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Abstract

The performance of a system depends heavily on the communication speed between
integrated circuits, which is constrained by the power delivery netwW@&RHNs). The
disruption between the poweand ground planes based on the low target impedance
concept imluces return path discontinuities during data transitions, which create
displacement current sources between the paawmer ground planes. These sources
induce excessive power supply noise which can only be reduced by increasing the
capacitance requirementisrough new technologies such as thin dielectrics, embedded
capacitance, high frequency decoupling capaciéord other methodsThe new PDN
design proposed hemgsing power transmission lines (PTLs) enables both p@amdr

signal transmission lines to loeferenced to the same ground plane so that a continuous
current path can be formed. Extensive simulations and measurements are shown using the
PTL approach to demonstratee enhanced signal integrity as compared to the currently
practiced approaches.
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1. Introduction

A power delivery network (PDN) is the network that connects the power supply to the
power/ground terminals of th€$.In conventional design of PDNs, the PDN impedance

is required 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 PDNs in highpeed systems consist of power and ground planes to provide a
low-impedance path between the voltage regulator module (VRM) and the integrated
circuit (IC) on the printed circuit board (PCB), as showRigurel.
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Figure 1. Power distribution network using power and ground planes.
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Recently, orboard chipto-chip communication is being pushed from several Gbps
towards tens of Gbps due to the demand for higher data rate [1].-8ihugd signaling is
widely used for memory interface, but it suffers froomdtaneous switching noise
(SSN), crosstalk, and reference voltage noise [2]. Although differential signaling is free
from commonmode noise, it doubles arhip interconnect count, atthip printed circuit
board (PCB) trace count, and I/O pin count [3hieh results in higher cost. To achieve
better signal integrity with less expense, studies on pseéffigéoential signaling schemes
have been undertaken by several researcheff8][3[The original pseuddifferential
signaling adds a reference line aféegroup 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 scheni4], incremental signaling scheme [3][5], balanced
coding scheme [€]8], and so on.

These signaling schemes still have a limitation in terms of noise reduction due to the
PDN. For off-chip signaling, charging and discharging signal transmission Intkee

return currents on the power and ground pldi®sas shownn Figure 2. The return
current always follows the path of least impedance on the reference plane closest to the
signal transmission line. The retucurrent 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 ate displacement current sources between the power



and ground planes. The current sources excite the plane cavity and cause voltage
fluctuations. These fluctuations are proportional to the plane impedance since the current
is drawn through the PDN by theivker. Therefore, low PDN impedance is required for
power supply noise reductipwhich can only be achieved by increasing the capacitance
requirements through new technologies such as thin dielectrics, embedded capacitance,
high frequency decoupling capis, andothers[10]-[14]. In addition, use of power and
ground planes as part of the target impedance concept is making the packages and boards
more complex, leading to the need for sophisticated design tools and methodologies. So,
the question to be ked is: Are power (voltage) planes necessary for high speed
signaling? Instead, can an alternate method be developed based on a high target
impedance concept that provides a more stable signaling environment with less
complexity in terms of the designodls and methodologies requifedThis is
accomplished in this paper by using power transmission lines.
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Figure 2: Chip-to-chip communication in a powerplane-based system.

2. Power Transmission Line and its Challenges

2.A. Power Transmission Lines

Planes are generally used to supply power fromR&1 to the IC due to their high
frequency characteristics and low dc drop related issues. To accommodate return current
paths for multiple signal traces in the board or package, either ground or voltage plane is
used as the reference conductor. The prolke that the disruption between the power

and ground planes induces return path discontinuities (RPDs) during the data transitions,
which create displacement current sources between the power and ground planes as
shown inFigure2 [15]. These sources induce excessive power supply noise, which again
requires managing the PDN impedance so ashdrolthe excessive noise caused by the
current transients.

Alternatively, methods for eliminating the RPDs can be enwguloto suppress power
supply noise. Irthe newly-proposed PDN scheni&6], transmission lines are used to
replace the voltage plane and convey power from the voltage source to the die, which are



called as Power Transmission Lines (PTLs), as showrigare 3. 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 1/O driver,

to name a few. Simcthe characteristic impedance of signal transmission line is typically
between 250 ohms, that of PTL also falls within this range. Hence, the PTL concept
enables the use of a higlhpedance network for power delivery, which is in direct
contrast to thenethod being currently pursugatiay
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Figure 3: Chip-to-chip communication. (a) Using planebased PDN. (b) Using PTL:based
PDNSs.

2.B. Accompanying Challenges

The PTL concept has its challenges as Wéle PTl-based signaling scheme is shown in
Figure4. In Figure4(a), the PTL is soureterminated with a resistor of 25 ohm matched
impedance. The reason for the source termination of the PTL is to prevent multiple
reflections when there is an impedance mismatch between the signalissosrine

and loadterminating resistor. The other end of the PTL is connected to a signal network,
which consists of an I/O driver, a signal transmission line and a terminating resistor. The
impedance of the signal network is carefully designed, comsigléhe PTL impedance

and the desired eye height. The PTL and signal transmission lines are referenced to a
common ground plane, thereby eliminating RPDs during both transitions of the driver.

An issue that arises with the P-Based signaling scheme ignéimic dc drop due to the
terminating resistance between the voltage supply and the PTL. The state of the output
data dictates whether the I/O driver draws current from the PDN or not. In the case of a
voltagemode driver and grountled termination, the igh state of the output data
induces current to flow from the PDN toward the signal transmission line. The current
flow results in the dc drop across the source termination of the PTL so that only a fraction
of the original supply voltage appears on thev@osupply node of the 1/O 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 becomes dynamic depending on the state of the output data.
This is illustrated inFigure 4(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
ohms so as to have the amplitude of the output data equal tbatinef the supply
voltage. The dc voltage level at the power supply node (TxPwr) of the I/O driver
alternates between the original supply voltage and a fraction of the original supply
voltage, depending on the data state at the output node (data_tx), as skauneid(b).
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Figure 4: Single-ended signaling using PTL. (a) Schematic. (b) Waveform.

The dc drop on the PDN during the high state of the output data is different from SSN. It
is data statelependent, while SSN is data transitiependent. In other words, the dc
drop iscoming fromthe resistive element, while SSN is maiobused byhe inductive
element. It is interesting to note that the dc drop does not affect the amplitude of the
received data as illustrated figure5. Whena power plane is used as the 1/0O PDN, the
turn-on impedance of the I/O driver is typically matched to the signal transmission line,
which is terminated with the impedanc®tching resistor at the far end. Hence, the
output voltage swing is origalf of thesupply voltage. This impedance matching scheme
cannot be applied to the PIased 1/0O PDN because using a PTL requires a source
termination. The intervention of the P¥&rminating resistance can be compensated by
reducing the turron impedance of the I/@river. When the sum of the P3erminating
resistance and the tuon impedance of the I/O driver is matched to ¢haracteristic
impedanceof the signal transmission line, the received eye height can be maintained to
be onehalf of the supply voltage.
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Figure 5: Comparison of supply voltage division.



However, the dynamic dc drop shownHigure5 can create problems if combined with
the impedance mismatch in the Ribased circuit, which comes from manufacturing
variations. This carreate signaintegrity-related issues, as shownkigure6. When the

PTL and terminating resistor are mismatched by 20%, as shofigune 6(a), the PTL

is underdriven. Moreover, the balance of impedance between the PTL and the signal
network is upset. Depending on the reflection coefficient, multiple reflections go back
and forth within the PTL until the steadyate voltage is reached. These multiple
reflections inducea staircasestep waveform at the power supply node (TxPwr) of the
driver and signal overshoot at the output node (data_tx), as shéwgune6(b) [17].
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Figure 6: Impedance mismatched PTL in singleended signaling. (a) Schematic. (b)
Waveform.

The dynamic dc drojssuebemmes even more complicated when a single PTL is used to
serve multiple I/O drivers. If one PTL is used to support multiple 1/O drivers, the power
supply nodes of the drivers need to be tied together, which results in varying current
through the PTL basednothe data pattern. This affects the dc voltage level at the
common power supply node and the amplitude of the transmitted and received signal
waveforms. InFigure 7, a PTL is used to feed power to two I/O drivefbe power

supply node of each driver is connected to the same PTL. Since the output data of the two
drivers are independent of each other, there are three possible data patterns in terms of the
number of 1s, namely 00, 01/10, and 11. The three possitvibigations result in three
different amounts of current through the PTL, which leads to three different dc voltage
levels at the TxPwr node, and three different amplitudes of the waveform at the input and
output of the signal transmission lines (datal data2 tx, datal rx, and data2_rx).
Therefore, the PTdbased power distribution scheme needs to be modified to eliminate
the datastatedependent dc drop.
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Figure 7: Two I/O drivers sharing one PTL. (a) Schematic. (b) Waveform.

Also, an increase in the number of PCB traces should be addresseddiyglevnethod

to feed more than one driver with one PTL to relieve the line congestion on the signal
layer. Lastly, the power required to transimite bit of data should be optimized for the
PTL by using a new signaling scheme and by adjusting the impeddrtbe signaling
circuit. This leads to the next section of constant current Rillich alleviates these
problems.

3. Constant Current Power Transmission Line

3.A. Configuration

The Constant Current PTL (CCPTL) scheme resolves the two issues reldtedPoLt,
namely dynamic dc drop on the PDN caused by the source termination, and mismatch
effect between the PTL and the terminating resigt@-[19]. The varying ddrop shown

in Figure4 andFigure5 are due to the current flowing through the PTL aihlying the

high state of the output data. To maintain the dc voltage level constant, a current path is
required during the low state of the data. In the CCPTL scheme, #@omaldcurrent

path from power to ground is supplemented using a data pattern detector and dummy
path, as shown iRigure8(a). The data pattern detector detects the state of the input data.
It then determines wiiger 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 path
so as to induce the same amount of current during the low state as during the high state of
the data. It ca be implemented with transistors whose width and length are optimized to
yield the desired resistance. As a result, the dc voltage level at the power supply node



(TxPwr) of the driver stays constant regardless of the output data state, as shown in
Figure8(b). The dc drop due to the PE&rminating resistor can be compensated either
by reducing the turon impedance of the output driver or by increasing the supply
voltage. Then, the dc drop at the power supply nd@a®wr) does not reduce the eye
height of the transmitted/received signal. Between the two compensation methods, the
latter is used during measurements, which will be discussed in a later section.

The constant current through the PTL eliminates the tegedarging and discharging of

the PTL. It therefore keeps the PTL always charged so that the PTL behaves as a constant
load. As a constant load, the transmission line's response to applied voltage is resistive
rather than reactive, despite being compriparely of inductance and capacitan2@]]

which excludes the possibility of any impedance mismatch. Consequently, the mismatch
effect will not appear on the signal line even when there is an impedance mismatch in the
PTL. Even with a 20% impedance midetabetween the PTL and the termination, the dc
voltage level at the power supply node (TxPwr) and the amplitude of the signal at the
input and output of the signal transmission line (data_tx and data_rx) maintain the steady
state voltages, resulting inglsame waveform as Figure8(b).
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Figure 8: Single-ended signaling using CCPTL. (a) Schematic. (b) Waveform.

The application of the CCPTL scheme can be extended to support multiple 1/O drivers.
To feed power to multiple 1/O drivers with one CCPTL, a dataepattletector and
multiple dummy paths can be used. When the power supply nodes of multiple I/O drivers
are tied together, the amount of current through the PTL varies based on the data pattern.
Therefore, the number of dummy paths needs to be equal twthiger of possible data
patternsFigure9(a) shows the CCPTL scheme used fdnitzransmission.



|— data1_in
— data2_in

Dummy

|

|

|

|

|

|

|

Path 1 I
Data Pattern @ I
|

|

|

|

|

[

|

Detector

Dummy
Path 2

Power transmission line

Z=25Q Z=25Q TxPwr|
data_in

JI‘Vd(:l=2.5V

data2_tx Zo=50Q

data2_in

Transmitter

(@)

TxPwr
2.5

Receiver

Number of

I'ssl Number of 1's50

‘lx’ [ Number of 1's=2
¥

15
1.01
0.5

datal_tx
2.5

2.01
15

1
0.5

Input data

Data Pattern Detector

Detection

datal_in

data2_in

signal datal_in

0

0

0 . data2_in

0

1

1

0

1

1

datal_in —
data2_in — B

(b)

(€)
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Waveform.

Two bits give four different patterns, which a®8, 01, 10, and 11. In terms of the
number of high states, three patterns are possible, as indicated in the &glea®(b).

The maximum PDN current is drawn by the drivers when all the drivers are turned on
with all the output data being highhie no current flows when all the drivers are turned
off. The data pattern detector detects the number of tofiedtivers and enables the
corresponding dummy paths to carry current from the PDN. As a result, the total amount



of current drawn from the N by either the drivers or the dummy paths will be kept
constant regardless of the data patt&igure 9(c) shows the resulting waveforms; the
voltage at the power supply pin is constant at 1.5 V, and the adgditf the signals at
the input and output of the signal line are bot 1

The advantages of the CCPTL signaling scheme include reduction of layer counts and
elimination of decoupling capacitors for mitigating RPDs, which lead to lower cost. Also,
this shieme provides increased voltage and timing margins that enable the enhancement
of the channel data rate. However, potential disadvantages using the presented scheme
are increased power consumption and circuit area, which are associated with inducing
constat current in the power distribution network. If the PTL is being setewainated,

the dc drop due to the terminating resistance should then be compensated either by
reducing the turon impedance of the output driver or by increasing the power supply
level.

It is important to note that if the same concept is extended to differential signaling, most
of these limitations can be resolved because the two complementary signals in differential
signaling draw constant current from the PDN by constructionifferential signaling, a
natural dummy path is created in the process of transmitting a pair of complementary data
bits. However, it doubles the e¢hip PCB trace count and the I/O pin count. The focus

of this chapter is on improving signal integrity ingleended signaling, and therefore
includes only the simulation and measurement results of the G6&3dd singlended
signaling scheme.

3.B. Measurement Results

Two test vehicles (TVs) were designed and fabricated to demonstratedtteveffess fo

using PTL in terms of signal integrity improvememiwo test boards were custem
designed to incorporate two different PDNs, and arthafshelf chip was mounted on
each board. A pin QFNpackaged SiGe differential driver was used. For a differential
output pin pair, one output pin was connected to arBb long signal transmission line.

The signal transmission line was terminated inside the oscilloscope with 50 ohms. The
other output pin was directly connected to a 50 ohm resistor to function as a duthmy pa
outside the chip. During the high state of the output data, current flows along the signal
transmission line, while the dummy path draws the same amount of cduremg the

low state of the output datdherefore, constant current flows through theNPD both

the powefplanebased and PTbased TVs at all times. Although the povpdeinebased

PDN does not require a dummy path, the dummy path is still implemented to have all the
setup the same between the two TVs except for the PDN.

The top view of tk powerplanebased and the PFhased boalare shown irFigure

10. The width and length of the power and ground planes are 96.5 mm and 63.5 mm,
respectively. For the PFhased TV, a 25 ohm transmission line wasduas the PTL,

and a 25 ohm resistor was used as the sdero@nating resistor. The source termination

of the PTL is used to reduce the possibility of multiple reflections if the first reflection is
initiated by the impedance mismatch between the sigaaksmission line and load
terminating resistor. The ground plane serves as a reference conductor for the PTL as



well as for the signal transmission line. The only difference between the two TVs is the
method used to provide power to the driver.
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Figure 10: Top view of test vehicles. (a) Planbased test vehicle. (b) PTibased test vehicle

The stackup details of the test boards are showkigurell. Copper and FR4 are used

for the metal and dielectric layers. The conductivity of copper was assumed to be’ 5.8x10
S/m. The dielecic constant and loss tangent of FR4 were 4.6 and 0.025, respectively.
The powetplanebased board consists of 4 layers, which are sigoaiergroundsignal

layers. On the other hand, the Rbased board consists of 3 layers, which are
signal/powergroundsignal layers, having both signal and power transmission lines on
the top layer. It is important to note that in both boards, the signal transmission line and
other connections were placed on the top signal layer, while the bottom signal layer was
nearly empty with only a couple of lines connecting to control and power supply pins.
The lines placed on the bottom layer are also showdgime11.
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Figure 11: Side view of test vehicles. (a) Pladeased test vehicle. (b) PTibased test vehicle

In the powetplanebased TV, a cavitysiformed between the power and ground planes.
The resonant frequency of the structure can be calculated, based on the rectangular
waveguide formula defined by:

fmn

- [+ )

(1)



wherec is the speed of lighg andb are the width and length of the rectangular stregtur

m andn are the integers to represent the dominant mode numbetJ ande, are the
relative permittivity and the relative permeability of the substfa®. The first half
wavelength (&/2) resonance of the plane
frequencies are summarizedTiablel.

Table 1 Calculated resonant frequenées

w (mm) I (mm) m | n fo,(HZ)
1|0 7.2459E+08
0|1 1.1014E+09

96.5 63.5
210 1.4492E+09
2 |1 1.8202E+09

Sphinx R1], a multilayer finite difference method (WDM) [15] based electromagnetic
solver was used to model the two TVghe frequency domain and compare the insertion
losses of the signal transrsisn lines of the two TVs. Here, the insertion loss (IL) is
defined as IL=20-logi0|S1| dB, when Portl and Port2 are at the input and output of the
signal transmission line, using the same reference impedance of 50 ohms. Four ports
were defined for eachtrsicture, two for the signal line (Portl and Port2 at input and
output) and the other two for the PDN, as showrFigure 10 and Figure 11. The
reference used for all thegps was the ground plane.

The insertion losses of the signal transmission lines in the two TVs are compared in
Figure 12. The insertion loss of the PThased TV has a smooth negative slope with
2.77 dB insertiooss at 10 GHz. This behavior is expected of a microstrip line with the
main contributor to insertion loss being conductor and dielectric loss. On the other hand,
the insertion loss of the signal line in the poywEnebased TV has multiple resonances.
The first dip in the insertion loss appears at 750 MHz. This frequency corresponds to the

&/ 2 resonant frequency of the plane pair.

even more severe when the switching frequency of the 1/O driver coincidesheith t
cavity resonant frequency of the power/ground plane pair; the waveform suffers from
high insertion loss traveling along the signal transmission line. The rest of the dips shown
in Figure 12 are consistent with the resonant frequencies showralrhe 1. The reason

that the resonant frequencies of the signal line correspond to the cutoff frequencies of the
cavity modes is because Hwresonances are induced by the coupling between the signal
line and the PDN. Therefore, the transmission characteristic of the signal line suffers
from nonrmonotonic variation over frequency, which can create problems for signal
integrity. The resonancedso cause rapid increase in the insertion loss reaebiég dB

at 10 GHz.
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Figure 12 Insertion loss of signal transmission line with plandased PDN and PTl-based
PDN.

Figure 13 shows the test environment and measurementiseatlong with the port
locations fromFigure 10. Agilent 81133A was used to generate’d PRBS pattern at

the desired frequency. A supply voltage of ¥.@as used for the powgrianebasedlV,

while 3.98V was used for the PFhasedTV. Due to the source termitian 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 voltage, the dc drop should be compensated either by
reducing the turon impedance of the output driver or by iresi|g 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 Ay D .
Port 3 +—>¢ N Agilent 86100C
\ ) Port1 Port 2 DCA-)
Port 4
. — — J 2.6inch-long Iine\

Differential| Differential |—s— e ——— Oscilloscope

PRBS Driver
% 500hm

Figure 13: Tes environment.

The drivers of botiTVs were excitect 1500 Mbps.The fundamental frequency of the
1500Mbps PRBS pattern coincided with the resonant frequency of the signal line in the
planebasedTV. Eye diagrams were measured at the output of the transmissen |
(Port2) after the signal traveled a distancéé®fmmalong the transmission line, using
Agilent 86100C oscilloscopeTo maintain consistency, 10k samples were used to



construct the eye diagram. Two types of jitters were measured ti&ngscilloscope
namely the root mean square (RMS) jitter and the pegeak (pp) jitter. The RMS

jitter utilizes all the 10k samples for calculation. Assuming that the mean is 0, the RMS
jitter quantifies the standard deviation of the jitter distribution. This nurigb@nore
meaningful compared to thejitter thatis the distance between the two farthest data
points. However, since the jitter is mainly caused by power supply noise, its distribution
can be norGaussian. In such a case, thp ptter is more usefulHence, both jitters are
presented.

Figure14(a) and p) are the eye diagrants a 1500 Mbps PRBS at the receiver Sule
the powetplanebased and PTbasd TVs, respectivelyThe output of the signal
generator hevan initial pp jitter of 19.1psec. The {p jitter increases to 3psec in the
powerplanebasedlV, while it increases to 27psec in the PBasedlV. The difference
between the {p jitters in the twal'Vs is 9psec, which is a reduction of 25% for thelPT
basedlV. Theeye height is ~46&1V in the powetplanebasedl'V, and ~523nV in the
PTL-basedrl'V, which shows an improvement of 13.0%.

(@) (b)

Figure 14: Measured eye diagrams of the received 1500Mbps PRBS. (a) Povpdaine-based
TV. (b) PTL-based TV.

When 3.98V was used as the supply voltage for the BBElsedTV, the dc voltage level

at the power supply pirof the chip equaled 2.498, which matches the supply voltage
provided to the device in the powglanebasedTV. The increased voltage level for the
PTL-basedTV raises the power consumption as compared to the -pEsedTV. As

3.98V is 59.2% larger than 2.9, the power consumption is 59.2% higher. Here, the
amount of current drawn from the PDN is the same in B&k so as to result in the
same eye height at the load end in idealistic situations. Thus, the additional power
consumptbon comes from the increase in the power supply voltage level.

The power consumption issue can be resolved by reducing thertumpedance of the

I/O driver by custordesigning the CCPTL scheme, or by eliminating the source
termination of the PTL. Unlegke turron impedance of the 1/0O 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-plsegITV, which leads

to the increased pav consumption. Since the souteemination 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
transmis®n line.

In Figure 15, the received eye diagram of the PBasedTV without the source
termination is compared to that of the powanebasedTV. Without the source
terminating resistor, no compensation for tleedrop across the PTL is required so that
2.5V is used as the supply voltage in the P@dsedTV as well asn the planebased
TV. Thus, the same amount of power is consumed in D@t The difference between
the pp jitters in the twoTVs is 9psec, vhich is a reduction of 25% for the PHased
TV. Theeye height is ~46&V in the poweiplanebasedTV, and ~546nV in the PTL
basedl'V, which shows an improvement of 17.9%.

(@) (b)

Figure 15 Measured eye diagrams of the redeed 1500Mbps PRBS. (a) Poweplane-based
TV. (b) PTL -based TV without source termination.



4. Pseudo Balanced Power Transmission Line

4.A. Conf iguration

The CCPTL 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 whégining the merits of using constecurrent,

the pseuddbalanced PTL (PBPTL) scheme has been propose@Zjp The PBPTL
scheme addresses tR&L-associatedssues with lower power penalty than the CCPTL
scheme by encoding the original information

In the conventional balanced signaliregheme, encoding is performed prior to data
transmissionN bits of data are mapped ont+log:N) bits or less to provide™2data
patterns with an equal number of 1s and Os at all times [5]. According to [6], the length of

extra bits required for balancedo d i ng i s ap p Nelxfor Nhaittdatd.Tiis ( 0. 5 A1 o

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 currat is maintained constardj/dt can be minimized, and therefore SSN
can be reduced [7][8].

To transmit 4bit information, 6bit symbols with three 1s and three Os are requived
maintain an equal number of 1s and Os in the encoded data Wuosdresultsn 50%
overhead in terms of offhip PCB trace and I/O pin count. The disparity between the
counts of 1s and Os is fixed at zero. To reduce such overhead, the psdaniced
signaling scheme employs two types of disparity between the counts of 1s E@&#]. Os
Let M be the length of the encoded data word, which is psbatimced.M is
determined to satisfy the following equation:

(;ﬂ) -I—(MM! ) =2V, if M is even
) (F-1)
M! M! @

_I_
M-1 M—-1

(=) =)
In the conventional balanced signaling scheme, only the first term in the left hand side
has been used to determivie while the two terms are included in the proposed scheme.
If the minimumM to satisfy the equation is an even number, the difference between the
counts of 1s and Os iNl-bit pseudebalanced data word becomes either 0 or 1. If the
minimum M is an odd numbethe difference between the counts of 1s and Os becomes

either 1 or 2. By including two types of disparity, fewer extra data bits are required to
cover2 datawords as compared to using only one type.

= 2N if Mis odd

For example, when the original data word consists @itgd (N=4), the conventional
balanced coding scheme requires at least two additional bits, which MakedJsing
the pseuddralanced coding scheme, equation (2) is satisfied Witth. Thus, the



encoded string becomesbi long, which is less than theqgered length for the balanced

data word. The it pseudebalanced data word can be categorized into two types; the
counts of 1s and Os are either (2,3) or (3,2). To maintain the total driving current constant,
the counts of 1s and Os need to be maintaamastant. 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 1, while it becomes 0 in the other case. As a result, the counts of 1s and 0Os
become (3,3) at all times. By addithe balancing bit, two types of disparity are reduced

to one, inducing the encoded data word to become balanced. The balancing bit is not
transmitted, but terminated at the transmitter after serving as a parity bit. On¢yese
transmitted and arrivat the receiver, in which the number of 1s is either 2 or 3. Tie 5
symbol provides enough patterns to uniquely encode the origimairformation and to
recover it at the receiver.

4.B. Measurement Results

Two test vehicles (T\Jsare fabricatedwhich are the poweplanebased TV and the
PTL-based TV. The top view of the T\W&shownin Figurel6.
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Figure 16: Top views of the test vehicles. (a) Powgilane-based TV. (b) PTL-based TV.
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For the poweplanebased TV, a pair 0237 mmby 52 mm planes with0.7 mmFR4
dielectrics is used for power and ground planes. For the-lfa8ed TV, a 25hm
transmission line is used to feed power to the drivers. -fi20rSSOPpackaged octal
driver is mounted on each board. Only 6 drivers are used for this experiment. Each is
connectedo a203mm long signal transmission line. The signal transmission lines are
both seriesand parallekerminated. A series termination of 26Bm is used to limit the
amount of current through the I/O driver and thus reduce the current load of the driver
Then, each signal transmission line is terminated by a0 load through an SMA



connector, AOLEF decoupling capacitor is placed
the device to respond to the sudden surge of current during transitions in both TVs. The
stackup details of the test boards #ine same as shown kigurell.

The effectiveness of the PBPTL was demonstrated using three TVs: a conventional
powerplanebased TV (TV1); a PTibased TV, in which the PTL is directly connected
to the voltage source without termination (TV2); and a#®aked TV, in whih the PTL

is sourceterminated TV2'). The test environment is shown kigure 17. An automatic
test equipment (ATE) system was used to propiol@er and ground supply voltages and
input data patterng@s shown irFigure17(a). The power supply voltage was 5V, and the
target data rate was 300 Mbgsach driver was connected to283-mm long channel
through a series termination of 26Bmto limit the amount of current thragi the driver
and channelEye diagrams were measured at the output of*tH203-mm long channel,
using Agilent 86100C oscilloscope. The other channels weretésadnated by 50
ohms. Figure17(b) shows the acal test setup in the lab.

Automatic Test Equipment

I
Sgnal |
: Generator POW\? ' S\lljpply |
DD Vss I

\

Port ]-__:I:”# __
Port 2—» Decap 0.1uF
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6 Sngle- MV e termination
+ Er:ezgs J\/\/\,-_r- Agilent 86100C
6bit encoded AAN - (oo reminetio]

data Port 10
. . /\ 500hm
Seriestermination

(a) (b)
Figure 17: Test environment. (a) Block diagram. (b) Actual setup.

First, the noise characteristics of the output wavefarexompared between TV1 and
TV2 in Figure 18. In TV1, excessive ringing occurs, which is excited mthbthe
negativeand positive transitions of the output data, as showrigare 18(a). When a
decoupling capacitor is added between the power and ground planes, the ESL of the
decoupling capacitor is in paralleitiv the plane capacitance and the tamimpedance

of the driver, which forms a parallel RLC circuit. The power supply becomes an-under
damped circuit, causing ringing and noise peakR8j.[The peakto-peak value of the
ringing is 368mV. Moreover, thedecoupling capacitor provides a current path at the
RPD location in TV1 so that the impact of the ESL on the waveform is manifested. The
ringing continues to about 30 nseefore it is damped. The ringing on the waveform of
TV2 is less severe, as showigure18(b). Using PTL, a closed current loop is achieved
without the decoupling capacitor. Thus, the role of the decoupling capacitor is more of a
charge reservoir responding to the sudden surge of charge duridgtéhansitions in

TV2, which lessen the impact of the ESL. Without a plane cavity, the power supply of
TV2 becomes a series RLC circuit with a larger damping factor when combined with the
decoupling capacitor, the tuon impedance of the driver, andethseries/parallel

bet



terminations of the signal line. As a result, the peageak value of the ringing is 206
mV, which is 44% smaller than that of TV1. The damping is achieved faster (leskthan
nsec). The high impedance of the transmission line alstrilwotes to the damping so
that the waveform reaches the steady state faster.

368mV § 200mv 206mV 4 200mv
\ Wt‘“—: e :*_—sz‘__ﬁ__ -— |

<>
3.34ns

~Histogram .5\
mean 41.67613 ns  median 41.65632 ns Al
std dev 6fi.44 ps hits 502 hits Wind

() (b)
Figure 18: Noise characteristic with R=2000hm. (a) Planébased TV (b) PTL-based TV

mean 41.68553 ns  median 41.70575 ns
std dev 55.54 ps hits 503 hits
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Figure 19 shows the eye diagrams of PRBS data and balanced data, which are measured
at the output of the™channel on TV1, TV2, and TV2'. The signal has travelled a
distance 0f203 mmalong the transmission line to reach the output of the line. To
maintain consistency, 1k samplesre used to construct éheye diagrams, and 8k
samples wee used to measure tpep jitter. First, the eye diagrams of PRBS data versus
balanced data are compared for T\Fig(re 19a) vs.Figure 19(b)). The period of the

input data is approximatelyne quarter of the period of the ringing so that the eye
diagram of TV1 is deformed by the positive overshoot in both cases. As the input data
become balanced, the transitions and fluctuations are better controlled with less variation
and more regularity sthat the quality of the eye diagram improves. Nevertheless, the
difference between the- jitters is 15 psec, which is a reduction of 2% for TV1. The
guantitative improvement is minimal due to the unresolved RPD effect. The balanced
data stabilizes theotal driving current to reduce the switching noise, but the RPD sitill
causes theoltage fluctuations between the power and ground planes, which are coupled
to the signal being transmitted [10]. Next, the eye diagram of the PRBS data is compared
between T\ and TV2 Figure19(a) vs.Figure19(c)). The pp jitter of TV1 is 707pseq

while that of TV2 is 643%s¢ which is a reduction of 9.1% by replacing the power plane
with a PTL. Also, the improved shape of the eye diagram demonstrates the effectiveness
of the PTL in removing the RPDs and thus reducing the power supply noise.

As the balanced signaling scheme is applied to TV2, {hgitper becomes 537.8 psec, as
shown inFigure 19(d), which is an improvement of 22.2% as compared to TV1. For
TV2, the pp jitter is reduced by 16.4% by using the balanced data instead of the PRBS
data. The eye diagrams of TV2', which has a 25 ohm metion at the source end of the
PTL, are shown ifrigure 19(e) andFigure 19(f). When the PRBS data are used as input
data, the eye diagram of TV2' shows the improvedr jipierformance as compared to
TV2. Since the source termination prevents multiple reflections on the PTL, the-source
terminated PTL outperforms the terminated PTL. However, increased supply voltage



level is requiredo compensate for thdc drop acrosshie termination. In this experiment,

the source termination results in a power penalty of 53%. When the balanced data
applied toTVZ2', the pp jitter become$56 psec which is a degradation of 3fec as
compared to that of TV2. Once the balanced datauged to induce constant current
through the PTL, the source termination is not so effective in improving the waveform,
but may cause a reverse effect. Since the multipleiglaiat fully synchronized, current
fluctuations are inevitable during the datansitions. During the transitions, the source
termination may induce the current fluctuations and produce negative results. Within
TV2', the pp jitter is reduced by 10.5% by using the balanced data.

Figure 19 Receved waveforms. (a) TV1 using PRBS data. (b) TV1 using balanced data.
TV2 using PRBS data. (d) TV2 using balanced data. (8V2' using PRBS data. (TV2'
using balanced data.



