its wWagugh the diode and the energy is transferred

from the inductor to the load. The ideal DC gairadfuck converter iB.

S L
/ YN
—>

—u ZS D = Ce

£

(a) Buck configuration

2

Le D
T IYYN N
> L1
+
e \ S = Cr
(b) Boost configuration
S D
/ 1
+ N

£n

(c) Buck-boost configuration

Figure2.1. Basic switching converter topologies

Another basic DC-DC conversion topology is the sipp or boost converter.

Components used are similar to the buck convertecdnnected in a different configuration as

shown in Figure.1(b). Similarly, there are two operational stataghe first state, the switch is

closed, current builds up in the inductor and disdeverse-biased, isolating the output stage. In
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the second state, the switch is opened. Curretiidnnductor can not change instantly, so the
current finds its way through the diode. The induatoltage will be in series with the source
voltage, so the output capacitor receives a voltageis higher than the supply voltage. The load
receives energy from the input source as well asrttluctor. Therefore, the ideal DC gain of a
boost converter is 1/(2 D).

The buck-boost topology also uses the same comporeenthe buck converter but
connected in yet another configuration, as shownFigure 2.1(c). Again, there are two
operational states. In the first state, the swisctlosed, so current builds up in the inductor and
the diode is reverse-biased isolating the outmgestin the second state, the switch is opened.
Current in the inductor can not change instantlytre current finds its way through the diode.
The inductor will be in parallel with the outputdathe energy is transferred from the inductor to

the load. Hence the ideal DC gain of a buck-boosverter is- D/(1 — D).

2.1.2 Zero Voltage Switching

In advanced switch-mode power converters, zeraageltswitching (ZVS) operation is used to
manage dynamic power losses in the power transi§i®]. The basic idea of ZVS is that these
power transistors are turned on when the voltagesadheir terminals is zero, which results in
no power loss during switching. Consider the circliagram of a synchronous buck converter
shown in Figure2.2(a). S acts as the switch to connect to the supply &nalcts as the diode
from Figure2.1(a).Cx includes all capacitances at nodg. When$; is on,Vi,, = Vpp and the
current in the inductor is increasing. is turned off in accordance with the required @ter
output voltage, in other words, the duty cyclehsd gating signals; is kept off and the inductor
current moves the charge storeddnto Cr and, as a resul}j,, decreases. Whe¥y,, = 0,S is

turned on to achieve ZVS f&. Noticing thatS, is off and no supply voltage is connected to the

11



circuit, inductor current decreases and by desgchies to some negative value. At this tife,
is turned off and the negative inductor currentrghaCy. Vi, is increased and whéfy,, = Vpp,

S, is turned on to achieve ZVS f&y.

81/ Vinv + NLYFY\ Vout

p— \ 32 = Cx = CF § RL

(a) Synchronous buck configuration
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(b) Idealized timing diagram
Figure2.2. ZVS operation in a synchronous buck converter
In Figure2.2, the value o€, affects the rise and fall times ¥f,, as a larger capacitor
will slow down the transitions of the nod&,. The output voltage has a ripple due to the

switching action. The percentage ripple in the atutpltage is usually specified to be less than,
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for example, 5% peak-to-peak. Therefore, as adirder of approximation, it is valid to assume

thatVot is constant.

2.2 CMOS Inverter Driver Circuit

CMOS transistors used as switches in the conveftéfigure 2.2 are big compared to other
transistors used in digital logic. The gate inpaftshese transistors have significant capacitance.
To achieve rapid turn-on and turn-off transitioagapered driver, which is a chain of inverters
whose size successively grows by the tapering fagts used to drive those big transistors.
Figure2.3 shows such a driver chain with n stages. Toease the overall efficiency of a power

converter, the driver circuit should be designethsd the power consumption in the driver chain

iS minimized.
Size 1 Br Br? pr™’
Stage: 0 1 2 n-1

Figure2.3. A CMOS inverter driver with tapering factor
As described in [17], two parametgfgndr characterize the inverter chajis the ratio
of PMOS to NMOS transistor sizes in an inverterd ans the ratio of the transistor sizes in
consecutive inverter stages.
A common practice is to widen PMOS transistors Isat in an inverter stage, the
resistances of PMOS and NMOS transistors are matdi€]. This typically requires
[=2.5~3.5. As a result, high-to-low and low-to-highopagation delays are equalized. In

addition, the rise/fall times of inputs and outpotghe inverters are equalized, which minimizes
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the short circuit dissipation. As such, most podssipation in an inverter driver is associated
with the dynamic power, and only a minor fractie1@%) is due to short-circuit currents.
Increasing is also a key to reducing power consumed by thetfend inverter chain. In
this work, to keep the design simple without vagyitoo many variables, a value of 4
corresponding to fan out of four is chosen foritheerter chain. Using fan-out of four (FO4) is a

common practice that minimizes propagation delaypainverter chain [17].

2.3 Integrated Switching Power Converters

To be able to implement switch-mode DC-DC powervesters on chip, the power switches of
the converter are replaced by CMOS transistorsaiexample, comparing the circuit diagram
of the buck converter in Figuz1(a) with the CMOS inverter in Figug4 reveals a similarity
which leads to use of a CMOS inverter as powerch&s of a buck converter.

A

-
V LF Vout
gate {>c {>C DW — 9 — M

TadiRtN
—» 1

Figure2.4. A CMOS inverter chain driving a CMOS buck certer

The CMOS transistors in the converter of Figard are playing the role of power
transistors, so they need to be big to pass higremis. Big transistors have small on-state

resistance resulting in a reduced static power. [Ossthe other hand, this will increase the stray
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capacitances of the transistors and dynamic povgsrik increased which needs to be addressed.
A bigger transistor will need a bigger gate drigecuit as well.

Integrated power converters usually work at highwsitching frequencies to shrink the
size of the passive components. Therefore, to eedoe amount of heat generated, higher
efficiency values are much preferred and, as simplementation of ZVS operation is very
important. To do this, separate gating signalsnaexded for each transistor as shown in Figure
2.5.

JAN

Vgate1
4{ M,
Vinv LF VOUf
..T/YV‘Y\ .
— +
v Cx AE Cr
gate2
w, T00 T

Figure2.5. ZVS operation in a CMOS synchronous buck cdeve

Here, afteM, is turned off M, is kept off until the inductor current discharggsto zero
and therM, is turned on, achieving ZVS fod,. Similarly, afterM, is turned off M, is kept off
until the negative inductor current char@ggo Vpp and therM,, is turned on, achieving ZVS for
Mp.

For integrated power converter designs, to savehim-area, smaller inductor and
capacitor values are preferred. Graphs illustrativegrequired inductor and capacitor values for
different currents and switching frequencies aneeigiin Appendix A. Choosing a mid-level
output current will give a good compromise betwawtuctor and capacitor values while higher

switching frequencies will reduce both.
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2.4 Literature Survey

Discrete power converters have been around for ngaags and, as such, they have been studied
in detail in many publications. While the earliapers, such as [18] and [19], had focused on
design optimization, more recent papers have fataseusing advanced control methods that
could be employed using digital signal process8}s [

As on-chip power converters are becoming popularious approaches to integrating
them on-chip have been reported in the latesialtiee. Some have tried to implement discrete
design techniques such as using a multi-phasegroation to improve the quality of the output
voltage while others have tried to implement inédgd design techniques such as using low-
swing transistors to reduce the consumption ofctieverter itself. Those designs are discussed

briefly in the following sections.

2.4.1 Switching Power Converters

Physical constraints push on-chip integrated poe@mverters to use small inductors and
capacitors. Recent work has focused on reducingii@eof these components while maintaining
high efficiency. In [20], an analytical solution derived for the optimal DC-DC converter
design, linking power efficiency directly to CMOSohft-end parameters and inductor
technology.

In recent years, many integrated power convertave fbeen reported, mostly switching
at a few megahertz frequency and with off-chip p@ssomponents. A converter switching at
480MHz [14] operates at one of the highest repoftequencies. It contains four single-phase
modules that operate as stand-alone convertersegrtVe synchronization signals from a block
synchronizer as shown in Figu&6. In a multiphase topology, the switching tinwdsthe
inductors are staggered to cancel out the outplihg® ripple. This design utilizes air-core
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inductors mounted on the package of a 90nm CMOS$. chi 233MHz, power efficiency of
83.2% has been reported with voltage conversioh.2¥ to 0.9V at 0.3A load current and at
480MHz, efficiency of 72% was reported with voltagmversion of 1.8V to 0.9V at 0.5A.

On the other hand, [15] is an example of a fullggnated step-down converter fabricated
in a 0.18um SiGe RF BICMOS process. The conventevigles a programmable 1.5V to 2V
output voltage at a 200mA current rating with atshing frequency of 45MHz. This design,
shown in Figure2.7, utilizes a two-stage interleaved ZVS synchusnouck topology, and has a
maximum efficiency of 65%.

Also, [21] is an example of a fully integrated stgp converter fabricated in a 0.5um
process. The circuit diagram for this design isvghan Figure2.8. The target specifications are
input and output voltages of 5V, a maximum load@or of 200mA, and an average switching

frequency of 75 MHz. The conversion efficiency was reported for this design.

. v
Inductors on PROBE
package —» L . L .
| v Vors Vorz Vs |
ST FE|[ 1| +¢
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| Y 1-phase v 1-phase v 1-phase v 71-phase
vo | B 56856l s58(2 524538 |
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| l l l | Rao
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Figure2.6. Block diagram of a four-phase interleaved DC-&nverter [13]
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Table2.1, partially taken from [13], shows a comparisdrihe previously reported on-
chip converters, some of which have on-chip passidnong fully integrated converters, [21]
has the highest switching frequency of 75MHz anesuasn area of 1.5mm x 1.5mm to fit the
large on-chip passive components. On the other,Hddd has the highest reported switching
frequency of 480MHz and uses on-package inductbtater appeared in [13], switching at a

lower frequency of 233MHz, to boost the efficiency.

Table2.1. Performance comparison of reviewed converters

[22] [23] [24] [14] [13] [21] [25] [15]
Year 2001 2004 2004 2004 2005 2000 2005 2006
0.18um
Technology 0.35um 1.5um 0.18um 90nm 90nm 0.50pum 1.5um SiGe RF
BiCMOS
Switching frequency,
Fo (MH2) 1 2 102 480 233 75 10 45
Input voltage, Vi, (V) 1.2 3.3 1.8 1.8 12~14 5 4 2.8
Output voltage, Vou (V) 0.5 1.7 0.9 0.9 09-~11 5 2 1.8
Output current, lou (A) 0.02 0.07 0.25 0.5 0.3~04 0.2 0.25 0.2
Efficiency, 7 (%) 91 92 88 72 83 ~85 N/A 50 65
Filter inductor, Le 10pH 4.7uH 8.8nH 3.6nH * 6.8nH ** 50nH 1pH 11nH ***
Filter capacitor, Cr 20pF 10pF 3.0nF 2.5nF 2.5nF 650pF 180nF 6nF
Off-chip, Off-chip,
On/off-chip passives off off off on-package | on-package on on on
inductors inductors

* This design uses four inductors, 3.6nH each.
** This design uses four inductors, 6.8nH each.
*** This design uses two inductors, 11nH each.

To reduce the size and footprint of the passivepmmnts, the switching frequency of
the converters needs to be increased. The integrelteck driver/power converter designs
introduced in this dissertation uses GHz-range chwify frequency for full on-chip passive
component integration and a smaller passive commdnetprint. Reduced efficiencies at those
higher frequencies are compensated by employinggeheecycling methods, as described in

detail later in this dissertation.
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2.4.2 Low-Swing Power Converters

To enhance the efficiency characteristics of higdiffiency switching DC-DC converters, [24]
proposes a low-voltage-swing MOSFET gate drivenapie as shown in Figuz9.

It has been reported that an efficiency of 88% atvdching frequency of 102 MHz is
achieved for a voltage conversion from 1.8V to 0Wh a low-swing DC-DC converter based
on a 0.18um CMOS technology. This correspondsptoveer reduction of 27.9% as compared to

a standard full-swing DC-DC converter.

VDDI VDD1 VDD1

Low Voltage Swing

Power PMOS Transistor | | ™Swoo-cccoiccooooo P,

Gate Drivers

vV V, Filter Inductor

ap ap ap
+— 00000 — -
Vﬂ" Vgn Vnn
Q 0
Low Voltage Swing
Power NMOS Transistor | —| ~So----ocoooeeoooo E
Gate Drivers

— T— T— ——

Figure2.9. Low swing DC-DC conversion technique [24]

Another low-swing design presented in [26] utilizesascode bridge circuit as shown in
Figure2.10. The circuit can operate at input voltageh@ighan the maximum voltage that can
be applied directly across the terminals of a MOBHEhas been reported that an efficiency of
79.6% is achieved for 5.4V to 0.9V conversion i0.28um CMOS technology. This DC-DC
converter operates at a switching frequency of 9ZMHile supplying a DC current of 250mA
to the load.

Moreover, [27] combines the low-swing idea with ithY controlling as a power

management solution as shown in Fig@rél. In this scheme, normally the DC-DC converter
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works in pulse width modulation (PWM) mode to aekiehigh-quality regulation as well as
good efficiency. However, in standby mode in whibk load current is very low, pulse width
modulation control leads to low efficiency due tecessive switching loss. To extend the
standby time, pulse frequency modulation is usedliffht-load operation to achieve good
efficiency. This digitally-controlled buck convertés implemented in 0.25um CMOS. The
PWM switching frequency is 1.5MHz. The convertehiages a maximum of 91% efficiency at

200mA output current. Maximum input voltage is 5.&8M the output voltage ranges from 1V to

Voot Vo3 P1 gate drivers
? Voot
Voltage
| Level Shifter [—Lp0— -~~~
o Vb3
‘:ﬁnm \%Dm m o
Voltage
> Level Shifter e 4
@
vD]:M
Voo~V
iz 0 Input

N1 gate drivers

Figure2.10. Cascode bridge circuit [26]
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Figure2.11. Block diagram of a power management on-chip |
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In contrast, using a different methodology, therapph in [28] consists of stacking
CMOS logic domains to operate from a voltage supipat is a multiple of the nominal supply
voltage. DC-DC down conversion is performed usihgrge recycling without the need for
explicit power converters as shown in Fig@d?2. This high-voltage power delivery system
would need start-up devices to avoid device ovesstduring power-on. Also level shifters that
translate logic levels between stacked domainseeded. The approach clearly requires that the
stacked loads have well-balanced charge utilizafiwrhigh efficiency. One context in which
this approach may be more easily applicable is mudti-core microprocessor in which each
core could be designed to operate in a differeatkstd domain. Current utilization in each
domain could be controlled with workload balancitgyel-shifting voltage interfaces would
only have to be present to interface between caresth the chip pads.

2v 2V

T v

g Logic

DD

g Logic
cdecap;q
f e o

Figure2.12. Implicit DC-DC conversion through charge @g [28]

DD

The low-swing buck converter design introducedhis dissertation improves upon this
previous work by introducing “reduce, reuse and/cex’ as a complete energy savings strategy
for an on-chip buck converter circuit. Energy retthut in the front-end drive chain is achieved
by using low-swing signaling at 660MHz. Charge eeissachieved by supply-stacking separate
front-end drive-chains for the output transistékad finally, energy recycling is achieved by

taking surplus charge available from the top fremt¢t drive-chain along with the charge
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available in the clock load capacitance and sentlitggthe load as a regulated supply. Although
the first two concepts have been implemented befbeethird concept of energy recycling is a

new contribution, as described in detail laterhiis dissertation.

2.4.3 Resonant Clock Strategies

A clock signal distribution network in an integrdtecircuit requires a capacitive clock
distribution model. An approach to global clock tdisution presented in [29] augments
traditional tree-driven grids with on-chip inductoiThe large clock capacitance then resonates
with the inductancéspira Shown in Figure2.13. This approach promises to significantly reduc
the power necessary to drive the grid, since the¥ggnof the fundamental resonates back and
forth between electric and magnetic forms rathantbeing dissipated as heat. Consequently, the
clock drivers must only supply the energy neededdvercome losses at the fundamental.
Furthermore, because the effective capacitancleeoflock network is dramatically reduced, the
number of gain stages and the associated lateneyred to drive the clock is reduced as well,

resulting in considerable improvement in skew attelrj

Lspiral c

decap

reduced strength load
clock buffer

Figure2.13. Simple lumped circuit model of the resonadmtic distribution [11]
While the non-resonant power scales linearly wigtgfiency, [29] and [10] report that the
resonant power is fairly constant, with better-t88&3% power savings at the desired resonance

frequency of 1.1GHz. To minimize energy dissipatairthe fundamental, there might be some
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need to tune the grid resonance to the clock frequevith MOS capacitors that can be switched
onto the clock load. Local buffering would not lBsonant and would dissipate the same amount
of power as a non-resonant distribution. Hencej wvasonant clocking there would be a desire to
shift more of the clock load to the resonant giithis approach can scale to higher clock
frequencies for a given clock load by the addittdrmore inductors to the network. Sinusoidal
clocks are, however, generally undesirable becatiséower signal transition times. The slow
transition results in increased skew and jittetheese is no precise moment to define the clock
event.

The concept presented in [29] is improved in [ ]jridroducing a distributed differential
oscillator global clock network. Here, the disttilon is differential with the use of symmetric
inductors placed between the two clock phases,irgiting the need to add large capacitors to
the clock distribution as in the resonant singldeshdistribution of [29].

The low-power clock driver circuit introduced inighthesis differs from resonant
clocking by providing a quasi-square clock wavefavith sharp edges at the frequency of 4GHz
using a circuit configuration that resembles a booenverter. This improves the power

consumption of a clock tree itself.

2.5 Implementation Considerations

The designs introduced here rely on the chargedtor the clock load capacitance. Thus, the
exact location to connect these circuits dependw/loere the clock load capacitance is located,
i.e., it depends on the configuration of clock distribotnetwork.

Clock distribution networks have been studied itadien [4]. They usually form a tree
structure. If the ends of the branches are condecieeach other, a mesh structure is formed

which has the benefit of reduced interconnect tast® within the clock tree. A single buffer
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can be used to drive the entire clock if the cliscilistributed entirely on metal. The buffer needs
to be able to provide enough current to drive toekcnetwork capacitance while keeping the
clock waveform intact.

One of the goals of the clock designers is to miménthe clock skew. One common way
of achieving this is by using a symmetric layoutlswas an H-tree, as shown in Figa.é4.
Therefore, each clock path from the clock sourcedividual clock loads has the same delay,
assuming exact matching of the layout and no peogasgations. The interconnect capacitance in
an H-tree is greater than a standard clock-treglj@0ause total wire length tends to be greater.
Thus, using an H-tree reduces skew while increatiagpower.

In the example of Figur@.14, the last inverter that drives the clock thesk is the
biggest inverter which drives the capacitance ef whole H-tree. Therefore, the last inverter
could be used for the power switches in the intiegralock driver/buck converter, or it could be

where the inductor would be located in the low-powleck driver design.

Figure2.14. A tapered H-tree clock distribution network
Another approach is to distribute buffers throughthe clock network. This method
requires more area but will be necessary if thistasce of the clock interconnects is significant.
In a well-balanced clock distribution network, lmr are the primary source of clock skew [4]

as active device characteristics vary more thasipagievice characteristics. Buffers may also
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be used to drive local loads. In this case, thegirted clock driver/buck converter must be

replicated for each region that has its own logatll buffer.

Another concern is the area overhead when thesgyenecycling designs are utilized in

a real microprocessor environment. To investighte toncern, power consumption of a few

recent microprocessor designs is summarized inelaB| which is partially taken from [3].

Table2.2. Comparison of recent microprocessors

Microprocessor Itanium 2 [3] Pc();v ig:‘e)[s] Mo?;eé:cl)trc;)[Sl] Pc();v ?:E)Segl]
Switching frequency, Fsw (GHz) 1.0 1.3 ~2.0 5+
Overall power consumption (W) 130 125 100 ~100
Chip area (mm®) 421 400 est. 596 341
Clock power share (%) 33 30 25 22

As an example, the clock network in IBM's POWER®g®&ssor consumes 22% of the

overall chip power or about 22W with an overallaagf 341mm. This results in an estimated
clock power consumption of 65mW/mnUsing P = CV4 F,, , in whichP, C, Vpp andFs, are

clock power consumption, clock capacitance, supplyage and clock frequency, respectively,
and assuminy/pp = 1.0V, it can be estimated that the overall cleekacitance of the chip is
4.4nF or in other words 13pF/Mimin the low-power clock driver design, a clock dogate
capacitance of 21pF has been used which corresptndm area of 1.6mmof a high
performance microprocessor. In contrast, the aeded to implement the inductor in that
design is 0.1mR which is much smaller than 1.6rihis trying to recover power from.

In comparison, [10] reports a 90nm CMOS resonamtkthg test-chip withCe = 7.5pF
and four sets dfC passives as shown in Figu#el5. This results in a clock phase and amplitude
that are both uniform across the entire clock netvjbl]. Local buffering would not be resonant

and would dissipate power as a non-resonant nety{&9k Tuning of the grid to the clock
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resonance frequency could be done by switching M@&#&citors onto the clock load, but if the
Q of the resonator is small, resonance can be asthiever a wide frequency band [29].

In Figure2.15, eactCqecapis 20pF and. is 1nH, occupying a chip area of 80pm x 80um
and 90um x 90um, respectively [10]. Since the lg-iteelf does not include any buffers, the
four sets ofLC passives are in parallel which results in an &ffecdecoupling capacitance of
80pF and an effective inductance of 250pH at clesglonance frequency of 3.7GHz. It has been
reported that approximately 20% of the clock poveebeing recycled in the test chip which,
with a redesign, would likely approach the 80% obse in 0.18um test-chips [10].
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1 Local clogk buffer
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Clock sector

buffer chain
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ClocK grid
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Inductor

S
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— R EE— E—

Figure2.15. Components of a resonant clock sector [10]
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3 INTEGRATED BUCK CONVERTERS

In this chapter, an integrated clock driver/buck\eater design and a low-swing buck converter
design are discussed. In the first design, theggnstiored in the clock load capacitance provides
the input power to voltage converters operatinthatclock speed of roughly 3GHz. The second
design, a low-swing buck converter, introduces i reuse and recycle” as a complete energy
savings strategy at 660MHz. Energy reduction inftbet-end drive chain is achieved by using
low-swing signaling (half-rail swings instead oflftail). Charge reuse is achieved by one drive-
chain reusing charge from the other drive-chaind Ainally, energy recycling is achieved by
taking surplus charge available from one drive4chailong with the charge available in the
clock-load-capacitance, and sending it to the &@d regulated supply.

In the designs introduced here, high-speed switchisses are reduced by employing
zero voltage switching and by directly integratitige clock-tree drivers with the converter
power-transistor drivers. Also, the designs areléemented in an open loop, lacking output
voltage regulation, but with the goal of havingslésan 5% ripple oNyt.

The techniques proposed in these designs are vatidiner feature size CMOS

technologies as well.
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3.1 Integrated Clock Driver/Buck Converter

3.1.1 Introduction

This section describes a new method where the gradrthe clock is recovered to supply on-
chip DC-DC converters [32] [33]. This work diffefsom resonant clocking by providing a
guasi-square clock waveform with sharp edges bec#us inductors are not working in a
resonating mode with the clock capacitors. Here, glathe challenge comes from the necessity
of being limited to on-chip CMOS power transistarsd passive components, as the design is
limited to the same technology as the rest of traiit.

Directly integrating a clock driver intended forghiperformance logic with a DC-DC
power converter merges several compatible conc&pesconverter switching losses are merged
into the clock-tree switching losses, the multi-Gfiack frequency reduces the size of converter
passive components so that they can be put on-ahgthe final clock drivers and the DC-DC
converter power transistors are both very widertprove switching time of the clock and reduce
static losses of the converter. Also, these ldaye;impedance transistors need to be driven by a
tapered inverter chain to keep up with the verjhhrgquency. Similarly, the power used by this
chain should be minimized in both cases. But higlhatching frequency increases the dynamic
power loss. To compensate for this loss, two migjeas have been used in this work: charge-
recycling and zero-voltage switching.

Output voltage regulation can be achieved by mdohgahe clock duty cycle, a scheme
compatible with single-edge triggered clocking. Tdomverters’ output voltage can be used to
supply sub-circuits that operate at other voltageels as it is challenging to bring in and
distribute several voltage domains. Since the $witg DC-DC converters are small, several of
them can be deployed in different regions to predadependent, regional power supplies. This

allows several different regulated voltages to bechbip at the same time, all powered from the
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same off-chip primary supply. Many power-savinghtaques such as mixed-voltage islands and
adaptive body biasing (ABB) [34] can utilize thesdditional supply voltages. An on-chip DC-
DC converter can power these schemes without thd fug external pins, external components,
or board design effort. Another advantage of opaanverters is the ability to respond quickly
to dynamic load conditions in many-core processakgy requirement for achieving the savings
promised by dynamic voltage and frequency scalbgHS) [35].

Figure 3.1 shows how integrating the clock driver with thewer converter helps in
increasing the overall efficiency. The integratdédck driver/power converter in Figui@1(a)
receivesP,1. Part ofP,1 is required to operate the clock network. If aidatdd clock driver was
constructed, this power consumption would B@. We useP;,; — P, to operate the power
converter and recycle energy from the clock drivershown in Figur&.1(b), if this power and
circuitry was removed from the integrated desigstaamd alone power converter would still be

needed that providd®,, using just the incremental pow€,, — P, . Recycling the clock power
increases the effective efficiency.

Power Converter Portion

Pin1 Raw Pout Pin1 Pin1_ Pin2 Effective Pout
> Efficiency > > > Efficiency >
A

Integrated Clock Driver '
and Power Converter i Recycled Energy
or (not counted as

Stand-alone Power Converter input power)

P in2
o

Clock Driver Portion

(a) Raw efficiency (b) Effective efficiency

Figure3.1. Efficiency block diagram
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To compare the dual-purpose circuit with traditiooa-chip power converters, a new
concept is introduced afective efficiencyEffective efficiency fer) is defined as the output

power of the converter divided by the incrementaker to operate the converter.

Moy = 55— (3.1)

Effective efficiency captures how efficient a trminal converter would have to be if it
were to supply the same output power using justatidtional input power needed by the dual-

purpose circuit.

3.1.2 Circuit Design

One of the basic switch-mode DC-DC conversion togiels is the step-down or buck converter.
Its operation can be described as averaging asguare signal by passing it through a low-pass
filter as shown in Figur8.2(a). The average or DC valuebigVpp which implies that the output
voltage is a function of the magnitudé,p, and also the duty cycl®, of the square waveform.
A basic integrated clock driver/buck converter gités shown in Figur&.2(b). Here, a chain of
cascaded inverters (not shown) is used as a dower for nodeVe.in. Ceik is the sum of all
transistor and wiring capacitances that are coedetct the clock node.
The idealized timing diagram of the internal signal presented in Figu®2(c), where
D, Tsw and Tgelay represent clock duty cycle, switching periage.( clock period), and ZVS
delay-time, respectively. As shown in Figure 3({bgre are three intervals of operation:
* Interval 1 (time O tdDXTsy) is intended to drive the load and cha@g throughM,.
During this time, the inductor current increasewdirly since the voltage across it is

constant.
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Figure3.2. Integrated clock driver/buck converter

* Interval 2 (timeDxTsy, to DxTswtTqelay IS intended for charge recycling. Therefore, both
Mn andM, are off. The charge that is storeddg is moved to the output circuit through
the inductor, as the inductor current can not Iseugited abruptly. This results in a rapid
drop of Vg which is intended. In this short period of timke tinductor current can be
assumed somewhat constant. It is worth mentiorfiagif there is no delay present, then
at timeDxTs,, Ccx would be discharged to ground throudh wasting the stored energy.

* Interval 3 (timeDxTswt T gelay t0 Tsw) Starts when the voltage acrddsis close to zero. At
this time,M,, is turned on to provide a low-resistance pathtifier inductor current. As

there is no energy supplied to the system and ¢ktage across the inductor is constant,
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inductor current decreases linearly. ZVS operatiocurs wherM,, is turned on while its

source-drain voltage is close to zero, therebyeedudynamic power loss.

Theoretically, in interval 3, when the falling inctaor current crosses zemdl, could be
turned off to allow chargin@. with the negative inductor current. Then, at tegibning of the
next switching cycleM, would be turned on with zero voltage acrossat, ZVS operation for
Mp. In practice, this might increase the output \getaipple, a<Cr should provide the required
charge for the larg€.x. Moreover, the inductor RMS current and thus tbevgr loss in the
inductor resistance would be increased. In thisgdeshe minimum inductor current is set to be
close to zero; therefore, no ZVS operation is im@ated forM,. In practice, due to the process
variation, the inductor current may go slightly atge. However, as the inductor current does
not stop at zero, the converter is considered tegmrating in continuous conduction mode
(CCM).

At the end of interval 3V, is turned on ani,, turned off at roughly the same time. That

is, the delay element should only delay a risingeeoinV., not the falling edge.

3.1.3 Complete Circuit
To be able to calculate the effective efficiencingsEquation 8.1), a reference clock driver is

needed. In this section, this reference circuit &l described first. This will be followed by the

integrated clock/converter circuit.

Reference Clock Circuit

To evaluate the performance of the integrated chiroker/power converter circuit, a reference

circuit containing the tapered inverters to fornelack driver was designed using a reference
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clock capacitanc&.. In this work, the clock capacitané& is assumed to be 12pF. The
approach described in [17] is used here to designniverter chain. A common practice is to use
wider PMOS transistors than NMOS transistors sa tha resistance of PMOS and NMOS
transistors is matched. In this circuit, PMOS trstass are three times wider than NMOS
transistors, except for the last inverter stagehich the PMOS is four times wider as shown in
Figure3.3. This is done to keep the reference circuitlanto the integrated design whelvk

needs to be wider to drive.x andLg simultaneously. As is common practice, a fan-atibrof

four is chosen for the inverter chain. To incredmeoverall efficiency of a power converter, the

driver circuit can be designed so that the powesuamption in the drive chain is minimized.

6144/0.1

2048/0.1

Wip/Lp=384/0.1

Wn/Ln=128/0.1
Wp/Lp=24/0.1 —c{
Wn/Ln=8/0.1

M,
2048/0.1

Vclk-ref

Cclk =1 2pF
. ]
512/0.1 =

VCIk-PWM

Wip/Lp=6/0.1 Whp/Lp=96/0.1 4{
Wn/Ln=2/0.1 Wn/Ln=32/0.1

Transistor dimensions are in um.

Figure3.3. Circuit of the reference clock for the intagrhclock driver/buck converter

Integrated Clock Driver/Buck Converter
A detailed circuit diagram of the integrated clodiver/buck converter, including the buffer
delay circuitry, is shown in Figurd8.4. Some transistors have been added to implethent
capacitors.

To control the exact on/off timing &fl, andM,, the inverter driving those transistors is

replaced with two separate inverters, with the séoted transistor sizes and roughly the same
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power consumption as the original single driver.ifiplement the delay time, the gateMf is
connected td/¢ instead of being connected to the gatévief Therefore, compared 4, the
rising edge oW, is delayed byl gelay a duration which depends on how quickpydrainsCex and
how fastM; turns on to rais&/,. A drop in Vg will result in M; and thenM, to turn on and
consequentlWck drops faster. Since the gateM# is connected t&y, no falling edge delay is
observed foi,. To preventv; andM, from being on concurrently at the rising edge/gf the

source oMM is connected t¥, instead oVpp. ThereforeV, falls at the falling edge of)..

Wp/Lp=24/0.1
Wn/Ln=8/0.1 288/0.1
M{>——[>—‘>—> Vo % M, 6144/0.1

\ / 2048/0.1 e
Wp/Lp=6/0.1 Wp/Lp=96/0.1
Wn/Ln=2/0 1 Whn/Ln=32/0.1 M,

Transistor dimensions are in pm.
'_ I Vc/k

i Cox =12pF

LF=320pH
g P vout

/Lf
/ :|:C,:-350pF
? 18000/1.5

Figure3.4. Circuit diagram of the integrated clock driaeick converter

| _ v,
I zvs "
/0.1

| Delay
| Circuit 512/0.

In interval 1 of the operatioi@. stores some energy which is then being deliverdbe

load in interval 2. The output voltage is therefgieen byV, , = D4 XV, where

out —

_ 1 Tdelay - Tfall
Dy = D+EE|T7 (3.2)

Tran is the fall time ofVy if there was no ZVS delay afdelay is the fall time ofVey in

the presence of ZVS, as shown in FigBre.
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Equation 8.2) suggests that Wqelay iS €qual toTry, the duty cycle remains unchanged.
Any Tgelay larger thanTry would increase the effective duty cycle accordinglyelay Can be

calculated using the simplified circuit model giviarFigure3.6.

/ Lmax

Ve

S

Cei

Figure3.6. Simplified circuit model for analyzing, during clock fall time

At time t = 0 whenM, turns off, V,, (0) =V, —1,.. (R, suos - During clock fall time,

lLmax can be assumed to be constant, therefQ,;ét):Vclk(O)—iEl [@. The time that it

clk

Lmax

takes forVq to reach zero can be determined by:

V
Taetay = Ceix (Ii - R)n—PMOS] (3.3)

Lmax

36



3.1.4 Simulation

To evaluate the performance of the integrated etboker/power converter circuits, it is
simulated in 90nm CMOS technology using standirttansistors. A square wave signal with
~30psec rise/fall time, which is about the riseffialie of an inverter with fan-out of four, is used
as the clock source.

Simulated waveforms for the integrated buck comredare shown in Figur8.7. The
circuit is simulated with a 50% duty cycle and 70toAd current. The inductor current shown as
Ls in Figure3.7(b), exhibits a triangular shape as expectetth minimum and maximum values
of around -50mA and 190mA, respectively. In the first half leyof the clock,M, source
current provides the energy to chargeQgp as well as.r. Because of the high current, there is a
voltage drop of ~0.1V acrodd, as suggested by the droop\gf to ~0.9V in Figure3.7(a). In
this figure, the reference clock circuit outpusstsown asVq.ret. Both clocks have similar edge
slopes. In the second half cycle of the clock, atducurrent dischargeS.x. As can be seen in
Figure 3.7(b), M, source current is always positive, which means @lathe charge irC is
delivered to the load instead of the ground.

Simulation results of the buck converter circuit cifferent duty cycles and output
currents are given in Figu@8 and Figure.9. Py, can also be derived from FiguBeB(a). The
output voltage increases & is increased and, at the same time, the effeatifieiency
decreases. For example, at 70mA output currentabying the duty cycle from 30% to 70%, the
output voltage changes from 0.27V to 0.7V. The esponding effective efficiency ranges from
286% down to 135%. For the reference circuit (thelcdriver alone), simulations determined

its power consumptiom®inz, was 41mWw.
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Figure3.7. Simulated waveforms for the integrated clogied/buck converter
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Figure3.8. Simulated output voltage and input power efitliegrated buck converter
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3.1.5 Chip Implementation

As models and simulation results of large passietlip components are inaccurate at very
high frequencies and current densities, the intedralock driver/buck converter is fabricated to
assess the difficulties of implementing power ragah in deep-submicron technologies.

The block diagram and micrograph of the clock dvimeck converter chip are shown in
Figure3.10. The area of the integrated converter inclytlinandCr is 0.27mm. The inductor
alone is 0.1mr The total die area is 1nfrto allow for probe station testing.

In order to avoid potential hot spots on the clegpecially at high load currents, some
layout decisions were made to transfer heat otth@fchip as quickly as possible. Higher metal
layers such adM6 and M7 are better for transferring heat as they are hinekést. Power and
ground grids are connected to high-power trangdtaough a large number of vias. These vias
transfer the heat from the transistors locatecherstibstrate to the surface of the chip and then to
the probe pins, which serve as heat sinks.

In order to satisfy the specified maximum curremnglties and to avoid electro-
migration, paths that would normally carry high remts are widened. This also helps in
reducing resistive voltage drops across the cir@uatsatisfy DRC rules for maximum width and
density of metal layers in 90nm CMOS process, widths such as those used in the inductor
layout are slotted.

Large transistors inject high currents into thesstgie through the large drain junction
capacitances and by forward-biasing the source-joniétion diodes. In order to prevent latch up
caused by those high currents, the layout of theuitiincorporates substrate contacts with
sufficiently small spacing to minimize the resistari36].

A few provisions to the chip layout are neededtésting purposes. To match the chip
input impedance with the signal generator outpygedance, a 30 termination resistor is added

on chip. The probes available in the lab provid@rated number of connections that can be
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made simultaneously. Also, since it is very difftcto monitor 3GHz waveforms on the chip

without being invasive, these types of measuremeats not attempted.
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Figure3.10. Implementation of the integrated clock drilvack converter
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3.1.6 Chip Measurements

The test bench for the integrated clock driver/baokverter was setup as shown in FigBirel.
For precise power measurement, all the parassisteaces in the test setup were accounted for
through measurement and calibration. As a resuypply voltage of 1.0V was applied at the

chip probe pads. An external signal generator pies/the clock signal to the chip under test.

Chip Under Test

Integrated
Vpp=1.0V —@——» Clock Driver + A
Buck Converter

A
3GHz Clock LOAD (\D
Generator L
(Agilent 86130A)
A 1
Reference ) )
Vpp=1.0V L > .
°e ( ) Clock Driver Ammeter, Voltmeter: HP 34401A

Oscilloscope: Agilent DSO81304A

Figure3.11. Block diagram of the test bench setup

Investigating the Output Voltage

The converter output voltage vs. the output curienplotted in Figure3.12. In each
graph, the duty cycle is kept constant and theckwig frequency and load are changed to
produce different curves. As expected, the outpltige does not change much with frequency.
However, at 3.5GHz, Figurg.12(a) suggests that the chip may not be worknogerly since
the output voltage is significantly higher than tdiker data points.

Figure3.13 can be derived from FiguBel2 by keeping the frequency constant while the
duty cycle is changed. It shows that at higher duatyos, the output voltage is higher as

expected.
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Investigating the Input Power

The input power to the integrated clock driver/budaverter,Pi,1, is plotted in Figure3.14
along with the input power to the reference clogkwt Pi,,. Figure3.14 shows that as the
frequency is increased, the input power to theudscare increased due to more switching
activity. Because of a test anomaly, there is nothmdifference between data points at 2GHz
and 2.5GHz. Similar to the previous conclusionukeg.14(a) suggests that the chip may not be
working properly at 3.5GHz d3; is lower than other data points.

By keeping the frequency constant while the dutgleys changed, Figurg.15 can be
derived. Higher duty cycles increaBg; because it affects the conversion duty cycle ef th
power converter. This figure also suggests thatcthenge in duty cycle does not affét,,
which is expected since it does not change thechimg activity. However, this conclusion

cannot be drawn from the data due to the test alyaheacribed earlier.
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Investigating Raw and Effective Efficiencies

Raw efficiency of the integrated converter is defirby 7 :i and is plotted in Figure
inl

3.16 and Figure3.17. These figures show that the raw efficiencesdoot change much at
different duty ratios and different frequencies.afyg the chip may not be working properly at
3.5GHz. The key metric for measuring the perforneant the integrated clock driver/power
converters is theeffective efficiencySince the overall input power operates two sdpara
functions, the amount of power needed to operaedference stand-alone clock network is not
included as input power to the converter when datmg effective efficiency. Instead, only the
incremental amount of power is counted as input ggowWhen some additional energy is
recycled from the clock, it is possible for the mutt power to exceed the incremental input
power. Since energy cannot be spontaneously cremteeffective efficiency greater than 100%
is proof that energy recycling is taking place.dgffve efficiency also represents the efficiency

required of a stand-alone power converter to coepith an energy recycling architecture.

Also, the effective efficiency which is defined lgy; = Fou IS very sensitive to the

inl in2
value ofPjy; — Pin2. This problem is especially more pronounced ateloautput currents where
Pin1 would be close t®;n,. If there is a slight inaccuracy in the measurallies ofPj,; andPiq.,
the corresponding effective efficiency value caandatically change.

As can be seen in FiguB18 and Figur@.19, effective efficiency is increased at lower
output currents. Since the available energZiR is constant with respect to output current, at
low current outputs a greater proportion of thepatienergy comes from recycling. However,
higherFs, results in more energy being stored in the capapér second. Hencee; benefits
from increasing the frequency and lowering the auiqurrent. Achieving an effective efficiency

above 100% is definitive proof that energy is beiegpvered from the clock.
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3.1.7 Summary

The integrated clock driver/power converter desigrssented here are capable of recovering
energy from the clock and supplying it to the catere The results show that the use of on-chip
passives with power switching by CMOS inverter&Z¥S mode allows for good efficiency [32]
[33]. By converting unused potential energy intaiseful regulated supply, the designer can
power other parts of a circuit instead of wastingrgy by simply dissipating unwanted charge to
ground. Many applications can benefit from this neégsign technique. Optimization of the
designs will require further investigation into tlsemulation tools, particularly their use in
designing on-chip passives.

Table 3.1 provides a summary of performance comparisawdsn this work and two
other previously published buck converters. Thg@uouvoltage ripple given is part of the design

specification. Note the high levels of efficien@}ative to the other designs.

Table3.1. Summary of comparison between integrated bookerters

Previous Work This Work
Converter type 4Phase Buck [14] | 2-Phase Buck [15] Buck [32] [33]
90nm 0.18um SiGe 90nm
Technology CMOS RE BICMOS CMOS
2 0.14 *
Layout Area (mm°) (excludes L) 27 0.27
Switching frequency, Fsw (MHZz) 480 45 3 000
3 600 11 000
Inductor, L (pH) (per phase) (per phase) 320
Capacitor, Cr (pF) 2 500 6 000 350
Supply Voltage, Vin (V) 1.8 2.8 1.0
Output Voltage, Vout (V) 0.9 15~2 0.53 ~0.75
Output Voltage Ripple < 5%
Output Current, loy (MA) 500 200 40 ~ 100
184 (Vou=0.75V)
Effective Efficiency, 7ex (%) 72 65 102 (Vou=0.63V)
74 (Vou=0.53V)

* Layout area was reported in [13].

Among the previously published on-chip DC-DC comees, [14] has the highest

reported switching frequency, which is 480MHz hiilt ssing on-package inductors. In contrast,
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[15] implemented a fully on-chip buck converterGri8um SiGe RF BICMOS technology that
was 65% efficient. It also used an area of 27nwrfit the large passive components. The buck

converter in this work achieves a much higher éffecefficiency using only 1/180of the area.

3.2 Low-Swing Buck Converter

3.2.1 Introduction

A high switching frequency is the key design paremn#hat enables the full integration of active
and passive devices of a switching converter. As¢hhigh frequencies, the energy dissipated in
the power MOSFETs and gate drivers are a goodgbdhte total losses of a DC-DC converter.
Although the integrated clock driver/converter aitcpresented in SectioB.1 recycles the
energy stored in the main clock capacitor, it doesattempt to save energy used in the “front-
end” driver chain. In this section, the energy @imss techniques of reduce, reuse and recycle
are applied to the front-end driver chain.

In this design two separate chains of inverters umed to drive each of the power
transistors in a buck converter circuit. A switaifnequency near 1GHzesults in a reduction
in the filter inductor and capacitor area whicloas full integration of these power supplies. To
compensate for the switching power loss under fighuency operation, low-swing drivers and
supply stacking techniques are used together wigiige recycling of the PMOS drive chain to

improve conversion efficiency [37].

! This design was implemented in older 0.18um CMé&Smology for reasons of cost and fabrication saleedll
other implementations in this thesis were designatewer 90nm CMOS technology.
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3.2.2 Circuit Design

The circuit diagram of a CMOS-based buck convestshown in Figure.20(b).Cy includes all
the parasitic capacitances at naglg includingM, andM, drain to ground capacitances. When
both M, andM, are off, a positive inductor current will removieacge fromC,, reducingViny,
while a negative inductor current will char@g increasingvi,.. WhenV,,, = 0, theM,, transistor

is turned on, while wheXi,, = Vpp, theM, transistor is turned on. In this way, ZVS opernati®
achieved for bottM, andM, transistors by independently driving their gateskigure 3.20(c),
the two time periods when both transistors are aoff characterized a8geiay1 and Tgelaya
corresponding to the delay-time needed to implen#&i§ operation for theM, and M,
transistors, respectively. There are four interedlgperation:

* Interval 1 (time O taD XTsy). M, is on. During this time, the inductor current ie@ses
linearly since the voltage across it is constantth& end of this intervaM, is turned off
in accordance with the required converter outpliiage (the duty cycle).

* Interval 2 (timeDXTsy to D XTsu+Tgelay). Both M, and M, are off. The charge that is
stored in the parasitic capacitarCeis moved to the output circuit through the inducto
as the inductor current can not be disrupted alyruphis results in rapid drop &fi,,. In
this short period of time, the inductor current t@massumed to be constant, as shown.

* Interval 3 (timeD XTsu+ T gelay1 t0 Tsw—Taelayd Starts when the voltage acrdds is close to
zero. At this time thé\, is turned on under ZVS to provide a low-resistapath for the
inductor current. As there is no energy suppliedh® system and voltage across the
inductor is constant, inductor current decreasesally and by design reaches some
negative value. At this point of timb], is turned off.

* Interval 4 (timeTswTgelay2 10 Tsw). Both M, and M, are off. Parasitic capacitan€ is

charged as the inductor current can not be distduptaruptly. This results in rapid
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increase olVy,. At the end of this intervaV,, is close toVpp andM, is ready to be

turned on under ZVS.
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(b) Simplified circuit diagram of the low-
swing buck converter (c) Idealized timing diagram

Figure3.20. Low-swing buck converter

3.2.3 Complete Circuit

In this design, two separate inverter chains aegl tis drive each of the power transistors of the
buck converter circuit as shown in FiglB21. The tapered inverter chains are voltage-sthck
to use the sam¥pp supply, similar to [27]. As a result, the invertdrains each have a lower

supply voltage, resulting in low-swing operatiorstve gate and driver power.
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Figure3.21. Circuit diagram of the low-swing buck coneert

The size of transistdvl, is set to be three times the size of transistpfor symmetrical
behavior. The chain to driviél, is similarly three times larger than the bottonaioh which is
optimized to driveM,. Since the PMOS chain is larger, charge accunsilatethe middle
capacitorCy,, which should operate ne&pp/2. In [27], the excess charge is dissipated/io
through an additional regulator forcing nodg to Vpp/2. Here, the extra charge is delivered to
the converter output circuib increase efficiency. This task is performed Wy tseries diode-
connected NMOS transistoi3; andD,. These diodes automatically deliver charge to lwhdn
Vinv < (Vm — 2V;) without a need for additional gating signals. Te¥odes in series are needed to
act as a voltage regulator fof, whenM, is ON andVi,, is low. The goal is to keey, near
Vbp/2. Hence, accumulated chargeCatis removed through the diodes by indudipiinstead of
an external regulator. The voltage dividrandR, putsVy, nearVpp/2 at startup and does not

significantly contribute to operational power.
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Charge recycling occurs during intervals 2 and 4mwhothM, andM, are off andV;, is

in transition. In particular, whety,, is rising there is significant charge stored om glate ofM,

that is discharged through the upper driver toGhenode at the same time that current is drawn

from this node intoCy. WhenV,, is falling, any additional surplus charge from tAMOS

drivers can also be delivered@g.

In this design, theeduce, reuse and recyctiesign technique has been employed as

follows [38]:

Reduce: The wide NMOS and PMOS output transistors have elangput gate
capacitance, requiring them to be driven by a cbaiapered inverters referred to here as
the front-end drive chain. Separate drive chaimsraquired to allow precise control of
the NMOS and PMOS turn-on and turn-off times toieoh ZVS. Despite ZVS, which
reduces energy waste in the final NMOS/PMOS pagniicant losses are associated
with operating the two drive chains and the gatéshe output transistors at high
switching frequencies. To reduce the energy lostvatry transition, each drive chain
employs low-swing signaling by swinging only hadiily between 0 an¥lpp/2 or between
Vpp/2 andVpp for NMOS and PMOS, respectively. This saves aiggmt amount of
energy compared to full-rail switching. Howeverg tbutputs of the low-swing drive
chains must turn on their respective NMOS and PM&®ut transistors, so it is
essential thatVpp/2 > Vinwos and Vpp/2 > |Vipmod. TO increase overdrive, it is
recommended that lowy\devices be used for the NMOS and PMOS outputistors as
well as the rest of the drive chain.

ReuseA half-rail swing for both drive chains offers artiuer advantage: the NMOS and
PMOS chain can share the common reference voltaggpt2. This allows energy reuse

in the form of voltage supply stacking as showfrigure3.21. Charge used by the upper

59



PMOS drive chain still has unused potential, soam be reused by the lower NMOS
drive chain A more general case of supply stacking is callerge recycling in [28].
* RecycleThe PMOS output transistdf, in Figure3.21 is three times wider than NMOS
output transistoM,. As a result, the drive chain of the PMOS (topeirer chain) is
much larger and requires much more charge to apérah the drive chain of the NMOS
(bottom inverter chain). Charge accumulates at nggewhich is stored in the middle
capacitorCy,. The excess chargeiscycledby delivering it to the converter output load
through the two series diode-connected NMOS tragrsid; andD..
In this design, weak negative feedback helps Régpear a stable operating point\&p/2. If
Vmincreases, the bottom chain receives a highergupfiage, which increases its power intake
and cause¥yy, to drop. At the same tim#], turns on with a highevys andVi,, is pulled closer to
Vss giving D; andD» higherVy, facilitating charge removal froi@,. Similarly, if Vi, decreases,
the top chain receives a higher supply voltageciwvinésults in increasing its power intake and
causingVm to increase. Also, a lowery, causesD; and D, to receive lowelN, facilitating
accumulation of charge i@n.

Capacitance&C,, was chosen to be 20 times larger than the NMIR& to limit ripple at
Vm. L andCe values were chosen to be 4.38nH and 1.1nF, regplgctto operate at a switching

frequency of 660MHz with a voltage ripple of leban 5% at 50mA load.

3.2.4 Simulation

Three variants of the circuit were simulated: @séeline converter using full-swing drivers; (ii)
low-swing/stacked drive chain is added to reduas reuse energy; and (iii) diodes a@g are
added to recycle energy, similar to the prototypere, changes to the original baseline converter

are done in two stages to be able to study thectefié each modification. Using low
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transistors would have facilitated the operationhef supply-stacked low-swing transistors. Due
to the lack of lowv; transistors in the available 0.18um CMOS kit, datians of these designs
are done at 2.2V instead of the typical 1.8V fas technology.

Simulation results for a fixed load current of 50na#e shown in Figure.22. As
expected, the circuit with all the options has highest efficiency. Indeed, the efficiencies show
improvement with each additional change. For examal a 40% duty cycle, the efficiency of
the circuits are (i) baseline 22%, (ii) low-swin@%, and (iii) energy recycling diodes 35%.
Thus the efficiency improves from 22% to 35% whle teduce reuseandrecyclemethodology.
Figure 3.22(a) also shows that while circuits (ii) and) (@re more efficient than (i), they have

lower V,, at the same duty cycle.
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Figure3.22. Simulation results for each variant of theuwt
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3.2.5 Chip Implementation

The chip was fabricated in 0.18um CMOS. Nd&gtlg the middle voltage that should remain at
Vpp/2 for supply stacking, is made available off-clipbe externally probed or adjusted if
necessary. Input resistd®s andR, in Figure3.21 are 5Q terminators S&pmos-in@NdVymes-inCan

be driven by external signal generators at the friggjuency of 660MHz.

To keep things simple due to fabrication deadlirks design does not automatically
delay signals to achieve ZVS. Instead, the impldat@m relies upon the test equipment to
generate input signaMymos-inandVames-inWith the appropriate timing. Although it is diftit to
employ ZVS at a high frequency it has been sucultlgsmplemented in the other designs of
this thesis.

The NMOS transistors in the top inverter chain ¥y need to have zero body voltage
with respect to their sources, so they are isolftau the p-substrate using n-well and deep n-
well implantation as described in [39] and showrrigure3.23. The same procedure is used for

D; andD,, where the body should be connected to the dmameverse bias the intrinsic body

diode.
A VDD Vss Vout Vin Vbp
-—
q{ n-well
p-well n-well
Vm Vout of e o -
— 4 — ot [n+] [n+][p+] [ lot] [ot] [nt]
n-well p-well n-well
| p-well deep n-well
[
— Vss p Substrate

Figure3.23. Deep n-well implementation cross sectionawi
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The chip micrograph is shown in Figuse24. The chip is laid out for on-chip probing.
Here, the inductokg design is two turns of simple concentric coils lempented in the top four
metal layers of the chip. The tracks include shaltsg their length to reduce series resistance.
The ground shield (PGS) is implemented using theest of the six available metal layers. The
current density is 0.122mA/fiThe value of inductance was extracted using ASI[B@. The
inductance extracted was found to be 4.38nH, a6 with lumped pi model capacitances of
6.5pF and a quality factor of 10 at a resonantuieagy around 1GHz. A DC series resistance of
0.7Q was also extractedhe integrated capacit@ is implemented using gate capacitance of an
array of NMOS transistors. The 3.4rhiotal die area uses 2.5mror the converter. Even at
660MHz, the inductor dominates the area which oiesufl.8mm. Designed for an output
current of 50mA at 1V, the power converter achievas power-to-area ratio of

50/2.5=20mW/mrh

Figure3.24. Chip micrograph.

There are a few limitations with the implementedtptype. FirstM, andM, and the
drive chains should all be implemented with Idwtransistors. Using them would help the
drivers fully turn on with the low-voltage supplihereby reducing power consumption in the
drive chains and improving power delivery to thepot load. However, these were not available
in the CMOS process that was used. Instead, retralasistors were used, resulting in degraded

efficiency in both simulation results and the mawtdired prototype. Using an ad hoc method of
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simulating lowV; transistors, conversion efficiency at a 40% dwgie is improved to 46% (up
from 35%).

Second, power is lost due to the voltage drop actdosdesD; andD,. The diodes were
used to keep it simple for proof-of-concept, bumare complex circuit could be devised.
Nonetheless, it is clear from the simulations tttet concept is working and a significant
improvement in efficiency is gained by the usehs driver energy recycling. Although there is
a drop inVy,; after switching to low-swing drivers, FiguBe22(a) clearly shows that the addition
of the energy recycling diodes is able to impromergy conversion to the point where Wg;: is
nearly restored to the same level obtained withotiginal full-swing drivers. The restoration in
the voltage conversion ratio (Figuge22(a)) also implies that the rising edgevgf is sped up.
Speeding it up by means of an increased reversetod current would be detrimental to the
conversion efficiency because of discharg@igand it would increase the losses with a higher
ripple current.

Third, the ZVS timing delays were controlled by #ignal generator, but a proper circuit
needs to be added to control these delays itsklE Was not implemented to keep the design

simple.

3.2.6 Chip Measurements

Testing of this chip was done at 2.2V like the dations. Conversion efficiency and output
voltage measurements are presented in Figu® The physical measurements required the use
of an external supply of 1.1V connectedigpbecause it was higher than the expected voltage of
Vbp/2. However, measurements show that this suppliagelwas not delivering any power to

the circuit as it was always sinking current touaeV,, The output is adjustable between 0.75V
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to 1V by varying duty cycl® from 45 to 64% with a fixe&ag = 18.32. Conversion efficiency,
PoufPin, ranges 25 to 31%.

The use of the external source voltage sink indg#tat the simulation of the gate driver
inverters is not as accurate as required when ustiaugdard transistors in the supply-stacked
manner.

The efficiency of the prototype could be improved a few ways. Using low4
transistors would help the drivers fully turn ontlwithe low-swing voltage supply, thereby
reducing power consumption in the drive chains. &oi8 also lost due to the voltage drop
across diodeB; andD,. The diodes keep it simple, but a more complesudiicould be devised.
For example [41] mimics the behavior of a diodengs transistor, where the gate is driven by a
voltage comparator sensings. However, gating circuitry used here must opemateeh more

quickly, on the order of tens of picoseconds [41].
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Figure3.25. Measured prototype performance
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3.2.7 Summary

The low-swing buck converter design presented deraonstrates the operation of a 660MHz
converter implemented in a 0.18um process, inctudam-chip passives. The measured
efficiency obtained is promising for such a propmyand for such a high switching frequency
[37]. However, the important result is that energgycling is shown to be a feasible way to
reduce energy loss in the front-end drive chaintarabost overall conversion efficiency.

The chip area consumed by the converter is dondnbte the inductance even at
660MHz. However, the inductor was designed for mesu of 50mA and this represents a power
to area ratio of 50mW/2.5nfmBy combining the techniques in this chip with adoenergy
recycling introduced in the integrated clock dripemer converter circuits, it should be possible

to boost the raw efficiency above 50%.
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4 INTEGRATED BOOST AND BUCK-BOOST

CONVERTERS

In this chapter, two more integrated clock drivewjer converter designs are discussed that
operate at 3GHz. First, a boost converter confiumas used to provide higher output voltage
levels than buck converters. Second, a buck-bawosterter is used to generate a negative supply
voltage, which may be useful for analog circuits.

Similar to the previous designs introduced herghtspeed switching losses are reduced
by employing zero voltage switching and by direcdtifegrating the clock-tree drivers with the
converter power-transistor drivers. Also, the desigre implemented in open-loop, with the goal
of having less than 5% ripple oy The techniques proposed in these designs aré fali

finer feature size CMOS technologies as well.

4.1 Integrated Clock Driver/Boost Converter

4.1.1 Introduction

Compared to discrete designs, on-chip converteve malatively higher static power losses.
Also, clocks always require a minimum low time. &sesult, a buck converter won't be able to
practically provide an output voltage that is cldaeéVpp. To remedy this, a boost converter

configuration is investigated here that provideghler output voltage levels [42].
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4.1.2 Circuit Design

In the typical boost converter of Figu4el(a), when the switch is on, voltagg will be across
the inductorLg and current will build up in the inductor. In thext phase, when the switch is
off, inductor current finds its way through the digoand charges the output capacitovdg = Vs

+ Vin. The diode plays an important role as it will angtically turn off to prevent shorting,

to ground when the switch turns on. One challergaes from the fact that a low-loss power
diode is not available in CMOS technology.

The integrated clock driver/boost converter circsitown in Figure4.1(b) uses a
switched-capacitor voltage-shifter circuit to geatera shifted gating signal for the PMOS
transistor used in place of a power diode. Sinddfigure3.2(b), a chain of inverters is used to
drive Cqx and ZVS needs to be employed to recover the enstayed in the capacitor. In
addition to providing output voltage levels highleanVpp, the circuit also produces a buffered
version of the clockVcik scaied at the same magnitude s, This clock signal can be used in the
circuitry powered by the converter, but allowanfiesclock skew and level-conversion will need
to be made in the data path logic.

Ignoring turn on/off times of the transistors, thare two intervals of operation as shown
in Figure4.1(c):

* Interval 1: At the beginning of this intervaV.x goes high andM, turns on.
Consequently, voltag&/pp will be across the inductokg and the inductor current
increases linearly (assuming a constant voltagesadhe inductor). At the same time, the
voltage of capacitoCsqhir; Will be added td/ck SO thatVghii reaches voltag®max a higher
voltage thanV,,. The diodeDgirx are reverse biased. Anir is pre-charged t&oy: —

2Vdiode_dropin the previous interval 2/ys of M, would be equal t0Vmax— Vour = (Voo +

2 Diodes consisting of a simple p-n junction carbbit in CMOS, but the associated voltage drop odern
CMOS is large relative t¥;,, Voue andVpp.
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completely.

* Interval 2: As a new( half-cycle startsM, turns on andV, turns off. CapacitoCsnit

will be charged through diodd3si: to a value oVout — 2Vaiode drop AS the diodes are

forward biasedyys of M, becomes equal to ¥dode aropWhich has a negative value larger

than the threshold voltage M, turning it on completely. At this time, inductourrent

finds its way througiM, and will charge up the output capaci@.
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Figure4.1. Integrated clock driver/boost converter
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In the above discussion, the average voltagé.pis DxVpp, whereD is the duty cycle.
This is the operating voltage available to the baosiverter (and notpp). Ideally, the output

L XV :L
1-D 1-D

voltage would beV,, = xVpp . With D > 50%, the output voltage will be

higher thanVpp. Voltages higher thaiWpp could be used for 1) high-voltage 1/O circuits, 2)
gating signal of NMOS pass transistors such asethus®d in sampling circuits, 3) providing
PMOS transistors with body bias voltages highen s, which is used to dynamically change
the threshold voltage to achieve speed and powaingcand 4) speeding up the operation of

some parts of the circuit by increasivigp.

4.1.3 Complete Circuit

The complete circuit diagram of the integrated kldcver/boost converter circuit is shown in
Figure4.2. M, andMy; introduce the turn-on delay fd,; as in the integrated clock driver/buck
converter from Chapted. The drain node dl,z andMps, denoted a¥cik_scales SWiNgs from zero
to Vou Here, the value of the scaled clock capacitosekected to be 2.2pF. Some of the
recovered energy is subsequently lost when thigaag is discharged, so it should be kept
small. To keep the output ripple &3y < 5%, a large capacitan€® is needed for bulk energy
storage.

In Figure4.2, the gating signal favl,3 changes fronVpp to zero. However as the source
of Mpz is connected t®,,;, the appropriate gating signal fiek,; should instead change frovy
to Vout — Vop, therefore a voltage shift grater than or equaMta — Vpop is needed. The
combination of diode®ghir, capacitorCsnir, and transistorMn; andMp: perform as a switched-
capacitor voltage shifter. In interval 2, the tdate of Cqhit Is connected t&/qy: through Dgpis
diodes and the bottom plate is connected to thangtdhroughM,;:. The top plate ofCsix is

connected to the gate ®,3 and turns it on due to a gating voltage\afi — 2Vaiode drop IN
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interval 1, the bottom plate is switchedMgp throughM,:. The capacitoCsyi: retains its charge
since the diode®gqixt are reverse biased, so the top plate€Cgfi jumps up byWpp to Vout —
2Vdiode_drop + Vpp. However, since Ziode drop IS SmMaller tharVpp, transistorMps receives an

acceptable gating signal and turns off.
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Figure4.2. Circuit diagram of the integrated clock dris@iost converter
Except forDsphir andCqhirr, all transistor body terminals are connected & tource pins.
The body terminals oDshiz and Cgpirt are connected to ground instead. This preventsaiar
biasing of the body-drain intrinsic diode, in cdbe drain voltage goes lower than the source
voltage. Also, this makes the layout implementagasier as well, since no deep n-well structure
is required. Finally, a 1®& resistor is added in parallel ©snix to bias theDspirr diodes and

provide a DC current path to avoid floating nodéemwtheDgyit is Off.

73



4.1.4 Simulation

Figure 4.3 shows the output voltage and the effectivecieificy of the boost converter at
different duty cycles and output currents. [Bs$s increased, the output voltage increases and the
effective efficiency decreases. By varying the diygle, the highest effective efficiency changes
to a different output current level. A maximum etfee efficiency of 111% is achieved at=
40% with Iy = 30mA. Atloy = 50mA, by varying thé® from 40% to 80%),.: changes from
0.75V to 1.73V. The corresponding effective effiag ranges from 98% down to 24%. For the
reference circuit consisting of a clock driver gnlgimulations determined its power
consumptionPj,,, was 100mWw.

Compared to the integrated clock driver/buck coterecircuit, Pin, is higher here
because a larg€l.x has been selected (25pF vs. 12pF). Also, allrdnesistors are low type

to facilitate operation at low&fpp levels.
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Figure4.3. Simulation results of the integrated clockseriboost converter
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4.1.5 Chip Implementation

The micrograph of the clock driver/boost convedip is shown in Figuré.4. The area of the
integrated clock driver/boost converter includingis 0.26mn and the area of the reference
clock driver is 0.03mr The inductor alone is 0.1nfnThe total die area of 2nfris shared with
two other designs in this work (the integrated klakiver/buck-boost converter later in this

chapter and the low-power clock driver circuit ihapters).

Not Used
Here

. Intégrated Clocke] :

and Converter

Figure4.4. Chip micrograph of the integrated clock drilkeost converter

4.1.6 Chip Measurements

Unfortunately, this circuit was not functional dtea number of suspected problems. Higher
peak-to-peak current levels compared to the buskgdemight have been a reason. Since the
inductor current in this design is much higher, tbgistive voltage drop across the inductor and
current paths may be significant. Although it useder/thicker paths than the buck design,
using even more metal is suggested for future lsyou

Also this circuit shares the die with two otheridas, a buck-boost converter and a low-

power clock driver. There are some elements otitoelit that were also used in the buck-boost
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design which also didn’t work, such as the voltabéter circuit. This leads to the conclusion
that the present voltage shifter design might be eensitive to fabrication variation, and/or
necessary layout masks have not been used, spdyiffor the 1K resistor. If the voltage
shifter circuit is faulty, there won’t be enought@aoltageVsir to turn off theMys transistor,
thus it stays on and drains the output capa}orThis agrees with chip measurement which
show it providing an output voltage of a few hurdredf millivolts, indicating that the output
may be shorted within the chip. Inspection of tlodtage shifter circuit is suggested for future

layouts.

4.1.7 Summary

The idea of energy recovery from a high-speed cloekl in high-speed digital circuits was
investigated by exploring the integration of the$ioconverter topology with a high-speed clock
driver [42]. While simulation shows promising reasubf effective efficiency above 100%, chip

measurement results are unable to confirm this@uwen-functional fabricated chips.

4.2 Integrated Clock Driver/Buck-Boost Converter

4.2.1 Introduction

Another basic switching converter investigated hisrea buck-boost converter which has a

negative output voltage with respect to the commteominal of the input voltage [42].
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4.2.2 Circuit Design

In the typical buck-boost converter of Figuté(a), when the switch is on, voltayg will be
across the inductdcg and current will build up in the inductor. In timext phase, when the
switch is off, inductor current finds its way thghuthe diode and charges the output capacitor to
Vout = Vit Which has a negative value. Here, the diode ptsveimortingVo,: to Vpp when the
switch is on.

The integrated clock driver/buck-boost convertecwat shown in Figuret.5(b) uses a
switched capacitor voltage shifter circuit to getera shifted gating signal for the NMOS
transistor used in place of the power diode. SimdaFigure3.2(b), a chain of inverters is used
to drive the converter and ZVS needs to be emplofadextra switchgk is also added between
nodesVqk andVin,. This switch prevent¥. from becoming negative a%,, goes below zero
whenM, is on.

Ignoring turn on/off times of the transistors, thare two intervals of operation as shown
in Figure4.5(c):

* Interval 1: At the beginning of this intervaﬂ goes to zero anil, turns on. SwitCl&:k

is closed andCk is charged up. Consequently, voltags will be across the inductds:
and current in the inductor increases linearly mssg a constant voltage across the

inductor. At the same time, voltage of the capadcitg;; from the previous interval 2 will
be added td/, and Vsn reaches a lower value thafy as diodeDgn are reversed
biased. Sinc&qnir is pre-charged t¥pp — Vout + 3Vdiode_drop IN the previous interval 2,
the Vgs of M, would be equal toVshitt — Vour = (—Vob + (Vout + 3Vdiode_drop) — Vout = —Vop
+ 3Vuiode_dropWhich has a negative value aild turns off completely.

* Interval 2: As; is high,M; is off andM, is on. At the same time, capacigx will

be charged through diod@gnir to a value oVpp — (Vout + 3Vdiode drop- Since the diodes
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are forward biased, thé,s of M, is equal to ®iode_drop Which is a positive value larger
than the threshold voltage ®,, thus ensuring it turns on completely. At this éim
inductor current finds its way throudi, and will charge up the output capaci@to a
negative voltage value. The switfx is closed at the beginning of interval 2 to allihe
inductor to discharg€.x. However, whet,, starts to go negative, the switch is opened

to keepV. at zero.

Vclk A
Switch —
witc : Voo /
0 >
Vistitt § t
VmaX

Diode

Vmin / t

Ve

Voo N /

Vin A

=N

>
Vout \ I t

Ls A

max

Clock Load
tL_—lT— Capacitance 0 7

Cr
[ Vour Interval 2 1 2 1

(b) Simplified circuit diagram of the
integrated clock driver/buck-boost converter (c) Idealized timing diagram

Figure4.5. Integrated clock driver/buck-boost converter
In the above discussion, the available input vetagp the converter is

V,, =mearnV,,)=DxV,,. Hence, the ideal output voltage is calculated by
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_ N2
Vo = 1 [E) XV, :% XV, Which is negative. A negative output voltage cdogdused for 1)

gating signals of PMOS pass transistors such asetheed in sampling circuits, 2) providing
NMOS transistors with negative body bias voltagdsctv is used to dynamically change the
threshold voltage to achieve speed and power ggaimd 3) negative supply voltage for analog

circuits.

4.2.3 Complete Circuit

A complete implementation of the integrated clockvet/buck-boost converter is shown in
Figure 4.6. Many of the changes are similar in naturehtmsé used to implement the boost
circuit, e.g.,the addition oMp3 andM,3 to delay the energy-wasting discharg&gf.

In Figure4.6, the gating signal fdvl,; changes from zero ¥,p. However as the source
of M1 Is connected t¥,;, the appropriate gating signal fek,; should instead change frov;
to Vout + Vop, therefore a voltage shift equal Wg,: is needed. The combination of diod2gi,
capacitorCsi, and transistor,s andMy3 perform as a switched-capacitor voltage shiftére T

bottom plate ofCq,ir; is connected t&,; throughDsgirt diodes and the top plate is connected to

V,, throughMpz which is connected tdpp in interval 2. In interval 1Dghir diodes are reversed

biased and the top plate is switched to groundutijitdM,s;. As the capacitoCqni retains its
charge, the bottom plate G jumps down bywpp. The switched capacitor voltage i¥pp +
(Vout + 3Vdiode_drop iNstead ofVqy. However, since jiode_droplS SMaller thaV/pp, transistomMn
still receives an acceptable gating signal to affn

There are three implementation decisions in Figu6ethat warrant further discussion.
First, transistorsvl,> and My, are added to protedfl,; and My; from potentially large voltage

drops across them sind&g,, switches betweeNpp andVy,. Connecting the gates of transistors
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Mp2 and Mnz to ground will provide for automatic on-off timingnd proper operation of the
circuit.

Second, transistdvlps acts as the switch to preverix from going negative. The gate of
Mpa is connected t¥hias, Which is set at the threshold voltage of PMO&distorMps. WhenVin,
is positive,Mp4 is on and provides the path for the inductor aurte discharg&.x. WhenVi,,
falls below zeroMp4 turns off and node¥;,, andV. are disengaged. Meanwhil, turns on
and provides a path for the inductor current. lis thesign,Vyias is generated by a small DC
current passing through the diode-connected PM@SsistorMps. To stabilize the voltage,
capacitorCyjys is added to the nod&)ias
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Wp/Lp = 64/0.1 Wo/Lp = 576/0.1

Wp/Lp = 192/0.1

x VDD
Vouise —D Vclk :i M.
p1
4096/0.1 |
Wp/Lp = 48/0.1 192/0.1 2016/0.75

Wp/Lp = 16/0.1

_|_—<i| Mp2
= 4096/0.1

Mpa
": y Vin A 409601 Vg
n3
64/0.1 _——— ] | *
| I, = L Cox = 25PF
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- | M Capacitance
= 1024/01: 310pH =

R U
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Figure4.6. Circuit diagram of the integrated clock drieick-boost converter
Third, the body terminals of all NMOS transistoesed to be connected to their source

node or the most negative voltage in the systemréwvent forward biasing of body-source
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intrinsic diodes. For transistoM,; andM,,, the body is connected to the (non-ground) source
node, so these transistors need to be isolatedeisdeep n-well structure for layout. The body
terminals of all other transistors are also corgktd their sources. For layout implementation of
Cr andCyias, PMOS transistors are used. If NMOS transistorewsed, Sinc®qy: andVpiss are

both negative, the gate and source nodes should heen connected to the ground and a
negative voltage, respectively, to have a posMyge Therefore, a deep n-well would be needed

in order to be able to connect body to their source

4.2.4 Simulation

Figure 4.7 shows the output voltage and effective efficierof the integrated buck-boost
converter circuit. Here, maximum effective effioogrof 66% is achieved & = 20% withlyy =
50mA. In this case, at 50mA output current, thepativoltage changes fror0.5V to -1.43V
when varying the duty cycle from 20% to 60%. Theresponding effective efficiency ranges
from 66% down to 35%. Simulatdd,,, was 100mW. The lower efficiency compared to the
previous circuits is a result of more transistorgéhe main current path. Also, all the transistors
are lowV, type to facilitate operation at low®pp levels.

In these circuits, the effective efficiency canyekceed 100% when clock energy is
being recycled, since it is not counted as the tigmwer by the effective efficiency metric. In
this buck-boost design, the effective efficiencyeslmot exceed 100%, so it does not offer any
proof that clock energy is being recycled. Howeveoking at Figured4.6 reveals that during
recycling time, there is no path froBy to ground except throudh:. This means charge @k
is being recycled to current Il while My, is off. During this recycling time, it should beted

thatMp. is off becaus®/iny > —V; nmos SO it is not conducting.
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Figure4.7. Simulation results of the integrated clocke@ribuck-boost converter
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4.2.5 Chip Implementation

The micrograph of the clock driver/buck-boost cateechip is shown in Figur4.8. The area of
the integrated clock/converter includibgis 0.2mni. The inductor alone is 0.1nfmAlthough it

is more complex, it is smaller than the boost desigcause more effort was put into its layout
design. This design shares the same die as thgratee clock driver/boost converter presented

earlier in this chapter and the low-power clockdridesign presented in Chapser

Not Used

Figure4.8. Chip micrograph of the integrated clock drilsack-boost converter

4.2.6 Chip Measurements

Unfortunately, this circuit was not functional dteea number of suspected problems similar in
nature to the boost design presented earlier. ilpeaan provide a negative output voltage of a

few hundreds of millivolts, leading to similar cdnsions as the boost design.

4.2.7 Summary

The idea of energy recovery from a high-speed cloekl in high-speed digital circuits was

investigated by exploring the integration of thekdoost converter topology with a high-speed
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clock driver [42]. While the simulation results gm@mising, test results are not available due to

non-functional fabricated chips.

4.3 Conclusions

The two designs presented in this chapter workinmuktion, but there appear to be related
layout issues that prevent the fabricated protofym® operating correctly. This highlights some
of the difficulty of designing these new types afcuaits. It is essential to fabricate prototypes
and test them due to difficulties with modeling asithulating these high power circuits with
magnetic fields, heat, and other practical issues.

Although the two designs presented in this chaplier not result in a functional
prototype, they inspired the design of a third wirevhich is presented in the next chapter. It
borrows from the integrated clock driver/boost center to produce a low-power clock driver.
This third prototype circuit did operate correcigd results in 35% lower power in the clock

drivers.
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5 LOW-POWER CLOCK DRIVER

5.1 Introduction

In this chapter, a low-power clock driver is degidrto return the energy stored in the clock
capacitance back to the power grid [43]. This wagtead of producing a secondary regulated
output voltage like all of the other circuits inghhesis, the energy needed to operate the clock
driver itself is effectively reduced. The circuibrdiguration of this low-power clock driver

resembles a boost converter or full-bridge DC-D@venter [12].

5.2 Circuit Design

A simplified schematic of the proposed low-powerald driver circuit is shown in Figur 1(b).
This circuit incorporates an inductor at the clockle, but unlike resonant clocking schemes, the
inductor appears in the driver side not the loabk.9C.x and Ci; are the sum of wiring and
transistor capacitances that are connected to ndgesndViy, respectively. Assuming a fan-
out of four as the inverter taper fact@y,; is one-fourth ofC.

In the discharging phase GLi, the energy stored in the capacitor is transfetoethe
inductor instead of being discharged to ground. &oimthis inductor energy is returned to the

power grid througM,,, effectively reducing power consumption of thecklalriver.
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Figure5.1. Low-power clock driver

The circuit in Figureb.1(b) resembles a full-bridge DC-DC converter imah Mp1, Mqy,
Mp2 andMp; are the bridge switches, alg:, Cck andLr are the bridge loadCr represents the
intrinsic power-grid capacitance and the on-chipadgling capacitances commonly added to
digital designs.

The input to the generic full-bridge converter shoim Figure5.1(a) is a fixed DC
voltage but the DC magnitude and polarity of thieldee load voltageMck — Vint) can be adjusted
by pulse-width modulating the gating signals. Shé® My2, Mn1) and M2, Mps) are treated as

two pairs. Because of the inductive load, dependinghe direction of the load voltage and
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current, the load may consuraereturn power. The load current does not becoiseodtinuous

but the input current to the bridge can changdiresction, so it is important that the source has

low internal impedance. A bigg€r would better facilitate this requirement.

If the bridge stays in a particular state long ejiguhe energy stored in the inductor
would be large enough to be used for charging/digghg the load capacitors. In practice, non-
ideality of M, andMp; results in their slow turn-on, providing the timeeded for the inductor
current to discharg€i,; andCe. Similarly, non-ideality oMp, andM;; gives the inductor time
to charge those capacitors.

In the simplified design of Figure 1(b), the CMOS inverter propagation delay (frgm
to Vo) helps provide more time for the inductor to cleddischarge capacitd@yy. This is
observed, for example, afteh,, turns on and raisé4, with the assistance of the inductor before
V. falls due to the turn-on dfl,;. The complete circuit, which will be discussedigtail later,
utilizes zero-voltage switching (ZVS) to provide awen longer delay that is dynamically
adjusted.

Operation of the circuit in Figurg.1(b) can be explained using the idealized timing
diagram shown in Figurg.1(c). There are eight intervals:

. Interval 1:Mp; andM,, are onC is already charged up aidy is high. Inductor current
is positive and is increasing linearly.

. Interval 2:Mn; is turned off andMp; is turned onVi, increases.

. Interval 3:Mp: is turned on and,; is turned off.Vg decreases. For a short time the
inductor current continues to rise. Whiely, is off, the inductor takes energy froGax
rather tharnVpp and helpd/c to fall rapidly. The inductor will first transfemergy taCint,
helping M, to increaseViy: quickly, and then transfer energy to the on-clopver grid

throughMy,. Inductor current peaks whafy: = Ve, i.€., when the voltage acrogs is
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zero. The inductor current starts to decredgg.and Vi, reach low and high values,
respectively.

. Interval 4:Mp, andM,; are onCe is already discharged aMdy is low. Inductor current
is positive and is decreasing linearly.

. Intervals 1-4": With the direction of the inductor current rewvadsintervals 1-4 repeat in
the opposite sense to help charge capa€itprfrom the stored energy iGi,: and L.
WhenCiy is dischargedM,,; keepsViy at zero, providing the current path fgrto charge
up Ceik.

In the above discussion, whenever the absoluteevaltthe inductor current is decreasing, the

energy stored in the inductor is being deliveredatmther element of the circuit. Here, the

destination of the charge can 6g, C.x, or Cin. Energy recycling occurs whety charge is
returned to the power grid via the inductor duringerval 3. The inductor also reduces the
amount of energy consumed by helping to prech@egdrom the energy stored in itself afg;
during interval 8 However, a<Cin is smaller tharC, there is no opportunity to return energy
to the power grid in this interval. Additional eggmrecycling occurs wheb: magnetic energy is

returned to the power grid during intervals 4 ahd 4

5.3 Complete Circuit

Ideally, all of the energy stored @y should be recovered (by moving it@g: and/orCg) rather
than being wasted by dischargi@gy into the ground. Thus, to maximize the energyrsgsithe
turn-on ofMp; should be delayed. This is shown in Figbr2 with the addition of transistokd,s
andMys. FurthermoreM;; andMpz also delay the turn-on &, allowing Cci to be precharged
by the inductor. This achieves zero-voltage switghin the final drive stage and reduces

switching power loss.
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The main benefit of implementing ZVS ftM,; is thatC.x won’t be shorted to ground
anymore. During ZVS dead-time, the charge is remddvecovered) by the inductor current and
consequentlyWqi is reduced to zero. After thid),; is turned on to provide a low-loss path for
current and also to kedfyx around zero. 1M, is not turned on, the inductor current would turn
on the intrinsic body-drain diode df,:. The resultant voltage drop across this dio8&iode_drop
would contribute to the overall power consumptidrih@ system. In the charging phaseGgaf,

ZVS for Mp; cause<k to be charged mainly through the indudter
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Figure5.2. Circuit diagram of the low-power clock drivaard the reference clock
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5.4 Simulation

The circuit of Figureb.2, consisting of an inductor and two ZVS tramssst returns part of the
Cck energy back to the power grid thus the power cmgion of the clock driver is reduced in a
non-resonant fashion. In comparison, clock-resomaahemes such as [10] and [11] reduce
energy by resonatin@ck with an inductor, resulting in nearly sinusoidiak waveforms.
Simulation results of the implemented low-powercklariver operating at 4 GHz are
shown in Figuré.3. As shown in the figure, the proposed technjopeserves the sharp edges of
the clock in the presence of the inductor. Compé#oetie reference clock driver implemented in
the same process, the slope of the rising clocle eénlghe new circuit is similar, although the
falling slope is slightly slower because ZVS tratsisMnz andMp3 are in the path of charging

theVinm Node. ThusMp; turns on slightly slower and hend&y has a slower falling edge.

1.4

— Complete Clock Driver
— Simplified Clock Driver
Reference Clock Driver

Voltage (V)

Time (ns)

Figure5.3. Simulated clock waveforms of Figuwel(b) and Figuré.2
To investigate the effect of ZVS transistors orncwitr operation,M,> and Mp1 drain

currents are plotted in Figur@4 and Figureb.5, respectively. A positivéMp, drain current
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means thaC.k charge is being returned ¥pp and a positivéV,; drain current means th@y is
being discharged to the ground.

Figure5.4 shows that there are periods of time ¥Mgt drain current, in both simplified
and complete circuit versions, has a positive “areder the curve”, with the complete circuit
having a bigger area. Similarly, Figuses shows thaM,; drain current in both simplified and
complete versions have a smaller “area under tineetuwith the complete circuit having a
smaller area. Simulations show that the “area utiiercurves” in Figur&.4 are 1.3-0.7 and
-7.9pA.s for the complete, simplified and referewaeuits, respectively. Similarly, the “area
under the curves” in Figurg5 are 16.2, 19.3 and 24.0pA.s for those circlitgese results that
are for the PMOS and the NMOS transistors thatimrthe C. discharge path, can help in
comparing the three variants of the circuit. Thenptete circuit has the biggedl,, area,
confirming the most recycling t&pp, and has the smalledt,; area, confirming the least
dissipation ofC. charge to ground.

The low-power clock driver of Figur®.2 was also simulated at different switching
frequencies along with its simplified version frafigure 5.1(b) and the reference clock driver.
The simulation results in Figu®8 show a trend that power savings is improvethasclock
frequency is increased. The simplified circuit does perform as well as the complete circuit
since the ZVS transistofd,,z andMpz in Figure5.2 assist in energy return to the power grid.
Also, simulation results at 4 GHz show @ercentage power savingequal to
(Pin2—=Pin1)/Pin2 = 37%. HerePiny = 86mW andP;,, = 136mW are the power consumption of the

complete and the reference circuits, respectively.
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Figure5.5. SimulatedM,; drain current waveforms of Figusel(b) and Figur&.2
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To evaluate the effect of inductor value on powansumption, the complete circuit is
simulated with different inductor values by varyiagactorK such that_r = Kx310pH. Figure
5.6 shows the results and suggests an optimum tmdualue is needed for different frequency
ranges. For example, & = 1, minimum power consumption is achieved over thmck

frequency range of 3 to 4GHz. This value of indaoctacorresponds to the fabricated prototype.
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Figure5.6. Effect of changing inductor value on powerisgs in Figures.2

5.5 Chip Implementation

As a proof of concept, the two circuits in Figls2 have been fabricated in a 1P7M2T 90nm
CMOS process using loW transistors to facilitate operation at lowésp levels. The 310pH
inductor is made with a single loop using the fmp metal and one extra aluminum (ALUCAP)
layers in parallel. The inductor was modeled ush&TIC. A Patterned Ground Shield (PGS)
was also placed in between the inductor coil aedstibstrate.

In the chip, the total capacitance connected ten@@ (shown aLC in Figure5.2) is

25pF. Presenting a fanout-of-4 load to the cloakedy the load gate capacitance connected to
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nodeVc is 21pF which is implemented using gate capacgai@016/0.75um NMOS transistor
array. All transistor bodies are connected to tlsgiurces, except foM,z whose body is
connected to ground. This prevents forward biasintne body-drain intrinsic diode and avoids
the need for using a deep n-well structure.

The chip micrograph is shown in Figube7. The inductor area is 0.1rAnThe low-
power clock driver (including the inductor) and theference circuit occupy 0.15mMnand

0.03mn4, respectively.

Not Used
Here

Figure5.7. Chip micrograph

5.6 Chip Measurements

Chip measurement results in Fig&r& show energy savings for a clock frequency rarfga75

to 4GHz. The measurements show increasing powengsawas clock frequency increases to
4GHz. At lower frequencies, the inductor currenil Wwave more time to build-up, which results
in an increased resistive voltage drop acrossrttactor. Thus the energy savings are reduced.

To improve this, a larger inductance is neededhaws in Figures.6.
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The simulation results show very good agreemenh ilie measured results below
3.5GHz, but begin to deviate at higher frequencMgasurements above 4GHz were not
possible due to limits of our test equipment. AtHEG measurements confirm the power

consumption is reduced from 117mW (in the refereaiceuit) to 76mW (in the complete

circuit), a net power savings of 35%.

140
120 -
100 -
s
= 80 -
2
g 601 ‘ ‘ ‘
o s —O— Reference Clock Driver (Simulation)
410 4+------—----—------ —@— Reference Clock Driver (Measured) -—-
- —<— Simplified Low-Power Clock Driver (Simulation)
204-----------"-"-"-——- —0O— Low-Power Clock Driver (Simulation) -
J —&— | ow-Power Clock Driver (Measured)
| | |
0 v : v : v : v : T
2.75 3 3.25 3.5 3.75 4

Fsw (GHz)

Figure5.8. Test and simulation results
The clock waveforms are made available off-chimgsopen-drain PMOS buffers. At
4GHz, the RMS clock jitter is measured to be 1.2&8pd 1.17ps for the complete low-power

clock driver and the reference clock driver, resipety. Thus, the added jitter by the inductor

and ZVS transistors is negligible.
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5.7 Summary

The design introduced here benefits from the chatgeed in the clock load capacitance. Thus,
the exact location for including the proposed cldciver circuits depends on the configuration
of clock distribution network as was discussedect®n2.5.

In many situations, it is desirable to “stop thec&’ to save power by gating the
incoming clock signal. With a stopped clock, théuaotor would be continuously conducting and
dissipate significant static power. To solve thislpem, power gating with a header transistor
can disconnect the power supply from the drivericivfalso reduces standby leakage [44]. This
introduces a new concern: th€ components can oscillate and introduce additiomaanted
clock transitions until the stored energy in theten is dissipated. To address this issue, an extra
NMOS transistor can be added in parallelGg to provide a discharge path for the clock,
keepingV¢k at zero and immediately shorting any unwantedllasoins. This shorting transistor
can share the same gating signal as the header+gatveg transistor.

One of the strengths of the circuit presented im ¢hapter compared to earlier chapters is
its simplicity. It requires relatively few comporten and it does not require changing the
operation of the clock by duty cycle modulation low-swing distribution. Hence, the
application of energy recycling concepts and op-dDC-DC converter technology resulted in

significant power savings to a very important citcu
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6 CONCLUSIONS

As an energy saving strategy, recycling energyestan the clock that would otherwise be
discharged to ground has been the subject of tissedation. Two methods of reusing this
energy have been investigated: 1) using the energyovide an extra supply voltage for other
circuits and 2) transferring the energy back to @ogrid to improve power consumption of the
circuit.

Power losses in a system can be divided into twegcaies: resistive and dynamic.
Reducing resistive power loss by optimizing alongrent paths has always been a goal for
circuit designers, while reducing dynamic lossesehbeen achieved by minimizing the gate
capacitance, reducing the supply voltage and/aickimg frequency.

The voltage across an open switch is stored asrielenergy in the stray capacitance of
the switch. It has been known that an inductoraeded to successfully remove this energy in
full, a common practice in designing &€& oscillator circuit. The inductor is a good candela
for transferring energy into it as, ideally, theseno loss in the transfer process. However, in
power circuits, the oscillation in the circuit iscéded by choosing the switching frequency much
higher than the resonant frequency of thl@ circuit. As a result, the state of the circuit is
changed many times before one oscillation cyctmmpleted. In one state of the circuit, current
from the supply voltage builds up in the inductorthe other state, the circuit configuration is
changed so that current continues to flow from ¢heacitor, since current can not change
instantly in an inductor. When the capacitor igyfdlischargedi.e., its voltage is zero, the switch
should close to provide a low resistance path ler inductor current; otherwise, the intrinsic
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diode of the switch would turn on. This is not dalsie as the voltage drop across a diode is
bigger than the voltage drop across a closed switch

The energy improvement methods proposed here asedban the Zero Voltage
Switching technique which delays turning on a slvinitil the voltage across it is zero. During
the delay time, the voltage across the device dsiged,i.e., the energy that was about to
discharge to ground through the device is transfeto another passive reservoir. Consequently,
power loss related to dynamic losses in the syssemeduced. To further reduce the total power
loss, resistive losses in the system have beerteddoy using wider and/or thicker current paths.
Also wider transistors have been employed, althabgly have large gate capacitance requiring
them to be driven by bigger drivers.

As the inductor and capacitor used in a power cdeveare big, the only way that a
converter can fit on-chip is to reduce their sigamnverter transistors can switch at higher
frequencies that allow converter passive componentse integrated on-chip. However, these
higher frequencies were traditionally avoided dueynamic losses. By reducing these dynamic
losses, on-chip integration of power converterslmmmade more practical.

This thesis has investigated several methods oficred these dynamic losses by
recycling energy stored in the clock network. Thst fcircuit is integrated with the clock driver
in a way that delivers the final clock load enetgythe switching converter. The second circuit
recognizes that the high switching losses of tlatfend driver chain can be reduced through
supply stacking and that some excess energy thalisecan also be delivered to the switching
converter. The third and forth circuits explore siband buck-boost topologies. The fifth circuit
uses power converter circuitry to directly reduse power consumption of a clock driver in a
manner that represents a boost converter.

The charge recycling methods used here are abéxptoit a large clock capacitance.
Although traditional design practices try to kebp tlock capacitance as small as possible, these
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techniques provide a power-saving alternative wifian is no longer an option. The proposed
methods are generic, technology-independent solsitivat could be valid for future generations
of finer feature size CMOS technologies.

The implementations in this thesis attempt to distrthe impact of the integration on
the original system by minimizing the effect of oi@ recycling on internal signals. Also
stability and robustness of the proposed solutiares assured by avoiding complex circuit
configurations as they are prone to malfunction @sd have higher failure rates.

The results demonstrated here are very promisingjgAificant amount of work remains
to be done to optimize these circuits before theypaactical. Although simulations show good-
quality, quasi-square clock waveforms, there isceom that clock jitter may be increased as a
result of the power converter integration. Placeinoérihese circuits in the clock network could
also increase skew. Future work is needed to asldi@scerns regarding integrating the new
circuits in a real, complex chip design; for exaephteraction between the converters and the
system power grid and/or decoupling capacitorsaAsniting factor, the new clock waveform
from the integrated converter/driver circuits idyoauitable for positive-edge-triggered digital
blocks as the converter output voltage is adjustedoulse width modulation of the clock
waveform. The low-power clock driver does not h#vis drawback, since it can work at a fixed
duty cycle.

If these methods of charge recycling prove to bexessful in practice, they potentially
could be used in many high performance, high fraquedesigns to lower power and save
energy. This new design approach may transforngalae CMOS designer's way of thinking to
take into account energy recycling. For examplesjgiers typically minimize capacitance, but
bigger capacitors in some areas may lead to mamgnmecovery and provide benefits in other

areas.
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Table6.1 summarizes the overall results of the fabrt@i®totypes that are presented in

this thesis:
Table6.1. Chip prototype results
Type Buck Boost Buck-Boost
90nm CMOS 90nm CMOS 90nm CMOS
Integrated clock driver/power converter Simulation works Simulation works Simulation works
Prototype works Prototype not working Prototype not working
180pm CMOS
Low-swing power converter Simulation works N/A N/A
Prototype works
90nm CMOS
Low-power clock driver N/A Simulation works N/A
Prototype works

6.1 Future Work

The plan for future extension of this work can badid into two key categories: continuation of

the previous work and finding new ideas for chamggycling.

6.1.1 Continuation of the Work

As a continuation of the previous work, the twoviwes buck converter concepts can be merged
onto a single design. That is, two chains of gateeds can be considered in the clock-tree
converter design. The advantage of this configonais that the electric charge in the clock-tree
circuit as well as the transistor gating circuiifl ine reused to get improved efficiency.

There are potential problems with this approach.éxample, there might be a mismatch
between the parallel inverter chains and therefiateng signals arriving at the power transistors
may go out of synchronization. This is particulaalyroblem at very high speeds. This problem

could be alleviated by using new adaptive delagutis that are part of the ZVS function to
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either re-sync or tolerate mismatch better. Thiowahg improvements to this new design can
also be pursued:

* NMOS ZVS operation has been implemented in thegmted clock driver/power
converter designs. The implementation of PMOS Z\{&ration and its effect on
converter efficiency could be considered. A duatwi similar to the NMOS delay
circuit can be used for this purpo&arly simulation results (using a different cirguiad
shown that negative inductor current needed for Zff&ration ofM, resulted in
increased power loss due to inductor series resist8. The new delay circuit and
reducedRs through inductor thickening may alleviate this @owoss.

» The existing diode-connected NMOS transistors w-$wving buck converter suffer from
power loss during the on state. A simplified gatonguit is needed to fully turn on an
NMOS transistor while mimicking diode behavior. $laiould be achieved by connecting
the gate of a wide transistor to a comparator tiritiat senses the voltage difference
across the transistor [41]. The challenge comas fitte fact that the comparator circuit
needs to react very quickly while driving a bigisestor.

» The existing transistors in the low-swing buck cemer are of standard-type because
low-V; devices were not available in the design kit. -\ device is needed to facilitate
operation a¥Vpp/2 levels.

* To improve the chip layouts, some fine tuning colédperformed to reduce resistance
across the circuit. This would include resizingtloé power transistors and changing the
width of the circuit paths and/or the inductor pathis would increase area but would
improve efficiency by decreasing the resistive poless.

* In the clock-tree charge-recycling scheme, thelkckgnal has been disturbed in order to

achieve converter voltage regulation. However,gqhality of clock signal is important to
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a logic designer. Clock jitter and duty cycle inak-tree scheme should be measured and
improved, perhaps by using on-chip structures apémmentation.

Stacking of the passive filter components, spedgliffcputting the filter inductor above
the filter capacitor to save area, could be comsiieThe area under the inductor has not
been used here due to concerns of negative impaaiductance and/or eddy current
losses. Recently these concerns have been studjé8]iwith reassuring results.

Power grid capacitance could be integrated withcthreverter output filter. They behave
like a distributed capacitor across the chip. Pogv&ts can potentially oscillate duelto
andC effects in the grid itself. This effect needs ®thken into account while studying
the stability of the system. This idea would redtieesize of the output capacitor and, as
a result, reduce the converter area.

The effect of injecting charge back to on-chip DGwpr distribution grid could be
investigated. A large system can potentially haseesl of the integrated low-power
clock drivers working in parallel, raising concemath their possibly synchronized
operation.

To simplify the designs, the current chips havetbioh controllability and observability.
On-chip voltage buffer circuits can be added tawike internal signals such as the clock
waveform. Also, on-chip jitter measurement circu#®uld help in accurate jitter
measurement.

The effect of delivering a voltage surge back te thower grid that is perfectly
synchronized to the clock is unknown. It could deli energy just-in-time to reduce

resistive voltage drop, or it could be at the wrtinge and increase it.
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6.1.2 Investigating New Ideas

Clock networks are one of the charge dissipatingarcuits in a system. There are other sub-
circuits of an integrated system that have capescitath a charging/discharging operation cycle.
Those circuits could be investigated in order tplyagharge recycling methods to feed DC-DC
converters or for returning the charge back to plsver grid. Examples of other charge
dissipating circuits include:

* On-chip memories: In a synchronous random accessonye(RAM), one entire word
line is always fully charged/discharged every asagle. As well, all bit lines are pre-
charged (possibly not to fuNpp, but halfway) and during the read cycle they are
partially or fully discharged. DRAM empties its @mitor storage onto the bit line, but
the charge change is very small and probably tentaptured. However, SRAM uses a
pull-down NMOS to drain the bit line to ground.ritight be possible to capture and
collect the SRAM pull-down charge in a “pseudo-grdugrid, and fed it to a DC-DC
converter.

» /O pads: /0 pads usually have big capacitancedtecharged and discharged in every
change of output state. Instead of dischargingptige capacitance to ground, the charge
can be delivered to a power converter. There acedemmon types of /O pads: full
swing digital pads that are used in low-speed diigmaand low-voltage differential
signaling (LVDS) pads that are used in high-spegdating. Different charge recycling
methods could be applied to those pads.

» Tall current source in differential pairs and bs#rcuits: Instead of sinking current to
the ground, it can be redirected to a DC-DC boostserter. This circuit is different from
the others in the sense that the charge is notclextyfrom a capacitor but from a

continuous current source.
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From the list above, the most advantageous ondd beudentified and selected to demonstrate
advantages of charge recycling. This would defimew category of designs that reuse, recover,
and recycle energy called “green” chips or envirentally friendly electronic circuits. With
reduced energy consumption, green chips can berpdweom the renewable energy of the
environment, such as sunlight or human body heaaind. off free ambient energy, they will be

closer to zero-footprint and can become true wabkevices.
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APPENDICES

A Discrete Switching Power Converters

Switch-mode converters consist of an inductor tpatiodically is connected in different
configurations. By adjusting the ratio of time speneach configuration, the output voltage can
be regulated. This method is more efficient, inridwege of 80% to 95% for a discrete design, as
switches are either fully on or fully off and vaj@ drop ideally happens only across the
inductor, which is a no-loss componei®,, voltage drop causes energy to be stored, not to be
dissipated, in the inductor. For the sake of sioifyli in the following discussions power losses

in the circuits are neglectedg., Pin = Pyt

A.1 Buck (Step-Down) Switching Converters

One of the basic switch-mode DC-DC conversion togiels is the step-down or buck converter.
Basically its operation can be described as avegagisquare wave signal by passing it through
a low pass filter. The average or DC valu®ieVpp which implies that the output voltage is a
function of the magnitude and also the duty cy¢lthe square waveform.

As shown in Figure A.l1, the square waveform is gateel using two switches: one
transistor and one diode. Using the diode simglifige circuit as it operates automatically and

does not need a gating signal.
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Figure A.1. A basic buck converter
The operation of the buck converter is fairly simmgf the inductor current never stays at
zero, it is said that the converter is operatin@antinuous Conduction Mode (CCM). As shown

in Figure A.2, there are two operational states.

S L
A YN

— ZS D ==+C,: § R,

+

e ZS D T Ck § R

Figure A.2. Operation states of the buck conven&CM mode

In the first state, the transistor is on, diodeeigersed biased and current builds up in the
inductor. In the second state, the transistorrised off. Current in the inductor can not change
instantly, so the current finds its way through thede. Since the supply is disconnected from
the circuit, inductor current decreases as theggnsrtransferred from the inductor to the load.

In steady-state operation, the integral of the @boluvoltage over one time period, in
other words the average of the inductor voltage, stmibe zero. Therefore
Voo ~Vouton =Vou (Tew = L) OF
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which implies that the converter has a linear id2@l gain,i.e., behaves like a DC transformer.
Also in steady state as there is no DC currentggthnough the capacitor, the inductor average
current is equal to the output DC current. SuppbeeDC load current is decreased slowly. The

average value of the inductor current falls togbet that the minimum inductor current reaches

zero. At this time the average inductor current IS
I :%AiL :%iL’max :tZLli(\/DD Vo) = DZ-II-_SW Voo —V,u) @s shown in Figure A.3. Noting thit

= lou, Equation A.2 gives the minimum inductance neddekkep the converter in CCM with a

minimum design load curreiy.min IN practice, it is considered tHagt-min [10.1X oyt

L= DT, (VDD _Vout) (A.2)
2| out
SwitchA
State | =
ON OFF ON | OFF
0 >
t
I; A

max|-—
avg //
min {4

0 -
D. T, Tow

Figure A.3. Waveforms of a buck converter in CCMd®o
If the DC load current is further decreased, sitieediode can not conduct a negative
current, minimum inductor current stays at zerosaswn in Figure A.4. This is called
Discontinuous Conduction Mode (DCM). In DCM, thengerter behavior is not linear which

requires a complex controller algorithm for voltaggulation.
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Figure A.4. Waveforms of a buck converter in DCMdeo
In reality there is a significant voltage drop asdhe diode in the basic buck converter.
Because a transistor on-state voltage drop isthess a diode on-state voltage drop, the diode
can be replaced by a transistor as shown in Figuse This configuration is referred to as
Synchronous Buck Converter. This configuration asoids the complexity of DCM. As the

second transistor can conduct negative currergs;dhverter always stays in CCM mode.

S1 L
/ £ YN

—

+

—L \\ S2 =c: §RL

Figure A.5. A synchronous buck converter
The filter capacitor that is directly connectedta output of the converter, makes it seen
as a voltage source by the load. A bigger capaai@kes the output voltage ripple smaller. It

can be proven that the peak-to-peak output voltaggple can be written as

AVoup _ 7T 1 _ F) _ 1 . .
v 5 @1-D) whereF, is the corner frequency of the filter. Choosing
out

F 2/ LC

F. 001xF,, << F,, minimizes the ripple. This also shows that thepot voltage ripple is
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independent of the output current in the CCM madeus the filter capacitor can be derived
using Equation A.3:

__ (@D
8(Avout,pp /Vout) st2

(A.3)

It is also worth noting that in the second CCM etavhen the diode in the basic
configuration is conducting, the converter modeai ba simplified to an LCR circuit. Choosing

F. <<F,, prevents the potential for oscillation as well.

In integrated power converter designs, to save hgp-@rea, smaller inductor and
capacitor values are much preferred. Using Equatla@ and A.3 for the basic buck converter,
the effect of switching frequency and converterpatitcurrent on the converter inductor and
capacitor are illustrated in Figure A.6 and Figie, respectively. Choosing a mid-level
converter output current will give a good compranisetween inductor and capacitor values

while higher switching frequencies will reduce hoth
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Figure A.6. Effect of, andl, on buck converter inductor
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Figure A.7. Effect of, andl,y on buck converter capacitor
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A.2 Boost (Step-Up) Switching Converters

Another basic DC-DC conversion topology is the sippor boost converter. Components used

are similar to the buck converter but connected giifferent configuration as shown in Figure

A8.
Lr D
T IYYN N
— L

+

e \ S = Cr § R

Figure A.8. A basic boost converter
The operation of the boost converter is fairly denjpf the inductor current never stays at
zero, it is said that the converter is operatin@antinuous Conduction Mode (CCM). As shown

in Figure A.9, there are two operational states.

=
Vo

:

+

pre— \ S = Cr § RL

Figure A.9. Operation states of the boost convent€CM mode
In the first state, the transistor is on, curreatlds up in the inductor and diode is
reversed biased isolating the output stage. Iiséitend state, the transistor is turned off. Current
in the inductor can not change instantly, so theetu finds its way through the diode. Inductor
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voltage will be in series with the source voltage the output capacitor receives a voltage that is
higher than the supply voltage. The load receivesrgy from the input source as well as the
inductor and therefore the inductor current de@sas

In steady-state operation, the integral of the @boluvoltage over one time period, in
other words the average of the inductor voltage, stmibe zero. Therefore

VDDton + (VDD _Vout) tof'f = O or

L‘Jt:h:— (A4)
Voo ti 1-D '

which implies that the converter has a non-lineal DC gain even in CCM. Also in steady
state, the inductor average current is equal torthat average current. Suppose the DC load
current is decreased slowly. The average valuéeirtductor current falls to the point that the

minimum inductor current reaches zero. At this tirtltee average inductor current is

1 . 1. 1V T.V . | ) )
[ ==Ai, == =—-Dbt —_swotRy@i-D). Noting thatl, =1., =—2 this equation
L 2 L 2 L,max 2 L on 2|_ ( ) g L DD 1_D q

gives the minimum inductance needed to keep theertar in CCM with a minimum design
load current. If the DC load current is further &sed, since at the end of commutation cycle
the inductor discharges completely, minimum induatarrent stays at zero. This is called

Discontinuous Conduction Mode (DCM).

A.3 Buck-Boost Switching Converters

Buck-boost topology is a combination of the twoibanfigurations. Components used are

similar to the buck converter but connected infeecknt configuration as shown in Figure A.10.
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Figure A.10. A buck-boost converter
The operation of the boost converter is fairly dimif the inductor current never stays at
zero, it is said that the converter is operatin@antinuous Conduction Mode (CCM). As shown

in Figure A.11, there are two operational states.
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Figure A.11. Operation states of a buck-boost caevéen CCM mode
In the first state, the transistor is on, curreotlds up in the inductor and diode is
reversed biased isolating the output stage. Irs¢itend state, the transistor is turned off. Current
in the inductor can not change instantly, so theetu finds its way through the diode. Inductor
voltage will be in parallel with the output voltagg8ince the supply is disconnected from the

circuit, inductor current decreases as the enex¢pansferred from the inductor to the load.
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In steady-state operation, the integral of the @boluvoltage over one time period, in

other words the average of the inductor voltagestrhe zero. Therefore,t,, + (-V )t =0

or

Voo Tty 1-D (5)

which implies that the converter has a non-lineal DC gain even in CCM. Also in steady
state, the inductor average current is equal tstime of the input average current and the output

average current. Suppose the DC load current isedsed slowly. The average value of the

inductor current falls to the point that the minmmunductor current reaches zero. At this time

the average inductor current is :%AiL :%iL,maX =%TSW\L/DD D= ng\li"“t (1-D). Noting that

=2

out 1_ D out + l

this equation gives the minimum inductance nedddatep the

out?

converter in CCM with a minimum design load currelitthe DC load current is further
decreased, since at the end of commutation cyelentiuctor discharges completely, minimum

inductor current stays at zero. This is called Biemuous Conduction Mode (DCM).

B On-Chip Passive Components

B.1 Inductors

An inductor is an integral part of any switch-mogewer converter. Traditionally, magnetic
materials are used in construction of inductorgdafine the magnetic field close to the caoil,
thereby increasing the inductance. Magnetics agosil have been introduced before in the
literature [46]. However, to keep the inductor desicompatible with conventional CMOS

process, coreless inductors are being used inibrik.
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A simplified T model of an inductor is shown in Figure B.1 whagdnsists of an ideal
inductancelseries @ Series resistand&eries representing the ohmic losses in the coil, inducto
capacitance€s; andCs,, and substrate resistandes andRs,. The value of these components

can be derived using ASITIC software [40].

Lseries Rseries

(YT ANN—2
Rs1 % Rs2
Cs1 :I: :I: Cs2

Figure B.1. A Simplifiedtmodel of an inductor

In CMOS processes, the silicon substrate has divedla low resistivity and eddy
currents in the silicon can be considerable. Asettdédy current tries to create a magnetic field
that opposes the applied magnetic field, the efdé@&ddy current is seen by a reduced net flux
and thus a reduced inductance. Since differenttiatbsstructures have different resistivity, they
will have different effects on the inductance.

Any coupled currents in the substrate will increfise substrate noise because they
change the substrate voltage. Consequently, a matsrned Ground Shield (PGS) is placed in
between the inductor coil and the substrate [4Y]uBing strings of ground-substrate contacts,
any induced current in the substrate will be slibeteregular intervals to the system ground as
well. The inductor characteristics will become ipdedent of the substrate structure and eddy
currents in the substrate may also reduce. Amoedliffierent patterns that are introduced and
studied in the literature, the wide bar patternmgian Figure B.2 avoids eddy current path and is

used in this work [48].
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Figure B.2. A wide bar PGS

Use of only higher metal layers for the inductod dne lowest metal layer for PGS will
keep the inductor high up above the PGS. Excludisg of the lower metal layers for the
inductor will also reduc€s; andCg,. On the other hand, block out masks can be appliethg
fabrication to keep the doping level under theapioil at a minimum to maximizBs; andRs;
[49].

The effect of high frequencies on inductor chanasties has previously been studied in
[50]. Using ASITIC [40], those effects are illugied in Figure B.3 for the following inductor in
a 1P7M2T 90nm process: a one-turn octagon indweiibr an external radius of 300um and a
width of 50um. The two thick metal layers of theqess M6 andM7) are put in parallel to
reduce the series resistariRgiies ASITIC simulation for the inductor used in theckiconverter
chip shows that at 3GHz, an inductance value opBR@ith Rseries= 2600102, Cq1 = Csp =140fF,
Rs1 = Rs2 = 282 and quality factor of 20 is achieved.

In Figure B.3, as the frequency increadRgies increases mainly due to both skin and
proximity effects. At frequency reaching the maxim@, Reeries Starts to decrease rapidly. It is
believed that the decrease is caused by couplingugh the silicon substrate. It has been
reported that adding a parallel combination ofstesice and capacitance to thenodel can

increase the accuracy of the inductor model becaaspling mechanisms through the silicon
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substrate are resistive-coupling dominant at legdiencies and capacitive-coupling dominant at

high frequencies [50].
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Figure B.3. Effect of high frequency on an induatbaracteristic

B.2 Capacitors

In CMOS there are a few different types of capasitavailable, including MIM, Fractal and
MOSFET gate capacitances. MIM capacitors are matwied using special metal layers and as
such they can be accurately characterized but tleese low capacitance density. Fractal
capacitors are made of geometrically shaped reguddal layers. They have higher capacitance
density but the capacitance can vary dependindn@wariations of the fabrication process [51].
MOSFET gate capacitors have the highest capacitdesity, but they are non-linear [52] and
require a DC bias voltage to operate.

In switch-mode power converters, capacitors arel asebulk energy storage devices. In
this work, an array of hundreds of NMOS devicepanallel is used to accommodate the high
capacitance needed. The nonlinear behavior of gapacitance is not significant in power

converter applications because capacitance carrdakcied according to the working voltage.
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Using the procedure given in [17] the effect ofegabltage on gate capacitance is presented in

Figure B.4 for a 1uMNMOS device in 90nm CMOS technology.

14
12 1

10 1

Capacitance (fF)

2 -15 -1 05 0 05 1 15 2
Voltage (V)
Figure B.4. Gate capacitance vs. gate voltagerfodOS device
As shown in Figure B.4, for voltages higher tharb, the capacitance density is around

Cox = 12fF/unf. The total capacitance of one transistor's gapacigance can then be calculated
using C =W.L.C_, in whichW.L product, represents the gate area of the transiBtoincrease
the gate area, transistors are usually designeld avikength much higher than the minimum

allowed by the technology. MOSFET-based capacitas been studied in [52] using the

distributed resistor and capacitor model showniguie B.5.

Figure B.5. Model of a MOSFET gate capacitor
The internal resistance, commonly known as Equiteferies ResistancE$H, of such
a capacitor consists of two parts: gate resistaycand channel resistané&, Equation B.1

summarizes the relationship betwdeBRand transistor aspect ratio.
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ESR=R, +R; = KQVLV + Km% (B.1)

While Equation B.1 gives thESRof one device, in practice, many gate capacitoes a
put in parallel. Th&aSRgiven by Equation B.1 is then divided by the numiiieparallel devices
in the capacitor structure, to achieve the totsistance of the capacitor.

Equation B.1 suggests thBSRwould exhibit a minimum for a certain device agpec
ratio. Minimum ESR is independent of the capackawnalue, since it is not dependent on the
size of the MOSFET capacitor but on its shape, aspect ratio. Equation B.1 is plotted in
Figure B.6 for a 90nm CMOS design kit using MATLA®8ther than Cadence. That is because
Cadence schematic simulation engine only consiBgtsin Cadence, post-layout simulation
based on extracted component values is needetida@ftect ofR; to be included. As shown in
Figure B.6, aV/L of about 10 minimizes theSR.A reducedESRnot only decreases power loss
in the capacitor, but also lowers the voltage epgutross it.

The effect of high frequency on capacitance anteseesistance of gate capacitors in

CMOS technology has been studied in [53] which shaw significant change at frequencies of

interest of this work.
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Figure B.6. ESRas a function of transistor aspect rati¢L
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