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ABSTRACT

Current sensing ability is one of the most desirable features of contemporary
current or voltage mode controlled EBXC convertersCurrent sensingan be
used for over load protection, mudiiage converter load balancing, curserdde
control, multi-phaseconvertercurrentsharing, load independent control, power
efficiency improvement etcThere are handful existingpproachedor current
sensingsuch asxternal resistosensingtriode mode current mirroringgbserver
sensing Hall-Effect sensors, trafmers DC Resistance (DCR) sensjrigm-C
filter sensingetc. However each methothas one or more issues that prevent them
from beang successfully applied in DGDC converter, e.g. low accuracy
discontinuous sensing nature, higlsensitivty to switching noise, high cost,
requirement oknownexternalpower filter componentgulky size etc.

In this dissertationan offsetindependent inductor Builh Self Test (BIST)
architecture is proposed which is able to measure the inductor inductance and
DCR. The measured DCR enables the proposed continuous, lossless, average
current sensing scheme.

A digital Voltage Mode Control (VMC) DC-DC buck converter wittthe
inductor BIST and current sensing architecture is designed, fabricated, and
experimentally testedlhe average measurement errors for inductance, DCR and
current sensing are 2.1%, 3.6%, and 1.5% respectively. For the 3.5mm by 3.5mm
die area, inductor BIST and current sensing circuits including related pins only
consume 5.2% of the die area. BIST modandr 40mA current foa maxmum
time period of 200us upon starp and the continuous current sensing consumes



about 400uA quiescent current. This buck converter zaslian adaptive
compensatorlt could update compensatmternally so that the overall system
has goroperloop response for large range inductance and load current.

Next, a digital Average Current Mode Control (ACMC) DC-DC buck
converter with the proposed average current sensing circuits is designed and
tested. To reducehip area and power consumption, a 9 bits hybrid Digital Pulse
Width Modulator (DPWM) which uses a Mixedode DLL (MDLL) is also
proposed. The DOC converter hag maximumof 12V input, :11 V output
range,and a maximum of 3W output power. The maxum emor of one least

significant bit (LSB) delay of the proposed DPWM is less than 1%.
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CHAPTER 1
INTRODUCTION

1.1 Research Background
1.1.1 DC-DC Application

Power supply and Powdfanagemenintegrated Circuits (PMI§) have been
widely used inComputer, Communication andConsumer(3C) electronics.In
recent several years, the market of portable devices such as smartphones and
tablets has been increasing rapidly. The annual unit growth rate for portable
devices is estimated at more than 12%, from aBduitlion in 2008 to over 3.4
billion devices in2013[3]. 3C electronics especially portaldevices requira
large number of PMICsThis is because each subsystem often requires a specific
powersupply voltag level,while only one voltage level is available at the battery
output A portable device generally needso 20PMICs as shown ifiablel1.1. In
last several yearthe market of PMIC hasndergone strong growthThe market
for power supply and power management ICs W&s$2.8 billion back in 1998
and jumpedto over $5.1 billion by the end of 2000 with angpoundannual
growth rate of 35% [1]. The revenue of PMICsin portable devices alone
accounted for more than 484 billion in revenues and more than 26 billion units

in 2008. This represents nearly 40% of total analogeNenues and/3 of total



analog IC unit43]. By 2013,the revenue oPMICsin portable devices alone is
estimatedo further increase to nearly2 of total anabg IC revenues and units
(about US$21 billion and 47 billion units, respectivdly). From 2010 to 2015,
sales ofPMICs will grow at aforecastaverage rate of Bercent annually2][4],

reaching $30.6 billion in total revenue by 2Q4%h

Tablel.1. Typical Number of PMICs ifPortableDevices[3]

Portable Device Type Typical Number of PMICs
Notebook 20
High multimedia / Smartphone 18
MID (Mobile Internet Device) 18
Digital still camera 18
Global Positioning SystefGPS)

/ Portable Navigation Devidg’ND) 0
Digital picture frame 15
Portable ultrasound 15
Entry / regular phone 13

Netbook 13

Portable medical device (Meters) 11
Digital media player 7
Bluetooth headset 7

Among various PMICs, voltage regulator is one major protimt There

are two major categoried voltage regulators: switching mod¥C-DC regulator
2



and Low Dropout Voltage (LDO) regulator LDO can provide arelatively
low-noise output voltage, arnsd very suitable for powering noissensitive analog
and radio frequency circuits such as iptter Phase Locked Loops (PLL), Delay
Locked Loops (DLL)etc. But LDOcan onlyprovide lowervoltage output from
the input and hasrelatively low efficiency. The efficiency & LDO is
approximately the ratio dhe LDO output voltage/out andtheinput voltageVy,
Vout /Vin . LDO is thereforevery inefficient when the dropout voltageéN-Vour)
is big. DC-DC regulator on he other handgan convert input voltage teither
higher or lower voltage, anflas better efficiency. The typical efficiency of
modern DCDC is larger than 80% and can be up to 98dthough DGDC has
higher complexity, andgenerally higheicost largeripple than LDO due to the
switching nature, it still gamthe popularity in battery based portable devices.
The scope of this dissertation is only limited $witching modeDC-DC
regulators.
1.1.2 Digital Control of DGDC Converter

DC-DC convertemusuallyrequires a loop compensator (also called controller)
due to the insufficient DC gain and phase magjithe uncompensatddC-DC
system There are two types of DDC control methods: analog control and

digital control. In recent years, digital control methodDC-DC converterdhas



been studiedy many researcher$5]-[12]. Compared to the traditional analog

implementationdigital controlmethodprovides several advantages:

1.

Less suscegiility to PVT, component variationandambientnoise.Analog
contoller consists of poles and zeros set by resistors and capacitsuffels
from Process, \oltage andemperature (PVT) variations as well as
component tolerance variation and drift due to ambierise A digital
controller is able toprecisely position poleand zeros and requires fewer
components. Thus, the digital control systemmigre robust and has high
tolerance on all kinds of variations

Possibility of implementing advanced control schemikss much easier to
implement advanced control technique®idigital control systemSome of
these advanced control scheme, such as high order comperaa&tor,
considered impracticabr too challengingfor analog realizationMoreover,
digital control enables programmable compensatdédvanced control
schemesand programmabilitycan be used tonprove system performances
such as dynamic performance, efficiency, stability, 8imme examples of
theseadvanced contrachemes araccomplished in prior work’]-[10].
Easinessof integraing with other digital systemsThis is particularly

attractivefor applications wheréoad is in digial implementation as well. In



thesescenariosboth PMIC and other functionality chipset caniftegrated
on the same die or SOC platforitherefore,it is able toprovide acompact

and lowcost overall solution.

Tablel.2. ComparisorBetweenDigital andAnalogControlin DC-DC.

Characteristics Analog Control Digital Control

PVT VariationTolerance No Yes
Componenv¥ariationTolerance No Yes
Programmability No Yes
AdvancedControl Algorithms No Yes
Telemetry No Yes
TechnologyExploitation No Yes
System Integration No Yes

Accuracy High Lower

Speed Fast Slower

Complexity Low Higher

A comparison of analog and digital control methods is providetabie1.2.
Analog control method generally has the advantage of high accuracy, fast speed

andlower complexity. The accuracy of digital controlled ID© depends on the



resolution of the Digital Puke Width Modulator (DPWM). High resolution
DPWM module is required to generate high accuracylloutput voltageThis
increass the DGDC hardware complexityAlso A/D converters are extra
demandsn digital control method. Thus the hardware cost foitaigontrol is
normally higher than that of analog methdd. spite of these drawbacks, digital
control method is still appealing due to its advantages in robustness,
programmability, and easiness of integration.
1.1.3 Research Motivation

Regardless of the sugss in commercial applicatisand intensivaesearch
work in academyswitching modeDC-DC still has some issues that are not well
addressedOne of the biggesissuesis the dynamic performance and stability
degradation due to thacognizanceof off-chip components and load condition.
For a generic DC-DC converter systemsuch as thedigital voltage mode
controlledDC-DC buck converteshown inFig. 1.1, the inductor inductanck,
DC Resistanc€DCR) and load currenit oap are in the close loop of DOC and
their valuesaffect the loop responsad stability However, the inductor is usually
off-chip due to the large sizénormally ¢ Hrangg and the load current is
application dependenfis the exact information of inductor and load current is

not known as a prior knowledgPC-DC is generally designed around a desired



nominal inductor value and specific load current. Unfortunately, inductotlyisua

has large variatiowhich an hurt the systend stability andtransientresponsein

recent years, there is also an increasing interest of using single inductor to drive

multiple outpus [13]-[17]. In these Single Inductor Multiple Outputs (SIMO)

systems, e impact of inductor variation and potential damage is even more

critical

Meanwhi

| e

S

nce th

e

regul ator

difficult to compensate for a wide load range. Therefdng,monitoling the

inductor and load current, wean improve the loop response aedableload

independent contrgl8].
VIN
. Off-Chip
wer L
DCR
> Stage | PS?W(Z Vour
Driver ag I
C X
I - ILOAD §
2 k
Ves
DPWM |e—| Controller | A/D Vere

VREF
-

Fig.1.1. GenericDigitally ControlledVoltageMode DGDC Buck Converter

Load current sensing ability &lso one of the most desirable features of

contemporary current or voltage mode controlled-DXC converters. Current

sensing can be used for short circuit detectowey current protectiomulti-stage

7



converter load balancingyulti-phase converter current sharipgwerefficiency
improvement, curreamnode controktc

The motivation of this dissertationis to design DEDC convertes with two
mgor features: ) load inductorinductanceand DCRBuilt-In Self-Test (BIST)
functionality uang the existing system resource) lossless continuousand
integraed load current sensingbility. Since efficiency is a key requirement in
power management systems, all these featuregxgrectedto be implemented
with low power consumption aremallhardware overhead.
1.2 Dissertation Outline

The organizatiorof thisdissertations as follows

Chapter 1 provides hrief introductionof DC-DC converters, explains the
existingissues ofcontemporarypC-DC designmethodology Chapter2 reviews
prior current sensing approaches in-DC converters. The essentials of the most
commonly used current sensing methods together with their advantages and
shortages are discussedhapter3 presents a digital/oltage Mode Controlled
(VMC) buck convertercore. The overall architecture andetails of individual
modules aredescribed In Chapter4, the proposed inductor BIST and lossless
current sensing architecturepresentedThe VMC buck converter cor@gethe

with the BIST and current sensirggchitecture are designed fabricated and



experimentally testedChapter5 demonstrate the measuremenesults of the
VMC buck converter. AsAverage Current Mode ControACMC) has gained
attentiondue to its advantageover voltage mode control, a digital ACMC buck
converter is proposed in Chaptér A hybrid DPWM based on a mixethode
DLL (MDLL) is proposed. Chapter givesthe experimental test resultsf the
digital ACMC buck converteiThe last Chapter, Chapt@roffers a brielsummary

and a discussion @lossiblefuture work



CHAPTER 2
STATE-OFRTHE-ART CURRENT SENSINGECHNIQUES

In DC-DC converters, wrent sensingnas various applications such ager
load protectio, multistage converter load balancing, currerdde control,
multi-phase converter curresharing, mode hop etc Depending on the
application, the current to be measualild be theinductor currentI(), load
current {Loap), occasionallyeven theoutput capacitor currentld, equas to
inductor ripple current There are handful existing approachesthe field of
current sensingAccording to the current to be sensed, we can divide these
methods into twamajor categories instantaneousnductor current sensing and
averageinductor current sensindl_oap in buck converter) This chapterfirst
reviews statef-the-art instantaneous inductor current senssapemesthen
discusses thexistingaverage inductor current sensing techniques. A summary of
thesetechniques is provided at the end of this chaptithough there are many
existing current sensing schemes,istegratable, continuous, lossless, hardware
and power efficient current sensiiggstill unavailable The review in this chapter
establshesthe demandfor our current sensingtechniquewhich has all the

aforementioned features. This techniguik be introduced idaterchapters.
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2.1 Instantaneoukductor Current Sensing

2.1.1 ExternalRsense
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Fig.2.1. ExternalRsgnseCurrent Sensing

The widely usedconventional current sensing method is addingnawn
sensing resistoRsense in the current pathOne @n monitor the current by
measuring the voltage cross tRgenseas shown inFig. 2.1. Depending on the
place to inserRsensg current to be sensed che the power switch current, the
inductor current or the load curreds theRsensevalue must be precidge obtain
accurate current sensingkternal sensing resistor is usually usguk accuracy of
this methodrelies on the type of resistoutilized. In the most common

implementation, a discrete metalliesistor with zero temperature coefficient is
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used, eithemanganin or constantan. The accuracy is just determingtebgitial
tolerance of the part.

This approaclgenerally has high accurabytis not losslessThe power loss
on Rsenseresults thepower efficiency degradation of the DOC converterThe
situationbecomesworse especiallyin high load currentapplication A trade off
must be done between the power loss and the sensing acduragyower loss
can be reduced by using snealRsense However, wien Rsenseis too small, the
voltage acros&sensewould be in the order of noise levat the seng amplifier
offset therdoy reducing the sensing accurac Meanwhile, an expensive high
performanceinstrument amplifiermay be required which inceass overall
system cost.

2.1.2 Power FETRps Sensing

PowerMOSFET turned orresistorRps can be used as a sensing resisor

shown in Fig. 2.2. When a MOSFET isin triode mode, theRps can be

approximatelyexpressed as:
1
w
ncox f (VGS - VTH)

RDS = (2_ 1)

Here mis the mobility Cox is the unit areaoxide capacitangd. and W are the

MOSFET length and widthand V1 is thetransistorthreshold voltageThus, the
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current goesthrough one power MOSFET can be sensed by monitoring the

voltage drop on the power FET.
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Fig.2.2. Power MOSFETRps Current Sensing.

This approachis lossless and does not require external components.
However since theRps is inherentlynonlinearand has significantariatiors over
processvoltageand temperaturet, inevitably has low accuracyAnother issue of
this approachis that, since only one side MOSFET current is observedyk@r
Imn @s shown irFig. 2.2, it is not ableto sense the inductaurrentthrough the

entire switching periodontinuously
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2.1.3 Triode Mode Current Mirroring
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Fig.2.3. Triode Mode Current Mirroring Current Sensing

The idea of triode mode currenirroring is adding a sense MOSFET in
parallel with the power MOSFET through layout matchifiP]-[24]. Fig. 2.3
illustrates the triode mode current mirroring current sensing method. Bygens
the current goes through tiparallel MOSFET, the power MOSFET current can
be predicated.

To assure that theurrent goes to thearallel sensing MOSFEIE very small
thus the powerconsumedfor current sensings ignorable a large 1:K current
mirror ratio is normally utilized. The accuracy of thecurrentsensing circuit
decreases since the matching accuracyvdst the mainMOSFET and the
senseFET degrades. The accuracy of the sdfis€ technique is about 20% in

practice Moreover, the senseET techniques sensitive tewitching noise during
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power FETSswitching.In addition, br converters with high load ments where
the switches are offthip, theimplementation of the technique may notfeasible
because of unavailability of discretenseFET switches.
2.1.4 Hall-effect Sensor

Hall-effect currentsensor is one adhe most popular magnetield sensors.
This sensor is based dhe Halleffect, which was discovered by Edwin Hall in
1879.There are som€MOS Hall-effect sensors reported jA7]-[31]. The most
serious limitation of Halkeffect sensor is the degaussing cyaquired after an
over current incidenf41]. Hall-effect sensoprovides a current sensing witlow
loss and good accuracy, batgeneraktavery highprice.
2.1.5 Transformer

Transformer can be used to sense the current by using the mutual inductor
properties[32]. The idea of transformer current sensing is showiiqn 2.4.
Transbrmer is typically bulky and not able to be integrated. Also, transformers
arenormally expensive. Besides, since DC current is not able to transferred, this

approach cannot be used for over current protection.
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Fig.2.4. Transformer Current Sensing.

2.1.6 Observer
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Fig.2.5. ObserverCurrent Sensing

Observer current sensimgproachwasproposedn [33], the voltage over the
power filter nductor is integrated over time to obtain the inductor current as

shown inFig. 2.5. Since the voltage over the induct®p=Lxdi/dt, the inductor
16



current can bebtained bymeasuring the integrator output. To obtain inductor
current,L should be known as a prior kntedge.However, to avoid saturation in
the integrator because dhe voltage ovemductor DCR, the integrator is reset
periodically[33], and therefore only AC ripple current is estimated.
2.1.7 Inductor DCR Sensing

Inductor DCR current sensingas proposedin [34], an upgradedDCR
current sensingpproachedvasalso giverto deal with the gltageregulators with
coupledinductors[35]. The extensiveanalysis of DCR current sensing can be

found in[36][37].

ENSE K 3RDCR F|

if RC =—=
RDCR
Power
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Fig.2.6. DCR CurrentSensing.

The ideaof inductor DCR current sensing is illustratedFig. 2.6. An RC

filter consisting ofRsand Csis addedbetweenthe power stage switching node
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Vswandthe DGDC output nodé&/oyt. The voltage across the inductaitgois the

voltage oer the two terminals of RC filtgrs:
Vivo = (SL +Rer) | (2-2)

We can obtain theoltage over the capacit@shby

1
VCS = VIND SL

=(sL #Rper) I I3

1+sR G (2-3)

From equation(2-3) we cannotice that,if RsandCs are seleced such that the

poleformedRsandCscance$ thezeroformed byL andRpcr, i.€.

L
Rocr

RCs= (2-4)

thenwe have:

Ves = Rocr 210 (2-5)
Thus we an sense the inductor current from the voltage over capaCiior
ApparentlyL and Rpcg need to be knowfirst, andRs and Cs are then chosen
accordingly.In industrypractice athermistoris often usedn this current sensing

method to compensate for the temperature drift of the inductor. DCR
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2.1.8 Gm-C Filter
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Fig.2.7. Gm-C Filter Based Current Sensing.

One of the latest and representattverent sensingpproachksis the GmC
filter based technigueroposedn [40]. The idea othis techniqueas illustrated in
Fig. 2.7. A transconductolGm block is added to convert the voltage over the
inductorinto current, which goes through a shunt RC network. As the voltage
over the inductor is:
Vio =(SL Ryce) I (2-6)

We could thereforacquirethe sensed voltage at the output of Gm block by
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o l 6
Vsense= 9 m Vo %R”_ 0
g SC -

a.R
= gm 3(8L RDCR) lE
+sRC
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=g, R & R0 Ree IU°
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If we couldtuneR so that
L
RC= R (2-8)
CR
then sensing voltagésensebecomes
VSENSE= g m 3R RDCR IE (2'9)
Especially, ifgy can be tuned such that
O’ R°Rer & (2-10)
whereUis a know constant, theWsensgbecomes
VSENSE: a 3' L (2'11)

Gm-C filter approach requires both inductahicand DCR information, such
that the resistoR can be tunedn [40], an inductor measurement circuit perferm
the est ofL and DCR upon staup.

Gm-C filter current sensing isan accurate analog technique, but the
transconductorand RC filter R require tuning and calibration. Also, the Gm

bl oc k 6 s cancéllédsneanalog domain,demand two identical unitsThe
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offset is cancelled bgonfiguing the two unitsin pingpong style. The analog
calibration and offset cancellation maken-C filter current sensingery complex
andhardware costly.
2.2 Averagelnductor Current Sensing

Average inductor current needslie sensedn some applicationsTo obtain
the average inductor current, orancise a designated sensing technique to sense
the average current directly, or sense the instantaneous inductor ¢insteard
thendo averaging or prediction based on the insta@ous inductor currenAll
these methodare reviewed in thisection.
2.2.1 Averag Current Sensing

Average current sensing was propose¢bis]. This method isimilar tothe
inductor DCR sensing techniguetroduced in sectior2.1.7. In indudor DCR
sensing technique, tHRC filter consisting oRsandCsis addedbetween the two
nodes ofinductor Here in average current sensing technique, the RC low pass
filter is added to the DADC switching nodé/swand ground Thearchitectureof
theaverage current sensingethodis shown inFig. 2.8.

When applying an ideal LC filter to the switching nddgy theDC signal of
the output of the filter (here is theutput voltageVouyr) is the average oVsw

Similarly, when applying m RC filter, theDC signal of theoutput of the filter
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(here is the capacitor voltade) is the average dfswas well. The difference of
theVour andVc is due to the existence miductor DCR.Thus we have:

\70 - \70UT :RDCR 1;LOAD (2-12
Hence we could sense the average inductor current by monitoring the voltage

different of Vout andVe.

VSENSE= K 3RDCFJ LOAI

Power
Stage
Driver Vs ————

| ral

Fig.2.8. AverageCurrent Sensing.

Since Vsw is being switched betweeNl|y and ground at the switching
frequency(Vc-Vour) has a large AC signal component riding on top of the desired
Rocrx lLoap information This AC signal must be filtered out to obtain the current
signal. There is going to be a tradeoff between accuracir@nfilter bandwidth
If the bandwidth is too low, the signal will not be usedither for loop control or

for currentlimiting.
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2.2.2 Averagng Filter

An intuitive method to obtain average current is dapture multiple
instantaneous currergampleswithin one period and then take the average
operation. Asthis methodneed to store the sampled current value at multiple
time instancesjt is more suitable for digital implementation. Tlaerage

operatiorrealizationis adding an averaging filter:

i=N 1

Fave(2) = N az' (2-13

i=0

Averagingfilter provides very high attenuation for thest seveal harmonics
of the switching frequency and significantly remotes effects of the switching
noise from the computed averagalue. For better DSP implementationn a
approximation of this averaging filtdry usingBessel filteris proposedn [11]
where this filter approximateshe averaging filter response very well up to
onehalf of theswitching frequency.
2.2.3 GeometricRelationBasedPredication

Geometricrelation based predication method is another methadtainthe
average inductor current.was first proposed ifiL2]. Compared to the averaging
filter method, this approach justed to sample onceat the peak owalley

inductor curreninstanceThe idea of thispproachs shown inFig. 2.9.

23



05D,Ts| Predicted
. _Poiint

D, Ts

D n+ 1TS

Sampling  Ts Ts
Point

Fig.2.9. Geometric Relation Based Predication

The inductor current iI®C-DC hasa triangularwaveformshape The slopes
of the rising and falling parts are determined by the T input voltageViy,
output voltageVour, and the inductol. The slopes of the inductor current

waveforms for basic converters are providedable2.1.

Table2.1. Slopesof the Inductor Current Waveform

V-V V
Buck Converter m = % -m, = OIiJT
Vi Viy - %
Boost converter m :% -m, = =N - out
=_IN Vour
Buck-boost Converter m = L -m, :
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If we could detectVin, Vour, andL, wewould be able t@mbtainthe inductor
current waveform slopes. As the duty cybles normallyknown bythe DGDC,
the averagenductor can be predicated based ondueentslope and the valley
or peak inductor current as shownFRig. 2.9. This predcation method needs to
monitor both inputvoltageand output voltage, the inductor must be known as a
prior knowledgetoo.
2.3 Summary of Current Sensing Techniques

Table 2.2 summaries all thaforementioneaturrent sensing techniques. For
more information of current sensing, one could refecamprehensiveurrent
sensing technique reviews given by [36][38][39][41]. As modern high
performanceDC-DC convertermay exploit the current information for &inds
of applications an integrated,ossless, accuratdardware and power efficient
currentsensing technique isequired for stateof-the-art switching regulators.
Although we have many available current sensing techniques as shdahlen
2.2, each onéhas one or more issues that prevent them from being successfully
applied in DGDC converter, e.g. low accuracy, discontinuous sensing nature,
high sensitivity to switching noise, high cost, requiremeinkmown external

power filter components, bulky size, efthe current sensingolution proposed in
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this dissertationas all required features for high performanceDCregulators

The detailedmplemenationis discussedn the followingchapters.

Table2.2. Summary ofConventionalCurrent Sensingechniques

Techniques Pros Cons
ExternalRsense Accurate Low Efficiency
Low Accuracy
2 Power FETRps Lossless Discontinuous
% Noisy
w Matching Issue
o Triode Mode Only for On-Chip Switches
= o Lossless . .
8 Current Mirroring Discontinuous
§ Noisy
[S]
3 Hall-effect Sensor  Lossless High Cost
c
a High Cost
§ Transformer Lossless Bulky, nat Integraable
g No DC CurrentIinformation
8 Known L
@ Observer Lossless

NeedDiscreteComponents

InductorDCR Sensin¢ Lossless KnownL andDCR

) Known L andDCR
Gm-C Filter Lossless

HardwareCostly
s 2 Average Current
S = ge’ Lossless Known DCR
3 c Sensing
= N Low Needs Multiple
L = Averaging Filter .
=S complexity CurrentSamples
5 Geometric Relation Needs onl
<>E 8 i Known VN, VouT, L

Based Predication onesample
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CHAPTER 3

DIGITAL VMC BUCK CONVERTERCORE

The goal of this dissertatioils to design DEDC convertes with inductor

BIST andload current sensingbilities Before implemening these two major

features, @C-DC convertemeeds to be designed firstto work as glatform.

In this chapter, digital VoltageMode Controlled(VMC) DC-DC buck converter

core is proposedith the detailednoduleimplementatiorelaborated

3.1 Digital VMC Buck ConverteCoreArchitectureOverview

CKREF

16MHz

VIN

Level Power
—>
shifter 7] Stee
Driver

PWM
500kHz

DPWM

94D

PID
Compensator

VFB,D

fop= 32MHz

Fig.3.1. Digitally Controlled Buck Converter Architecture

Ves

VREF

The proposedoverall digital VMC buck convertecorearchitecture is shown

in Fig. 3.1. The operation othis buck converter regulation is as followaio D S
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A/D convertes are used to digitize the DDC feedbackvoltage Vrg and the
reference voltag®&rer. The error signal ofhe digitized feedback voltag®es p
andthe digitized reference voltag&rerp is applied to theProportional Integral
Derivative (PID) compensatoiThe PID compensator calculates the required duty
cycle D. The Digital Pulse Width Modulator (DPWM) converts thiduty cycle
requirementnto aPulse Width Modulation (PWM) signahd sendit to the level
shifter. The level shifteés output therdrives the power MOSFTESvia a built in
deadtime controlled gate driver Whenfeedbackvoltage and reference voltage
are equalerrorVerrorWill be equal to zeroThis DGDC is designed with a close
loop systemcrossover frequencpOkHz while PWM switching frequencyis
500kHz.
3.2 Digital VMC Buck ConverterCorelmplementation

Thedigital DC-DC buck converter core architecture contains sewittal
blocks such as A/D converter, DPWM, power stage drRE),compensator. This
sectionexplairs dl the major blocksused in the proposed digital VMC buck
converter core architecture agetails
3.2.1 DPWM

A 9bits hybrid DPWM is utilized to generate the pulse signalhere a 5bits

digital counter controls the 5SbiMost Significant Bis (MSBs) coarse part, and
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Type-| 4bits Delay Lock Loop (DLL) controls thelLeastSignificant Bis (LSBs)

fine delay part. The overall architecture of DPWM and its corresponding
operation waveform is shown Fig. 3.2. The detailed operation of the DPWM is
as follows:

A 1/2™MSB (#MSB is the number of MSBs bitsatio frequency divider takes
the reference clock 16MHEZKger and generateswitching clock signal CKsw
CKsw runs at DGDC switching frequency 50RHz. The rising edge o€CKsw
works as theising edge othe PWM signal.

Meanwhile, a 5bits counter runnirag CKrer followed by a 5bit comparator
generates the coarse part ready si@falAfter releasing fronthe resetcounter
starts to count the number GKrer cycles Once itreachegshe PID MSE code,
the comparator set tHéRto logic high. The delay from the rising edge 6Ksw
torising edge oCRis the coarsdelaypart d PWM.

In parallel with frequency divider and digital counter, a locked DLL generates
16-tap delay outputodf CKgrer. A multiplexer selecs one of the DLL output
CKwuux based on the 4b LS®f PID Code. The delay betwe@Kyux and CKger
is the fine delay partCKyux is used to sample the coarse part ready siGRal

onceCR=1, the delay betwee@Kyuyx and CRis the fine delay part as well. The
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PWM high width is then determined by combining the coarse part and fine part,

i.e. from rising edge o€Kswto the rising dge of CKyux right after CR=1.

CKrs DLL
|_> VCDL
PFD > CP p» LPF
CKrer
DAY
Duty D[3:0] LsB 4;/ ﬁ\ 16-to-1 MUX
Cycle
CKwmux L
CKrer 5 -
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D[8:4] MSB 5 R
(5.4 5 R PWM
Lop Rofb—»
CKrer % CKsw > CK
CKrer M3w 2‘|_|—,_L3 )
! ' : Ly : —
. . L . ( '
CKsw 1 E i | Q :
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Ree | i 2 | i —
' e ! |
PWM : ¢ §

! Coarse Delay: —>'—'<-ka eDeIay
MSB=D[8:4] LSB=D[3:0]

Fig.3.2. DPWM Architecture an®perationWaveform.

There are two types of conventional DPWivhplementation methods:
digital counter based DPWM or analog circuits (such as DLL) based DPWM.

Digital counter based DPWM needs to runf(@Flg”T f. Heren is DPWM

resolutionandfs is the switching frequencyfs needs to bdéalanced between the
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requirement of smalfe off-chip inductor (the biggeffs the better) and the
requirement of lower switching power loss (the smdlléine better). Typicals is
from ~10kHz order to ~10MHz order. DPWM resolutions determined by the
DC-DC output voltage control resolutios.g. to achieve 0.1% DC voltage error, a
10bits DPWM is needed such that &0.1%. According to these conditions, the
DPWM clockfqkcan be up ta-GHz or higherfrequencywhich incurs significant
digital circuits switchingpower loss.

All analog implementatiorsolution such as DLL base®PWM requires 2
DLL delay stages, which is both power and hardware costly.

In this work, ly using hybrd structure i.e., digital counter for the coarse
delay part and DLL for the fine delay pamie wuld reduce digital clock
frequencyfrom f_ =2" f_ to f_ =2"S¥%_ anddecreasehe DLL delay stages
from 2"to 2" Therefore, both digital circuits and DLL can have low power
consumption and small chip area.
3.2.1.1 DLL Overall Architecture

The corecircuit of DPWM is theDLL shown inFig. 3.3. It consists ofa
PhaseFrequencyDetector (PFD), &hargePump (CP), a Low PassFilter (LPF)
and a \VoltageControlled Delay Line (VCDL). The PFD compares the feedback

clock signalCKgg and the reference clodBKgrer, thengenerates up and down
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signals Up and down signalare used to control the LPF capacitor charge and
dischargetime. VCDL generate 16-tap delay outputThe delay of each tap is
controlled bythe voltage over theapacitor(Vctrl). When theCKgg and CKger

are aligned, PFD produsédentical up and down signal, thereby the aajtor

voltageVctrl maintains the samend DLL is locked.

CP_LPF vbD VCDL

ES . ﬁS F:S 4}5

Cha l_ll | h_l |
Vet VJ L y :|—f{>'- T CKes

1 [ | ]
IDchg\C‘)CI)Bo R
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CKD, CKD; CK
T . .
Fig. 3.3. DLL Architecture.
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3.2.1.2 Charge Pump

A low jitter DLL is a critical requiremenfior a high precision DPWM The
jitter of DLL is caused bynany reasons such pswer supplyand groundhoise,
mismatch in charge pump etloow jitter DLL therefore demanda charge pump
with high supply and ground immunity and high precision matchetween the
charge and discharge current biases.

The charge pumpf DLL in this workis shown inFig. 3.4. It was originally

proposed in42]. To obtain better matchingf the charge currentch, and the
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discharge currerbcnh, Wide-swing current mirrors are adopted in both PMOS and
NMOS side. The charge and discharge controltstviM1 and M6 are placed to

the source side of the current mirror transistors. Thus the switching noise of M1
and M6 can be isolateoly two cascaded bias transistors (M2, M3 o, M5 in

Fig. 3.4). Moreover, foubypasscapacitorsCl, C2, C3 and Cére alsaconnected

to bias voltageodedo stabilizethe currenbiasesand absorlswitchingnoise.
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Fig.3.4. Charge Pump in DLL
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The power supply and ground noise are isolated by cascaded transistors M1
to M6, and furthesuppressebly the bypassapacitorsas well. By using all these

techniques, this charge pump is moisceptil® to switching and power supply
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noise, and has highly matched charge and discharged current b\asesially
makes low jitter DLL practical.
3.2.1.3 DelayStage

DLL has a weHknown issue ofbeing lockedat multiple reference clock
periods, which comes with itsiature.DLL is designed tdbe locked when the
delay from the reference clockCKger to the feedback clocliCKeg is just one
period of CKrer. However, DLLcan also béockedwhen the delay frol€Kgrgrto

CKGeg is multiple period of CKrer

CKre
% PFD =»1 CP P LPF ‘:
CKeer ML L O O O Y
ok i LML LI L L L Ly
D;:gg o’ NI v I e N e N e I N N Y
XN T - I e T s I e N I o IO
CKep ¢ s T LA LI LI LI LT 1y

Fig. 3.5. Waveforms of DLL at Normal Lock Stat@Belay=T)

Fig. 3.5 shows the waveforms af 4tap DLL when itis lockedat the desired
delay, i.e. delay=T (T is the period 6Kgrep). In this scenario, each delay stage
has a delay of T/4. The rising edges @frer and CKrg are aligned. DLLis

locked as desiredHowever, when the delayF (n>1 is an integer), DLLsS
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lockedas well.Shown inFig. 3.6 is a caseof delay=2T.Each delay stage has a
delay of T/2 rather than the desired T/4. The rising edg€Kafr andCKgg are
still aligned.PFD producs identicalup and down signal, the garoltageVctrl

maintains the same and Dlid lockedfalsely.
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CKrer PFD || CP P LPF ppem—mm
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Fig. 3.6. Waveforms of DLL at MultiplePeriodLock StatugDelay=2T)
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Fig.3.7. Waveforms of DLL aHalf PeriodDelay Status(Delay=T/2).
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DLL does not have issue when delay=T/n. A delay=T/2 example is shown in
Fig. 3.7. As CKrer and CKgg do not arrive at the same time, PFD detects the
difference and adjusts the LPF cap through CP, Bliotlockedin this case

To avoid multipleperiodlock status, the tung rage of the delay cell must be
properly designed. As long as the delay of VCDL does not reach 2T or higher
value for all VCDL control voltag®ctrl range, the multiple period lock issual
not exist. In our design, DLL has 4bits resolutiae, 16 fages VCDL. The

reference clockCKgeris 16MHz. When DLLs locked the delay of each stage

1,1 1 1
Dela = 3 = 3.91n X
){Lstage chREF 2#LSB 1a\/| 16 (3 1)

As shown inFig. 3.3, when the VCDL input voltag¥ctrl rises from 0 to M1
threshold voltag&/ry, M1 is not turned on. Bias generator is only provediag
Igo. After Vry, asVctrl rises, the current goes to M1 increaskedelayof VCDL
stages increase accordingfWWhen Vctrl reaches the power suppWpp, the
current replicas have the largest currantd DLL has the minimum delaylhe
typical DLL delay line delaywersusVctrl curve is something likeFig. 3.8.

To avoid multipleperiodiock issue, he maximum delay of each stage for
the entireVctrl range is set to be 7.2ias$ typical process and room temperature

which is less than 2 times of 38s.7.2ns is selected in a way that the maximum
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delay of the VCDL is less than 2 times of 3.91ns for all other process and

temperature corners as well.

Delay
7.2ns |.
<2T
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=33y

Fig.3.8. DLL VCDL Delay vsVctrl.

The Vctrl voltageat DLL lock status(typical 1.4V) ispickedin a waythat
delay line haghe same tuning range around the lock point, e.g, 3.3ns above or

below the desired 3.91ms this work as shown iRig. 3.8.

3.2.2 DSADC
A/D Convertes (ADCs) are required in digitallycontrolled DC-DC
converters to digitize the DOC feedback voltage, reference voltages etc.

Fr equency AbDGsmm utiizeddBur DGDC converter feedback path
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The ADC is composed of aonfeedback gp# modulator and a Cascaded

IntegratorComb CIC) decimatoras shown irig. 3.9.

VCO DS Modulator 1 | R M
Vi fm (5 9 D O F)Z> ’ CIC Decimator C: ode

o K CK
[

Fig.3.9. gPADC Architecture.

3.2.2.1 qpEModulator

The first-o r d e rmodgd&tor is a Voltage Controlled OscillatovGO)
foll owed by a o@BE fr eq.usfnFcbynsistbiobwo i mi nat or
flip-flops and an XOR gat&he frequency domaig Fmodulator was proposed in
[43][44][45] and firstly used in DEDC buck converter ifb].

The input of theop Emodulatoris the voltagesignd V. V; is converted ta
Frequency ModulationFM) modulated signaf(t) after voltageto-frequency
conversiorby VCO. An FM modulated signal can be described as

fm(t) =singy(t) (3-2)

wherethe total angle is given by

a(t)=2 f[f. « xO)d (3-3)
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Heref. is theFM carrier frequencyk is the frequency sensitivity of the modulator
and x(J) is the modulating signalThe instantaneougequency is equal to the

derivative of the phase and is defined as
1 t 5
fu®=5- 20 e x© 34

g E F digitizes the deviation df.g(t) from its carrier frequencft with high pass
guantization noise shaping similar to the traditicapefmodulator The output of
thisgp Emodulatoris a stream of ones and zeros

This nonfeedbackp Fmodulatoris equivalent to the traditiongb Emodulator
becauset performs the same three main functions on a signal similar to the
traditional modulatar integration, quantization and differentiationThe
integration is achievedby the VCO,i.e. FM modulator; the quantization is
accomplished via the detection of th® phase zer@rossings position utilizing
D flip flops, and the differentiatioris done bythe digital differentiator gate
(XOR).

In terns of pattern noise, the firrder frequencyp Fmodulator is equivalent
to a traditionalgp Fmodulatoras well. Simuktion in[45] hasfound exact match
between the pattern noise moderoduced by Candy and Benjanjd#t] and the
pattern noise behavior of the frequemp¥modulator for constanhputs signals.

In [45][47], it is pointed out that the firorder frequencyp Emodulatorshows
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20dB/decade noise shaping ability as that of the conventiinsédorder o E

modulator

VDD

S

+
T 1
[ 141 4]
1 1
[ 4] 4]

(),

—
—H

Dz O
o O R

Il
Fig.3.10. VCO ing EModulator
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The most challenging module ifrequency g E Modulator is the FM
modulator, i.e. the VCOThe VCOin o Emodulatorin this work usesa similar
structureas that in DLL for easiness of implementatidhe architecture of VCO
is shown inFig. 3.10. One big difference is thatach delay stagen DLL
produces lie delay of the input clociwhile each ring oscillator stage VCO
produces the inverted phase of the input clock.
3.2.2.2 CIC Decimator

The noise shaped D ®odulator outputsignal is decimatedby using CIC

filter. Decimation is an important component gf ADC. It transforms the
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digitally modulated signal from short words occurring at high sampling rate to
longer words at rate close to Nyquist rate. This reduction in the bit rate makes
the data more suitable for processing.

An efficient way of performing ecimation and interpolation was introduced
in [48]. It is a flexible, multiplierfree filter which is suitable for hardware
implementationlt alsocanhandle arbitrary and large rate changiss filter is
known asCascadedntegratorComb (CIC) filter. An overviewof CIC filter can
also be found if49] and a extension of ClGiltersis available in[50].

An N-stage CIC decimator has N cascaded integrator stages clocked at
sampling frequencf,, followed by a rate changs factor R, and therfollowed
by N cascaded comb stages runningdR. A two-stage CIC decimat@xample

is providedin Fig. 3.11.

—»I:IC

Fig.3.11. Two-Stage CIC Decimator

\ 4
@]

In CIC decimator, a integrator stage is simply a singdele IIR filter with a
unit feedback coefficient:[g]=y[n -1]+x[n] . The corresponding transfer function
of this integrator (accumulator) can be described as

1
1- z*

H,(2) = (3-5)
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A comb filter is an odéymmetric FIR filter described byjn]=x[n]+x[n -RM].
M is thedifferential delayand carbe any integer but usually limited tol arRis
the rate reduction factofFhe corresponding transfer unction of a comb filter stage
can bedescribed as
Ho(2)=1 -z (3-6)
Thus, thesystem function for th€IC filter referenced to the high sampling rate

VAL N
(-z™) g %
g

H(2)=H"(2H'(2 T
(l- zl) G k=0

(3-7)

CIC filters have a lowpass frequency characteristic. The frequeregponse is
given by(3-7) evaluated at

5 = é(ZpE/R) (3-8)
whereFis the frequency relative to the low sampling r&gR. By using
mathematicalapproximatios, we could obtain the magnitude response #he

output of the CIC decimator

(o]

sin(oME)
RM—_/JM\E

From (3-9), we notice that CIC filter has transmission zerofs/all . Thus, the

N
for 0 ¢E &1- (3-9)

H(B

differential delayM can be used asdesign parameter to control the placement of
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nulls. The DC gainof the CIC filter is RM)". The bigger the decimator, ithe
larger thenumberof CIC filter stages, the bigger CIC filter DC gasn

In our design, a twstage CIC filter is used as a decimator. Tiféeerential
delayM is picked asl. The sampling frequency of CIC filtdg, is 32MHz.CIC
decimator outpytPID compensatoand DPWM share the same date rate, i.e.

DC-DC switching frequency. This can be expressed as:

f B (3-10)
R

Sincethe DGDC switching frequencyfs is 50kHz, the decimation ratidr is
thereforeselected to be 32MHz/5RBiz=64.

As the CIC filte’s gain is RM), we canthen calculate the numbesf bits
required for the last comftagedue to bit growth. IB;, is the number of input
bits, thenthe number of output bit&,, is

B, =[Nlog,(RM) +B] (3-11)
Hereoperation [ | denoteaking the upper rounded integaiue of theargument
(3-11) is a guide to implement CIC decimator. A practical implementation
normally uses By bits for each integrator and comb stage. The imgpaftensign

extended td, bitsandLSBsareeither be truncated or roundedater stages.
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3.2.2.3 ADC Resolution
To satisfy specifications for the output voltage regulation, resolution of the
ADC converter has to enabégrorthat islower than the allowed variation of the

output voltagdgVour) [52]. The required resolutios described as

é éVmax ADC /7
it 2 ’ ouT
Nyoe =iNt glogzoe é(

¢
¢
e c VREF DVOUT <

(3-12)

wherenapc represents th&DC resolution, i.e. the number of output bits of the
ADC converterVgeris the reference voltage adaxapcis the full range voltage
of the ADC assuming unipolar conversion in the range fil@no Vmaxap-
Operation int[ ] denotetaking the upper rounded integealue of the argument.
Equation(3-12) gives the minimum number of bits for théD converter to meet
the design specifications in termsthé output voltage regulatiom our design,
8-bit ADC is useal in designto enable lesshan 0.5%output voltagevariation
control.

Thetheoretical resolution of thengle D flip-flop go BModulator is:

a3 o apf o
SONR= 20Iogma% 62010822 6 *0log( f,) (313
C - Clow

whereqd is the maximum deviation of tHeM-signal, f,y is the bandwidth of the
modulating signaWhile fsp is the sampling clock frequendy our systemfyyis

equal to the loop bandwidth which is lindtéo crossover frequency of I89z.
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Equation (3-13) makes it easy to adjust the SQNR by simply changing the
sampling clockfrequency and the sensitivity of the FM modulator taking into
account the effect df on the linearity of the FNihodulaor.

In digitally controlled PWM converters, there is a potential issue called limit
cycling. When limit cycling happens, the BC output shows steady state
oscillations. To avoid limit cycling, several conditions must be met as analyzed in
[45]. One of them is that the DPWM must have higher resolutions than ADC.
our design, sinceghe ADC has 8 bits resolutignwe use a 9bits DPWM as
discussed in sectidh2.1to avoid limitcycling.

3.2.3 PID Compensator

The PID compensator is used to compensate the loop such that the system is
stable with sufficient phase margin under thecsfied range of input voltage and
load condition At the system level, there are two main approaches in designing
the digital control loop: digital redesign and direct digital design. In the digital
redesign approach, the designer uses the-wmelerstoodmethod of feedback
analysis and welgstablished results in analog domain and then uses a standard
method of translation between analog and digital domains (such as bilinear
transformation). In the direct digital design, the system is converted to aesbmpl

discrete system becsei of the switching actiofvery block is treated as a digital
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blockincluding the power stag&his method may generate more accurate results
than the digital redesign but it is more comptixe to lack of resemblance to
analog dsign techniques. In this work, the digital redesign appreaaked

A well-established analog PID compensati@sign methods provided in
[56]. Our design proackure is based on this methotihe PID compensatois
observed to be a product ofrdportional Derivative (PD) and Roportional
Integral(Pl) compensatorsThat is, he PID compensator is @Rcompensator in
series with a P compensator. Sothe approach to the design of the PID
compensatoin this workis to design the P and R partssequentially
3.2.3.1 Uncompensated Loop

The operAoop controtto-output transfer function for DOC buck converter

is given by

vV 1
Gio(9 = %JT L 3-14
1+s,E € LC (3-14)

whereR_ is theequivalentioad resistancd, andC arepower LC filter inducbr
and capacdr. Here the DCR of inductor and Equivalent Series Raste(ESR)
of capacitor are not considerédche operoop transfer function has two polasd

thereforecan also bexpresseas
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o 2,
0 31
1+ S £S5 ¢ (3-19)
oMo ¢ W -
where
V,
Gy = ODUT
W=t
0 \/E (3-16)
C
X =R n

The feedback scalar, which is usually a resistor voltiagder, can be modeled as

V,
H = VREF (3-17)
out

The quiescent duty cycle is given by 8teadystate solution of the converter:

V
D=t (3-19)
VIN
The opeHdoop lineto-output transfer function is
_ 1
Gvg(S) - D L
1+s— +LC
" (3-19
1 N
=Gy . 2.
~ C
Qo ¢ W -
with Gg0=D.The uncompensated complstiestemtransfer function is
— VOUT
TU(S) - GADCT G\'/d( 3 H (3'20)
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HereGapc is the ADC gainSubstitutionof equationg3-15) into (3-20) leads to

T(9 = G 2T ——

1+ S 4
QOWO c W

€0 o

. (3-21)

=T,

u0 ° 2.
s as o
1+ — )
N c W -
whereTy is the DC gairof the completesystem transfer functior§3-21) is the
uncompensated complete system transfer function.
3.2.3.2 PD Compensator
The PD compensator (also called lead compensator) is used to improve the

phasemargin PD compensatoactslike a high pass filter. The transfer function of

PD compensator is

4 s |
é"'w <
GC_PD(S) =G po 2 : (3-22

3,

R
Here, a zero is added to thmop gain at afrequencyws; far below the overall
system crossover frequeney such that the phase margin is increbbg the
desired amountw=2pf. andf. is the crossover frequency in terms of Hz and is

selected to beCkHz in our designA high frequencywy, is also added to atteneat

high-frequency noiseThe fundamental goaif DC-DC is toregulateDC output.
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If the compensator gain at the switching frequency is too big, theswiitehing
harmonics aremplified by the compensatagyentuallydisruping the operation
of DPWM. By consideringthese constrainsy, is selected to be less than the
switching frequency g ( =2pfs). Particularly to optimally obtain a
compensator phase lead qf at crossover frequency, the pole and zero

frequencieguzand gyarechosen as follows:

_|1-sin@)

1+sin@) (323
1+sin@)

1- sin@)
To avoid changing the crossover frequency, riegnitudeof the compensator

gain is chosen to be unity at crossover frequéndhusGc ppo in equation(3-22)

is chosen as

X

G poo =, | (3-24)

=

3.2.3.3 PI Compensator
The Pl compensator (also called lag compensator) is used to improve the DC
and lowfrequency loop gain. Ptompensatoracts as a low pass filter. The

transfer function of Pl compensator is

S

Ge (9= Q%} - (3-25
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Here, a zero is added to tlo®dp gain at drequencyw . If w is sufficiently lower
than the crossovdrequencyw, the phase margin is unchangé&te pole at the
origin 1/s is added tmmakethe DC loop gairarbitrarily large. Therefore the DC
componenbf the error signal betweé¥ g and Vgrer is almost zeroThe steady
state output voltage is perfectly regulagedordingly

To obtain a desiredrossoveifrequencyi, the PI compensator gain at very

high frequency needs be chosen as

W,

Ge_pio = (3-26)

T

u0

X

wherew is defined i§3-16) and T, is from (3-21).
3.2.3.4 Combined PID Compensator

The product of the PD and Bdmpensatodiscussedan be expressed as

o

G e

_~ ¢ S ¢ W
GC_PID(S) =G, 2 ~ (3-27)

v

¢ M=

This is a 2pole 2zero systemlIn practie, an extra pole is added at high
frequency to increase the gain margin. It helps to prevent the switching ripple
from disrupting the DEDC regulation.A typical combined PID compensator is
thereforea 3pole 2zero systemThis type of compensator is also callegelll

compensatoiT he correspondingransferfunction of this compensatas
50



G e
_ ¢ S ¢ W =
G.(9 = Gy o (3-29)
oS a5
(; Wpl = (; VKZ
Thebode plot of the PID compensator(3-28) is shown inFig. 3.12.
G4 2

10f. 10f ¢ 10

45°/decade

fpl/lo I\_
-90°/decade
o 90°/decad!
f—0 J10 e 10fp L o0°

f|_/ 10 10fp2

Fig.3.12. Bode Plot of the Combined PID Compensator.

Equation(3-28) andFig. 3.12 illustrate the poles and zeros in PID compensators.
The inverted zero akyis added toextend thebandwidthof the feedback loop
while maintaining an acceptable phase margin. The zemp istused to increase

the phase margin. The pole at the origin is inserted to boost the feedback loop DC
gain toinfinite large, thereby foiog the regulation error to be near zero. Two
poles up1 and ugyy are placed at high frequency to increase gain margintand

suppresshe switching noise.
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Once the PID compensat@ designedn s-domain we could convert the
continuoustime s-domain transfer function to the corresponding discreti@me
z-domain transfer function viailmear (Tustin) approximatiormethod. For a
Typelll PID compensator, the convertedl@amain transfer function generally has

the form of

_aZ7+aZ t3z %
Oz w2 b

(3-29)

The system i{3-29) can beimplementedby using the architecturidustratedin

Fig. 3.13.

<|
<|

&
&

Fig.3.13. Digital Implementation of PID Congmsaor.

Please notice that the power inductor DRRR g, power capacitor ESResr
and the turron resistancdRps of the power switches were not considered in
preMous discussion The small signamodel of the buck convertetaking these

components into accourst shownin Fig. 3.14.
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Fig. 3.14. Small Signal Model of Buck Converter.
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After consideringRocr, ResrandRps, the controtto-outputtransfer functiorfrom

(3-14) becomes

\/IN 1+ S%SRC

RL+R°1+s§EPESRC+RL+% c + L SafitRe (330
T ReR - R IR R

G,(9=

whereRp is the sum of power inductor DCRycr and the power switch twon
resistancdps
Ro = Rs hRer (3-31)

The required duty cycle froif3-18) becomes

:VOUT +(RDCR +Ros_ N) | ono
Vin - (RZ)S_P 'RDS_ N) | oo

Here Rps n and Rps p are the Rps of NMOS and PMOS power switches

D

(3-32)

respectivelyl oap is the load current:

| oo = R (3-33



The PID compensatodesigned in this works demonstrated in the following

figures.Fig. 3.15 shows the uncompensated compktstemTy(S) It apparently

shows very limited DC gain (less than 20dB) and insufficient phase margn (25

Gm=Inf, Pm=25deg (a_t 1.09e+005 rad/sec)

20 ¢

Magnitude (dB)

Phase (deg)
iR

w ©

)] o

I I

3 4 5 8
10 10 10 10 10 10
Freauency (rad/sec)

Fig.3.15. Bode Plot of the Uncompensated Loop.

The constructed TypBl PID compensator is shown fRig. 3.16. Fig. 3.17 is the
compensated overall system. The crossover frequinspelectedo be 50kHz,
i.e. 1/10 of the DeDC switching frequencys00kHz. The phase margin is

designed around 70 degree. Thistd ensure the systé@nstability over certain

range of input voltage, load current etc.
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Gm=Inf, Pm=92.7 deg (at 1.07e+008 rad/sec)
R ————— —
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Fig.3.16. Bode Plot of thé’ID Compensator.

Gm = Inf dB (at Inf rad/sec) , Pm= 70.4 deg (at 3.15e+005 rad/sec)
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Fig.3.17. BodePlot of the Compensated Complete System.

The values of altomponerg and other parameteused in the PID design are

summarizedn Table3.1.
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Table3.1. Summary ofParametertlsed inPID Compensatddesign

Inductor L=18H Rocr = 60mY
Capacitor C=2xF Resr= 70mY
I/O Voltage Vin =5V Vout = 3.3V
Feedback H=0.6 Vree= 1.98V
Other Ros p= Ros n =150mY lLoap = 0.3A

3.2.4 Level Shifter

VIN

I _||: M2 'V'Ié:"_

T wed-
3.3V )

Fig.3.18 Level Shifter.

The targeted maximum input voltage ofr @C-DC is 5.5V. Toachievehigh
efficiency DGDC, we minimized DEDC power consumption by using 3.3V

supply for all the analog amdigital blocks except the power stage which rans
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Vin supply. A levd shifter is therefore required to boost the voltage swing range
[0V, 3.3V] to the desired [0VW\] level to drive the poer MOSFETS. The
architecture of the level shifter is shownFig. 3.18. Two morePMOStransistors
(M2 and M5) were added tahe conventional level shifter tepeed upthe
transitions of the leveshifter output signal.
3.2.5 Power Stage Driver

Power switches are crucial in switching mode DE€DC converters. Power
switches can be one of PMOSNMOS, NMOSNMOS or PMOSDiode
combinations.In PMOSDiode combination, the rectifyingiatle incurs large
power loss. The power dissipated is simply the forward voltage drop multiplied
by the current going through The reverse recovery for silicon diodes can also
create loss. To minimize this loss, the rectifier can use Schotty diode dsch
lower forward voltage drop and good reverse recoveryPMOSNMOS,
NMOS-NMOS combinations, aMOSFET instead of a diode isised asthe
rectifier. MOSFET rectifier is also calleslynchronous rectifier since the current
is always conducting betweenethmain switch and NMOS rectifien every
switching cycle In this work PMOSNMOS combination is used in the switch
stage. PMOSNMOS combinationhas higher efficiency advantage over the

PMOSDiode topologybutcomes with a little more complicated gate driv
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A power stagedriver with built-in deadtime proposed ir[53] is used in this
DC-DC core.The main idea of this power stage driver is to turn off one power
FET before turning on the other power FEhis is important to avoid shoot
through current which, in addition to causing unnecessary power consumption, it
may cause damage to the whole syst&he circuitry of the builin dead time

driveris shown inFig. 3.19.

M Power FETS
MM—W Vin
BUF — w1 |:
—| Mp
I> |> |> N4 | o N1
INV1 ! e
X
— w4
{>q[>°[>°~ = RE N2
INV2 C o '_": L

Fig.3.19. Power Stage Driver with Builin Dead Time.

As shown inFig. 3.19, if the input PWM signal is logic high, M1 and M4 are
turned off, M3 and M6 are turned on, ndd2is pulled down to ground, thus the

power switch Mn is turnedfioright away. After the inverter chain INV1, node
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N4 is pulled up to logic high after a certain amount delay. Whigheventually
reaches logitigh, M2 is turned on and nod¢l is pulled down. Power switch
Mp is on. So when PMW signal is logic high, poweitch Mn is turned off first
before power switch Mp igirnedon. Similarly, when PWM signal is logic low,
power switch Mp is turned off before Mn is turned dime time period when
both Mp and Mn are turned off is called dead timiee Thoothrough curentis

avoided by adding th built-in dead time.

PWM

N1

N2

Vaw - S S—
[ HE >t

. A
Dead Time tqon Dead Time tq o

Fig. 3.20. lllustration of the Dead Time in Power Stage Driver.

The waveforms of the nodes in the power stage driver are shdvig. & 20.
In more advanced power stage driver, the dead time can be controlled to achieve

optimal DC-DC efficiency[54].
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CHAPTER 4
INDUCTOR BISTAND CURRENT SENSINGARCHITECTURE

As discussed ifChapter 2, although there ameanyexisting current sensing
techniques, we are stilacking an integrated, lossless, accurate, hardware and
power efficient currensensing techniquevhich is requiredby stateof-the-art
switching regulators In this chapter,an offsetindependent inductoBIST
architecture is proposed to measure the inductor inductanceD@mRI The
measured DCR enables the proposed continuous, lossless, average current sensing
schemewhich will be discussedhn detailed in this chapter.
4.1 Inductor BIST Architecture

One of tle key contributions irour DC-DC convertersystemis the offset
independentnductor BIST as shown irfFig. 4.1. During BIST mode, the power
train is put irto high impedancenodeby cutting of the power stage PMOS and
NMOS. Meanwhile, the inductor issolated by shorting the load capacitor to
ground.Due toa differential measurement, th&s of the FET shorting the filter
capacitor does not need to be Idwllowing these steps, a symmetric triangular
current g, is applied to the inductor. The voltage across the indUt@y is
amplified by a nofinverting, resistofeedback differentiasenseamplifier (SA).

The gain of SA isset by resistor rati®®-/Rs. The output of this ense amplifier
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Vpiee is digitizedby agp EPADC describedn section3.2.2 The digital code is then
sent to a pogprocessing blockl. andRpcr are calculated her&’he measured.
can be used to update PID compensator to minirtheeimpact ofinductor

variation andRpcris used inoad current oap cCOmputation.

VDCREF

RF (:F

+
o SA> Voiee
4\V—A/W—ERG -
Re
)BIST ] Pl
EN

°T < i
Ce

Power
Stage
Driver |[:

i DS \L_ Vbirr
L A/D -
¢ 72| BIST 13 /
PID 13 Processing | Vbirr,D } fp=32MHz
for L and DCR
‘+13 [ Measurement DS N\ oV
RD ‘ﬂ_ A/D o REF
CR 13
VREF,D fo=32MHz

Fig.4.1. Overall Inductor BIST Architecture

The extra hardwarenodules required for inductor BIST feature are a
symmetricaltriangular currensource, a seesamplifier, an extrap FADC and a

digital processing block faheinductance and DCR computation.



4.1.1 Inductance and DCR measurement

VDCREF
dITRI Re Cr
Vin VIND =L dt 'R)CR EI'RI
~ A |
BIST ¥ * VbiFF
DUT EN SA
S L : Ro
iR
Vino )BIST b

C
4 N i¢
Cr

I TRI

VIND

I/ “—T —] —
VDIFF

Fig.4.2. lllustration of Inductance and DQReasurement

The proposed BIST architecture obtains the inductance and DCR by detecting
differential sens amplifier output.Let Sope be the triangularcurrentsourcel g,
slope, the voltage across the inductor under BIST m&lg is defined as
Vo =L 3Slope 4, R..When applying a triangular current over the inductor,
Vinp IS a trapezoidal waveform as showig. 4.2. After the differential amplifier,

the waveform has a similar shape and larger ampliflidere are several critical
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time instances that we use to calculatend DCR They aremarkedby A, B, C
andD in Fig. 4.2.

Considertherising part ofltg, from the minimumtriangular currentrg; minto
the maximumtriangular currentrgr; max i.€. from time point Bo time point C, as
slope maintains the same, the change \G{p is only contributed byyY ,
i.e.(litr mag!TRImin X Rocr. Similarly, at the peakrg, instancei.e. time point A and
B, Itr maintainsltr;max but slope changes from rising patbpeto falling part
-dope andV\\p has a change dxSlopexL correspondinglyWhen we look at
SABoutputVprr, S nce 1 toOs t he exaGAInpsteefaeed sense am)
offset Voitset@and common mode lev&lpc at time instance A, B and Ghould be
the sameVpirr changefrom A to B onlyresuls from Itg, slope changeVprr

changefrom point B to Conly resuls from I1g, value changeThe values ofhe

SAG outputVper at different time instancese given by

VDIFF,A =(-L3 Slope HRocr® ITRI,min M frser® Rt F%) &‘ Vi

offset RF &
+
Voirr,g = (L 3Slope 3,027 g Vfrser® u)s R Yoo (4-1)
R Rs
VDIFF .C = (+L3 S'Ope -IRDCRg ITRI,max -'-Voffsel3 RFRF;F%) 3% \OFDC

whereRpcr is the DCR ofthe power inductor-rom (4-1), L can beobtainedby

measuringhe Vpirr change(Voirrs-Voirr,a) and DCR bymeasuring/pirr change

(Voire.c-Voires)-
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VDIFF B _VDIFF,A 3& RD \_/DIFF C _%IFF B & (4_2)
23 S|0pe B R '}Rl,max_ +Rl,min Flg

From above equation, weam notice that he measuredL and DCR do not
dependent on the common mode level or input referred offset of th&Hss\is

one advantage of this inductor BIST architecture. fraditionally analog offset
cancellationrequirestwo identical sensing unit440]. In this work, due to the
digital offsetcancellationonly one sensing unit is needed.

4.1.2 Triangular Current Generator

1.K
Current mirror
V-
VDD —> \T/Rl A Vin
ey : - ~
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Is

BIST
EN

_(pm
D
"
A
AN A

Power
Stage

V™
b

Fig.4.3. Triangular Current Generator

The inductor BISTapproach requires a triangular current soufgewhose

parameters, for examplthe Slope Itrmin @andltrimax are controllableAlso, we
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need circuits to detectdb e t i me i nstants that ampl i fi e

sampled. All these functions are achieved by our triangular current generator
shown inFig. 4.3.

Triangular currentltg, generator consistsfoa triangular voltageVqg
generatorfollowed by a linearV-I converter.Vtgr, is generated bypplying a
matched charge and discharge biaseanurpairlg to a knowncapacitorCqrg,. The
charge and discharge tisxarecontrolled bytwo comparatorg$ollowed by anR-S
flip-flop. Vrr maximum voltageVy and minmum voltageV, are precisely set by
matchedseriesresistors.ltr, slope is controlled by biaks and I converter
current mirror ratio.The maximum and minimum triangular current values are
controlled by the series resistor ratio and current mirror.rati@ comparator
outputVsg and itsoneclock delayed signa¥se;peiay are used as clock signals to
detect andlifferentiatethe outputVper maximum and minmum values at peak
triangular current instance.

There is a constraintof the triangular current generattitat needs to be
considered.As the power FETs are generally in huge size, pagasitic
capacitances such as Cgdndoe as much as ~100pF. Meantime, the power

inducta is very larggnormally~10mH). The SelfResonancé&requencySRF) of
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switching node due to thgarasiticcapacitane Cp and powerinductorL can be

very low.The SRF of LC circuitss defined as

SRF=

1

2p\|LC,

(4-3)

SRF could be as low as ~1MHz range.alvoid the potential resonance resulting

from largeinductance andgarasiticcapacitance of power FETg, frequencyis

limited to 10kHz. This is 2 orders away from the SRF. Thus, aeabtain steep

edges olprr Which arerequired byl and DCRmeasurement

4.1.2.1 Charge Pump

M
H

oF |:|
[

E
C
i

Fig.4.4. Charge Pump ifiriangular Current Generator.

Charge pump in th&iangularcurrent generator is very crucial for inductor

BIST. First of all, a goodymmetryof thetriangularcurrent sourcés required for
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the inductanceneasurementA good matching between the charge and discharge
current biasesn the charge pumjs thereforeindispensableSecondly, as the
switching nodeis highly sensitive to as low as ~1MHz range signals, the
transitiors of triangular current, e.grom rising part to the fall part, need to be
performed smoothly withoubringing switching noise component. Thus the
charge pumpneeds to bedesigred to suppressswitching noise as much as
possible.

The charge pump in this triangular current generator is showigid.4. To
obtain good matchingof the charge currentch, and the discharge curretycha
wide-swing current mirrors aretilized in both PMOS and NMOS sideThe
switching transistorsare placed to the source side of the current mirror transistors.
Thus the switching noise can be isolablgdcascaded bias transistors. Moreover,
four bypasscapacitorsare alsoconnectedo bias voltagenodesto stabilize the
currentbiasesand absorlswitchingnoise.
4.1.2.2 Hysteric Comparator

Two comparators are needed in thangularcurrent generator to control the
maximum and minimum triangular voltage leveShown in Fig. 4.5 is the

hystericcomparator used.

67



VDD

M3L’:"——| M6 M7 |——||:J|v|4
MleI Vot Vo Imlz —||I/|14 —||:M16

Vi-°_": M1 M2:||_°Vi+ - —o \Vout

ngl I@n —||:|v| 13 —||__y| 15

ms |l I

Il

Fig.4.5. Hysteric Comparator in Triangular Current Generator

The comparators implemented by a differential pair with positive feedback
to provide a high gaifb9][60]. The gain of the positive feedback gain stage is

m(t), 1
nl( )3 1- a 4

-

A/:

-l

Herea=(W/L)¢/ (W/L)3 is thepositivefeedback factorThe inverter chain formed
by M11-M16 is added to the gain stage to improve the transient performance of
the comparator output signal.
4.1.3 ADC Gain Calibration
From previoussections we discussed how to obtalnand DCR based on the
di fferent i atputVarmand thef congputdiien semmarizedn (4-2).

In this work, A o ZADC is used to digitize th&pre. After the digitizationall
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arithmetic computatiom (4-2) such as subtraction, multiplicat®are completed
in digital domain.

When using frequency domaip FADC for digitization, the digitized codis
proportional toVCO output frequencyyco and VCO gainVCO gaindrift will
result in digitized code driftTo achievea stableqpp FADC, matched VCOs are
used in Vger and Vper digitization g2 ADCs. Since the DEDC regulator
reference voltag&/rer is normally a known value, ly comparing the digitized
codeVgerpandVger, We @nmonitor thegp FADC gain. The monitored ADC gain
is used tonormalizethe digitized code of SA output, i.e/pirrp SO the code does
not driftacross temperature and process variations
4.1.4 Power Stage Drivevlodification

Under inductor BIST modehé buit-in dead time power stage driver in
DC-DC VMC buck converter cordoes no function properly. It contains short
pathsfrom power supply to groundA modified power state driver itherefore
introduced in this section to provide trexjuiredfeaturedor both DC-DC normal
regulation and inductor BIST.
4.1.4.1 Short Path Issue

The short path issue is illustratedrmg. 4.6. DuringinductorBIST mode, the

powerFETs Mp andMn areswitchedoff to isolate thenductor Thus nodeN1is
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logic dléand nodeN2 is logic @@ NodeN3 andN4 are @banddlorespectivelyas

they areinverted anddelayed signals oN1 and N2. M2 and M5 are therefore

turned on.This traditionaldriver hasdirect short path between power supply and

ground and results in logic error. As shownrFig. 4.6, if the input PWM signal
60 X6 i sM4iisturnegdOndandthereis ashort path fronvy to ground at the
power NMOS side. I f t he i nW3g turredvon,
thereis ashort path fromv)y to ground at the power PMOS sidi avoid the

short pass issue, a modificatioitiloe power stage driver must be made.

Power FETS

n-

MMW Vin
X

+— Mll B

1] N4 N1
M2

Mp

Mn

Fig.4.6. lllustration of Short Paths in Conventional Power Stage Driver.
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4.1.4.2 Modified Power Stage Driver
The modified power stage driver is showrFig. 4.7. Three 2to-1 MUXs are
added in front of nodB3, N4 and after PWM input signal respectively.

JL Power FETS
PWM Vin

M1 BlSTﬁ '
N1 EMP

BIST 1

BIST

[ ma
N3 ::—'
M5

N2
’_II Mn
—[ wme BIST

Fig.4.7. Modified Power Stage Drivewith Built-In Dead Time

In normalDC-DC regulation mode, the enable signal BIST& As shown
in Fig. 4.7, the modified driver worksas same as the traditional power stage
driverin Fig. 4.6. Under BIST mode, nod¥lis pulled up to switch Mp off, node
N2is pulled down to turn Mn off. The enable signal BIST is la@iz MUX put

nodeN4 to @dandN3 to dlésuch that M2 and M5ra alwaysswitched off.As a
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result both short paths shown Fig. 4.6 are prevented. Also the PWM signal is

blocked outside of the driver so it does not bring angenmjection.

>

ci

Fig.4.8. MUX in Modified Power Stage Driver.

The MUX in the modified driver uses T-shapetransmissiongate based
configurationas shown irFig. 4.8. Due to the usage ofansmissiorgates rather
than the standard digital logic gates, the drive abilities of inverter chains in the
driver can be preservedt the same time, Bhapetransmissiorgate is able to
isolate the noise injection of one way when the other way is seléctédy. 4.8
for example, when select sigrialis 4§ path A is selected. The MUX outpwt
equals to the inpuA. At thesame time, M2 is also turned on to short the né2e
to ground. Thus the switchirapn MUX inputB hasno impacton MUX output Y.

This is especially attractive during normal X regulation.
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4.2 Current Sensing Architecture
The measuredthductor DCR by inductor BIST circuiis used fo our current

sensing techniquehown inFig. 4.9.

VDREF
Re Cec
VIN R
MR _L - A +
+ urrent Offset
_| CS VC Sensing EN ca _SA
e
o Yo Y s
Driver Vsw = *ILOAD
C/H o —
I Cec
DS\ Vbirr
I . S A/D
| @i Processing 13
13 VoirrD } =32MHz
PID for Current
Sensing : DS N\
f

A/D OVrer
13
VRer b «=32MHz

Fig.4.9. Proposed Current Sensing Architecture

The current sensing iPased on the average current sensing technique
proposedn [55]. To sense the load curremty RC network set b¥rs and Cs is
addedin parallelto the poweMOSFETS switching nod¥sw The difference of
the regulatosteady stateutputVour and theRC filter outputVc is amplifiedby a
resistor feedback neinverting differential sense amplifier. The amplifieoutput

Voirr is digitized by the frequencypADC. The digitizedVp e is then sent to a
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postprocessing blockwhich calculates the load currentoap based on the
di gi ti zed a nThisaurfent sensingrchibeatdrepshares the sa®a
and the digitizationpp ADC with inductor BIST architectureThe only extra
hardware costfor current sensingcomes fromthe RC filter and digital
postprocessingolock.

A table lookup approactbasedcompensatois used in tk digital voltage
mode controlledC-DC buck converter control loop. The sensed load current is
utilized to select suitabl@restoredPID coefficient set, therebyachievesquasi
load independent control. Theetails of this programmable compensator are

discussed in later chapters.

4.2.1.1 CurrentSensingrheory

When applying an ideal LC filtesr an RC filter to the switching nod& sy
the DCcomponenbf the filteroutput shouldbethesame, i.e., thaverage oVsw
Here in the buck converteVoyr is the LC filter output and/c is RC filter output.
The difference of th&oyr andVc is due to the existence of inductor DARom
theaveragecurrent sensing theof$5], we have

Vc - VOUT = LOADRDCR (4'5)
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In our current sensing architecturiee tlifferenceof the Vour andVc is amplified

by the differentiabmplifier. The output of the SA is then

\7DIFF = ILOAD 3RD(.‘,R % (4-6)

Here R-/R; is the SAs gain whichcan be preciously controlled by layout
matching. By considering thesense amplifigs offset andoutput DC level

Vbirr ofiset, oG the SAS outputis given by

VDIFF = ILOAD 3RDCR % VS'IFF, offset DC (4-7)

We then could obtain the load current

ILOAD :VDIFF - ;/IIZIFF offset, DC 3% ( 4-8)
CR

As we can see forrfd-8), the load current does not depend on absolute values of
RsandCs so they can be integrated-ohip. The power FETgesistancéps does
not affect the current sensing accuraasither. Once the SA output Vpier IS
digitized, all these arithmetic operationgn (4-8) such as subtraction,
multiplicationetcare completed in digital domain.

To eliminate the ffects of SAoffsetand DC levelthe SAG input is shorted
by turning on switctOffset Cal in Fig. 4.9 before load currenheasuremenfThe
readout chain offset is digitally restordd current sensing mode, it is subtracted

in digital domain.
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4.2.1.2 SA Output Averaging

Equation(4-8) indicates that an averagiraperationof Vper is required to
obtain the load currentAn intuitive method is taiake multiple instantaneous
sampleswithin one period and thetake thearithmeticaveragevalue ofthem A
similar approachwith a digital implementation optimizatiobhased on this ideia
already discussed in secti@?2.2 In this work, adifferent and more efficient
methodis used

In DC-DC buck converters, the inductor currént the steady state output
Vout and the RC filter outpuVc in current sensing scheme alfe triangular
waveforms.Thus, he SAs input signal, i.e. the difference Whyr and Vg, is a
triangular waveformas well. The frequency for these triangulaveformsis the
DC-DC switching frequencft. The spectrum for this type trfangularwaveform

is a DC component plus harmonics atltiples offs

dB

\
I /\\/ N |Loap f
V,
\== <\ VoiFr T T
b
o s 3fs 4f Trequency
(@) (b)

Fig.4.10. SA OutputVprr (a) TimeDomain (b) Spectrum.
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The SA outputVper hassimilar spectrum as shown Kig. 4.10. Vper does
not have a ideal triangular waveform spectrum a¥pr has attenuatedhigh
frequency harmonics due to the low pass filter formedRbynd Cs Also the
limited bandwidthof the SA itself will shape the highequencycomponents

The digitization of Vpe is performed by our frequendy SADC which is

illustrated inFig. 4.11.

DS Modul ator 1 R DIFF,D
Voirr €O P D R
DIFF C >fm 5 o 50 CIC Decimator [ {3
ol K i CK

Fig.4.11. Vpr Digitization.

Recall themagnitude respongs# the CIC decimator
- M) - 1
‘H(ﬁ) o lRMSNEMB) o 0 ¢F & (39)
pME M

We notice that CIC filter has transmission zeros at muItipIeE/M. Heref is
the frequency relative to the losampling ratds,/R, which isfsin this scenario
The differential delayM is selected to be ih this work. Therefore, the CIC filter
has nulls at multiples df. The spectrum of the CIC decimator is depicte&im

4.12.
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- - » frequency
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Fig.4.12. Spectrum of CIC Decimator.

By using thisD SADC to digitize Vpirr, the DC component which contains
theinformation of load current is amplified by decimator gdtor a2-stage CIC
filter, the gain isR%. The Vpier ripple which results from the inductor ripple is
significantly suppressedSince the harmonics at multiplesfoére eliminated, the
remainingsignal at theD SADC output is the DC component &b, which is
the averag®/pirr We wanied. The spectrumand time domain signals @f SADC

output are demonstratedking. 4.13

dB

A n //\\//\\ lLoap
Vbirr
YA
VD”:F / \ \ VD”:F
fs 2fs 3fs o frequency
() (b)

Fig.4.13. DigitizedVpirr (@) Spectrum (b) Equivalent Time Domain Signa

The analysis of SA output averaging by CIC filter itdslonly for steady

state. During the load transition, tepectrumfor the inductor current and SA
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output averag®/prr are more complicatedut this averaging method is overall

very attractive due to itsmplicity andeffectiveness
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CHAPTER 5
DIGITAL VMC BUCK CONVERTERMEASUREMENT
The poposedinductor BIST and current sensing architectures together with
the DGDC VMC buck conveter core are implementedin high voltage AMI
i 2t100 O. 7¢&m p o We die nickdb@&is phovendneig $1. The
chip size is 3.5mm by 3.5mnThe extra hardware cost for BIST and current

sensing including related pads is 5.2%h&ftotal chip area.

DPWM
&Digita
Core

3.5mm

3.5 mm

Fig.5.1. Digital VMC Buck ConverteDie Micrograph

80



5.1 PCB Design andest Setup

A test Print Circuit Board (PCB) is designed for the digital VMC buck
converterverification andtest. The PCB has two metal layers and uses the
standard FR4 board material. The size of the PGBGS3inch by5.86inch. The
photo ofthe PCB with all the components soldered is showhign 5.2.

The test board can perform comprehensive tests and measurement including
inductor BIST function test, DOC normal load regulation test, DOC

efficiency test and key individual modules test including DLL, DPWM etc.

erter with BIST & CMC

Fig.5.2. Digital VMC Buck Converter Test Board.
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The lab setup is demonstratedHig. 5.6. Onearbitraryfunction generator is
used to provide the clock signal of the chip. Anotditraryfunction generator
provides the load regulation switching control signal. Thellmscopemonitors
the signals to be observed/hen testing BIST and current sensing accuracy, a
logic analyzeris utilized to track theoutput digital codes ofD SADCs. A
spectrumanalyzeris used to measure the EIC key output signals spectrum.

Current meters and voltage meters are used to measure tBE€RGiciency.

Fig.5.3. Digital VMC Buck ConverteffestLab Setup

5.2 Measurement Results
Ten PCBs are manufacturedssemblednd tested. The measuremesgults

shown in this section are the typical data we collected.
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5.2.1 DPWM Linearity

Pulse Duty Cycle VS DPWM Code

1.000 +

0.875

0.750

Duty Cycle

255 260 (

a) 265 270

0 64 128 192 256 320 384 448 512

DPWM Code (Decimal)
Fig.5.4. Measured Digital VMC Buckonverter DPWM Linearity.

To measure thdinearity of DPWM, we used several groupeasurement
setups. First of all, we set LSBs to constants and change MSBs from zeros to full
ones. This is to test the DPWM coarse part operation. Then we set MSBs to
constants and change LSBs from zeros to duks to test the DLL operation.
Finally, we set DPWM code from {MSB 0000} to {MSB+1 1111} to test the

DPWM linearity when both MSB and LSBhange.
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Shown inFig. 5.4 is the measuredPWM duty cyclefor all DPWM input
codes. The inset (a) shows duty cycle for code rangel60p®0O0Q 1000QL111]].
It purelydemonstrates the linearity of the DLL since only LSBs are changed here.
The inset (b) shows duty cycle for code range 1@f1pA01Q 101011001. As
both MSBs ad LSBs arevarying it tess the linearity é DPWM when its digital
counterand DLL work jointly Fig. 5.4 indicatesthat DPWM hasgood linearity

andmonotonicityover the entire input code range

5.2.2 (PRDC
DS Modulator
VCO 4_,_)[>+,1 e Dl R 13
\V/ ecimator
(M fm D Q D Q Code
f
o2 +—DCK CK
@ )
VCO Frequency CIC Decimator Code
7 T 7 T 7 T 7 T 7 1800 — T T ' T ' T 7
6 — i 1600 | i
N T 1
T £ 1400 - -
S 57 1 &
g 5 1200 | -
g 4 4 2 ]
E § 1000—_ 4
S 7 ] 800 — .
> -
24 N 600 — .
T T T T T T 1 1 T 7
0 1 2 3 4 0 1 2 3 4

(b) ©
Fig.5.5. MeasuredrrequencyD SADC Performance

The measured SADC performance is illustrated iRig. 5.5. Fig. 5.5 (a)

shows theD DC architectureand the internal signate bemeasuredFig. 5.5 (b)
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demonstrates the measuré@O frequency(FM modulated signal) for different

D &DC input voltags. Fig. 5.5 (c) shows theD &DC output coddor different

input voltage. As shown inFig. 5.5, the frequencyD &DC 6 s

l i nearity

primarily determined by the linearity of VCO. The decimation r&idor this

measuremeris 64 CIC sampling frequenchy, is 32VIHz, CIC decimator output

code rate is 500#z. In our DGDC, the D &DC is only used in range 1.5¥.5V

for reference, feedback voltage and sense amplifier output digitizafioe

D &DC has very high linearity ilange 1.5¥2.5V asillustrated inFig. 5.5.

5.2.3 Load RegulatioiMeasurement

01 l:Lrl ": @ On
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\ /' [9omv
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«T
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| LOAD,100mA/diV
D ot

PAEP R 200.0000000 us

40>

3301V Rl

Fig.5.6. Typical Digital VMC Buck Converter Transient Response.

A typical DC-DC regulatortransient responseé given in Fig. 5.6. The

DC-DC input is5V and output is3.3V. Fora load currentstep from10uA to
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100mA the regulatorachieves20Qus settling time and 90mV overshot voltage.
The regulator outputsteady stateipple is about 8mV.The parametersf the
power LC filter for this measuremenare: C=22uF, ESR=70mY, L=18uH,
DCR=63nY.

5.2.4 Efficiency Measurement

Measured Efficiency for Different V.
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Fig.5.7. Measuredigital VMC Buck ConverteEfficiency.

The measure®C-DC efficiency is showrFig. 5.7. For our targeted 0.1A up
to 1A load current range, the efficiency is above %5V input, 4V or 3.3V
outputconditions The peak efficiency ikarger tharb4%. One thing to mention is

that since the converter is working in PWM and not RalseFrequency
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Modulation (PFM) mode, the efficiency on very small loadlrrent side is
expected to be logr.
5.2.5 BIST ModeMeasurement

5.2.5.1 BIST Mode Analog Signal

2.2V

1.1V

Fig.5.8. Typical BIST Mode Wavefors

Fig. 5.8 shows typical arlag domainmajor nodesvaveformsunderinductor
BIST mode On the topis the triangular voltage generatbg BIST circuits. It
shows highsymmetry The maximumand minimumtriangularvoltages are 2.2V
and 1.1V, which are expected levels set bylagrgenitorserials resistors iRig.

4.3. On thelower side ofFig. 5.8 is the amlog senseamplifier output.We could
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