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SUMMARY

In conventional design of power delivery networks (PDNs), the PDN impedanapiisece
to be less than the target impedance over the frequency range of interest to minimize the IR drop
and to suppress the inductive noise during data transitions. As a result, most PDNsspekijh
systems consist of power and ground planes to proaidewimpedance path between the
voltage regulator module (VRM) and the integrated circuit (IC) on the printed circuit board
(PCB).

For off-chip signaling, charging and discharging signal transmission lines induce return
currents on the power and groupthnes. The return current always follows the path of least
impedance on the reference plane closest to the signal transmission line. The return current path
plays a critical role in maintaining the signal integrity of the bits propagating on the signal
transmission lines. The problem is that the disruption between the power and ground planes
induces return path discontinuities (RPDs), which create displacement current sources between
the power and ground planes. The current sources excite the planearalitause voltage
fluctuations. These fluctuations are proportional to the plane impedance since the current is
drawn through the PDN by the driver. Therefore, low PDN impedance is required for power
supply noise reduction.

Alternatively, methods of preméing RPDs can be used to suppress power supply noise.
Using a power transmission line (PTL) eliminates the discontinuity between the power and
ground planes, thereby preventing the RPD effects. In this approach, transmission lines replace
the power plandor conveying power from the VRM to each IC on the PCB. The-Bdded
PDN enables both power and signal transmission lines to be referenced to the same ground plane
so that a continuous current path can be formed, unlike the ypdavexbased PDN. As a rek,

a closed current loop is achieved, and the voltage fluctuation caused by RPDs is removed in

idealistic situations. Without the RPi8lated voltage fluctuation, reducing the PDN impedance
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is not as critical as in the powplanebased approach. Instedthe impedance of the PTL is
determined by the impedance of the signaling circuits.

To use the PTibased PDN in a practical signaling environment, several issues need to be
solved. First, thelc drop coming from the source termination of the PTL needi®taddressed.

The driver being turned on and off dictates the current flow through the PTL, causiduypitiop

to be dynamic, which depends on the data pattern. Second, impedance mismatch between the
PTL and termination can occur due to manufacturingtians. Third, an increase in the number

of PCB traces should be addressed by devising a method to feed more than one driver with one
PTL. Lastly, the power required to transmit 1 bit of data should be optimized for the PTL by
using a new signaling scherard adjusting the impedance of the signaling circuit.

Constant flow of current through thd'P is one solution proposed to address the first two
issues. Constant current removes the dynamic characteristicsdif dinep by inducing a fixed
amount ofdc drop over the PTL. Moreover, constant current keeps the PTL fully charged at all
times, and thereby eliminates the process of repeatedly charging and discharging the power
transmission line. The constant current PTL (CCPTL) scheme maintains constant fbonrent
regardless of the input data pattern. Early results on the CCPTL scheme have been discussed
along with the measurements. The CCPTL scheme severs the link between the current flowing
through the PTL and the output data of the I/O driver connectetd Adsp, it eliminates the
charging and discharging process of the PTL, thereby completely eliminating power supply noise
in idealistic situations. To reduce any associated power penalty, a gsaladoed PTL (PBPTL)
scheme is also proposed using the Rbincept. A pseudbalanced (PB) signaling scheme,
which uses an encoding technique to mabpit\lata onto Mbit encoded data with fixed number
of 1s and Os, is applied. When the PB signaling scheme is combined with the PTL, the jitter
performance improvesignificantly as compared to currently practiced design approduh.
constant voltage PTL (CVPTL) scheme is proposed to reduce the power penalty further. The

effectiveness of the scheme is simulated to show promising results.

XX



Then, the design methodolodgr selection and placement of decoupling capacitor is
presented. The methodology is calculati@sed so that it is computationally less expensive and
relatively simple as compared to the use of decoupling capacitor for power plane. Finally, PTL

based gd is suggested for standardized power delivery.
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CHAPTER 1

INTRODUCTION

1.1 Background and Motivation

Over the last several decad®&sp o r e 0 Isascananwel with technology scaling,
which hasled tomore compact devices withigher perfomance and greater funatiality.
A contributionhas also com&om advanca in processor architecturezhich hasmade a
successful transition fromminglecore to multicore computing platformsas shown in
Figure 1.1(a). Now, many-core architectire is being introducedo boostthe processor
performance even mof#][2]. For the past 20 yearnsrocessor and memory has suffered
from performance mismatch, and the disparity has been growing continuasisligown
in Figure 1.1(b). The prime reason for this is the division of the semiconductor industry
into microprocessor and memory fielgd. As a result, their technology headed in two
different directions: the technology for micropessor has increased in speeglile the
technology for memory has increased in capafdy As a result,memory latencyis
much greater than processolock step a single access to main memory ctake
hundreds of clock cyclegapproximatelyl50 cyclesor more) [5]. To alleviate the
bottleneck coming from the processoemory speed mismatchcurrent high
performance processonsclude large amounts of orchip cacheg6]. However,the on
chip cachas not able tailtimately replacehe off-chip memorydue to cost and capacity
issueq 7]. Therefore, he off-chip communications inevitablefor the memory to supply
data that the processor requestBich isnow one ofthe primary obstacles to improved

computer system performance



Processor-memory mismalch boltlenecks system performance.
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Figure 1.1 (a) An example of a computer system (Picture courtesy of Apple(b) Processor
memory performance mismatch(Picture courtesy of [J).

The performanceof the proceser-memory interface is dictated by two factors,
namely memory speed amgemorybandwidth.To accommodate the increasing amount
of memory traffi¢ both factors need to be increased. Asrhemorybandwidth is the
amount of data bits transferred along tffeahip interconnect per secoidl, traditional
approaches to improving the memory bandwidth inckitleer speeding up the memory
clock orincreasing the bubandvidth by increasing the chim-chip communication
speedin Hz) and the bus width (in bitg)r both[§].

As a result, the ofthip channel data rate has become one of the essential bottlenecks
in modern high performance computing systefig increagng data rate and th&hrinkng
design rué are two key factors contributing to the rising imaoiceof powerintegrity
[9]-[12]. The new manufacturing process technology is compatible retthcedsupply
voltages, which in turn reduce the supply voltage operating mardit3][14]. Although
the reducedsupply voltageis highly desirable to reducde power consumption, the
increased quantity of trarssbrs per unit area increases the tgp@wer consumptiomn

the integratedsystem Moreover, the enhanced datate contributes to the increasing



power consumption as wels a result, the PDN currehas dramatically increaseds

shown inFigurel.2.
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Figure 1.2 Dramatic increase in PDN current with decreasing design ruleand voltage levels
and increasing total IC power consumptionCourtesy[12]).

As the inductance in the supply path listihe amount of current deliverable during
the switching timenterval the increased amount wéansient current per unit time cannot
be delivered to the device as quickly as requiredréffbee, thevoltage at the I/O will
drop and the groungotentialwill rise and the rise time/fall timef the signalwill be
seriously impaired15], which will limit the chp-to-chip communication speedhe
contributions of this work are aimed primarily at suppressing fluctuations in supply

voltage and ground potential, and achieving +zmo power supply noise.

1.2 PowerDelivery Network

A power delivery networkRDN) is the network that connects the power sugply
the power/ground terminals of the ICdedlly, t providessufficient voltage and current
for the ICs the instant the transistors switch. However, the power delivery network
consists of inductive, restive, and capacitive componentghich impedes supplyingn
infinitely large amount of current in an infingienally small amount otime. The series

inductance in the supply pathduces undesired voltage fluctuation, Vthrough the



mechanism of equatio(l) so thatthe currenttransients on the power delivery network

(PDN) cause power supply noigeven by:
on e 1
SIS (1)

where di/dt is the rate of change of the current.

In aurrentdesign of PDNthe PDN impedance is required to be less than the target
impedance over the frequency range of interest to hold the noise voltage below the
allowed ripple o the power supplyTherefore,low PDN impedancecan prevent
excessive voltage fluctuations and leadpmwver supply noise reductiofhe target

impedance of a PDN to limit the voltage ripple on the power supply is givEr6py

, W PiQnnaQ
o = nn 2)

where \bp is the supply voltage, %ripple is the target percentage of the voltage ripple,
and hax is the maximum currenfAs a result, mst PDNs in higkspeed systems consist

of power and ground plands provide a lowimpedancepath between the voltage
regulator module (VRM) and the IC on the printed circuit board (P@8)shown in

Figurel.3. The power delivery network consists of distributed networks of R, L, and C.

IC
Bond Wire ;
Lead I { — ; |

Spreading Rand L

AN MDA

Wire/Ball bonding
Decoupling — Integrated
Capacitors Planar R and C —1 Circuit

=

""F\""
N8

VRM Model

Figure 1.3 Power distribution network using power and ground planes.
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For off-chip signaling, charging and discharging signal transmission lines induce
return currents on theeferenceplanes.Since he return currestalways follow the path
of least impedancehe signal transmission lines are referenceithéalosestplane[17],
as shown irFigure1.4. To accommodateeturn current paths for multiple signal trages
the board or packagejthergroundor voltageplaneis used as the reference conductor.
The return arrent path plays a critical role in maintaining the signal integrity of the bits
propagating on the signal transmission lines.

Degraded
waveform

........................ -
! XOC -
' ]
.
; ]

Signal current

Signal transmission line
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Packagef

Packageg
Cavity
Modes

Ground Plane

E Package
: Cavity
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I vdd

4‘------I

Figure 1.4 Chip-to-chip communication in a powerplane-based system.

Interruption in the return current path leads to return path discontinuities (RPDs)
[17][18]. RPDsoccur due to via transitions, apertures on the power/ground planes or split
planes, to name a fewl{]-[26], as shown inFigure 1.5. Even when signal lines are
referenced to a continuous plane, RPDs lmannduced during either the lew-high or
high-to-low transitions of the drivedue to the disruption between the power and ground
planes as shown irFigure1.5(d). In all of these RPDglJisplacementwrent sourcesre
createcbetween the power and ground planes. The current sourcestbggilene cavity
so thatexcessive voltage fluctuatisrcan occur between the planekie to the cavity
modes in the structure. These cavity modes dagrade the siwl integrity of the

waveformas the signal travels along the transmission line, as describeg].in [1
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Figure 1.5 Examples of RPDs. (a) Via transition. (b) Apertures on the reference plane. (c)
Split plane. (d) Solid plane.

Many researcherfave donework to address the RPD issue, which degailed in
[18]. In the case that a signal via trarwiti causes the signal transmission line to
referencetwo different planesthe return current loops completed bya current path
provided bythe structurelf two reference planes are at the same potestiakting vias

are connected between the planesuad the signal vieas shown irFigure 1.6(a) [26]-

[30].
Signal Signal Decoupling capacitor
Line Signal current Line Signal current
Return current Reéturn current l
PWR - PWR -~ -« b —
| ||
(GND) f -— -
¢ t Shorting via ¢
PWR — > GND —
| |
(GND) +-— +—————— -—
— ———p ¢ — ——p
(a) (b)

Figure 1.6 Solution to RPDs due to via transition. (a) Shorting via. (b) Decoupling capacitc

If two reference planes have different voltage leviis, excessive power supply
noiseinduced by the displacement currentises between the power and ground planes
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can only be reduced by increasing the capacitdietereen the planetrough new
technologies such as thin dielectrics, embedded capacitance, éggiericy decoupling

capacitors, and so qRigurel1.6(b)) [31]-[37].

1.3 Decoupling Capacitor

Ideally, the PDN impedance can be reduced by arranging thelgtamkler so as to
have theVcc/Vss planes close to the surface, or reducing the board thickbgssn
addition to reducig thepathinductance, decoupling capacitors need to be placed as close
to the net as possiblds explained in the previous section, decoupling capacitors are
added between thisvo planesof different voltage levelso provide current paths at the
RPD loations and to reduce the PDN impedance over the frequency range of interest.

A decoupling capacitohasresistance and inductance associated wijtiwliich are
called as the equivalent series resistance (ESR) and the equivalent series inductance
(ESL), respectively[16]. As a result, a decoupling capacitan be representeas a

series RLC circujtas shown irFigurel.7.

C L(E) R(ER)
||
| NW\_/\/\/\/_

Figure 1.7 Equivalent series R.C circuit of a decoupling capacitor.

The impedance of the capacitor becomes

" . o o P
Y Q T
() 0L 06 (3)

where R is the resistan€ESR), L is the inductanc€éESL), and C is the capacitance of
the capacitorThe equation indicates thite inductive impedance increaseith increase
in frequency. Conversely¥he capacitive impedance decreaséh increase in frequency

In other wordsthe capacitive impedance is dominaner the inductance impedance at



low frequency,and vice versat high frequency. Consequentlietfrequencyesponse
of the capacitor resembles a3haped curve, which is a charad®d of aseries resonant
circuit, as shown irFFigure 1.8. At the frequency where thevo impedance components
canceleach otherresonane occursand the impedance of the capaciteaches its
minimumvaluethat isequal tothe equivalentseries resistanc&heresonanfrequencyis

given by

Q —, (4)

Over the frequency range above the resonant frequency, the decoupling capacitor behaves

like an inductor.

20109 Zezp| |

-20dB/ decade +20dB/ decade

20l0g(R) |---------=----=---" :

Resonant freq. log (frequency)

Figure 1.8 Frequency response of a capacitor.

A digital systemswitches at multiple frequencies, drawirggirrent from the power
supply atmultiple frequencies.The amount of switching noise depends tbe PDN
impedanceover the frequency range of intereShe role of decoupling capacitors is to
hold the PDN impedance belowhe target impedangewhich is determined by the
allowed voltage rippleSincethedecouplig capacitor has the minimum impedance at the
resonant frequency, thmpacitance of the decoupling capaci®determined based on

the PDN impedance profile ovelne frequency range of interest. If there is a certain



frequency at which the PDN impedance exceeds the target value, a proper decoupling
capacitorshould beadded at a proper location to reduce the PDN impedance to an
acceptable levelAs a result, low PDNmpedance over the frequency range of interest is
achieved.Also, decoupling capcitors serve as a charge reservoir for the device when
there is a sudden demand for current.

In Figure 1.9, the effect of various components on BN impedance is shown by
the impedance versus frequency curve. In the frequency range fidtz 1o 1 MHz,
bulk capacitors aresed, while ceramic surface mount and embeddgdcitors are used
upto 1 GHz.In GHz rangethe powefgroundplanesof the pakageare used to provide
decoupling.The inductive slope raises the impedance, wthike capacitive slope pulls
down the impedance. Therefore, the decoupling capacitors should be selected and placed

to complywith the PDN design requiremenit the targetmpedance.

Chlp —+»—— Decoupling—;----~ VRM —»
\ Capacitor |

i Capacitance given by Capacitance by H
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Target Impedance™-;

On-chip
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Power/Ground Network Impedance

i H AN 7 ‘
/ Inductance by \ » | Inductancegiven by : Inductance by H
i VRM or Resonanca + ESL of Discrete Capamtor i Power/Ground Plane
! ESLof Bulk Capacitor * Mount Pad i & Pkg Via
H ; + Power/Ground Traces | ’
| « Power/Ground Via >
e Frequency
KHz MHz GHz

Figure 1.9 Impedance versus frequency in the power delivery networkR(icture courtesy of
Professor Joungho Kim, KAIST, South Korea and 16]).



1.4 Noise Isolation TechniquesElectromagnetic Band Gap Structure

In modern multifunction designs, it may be required to integrate {seissitive
analog/RF circuits next to digital circuits. Herlgital switching nois can propagate
through power/ground planes and affect analog/RF circuit performance. It is important to
block this effect.

One common solution to suppress noise propagatiothePDN is to split the
power/ground plane for different types of circisteehas analog and digital circuit$his
method may be effective at low frequency, but at high frequency above 1GHz, the
electromagnetic coupling occurs over the gag|[R5]. Using two vertically separate
power/ground plangairs for eachtype of circuitcan be a solution, but usually the
number of layers is restricted duethhe cost and volumef the system

Other than providing two separate power/ground plgpers using an
electromagnetic band gap (EBG) structure can be a very efficient method to suppres
noise propagationEspecially, an AEBG structure proposé in [38 is a two-
dimersional periodic structure, whose application can be expandedcottrol
power/ground noiseverthe targetfrequency rangén mixedsignal systems. It does not
require anyia makingthe structure more compact. A unit cell o-BBG consists of a
metal patch and metal branchas shown irfFigure1.10(a). Such unit cells are repeated
laterally and longitudinally, resulting in a periodic structurepBnding on the size and
number of the unit cell, the stop frequency band is determiresl equivalent circuit of
the EBG structure is shown Figure1.10(b). Themetal patch can be represented as an
equivalent inductancand c@acitance. The capacitance of the branch is negligible so that
only an equivalent inductance of the branch is included. réselting LC network
functiors as a bandgtop filter. Since the EBG structure stops the propagation of
electromagnetic waves overcartain frequency band, it can isolate the sensitive analog

circuits from the noisy digital circuits even when they sharesdmnecboard B8]-[44].
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Figure 1.10 EBG structure (a) Physical layout. (b) Equivalent circuit.

Previous workin this areademonstrate that EBG patterns can be used to block
power/ground plane noise between digital and analodiREks. That is, an EBG
patterned plane can be precisely designed such that a targeted signal frequency cannot
spread from oneell to another. Thus, the noise propagation drops off. However, most of
the EBGrelated research has involved placing the EBG structure on the top plane,
though power/ground planes are generally sandwichetiveenother planes in many
realistic casedn [45] and [6], a simulation result suggests that a problem arises when
the EBG structure is placed in between two solid platihesEBG structure is no longer
capable of noise isolatioifherefore, ti is important to verify the noise filtering function
and explore new design requirements when dealing with an embE&d&dtructure

Here it is important to note thahe concept opatterning the power/ground planes to
achieve the noise filtering effect sn after thought to mitigate the noise coupling

problem

1.5 Power Transmission Line

Planes are generally used to supply pofr@en the VRM to thdC due to their high
frequency characteristics and lale drop related issues. Taccommodateeturn current
paths for multiple signal traces in the board or packaigieergroundor voltageplaneis
used as the reference conducibine problem is that the disruption between the power

and ground planes induces return path discontinuities (RPDs) during the data transitions,
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which create displacement current sources between the power and ground planes as
shown inFigurel.11(a) [16]. These sources induce excessive power supply noise, which
again requires managing the PDN impedance so as to manage the excessive noise caused
by the current transients. The excessive noise can only be reduced bgimritbe
capacitance requirements through new technologies such as thin dielectrics, embedded
capacitance, high frequency decoupling capacitors, and s@3ji3[/], as shown in
Figurel.11(a).

Alternatively, metlods for eliminating the RPDs can be employed to suppress power
supply noiseln a newlyproposed PDN schemé&ansmission lines are used to replace
the voltageplane and convey power from theltage sourcéo the diewhich arecalled
as Power Transmissio Lines (PTLs), as shown inFigure 1.11(b). The characteristic
impedance of PTL is decided based on the characteristic impedance of the signal
transmission line, desired eye height at the receiver sideptuimpedance of/O driver,
to name a fewSincethe characteristic impedance of signal transmission line is typically
between 250 ohns, that of PTL also falls within this range. Hence, the PTL concept
enables the use of a higlhpedance network for power dediry, which is in direct

contrast to the method beiogrrentlypursued.

eccccccccccccccccnads
»

e

Power Plane
A

Packageg
Decoupling S
Capacitor Hn

i Package

(@)

Figure 1.11 Chip-to-chip communication. (a) Using planebased PDN. (b) Wing PTL-based
PDNs.
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Figure 1.11 Continued.

1.6 Contributions

Thefocus of this research is to design new P&ixiceps using power transmission
lines to achieveisolaion and reduction of the switching noisg the same time for
modern multifunction designs. In this regard, the followingsearch has been

accomplished, as summarizedrigurel.12:

How to addressthe Reduce & Isolate
switching noise

Reduce Isolate
Use of Decoupling Use of split planes or .
: . Design methodology for
Capaditors elearom;?gcett&?: and gap ‘ embedded EBG structure

I
— (.)f power Qonstant voltage PTL
transmission lines
v ’ Pseudo Balanced PTL

Adding a decoupling Design of
capacitor Power grid

Need a charge reservoir

Design methodology for selection and
placement of a decoupling capacitor

Figure 1.12 Completed research.

13



1. Development of a desig technique for embedded electromagnetic bandgap
structure in load board applications
The failure mechanism of the embedded EBG strudtasebeerstudied to identify
the source of the problem. A new design method to recover the noise filtering
function ofthe embedded EBG structunas beemproposed. Design guidelines for
the proposed design method which consists of three design parameters, namely
potential difference, plane distance, and via number/proximéy,beemprovided.
The proposed solutiohas teenverified through three experimental vehicles, and
applied to a prototype multayer load board for a gigahertz ADC.

2. Examination of the limitation of using PTL
The advantages of the PTL signaling schere expected toclude reduction of
layer couns and elimination of decoupling capacitors for mitigating RPDs, which
lead to lower costHowever,it has been found that using PTenerates other
problems such as: 1) outpdétadependentdc drop on the PDN due to the
terminating resistance, 2) mismatetfiect between the PTL and the termination, 3)
line congestion, and 4) increased power consumpfitrese issues have been
investigated using theory and simulation.

3. Design of theConstant Current Power Transmission Line (CCPTL)scheme
The monstant currenPTL (CCPTL) scheméas beemeveloped to resolve the two
issues related to PTL, namehe dynamic dc drop on PDN caused by terminating
resistance, andhe mismatch effect betweethe power transmission line and
terminating resistorThe proposed CCPTLceeme useslummy patk to induce
constant current through the PTL, which keeps the PTL fully charged all the times.
Therefore,The CCPTL scheme severs the link between the current flowing through
the PTL and the output data of the I/O driver connected &lgo, it eliminates the
charging and discharging process of the PTL, thereby completely eliminating

power supply noise in idealistic situatiod$e proposed CCPTL schentas been
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applied tothe singleended signaling, andmplemented as test vehicleBor
comparisonthe power plane schemesing constant current through the PDids
alsobeenfabricated The measurement results of the two test vehitte® been
compared, and the efftivenessof the CCPTL scheméas beerdemonstrated
using the CCPTL deme provides 36.3% lessp-p jitter and 15.1% larger eye
amplitudeas compared to the power plane schdreasonable correlation between
measurements and simulations were observed, showing the trend of signal integrity
improvement by using PTL.

. Design of he Constant Voltage Power Transmission ine (CVPTL) scheme

The onstant voltagePTL (CVPTL) schemehas beerdeveloped toaddress the
power penalty issue of the CCPTL scheme while maintaining the improved quality
of the waveformsThe proposed CVPTL schememoves the dynamidc drop on

the PDN by using resistor paths. The selective path induces current whose amount
is proportional tothe number of turnegbn 1/O drivers. As a resulthe CVPTL
schemeconsume the same amount of poweas the conventional poweplane
schemeexcept during theuiescent(quiet) state in whicmone of thedrivers are
drawing current from the power supplince thePTL in theCVPTL schemeajoes
through the charging and discharging repeateddyious impedancanismatched
caseshave been simulaked to quantify their effect on the eye diagranithe
simulation resultshaveshown that the CVPTL scheme provisitarger and wider

eye diagrams even with tliiegradation coming from thenpedancanismatch as
compared to the conventional powglane schemeThis scheme has not been
experimentally demonstratgllut only through simulation

. Design of the Pseudo Balanced Power Transmission Line (PBPTL) scheme

A PTL scheme usingseudebalanced signalinfpas beerdevelopedor multiple

I/Os, which & called pseudo balanced PTL (PBPTL). The proposed scheme

maintairs the method of using constant currdmit with less power penaltyThe
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proposed peudebalanced signaling schentes beerapplied to both thd>TL-
basedand poweiplanebased test vehicde The simulationand measurement
resultshave demonstratetthat the proposedignalingscheme yields significant
improvement in signal integritwhen combined with PTLUsing PTL improved
the eye height by 68.7% and reduced thejjiter by 24.2% as compad to using
power plandased on the measurement results

6. Development of a methodology for the selection and placement of decoupling
capacitorsfor the PTL-based PDN
The methodology for the selection and placement of decoupling cagdoitdhe
PTL-basel PDN has beendeveloped. Unlike the PDN using a power/ground plane
pair, PTL does not depend on the decoupling capacitor to provide return current
paths or reduce the PDN impedane specific locationghat have the voltage
maxima.The decoupling capaoit serve as a charge reservoihen the VRM is
unable to supply the current during the required time interVdlus, the
methodology for estimating the minimum required decoupling capacitor depends
on the maximunswitching currentand the switching timenterval To prevent
overdesign, a methodology has been developed and presented with an example
which determine the minimumrequiredcapacitancandthe maximum distancéo
the ICs for the decoupling capacitor tdunction properly as charge storage
Measirement resultBave beemncluded to support the proposed methodology.

7. Investigation of a uniform PTL grid based PDN
Uniform PTL grid has been studied to supply power to multiple I/O drivers in a
standardized manner. Preliminary simulatitiase beerperformed toinvestigate
the functioning mechanism of thBTL grid and to identifyany accompanying
issuesA test casdas beenincluded.

8. Tape-out of a customdesigned chip using a @8 em CMOS process
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The transmittes using the CCPTL scheme and tR8PTL schemewere full-
customdesigned using a BBem CMOS process. Thé&ansmitters using power
plane were also included in thedesign for performance comparisonThe
measurement resslthave shown that both the CCPTL and PBPTL schemes
outperform the power ptee at various frequenciewhich has been demonstrated
usingoff-the-shelf chips. Using PTL improves the qualitytbé signalmeasured at
the receiver side.

. Tape-out of a 3D chip wsing 350nm CMOS process ad Tezzarons TSV/3D
technology

The application bthe proposed CCPTL scherhes beenextended t@ 3D IC. The
transmittersfor the CCPTLEbased singlkendedand differential signaling were
designedusing 350nm Global Foundrigstechnology and Tezzar@ TSV/3D
technology The transmittersfor the poweiplanebased signalingwere also
implementedon the sametier to compare theperformanceof the two PDNs
throughmeasurementsSignal and powesupply networks of all the transmitters
include wire bond F2F vias, and TSVS.hegoal is to demonstrate thedficacy of
using PTL for3D applicationsthough measurements could not be made due to the

unavailability of the IC on time.

1.7 Dissertation Outline

The rest of thisthesis is organized as follow&hapter 2presentsthe proposed

design techniques for thembeddedEBG structure.To achieve isolationof noise

sensitive devicefrom a noisy deviceén a systenthrough the PDNan electromagnetic

Band Gap EBG) patterned power/ground plate used tgprovide filtering property to

the PIN which transportspower to the devices. The limitation of teenbeddedEBG

structure is presented along withe solution.Chapter 3 4, 5 presents the second

approaclusing PTL forachiewng isolation and reduction of the fefing noise between

17



parts in a system. Chapter 3 discusses a newly proposed PDN scheme using power
transmission lines (PTLs); the advantages that can be achigvexplacing a voltage
plane with PTLs are explored along with the issues associated wilTtlse To address
those issues, the Constant Current PTL (CCPTL) scheme is propoSédpter 3 In
Chapter 4 the Pseud®alanced PTL (PBPTL) scheme is proposed, which induces
constant current tbugh the PTL with reduced power penalty. The PBPTL encodes input
data to be balanced prior to transmission, and decodes the original information at the
receiver.In Chapter 5 the Constant Voltage PTL (CVPTL) scheme is intredlto
address the limitation of the CCPTL scheme, which is increased power pé&ielpter

6 describes a design methodology for the choice and placement of decoupling capacitor
The proposed methodolodyas beerappled to a test vehicle, and the simulation and
measurement results are presen@thpter 7discusses how the PTL can be laigt in a
grid-form for powerdelivery to each device in a standardized manmbich simplifies
thelayout Future workis proposed irChapter 8 The dissertation inally concluded in

Chapter 9
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CHAPTER 2
EMBEDDED ELECTROMAGN ETIC BAND GAP STRUCT URE IN

LOAD BOARD APPLICATI ONS

2.1 Introduction

2.1.1 Noise Coupling in Mixed-Signal Systems

To reflect the current trend of communications systems, the speed and resolution of
analogto-digital converters (ADCs) are increasing. ThedeCs are verysensitive to
noise due to reded noise and tinmg margirs. For poper characterization and
evaluation of such higepeed and highesolution ADCs, the test environment should be
designed withan awareness of signakegrity issueg15]. Sincetheloadboardserves as
an interfacebetweenthe device under tegfDUT) and automatictest equipment (ATE)
during theevaluaton ofthe DUT performance, the load board plays an important role in
the test environment. Thmower distribution on the load board should be able to provide
the necessary power to the DUT. Téfere, thesuppression of simultaneous switching
noise (SSN) on the PDN of the lodwbard is criticalfor achiewng a robusttest
environment for mixegignal devicesin multifunction designs such as ADGdigital
switching noise can propagate through power/grquiades and affect analog/RF circuit

performanceas shown ifrigure2.1 [47]-[50]. It is important tdolock this effect.
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(Digital circuits) (Analog, RFcircuits)

Sgnal Layer
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Ground Plane

Sgnal Layer

Figure 2.1 Noise generation and coupling in mixed signal system4d].

2.1.2 Review of Electromagnetic Band Gap Structure

As an alternative methodn electomagnetic band gap (EBG) structure can be used,
which is a very efficient technique for the suppression of noise propaga8piaf].
The AIFEBG structure proposed ir8g]-[40] is a two-dimersional periodic structure,
whose application can be expandedctmtrolling power/ground noise over the target
frequency range in mixesignal systems. Since the-EBG structure does not require
any additional vias or metal layers, it is more compact as compared to the mushroom
type EBG structure. The unit cell ofedtAI-EBG structure consists of a metal patch and
metal branches. Such unit cells are repeated laterally, resulting in a periodic structure.
The size and number of the unit cell determine the target frequency, the stopband
bandwidth, and the attenuation é&vn the stopband. Since the EBG structure stops the
propagation of the electromagnetic wave over the target frequency band, it can isolate
noisesensitive analog circuits from noisy digital circuits even when they share a common

voltage and ground plane

2.1.3 Review of Load Board

To reflect the current trend of communications systems, the speed and resolution of
ADCs are increasing. ThegeCs are verysensitive to noise due to redgutnoise and

timing margirs. For proper characterization and evaluation ohshigh-speed and high
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resolution ADCs, the test environment should be almost ideal, having negligible noise
[47]. Since doadboardserves asn interfacebetweenDUT and ATE when evaluating

the performance of the DUT, the load board plays an importdet iro the test
environmentas shown irrigure2.2. A robusttest environmentequiresan awareness of
signal integrity issues. From a signal integrity point of vieme of theproblems withthe

test cell and DUTinterfaceis a noisypower distribution.The primary function of the
PDN is to provide the necessary power to the components on the board, more specifically
the DUT.As the output buffers switch simultaneously, the supply voltage will drop and
the groundvoltagewill rise, which isalsoknown assimultaneous switching noise (SSN).

To meet the requirement on the supplies of the desiggression of SSN on the power
delivery network (PDN) of the load board critical. Achieving a low-noise test
environmentis especially important for testing mixetgnal devices such as ADCs

where digital switching noise couples to nessnsitive analog signals.

“Change kit” Auto DUT handler

Docking

o hardware

' test head

Figure 2.2 A test cell, including the test head, load board, test socket, and auto DUT hand
(Picture courtesy of [15]).
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2.2 Load Board Design with EBG

2.2.1 Target Load Board

The target device is a lepower, hidn-performance CMOS ADC that digitizes
signals at a 1bit resolution for a single channel up to Gblz samphg rate. The target
board is a prototype load board for the ADC, which provides an interface between the
device and the ATE. Therefore, the tarfyeguency of the EBG structure is X3z to
prevent thesampling frequency componeaft the digital circuit being coupled to the
analog circuit which will be kept consistent throughout the chaptdrhe stackup
information of the target load board isosim in Figure2.3(a). The board consists of 20
layers: nine signal layers, nine ground planes, one power layer, and oneetdgV
voltage layer. The grefflled layers indicate ground planes, whereas the wiiiésl
layers aresignal layers. To have signal lines referenced to a continuous plane, each signal
layer is followed by a solid ground plane. The return current always follows the path of
least impedance on the reference plane closest to the signal line.

The top view of tk power layer, which is VA+VDR layer, is shownRigure2.3(b).

It is the 18" layer, which is embedded in between a ground plane and a-rel@y
voltage layer, and consists of analog and digital power planes. They are diwided t
prevent the noise coupling between the analog and digital circuits through the PDN. The
centerlocated box is where the ADC chip is mounted. Half of the power pins of the ADC
are connected to the analog power plane, and the other half are connectedititah

power plane. To explore the level of coupling between the two types of circuits through
the power plane, 16 digital power pins of the ADC are considered as noise aggressors,
and 15 analog power pins are considered as noise victims. The noisssaggrare

located on the digital power plane, while the noise victims are on the analog power plane.
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Figure 2.3 ADC load board. (a) Layer stackup. (b) Top view of the power layer (the
VA+VDR layer).

2.2.2 Plane Modification in the Load Board

Thetop view of the original power layer is shownkigure 2.4(a). Separate power
planes are used for analog and digital circuits to provide isolation. To increase the level
of noise isolation between the two split power planes over the desired frequency range,
three steps of plane modification were conducted. ,Ringt area of the digital power
plane was enlarged. Securing a larger power plane increases the plane capacitance,
thereby decreasing the switching noise generated by the same amount of switching
current B7]. Second, the gap between the two power plaresincreased. The widened
separation decreases the capacitance between the two power planes, thereby increasing
the impedance. Third, the EBG structure was designed and implemented on the digital
power plane, where the noise aggressors are located. $haurfit cell was placed to
cover 16 digital power pins of the ADC so as to confine the switching noise inside and
suppress the noise propagation. By implementing the EBG structure on the digital power
plane, thepropagation oBwitching noisds to besuppessed beforbeingcoupled to the
analog power plan®ever the planeplit gap Therefore, the target frequency is the
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sampling frequency of 1.6Hz, and the size of the unit cell is calculated using the plane

resonance frequency equatio®]f1

a g "
o L I I (5)
cnm - ®
whepebe albd ade the | ength and width ofedt he r ¢
anth 6are the permeability andmd haddad eri t he

wave mode nonbers. The resulting size of the unit cell is @8 by 26 mm. After
placing the first unit cell to include all the noise aggressors, multiple unit cells were
repeated laterally starting from the first unit cell. Two rows of unit cells were
implemented alog the gap between the digital and analog power planes to prevent the
noise coupling from the digital power plane to analog power plane. The top view of the
modified power layer is shown Figure2.4(b). On the other hand, groupthnes that are

used as reference conductors for other signal layers are kept solid without any patterning

to secure the continuous return current paths.
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Figure 2.4 Top view of VA+VDR layer of the load board. (a) Before plane maodification. (b)
After plane modification.
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Sphinx B1], a multiHlayer finite difference method (WDM) [16] based
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electromagnetic solvewas used tanodel theload board in the frequency domairhe
$y1 betweena noise aggressor arahoise victim before and after the plane modification
are simulated to assess the efficacy of the plane modificasoshown inFigure 2.5.
Portl is at one of the 16 digital power pins on the digital power plané&2atilis at one

of the 15 analog power pins on the analog power plane.
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Figure 2.5 Simulated S;. (a) Original. (b) After plane area and @p modifications. (c) After
EBG implementation.

In Figure 2.5(a), & in the original power layes shown. Due to the gap between the
two power planes, the isolation level at low frequencies is beééwiB. However, as the
frequency goes up, the coupling increases so that the magnitude rebé&es up te
31.48dB. At 1.5 GHz, the magnitude o$:3s -45.69dB. After enlarging the area of the

digital power plane area and widening the gap between the planes, the overall isolation
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level has slightly improved, as shown in Figure 2.5(b). However, at 1.5 GHz, the
magnitude of & is -50.77dB, which isnot enough as the isolation level in the stopband.

In Figure 2.5(c), & in the EBGimplemented power plane is shown. Although the EBG
structure is implemented to suppress the wave propagation from Portl to Port2 at 1.5
GHz, the magnitude of,$at 1.5 GH is -39 dB, which hardly shows any improvement
from the original power layer. It can be concluded that the EBG structure fails to function
as a filter at the target frequency when implemented on the digital power plane of the

load board

2.3 Analysis of Failue

In this section, the reason for the functional failure of the embedded EBG structure is

explored using prototype EBG structures.

2.3.1 Two-Layer EBG Structure

As a baseline for the performance comparison of the EBG structures;layer
EBG structure is sinulated.The cross section view dhe two-layer EBG structure is
shown inFigure2.6(a). The top and bottom copper layers have the thickness of 35.6
and a 16% mnhick FR4 layer is placed between the two copper layers. Th&ayer is
periodically patternedas shown inFigure 2.6(b). The unit cells are repeated along the
lateral direction, and connected to each other by metal brachetsl of 25 unit cells, 5
rows and 5 columns, are used on tbe layer. The total size of the EB@plemented
plane is 135nm by 135mm. The bottom layer is a solid plane used as a reference, whose
size is 135mm by 135mm as well. An EBG layer being backed by a solid plane is a
typical configuration of the alterriagy impedance EBG structurag].

Two ports are defined. The locations of the ports are showigure 2.6(b); Portl
and Por2 are at the upper left corner and upper right corner between the EBG

implemented plane and the bottawlid plane, respectivelfrhen, S;; is simulatedusing
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Sphinx As shown inFigure 2.6(c), $; has a stopband formed around GHz. At 1.5

GHz, $: hasthe isolation level of-104.7dB. For a fair comparisohetweendifferent

structures,the stopband is defined to be the frequency range over which the isolation

level is below-75 dB. In this example, the stopband ranges frol8Hz to 2.7GHz,

implying that the EBG structure functions as desired. The EBG structure stops the

propagéion of electromagnetic waves by becoming a higpedance surface around the

target frequency. Ovehe target frequency range, the energy is confined to the excited

unit cell.
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Figure 2.6 Two-layer EBG structure. (a) Side view. (b) Top view with port locations. (c)

Simulated S..
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The voltage distributioonthe EBG layewhenPortl is excited at 1.&Hz is shown
in Figure2.7. The hot spot indicated by light color at the upper left corner is where the
excitation is applied. At 1.&Hz, the wave propagation is suppressed so that only the
excited unit cell and the neighboring unit cells have voltages higher than grodfg (0
whereas the rest have a ngaound potential. The excitation is mainly confined within
the unit cellwhere the excited port is located the simulation, the bottomlgne was
assumed to be an ideal ground plane so that the voltage distribution of tme platbe is

notshown

Voltage (V)
Portl Port2 100.00

23.18
5.37

1.25

135mm

135mm

Figure 2.7 Voltage distribution on the EBG layer whenPortl is excited at 1.5GHz.

2.3.2 Three-Layer EBG Structur e: Embedded EBG Structure

When thetwo-layer EBG structure is covered by a solid planetheeelayer
embedded EBG structure is formeas shown inFigure 2.8(a). The EBG layer is
embedded in between two solid planes, and the structure is 4symonetric with
respect to the middle EBG layer in termspbiysical dimensions. Portl aRdrt2 are at
the upper left corner and upper right corner between the middle EBG layer and the
bottom solid plane, respectively. The potential difference in the upper plane pair and the
lower plane pair are independent of leather. As shown ifrigure 2.8(b), the stopband

in $;; becomes so narrow and shallow that it nearly disappears. The isolation level is only
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-22.95dB at 1.5GHz, which is not enough to suppress the propagaticimeotarget
frequency component. Trembedded®EBG structure fails to block the propagation of the

desiredfrequencycomponent
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Figure 2.8 Three-layer embedded EBG structure. (a) Side view. (b) Simulated,S

The voltage distributiosion the middle EBG layeandthe top layer wherPortl is
excited at 1.85Hz areshown inFigure2.9(a) and (b). As stated abowveortl is located
between the middle EBG layer and the bottsofid plane Instead of being confined
within the excited unit cell, the excitation spreads to the neighboringceh#, and
finally reaches even the most distant unit cell on the EBG layer, which is shéwgune
2.9(a). The voltage distribution on the top layer is similar to that on the EBG, kyer
shown inFigure 2.9(b), which is due to the propagation of electromagnetic waves in the
upper plane pair over the target frequency ra@ee again, it can be concluded that i

the embedded EBG structure, the EBG strualiaes not providéhe filtering property
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Figure 2.9 Voltage distribution on planes whenPortl is excited at 1.5GHz. (a) EBG layer
(lower plane pair). (b) Top plane (upper plane pair).

2.3.3 Analysis of Failure

In the two-layer EBG structure, the EBG structustops thepropagation of
electromagnetic wageby becoming aigh-impedance surfacever the target frequency
range As shown inFigure 2.10(a), the unit cells of the EBG structure resonate at the
target frequency and block the propagation ofdleetromagnetic wavacross the EBG
layer. It either stays within the unit cell or propagates through the slots of EBG into the
surrounding sace (solid line), while the rest spread out across the EBG layer (dashed
line). From the surface current perspective, the finite size of the metal patch is causing
the suppression of current propagation across the EBG layer. In the target frequency
range,current on the surfageropagatesnto free spacevhen it encounters any break in
the surface44]. As a result, it fails to spread throughout the EBG layer, and the energy is
confined to the unit cell.

However, in thahreelayer embedded EBG structutbe unit cell does not resonate
as desired due to the top solid plane. The propagating wave from the lower plane pair
toward the upper plane pair is affected by the top solid plane, and gets trapped in the

upper plane pair. As shown Kigure2.10(b), the magnetic part of the electromagnetic
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wave coming from the excitdeébrtl propagates through the EBG slot (solid line). Since
the propagating wave cannot escape the structure, it either stays in the upper plane pair or
propagatesdck into the lower plane pair through EBG slots or via openings. The {ateral
and verticalpropagation of the stopped wave chae surface current characteristic
on the EBG layer. As a result, the filtering property of the EBG structure is lost. The
electromagnetic wave with frequencies outside shedand propagates towarcif2
without any hindrancédashed line).

The proposed arrangement to address the functional failure of the embedded EBG

structure is shown iRigure2.10(c), and will be explained idetail inthe nextsection

Figure 2.10 Propagation of electromagnetic wave. (a)wo-layer EBG structure. (b) Three-
layer embedded EBG structure with the top and bottom planes at different potentials. (c)
Three-layer embedded EBG with the top and bottom planeat the same potential.

The electric field distributions between the EBG layer and the bottom solid plane in
thetwo- andthreelayer EBG structures at 1GBHz aresimulated using a commertia
available fullwave electromagnetic solver, Microwave Studio by Computer Simulation

Technology (CST MWS)H2]. The resulting distributions ammpared inFigure 2.11.

31



As expected from the voltage distribution shown aboveekberic field stays within the
excited unit cell and the neighboring unit cells in tie-layer EBG structure, having the

local maximum value inside the unit cell. The unit cells which share neither edges nor
vertices with the excited unit cell have nearo electric field. Théhreelayer embedded

EBG structure, on the other hand, has widespread electric field throughout the structure,
which was also expected from the voltage distribution fRagure2.9. In thethreelayer
embedded EBG structure, even the most distant unit cell from the excited unit cell had a
non-zero voltage levelue tothe presence of the electric field.

The simulated magnetic field distributions between the EBG layer and the bottom
solid plane at 1.%5Hz are presented iRigure 2.12. The magnetic fields have similar
distribution tendency as the electric fields. In twe-layer EBG structure, the magnetic
field is mostly confinedo the excited unit cell and the neighboring wstls, as shown in
Figure2.12(a). In this case, the local maxum appeas around the EBG slots due to the
magnetic part of the electromagnetic wave propagating feonil toward the upper
plane pair through the EBG slots. In thimeelayer embedded EBG structure, the
magnetic field is fully distributed from the excited unit cell to the most distant unjt cell
as shown irFigure 2.12(b), showing that the surface current lsgseadthroughout the
structue.

Figure2.11(c) andFigure2.12(c) will be addressed along witfigure2.10(c) in the

nextsection
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Figure 2.11 E-field in the lower plane cavity. (a)Two-layer EBG structure. (b) Three-layer
embedded EBG structure. (c)Three-layer embedded EBG with vias.
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Figure 2.12H-field in the lower plane cavity. (a) Twelayer EBG structure. (b) Three-layer
embedded EBG structure. (c) Thredayer embedded EBG with vias.

Since the trappedave in the upper plane pair is causthg functional problem in

the thredayer embedded EBG structure, an intuitive solut®patterning the tojmnost
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plane and releasing the trapped waveFigure 2.13(a), the same periodipattern is
implemented on the top layer as well as the middle layer. In the target frequency range,
part of the electromagnetivave coming from &t1 propagates into the upper plane pair
through the EBG slots and then into the surrounding space throaigiots on the top

most layer. The simulatecd:Sn Figure2.13(b) shows that the stopband around the target
frequency is recovered. The isolation level atGHz is-111.8dB. However, this three

layer embedded EBG structure lvihe slotted top plane cannot be an ultimate solution.
As the structure is covered by a solid plane, the same problem will return so that the

stopband will disappear again, which prevents the structure from being further embedded.
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Frequency (GHz)
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Figure 2.13 Three-layer embedded EBG structure with slotted top plane. (a) Side view. (b
Simulated S;.

2.4Embedded Electromagnetic Band Gap Configuration

2.4.1 Technical Approach

A method to restore the stopband of the embedded &B(Gtue is proposed to
cancel thepropagaing componenat the EBG slots. This can be achieved by having the

planes above and loel the EBGlayer at the same potential and at equal distance from
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the EBGlayer. If the potentials of the top and bottom solid planes are the same, the upper
and lower plane pair is mirresymmetric abut the middle EBG layer. WheroR1 is
located betweernthe middle EBG layer and the bottom layer, a mirror image of the
excitation is induced between the middle EBG layer and the top &s/shown irFigure
2.10(c). The magnitude of the image excitation will be the same with tiggnar
excitation, but the phase with respect to the middle EBG layer will be reversed. As a
result, destructive interference will occur between verpcapagating components from

the upper plane pair and the lower plane pair, cancelling each othertloeteeBG slots.

The electric and magnetic field distributions of the proposed embedded EBG structure are
shown inFigure2.11(c) andFigure2.12(c). The distribution patterns are similar to those

of thetwo-layer EBG structure, implying that the proposed EBG structure has regained
the filtering property.

The lateral and vertical propagation of the electromagnetic wave over the target
frequency range camlso be explined by an analogy between the tHager EBG
structure and the microstrip patch array antenna. A unit cell otwbdayer EBG
structure is analogous to a microstrip patch antenna, which uses the cavity resonance for
radiation at the desireflequency.Throughout this chapter, the term rastiatrefers to
the propagation of the surface wave into free spabéchresulsin a strong near field.
Therefore, the twayer EBG structure corresponds to the array of microstrip patch
antennas. Since the lateral dimensions ofttéeelayer EBG structte are much greater
than the vertical dimensisnwhich is much less than the wavelength, the structure can be
reduced to awo-dimensional cavity [@]. The dimensions and electric parameters of the
cavity determine the resonant frequerayd the far fieldradiation pattern of the patch
antenna $3]. When the antenna is excited at the resonant frequency, the energy radiates
due to thdringing field over the edges of the patch. The sanrcymie can be extended
to the twelayer EBG structure. As the struce is excited at the resonant frequency, the

electromagnetic wave radiates through the slots between the excited unit cell and the
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neighboring unit cells. According to the surface equivalence principle, the source of
radiation can be represented by eql@mt electric and magnetic currents. Figure

2.14(a) and (b), the equivalent sources of the rectangular cavity are the magnetic currents
around the periphery of the patch otee original slots Figure 2.14(a) illustrates a pair

of planes with a thin dielectric. The top plane is used as a rectangular patch, while the
bottom plane as a ground plarfeégure 2.14(b) shows therevergd version of the
structure inFigure 2.14(a). The equivalent magnetic currents are shown in these two

mictrostrip path antenna cases.

Equivalent

magneticcurrents M4 |
> <&
M1 M2
M3 Patch

\<_

M1' &

M3 &
M3

Figure 2.14 Equivalent magnetic current of cavity reson#ors. (a) Cavity with a lower
reference plane. (b) Cavity with an upper reference plane. (c) Stacked cavities sharing th
middle patch layer.

A unit cell of thethreelayer embedded EBG structure is analogous to placing the
rectangular patch in a striplidi&ke environment. The analogous structure is made when
the two microstrip patch antennas igure 2.14(a) and Figure 2.14(b) are stacked
vertically sharing the middle rectangular pates shown inFigure 2.14(c). Here, two

sets of the equivalent magnetic currents are shown around the periphery of the patch; one
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set is induced by the upper rectangular cavity, and the other set by the lower rectangular
cavity. Since the top andotiom reference planes do not have the same potential, the
corresponding equivalent magnetic currents have different magnitudes from each other.
The resulting equivalent currents of the stacked structuFegimre 2.14(c) become he
sum of the equivalent currents of the structuregigure 2.14(a) andFigure 2.14(b),
causing the stacked structure to behave differently during resonance.

A unit cell of thethreelayer embedded EBGtructure with vias interconnecting the
top and bottom planes is also equivalent to the stacked cavity resonator stéigurén
2.14(c). Since the top and bottom reference planes are connected by vias, an excitation
referenced tdhe bottom plane induces a mirionage excitation referenced to the top
plane. As a result, the actual excitation and the virtual excitation have the same
magnitude, but opposite phases. When an excitation at the resonance frequency is
applied, the restihg radiation can be modeled as two setegudivalentmagnetic current
around the patctone set is induced by the upper rectangular cavity, and the other set by
the lower rectangular cavity. The components of the two sets have the same magnitude,
but opposite phasesThus, they cancel each other olit the same manner, the radiated
components from the upper and lower plane pair interfere with each other destructively,
resulting in poor radiation. Therefore, ttreeelayer embedded EBG structure witlasi

is able to suppress the propagation of the electromagnetic wave at the resonant frequency.

2.4.2 Proposed Embedded EBG Structure

The cross section view of the proposed embedded EBG structure is shbigari
2.15a). Via connectins are added between the top and bottom solid planes to hold them
at the same potentidbix throughhole vias areandomly placd aroundeachport They
are placed near ports so that the image excitation can be aast@@e@riginal excitation
as much & possible. The port setting wa®pt identical to the previous thréseyer

embedded EBG structures. Fiigure 2.15b), the simulated 5 is shown. The stopband
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around the 1.%5Hz has beenestored, and the bandwidth is as widehag of thetwo-
layer EBG structure. The isolation level at G5z is-113.9dB. This implies that the
interaction between the upper and lower plane pair is minimized by the destructive
interference. As a result, the desired function of the EBG struistaehieved even in a
striplinelike environment. Moreover, when a signal layer comes above the embedded
EBG structure, the top solid plane secures the return current paths for signal lines, which
could notbeachieved by théhreelayer EBG structure wht the slotted top plane.

The reason that the stopband is not exactly the same as that of thenoasiger
structure is due to the limitation of 6 vias. The isolation level fronGHZ to 2.1GHz is
less than100dB, while that in théwo-layer struatire is greater thas100dB. Also, the
shape of & over the stogband is not as smooth as in tweo-layer structure. As the
number of vias increases, both the depth and shape of the stopband improve; here, the
number of vias is one of the key designgmaeters. This is further explained using

simulation resulfin the following section.
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Figure 2.15Proposed threelayer embedded EBG sucture with vias. (a) Side view. (b)
Simulated S;.
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The voltage distribution of the proposed structure showsgare2.16 demonstrates

the functionality. Unlike tb voltage distribution of the previodkreelayer embedded
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EBG structure, the excitation stays inside the excited unit cell and the neighboring unit

cells on both the EBG layer and the top plane.

Voltage (V)
Portl Port2 100.00

23.18

5.37

135mm
135mm

135mm 135mm
(a) (b)

Figure 2.16 Voltage distribution of the two plane pairswith interconnecting vias when
Portl is excited at 1.5GHz. (a) EBG layer (lowe plane pair). (b) Top plane (upper plane

pair).

2.4.3 Measurements

To demonstrate # proposed solutigrihree presimulated structuresere fabricated
on the FR4 substratas shown irFigure2.17. Copperwas used fothe metal layer, and
FR4 was used fothe dielectriclayer. The thickness of coppevas 35.6¢ mand that of
FR4was 165¢ mThe featuresizes of theimplemened EBGstructuresvere the samas
those of the simulated EBS&ructures: the unit cell size was @6n by 26mm, and the
EBG layer consisted of 25 unit cells. Ports 1 and 2 were at the Igfipeorner and the
upper right corner between the EBG layer and the bottom solid plane, respectively. In the
case of thehreelayer embedded EBG structure with vias, 6 vias were used per port, and

they were placed near the pods shown irFigure2.17(c).
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Figure 2.17 Three test vehicles. (a) Twdayer EBG structure. (b) Three-layer embedded
EBG structure. (c) Proposed threelayer embedded EBG structure with vias.

An Agilent 8714 ET RF network analyzesas used to measuf&parametes from 1

MHz to 3 GHz Figure 2.18 shows S,; for each type of structurélhe target stop

frequency was 1.%55Hz. Sp; of the two-layer EBG structuren Figure 2.18(a) has a

stopband from 1. GHz to 23 GHz with the isolation level greater tharb dB, whereas

Sy, of the thredayer embedded EBG structune Figure 2.18(b) does nothave the

stopband. The magnitude 0%:9s -12 dB at 1.5 GHz. As expected fromprevious

simulatiors, with interconnecting vias between the top and bottom planes, the embedded

EBG structure regainthe stopbanavhose fequency range is similar to thaft the twe

layer EBG structureas shown irFigure 2.18(c). The stopband with the isolation level

greater than75 dB ranges from GHz to 2.5GHz.
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Figure 2.18 Measurements of g, of three test vehicles. (a) Twdayer EBG structure. (b)
Three-layer embedded EBG structure. (c) Proposed thredayer embedded EBG structure
with vias.
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2.5Embedded EBG on thkeoad Board

Following the newly suggested design methodology, the EBG structure was
implemented on the power planas shown inFigure 2.4, and the layer order was
modified to satisfy the arrangement of the proposed embedded HERBBIE as shown
in Figure2.19. Comparing the modified layer stadk to the original layer staakp, the
layer order of the GND plane, which is th® Byer, and the VA+VDR power plane,
which is the 18 layer, was reversedConsequently, the power plames embedded in
between two ground planes. The distance from the power plane to each GND plane is the
same. The layer modificatiodoesnot induce any additional return path discontinuity
(RPD) because thd"layer is still eferenced to the solid ground plane, which is the 8th
layer. All the signal layers have the solid reference ground planes even after the layer
order modificationFifty four vias were used to connect the upper and lower GND planes.
The locations of vias we extracted from the original load board. Hundreds of vias were
used to connect 9 ground planes in the original load board, but only 54 of them were

randomly selected to be used in the modified load bwasdnplify thesimulation.

Layer 1 ! TOP Layer1 ! TOP

Layer 2 GND Layer 2 GND
Layer 3 ¢ ! HD1 Layer 3 ! HD1
Layer 4 GND Layer 4 GND
Layer5 ! HID2 Layer5 ! HID2
Layer 6 GND Layer 6 GND
Layer 7 ¢ ! HID3 _layer7 e——————————— HID3_
_ layer 8_ me— GND _ | Layer8 GND™ |
| Layer9 GND™ | | Layer9 VA+VDR|
| Layer 10 VA+VDRI L Layer 10 messs— GND_|
Clayer 11 s +12-RHAY Layer 11 +12-RHAY
Layer 12 « ! UDB Layer 12 ! uUDB
Layer 13 GND Layer 13 GND
Layer 14 1VACCVAT-VENC Layer 14 ¢ 1VAG;VAT-VENC
Layer 15 GND Layer 15 GND
Layer 16 ¢ ) dc30 Layer 16 ¢ ) dc30
Layer 17 GND Layer 17 GND
Layer 18 « 1 B6G Layer 18 1 B6G
Layer 19 GND Layer 19 GND
Layer 20 ¢ 1 BOTTOM Layer 20 « 1 BOTTOM

(a) (b)

Figure 2.19 Layer stack-up of the load board. (a) Before layer modification. (b) After layer
modification.

The port sap is the same as in Secti@R.2 Portl is a noise aggressor on the
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digital power plane, anéort2 is a noise victim on the analog power planeFigure

2.20, $; between one nee aggressor and one noise victim on the modified power plane
is shown. The level of coupling is less th&0 dB over the frequency range from 0.1 to 5
GHz. After the EBG implementation and layer modificati®); is reduced down te81

dB at 1.5 GHz, asshownin Figure2.20(b). The stopband, over which the magnitude of
Sy1is less than75dB, ranges from 0.GHz to 2.2GHz. The reason that theSn Figure
2.20(b) does ot have an explicit stopband is because the victim port (Port2) is not placed
in the EBG unit cellThe EBG structurés implemented tonhibit the switching noise
propagation from the noise sour@wer pins for the digital driverad the rest of the
digital power planelt leads to the suppressiontbke interplane noiseouplingfrom the
digital power plane to thanalog power plane over the plas@it gap.Therefoe, the
isolation level is reduced over the entire frequency range insteawesfonly the

stopband.
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Figure 2.20 Simulation result of S;. (a) Before plane and layer modification. (b) After EBG
implementation and layer modification.

For each noise victim, ,gwas simulated with all the noise aggressors. This was
repeated fifteen times to cover all the noise victimsigure2.21, two sets of bar graphs
indicatingthe magnitude of S at 1.5GHz are shown. Each pair of bars represepis S
between one noise victim and each of the noise aggressors before and after modification.
In Figure2.21(a), 16 pairs of bars compare the magnitudes,p&tS1L.5GHz between the
2" analog power pin (noise victim) and the 16 digital power pins (noise aggressors)
before and after the plane and layer modifications. The bar graglgune 2.21(b) was
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obtained at the fLanalog powemin. At both analog power pins, the level of noise
isolation increases after the proposed embedded EBG implementation. At amaldg
power pin, the average isolation level improves fr&2.94dB to-97.46dB, and at the
11" analog power pin, it impives from-54.7dB to-106.4dB. Similar improvements are

achieved at the other analog power pins in terms of isolation level.
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Figure 2.21 S,; before and after embedded EBG integradbn at 1.5GHz. (a) 2" analog
power pin. (b) 11" analog power pin.

2.6 Design Guidelines

In this section, the design parameters of the proposed embedded EBG structure and

their impact on the filtering property are explored in detail.
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1) Two solid planes of equal potential should be at equal distances from the middle
EBG plane.

For perfectdestructive interference, the amount of vertical propagation through the
EBG slots shuld be the samdn the case of a microstrip patch antenna, the radiated
power of the rectangular patch depends on the dimensions of the cavity, which consists of
a rectangular patch and a corresponding ground plane. For example, when the TM10

mode is thelominant mode, theadiated power can be calculated as

2,2,.2
_kh%b 220 pl2 o2
rad _T/;‘Elo‘ I}:ofgzocosz chsmcszQcos f
+ co gsin? £} Gingdgd? ©)
Kl _ kaschosf’ Kz _ kbsingsinf
2 2
where 6adéd and O6bdé are the Il ength and width

wave number and the dielectric thickness, respectiadly A similar approah can be
applied to the embedded EBG structure to balance the energy propagation coming from
the original excitation and the image excitation. Since the thickness of the substrate has
an impact on the amount of verticajpyopagating energy, it should bee same to have
the same amount of the energy propagation from the upper and lower planEhgair
will lead to perfect cancellation, maximizing the noise filtering property of the embedded
EBG structure.

As shownFigure2.22, whend increases from 0.2im to 0.4mm, the EBG structure
almostloses the stopband eveiith vias. The isolation level at 1.&Hz reduces roughly
from -120dB to-60 dB. Whend is equal to 0.6nm or 0.8mm, the stopband is still very
narrow and shallow. Wend is increased to 1.0m, the stopband reappears even though
the width and depth are not fully recovered as compared to those of the symmetric
structure. Ifd increaseso beeven thicker, the stopband will graduaigprove. This is
because ad getsthicker, the space between the EBG structure and the top solid plane

increases and thafluence of theop solid planeuponthe middle EBGayer decreases.
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When d is increasedto be of the order of centimeters or more, te&gucturewill

eventuallystartbehavng like atwo-layer EBG structure.
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2) Asmuch aspossible, lots of via connections should be placed next to nodes at

which thesource and sinkare located

Since the upper and lower plane pairs share the middle EBG thgesjmilarity
between the image excitation and the original excitation depends on the dimensions of
the plane pairs and the potentials of the two planes. As the potential difference between
the two solid planes becomes nearo, the image excitation canccessfully reproduce
the original excitation. The perfect destructive interference can then be achieved, which
will be followed by improved stopband performance. Interconnecting vias are used to
make the top and bottom planes have the same potesyiaially around the excitation
port. Since vias provide the dc connection between the top and bottom solid planes, the
number and location of vias are critical design parameters. Two design parameters, which
are the number of vias and the proximity of uiashe port, are studiad this section

By increasing the number of vias, the dc level of the two solid planes will have less

discrepancy. Then, the image excitation in the upper plane pair approximates to the
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original excitation in the lower plane pafigure 2.23(a) depicts three unit cells with
three different numbers of vias: 7 vias/port, 3 vias/port, and 1 via/port. Here, vias are
shown on the unit cell to illustrate the number of vias per port and per unit cell. Vias are
not actually connected to the middle EBG layer, but are connected to the top and bottom
solid planes. IrFigure 2.23(b), as the number of vias increases from 1 to 3 and 7, the
isolation level improves. The increased number of Jeemds to smaller potential

difference, and the stopband attenuation esdforeimproved.

Portl Portl Portl
o [ o~ o ]
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Figure 2.23 Effect of the number of vias. (a) Unit cells with various numbers of vias : 7, 3,
and 1 via. (b) Simulated $; with various numbers of vias.

Also, when vias arelacedcloser to the excited porthe two solid planes will have
the samegootential around the pom a steadieand more stable mannén this case, the
proximity of vias to each other increases the mutual inductances, thereby increasing the
total inductance. However, since the purpose of using vias is to provide a dc connection

between the top and bottom plandgs increased mutual inductancesdaot affect the
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functionng of vias, which isthere to generat¢ an electrical mirrorimage of the
excitation. Whenvias are placedaway from the excited port, theéoltage symmetry
between the uppend lowerplane pair Wl be broken. This will induce the negperfect
cancellationof the two propagatingcomponentgrom the upper and lower plane pair. In
Figure 2.24(a), two cases are compared: when vias are closely located around the port
versus wken vias are scattered inside the unit cell. Both structures have the same number
of vias per port: 7 vias/port. Here, the distribution of vias is shown on the unit cell to

illustrate the proximity of vias tBort1.
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Figure 2.24 Effect of the proximity of vias. (a) Unit cells with two kinds of viadistribution
around the port. (b) Simulated $; with two different distributions of vias.

Vias are nbactually connected to the middle EBG layer, but are connected to the top
and bottom solid planes. As shownHigure2.24(b), the isolation level and bandwidth of

the stopband are more shallow and narrow whes atia scattered. The vias that are too
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far from the excited and measured ports hardly contribute to providing the symmetry
between the upper and lower plane pair. Therefore, via interconnecting the top and

bottom planes should be placed close to the ports.

2.7 Summary

A new design technique fan embeddedEBG structure has bequroposel for load
board applicationsThree types of structuresere used to define the problem and to
suggest the solutioBoth the problem and solution have been analyzed technieaity
the analysis waslemonstratedvith simulation and measuremeot experimental test
vehicles Multi-layer load board for higbpeed and highesolution ADC was designed
with the proposed design technique and simulated to demonstrate the effectoifehess
embedded EBG structure in noise suppression and isolation.

The major contributions of thishapterinclude theoretical and simulation based
analysisof the failuremechanisnof the embedded EBG structurccordingly, anew
design method has beeroposed to recover the noise filtering function of the embedded
EBG structure. It includes the followirguidelines first, an embedded AEBG should
be sandwiched between planes of equal potersgabnd, the planes of equal potential
should be at equalistances from the object EBG layemd hird, as possible, vias
connecting the upper & lower planes should be placed next to noise aggressors. The
proposed solution is demonstratesing three experimental test vehi¢lasich is then
appliedto a protoype load board for a gigahertz AD@Vith the suggested design
techniqus, the embedded EBG structuran be appliedo various mixeesignalboards

to control power/ground noise
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CHAPTER 3

CONSTANT CURRENT POWER TRANSMISSION LINE

3.1 Introduction

3.1.1 Power Transmission Line

Current transients on the power delivery network (PDN) cause power supply noise.
The increasing operating frequency of integrated circuits (ICs) and the growing power
density induce an increase in the amount of transient current drawn from the PDN,
cortributing to the rising importance of power supply noi8g[[L2]. The power supply
noise is a major component of simultaneous switching noise (SSN) inshégu
systems, which can cause functional failures or incorrect bits to be transmitted and
received 16)].

Most PDNs in higkspeed systems consist of power and ground planes to provide a
low-impedance path between the voltage regulator module (VRM) and the IC on the
printed circuit board (PCB). For ethip signaling, charging and discharging signal
transmission lines induce return currents on the power and ground planes. The return
current always follows the path of least impedance on the reference plane closest to the
signal transmission lin€lp]. The return current path plays a critical role in maimng
the signal integrity of the bits propagating on the signal transmission lines.

As described in17] and [Lg], interruption in the return current path leads to return
path discontinuities (RPDs)lhe disruption between the power and ground planes
induces RPDs during the data transitioegen with a solid reference conductor
underneath the signal transmission linehich create displacement current sources

between the power and ground plagn@s shown inFigure 3.1(a) [16]. These sources
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induce excessive power supply noise, which requires rdtiction of the PDN
impedance so as twuppresghe excessive noise caused by the current transiénés.
current solution to this problem is the use of decoupling capacitors or ghaemmat the
RPD locations 26]-[32][35]-[37], or the use of new technologies with thin dielectrics

between the power and ground plan@S][[34]. These are often times expensive

solutions.
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Figure 3.1 Chip-to-chip communication. (a) Planebased with a power plane as a reference
conductor. (b) PTL -based with a ground plane as a reference conductor.

In this chapter, a new solution isoposed to reduce the layer count, remove the

effect of cavity modes, and help eliminate the decoupling capacitors for mitigating RPDs.

53



This solution is based on the Power Transmission Line (PTL) concdpt I{b this
approach, transmission lines replalse power plane to convey power from the VRM to
each IC on the PCB, and hence are called as Power Transmission Lines. ThasBdL

PDN enables both power and signal transmission lines to be referenced to the same
ground plane so that a continuous curreathpcan be achieve@s shown inFigure

3.1(b), Therefore, the RPD effects are removed, unlike the pplaeebased PDN, as
shown inFigure3.1(a).

Though using PTLs solves the RPD issue, it generdtess problems such as: 1)
outputdatadependentic drop on the PDN due to the terminating resistance, 2) mismatch
effect between the PTL and the termination, 3) line congestion, and 4) increased power
consumption. Firstly, the state of the output dataatkst whether the output driver draws
current from the PDN or not, resulting in the fluctuation of the dc level on the PTL.
Secondly, using transmission lines can cause impedance mismatch in power transmission
lines due to manufacturing variation. Thirdif,one PTL is used per I/O driver, the
number of lines on the PCB doubles and causes congestion. Lastly, as the signaling
scheme and the 1/O driver are adjusted to accommodate the new PDN, the required power
to transmit 1 bit of data changes, requiringefaranalysis of the power consumption. To
make the PTL feasible in a realistic environment, these issues need to be addressed first,

which is the focus of #hnext section

3.1.2 Limitations of using Power Transmission Line

ThePTL-based signaling scheme iogin inFigure3.2. In Figure3.2(a), the PTL is
sourceterminated with a resistor of 286hm matched impedanc&he reason for the
source termination of the PTL is to prevent multiple reflections where tigeran
impedance mismatch between the signal transmission line andeloaiciating resistor.
The other end of the PTL is connected to a signal netwaich consists ofin I/O

driver, a signal transmission line araiterminating resistor The impedancef the signal
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network is carefully designedonsidering the PTL impedance and the desired eye height.
The PTL and signal transmission lgere referenced to a common ground plane, thereby

eliminating RPDs during both transitions of the driver.

TxPwr |ZOnglnal supply voltage
2.5
1.875—f
1.5 Data-state
o 1.01 dependent dc
POWEF"[_T_&}rJ_S}I’_]II_S_S_I_C‘)n line 05 dI'Op

data_tx
2.5

2.0
15

1.25
1.01
- |
T T Vref 05
Transmitter

Receiver t
(a) (b)

Figure 3.2 Single-ended signaling using PTL. (a) Schematic. (b) Waveform.

taltx  Zo=50q dat’la_rx

An issue that arises with the P-blased signaling schemedgnamicdc drop due to
the terminating resistance betwettie voltage supply andhe PTL. The state of the
output data dictates whether the I/O driver draws current fromDQiNed? not. In the case
of a voltagemode driver and grountied termination, the higlstate of the output data
induces current to flow from the PDN toward thensigtransmission lineThe current
flow results in the dc drop across the source terminafitimedPTL so that only a fraction
of the original supply voltage appears on the power supply node of the 1/0O driver. On the
other hand, the low state of the output data stops the current flow. As a result, the dc drop
across the source termination becomigsamic depending on the state of the output data.
This is illustrated inFigure 3.2(b). As the characteristic impedance of the signal
transmission line is 50 ohms, the tton impedance of the 1/O driver is designed to be 25
ohmsso asto have the amplitude of the output data equal tohatkeof the supply

voltage. Thedc voltagelevel at the power supply nod@xPwr) of the I/O driver
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alternates between the original supply voltage and a fraction of the original supply
voltage, @pending on the data stadé the output nodédata_tx), as shown ifigure
3.2(h).

The dc drop onthe PDN during the higtstate of theoutputdata is different from
SSN. It is data statdependent, while SSN is data transitdependent. In other words,
the dc drop is due tthe resistive element, while SSN is mainly duethe inductive
element.It is interestingto note that the dc drop does not affect the amplitude of the
received datasillustrated inFigure3.3. Whena power planes used as th#O PDN, the
turn-on impedance of the I/O driver is typically matched to the signal transmission line
which is terminated with the impedanceatching resistor at th&ar end. Hence,the
output voltage swings onehalf of the supply voltagelhis impedance matching scheme
cannot be applied to the PAased 1/O PDN because usingP@L requires a source
termination. The intervention of the PX&rminating resistancean becompensated by
reducing theurn-on impedancef the I/O driver. When theum of the PTkterminating
resistance and the tuom impedanceof the I/O driveris matchedto the signal
transmission lingthe received eye heigbin be maintained to be ehalf of the supply

voltage

Power plane-based PTL-based

Rullsupply - L
voltage PTL terminating
Driver resistor I DCdrop
impedance Driver
________ L impedance
Received eye | Terminating Terminating
height resistor resistor

Figure 3.3 Comparison of supply voltage division.

However,thedynamic dc drop shown iRigure3.2 can create problemscombined
with the impedancenismatch in the PTibased circujtwhich comes from manufacturing

variations. This can create signategrity-related issuesas shown irFigure 3.4. When

56



the PTL and terminating resistor are mismatched by, 28%s8hown irFigure 3.4(a), the
PTL is underdriven. Moreover, the balance of impedédmstereen the PTL and the signal
network is upset. Depending on the reflection coefficiemiltiple reflections go back
and forthwithin the PTLuntil the steadystate voltage is reachg86]. These multiple
reflections induce a staircaseep waveform athe power supply node (TxPwr) of the
driver and signal overshoatt the output nodédata_tx) as shown inFigure 3.4(a)

[56][59].

TxPwr Caused by reflections
2.5
g L TR L 1T
1.875—)
Reflection Reflection 15 \ 7
) -~ 1.0 Seady-state voltage
Impedance mismatch 05
Z=25q Z=20q TxPwr
t
_________ data_tx
! ' 2.5]
taltx Zo=50q data_rx 20 Seady-state voltage
data_in ’ \/
15
1.25 ) e
1.01 -
T T Vref 05
Transmitter 0 —————————
Receiver t
€Y (b)

Figure 3.4 Impedance mismatched PTL in singleended signaling. (a) Schematic. (b)
Waveform.

Theissue due tthedynamic dc drofpbecoms even more comiglated whera single
PTL is used to serve multiple 1/O drivers. If one PTL is used to support multple
drivers, the power supply nodes die drivers need to be tied together, which resint
varying current throughhe PTL based orthe data patternrhis affecs the dc voltage
level at the common power supply node and #neplitude of the transmitted and
received signal waveformb Figure3.5, a PTL is used to feed power to two I/O drivers.
The power supply node of each\dn is connected to the same PTL. Sitloe output
data of the two drivers are independent of each other, there are three podaible

patternsin terms of the number of lsamely00, 01/10, and 11. The three possible
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combinations result in three differeamounts of current through the PTL, which leads to
three differendc voltagelevelsat theTxPwr node and three different amplitudes thie
waveform at the input and output of the signal transmission (s&®1 tx, data2_tx,
datal rx, and data2_rx)herefore, the PTdbased powedistributionscheme needs to be

modifiedto eliminatethe datastatedependentic drop.
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Figure 3.5 Two I/O drivers sharing one PTL. (a) Schematic. (b) Waveform.

Also, an increase in the number of PCB traces should be addressed by devising a
method to feed more than emriver with one PTL to relieve the line congestion on the
signal layer. Lastly, the power required to transrdtitlof data should be optimized for
the PTL by using a new signaling scheme and by adjusting the impedance of the

signaling circuit.

3.2 ConstantCurrent Power Transmission LingCCPTL)Based PDN

The Constant CurrerRTL (CCPTL) schemeesolves thetwo issuesrelated tothe
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PTL, namely dynamic dc drop on the PDN caused by the source termination, and
mismatch effect between the PTL and the termmgatesistof55]-[58]. The varying dc

drop shown inFigure 3.3 and Figure 3.5 aredue tothe currentflowing throughthe PTL

only during the high state of the output data. To maintain the dc voltagetsmsthnta
current pathis requiredduring the low state ofthe data.In the CCPTL schemgan
additional current path fronpower to groundis supplemented using a data pattern
detector and dummy path, as showirigure3.6(a). The data pattern detector detetis

state of thanput data. It then determines whether to connect or disconnect the dummy
path to the PTL. The dummy path is a resistive path, whose impedance is matched with
that of the signal patho as to induce thers@ amount of currerduring the low statas
during the high state of the datacan be implemented with transistavhosewidth and
lengthareoptimized toyield the desired resistance. As a rediié dcvoltagelevel at the
power supply nodéTxPwr) of the driverstaysconstantregardless of the output data
state, as shown iRigure 3.6(b). Thedc drop due to thePTL-terminating resistocan be
compensateckither by reducing theturn-on impedanceof the output driveror by
increasing the supply voltag€hen,the dc drop athe power supply node (TxPwidpes

not reduce the eye height of the transmitted/received signal. Between the two
compensation methods, the latter is udadng measuremest which will bediscussed

in alater section.
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Figure 3.6 Single-ended signaling using CCPTL. (a) Schematic. (b) Waveform.

The constant current throughhe PTL eliminaes the repeatedchargng and
dischargng of the PTL It thereforekeeps the PTlalways chargedso that the PTL
behaves as a constant loAd a constant load, the tranission line's response to applied
voltage is resistive rather than reactive, despite being comprised purely of inductance and
capacitance [60], which excludes the possibility ofiny impedance mismatch.
Consequently, the mismatch effect will not appeathensignal lineeven when there is
an impedance mismatch in the PTHven with a 20% impedance mismatch between the
PTL and the termination, thdc voltagelevel at the power supply node (TxPwr) and the
amplitude of the signal at theput and output of th signal transmission linglata_txand
data_ry maintainthe steadystate voltagesresulting in the same waveform iasFigure
3.6(b).

The application of the CCPTkchemecan be extended tsupport multiple I/O
drivers.To feed power to multiple I/O drivers with one CCPTL, a data pattern detector
and multiple dummy pathsanbe usedWhen the power supply nodes of multiple 1/0
drivers are tied together, the amount of current through the PTL \ws$es! on thelata
pattern. Therdore, the number of dummy paths needs to be equal to the number of

possible data patterngmigure 3.7(a) shows the CCPTL scheme used fotbiR
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transmissionTwo bits give four different patterns, which are LL, LH, HLdaHAH (L
stands for the low state, while H for the high stdtejerms of the number of high state
three patternare possible, asdicated n the table inFigure3.7(b). The maximumPDN
currentis drawnby the drives when all the drivers are turned on with all theput data
being high while no current flow when all the drivers are turned offhe data pattern
detector detects the number of turradtidrivers and enables the corresponding dummy
paths to carry cuent from the PDN. As a result, the total amount of current dfeavn

the PDN by either the drivers or the dummy paths will be kept constant regardless of the
data patternFigure 3.7(c) shows the resulting waveformdjet voltage at thepower
supply pin (TxPwr nodeis constant at 1.5 V, and the amplitudes of the signals at the

input and output of the signal line are both 1 V.

|— data_in
— data2_in

____________

Detector o Dummy =
Path 2

Power transmission line

mmmmmmm e

Z=25Q Z=25Q TxPwr|

|

|

I

|

|

|

}

Path 1

Data Pattern © a I
I

I

|

|

|

|

|

datat_in

JI‘Vl:i':|=2.5V

Receiver

Transmitter
(a)

Figure 3.7 Two I/O drivers per CCPTL. (a) Schematic. (b) Data Pattern Detector. (c)
Waveform.
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Figure 3.7 Continued.

The advantages of the CCPEignalingscheme includeeductionof layer counts
and elimination of decoupling capacitdos mitigating RPDswhich lead to lower cost.
Also, ths scheme provides increased voltage and timing mardias enable the
enhancement othe channel data rate. Howevepptential disadvantages using the
presented scheme are increased power consumption and circuit area, which are associated
with inducing constant current in the power distribution network. If the PTL is being
sourceterminated, thedc drop due to theterminating resistance should there
compensateckither by reducing theturn-on impedanceof the output driveror by
increasing thepower supply level.

It is important to note that if theame concept is extended to differential signaling,
most of these limétions can be resolved because the two complementary signals in
differential signaling draw constant current from the PDN by construction. In differential
signaling, a natural dummy path is created in the process of transmitting a pair of

complementary datbits. However, it doubles the afhip PCB trace count and the 1/0O
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pin count. The focus of thishapteris on improving signal integrity for singlended
signaling, and therefore includes only the simulation and measurement results of the

CCPTL-based sigle-ended signaling scheme.

3.3 Test Vehicle Design and Modeling

Two test vehicle§TVs) were designed and fabricatedetxplorethe impact of RPB
on signal integrityin the powetplanebased PDN and tdemonstrate the efficacy tie
PTL-based PDN.Two test boards were customesigned to incorporate two different
PDNs, andan off-the-shelf chipwas mounted on each board. 16-pin QFNpackaged
SiGe differential drivewasused. For a differential output pin pair, one output pin was
connected to ®6-mm long sgnal transmission lineThe signal transmission line wa
terminated inside the oscilloscopath 50 ohns. The otheroutput pin wa directly
connected to &0 ohmresistor tofunction asa dummy path outside the chipuring the
high state of the output datcurrent flows along the signal transmission line, while
during the low state of the output data, the dummy path draws the same amount of
current. Therefore, constant current flows through the PDIHoth the powerplane
basedand PTL-basedTVs at all tmes Although the poweplanebasedPDN does not
require a dummy path, the dummy path is still implemented to have all the setup the same
between the twd@Vs exceptfor the PDN.SMA connectorsvere used to support wide
bandwidthfor input and output signsl

Thetop viewof the powefplanebased board and the P-blased boardre shown in
Figure3.8. The width and length dhe powerand groundlanes are96.52mm and635
mm, respectively. For the PThasedTV, a 250hm transmissin line was used as the
PTL, anda 25 ohm resistorwas used as the soustsrminating resistorThe source
termination of the PTL is used to reduce the possibility of multiple reflections if the first
reflection is initiated by the impedance mismatch betwthe signal transmission line

and loadterminating resistorThe ground plane serves as a reference conductor for the
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PTL as well as fothe signal transmission line. The only difference between th&@ugo

is the method uset provide power to the drér.

Port 3
Port 4 Port 1 _ Port 2
Via to ground plane
N\ \ g; \
Via to power plane
ﬁ 0 p plane €% & O

Pulldown resistor
2.6inch long transmission line

~e %
& Line on the bottom layer
(a)
Port 3
Port 2
Via to ground p|ane \

4

e O

Power transmission line
Pulldown resistor
£>  2.6inch long transmission line

@ Line on the bottom layer

(b)

Figure 3.8 Top view of test vehicles. (a) Planbased test vehicle. (b) PTibased test vehicle

The stackup detailsof the test boards are shownRigure3.9. Copper and FR4 are
used forthe metal and dielectric layers. The conductivity of copper assumed to be
5.8x10" S/m The dielectric constant and loss tangent of FR4 were 4.6 and 0.025,
respectively.The powetplanebasedboardconsists of 4ayers, which are signglower
groundsignal layersOn the other handhe PTL-based boardonsiss of 3 layers, which
are signdpowea-groundsignal layers, having both signal and power transmission lines
on the top layerlt is important to note that in both boardse signal transmission line

and other connections were placed on thesigpallayer, while thebottomsignal layer
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was nearly empty withonly a couple of lines connectirtg control andpower supply

pins. The lines placed on the bottom layer are sifgwnin Figure3.8.

Signal | 1 1.250z
Y
Port1 Port2 0.012"
Signal&
Power 1 1.00z Power 1 1.250z
Po i Port3 Port2 0.012"
" .
0.028" & ound T 1.00z
Ground 1 1.00z 0.028"
0.012"
signal [ 1 1.250z Signal 1 1.00z
(@) (b)

Figure 3.9 Side view of test vehicles. (a) Pladgased test vehicle. (b) PL -based test vehicle

In the poweiplanebasedTV, a cavity is formd between the power and ground
planes. Theresonah frequency of the structure can be calculatedsed on the

rectangular waveguidermuladefined by:

a g “
0 P 2 £ 6)
C N - w w

where 06cb6 is theodobpeadeoft hkei guitdt héadmdanan
structure, O6md and o6nd are the integders to
gr are the relative permittivity and the relative permeability of the subgit@iteThefirst
half wavelength 2) resonanceof the plane pair occurs at 724vHz. The first four

resonant frequenciese summarized ifiable3.1.

Table 3.1 Calculated resonant frequency.

w (mm) I (mm) m | n f< «(H2)
110 7.2459E+08
0|1 1.1014E+09

96.52 635
210 1.4492E+09
2 (1 1.8202E+09

65



Sphinx B1], a multilayer finite difference method (WDM) [16] based
electomagnetic solvewas used tonodel the twaol'Vsin frequency domain and compare
the insertionlosses of the signal transmission linegha two TVs. Here, the insertion
loss (IL) is defined as IL=20-100:0|S1| dB, when Portl and Porte at the input and
output of the signal transmission line, using the same reference impedance of 50 ohms.
Four portswere defined for each structure, two for the signal lirertl andPort2 at
input and output) and the other two for RBN, as shown irFigure 3.8 andFigure3.9.

The reference used for all the ports was the ground plane.

The insertion losses of the signal transmission lindke twoTVs arecomparedn
Figure3.10. The insertionloss of the PTl-basedl'V has a smooth negative slope with
2.77dB insertion loss at 1GHz. This behavior is expected of a microstrip line with the
main contributor to insertion loss being conductor and clieteloss.On the other hand,
the insertion loss of the signal line in the poywEnebasedl'V has multiple resonances.
The first dip in the insertion loss appears at K88z. This frequency corresponds to the
a2 resonahfrequency of the plane paifhis dip explains why the RPD effect becomes
even more severe when the switching frequency of the 1/0O driver coincides with the
cavity resonant frequency of the power/ground plane pair; the waveform suffers from
high insertion loss traveling along the signal transmissionTihe.rest of the dips shown
in Figure 3.10 are consistent with the resonant frequenakswnin Table 3.1. The
reason that the resant frequencies of the signal line correspond to the cutoff frequencies
of the cavity modes is becausedhresonanceare induced by the coupling between the
signal line and th®DN [61]. Therefore, the transmission characteristic of the signal line
suffers from nomrmonotonic variation over frequencyhich cancreate problems for
signal integrity The resonancealso cause rapid increase in tmsertion loss reaching

6.69dB at 10GHz.
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Figure 3.10 Insertion loss of signal transmission line with plandased PDN and PTl-based

PDN.

For timedomain analysis, the fggency samples in thx4 scattering matrix of the

TV need to be converted into a SPIC&mulation Program with Integrated Circuit

Emphasiscompatible equivalent circuit. This is important when modeling the coupling

between the signgdower network to ioludethe nonlinear effects ofne driver/receiver

circuitry and their effest on signal and power integrityl§]. A macromodeling tool,

IdEM Plus B2], was used tacreateama cr o mo d e |

frequency domairresponse. By using thmacromodel, passivity and causality were
guaranteedising data certification procedgrerovided in IdEM Plusas described in
[16]. The frequencyesponsef the macromodel is compared with the original insertion

loss data from Sphinx in terms of maguiguin Figure3.11, which show good agreement

and

SPI CE

netl

for both TVs. As shown inFigure 3.12, good agreement is also observed between the

phase data frorSphinx andthe macromodel for bothVs. The comparison betwea the

Sphinx data and the macromodaslly for the insertion loss is shown kKigure3.11 and

Figure 3.12, although a macromodel for the 4»xatrix was constructed using I[dEM

Plus, which includes returnds effects as well.
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Figure 3.11 Comparison of magnitude of insertion loss from Sphinx and macromodel. (a)
Power-plane-based TV. (b) PTL-based TV.
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Figure 3.12 Comparison of phase of insertion loss from Sphinx and macromodel. (a) Pow
plane-based TV. (b) PTL-based TV.

The SPICE simulation setup with the macromodel is show#gare3.13. Portl and
Por2 represent the input and output of the signal line, while Rort3Poréd represent
ports on thé®DN. A complementanypair of 2-1 PRBS(pseuderandom bit streamjata
was applied to the differential driver as inpu@ne output pin of the drivewas
connected to Pdttof the macromodehnd thdoad terminationwas mnnected to Pa2.
The other output pimvas connected to a 50 ohm resistor, which functionhn@dummy

pathasdescribed earlier. The dc voltage was supplied to Port3, anmbtirer supply pin
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(Vpp) of the driver was connected to Port4. CMOS transistere used toperateas the
voltagemode driver The IBIS (I/O Buffer Information Specification) model of the
devicewas not used due to its incapabiliy handling power supply nois3], and
thereforea 0.28 em CMOS process was used to replicate the behavior of the déWiee.
widths of the transistorsvere tunedso as to matchthe output waveform of thEMOS
driver with that of the IBIS modelasthe ideal power and grounslas supplied The
simulation setup irFigure 3.13 incorporates the electromagnetic behavior of the test
board, the nonlinear characteristic of the 1/O driver, and the passimponentsThe

data rate of 150Mbps was used to excite the cavity resonance in the-basedlV.

M Model
DC acro Mode
Board
_C O Port3
i i Port4
Dn‘ferenual Power node Probe
Driver
Portl ... Port2

Figure 3.13 SPICE simulation setupusing macromodel.

Theresultingeye diagrams at the receiver efort2) for the twoTVs are compared
in Figure3.14. The eye diagram shown Figure 3.14(a) is when the ideal powend
ground supply was applied, whiskrves as a baselinélhe eye diagrarshownin Figure
3.14(b) is the resultwhen the power/ground plane pas used as the 1/O PDNThe
voltage and timing margin has been redudad topowersupply noiseThe eye height
and width aré853mV and 626pse¢ respectivelyFigure 3.14(c) shows the eye diagram
of the received data whehe PTLis used as th@ower supply pathThe eye height and
width are 488mV and 640pse, respectivelyAs compared td-igure 3.14(b), the eye
height isincreased by only38% and thepeakto-peak (pp) jitter is reduced by34% by
using PTL The simulation setup did not include the package model of the chithand
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discontinuites due to SMA connectors, cablesand oscilloscope Therefore, the
measurement results can be worse than the simulation results in terms of voltage and
timing margin. However, the simulation does show a trend and indicates the advantage of

using aPTL for power distribution.

Figure 3.14 Simulated eye diagrams of the received 1500Mbps PRBS. (a) Ideal power
supply. (b) Planebased TV. (¢) PTLbased TV.

TheTV with an ac coupling capacitor added between the output of the driver and the
signal transmission line was simulated as well. The ac coupling capacitor is generally
used to suppress the darrent flow and to provide a bias for the oscilloscopee

SPICE simulation setup with thec coupling capacitois shown inFigure 3.15. One
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output pin of the drivewas connected to Portl of the macromodel through ac@.1
capacitor.The other output pimvas connected to a OglF capacitor and 50 ohm resistor
in seriesto function asa dummy path outside the chiphe restof the setup was kept

identical toFigure3.13.

M Model

DC acro Mode

VY Board

_[ u Port3
Differential Port4 Probe
. Power node
Driver

N Portl __Port2

Figure 3.15 SPICE simulation setup with ac coupling capcitors.

The resultingeye diagrams at the receiver ebr{2) are compared ifrigure 3.16.
The eye diagram shown Figure 3.16(a) isthe resuliwhen the ideal power and ground
supply was applied, whickenes as a baselineFigure 3.16(b) and (c) are the eye
diagrams of the received output datatle powefplanebasedand PTL:basedTVs,
respectively. With the inclusion of the ac coupling capacitor, the transition crossing point
hasbecome closer to 50% of the eye height, which improves the eye widigure
3.16(b), theeye height and widtbf the poweiplanebased TVare359mV and 646osec,
respectivelyBy replacing the power plane with a PTheeyeheight and widttbecome
494 mV and 658psec, respectively, as showm Figure 3.16(c). The eye height is
improvedby 38% and thep-p jitteris reduced by 57%, as compared-igure3.16(b).
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Figure 3.16 Simulated eye diagrams of the received 1500Mbps PRBS with ac coupling
capacitors added. (a) Ideal power supply. (b) Planbased TV. (c) PTL-based TV.

The PTLbased PDN outperforms the powsanebased PDN in terms of voltage
and timing margins with and without the ac coupling capacitor between the output of the
driver and the signal transmission liféne performance improvement is migi coming
from the removal of RPDs by usirige PTL. Since the dummy path is replicating the
signal network during the low state of the output data, the sum of ac and dc current is
maintained the same regardless of the inclusion of ac coupling capacitooth the
TVs. As a result, the ac coupling capacitor does not disturb the function of the CCPTL

signaling scheme.
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3.4 Measurements and Correlation

Figure3.17 shows the test environment and measuremenipsalong with the port
locatiors from Figure 3.8. Agilent 81133A was used to generate’al PRBS pattermt
the desired frequency supply voltage of 2.% was used for the powgrianebasedrV,
while 3.98V was used for the PThasedTV. Due to the sawe termination of the PTL,
a dc drop occurs across the resistor. Since it causes the device to be supplied with less
voltage than the original supply voltagbgetdc drop shouldbe compensateeither by
reducing theurn-on impedanc®f the output driveor by increasing the supply voltage
to maintain the same voltage level at the device and the receiver side as in the power
planebasedTV. The limitation of the ofthe-shelf chip precluded the former method so
that the latter method was used.

Agilent 81133A

Signal Power Supply
Generator Aoy V> -
Port3 ¢ N Agilent 86100C
\ ) Port1 Port2 = pon
Port 4 =g s
or * / 2.6inch-long Iine\q

— =
Differential| Differential —e——————-e Oscilloscope

PRBS |  Driver
% 500hm

Figure 3.17 Test environment.

The drivers of botiTVs were excited with a 500 Mbps differential PRBS pattern.
The fundamental frequency of th6aD Mbps PRBS pattern coincided with the resonant
frequency ofthe signal line inthe planebasedTV. Eye diagrare weremeasuredat the
output of the transmission lin@drt2) afterthe signal traveled distance 066 mmalong
the transmission ling using Agilent 86100C DCA oscilloscope.To maintain
consistency,10k samples were used tonstruct theeye diagram. Two typesf jitters
were measuredsingthe oscilloscope namelythe root mean square (RMS) jitter and the

peakto-peak (pp) jitter. The RMS jitter utilizes all the 10k samples for calculation
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Assuming that the mean is 0, the RMS jitter quantifies the standeaiatide of thejitter
distribution This number is more meaningful compared to phe jitter which is the
distance between the two farthest data points. However, since the jitter is mainly caused
by power supply noise, its distribution can be 4@&aussianin such a case, thepjitter
is moreuseful Hence both jitters are preented

Figure3.18 shows the eye diagram afl500 Mbps PRBS at the receiver simleeach
TV. Figure3.18(a) isthe eye diagren of the signal generator output, aRidure 3.18(b)
andFigure3.18(c) arethe eye diagramat the receiver sid@ the powerplanebasedand

PTL-baedTVs, respectively.

(b) (c)

Figure 3.18 Measured eye diagrams of the received 1500Mbps PRBS. (a) Signal generatt
(b) Power-plane-based TV. (¢) PTL-based TV.
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The output of the signal generator has an initig jitter of 19.1psec. The pp jitter
increases t@6 psecin the poweiplanebasedTV, while it increases to 2psecin the
PTL-basedrl'V. The difference between thepgitters in the twaor'Vs is9 psec, whih is a
reduction 0f25% for the PTl-basedlV. The eyeheightis ~463mV in the powerplane
basedl'V, and~523mV in the PTlbasedl'V, whichshowsan improvement of 13.0%.

In Table 3.2, the measured eye diagrams at 13@Bps are ompared to the
simulation results in terms of voltage and timing window. Good agreement is observed
for the eye height betwedhe measurement and simulation results. The measured eye
heighs are 11.4% and 6.7%larger than the simulated eye heght the powerplane
based and PTlbased TVs, respectively. This discrepancgan be attributed to
manufacturing variation afhe stackup dimensionsand the material properties. As the
thickness and dielectric constant betw#spower and ground planes have affu@ence
on the power supply noise, the variation can generate unexpazsdi/e or negative
deviation. e p-p jitter from simulation igreater than the-p jitter from measurement
by 4.67psec in the planbasedlV. In the PTlbasedlV, the simulated {p jitter and the
measured jitter are different by less thapskc The simulation results have provided
almost the same or largesppjitter as compared to the measurement restitts.reason
for this is due to thaliscrepancyetween the actual devicead in the measurement and
the driver model used in the simulatidrne IBIS model of the device could not bged
due to its inability to incorporate power supply noi&8][and therefore the impact of the
power supply noise on the signal quality coutit he simulated using the IBIS model.
Therefore, the device was substituted with a CMOS inverter, which was tuned to generate
the same output waveform as the deviceos
used. As a result, discrepancies occur betviee model and measurements as the supply
voltage fluctuates at the power and ground terminals of the driver. In the simulation, the
duty cycle of the resulting waveform was less than 50%, which led to the increpsed p

jitter. However, he simulation radts capture the improvement@ye opening and signal
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integrity by using the PTL schem&milar to themeasurement results.

Table 3.2 Comparison of eye opening from simulation and measurement.

1500Mbps Eye height (mV) P-P Jitter (ps)
PRBS Simulation | Measurement | Simulation | Measurement
Power Plane 410 463 40.67 36
PTL 488 523 26.67 27

When 3.98V was used as the supply voltage for the BEsedTV, the dc voltage
level at thepower sipply pin of the chip equaled 2.498, which matches the supply
voltage provided to the device in the povpdainebasedlV. The increased voltage level
for the PTLbasedTV raisesthe power consumption as compared to the plaasedTV.
As 3.98V is 59.2%larger than 2.5/, the power consumption is 59.2% highidere, the
amount of current drawn from the PDN is the same in B&k so asto result inthe
same eye heighat the load endn idealistic situationsThus, the additional power
consumptiorcomesfrom theincreasen the power supply voltage level.

The power consumptioissue can be resolvdxy reducing the turron impedance of
the I/O driver by custondesigning the CCPTL schemet by eliminating the source
termination ofthe PTL. Unless the turon impedance of the 1/O driver is reduced, the
source termination of the PTL requires the increase in the supply voltage level to get the
same current level through the signal network as that in the-pkseslTV, which leads
to the increased power consption. Since the sourderminaton of the PTL is used to
prevent multiple reflections as mentioned in the previous section, it can be removed if the
loadterminating resistor is matched well to the characteristic impedance of the signal
transmission line.

In Figure 3.19, thereceived eye diagram of the P-basedTV without the source
terminationis compared to that of the powplanebasedTV. Without the source

terminating resistor, no compensation for the dc éGopss the PTls required so that
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2.5V is used aghe supply voltagen the PTl-basedTV aswell asin the planebased
TV. Thus, the same amount of power is consumed in D@t The difference between
the pp jitters in the twoTVs is9 psec, which is a reduction @6% for the PTLbased
TV. Theeyeheightis ~463mV in the powerplanebasedlV, and~546 mV in the PTL

basedl'V, whichshowsan improvement of 17.9%.

(@) (b)

Figure 3.19 Measured eye diagrams of the received 1500Mbps PRBS. (a) Povpdaine-
based TV. (b) PTL-based TV without source termination.

As compared td-igure 3.18, the eye height of thBTL-basedTV is increased after
removing the source termination from 52% to 546mV. This is because the impedance
mismatch between the signal transmission line and -te@winating resistorwas
negligible, thereby minimizing reflectionélso, even thagh constant current is being
drawn from the PDN, current fluctuati®@are inevitable during data transition. The dc
drop over the soureeerminating resistor then fluctuateberebyindudng noise onthe
power rail. As a result, the PTL without the saitermination has better powmtegrity,
increasing the eye height by 4.4%. However, even with the stemoénation, the
fluctuation of the power rail is still far less than the S88lucedsupply noise in the
planebasedTV. It is important to note thathe source terminatiors instrumental in
preventing multiple reflections andnsuring signal integrity due to manufacturing

variatiors, which carcause impedance mismatatthe load
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To reduce the increment in the power supply voltage level when tlsngource
termination, an acoupling capacitor of 0.1eF was addedetween the output of the
driver and the signal transmission ljress shown irFigure 3.20. Using an ac coupling
capacitor also provides a bias for the oscilbgsc without giving a separate dc offset. A
0.1 eF capacitor waslsoadded to the dummy path to replicate the signal network. As a
result, the dc current flowas suppressd and the signals became dmlanced. The
required supply voltage level for the P-basedTV wasreduced from 3.9& to 3.47V
after the inclusion of the ac coupling capacitor. As 3/4%8 38.8% larger than 2, the

power consumption ialso38.8% higher.

Agilent 81133A

signal Power Supply
Generator T V2
~ Agilent 86100C
L ]
Port3 T~ ) Port 1 Port2 ' © DCAL
Port4 —> ¢ / '/ . . \
N = 2.6inch-long line .
Differential| Differential |o]| ee—————————e( Oscilloscope
PRBS Driver
500hm
AC coupling
capacitor —
(0.1uF)

Figure 3.20 Test environmentwith ac coupling capacitors

Figure3.21 shows the eydiagramsat the receiver sid&hen accouplingcapacitors
were added to the signal path and the dummy path inTddghFigure3.21(a) and (b) are
the eye diagrams of the received 150Ibps PRBS in the powglanebasedand PTL-
basedTVs, respectivelyThe output of the signal generatostaa initial pp jitter of 19.1
psec as shown irFigure3.18(a). The pp jitter increases t89.1psecin the poweplane
basedTV, while it increases to 24.psecin the PTL-basedTV. The difference between
the pp jitters in the twoTVs is 14.2 psec, which is a reduction o86.3% for the PTIL:
basedl'V. Theeyeheightis ~430mV in thepowerplanebasedl'Vv, and~495 mV in the

PTL-basedl'V, whichshowsan improvement of3.1%.
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(@) (b)

Figure 3.21 Measured eye diagrams of the received 1500Mbps PRBS with ac coupling
capacitors. (a) Poweplane-based TV. (b) PTL-based TV.

In Table 3.3, the measured eyepening at 1500Mbps are compared to the
simulation results.Good agreement is observed for the eye height between the
measurement and simulation results. The kuliatrepancy between the measured and
simulated eye heights can be attributed to the manufacturing variatidhs nmaterial
properties andhe physical dimensions, and the difference in the number of samples used
to construct the eye diagrams. In terofig-p jitter, since the PRBS patterns used in the
simulations do not include source jitter, the simulated jitters cannot be directly compared
to the measured jitters. Here, a rough estimation can be made by adding the signal
generator jitter of 19.psecto the simulated jitters. For the powganebasedTV, the
estimated jitter is the sum of 19pkec and 20.6psec, which is 39.7psec. This jitter
value closely matches the measured jitter with an error of 1.7%. For the c@Réd
TV, the estimated jiér is 27.77psec, which approximates the measured jitter of 24.9
psec with an error of 11.5%. Although it is not completely accurate to add thegwo p
jitters, which are composed of deterministic jitter and random jitter, arithmetically, it
gives a roughestimation. To sum up, the simulation results reasonably capture the
improvement in performance by using the CCPTL scheme, which is verified by the

measured eye diagrams.
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Table 3.3 Comparison of eye opening from simulation and measurement with AC coupling

capacitors.
1500Mbps Eye height (mV) P-P Jitter (ps)
PRBS Simulation | Measurement | Simulation | Measurement
Power Plane 413 430 20.67 39.1
PTL 494 495 8.67 24.9

To explore thempact of power supply noise on sigmategrity under different data
rates, the inputlata ratevas swept from 500/bps to 200 Mbpsin steps 0500 Mbps
for the PTl-basedTV, and in steps of 10Mbps for the plandasedTV. From 1300
Mbps to 160QMbps, a data rate step of Bbps was used texamine the jitter variation
around the first resonant frequency of the plaasedTV closely Starting from 500
Mbps at which the planbased PDN does not resonate, the @yening at the receiver
sides in bothl'Vs are almost the same, as shownRigure 3.22. The eye height of the
planebasedTV is larger by 5.4% as compared to that of the ®akedTV. The pp

jitters of the twoTl'V's are different by only 0.8sec.
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(@) (b)

Figure 3.22 Measured eye diagrams of the received 500Mbps PRBS with ac coupling
capacitors. (a) Poweplane-based TV. (b) PTL-based TV.

The highest p jitter appeared a8000 Mbps, asshown inFigure 3.23. The eye
heightis ~&25 mV in the powetplanebasedTV, and 435 mV in the PTL-basedTV,
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which is an improvement 0f2.4%. Thep-p jitter is 43.75psec and28.4 psecin the

powerplane and PTL-basedl'Vs, respectivelywhich isa reduction of ~8%.

(@) (b)

Figure 3.23 Measured eye diagrams of the received 3000Mbps PRBS with ac coupling
capacitors. (a) Powerplane-based TV. (b) PTL-based TV.

The RMS and pp jitters at various data rates are showrrigure 3.24(a) and (b),
respectively. Thdtter is plottedalong the yaxis, while tle data ratas plotted along the
x-axis, which bandg$rom 500 Mbps to 3000Mbps The line with triangular marker
connects th@aryingjitters of thedirect output of the signal generator (Agilent 81133A
The line with rectangular markéBE_PTL) and thene with circular marker (SE_Plane)
indicate the jitter®f thePTL-based and plaAeasedTVs, respectivelyBoth RMS and p
p jitters of the PTL-basedTV have relatively monotonic behavior, whereas those of the
planebasedTV have noAamonotonic behavior,imilar to the insertion loss of the signal

line in the planebasedTV.
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Figure 3.24 Jitter variation over frequency. (a) RMS jitter. (b) Peak-to-peak jitter.

The fundamental frequencie@nehalf of the data rateat which the jitter peaks
coincide with the calculated resonant frequencies showhabie 3.1. The first local
maximum jitter appears at 1500bps, whichconcurs withthe first resonant frequency
predicted from the frequen@omain modeling. The RMS andppjitter at 500Mbps,
1449Mbps, 1500Mbps, and 3000/bps are ssnmarized inTable3.4. The measurement

results showhat the PTL is effective imcreasing the timing margin
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Table 3.4 Summary of measured jitters with ac coupling capacitors.

Data rate RMS jitter (ps) Peak-to-peak jitter (ps)
(Mbps) Plane PTL | Reduction| Plane PTL | Reduction
500 4.17 3.35 - 28 28.9 -
1449 5.20 2.52 51.5% 324 24.0 25.9%
1500 5.85 3.28 43.9% 39.1 24.9 36.3%
3000 6.43 4.2 34.4% 43.75 28.4 35.1%

3.4.1 Line Resonance of the PTL

The PTL in the PTtbased TVhas its first resonanoc&hen thelength of the line
becomesonequarter of thewavelengthat aay frequency which is the fundamental
frequency of that lineSincethe two loads at each end of the PTaredifferent, quarter
wave resonance will occur rather than hadfve resonancelhus, theresonant points
exist at every odd harmonics of the fundamental frequetmyation(7) can beused to
calculate the line resonant frequenoy a microstrip ling at which theelectrical
wavelength becomes 4 times as long as the line length

® _p

Q =35 (7)

where ¢ equal s etishhe effeqivereative diefectric cogstangnda (3

the length of the transmission lin€he length of the PTL i89.14 mm. This length
become®nequarterwavelengthong at 985.9MHz. Thereforequarterwavdength( &/ 4 )
resonanceccus at 1.97Gbps whichleads toa standing wave on the PTL. A miranfor

the standing wave will appear at one end of the Pihile the maxima for thestanding
wavewill occur atthe other ed. In Figure 3.25, the pp jitter is more closely examined

for the PTl-based TV additional measurements were made between 1500 Mbps and
2500 Mbps based on the calculation of line resonance frequBatythe TVs with and

without the sourcaerminationof the PTL haveheir local maximum valuesf p-p jitter
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at 21 Gbps which might becoming from the line resonanceNevertheless the
degradation of p jitter due tothe PTL resonances less tharthat of the power plane.
The PTL-based TV still outperforms the plabased TV in terms of-p jitter with and
without the source terminatiothe difference of p jitterat 2.1 Gbpss 7.6 pgc
Figure3.25 also includes the jitter frequency speim of the poweplanebased TV
with a ground plane on toff.the stackup order inthe powesplanebased T\is reversed
so that the signal lines are referenced to the ground plane, the structure does not have the
RPD effectwhen a groundied loadtermnation is usedor the signal transmission line

The performance in terms of signal integrity is therefore similar to thelased TV.

50

o
o

w«

o

Y

= A~ :
:L\__“_/‘\w/‘ \

-

Peak-to-Peak Jitter (ps)
f— — N N w w
o (9] o (9,

(€]

0 500 1000 1500 2000 2500 3000 3500
Frequency (Mbps)

—+—Plane_refPWR Plane_refGND -m=PTLw/ term PTLw/o term

Figure 3.25 Peakto-peak jitter variation for study of line -resonance

3.5 Measurement Results witGustomDesignedTransmitter

A test chipwas custoradesigned andabricatedusinga 0.18 em CMOS process to
verify the CCPTL schemeAll pads of the chipvere directly connected to the test board
by wire bonding, which islsocalled chipon-board (COB) assembly. The test boeas
designed to compare the performance of the CCPaded and th planebased PDNSs.
For the poweplanebased TV, a pair 0140 mmby 93 mm planes with0.7 mmFR4
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dielectricswas used for power and ground planésr the PTkbased TV, a 2®hm

signal transmission lineas used for PTL along with a source terminatio@®6hm.
Figure3.26(a) shows the block diagrams of the transmi&&RBS generator is used

to generate -bit PRBS pattern with a clock input of the desired frequency. Amdoits4

a 1-bit datapasgsthrough the pralriver to drive the output buffer, which has relatively

large size to be driven by the PRBS generator direlctlthe CCPTEbased scheme, the

grey-boxed circuitry isadded to induce constant current. Théit data is supplied to

Acontr ol s i g n adeecty the iaputadateopattiern and genecakes the control

signals for dummy pathdn 1-bit case,an inverter $ used to switch on and off the

dummy pathTheinverted1-bit is supplied to the dummy path through the-greer as

well so as to induce the sammount of current during the edtate of the buffer

Output buffer
Pre-driver

dock— prRBS [ —
resest — Generator [ }1
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Figure 3.26 (a) Block diagram for 1bit transmission. (b) Output buffer for plane-based TV.
(c) Output buffer for PTL -based TV.
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Figure 3.26 (b) and (c) show the voltagaode driversfor the powerplanebased
approachand theCCPTL-basedapproachrespectively. The size of éhbuffer using the
PTL-basedPDN is slightly largerfor less impedance. This is to compensate for the
increased impedance in the power supply path due to the source termination of the PTL.
As a result, there is no need to increase the supply voltagefétevdle CCPTLEbased
TV. Using the same supply voltage, the same eye height can be achieved at the output of
the signal transmission line as the powkEmebased TV.The output buffer drives a 50
ohm transmission linghrough a 50o0hm series termiiam. The transmission line is
paralletterminatedat the loady 50 ohms.

Before the measurement, the SPICE simulation of the designed output buffer is
performedusing a macromodel of the test baafthe resulting eye diagranaf a 500
Mbps PRBS wavefornat the aitput of the203 mmlong signal transmission line are
compared irFigure3.27. Figure3.27(a) shows the eye diagram of the powwtmebased
scheme, which has an eye height of 219 mV and an eye widt®®fnkec The eye
diagram of the poweplanebased scheme also has a ringing effect, but the noisy power
rail continues throughout théme period. In Figure 3.27(b), the eye diagram of the
CCPTL-based scheme has an eye heigt24s mV and an eye width of 1.97 nsec. It has
a ringing effect afteeachdata transition, which is damped to reach the steady state. The
eye height is improved by 12% and the ptter is reduced by 40% by using the CCPTL

scheme.

1.97nsec

(b)

Figure 3.27 SPICE-simulated eye diagrams. (a) Poweplane-based. (b) CCPTL-based.
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The test environmens shown inFigure 3.28. An Agilent 81133A was used to
generate &lock atthe desired frequency supply voltage 08.11V and 1.8V was used
for the I/Os and core circuits, respectivelilere, the transmitter of the CCPTL scheme
was designed to allow for the voltage drop across the source termination so that the same
supply voltage was used to obtain the same signal amplitude as theptamedvased
scheme.The channel length is 84 mnorig for traveling signal to be influenced

sufficiently by the performance of the PDN.

Sgnal Power supply
generator P G P G

110 Core
dock P
Y vy e

B La=84 mm - !
Transmitter Oscilloscope | d= 3
(@) (b)

Figure 3.28 Test environment.

Figure 3.29 shows the eye diagrarof 100 Mbps PRBS. There is @uple of
overshootsin the middleof the eye window caused by reflections from impedance
discontinuites They are located at the same timing in both cases so that the cause of the
reflection must be the same. However, in the plaased TV, the size of the overshoot is
larger. This is beause the voltage fluctuations on the power and ground rail is more
serious in the planbased TV, worsening the overshoot. Using PTL improved the eye

height by 36%, and reduced the fitter by 28%.
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(a) (b)

Figure 3.29 Eye diagrams of 100Mbps PRBS.(a) Planebased. (b) PTLbased.

Figure3.30 shows theeye diagrarmof 200 Mbps PRBSAs the eye width decreases
with the increasing data rate, the influence of the voltage fluctuation and the overshoot on
the eye opening grow3he pp size of the overshoots is increavydd.3% and 6.6% in
the planebased and PTbased TV, respectively. Still, using PTL provides better timing
and voltage margins; the eye height is improved by 33.7%, andghéter is reduced

by 34.5%, respectively.

(@) (b)

Figure 3.30 Eye diagrams of 200 Mbps PRBS.(a) Planebased. (b) PTL-based.

Figure3.31 shows the eye diagrams 590 Mbps PRBSThe eye shape is distorted

with large voltage fluctuations on the power and ground rail. The distortion is less severe
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for the eye diagram of the PIasedTV. By using PTL, the voltage margin is improved
by 54.7%, and the-p jitter is improved by 51.7%vhich is due tole crossing point in
the eye diagram of the pla@ased TV being distorted too much Meanwhile, the

crossing point in the eye diagram of A€L-based TV isstill secured.

(a) (b)
Figure 3.31 Eye diagrams of 500Mbps PRBS. (a) Planebased. (b) PTLbased.

In Figure3.32, the eye diagrams with and without source termination of the PTL are
comparedFigure3.32(a) stows the same eye diagramragure3.29(b), which is the eye
diagram of a 100 Mbps PRBS waveform of the CClBaked scheme with a source
termination.Figure 3.32(b) shows lhe eye diagram when the source termination of the
CCPTL is removed. As the dc drop across the terminatioen®ved, the eye height is
increased from 191 mV to 214 mV. However, thp gize of the ringing and theppjitter
remains almost the same, whiohplies that the signal transmission line is waktched

at the load so that the reflection traveling back to the PTL is minimal.
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Figure 3.32 Eye diagrams of 100 Mbps PRBS of the CCPTibased scheme. (a) With a
source termination. (b) Without a source termination.

Figure 3.33 shows the eye diagrams of a058lbps PRBS waveform with and

without a source terminatidior the PTL. Without the source termination, the eye height

is increased along with theeak voltageof the ringing, while the 4p jitter is slightly
reduced (by 6%). Since the impedance of theudiry is reduced by the resistance of the
source termination, the dc current drawn by the driver is increased, which increases the
eye height.During this process,the amount of current fluctuation during the data
transition increases, which reveals iegative effect when a 500 Mbps PRBS waveform

is used. Therefore, it can be concluded that the role of the source termination becomes

more important with an increasedata rate.

(@) (b)

Figure 3.33 Eye diagrams of500 Mbps PRBS of the CCPTEbased schemga) With a
source termination. (b) Without a source termination.
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Figure3.34 shows thechip microphotograph. The chip anea3951e m 1875¢ e
7.41 mn?. The activearea of the -bit planebased schemeccupies3.13x10° mn¥,
while the active area athe 1-bit CCPTL-based schemeccupies3.73x10° mn?. The
area difference is coming from the implementation of the pattern detectauamady

path, which is 4% overheagdas compared to the powglanebased scheme

16bit plane

1bit plane

1bit CCPTL

16bit CCPTL

Figure 3.34 Chip layout.

The CCPTL schemehas beerextended to it transmissionMultiple switching
buffers will increase the amount of current demand during tha ttansitions, and
therebyworsen the voltage and ground fluctuatiorfSour transmitters, each forbit
transmissionare used to transmit 16it data, as shown ifigure 3.35. Control signals
are generated from the PRBS outpat ¢ontrol the dummy paths. For timing
synchronization between the PRBS data and the control sigmagstriggeredD flip-
flops are used. In the plaibased scheme, all 16 output buffers are connected to one
power plane. In the PFhased scheme,singlePTL is used to drive fououtput buffers
so that four PTLs are used for-b& transmissionThe PTLsarenot sourcgerminated,

butconnected to the power supply directly.
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Figure 3.35Block diagram for 16-bit transmission.

The SPICE simulatioof 16-bit transmitterwas perfomed using a macromodel of
the test boardThe eye diagramsf a 500 Mbps PRBS waveforat the output of the03
mmtlong signal transmission line are comparedrigure 3.36. The target eye height is
set differentfor the poweiplane-based and PT-based output bufferduring the design
processso that the comparison betwettre two eye diagramsanbe made through the

relative eye height.Figure 3.36(a) shows the eye diagram of the powknebased
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schemeas 15 other output buffers are switching simultaneously. The eye height is 59% of
the target amplitude at the edge of the eye window, and the eye width is 1.9Bigsex.
3.36(b) shows the eye diagram of the RPbased scheme, wke eye height is 66% of the
target amplitude and whose eye width is 1.95 nsec. The power supply gata{ly of

the powesplanebased scheme is noisier throughout the period of the waveform, resulting

in smaller amplitude and largespjitter.

TiSBmV(SB% of the 239mV (76% of \ Ry / 135mV (66% of TISSm\f (92% of the

target height) the target height) L 'R the target height) target height)
1.93nsec | \

(@) (b)

Figure 3.36 SPICE-simulated eye diagramsf 16-bit transmission. (a) Powerplane-based.
(b) CCPTL-based.

Figure3.37 shows the eye diagrams of 2Bbps PRBSIt is important to note that
the target eye height for the P-Based schemis smaller tharthat for the plandased
scheme Therefore, the percentage improvement in the eye height is the important
parameter to compar8ased on simulation using ideal power and ground supplies, the
target eye height fothe planebasedTV is 316 mV, while that for the PTibased TV
equals 204mV. In the planébased TV the eye height is 192 mMwhich is61% of the
targetheight. On the other hand, tlege height of the PTbased TV equals 152V,
which is 75% of thetargetheight. This is not an accurate method to compare power
integrity, but givesa rough idea othe improvementpossibleusing PTL. The same

amount of pp jitter was measured in both cases.
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Figure 3.37 Received eye diagram of 200Mbps PRBS.

Figure3.38 shows the eye diagrams of 50ps PRBS. Theye heighof theplane
based TVis 60% of the target heightwhile thatof the PTLbasedTV equals71%. In
terms of p-p jitter, using PTL providesan improvement oR8% compared to using a

power plane

VAN -V - PV -
N I NERSY)
T \,i & \ V=
V/173ps 4 OmV
191mV —> e IR SO A
----------- : iU.on
AR ST N
(a) (b)

Figure 3.38 Received eye diagram of 500Mbps PRBS.

The layout of the two 18it transmitterds shown inFigure3.34. The active area of
the 16-bit planebased schemés 2.73x10° mn?, and he active area ofhe 16-bit
CCPTL-based schemis 5.95¢<10% mn¥. The area ovlead induced by implementing the

CCPTLschemas 118%, which is due to the data pattern detectorsthadummy paths
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3.6 Summary

The first demonstration of the constant current power transmission line (CCPTL)
based signaling schenmas beenimplemented and measured in thlsapter Using PTL
relves the RPD issue, which is the main source of BS§Mickages and printed circuit
boards The CCPTL schemaddresesthe dynamic dadropon the power supply network.

By addinga dummy pathin parallel with the driver, constant current is induced, and it
removes the dynamic dc drop along with ¢tharging and dischargingocesof the PTL
during signaltransitions. Thereforethe CCPTL schemeis able to deliver noistree
power supply to the 1@ idealistic situations, anetduces the layer courito explore the
efficacy of the CCPTL scheme, twbVs were fabricated. fBtheshelf chips were
mounted on the custoutesignedest board, one witha power plane and the othesith

PTL. Usingdata rate ranging from 500Mbpsto 3 Gbps eye diagrams were measuira
thefar end of the66 mm-long transmission line. The results show tit&tPTL improves

the quality of the received signal in terms of voltage and timing margin. In terms of
correlation, the local maximum jitter appeared at the frequencies wheréattee gair

was expected to resonate basedtlomsimulation and calculations. The tirdemain
simulation showed the trend of signal integrity improvement by using the PTL, which

was verified using measurements.
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CHAPTER 4
PSEUDO BALANCED POWER TRANSMI SSION LINE BASED

SIGNALING

4.1 Introduction

Recently, orboard chipto-chip communication is being pushed from several Gbps
towards tens of Gbps due to the demand for higher databtieSjngleended signaling
is widely used for memory interface, but it suffers from wdtameous switching noise
(SSN), crosstalk, and reference voltage noség [Although differential signaling is free
from commonmode noise, it doubles arhip interconnect count, otthip printed circuit
board (PCB) trace count, and I/O pin cous][ which results in higher cost. To achieve
better signal integrity with less expense, studies on pseifigéoential signaling schemes
have beerundertakerby several researcher87]-[72]. The original pseuddifferential
signaling adds a reference line aféeegroup of data lines, usually limited to four, which
results in N+1 physical lines routed in parallel to communicate N signals. Afterward,
further improved versions of pseuddferential signaling schemes have been proposed,
which are bus inversion seme B8], incremental signaling schemé7][69], balanced
coding schemg§rQ]-[72], and so on.

These signaling schemes still have a limitation in terms of noise reduction due to the
power delivery network (PDN)Power pganes are generally used pwovide alow-
impedance path between the voltage regulator module (VRM) and the integrated circuits
(ICs) on the printed circuit board (PCB). The problem is that the disruption between the
power and ground planes induces return path discontinuities (RPDs) dusirdatin
transitions, which create displacement current sources between the power and ground

planes as shown irFigure3.1(a) [16]. The current sources excite a radial wave between

96



the planes, wich causes the planes to boundéhe resulting power supply noise
increases the importance of holding the PDN impedance down, as shévgura4.1,

which can only be achieved by increasing the capacitance requirements through new
technologies such as thdielectrics, embedded capacitance, high frequency decoupling

capacitors, and so 083]-[37], as shown irFigure3.1(a).

Low impedance Power supply
path planes
RPD effects

Figure 4.1 Design circle for PDN using targetinpedance.

Alternatively, methods for eliminating the RPDs can be employed to suppmees po
supply noise. To eliminate the RPDs, a new PDN design has been prop{s4d in
the new approaclower transmission line®TLs) are usedo supply power to each IC
on the PCB or packageas shown inFigure 3.1(b). Using PTLs eliminates the
discontinuities between the power and ground planes, thereby preventing the RPD effects
[56]. The PTlbased PDN enables both power and signal transmission lines to be
referenced to the same ground plane so that a continuous currenapdth formedas
shown in Figure 3.1(b). As a result, a closed current loop is achieved and voltage
fluctuations caused by the RPDs are removed in idealistic situations. In summary, using
PTL reduces the layer count, eliminates source of SSN, and mitigates the coupling
between power and signal networks. Without the R&Bted voltage fluctuation, the
design circle associated with the use of target impedance shofigure 4.1 can be
broken. Instead, the impedance of the PTL is determined by the impedance of the

signaling circuits.
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As discussed in5p], the PTLbased PDN raises several issues that need to be solved
prior to being used in a practical signaling environmest described ifChapter 3
Constant current through tfRL is one solution proposed to address the first two issues
[55]-[58]. In Chapter 3 the use of constant current is demonstrated to be effective.
Constant cuent removes the dynamic characteristics ofdbdrop by inducing a fixed
amount ofvoltagedrop across the PFhased PDNAIso, constant current keeps the PTL
fully charged at all times, and thereby eliminates the process of repeatedly charging and
discharging the power transmission line. Thenstant current PTLQCPTL scheme
induces constant current regardless of the input data pattern by adding dummy paths.
Nevertheless, it is not an ideal solution due to increased power penalty. To reduce the
power penalty while maintaining the merits of using constant current, the pseudo
balanced PTI(PBPTL)scheme has been proposedd8|[ The PBPTL scheme addresses
the above issues with lower power penalty than the CCPTL scheme by encoding the
original information prior to data transmission, and leads to a better waveform as
compared taising power plane with pseud@lancedignalingscheme.

In this chapter the design of PDNs using the PBPTL approach is presented in detail.
The effectiveness of the PBPTL schense then demonstrated by simulation and
measurement using two test vehicles (TVs), which are a polarebased TV and a
PTL-based TV.The functionality of the PTL to convey lenoise power is compared to
that of the power plane. Then, the psebdtanced ignaling scheme is applied to
enhance the performance when feegingrer tomultiple output buffers to drivenultiple
transmission linesTwo sets of the test vehicles are used: one using athes¢helf
driver, and the other using a custo@signed tramsitter. The simulation and
measurement results are presented with further detail to show that use of the PBPTL

scheme results in significant improvement of eye opening.
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4.2 PseudeBalancedSignaling Schene

In conventional balanced signaling scheme, encodingerformed prior to data
transmission. N bits of data are mapped onto (N2Nddits or less to provide™2data
patterns with an equal number of 1s and Os at all tié#sAccording to 0], the length
of extra bits required for balanced coding is apprately (0.5-logN+1) for Nbit data.

This balanced signaling scheme minimizes the variation of the total driving current
through the PDN by controlling the number of high and low states in the output data
string. As the total driving current is maintainednstant,di/dt can be minimized, and
therefore SSN can be reduc&d][72).

To transmit 4bit information, 6bit symbols with three 1s and three Os are required
as shown irFigure4.2. This results in 50% overhead erms of offchip PCB trace and
I/O pin count, which isequiral to maintain an equal number of 1s and Os in the encoded
data word. The disparity between the counts of 1s and Os is fixed at zero. To reduce such
overhead, the pseudmalanced signaling schereenploys two types of disparity between
the counts of 1s and 0s. Let M be the length of the encoded data word, which is pseudo

balanced. M is determined to satisfy the following equation:
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In the conventional balanced signaling scheme, only the first term in the left hand side
has been used to determine M, while the two terms are included in the proposed scheme.
If the minimum M to satisfy the equation is an even number, the difference between the
counts of 1s and Os in Jdit pseudebalanced data word becomes either O or 1. If the

minimum M is an odd number, the difference between the counts of 1s and 0s becomes

either 1 or2. By including two types of disparityewer extra data bit@re required to
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cover 2' data words as compared to using only one type.

Encode f H
Abit PRBS 6bit balanced Data : 6b|tst::i:rahn:':2|tted
#ofls=3,#0f 0s=3 _nrous
interconnects

(@)
E d 4 ™\
ncode S5bits are transmitted
. 6bit balanced Data :
4bit PRBS | mp [ #of 15 = 3, # of 0s < 3 ] 3 through the
interconnects
. J
( N
1bit is discarded:
balancing bit
\§ J/
(b)

Figure 4.2 Block diagrams of data flow.(a) Conventional balanced signaling(b) Proposed
pseudcbalanced signaling
For example, when the original data word consists of 4 bits (N=4), the conventional
balancedcoding scheme requires at least two additional bits, which makes M=6. Using
the pseuddpalanced coding scheme, equation (1) is satisfied with, iginBe:
VA VA
A GA cmc¢ po
Thus, the encoded string isb-long, which is less than the requirkength for the
balanced data word. Thebit pseudebalanced data word can be categorized into two
types; the counts of 1s and Os are either (2, 3) or (3, 2). Since the count of 1s oscillates
between 2 and 3, the total driving current also fluctuatesdset two values. To maintain
the total driving current constant, the counts of 1s and Os need to be maintained constant.
To achieve this, a balancing bit is added to the encoded string. When the counts of 1s and
Os are (2,3), the balancing bit becomes hijlavit becomes 0 in the other case. As a
result, the counts of 1s and Os become (3,3) at all times. By adding the balancing bit, two

types of disparity are reduced to one, which leads the encoded data word to become

balanced. The balancing bit is not tamtted, but terminated at the transmitter after
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serving as a parity bit. Therefore, from

balanced. The number of turred drivers connected to the PDN is constant, which
induces constant current through the PQMIAtimes. At the receiver, the received data
are pseuddalanced. An example of symbol transition is showrFigure 4.3. 4-bit
original data are mapped ontebs balanced data words. Here, tHel#t is the balancing

bit. The balanced data turns on 3 out of 6 drivers at all times, resulting in the constant
PDN current of 3xI. Only the-bit symbol is transmitted and arrives at the receiver, in
which the number of 1s is either 2 or 3. Thbibpseudebalanced data word prowd
enough patterns to uniquely encode the origirlit 4nformation and to recover it at the

receiver.
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Figure 4.3 An example of symbol transition.

The cases of N being equal to 4, 5, and 6 are summariZeabla4.1. When N=5,
the lergth of the encoded data word becomes 7 with the balancing bit. The counts of 1s
and Os in the encoded data word are fixed at (3,4) so that the disparity between the counts
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of 1s and Os is one at all times. The data words with unequal but constant nuinilsers o
and Os also keep the total driving current constant, providing a parallel effect to having an
equal number of 1s and 0Os. Still, the difference between the counts of 1s and 0s should be

kept low to minimize the current fluctuations during data traorssti

Table 4.1 PseudeBalanced Signaling Scheme With N=4,5,6.

Number of new Ui Number of
N M | (1s, 0s)Overheac (1s, 0s) balancing (1s, Os Overhead
patterns M bit patterns
4 16 6 | (3,3 50 5 1(2,3), (32 C 3.3 20 25
5 32 71 (34) 40 6 |(2,4), (33 C 3.9 35 20
6 64 8 | (44) 33.3 7 134,43 C 4,4 70 16.7

The pseuddpalanced signaling scheme induces constant current through the PDN.
Therefore, itis expected to remove the dynamic characteristic oflthérop across the
source termination of the PTL; to eliminate the prece$ repeatedly charging and
discharging the power transmission line by keeping the PTL fully charged; and to reduce
the layer count, which leads to lower cost. These advantages will be achieved with
reduced power penalty as compared to the CCPTL schesceli in 56]. However,
the disadvantage of using the PBPTL scheme is additional circuitry and power required

for the encoding and decoding process.

4.3 Test Vehicle Design and Simulation Results

The effectiveness of the PBPTL approach is demonstrated twengVs (TVs),
which are the poweplanebased TV and the PThased TV. The top view of the T\is
shown inFigure 4.4. For the poweplanebased TV, a pair of 9.35 inch by 2.05 inch
planes with 28 mil FR4 dielectrics is used fmwer and ground planes. For the PTL
based TV, a 2®hm transmission line is used to feed power to the drivers.-pirR0
TSSORpackaged octal driver is mounted on each board. Only 6 drivers are used for this

experiment. Each is connected to améh long signal transmission line. The signal

102





























































































































































































































































































