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Declaration of Liliana Nuñez

re Stauffer et al., High Speed Serdes Devices and Applications

I, Liliana Nuñez, being at least eighteen (18) years of age and of sound mind,

declare as follows:

1. My name is Liliana Nuñez.  I am a research specialist in the Research

& Intelligence department at Sheppard, Mullin, Richter & Hampton, LLP. My 

duties include researching, locating, and acquiring documents and references from 

libraries and other repositories.  I have been employed with Sheppard Mullin in a 

similar capacity since 2017 I have personal knowledge of the facts in this 

declaration.

2. On April 25, 2025, I went on Amazon.com and ordered a softcover

copy of the book 

published by Springer Science+Business Media, LLC in 2009, with the ISBN 978-

1-4419-4641-6. Attachment A to this declaration is a printout of the Amazon.com

link from which I submitted the purchase order.

3. Upon delivery, the book was sealed and complete, containing all

pages, front and back matter, and intact binding. Since its delivery, the book has 

been held in the continuous possession of Sheppard, Mullin, Richter & Hampton 

LLP.

4. This book is maintained in our files and is available for inspection in

this proceeding by counsel and the Board.

5. I have examined the physical book in Sheppard Mullin

and confirm that Attachment B to this declaration is a true and correct copy of the 

cover pages, the copyright information page, the table of content and pages 1-26, 

41-53, 58-59, 67, 70-71, 116-118, 165-68, 197-201, 213-216, 350, 353, 363, 372-

373 of the book. The pages were scanned directly from the copy held by Sheppard 
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Mullin, using the xerox machines in our Silicon Valley office, without alteration, 

redaction, or substitution. 

6. I am submitting this declaration in support of Marvell for

Inter Partes Review in this proceeding. 

Pursuant to Section 1746 of Title 28 of the United States Code, I hereby 

declare that all statements made herein of my own knowledge are true, that all

statements made herein on information and belief are believed to be true, and that 

these statements were made with the knowledge that willful false statements and 

the like so made are punishable by fine or imprisonment, or both, under Section 

1001 of Title 18 of the United States Code.

Executed on

By: 

Liliana Nuñez

Marvell Semiconductor, Inc. - Ex. 1016, Page 000002

's Petition 

July 28th, 2025. 

/Vuiu;_, I~ 
iana Nufiez O' 
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Chapter 1 
Serdes Concepts 

This chapter describes basic methods of transferring data from one chip to 
another chip, e ither on the same circu it board or across a cable or backplane to 
another c ircuit board. A fter reading this chapter, the reader should have a bas ic 
understanding of the rationale for using high-s peed serializer/deseria lizer 
(Serdes) devices, and the inherent problems introduced by the high-speed 
operation of such devices. 

1.1 The Parallel Data Bus 
The s implest method uf ua nsforring data through the inputs or outputs of a 

si licon chip is to directly connect the datapath from one chip to the next chip (see 
Fig. I. I ). Since data often consists of more than one bit of information, the datapath 
is more than one-bit wide. In the figure, an n-bit datapath inside Chip #1 is driven 
through chip outputs, across an n bit interconnect, through inputs of Chip #2, to an 
11-bit datapath inside the receiving chip. Synchronous data is transferred between 
the two chips since both chips are clocked by the same clock source. 

There are two inherent problems of tht: parnllel data bus shown in Fig. 1.1. The 
first problem is that n input/output (I/0) pins are required on each chip to transfer 
the data. At one point in histrny th is was acceptable. However. Moore's Law has 
driven substantial increases in the number of c ircuits that can be manufactured on 
a chip compared to a few decades ago. The pin densities of chip packaging 
technologies l1ave not increased at the same pace as silicon density. Therefore, 1/0 
pins are substantially more expensive than silicon circuits. and dedicating 11 1/0 
pins for the above data bus is not acceptable for most chip applications. 

The second inherent problem involves meeting timing requirements. The 
data is launched synchronously by Chip #1 and is captured synchronous ly in 
Chip #2 using the same clock. The data at the inputs of Chip #2 must meet 
setup and hold times relative to the clock input of the chip. These setup and 
ho ld times must be calculated with sufficient margin to a llow for differences 
in delay of the clock distribution path to t he two chips, and through the chips 
to the launch and c<1pture flip-flops. Delays may vary based on chip process, 
voltage, and tem peniture (PVT) conditions, and margin 11111st be added to 
account for worst case variations. For higher clock frequencies, it may be 
necessary to use phase-locked loops (PLLs) in the chips lo adjust the clock 
phase in order to compensate for the clock distribution delay within the chip 
and adapt to changing process. voltage, and temperature condi tions. If the 
clock frequency is high enough, ii will not be possible to bui ld a system that 
wi ll reliably transfer the data across this data bus. 

D. R. Staut1er et al.. liigh Speed Sade.1 Devices and Applicatio11s. 
© Springer 2008 
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Clock ___ ~ --------- --- --~ 
Source 

Chip 
# I 

Fig. I. I Parallel data bus between two chips 
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1.2 Source Synchronous Interfaces 

ll 

Chip 
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The two problems w ith the rarallel data bus in Sect. 1.1 can be el iminated 
with the modifications to the system which are discussed in th is section. These 
approaches are extensions of the parallel data bus. The parallel data bus and all 
of the extensions described in this sect ion are considered to be source 
s:vnchronous interface architectures. Such architectures include any interface 
where a clock input exists that can be used to capture the received data. This 
may be either a reference c lock used by both the transmitting and receiving 
chip or the transmitting ch ip drives a c lock to the receiving chip. In either case. 
clock recovery circuits are not required for source synchronous interfaces. 

1.2.1 Reducing tlte Number of 110 Pills 
The fi rst issue to be addressed is reducing the number of 1/0 pins required 

to transfer the data between the chips. This is accomplished by multiplexing 
then bits of data at the output of Chip #1 onto k bits of interconnect ( k < n ), 
and then demultiplexing the k bits of interconnect at the input of Chip #2 onto 
an n bit internal datapath. This is shown in Fig. 1.2. The resu lting system only 
requ ires k l /0 pins on each chip rather than the II pins prev iously required . 

Clock ___ ~--------------~ 
Source 

Chip 
# I 

I; 

Fig. 1.2 Serial izing the data to reduce pin counts 

Chip 
/12 
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Of course, whi le the pin count re.quirements have been reduced by the ratio 
of k : 11. the required frequency of the reference clock has increased by the 
inverse of this ratio. System designers generally do not I ike to distribute high­
speed reference clocks w ithin the system due to noise, electromagnetic 
interference (EMI). and power dissipation concerns. Often, a lower rrequen1,;y 
clock is distributed, and PLLs in the chips are used lo multiply this reference 
clock to a usable frequency. Variability of the phase of the resulting c lock, 
along w ith the higher frequency of data transfer, tends to exacerbate the timing 
issues of the paral lel data bus approach. 

J.2.2 Clock Forwarding 
1 n Fig. 1.3, a high-speed c lock has been added to the datapath between the 

two chips. This clock source is assumed to supply a clock frequency somewhat 
lower than the frequency required to c lock the data fl ip-flops on the chip 
interconnect. PLLs are used in each chip to generate clocks ata multiple of this 
frequency. The resulting clocks arc used to launch and capture data in the 
respective chips. The output clock of the PLL in Chip # I, which is used to 
launch the data from this chip, is also an output of this chip. This clock is used 
by Chip #2 to capture the data. This approach is cal led clockforwardi11g. 

The advantage of this approach is that the high-speed clock used to launch 
the data at Chip #1 is avai lable to Chip #2 as a reference to capture the data. 
Any variations in delays through clock distribution network driving the two 
chips does not need to be taken into account in l iming analysis. Only delay 
varia1 ions between the clock path and the data bits are relevant. Variations 
bet ween these paths due to process. vol tage. and temperature track each other 
to some extent. The result is that timing analysis of the interface requires less 
margin and setup and hold times are therefore easier to meet. 

So far we have not made any distinction or recommendations regard ing the 
frequency of the high-speed clock relative to the bit rate of the interface. In 
gent'ral, the high-spet:d clock shown in the figure could be single data rate 
(SOR) or double data rate (DOR) (Fig. I .4). The receiv ing chip captures data on 
every rising (or every fa lling) edge of an SOR clock; while the receiv ing chip 
captures data on every edge (both ri sing and falling edges) of a DOR clock. 

Clock ___ ~ -----------------, 
Source 

Chip 
#I 

k 

hi ,h s eed clock 

Fig. 1.3 High-speed clock forwarded wi th the data 

Chip 
#2 
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SOR Clock 

DDRClo~ 

Fig. 1.4 Single data rate and double data rate clocks 

The advantage of DOR clocks over SOR clocks lies in the bandwidth 
requirements for the corresponding 1/0 drivers and receivers. An 1/0 cell being 
used at a bit rate of b Mbits per second requires a bandwidth suffic ient to 
transmit a 101010 ... data pattern. This corresponds to a frequency spectrum 
with an upper fundamental frequency limit of b/2 MHz. The coJTesponding 
frequency of an SOR clock is b MHz, twice the spectral limit of the data. 
However, the frequency of a DOR clock for the same interface is only b/2 
MHz, consistent with the freq uency spectrum of the data. Therefore, the same 
1/0 drivers and receivers can be used to drive and receive both the data and the 
DOR clock. 

Regardless of whether the high-speed clock is a SDR or a DDR clock, the 
receiving chip uses this clock to directly capture the data. This chip also uses 
the reference clock to generate an internal system clock at the same frequency. 
These c locks are mesochronous. While the frequency is the same (given that 
they share a common frequency reference). the phase relationship between the 
clocks is unknown and may vary due to PVT variations. Therefore, the 
receiving chip usually retimes the received data from the interface clock 
domain to the c lock domain of the internal chip clock. FIFOs are used to 
perform this retiming function. It is desirable to minimize the number of flip­
flops being clocked by the interface clock in order to min imize de lay in the 
clock distribution network; otherwise tim ing issues wi ll be exacerbated. 

1.2.3 Higher Speed Source Synchronous Interfaces 
The window oftime during wh ich data bits can be assumed to be valid is 

called the eye. This name originates from the shape of the waveform when the 
data s ignal is monitored on an oscilloscope that is continuously triggered. An 
example of a serial data eye is shown in Fig. I .Sa. Eye closure results from 
process, voltage, and temperature effects, as well as differences between signal 
rise and fall times, slew rates, etc. The more the eye is closed, the more difficult 
it is to find a point at which the signal can be reliability sampled to receive the 
data. The serial data eye shown in Fig. I .Sb is completely closed. 

The largest possible eye opening is desirable. The width and height of an 
open eye can be measured as shown in Fig. I .Sc. The expected bit error rate 
(BER) of the link directly correlates to the amount of eye opening (both width 
and height). This section briefly describes some approaches to minimize eye 
closure of the data s ignal. Eye waveforms are discussed further in later chapters. 
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(c) Measuring the Eye Opening 

Fig. 1.5 Example of a serial data eye 

1.2.3.J Differential Signals 

Unequal signal rise and fa ll times of nondifferentia l s ignals contribute to 
eye c losure. Signals switching on the chip also create current variations on the 
power distribution grid of the chip. which in turn cause variations in voltage 
drop (no ise) that can cause variation in delays of surroundi ng c ircuits. One 
method of reducing the effects of these phenomenon on the eye width is to 
drive d ifferential signals be tween chips. 

Differential signals represent the data bit using two electrical signa ls (true 
and co111p le111e111 signals). A logic --o" is represented by the true signal driven 
to its lower voltage limit, and the co111ple111e111 signal driven to its upper voltage 
I im it; a logic -- I'' is represented by the true signal driven to its upper voltage 
limit, and the complement signal driven to its lower voltage limit. A differential 
receiver device interprets the logic bit value based on the difference between 
the two s ignals, and not based on the level of either signal individually. 
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Fig. 1.6 Multiple sets of data with separate high-speed clocks 

Chip 
#2 

Differential driver c ircuits tend to have linear current draw and generate 
less noise on the power supply than equivalent single-ended drivers. Most 
noise sources induce voltage variation equally on both the true and comple­
ment signals; such common mode noise is ignored by the receiver. A lso, since 
one leg of the differential signal is rising whi le the other is fa lling, or v ice 
versa. unequal rise and fal l time effects cancel. 

The drawback of differential signals is that two chip pins are required for 
each data bit. However. th is is offset by the higbcr speeds possible with 
difforential signals thl'lt are not possible with single-ended signals. 

1.2.3.2 Multiple Interface Clocks 

The interface clock in Fig. 1 .3 is the same clock as is used to launch the data, 
and in genera I is driven from a point in the clock d istribution network as close to 
the actual fl ip-flops that launch the data as possible. Phase variation is introduced 
by any circuits which are not common to botJ1 the data path and clock path. 
Silicon process variables do vary from circuit to circuit on the same chip. the 
power distribution network may have unequal voltage drops to different circuits 
which 11111y v11ry b11sed on switd1ing cu1Tents, 11nd the temperanire may Vll l)' from 
point to point on the chip. Tolerances and lim its for all of these parameters must 
be taken into account when calculating delays, setup times, and hold times 
necessa1y for correct capture of the receivecl data. At higher bit/baud rates, these 
parameters may sign ificantly reduce the eye opening, and become the dominant 
mechanism for limiling lhe speed oflhe interface. 

To maximize the eye w idth, the path through the clock tree to each of the 
data flip-flops and to the clock output should share as many circuits as possible. 
and the output driver for the clock should be similar to the output drivers for 
the data. Ideally, the same c lock bufler should dri ve the clock to the output 
driver and shou ld dri ve the clock input to all of the data fl ip-flops. The larger 
lhe number of bits in the data bus, the more tl ifficult lhis becomes lo 
implement. 1/0 drivers must be physica I ly d islribuled based on the groundru les 
for connections to package pins. The greater the distance between ci rcuits. the 
more process, voltage, and temperanire variation, and the more c ircuits in the 
c lock distribution network which cannol be shared due to lack of proximity. 
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data ---~----1 

data out 

Fig. 1.7 Adapting the sampling clock phase in the receiver 

One technique used to improve eye w idth is to limit the number of data bits 
associated w ith a given interface clock line. Wider data busses are built by 
using mult iple interface clocks, each clock associated w ith a subset of the data 
bits. An example of this is shown in Fig. 1.6, where the k bit interconnect has 
been subdivided into two groups. each with its own high-speed interface clock. 
Note that the receiv ing chip must capture each group of data bits in separate 
c lm~k domains, and needs lo retime this data lo the common clock domain 
internal to the chip. 

1.2.3.3 Sample Edge Adaptation 

A nother technique used to permit higher speed operation of source 
synchronous interfaces is to process the data signal at the receiver and adapt 
the sampling phase of the c lock on a per-bit basis. Th is is done by connecting 
the received interface clock signal to the input ofa multitap delay line. and 
capturing the data signal in multiple flip-flops clocked by different clock 
phases. Logic can then be used to determ ine the clock phases between which 
data transitions are occurring, and select the optimal clock phase to be used to 
capture the data. This scheme is shown in Fig. 1.7. 

Schemes, such as shown in Fig. 1. 7, may require a training pattern either 
upon initialization of the interface or at regular intervals. If a training pattern 
is used, phase selections remain static between training periods. More complex 
implementations adjust dynamically hased on the received data or based 0 11 

training patterns embedded in the data stream. A lternative archi tectures which 
apply the data to d1e delay line are also possib le. Note, however, that an 
inherent characteristic of most of these schemes is that the phase adjustment is 
less than plus/minus one bit t ime, and there must be a sufficient eye opening 
such that an optimal sampling phase exists. 

G iven the advanced schemes discussed above, data rates for source 
synchronous interfaces can be extended to severa l Gigabits per second (Gbps) 
per interconnect bit. However, PVT variations make further increases in 
interface speeds prohibitively complex. Beyond these speeds. High-Speed 
Serdes devices that extract the clock from edge transitions in the data stream 
become the preferred solution. 
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Fig. 1.8 Basic block diagram of typical high-speed serdes 

1.3 High-Speed Serdes 
High-Speed Serializer/Deserial izer (HSS) devices are the dominant 

implementation ofl/O interfaces at speeds of2.5Gbps and higher. Such 
devices are d ifferentiated from source-synchronous interfaces in that the 
receiver dev ice contains a clock and data recovery (CDR) ci rcuit which 
dynamical ly detennines the optimal sampling point of the data signal based 
upon the transition edges of the signal. In orher words, clock information is 
extracted directly from the data rather than rely ing on a separate clock. 

Figure 1.8 i l lustrates the basic block diagram of the transmit and receive 
channels ofan HSS device. The transmitter serial izes parallel data, equal izes it 
for reasons that wi ll be explained shortly, and then drives the serial data onto a 
differential signal pair of interconnect w ires. Feed forward equalizers (FFE) 
are commonly used in High-Speed Serdes dev ices, as discussed in Sect. 1.3.2. 
The receiver consists ofa differential receiver, a CDR circuit which may also 
integrate an equalizer, and deserializes the data based upon the sample point 
established by the CDR. Peaking amplifiers and/or dec ision feedback 
equalizers (DFE) are commonly used for equalization in High-Spee.cl Serdes 
receiver devices. 

Note that Serdes cores are often designed to group multiple transmit and/or 
receive channels into a single device. The individual channels generally 
operate independently. Grouping channels al low some circuits to be shared 
across channels (for example the PLL noted below), and therefore the resulting 
block is more efficient in terms of chip area, cost. and power. 

Serdes cores w hich contain only transmit or only receive channels are 
called simplex cores; Serdes cores which contain both transmit and receive 
channels are called_ti,/l duplex cores. Note that the term inology " fu l l duplex'' 
does not imply that the electrical interface is bidirectional. Any given electrical 
interconnect channel has a fixed direction of data transmission. If a protocol 
application requires ·'full duplex" communication. then independent transmit 
and receive channels wi th independent interconnections are used to implement 
the interface. Rationale for using simplex vs. fu l l duplex cores may include 
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( I) chip floorplan tom inimize wiring crossings in the package design or circuit 
board design; (2) signa l integrity concerns due to near-end crosstalk from 
transmit signals onto receive signals; (3) or applications where the number of 
transmit and receive channels is not equal. 

The remainder of this section generically describes various c ircuits 
mentioned above in more detail, as well as providing generic descriptions of 
othe r circuits and functions commonly found in High-Speed Serdes cores. 

1.3.1 Serializer/Deserializer Blocks 
Conceptua lly, the input to the seria lizer transmit stage is an 11-bit datapath 

which is seria lized to a one-bit seria l data s igna l for application to the FFE and 
Driver stages. Generally the value ofn is a multiple of 8 or I 0, and may be 
programmable on some implementations. Values ofn which are multiples of8 
are useful for sending unencoded and/or scrambled data bytes; values of 11 

which are multiples of IO are useful for protocols which use 8B/l OB cod ing, 
as discussed further in Sect. 4.2.2. 1. (The 8B/J OB encoder is generally 
implemented by logic outside the Serdes core.) 

For simplicity, the block diagram in Fig. 1.8 i llustrates the serializer 
feed ing one-bit data into the transm it eq ua lization block. Actual 
implementations may vaiy, and this datapath may be one or more bits wide. A 
wider datapath through the equalizer block results in a more complex design, 
but requires a lower operating freque ncy. Some implementations may initially 
multiplex then-bit input to an m-bit datapath ( m < n ) prior to the equa lizer, 
and perform the remainder of the serialization at the driver stage. 

The serializer stage latches data on the 11-bit input at the frequency of 
baud rate/n. The high-speed c lock in the Serdes is divided down to generate a 
sample clock for the parallel data. Because the phase of this clock is 
determined by the internal state of the serializer, the Serdes channel generally 
provides this c lock as an output for use by logic driving data to the transmit 
channel. 

Conceptua lly. the deserializer receive block performs the inverse function 
of the serializer block. Seria l data is deserialized onto an n-bit databus of 
sim ilar w idth to the seria lizer. A sample clock is generated by dividing down 
the internal high-speed clock, and this clock is supplied as an output for use by 
logic latching the parallel data. In a similar manner to the serializer. actual 
implementations may perform partial deserialization in a prior stage. 

Many Serdes rece ivers also include a feature to assist with data a lignment 
of the output. Most applications organize data into bytes or words (groups of 
bytes). For SB/I OB e ncoded applications, data is organized into I 0-bit encoded 
symbols. The initialization o f the clock divider in the deserializer is arbitrary, 
and the data received on the parallel data bus will have an arbitrary alignment 
that is unlike ly to match the byte or symbo l boundaries of the protocol. This 
can be corrected by downstream logic to steer data onto the appropriate byte, 
symbo l, or word boundary. Alternatively, many Serdes receivers provide an 
input which forces the deserializer to "slip'' one bit. Downstream logic detects 
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that data is not aligned to the appropriate boundary, and repeatedly 
pulses the deserializer control until the data "slips" to the desired 
a lignment. 

1.3.2 Equalizers 
The interconnect between the transmitter and receiver device (known as the 

chan11el ) acts as a filter at typical baud rates, and disto1ts the seria l data signa l 
to va1ying extents. Figure 1.9 illustrates this distortion: The input waveform is 
a clean digital signal, but the output waveform is s ignificantly distorted. The 
illustrated frequency response function for the channel is characteristic of a 
low-pass fil ter. S ignal d istortion occurs because the signal baud rate is above 
the cut-off frequency for this filter. 

Signal integrity concerns frequently dictate that the data s ignal be equalized 
at the transmitter and/or receiver in order to counter the effects of the channe l 
and decode the signal properly. Many variations on fi lter architectures are 
possible, all of which accomplish this. Fig. 1. lO illustrates the addition of an 
equalizer at the transmitter with a transfer function that is roughly the inverse 
of the channel's frequency response. This equa lizer distorts the signal at the 
transm itter o utput such that the resulting s ignal at the receiver input is a clean 
waveform. 

Most Serdes transmitter implementations include a FFE. The block 
diagram for a three-tap FFE is shown in Fig. 1.1 1. The serial data signal is 
delayed by several flip-fl ops which implement the taps for the fi lter. Each tap 
is multiplied by a tap weight value (also called a filter coefficient), and the 
results are summed and driven to the seria l data output. FFE operation is 
described fwther in Sect. 3.2. 1. 

The number ofFFE taps on the filte r, the spacing of these taps relative to 
the baud rate. and the granularity of these tap weight values vary based on 
implementation. The terminology preemphasis or deemphasis refer to the FFE 
architecture, and indicate whether the data s ignal amplitude is increased or 
decreased as compared to the nonemphasized value by the FFE tap. The 
term inology precursor taps and postcursor taps refer to whether the FFE filter 
taps operate on an advanced or delayed signal (respectively) relative to the 
t = 0 tap. Baud-::.pacedtaps are defined as taps where the de lay from one filter 
tap to the adjacent tap is one-bit time interval: fractiona l spacing of the taps is 
a lso possible. 

The FFE tap weights are selected to generate a filter with the inverse 
transfer function of the channel transfer function. Various algorithms 
exist for determining optimal FFE coefficient va lues: some select filter 
coefficients to maximize s ignal amplitude at the receiver. while others 
optimize eye w idth (i.e., minimizing j itter). More complex a lgorithms may 
search for an optimal trade-off between amplitude and jitter in order to 
optimize a more complex parameter (such as projected BER). FFE tap weights 
are determined for many applications by design and coded as fixed values 
within system software, however, there a re some applications where FFE tap 
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weights are adjusted dynam ical ly by lhe protocol based on signal 
characteristics at the receiver. 
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Fig. 1.9 Signal distortion for a typical channel application 
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Fig. 1.12 Typical channel appl ication with equalization at the receiver 
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Fig. 1.15 V irtual eye after equal ization 

Equalization may also be pe1formed at the receiver as illustrated in 
Fig. 1.12. Despite the signal distortion at the input of the receiver. this 
equalizer corrects for the distortion and produces a clean waveform. For lower 
speed or lower loss links, the most prevalent approach is to use some variant 
ofa peaking amplifier. Peaking amplifier circuits amplify the higher frequency 
signal components more than the lower frequency components. I f the peaking 
amount is matched to the high frequency loss (difference between high 
frequency and low frequency), then the channel is equalized and the eye is 
opened up. Some Serdes devices allow programmable peaking levels: the 
frequency response of such a peak ing amplifier for various provisioned 
settings is shown in Fig. I. 13. 

For higher baud rates, the transfer function of the channel can cause 
jilter exceeding the bit w idth of the data and significant loss of signal 
amplitude at higher frequencies. A DFE stage is often included in receivers 
for these baud rates in order to recover data despite the otherwise 
'·closed" eye. 

A conceptual block diagram of a DFE circuit is shown in Fig. 1.14. The 
serial data signal is applied to a slicer circuit which makes dec isions as to 
whether the incoming signal is a "O" or a '' l " . The received serial data is then 
delayed by a number of flip-flops which implement the filter taps. Each tap is 
multiplied by a corresponding tap weight value, and the results are summed. 
This sum is then used to correct the amplitude of the incoming signal, affecting 
the decisions made by the slicer circuit. Slicer decisions are thus affected by 
feedback based on prior data received. A lthough not shown in Fig. 1.14, some 
DFE architectures use feedback to affect both the amplitude and the sample 
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time of the slicer ci rcuit. Such architectures adjust the COR sample time from 
bit to bit basecJ on feedback n:garding the last sewral bits received. 

A s was the case for FFE circuits, the number of DFE taps on the filter. the 
spacing of these taps relat ive to the baud rate. and the granularity of these tap 
weight values vaty. f) f,F, implementations usually also contain logic which 
trnins the DFE and sets DFE tap weights to optimal va lues dynamica lly. 

Using a DFE, the closed eye shown in Fig. I .Sb i c leaned up to produce 
the virtual eye shown in Fig. 1.15. Note that the eye in this ill ustrntion is 
produced by a DFE architecture which corrects the CDR sample t ime from bit 
to bit. T he DFE correction is val id for only one instance in time (based on the 
history of the previous bits). As such, once the DFE makes a decision as to 
whether the bit is "O" or'· 1 •·. the DFE then proceeds to make adjustments for 
the next bit time which are different for the various signal traces of the 
composite waveform . r-or this reason. the signal eye shown in the figure is 
open for the bit of interest, but does not appe<tr open for adjacent bits. 

Many variations on equalizer architectures exist. As the baud rate increases, 
equalizer arch itecLures become increasing com plex.. In some cases, protocol 
standards specify a base level of required equalizer functional ity. 

1.3.3 Clock and Data Recovery (CDR) 
Conceptually. CDR circuits monitor transitions of the data signal and select 

an optima l sampling phase for the data at the mid-point between edges. Since 
the timing of data transitions includes a j itter component, the CDR must 
perform some averaging to provide stability of this sampling point from one bit 
to the next. lntersyrnbol interference (ISi) and other com ponents of 
deterministicj itter (DJ) are dependent on the spectral content of the data signal, 
and th is frequency spectrum does change based on the data content. Shi fts in 
this lreq ut::ncy spectrum sustained for hundreds ofbi1s or more cause the CDR 
to adjust the optimal sampling phase dynamical ly. 

CDR architecture is discussed further in Sect. 3.3.1. Features of the CDR 
may be of some significance to the Serdes user are discussed below. 
1.3.3.1 Maximum Run Length 

A significant parameter for the Serdes which is primarily the result of the 
CDR design is the maximum number of consecutive --o" or " I " bits which can 
be rece ived before the sampl ing point of the COR risks incorrectly sampling 
the bits. An excessively long run of consecutive bits of the same value means 
that the CDR is not detecting any data transitions, and therefore cannot recover 
any clock information to ensure the data continut::s to bt:: sampled in the center 
of the eye. A small drift in the sampling point relati"e to the baud rate of the 
data may cause the CDR to sample more ·•o-- or more •• 1 •• bits than "ere 
actually transmitted. Also. the sampling point may require recentering when 
data transitions resume. and additional bits may be sampled incorrectly as this 
adjustment occurs. Some COR implementations drive the receive data to a 
PLL and use the output of the PLL as the sample clock: c lock outputs of the 
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receiver may change frequency or stop when such CDRs do not receive data 
transitions for a sustained length of time. 

The maximum run length of consecutive "O" or " l " bits which must be 
tolerated depends on the protocol applicat ion and the data encoding defined for 
a given protocol. For example, protoco ls which use 88/1 08 encoding are 
guaranteed to have no more than 5 bit times between data transit ions. Protocols 
using another common encoding, 648 /668, arc guaranteed to see run lengths 
no longer than 66 bit times. Scrambled protocols may encounter much longer 
run lengths, and must determine requirements using statistical analysis. For 
example, Sonet/SDH is a scrambled protocol which specifies systems must 
meet a BER of I x I 0- 12. It is generally accepted that run lengths o f scrambled 
Sonet/SDH data longer than 80 b its statistically occur less frequently than the 
speci fied B ER. Ther efore, a Serdes used to receive Sonet/SDH data must 
tolerate a run length of 80 bits. 

The run length which can be tolerated by a CDR design i s related to the 
frequency tolerance between the two clock sources. In a system using 
plcsiosynchronous clocks, the reference clock used by the receiver (and the 
CDR c ircu it) may be running at a sl ightly different freq uency from the 
reference clock used by the transmitter. as is described further in Sect. 4. J .3.1. 
The frequency tolerance betv,reen the two clock sources i s generally specified 
in parts per million (ppm). In a plesiosynchronous system, the CDR must 
continually correct the phase of the sample clock to remain in the center of the 
data eye. During periods where no data transitions are being received, the error 
i11 phase position builds up. Therefore, as the frequency tolernnce o f the system 
is incn~ased (corresponding to larger a l lowed frequency d iff erem:e bet ween the 
clock sources), the run length which can be tolerated by the CDR design is 
reduced for a given perfonnance (BER) target. 

1.3.3.2 Clock Operation During System Initialization 

1 n the above discussion, it was noted that some C DR architectures deri ve the 
sam pie clock from the received data using a PLI ,. During system in itializatio11 or 
during system upt:ration when 1.:ables are unplugged, etc., no data transitions are 
received for a substantial period of time. For some Serdes, this results in clock 
outputs of the receiver changing frequency or stoppi11g. Any downstream logic 
clocked by these clock outputs must be designed to be tolerant of th is frequency 
change or to assume logic is not clocked during these periods. 

1.3.4 Differential Driver 
The differential driver stage is an analog circuit which drives the true and 

complement legs o f the differential signal . Output data must be driven such that 
jitter is minimized . In some architectures, data i s latched in a flip-flop clocked 
at the baud rate. and the output of th is flop is driven onto the differential output. 
Such implementations require an internal high-speed clock running at the baud 
rate. This is illust rated in Fig. 1. 16. 
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An alternative architecture, also shown in Fig. 1.16, uses an internal high­
speed clock running at a frequency equal to half of the baud rate. Data is 
latched in two flip-flops on alternate edges of the high-speed clock. TI1e high­
speed clock also controls a multiplexor which alternately selects which of thc 
flops drives the differential driver. Depending on the characteristics of the 
silicon technology. th is architecture may result in lower j itter than the fu l I-rate 
architecture. 

Figure 1.1 7 illustrates typical voltage swings for the two legs of the 
differential signal, assuming a termination voltage of approximately 1.8 V. The 
average voltage on the signal is lht: common mode voltage ( Vc111 ) . For this 
example: 

J/Clll - (l .5V + 0.9V) / 2 = 1.2V. 

T he d/fferentic1/ voltage (V diff) is calculated hy taking the voltage of the 
true leg and subtracting the voltage of the complement leg. Figure 1.18 
illustrates Lhe differential waveform corresponding lo the single-ended signals 
from Fig. I. 17. 

This differential voltage swings between the fol lowing limits: 

Vdiff = l.5V- 0.9V =+0.6V 

Vdil'f= 0.9V - 1.5V = 0.6V 

This waveform has a total peak-to-peak differential voltage of 1.2 Vppd · 
Note that the peak-to-peak voltage of the differential signal is twice the peak­
to-peak voltage of either single-ended signal considered individually. 

1.3.5 Dijferentfrtl Receiver 
The differential receiver stage is an analog comparator circuit which 

compares the true and complemem legs of the differential signal and outputs a 
··o·· or " ,,. logic level based on the relative signal voltages. Difterential receiver 
stages used with DFEs are linear amplifiers: the comparator circui t is incorpo­
rated into the DFE. 

1.3. 6 D iagnostic Functions 
Addit ional logic is often incorporated into the transmitter and receiver 

designs to provide diagnostic capabilities for chip manufacturing test, ci rcuit 
board manufacturing test, and system diagnostic tests. Typical functions 
include: 

I. I'seudo random flit Sequence (PRBS) rhecker. PRRS sequences can be 
checked by comparing received data to the output of a local linear feedback 
shift register implementing the correspond ing characteristic polynomial. 
Receiver devices orte11 i11clu<le a PRBS checker capable uf checking one or 
more PRBS lest patterns. 

2. Luopbac:A ur Wrup Palhs. Full duplex Serdes devices often provide the 
capability to wrap transmitter outputs to receiver inputs in order to sel f-check 
the functionality of the Serdes. Simplex cores do not have this capability, 
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although some simpkx tra11s111 ilters include a test receiver, and some simplex 
receivers include a test transmitter to perform sel f-test. 

3 . .1T4(, ! 149. J and .!TACi I 149.6. These H AG standards are used for 
manufacturing test of circuit boards, and require insertion of boundary scan 
cel ls on al l chip 1/0 to support this testing. Since such logic cannot be inserted 
on high-speed 1/0 without impacting signal integrity, the Serdes core must 
provide appropriate hooks to drive different ial outputs from boundary scan 
cel ls at the transmitter device, and sample inputs in boundary scan cells at the 
receiver device. JTAG 1149.6 expands the capabi l ities of JTAG 11 49.1 to 
permit testing through decoupling capacitors and support independent testing 
of the true and complement legs of differential signals. JT AG 11 49. 1 and 
I 149.6 are covered in detail in Sect. 7. 1. 
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/.3. 7 Phase-Locked Loop 
The Sercles core requires an internal clock running al i::ilher the baud or half­

baud rate depending on the architecture of the driver and receiver stages. 
Rather than distribute a high-speed c lock throughoutthe chip, a lower 
frequency reference clock is distributed w ithin the chip. and a PLL is used in 
the Serdcs to multiply this clock to the appropriate frequency. A given Serdes 
implementat ion may contain multir,le instances of t ransmitter and/or receiver 
channels. In such cases, it is common for a single PLL in the core Lo generate 
clocks for all channels w ithin the core. 

The off-chip clock source otten operates at an even lower frequency than 
the on-chip reference clock. An additional PLL may be used in the chip to 
multiply the frequency of the off-chip reference clock to meet the <lesire<l on­
chip reference clock frequency. Because the frequency of the on-chip reference 
clock is usually higher than the off-chip reference clock (but less than the 
internal clock in the Serdes core) the PLL which produces this clock is 
sometimes cal led an intermediate frequency (fF) P LL. 

A n example of clock distribution using such an 1F PLL is shown in 
Fig. I . l9. An IF PLL is used to multiply the 200-MHz clock from an off-chip 
oscillator by four. The resulting 800-Ml-:lz reforence clock is distributed on­
chip to various Scrdes cores. These Serdes cores each contain a PLL which 
additionally steps up the frequency of the 800-Ml lz reference clock to the 
desired baud rate. 

t .4 Signal Integrity 
This section provides an overv iew of the importance of signal integrity 

analysis to the design of successfu l systems using High-Speed Serdes. 

1.4.1 The Channel 
The channel is defined as the electrical path between the transmitter and the 

n;:ci::ivt:r, including printed ci rcuit board traces, v ias. cables, connectors, 
decoupling capacitors, etc. The channel may traverse the printed circuit board 
bt:tween two chips on the same card, or may traverse a system backplane 
connecting two printed circuit boards. 

At frequenc ies of interest, the printed circuit board is not a perfect 
connection. M aj or channel impairments include insertion loss, reflections, and 
crosstalk. Channel frequency response, including these impairments. is 
ty pically measured using a vector network analyzer (VNA), and captured in a 
Scal/ering Parameter matrix format (commonly called S-Paramelers) as is 
described in " Cha1111el Response" under Sect. 8.4.1.2 in Chap. 8. Each of these 
impairments impacts the HER of the link. Interface standards typica lly require 
link BER performance in the range of l □- 1to I o- 15. 

The equal ization scheme used by Serdes devices must compensate for the 
channel loss and other impairments in order to achieve the desired BER. A 
common figure of merit is based on the evaluation of the insertion loss of the 
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channel at the Nyquist rate (two limes the highest fundamental frequency of 
the signal). From this metric, a qual italive assessment as to the difficully of 
signal propagation (and the necessary complexity of the equalization scheme: 
can be made. 

Figure 1 .20 illustrates the measured insertion loss curve for a number of 
examples of channe ls intended to support baud rates of5Gbps and hi gher. Th{ 
frequency range of 5-Gbps data has a Nyquist rate of 5 GHz, and the loss of 
these channels at 5 G Hz is substantially higher than at lower frequencies. 
I ligher frequency components are therefore attenuated more than lower 
frequencies, resulting in varied signal amplitudes at the receiver. (In addition. 
the signal contains harmonic frequencies ahove 5 GI Iz. but these are typically 
filtered and are not critical to receiver operation.) 

The channel transfor function is not strictly resistive, but also contains 
capacitive and inductive components. This results in frequency-dependent 
phase shift of the propagc1ted sign a I. Such phase shift in effect causes the 
propagation delay of the signal to vary based on freq uency, appearing as data­
pattern-dependent jitter ( discussed later in this section). 

Although the above e ffects al ready contribute to significant s ignal 
degradation, the insert ion loss and phase shift associated with the channel is 
usually not a straightforward linear function. The channel is an electrical 
transmission line which is terminated at the receiver, and has impedance 
d iscontinuities at each circuit board via, connector pin and abrupt bend in the 
circuit board trace. Each impedance discontinuity results in reflections of the 
electrical energy. As with any transmission line, reflected energy adds to or 
subtracts from the s ignal amplitude at various points along the transm ission 
line, and results in resonances in the transfer function. This s ignal degradatior 
is generally worse for shorter channel lengths; loss characteristics of longer 
channels tend to dampen reflections whereas signals may reflect between the 
transmitter and receiver multiple t imes on a short channel. 
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Fig. 1.20 Insertion loss for various channel examples 
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Crosstalk is energy cou pled from an aggressor signal as noise on a v ictim 
simrnl. and is another significant charncteristic of the channel wh ich causes 
sianificant degradation ~fhigh-speed serial signals. While it would be nice to 
isolate each differential signal pair such that crosstalk was not significant. this 
is not practical in many rea l systems. The economics of most systems demand 
signal densities through package pins, con nectors, and backplanes which result 
in-neighboring signals causing crosstalk on the differential pair. Common­
mode noise is ignored. but any differences in the noise on the two legs of the 
difforcnt ial pair results in signal degradation. 

J.4.2 Package Models 
In addition to the channel as described above, the differential signal must 

also propagate through the chip package for the transmitting chip and the chip 
package for the receiving chip. While it would be convenient from an analysis 
viewpoint to consider chip packages as part of the channel interconnect. it is 
not practical to access the connections inside the package in order to measure 
channel response in the lab. For th is reason. channel measurements arc 
performed from package pads as descrihed previously, and the transfer 
function of the package is considered separately. Package models are supplied 
by the chip manufactLtrer wh ich model the transfer function of the package. 
Analysis of the overall interconnect is perfom,ed by cascading the transmitter 
package model. the channel transfer function, and the receiver package model. 

Since trace lengths in the package substrate tend to be very short, insertion 
loss and phase shift are usually not the dominant source of signal degradation 
due to the package. Impedance mismatches and discontinuities tend to be a far 
greater concern. A measurement of the returned energy from a signal launched 
intu the package ba 11 at either the transm itter or the receiver is called re/um 
loss. Retter impedance matching of connections to the silicon device w ithin the 
package n:sults in bette.r return loss and less degradation oflhe signa l. 

1.4.3 Jitter 
In an ideal world data bits would always transition at a fixed point relative 

to the clock which launches each bit. ln the real world there are variations in 
the dock cycle time, data propagation delays, and signal slew times, 
etc.Variation in the timing of the bi t transition relative lo an ideal cloi.;k is 
called )it/er . .I itter reduces the w idth of the data eye. 

Any transmitter device has some amount of j itter in the launched data bit. 
Ji/fer generation is a measure of the timing variation in the lransrnitLed data 
stream. Applications may include specifications for the maximum allowable 
jitter generation by a transmitler device, as measured under speci lied test 
conditio11s. Test conditions may include specification oftest patterns to be 
used, and the load to which the transmitter dev ice is connected. 

T he j itter generated by the transmitter device is ampl ified by the channel. 
The channel disto1ts the signal and introduces frequency-dependent phase 
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shift . As the data r atte rn of I 's and O's shifts, the spectral content of the data 
changes. This results in varying de lay which becomes addi tiona l ji tter at the 
receiver. Crosstalk and reflections due to impedance d isco11ti11 u ities and return 
loss also contribute to shift the transition points of signal edges at the receiver. 

The receiver must be able to tolerate the amount of jilter that oc.cLirs on its 
input. Jitler tolerance is a specification for the receiver device which defin es 
the "worst case" sig nal that the receiver is expected to receive correctly with 
erro rs no greater limn allowed by the specified BER. Appl ications may include 
specifications for how to test j itte r tolerance com pliance, includ ing lest 
patterns to be used and methods for generating a datastream with specified 
amounts of jitter. 

Jitter and j itter tolerance may be specified in picoseconds, but are more 
often specified in terms of uni t interva ls (U 1). Parameters are usually specified 
as either peak-to-peak or root-mean-square, depend ing on the type of j itter. 
O ne Unit I11terval is the cycle time for the transmission of one bit on the 
interface at the speed at which the link is running . .A.j itter specification of0.30 
Ulpp ind icates that the total peak-to-peak jitter cannot exceed 30% of the bit 
time, leavi ng an eye opening of 70% of the bit time. A j itter tolerance 
specification of 0.70 Ulpp indicates that the receiver cannot expect more than 
an eye opening of 30% of the bit time at its input. 

Jitter tra11~fer is the amount of the input j itter on the receiver input which 
is passed through to the output (also called j itter gain). This paramete r is 
sig niVicant in applications which must retransmi t data with the same t im ing as 
the receive data. Si nee each stage of retransmission contributes additiona l jitter 
to the overall system, a j itter transfer specification is required in such 
app lications to a llocate how much j itter can be added within any one stage. 

Many standards subdivide _j itter into various types, and may use varying 
term ino logy for the types of _j itter. The following d iscussion describes a 
commonly used terminology, and is sufficient for the purposes of general 
understanding. More comprehensive defin itions are found in Sect. 8.2.1: 

J. Total Jitter (T.J) . TI1is is the tota l jitte r of the signal as seen at the point of 
111ea5ureme nt. TJ can he measured d irectly on hardware and is the ideal bit time 
111 inus the actual eye width. specified as either a peak or peak-to-peak value. 

2. Deter111inis1ic Jill er (DJ). This is the amount of the total jitte r for wh ich the 
jitter distribution is no n-Gaussian. Several components o f DJ are dependent on 
the data pattern being sent. The pattern of I 's and O's which precedes the b it 
transition affects when the transition occurs. Jitter caused by variations in rise. 
fa ll, and slew t imes are also mostly deterministic. VJ is specified as e ither a 
peak or peak-to-peRk value. 

3. Randvm Jitter (RJ). T h is is the amo unt of the total jitter for which the j itter 
distribution is Gaussia11 . RJ does nvl correlate with the data pattern being sent 
Some amount of j iner has nothing to do with the data pattern, and is simply th~ 
result of random processes. Because RJ is statistical in nature, it may be 
specified either as a peak, peak-to-peak , or as a root-mean-square value. 
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Generally interface standards specify two or three of the above jitter types. If 
two of the above types are specified (typically TJ and DJ, or TJ and RJ), then 
requirements for other type is implied. This approach a llows trade-offs to be made 
by system and component designers, while still complying with the standard. 

The rationale for specify ing different types ofj itter is that some of the j itter 
can be corrected. For instance, the FFE in the transmitter device alters the 
trans itions of the data edges based on the pattern of 1 'sand O's be ing sent. In 
effect, the FFE is used to inject DJ on the transmitter output. If the equalizer 
coefficients are set properly, this injected DJ is the opposite of the DJ that is 
created by the channe l's transfer fu nction. The result is that the two DJ 
contributors cancel and there is less j itter at the receiver. 

The DFE in the receiver a lso operates to cancel the effects of DJ and 
thereby improve the j itter tolerance of the receiver. The DFE has the advantage 
of adapting to changing condit ions of the channe l, which may alter the 
characteristics of the DJ over time. On the other hand, RJ is not predictable, 
and therefore cannot be corrected by equalization. It is important to limit the 
amount of RJ on the serial link. 

J.4.4 Channel Analysis Tools 
At serial link speeds up to 4Gbps it is generally possible to follow 

reasonable design practices for the channel design. Spice TM or other 
equiva lent circuit s imulators are used to perform s imulations at these baud 
rates. (In this text the term Spice is used generically as a designation for any of 
these s imulators.) (Note: Spice is a trademark ofSynopsys, Inc.) Spice 
simulations are used to verify s ignal integrity, and demonstrate that transmitter 
and receiver devices will interoperate across the channe l. This approach is 
genera lly not suffic ient at serial link speeds of 5 Gbps and higher. 

At higher serial links speeds, some care is required to design a channel 
which does not unduly degrade the signal. There are cases where small design 
changes can have substantia l unexpected effects. Spice simulation can be used 
to simulate the channel design. However, remember that s igna l degradation is 
dependent on the data pattern and the crosstalk. Also, the more sophisticated 
DFE-based cores use complex algorithms to determine tap coefficients, etc., 
rea l time. This behavior must be accurately s imulated to account for 
a lgorithmic errors and compensation techniques performed in logic. Spice 
simulation cannot capture this behav ior and is therefore not genera lly used for 
the higher speed lin ks. In addit ion, it is not sufficient to s imulate a few 
thousand bits; s imulations must be long enough and contain enough randomly 
generated data patterns on both the primary channel and the crossta lk channel 
to ensure the system operates within the specified BER limits. This may 
requ ire a substantia l amount of simulation. 

Because of these simulat ion run-time requ irements, statistical ana lysis of 
channel designs has become prevalent at higher speeds. First, the channel 
design is prototyped and lab measurements are made to determine the transfer 
function characteristics of the channe l. Transfer functions are measured for 
both the channel of interest. and for noise coupling between the primary 
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channel and crosstalk channels. The resulting transfer functions are coded in a 
form called S-Parameters. Alternatively, S-Parameters for subcomponents of 
the channel (i.e., printed circuit boards, connectors, backplane, etc.) can be 
measured individually and cascaded. 

Next, statistical simu lat ion of the channel is performed using a transm itter 
model. the channel S-Paramctcrs, package mode ls for both transmitter and 
receiver chips, and a receiver model . The transmitter and receiver models may 
be mode ls for specific vendor Serdes devices, or they may be ideal reference 
models specified by an interface standard. The resulting "eye'' on the output of 
the receiver model is characterized by an eye width and height and is a function 
of BER. If the "eye•· is sufficiently "open•· for the des ired BER, then th1:: syst1::m 
wi ll operate with no more than the specified number of bit errors. 

The tt:rminology "1::ye" is used loosely in the above paragraph, hence the 
quotation marks. The receiver device often contains a DFE. By convention, the 
"eye" is the signal at the sampling, latch of a classical DFE design. Ho,vever 
for some DFE designs this may not be a s ingle node, or may be beyond the 
point where ana log-to-digita l convers ion of the signa l has been performed. The 
notion of an analog "eye" at this po int is a virtual mathematical concept; th is 
eye is not a measurable analog signal. 

Note that signal in tegrity engineers often prefer to view analysis results in 
the form of a bathtub cww wh ich graphs eye open ing as a function of Qofthe 
system (which relates to BER). as is described further in Sect. 8.2.4. The 
geometry of this curve results from the dual-Dirac probahi lity density 
function, which models pattern-depe ndent jitter sources. 

There are a number of implementations of tools that can be used to perform 
statistical s ignal in tegrity analysis. A number of EDA vendors supply software 
tools. Various s ilicon vendors have proprietary software to perform this 
analysis (i.e., JBM's HSSCDR software) which have built- in transmitter and 
receiver models for the vendor" s Serdes. ''StatEye" is an open source software 
tool which performs this analys is (see http;//www.stateye.org). HSSCDR 
software is d iscussed in Sect. 8.4. Note that many of these software tools use 
MatLabTM as the underlying calculation engine. 

1.5 Signaling Methods 
This chapter has thus far assumed differential signals which use two signal 

levels that convey whether the bit being transmitted is a ''O" or a ' ·t ... This is 
called non-return-to-zero (NRZ) signaling. (This name originally 
different iated NRZ signaling from s ignals which always returned to their zero 
level between each transmitted bit.) The signal eye of an NRZ signal. shown in 
Fig. I .Sa, can be sliced at the midpoint of the waveform (O mVppd) to 
determ ine whether each bit is a '·O'" or a ''1 , •. The baud rate ofa n N RZ s ignal 
is equivalent to the data bit rate (after any encod ing), and the maximum 
fundamental frequency of the signa l is half of this baud rate. 

Multih:vel signaling sd1emes art' also possible. Figure 1.21 shows the signal 
eyes for duobincnJ1 and four- level phase amplifude 111od11/atio11 (PA M-4). 
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Fig. 1.21 Multilevel signaling eyes 
Duobina1y uses three signal levels, requiring two slicer circuits to 

determine the signal level. A " I " is indicated by any change in signal level, 
whi le a "0" is indicated by no change in signal level. The baud rate of a 
duobinaiy signal is the same as that of an equivalent NRZ signal. However. 
because the signal cannot transition from one extreme of the dynamic range to 
the other extreme in the same unit interval, the maximum fundamental 
frequency of the signal is one-quarter of this baud rate. 

PAM-4 uses four signal levels. requiring three slicer circuits to determine 
the signal level. Each signal level represents the transmission of two bits, either 
"00," "01." " 10,'' or " 11 ." The baud rate ofa PAM-4 signal is half that ofan 
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equivalentNRZ signa l, and the maximum fundamental frequency of this signal 
is 50% of this baud rate (25% of the baud rate of an equivalent NRZ s ignal). 

Because the s ignal spectrum of a duobinary and PAM-4 signa l is reduced 
from that ofan NRZ s ignal, the insertion loss of the channel affects the signal 
less. This is offset by the fact that splitting the dynamic range of the signal into 
multiple levels results in a reduction of the eye height at the transmitter. If the 
slope of the insertion loss curve is sufficiently steep, then classical analysis 
indicates an advantage for the multilevel s ignal over that of the NRZ signal. 
The eye height of a PAM-4 signal, for example, is reduced by approximately 
9dB at the transmitter from that of an equ ivalent NRZ signa l. If the difference 
between the channel insertion loss at the N RZ baud rate vs. the P AM-4 baud 
rate is greater than 9dB, then PAM-4 would result in more eye opening at the 
receiver. 

Note, however, that the c lassical ana lysis described above assumes no 
equalization is used in the HSS device. If equalizers are used, then the effects 
of these equa lizers on channel response must be taken into account. Decision 
feedback equalization in the receiver has the effect of flattening the overall 
insertion loss of the system as shown in Fig. 1.22. While multilevel s ignaling 
may have an advantage for a given channe l when equalization is not used, this 
advantage may not exist when NRZ is employed with a DFE in the receiver. 

Most HSS devices integrated in ASIC chips use NRZ signaling, and all of 
the interface standards discussed in this text are based on NRZ signaling. 
Standards development effotis up to and inc luding the I 0- 1 I Gbps range have 
found NRZ with DFE to produce better results than multilevel signaling 
approaches. However, as HSS devices continue to target higher and higher data 
rates, this may or may not be true in the future. 
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Table 2.3 Receiver slice specific core pin defini tions 

Pin name Ty pe Description 

RXxSIGDETEN In Signal Detect Enable 
O=Signal Detect power control using S;g11a/ Detec1 
Power Dow11 hit in S JGDET ,n111rn/ RPgister. 
)= Signal Detect circuit powered on 

2.1.2 HSS EXI O Register Descriptions 
The !-ISSPRTADDR[7:0] inputs of the HSS EX IO core select the internal 

register to be written or read. The HSSPRTADDR[7:4] address bits select 
which slice is being addressed. and the HSSPRTADDR[3:0] bits select the 
particular register within the slice. All rt:gislt:rs are 16 bits wide, although in 
many cases not a ll bits of the register have a defined function. 

Tabk 2.4 describes how HSSPRTADDR[7:4] map to register space of the 
HSS EX 10 s lices. Note that va lues OxC and OxD are broadcast addresses which 
allow all TXx or RXx slice registers (respectively) to be written in para llel with 
one write cycle. Not al l values ofHSSPRTADDR[7:4] are used. 

Table 2.4 H SS EX I O addr ess map 

Addr 
Maps to slice 

(7:3) 

(J);U TXA Slice Registers 

O>. I TXB Slice Registers 

(l>.2 RXA Sl ice Registers 

(l~J RXB Slice Registers 

(1~4 TXC Slice Registers 

(1\5 TX O Slice Registers 

0:-.6 RXC Slice Regis(ers 

0:\ 7 RXD Sl ice Registers 

Ox8 PLL Sl ice Registers 

o~c Writ~ al l TXx Slice Registers in parallel. 

IJxL> Write ni l RX" Slice Registers in parallel. 
~ . 

Table 2.5 describes the registers and bit definitions for registers in the PLL 
slice. Table 2.6 describes the registers and bit defin itions for registers in the 
transmitter slice. Table 2.7 describes the reg isters and bit defin itions for 
registers in the receiver slice. 
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Table 2.5 I ISS EX IO PLL sl ice register definitions 

Addr 
Bits R/W Reset Description 

(3:0) value 

OxU 16 R OxUUUO VCO Coarse Cal ibration Status Register 

0 R 0 CCALCOl'v1P. cal ibration complete signal where: 
0=cal ibration not complete. 
!=calibration complete 

I R 0 CCALER.ROR. calibration error occum:d. 
0 =1111 t:rru r,. 
]=cal ibration error occurred 

2 R 0 LOCK _DETECTED signal: 
O=not lut:kt:<l. 
] = locked 

15:3 R Unused 

Oxl 16 R/W OxOOOO VCO Coarse Calibration Control Register 

0 R/W 0 Recalibrate signal. pulse high for min imum of eight 
reference clocks then rel.um low to initiate an 
autocalibration sequence. 
0 = nonnal (default). 
I = force PLL recalibrat ion 

15:1 R Unused 

Ox2 16 R/W 0;.:00fF Link Enable Register 

0 R/W I Link. enabl e.s to TXA. O=disabled. I =enable<.l 

1 R/W I L ink. enables to TX H. O=disabled. !=enabled 

2 R/\V I Link t:nahh:s lo RXA. 0- ll isabled. I - enabled 

3 R/ \V I Li nk. enables to RXB. ()=disabled. I =enabled 

4 R/\V I Link enables to T XC. 0=disabled. l=enabk d 

5 R/W I Link enables to T X D. O=disabled. !=enabled 

6 R/W I L ink enables to RXC. 0=disablcd. I =enabled 

7 R/W I Link. enable, to R,\'.D. 0=disabled. I =enabled 

15:8 R Unused 
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Table 2.5 1 ISS EX l O PLL slice register defini tions 

Addr 
Bits RM/ 

Reset 
Description (3:0) value 

Ox3 16 R/W OxOOOO Link Reset Register 

0 R/W 0 Link reset to TX/\. O=normal. !=reset 

I R/W 0 I .ink reset to TXB. O=normal. !=reset 

'.l R/W 0 Link reset to RX/\ . O=normal. l =reset 

3 R/W (I Link reset to RXB. O=normal, I =reset 

4 Ri W 0 Link reset to TX C. O=normal, I =reset 

5 R/W 0 Link reset to TXD. O=normal, l =reset 

6 H/ W u Link reset to K XC. U=normnl. !=reset 

7 R/W 0 Link reset to RXD. 0-11ormal. J~mset 

15:8 R Unused 

Table 2.6 I ISS EX IO transmitter slice register definitions 

Addr 
Bits R/VV 

Reset 
Description 

(3:0) value 

OxO 16 R/ W 0x0008 Trnnsmit Configuration Modt> Register 

1:0 R/W 00 Rate Select 
OO=f'ull rate (default) 
0 I =Half rate 
I O=Qunrt.er rate 
I J- Eighth rate 

3:2 R/W 10 Parallel Data Bus W idth 
00=8 bit 
01= 10 bit 
10=16 bit (default) 
11 =20 bit 

15:4 R Unused 
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Table 2.6 H SS EX IO transmitter slice register definitions 

Addr 
Bits RNJ 

Reset Description 
(3:0) value 

Oxl 16 R/W OxOOOO Transmit Test Control Register 
Note: TXxPRBSEN pin = ·' I '' overrides this register and 
forces PRBS7+ to be transmitted 

2:0 R/W 000 Test Pattern Selector 
000 = PRBS7+ (non inverted) (default) 
001 = PRBS7- (inverted) 
0 10 = PRl3S23+ (noninvcrled) 
0 11 = PRBS23- (inverted) 
JOO = PRBS3 I+ (nuninverted) 
101 = PRBS3 1- (inverted) 
110 = 10l0101.. .. 
111 = repeating pattern of 64 'T's followed by 
64 ··o··s 

3 R/W 0 Test Pattern Generator Enable 
O=disable generator and select Customer Parallel Data 
(default). 
I =enable generator and select Test Pattern Data 

4 R/W 0 PRBS Reset. 
O=normal (defau lt). 
! =reset applied to Test Pattern generator 

15:5 R Unused 

Ox2 16 R/W OxOOOO Transmit Coefficient Control Register 

0 R/W 0 Apply Load 
This bit applies the register- loaded values of coefficients, 
power. polarity and FFE mod.: to the coefficient 
recalculation logic. and presents this new value lo the 
analog circuits 

I R/W 0 Resel Cocflicicnl Logic 
O=nonnal (default). 
l =i-esel 

15:2 R Unused 
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Table 2.6 H SS EX I O transmitter slice register definitions 

Addr 
Bits RfW Reset 

Description (3:0) value 

Ox3 16 R/W Ox0020 Transmit Driver Mode Control Register 

1:0 RJW 00 FFC mode Select 
OO=ITE2 (default) 
Ol =FFE3 
I O=rcscrvcd 
1 l =Force Hi-Z 

4:2 RJW 000 Slo" Slew Control 
Used to limit the minimum Transmitter output. rise and 
fall time. 
000 = 24ps min. (default) 
001= 36ps min. 
101 = 50ps min. 
0 I I = 60ps min. 
11 l = I OOp~ min. 

15:5 R Unused 

Ox4 16 R/W 0x0OO0 Trnnsm it Tap0 Coefficient Register 

3:0 R/W 0000 FFE Tap O Coefficient 
This regisrer·s value is appl ied to the analog logic after 
'·Appl) Load" (Transmit Coeflicient Control Reg ister 
Ox02 bit 0) is pulsed. The va lue read from this regi ster is 
the actual value being driven to the analog logic. Value is 
unsigned mngnitude. See the Transmit Polarity Register 
Ox08 for sign values 

15:4 R Unused 

0x5 16 R/W 0x003F T ransmit Tap 1 Coefficient Regist<'r 

5:0 R/W I I Ill I FFE Tap I Cocllicicnt 
See the description for the Transmit TapO Codl icient 
Register (OxU,1) 

15:6 R Unused 

0x6 16 R/W 0x0OO0 T ransmit T ap2 Coefficient Register 

4:0 R/W 00000 FFE Tap 2 Coefficient 
See the description for the Transmit TapO Cocflkicnt 
Register (OxU4) 

15:5 R Unused 



Marvell Semiconductor, Inc. - Ex. 1016, Page 000052

1 ligh Speed Serdes Devices and Applications 

Table 2.6 I ISS EX I O 1rans111itter sl ice register definitions 

Addr Bits R/W 
Reset 

Description 
(3:0) value 

Ox7 16 R/W Ox007F Transmit Power Register 

6:0 R/W Ox7F Transmit amplitude value (unsigned positive magnitude). 
Valid values arc Ox'.!O minimum to Ox?F mnximum. 

15:7 R Unused 

Oxll 16 RI\\' Ox0007 Transmit Polarity Register 

0 R/ W I Polnriry (sign) volue for FFE Top O Cod'ticicnt. 
(0 = negal'ive, I = positive) 
Th is rcgister· s value is applied to the analog logic afler 
··A pply Load" (Transmit Coefficient Control Register 
0,02 bit 0) i s pulsed. The value read from this register is 
the actual value being driven to 1he ru,alog logic 

I R/W I Polarity (sign} value for FFE Tap I Coefficient. 
(0 = negative. I = positive) 
Sec this regis.ter's bit O description 

2 RIW I Polarity (sign) value for FFE Tap 2 Coefficient. 
(0 = negative, I = positive) 
Sec this register', hil O clescrirtion 

15:3 R Unused 

Table 2.7 I-ISS EX 10 receiver sl ice register definitions 

Addr 
Bits R/W Reset Description (3:0) value 

OxO lb R/W Ox0U38 Receive Co nfieurntion Mode Register 

I :0 R/W 00 Rate Sekel 
OO~Full rate (udaull) 
01 =I faff rat<: 
IO=Quarter rats: 
I I =Eighth rate 

3:2 R/W 10 Parallel Data Bus Width 
00=8 bit 
01~ 10 bi1 
10~16 bit (default) 
11=20 bit 

5:4 R/W JI DFE/nun-DFE rvlode Selector: 
(J()- [)Ff'5. 

Ol =D1"123. 
10 or 11 - non-DFE 

15:6 R Um,s~d 
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Ta ble 2.7 HSS EX IO receiver slice register defini tions 

Addr 
Bits R.N,J Reset 

Description 
(3 0) value 

0xl 16 R/W 0x00OO Receive Test Control Register 
Note: RXxPRllSEN pin = -- 1" overrides this register and 
enables check ing of a PR8S7+ pattern 

2:0 R/W 000 Tesl Pattern Selector 
000 - PRBS7- (mminvt:rlt:<l) (dt:fault) 
001 = PRBS7- (inverted) 

010 = l'Rl3S23Hnoninverted) 
01 1 = PRBS23- ( inverted) 
I 00 = PRBS3 I+ (noninverted/ 
IOI = PRBSJ I-(inverted) 
11 0 or 11 1 =Unused 

3 R/W 0 PRBS Check Enable 
0=cl isabled (default). 
l=cnablcd 

4 R/W 0 PRBS Reset. 
0=normal (clefault), 
l = resct applied to PRBS Checker 

5 R/W 0 fu II Dupkx wrap enable. 
0=nornrnl. Selects primary inpu1 to the RX. and disables 
the inkm1al ·1 X to RX wrap bulfor \default). 
!=wrap. Enables the wrap back driver i 11 the TX to drive 
the internal wrap path to this RX 

6 R 0 State ofRXxPRBSSYNC pin - PRRS cht:cker slatus 
0- PROS chcckt:r 1101 ~ynchronizcd to incoming data. 
I =PRBS checker synchronized and locked to incoming 
Pl<HS dala 

7 R 0 State ol'RXxPRBSERR pin - PRB S checker stalUs 
O=PRBS pattern match or PRBS checker status = 0, 
!=PR.BS error delected after PRBS synchronized to 

incoming data 

8 R 0 State of RXx l'RBS fRCERR pin - PR DS force error input 
signal s(atus 
0=PRBS normal operation. 
l=PRl3S error forced by opening wrap path 

15: 10 R OxOO Unused 
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Table 2.7 HSS EX 10 receiver slice register definitions 

Addr 
Bits R/W 

Reset 
Description (3:0) value 

Ox:Z 16 K/W OxOOOO Sonet C lock Control Register 
Enable and frnquency selection for RXxRCVCl 6[fiCJ 
c lock output 

1:0 R/W OxO Sonet Clock rate selector 
oo=c4 (default/. 01-cs. 10-c I 6. 11- c 4 

2 R/W 0 Sonet Clock output enable 
o- disabled. 
!=enabled 

15:3 R Unused 

0~3 16 R/ W OxOOOO Phnse Rotator Control Register 

0 R/\V 0 Spread Spectrum Clocking Enable: 
O=Sprcad Spectrum Clocking support disabled. 
I =Spread Spectrum Clocking support enabled. Should not 
be enabled unlc:ss SSC data is appl ied. RX Jitter tolerance 
is improved in non-SSC mode 

I R/W 0 Reset Flywheel: 
O=normal (default. the flywheel is enabled/. 
! =assen reset to the phase rotator flywheel (disable the 
flywhed) 

2 R/ W 0 Fn:eze Flywheel: 
O=normal (default), 
I = frtlezc thtl phase rotator nywhecl at its current update 
rate. This can btl used to prevent periods of inactivity from 
altering the state of the ny wheel 

15:3 R Unused 

Ox4 16 R OxXXXX Phase Rnlatnr Position RegisC.er 
These registers are continuously updated by the DFE 
algorithms. To accurately read the values in these 
reg isters. the D FF. logic slio11ld be slopped h_v selling 
" DFE Stand By'' (bit 2 nfn:gister Ox06) to '•J." 

5:0 R OxXX Rotator Data channel Position: 
Snapshot sample of DATA chm111cl phase rota10r position. 
This is a six-hit ,,ector indicat ing which nfthe 64 possible: 
positions the phase rotator is in 

7:6 R l Jnnscd 

13:8 I{ OxXX Rotator AMP channel Position: 
Snapshot sample of AMP channel phase rotator posit ion. 
Thi s is a six-bit ~ector indicati ng which of the 64 possible 
positions th, phase, rotator i s in 

15: 111 R Unused 
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Table 2.7 HSS EX I O receiver sl ice register definitions 

Addr 
Bits R/W 

Reset 
Description (3:0) value 

OxS 16 R/W OxOOOO Signal Detect Contl'ol Register 

4:0 R/W 00000 Signal Detect Level: 

Unsigned value of comparator threshold used in SIGDET 
circuit. 

5 R/W 0 Signal Detect Power Down 
O=enable (default - required for DFE mode). 
l= power down the Signal Detect circuit 

15:6 R Unused 

Ox6 16 R/W OxOOOX DFE Control Register 

0 R/W 0 DFE Control Logic Reset: 
O=norrnal. 
!= triggers a reset of the DFE logic 

I R X Not Random Data Status: 

Proper training of the D FE engine requires sufficiently 
random data flow. In order to prevent the DFE engine from 
respond ing to periods of non-random data, a '·random data 
detector" function is built into the logic. This bit is read to 
indicatt: current detection value of this logic. 
O=Data is •·random." 
! =Data is not '·random'· 

2 R/ W 0 DFE Stand By : 
O=normal operation (default). 
!=standby mode. All imernal DFE operations are halted at 
the next internal break. point. C locks continue to run. but 
state machines are held idle 

3 R/W 0 Sample DFE request. 
O= inacti ve (default). 
l =a rising edge causes the pipeline sampling logic to 
captun: a new snapshot, and makes th~ results available in 
registers Ox07 and Ox08. 

4 R 0 Sample DFE request completed. 
O= inactive. or not ready yet (normal ), 
!=requested sample snapshot is now valid and avai lable in 
registers Ox07 and Ox08 

15:5 R Unused 
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Ta hie 2. 7 HSS EX 10 receiver slice register definitions 

Addr Bits R/1/1/ 
Reset 

Description (3:0) value 

Ox7 l(j R OxXXXX DFF. Data and Edge Sa111 11le Regisler 

70 R 0xXX DFE Data Samples 

These are the lal<:st samples captured from the pipeline 
registers in response to Sample DFE l{equest (reg 0,06 
bit 4) 

15:8 R 0xXX DFE Edge Samples 
These are the latest samples captured from the pipeline 
register, in response lo ~ample DFE Request (reg 0x06 
hit 4'i 

Oxll 16 R 0x00XX DFE Amplitude Sample Register 

'.!:O R XXX DFE Amplitude Samples 

These are the latest samples captured from the pipel ine 
n~gisters in respuns~ tu Sarnpk. DFE Request (reg 0x06 
bi t 11) 

5:3 R XXX DFE Amplitude Sample Qual i fiers 
These are the latest samples captured from the pipclin~ 
registers in response to Sample OFF Req11es1 (reg 0x06 
bit 4J 

15:6 R Unused 

0x9 16 R/W OxOOOO Digital Eye Control Register 

4 :0 R/W Ox00 M inimum eye height interrupt threshold 
This is an ur1sig11~cl vet:lor value (positive) defin ing: the 
minimum acceptable eye amplitude. as measured by the 
UFE logic. before .. Eye A mplitude Error Flag'· b i1 is set in 
the Internal Status Register (reg Ox0F. bit G) and interrupt 
is triggered. 
0x0: 0 threshold (default, no interrupt set ) 
Ox I -0xE: 1/16 of range per step 
0xF: threshold set at 15/ I 6 o f full range 

9:5 R/ W 0x00 Minimum eye w idth interrupt threshold 
Tl,b is an unsigmxJ vector valut' (positive) delining the 
minimum acceptabl~ eye width. as measured by the 
Uynam ic Uata Centering logic algorithm. before "Eye 
Width Error Flag·· bit is s<:I i11 the lnk:rnal Status Register 
(reg 0x0F, bit 5) and interrupt is Lriggered. 
0x0: 0 threshold (defoult. no interrupt set) 
Ox I - 0xF: eye w idth threshold in rotator steps. 
approximately 0.ClJ U I pi:r step 

14: 10 R 0x00 EYE WIDTH: 
Latest available eye width measuremc:nt. in units of rotator 
steps 

15 I{ Unused 
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Table 2.7 HSS EX I O receiver slice register definitions 

Addr 
Bits RMI 

Reset 
Description (3:0) value 

0xA 16 R 0x00C0 DFE Tap I Register 
This reg ister is read to obtain the status of the Df'E Tap I 
coefiic ient 

5:0 R 0x00 Dae Tap 1: magnitude o fDf'E Tap I coefficient 

7:6 R 11 Sign Tap I: This sign represents the asserted sign of DFE 
Tap I as it is applied to the summer. and changes under 
normal operation in DFE mode. 
I O= negative, 0 I = positive, 11 = z"ro 

15:8 R Unused 

0xB 16 R 0x0060 DFE Tap 2 Register 
This reg ister is read to obtain the status of the DFc Tap 2 
coefficient 

4:0 R 0x00 Dae Tap 2: magnitude ofDf'E Tap 2 coefficient 

6:5 R 11 Sign Tap 2: This sign represents the asserted sign of DFE 
Tap 2 as it is applied to the summer, and changes under 
normal operation in DFE mode. 
10 = negative. 01 = positive. 11 = zero 

15:7 R Unused 

0xC 16 R 0x0030 DFE Tap 3 Register 
This register is read to obtain the status of the DFE Tap 3 
coefficient 

3 :0 R 0x00 Dae Tap 3: magnitude of DFE Tap 3 coefficient 

5:4 R 11 Sign Tap 3: This sign represents the asserted sign of DFE 
Tap 3 as it is applied to the summer. and changes under 
normal operation in DFE mode. 
10 = negative. 01 = positive. I 1 = zero 

15:6 R Unused 

0xD 16 R 0x0030 DFE Tap 4 Register 
This register is read to obtain the status of the DFE Tap 4 
coefficient 

3:0 R 0x00 Dae Tap 4: magnitude of DFE Tap 4 coefficient 

5:4 R 11 Sign Tap 4: This sign represents the asserted sign of DFE 
Tap 4 as it is appl ied to the summer. and changes under 
normal operation in DFE mode 
10 = negative, 0 1 = positive. 11 = zero 

15:6 R Unused 
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Table 2.7 H SS EX 10 receiver slice register definitions 

Addr 
Bits RM/ Reset 

Description (3:0) value 

OxE 16 R Ox0030 DFE Ta 1l 5 Register 
This register is read lo obtain the status of the Dl'E T ap 5 
coeflicienl 

3:0 R OxOO r>ac Tap 5: magnitude or OFF. T ap 5 coefficient 

5:4 R 11 Sign T ap 5: Th is sign represents the asscrh::d sign of DFE 
Tap 5 as it is appl ied to the summer, and changes under 
normal operation in DFE mode. 
10 = negati ve, 0 1 ~ positive. 11 -zero 

15:6 I{ Unused 

OxF 16 R OxOOOO Internal Status Register 
This regisler i. used 10 repori the sl'aI 11s of cerlain interna l 
uperal iuns. Whcn slatus bits in this register change. 
HSSEYEQU,\LIT Y is asserted. A wri te to this reg ister 
resets the I-ISSEY J::QUALrl Y output. 

u I{ 0 Phase Rotator Calibration Complete. 
O=calihratiun nol compkted. 
I =phase rotator offset cal ibra1ion process is comp le led 

I R 0 VGA locked First 
This register is set when the VGA achieves lock. and is 
cl eared only by reset. It indicates lock was achieved at 
kast once 

3:2 R 00 Unused 

4 R 0 DFE training rnmplele 
This register is set when the DFE logic determines that its 
1-1 coeflic ient~ have converged since reset. 
O=ini1ial DFE convergence not yet achieved. 
I = initial DFE convergence achieved 

5 R 0 J::yc Width Error Flag: 
O=norrnal: Measured l>ala Eye W idth at or above interrupt 
threshold ~ t in the Digi tal Eye Conirol Register 
veg 0x09): 
!=error: M easureu Dma Eye Width below interrupt 
1hrcshold set in the Digi tal Eyt: Con11-ol Regis1er 
(reg Ux09) 

6 I{ 0 Eye Amplitude Error Fl ag: 
O=norrnal: Measured Data Ey.: Height at or above 
interrupt l hreshold sel in the Digital Eye Control Register 
(reg Ox09): 
I - error: Measured l>ata L-:ye Height below interrupt 
threshold set in the Digital Eye Control Regi ster 
(reg Ox09'I 

15:7 R 0x000 Unused 
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2.2 HSS EXlO Transmitter Slice Functions 
In th is section. the functions of the rransmirter sl ice of the HSS EX I 0 

I 0-Gbps core are described. This core supports transmit bit rates as low as 
8.5 Gbps and as high as 11 . 1 Gbps. Frequent references arc made to the pin 
descriptions and register definitions found in Sect. 5.5.42.1. A lthough the HSS 
EX IO is only a tutorial example. the reader should compare the functions of the 
EX IO to real HSS cores with which the reader is fomi liar. A lthough implemen­
tations may vary. many similar functions will be found. In reading this chapter. 
the reader should acquire an understanding of the types of functions that may 
exist and some of the 1-ey features related to these fundions. 

A conceptual block diagram of the HSS EX IO transmitter is shown in 
Fig. 2.4. The parallel data input of the transmit1er (TXxD[ 19:0]) has a 20-bit 
data width which may be programmed to capture 8. 10. 16. or 20 bits of user 
data (based on the setting of the Parallel Data Bus lf"itltl, control bits in the 
Tm11smi1 Conjigura1io11 Mode Register) on the rising edge of the word transmit 
clock (TXx.DCLK). Other cores may support different data widths. 

Pseudo­
---------------1 random 

► Mu 

TXxD[19:0 

I ISSPlrt ADDI{ 

HSSPRTDATAIN 

11. SPIUDATAOU r 

8/101 
16/20-bit 
Data 
Capture 
Register 

code 
generator 

TXxPRBSEN j 

Byte 
DataOut 
Register 

8 

1.4 GHz 

Clock 
Divider 

Control Registers 

8: 1 
Mux 

Fig. 2.4 Transmitter concept diagram 

Wrapback 

Driver/ 
equalizer 

TXxOP/TXxON 
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( one per core) 

Note: PLL is 
shared across 
all ports. 

JTAG 

TXxBSOUT 
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2.2.3 Transmitter FFE Programming 
The HSS EX IO transmitter includes a feed forward equalization (FFE) to 

reduce intersymbol interference (ISi) at the receiver. This preernphasis 
technique uses a FJR filter to compensate for the high frequency roll-off of the 
transmission channel. Control inputs are provided to allow adjustment of the 
driver FFE filter coefficients on a per-port basis. The following equation 
describes the relationships of the FFE Coefficients. 

H(Z) = K(Co=+ I +C1z 0+Cz=-I) (2. 1) 
Th is Z-transform equation describes an FFE with three taps, including one pre­

and one post tap. Other cores may have FF Es with fewer or more taps. 

The driver amplitude (K) is adjustable in the range of 0 - 1,320 (nominal) 
mY peak-to-peak differential using the Transmit Power Register described 
previously in this chapter. The relative weights and polarities of Co to C2 are 
configured using the three Transmit TapX Coefficient Registers (X = 0, I , 2), 
and the Transmit Polarity Register. The actual range of relative coefficient 
weights is defined in Table 2.12. 

The resolution of the levels is also indicated in Table 2.12, with each tap 
having equal bit weight ing. The driver circuit design enforces a constant driver 
output power for any combination of coefficients and polarities, provided the 
sum of coefficients C0 - C 2 is 63 or higher (power decreases proportionally 
below this sum). As coefficients are initialized or updated. the logic calculates 
the appropriate internal amplitude (K) to maintain the overall output power at 
the level defined in the Transmit Power register. 

Table 2.12 Transmitter FFE summary 

Tap coeflicient. # 0 I 2 

Max current 7.5 30 15 
(mA) 

Relative max (%) 25 100 50 

DAC resolution (bits) 6 8 7 

Tap allocation Precursor Main tap Post cursor 

Table 2. 13 Transmit driver modes 

Mode 
FFE mode select bits of·Transmit Driver 

FFE taps activated 
Mode Control Register" for Port x 

FFE2 ··ow 0. I 

ffE3 ··or· 0. I , 2 

(Reserved) .. I 0-' (lndetenninate) 

Hi-Z -- 11 ·· None (see Seel. 2 .2.4. I J 
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To save power in certain applications, the ITE can be configured into 
several configurations using the Transmit Driver ,\,1ude Cuntrvl Register (see 
Table 2. 13). By using fewer taps, power is reduced. 
2.2.3.1 Loading Transmit Coefficients 

Many of the TX slice parameter control registers are not effective immedi­
ately afrer being written. Application of register values to the analog circuits is 
control led by writing the AppZJ' Load bit in the Transmil Coefjicie111 Control 
Register. T his allows the FFE and power level configuration to be completely 
loaded in the individual registers and then simultaneously applied to the analog 
circuits. For the HSS EX I 0, the values loaded into the Transmit TapX Coeffi­
cient Registers, the Transmit Power Register, the Transmit Polarity Register. 
and the FFE Mode Selecl field of the li'ans111it Driver Mode Control Register 
are not applied to the analog circui ts unti I the App~v Load bit is pulsed. The 
read-back value of these registers reflects the value being appl ied to the analog 
circuits. If these registers arc written and then read before the Apply Load bit 
is pulsed, the old values are read. (The value of the Slow Slew Control field of 
the Transmit Driver .l'vfode Control Register is applied to the analog ci rcuits 
immediately, and is not gated by the AppZv l,oad bit.) 

For cores which do not contain internal registers. tilter coefticients may be 
set using input control pins. Sequencing updated values onto these pins is the 
responsibility of the chip designer. 

FFE coefficient values arc not intended to be changed dynamically whi le 
data is being transmitted (except as part of a speed negotiation or l ink optimi­
zat ion process). Significant changes to the TX slice configuration can cause 
loss of data at the receiver unti I such t ime as the receiver adapts to the new 
waveform characteristics. 
2.2.3.2 FFE Coefficient Negotiation Support 

Higher speed protocol stru1dards sometimes support negotiation of trans­
mitter FFE settings based on characteristics of the signal at the receiver. IEEE 
802.3ap Backplane Ethemet is an example of such an application. Implemen­
tations of such appl icat ions must update FFE coefficients in response to a full­
duplex training protocol by reading and writing the corresponding registers. 

The training protocol used for Backp lane Ethemet is introduced in Sect. 
5.3.5.1. Some c.ores provide register contro l signals to more easi ly implement 
the actions defined by th is protocol. which include incrementing/decrementing 
coefficient values. Such features are not defined for the HSS EX I O core. 

2.2.4 Transmitter Power Control 
Power management is becoming an increasingly important part of chip 

designs. Various features are incorporated into HSS EX 10 core to facilitate 
turning off all or part of Transmit1er Sl ice when the corresponding interfaces 
are not in use. 
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Fig. 2.7 Receiver concept diagram 
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Another consideration of Receiver Slice usage is the bit order in which bits 
of the parallel data bus are serially received. For the HSS EX IO core, the first 
bit received is always steered to bit O of the RXxD bus. The user must be 
cautious that this is consistent with the interface standard being implemented. 
If necessary the datapath connections to the RXxD inputs must be rearranged 
to obtain the desired bit order. 

Receive data al ignment may be adjusted through the use of the 
RXxDA T ASYNC control input, and may be independently adjusted on each 
receiver slice. When the RXxDA TAS)'NC signal transitions from a "O'' to a 
·' I." the deserial izer with in the receive logic ignores the most recent serial 
input and holds the contents of the deserializer for one-bit clock cycle. The 
RXxDA T ASYNC operation has the effect of changing the deserializer 
alignment by one-bit position. 

The RXxDATASYNC operation also has the effect of stretching the 
corresponding RXxDCLK cycle. This behavior is dependent on the rate mode 
selected. In full-and half-rate modes, the RXx:DCLK is stretched 2 UI after 
every RXxDATASYNC or,eration. In quarte1·-and eight-rate modes. the 
RXxDCLK is stretched I UJ after every RXxDA TASYNC operation. Because 
the cycle is always st.retched. Lhe minimum pulse width of the RXxDCLK 
signal is never reduced. Pigure 2.9 illustrates the t iming requirements for the 
RXxDATASYNC input. 

2.3.2 DFE and Non-DFE Receiver Modes 
111 full-rate and half-rate modes the HSS EX IO receiver operates i,, one of 

three equalization modes: non-DPE. DFE3. or DFES. In quarter-rate and 
eighth-rate modes only 11011-DFE mode is supported. In non-DFE mode. the 
received input signal is processed through the variable gain amplitier (VGA) 
then captured in the front end logic and deserialized. In DFE3 and DFES 
modes. the deserialized samples are processed using DFE algorithms that 
automatica lly adjust the receiver threshold tu better compensate for severe 
pattern-dependent distortions in the channel. These modes are selected using 
by the DFE/11011-DFE Mode Select bits in the Receive Co11jiguratio11 Mode 
Register as shown in Table 2.17. 

Table 2. 17 DFE/non-DPE mode select 

Rc;c~iv~r modr 
DFE/11011-DFE mode selector bits of··Receive 

Configuration Mode Register .. for Port .,_ 

DFE'.i 0 0 

DFE3 0 I 

non-DFE I (I 

11011-DFE (default) I 1 
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DFES and DFE3 modes use 5 and 3 filter taps. respectively for feedback. A 
DFE-11 mode makes decisions regarding whether a bit is "1 •• or "o·· based on 
the history of the last II bits received. DFES provides maximum performance 
in terms of BER. while DFE3 may be used in cases where signal degradation 
is not as severe. The non-DFE mode uses a fixed thresho ld receiver for cases 
where signal degradation is small enough not to require further equalization. 
The VGA amplifier is used in all modes of operation. 

2.3.3 Serial Data Termi11atio11 and AC/DC Coupli11g 
The RX slice includes a termination resistance between the two legs of the 

differential input as well as biasing to the termination supply voltage. The 
common mode voltage that is seen on the differential signal tracks the termi­
nation supply voltage. and for this reason the termination supply may be 
applied through separate power pins on the HSS core. On some cores. addi­
tional inputs may be provided to select the voltage range for this supply. 

The HSS EX IO uses the nomenclature A VTT to designate the termination 
supply at the transmitter and A VTR to designate the termination supply at the 
receiver. These supply voltages are usual I, set to the same voltage to prevent 
circulating DC currents and to insure proper operation and reliability of the 
receiver. Note that there may be power supply sequencing requirements 
between the AVTT/AVTR supplies and the main power supply. 

Some appl ications and system designs use AC coupling on serial links to 
eliminate some of these restrictions. An AC coupled system includes decou­
pling capacitors inserted in line with the serial data signals such that there is no 
DC path between the transmitter and the receiver device. The decoupling 
capacitor must have sufficient capacitance to pass the lowest spectral 
frequency expected in the data. When AC coupling is employed, the common 
mode bias point of the transmitter and the receiver do not need to be the same. 

In a DC coupled li nk. the current path through the transmitter. the channel. 
and the termination network in the receiver determines the resulting common 
mode voltage. The H SS EX 10 receiver is designed using the assumption that 
the transm it:ter provides a termination which contributes to the voltage bias at 
the receiver. The current path through the transmitter does not exist when 
AC coupling is employed, and therefore the transmitter termination no longer 
contributes to the DC voltage bias for the circuit. The H SS EX 10 core has an 
HSSRXACMODE control input on the PLL slice which enables biasing the 
receiver's termination network when the core is used in AC coupled applica­
tions. This pin enables an additional current path which biases the receiver 
inputs to a common mode voltage equal to around 80% of the AVTR voltage. 
which is optimal for operation of this receiver. 

2.3.4 Signal Detect 
Each individual receiver circuit includes signal detection circuitry . The 

function of sign a I detection is to continuously monitor the attached media 
channel and to provide feedback concerning link status. A ·-i-· on the 
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The second DFE function is to determ ine the H l to H5 tap coefficient 
values, which is accomplished via a n algorithm in the DFE Engine (the DFE 
Engine block in Fig. 3.l3). 

Once the data has been equalized and captured, the data/edge/amplitude 
samples are aligned and deserialized in the Data Alignment/2:8 ne.rnria/i;;er 
block. Th is data is further processt:d in digital form by the three subfunclions 
in the synthesized logic macro: the CDR Macro, the Data Deserializer. and the 
DFE Engine functions. The data/edge/amplitude sample latches are clocked by 
three independent phase rotators. These phase rotators use a set of 1/Q (0/90°) 
clocks and provide a digitally contro lled phase interpolation function. 
producing 64-stcp granularity across a 2 Ul range. This corTesponds to a net 
time resolution of the phase rotator of 32 steps per U I. 

Other blocks shown in Fig. 3. 13 incl ude the SigDet block which 
implements the signal detection features (sec Sect. 2.3.4) and the AC JTAG 
block which provides low-speed board level testing (see Sect 2.3.6). 

3.3.1 Clock and Data Recovery (CDR) Operation 
The C DR macro uses a twofold oversampling scheme, capturing four 

samples across two bits (two edge and two data samples). In Fig. 3.1 3, the data 
samples are captured in the DFE block and the edge samples are captured in 
the DFE Edge block. Note that the DFE block and the DFE Edge block use 
identical summers to maintain timing alignment between the two functions; 
th is is critical for proper data centering. As illustrated in Fig. 3. 14. a simplified 
bang,bang phase detector approach can be visualized. In practice. the HSS 
EX IO core uses a 16-way bang-bang phase detector, with 16 data and 16 edge 
samples implemented in the CDR logic macro. Digi ta l filtering in the CDR 
logic results in a loop bandwidth of approximately I / 1.000th of the baud rate 
(depending upon incoming transition density). 

There are four sets of latches in the bang-bang phase detector: the DO and 
DI data latches (also used extensively in the DFR hlock) and the F.0 and F. I 
edge latches (specifically in theDFE Edge block). Samples are latched in Lhese 
latches using c locks which are sequenced as follows: E0 is clocked first. 
fol lowed by DO, EI, and finally DI . This sequencing is shown in Fig. 3 .1 4. As 
shown in the figure, XOR gates are used to detect d ifferences in phase. When 
a di fference exists between adjacent values, the XOR output is asserted. 

Tht: si mplified bang- bang phase detector scheme is examined for three 
cases of potential phase aligmnent in Fig. 3. 14. In Fig. 3.14a, both the (E0, DO), 
and the (E I, DI ) latches are sampling the same portion of the waveform. S ince 
the dig ital values are the same, the DECO and DEC I signals are not asserted. 
Likewise the (DO, E l), and the (DI . EO) latches are sampling differing logic 
levels, and therefore the INC0 and INC i signals are asse,ied. The INC signal 
causes the phase of a ll four clocks to shift 1o the left. The net effect of this is to 
move the E0 and El clocks closer to the data trans itions. 

Figure 3.1 4b shows the opposite s ituat ion where the data edges are between 
the E0/D0 and the E l/DI samples. In this case. the DECO and DEC I signals 
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are asserted, and the clock phases shift to the right. The effect again .is that the 
EO and E I clocks are moved toward the data transitions. 

Finally, Fig. 3. I4c shows the case where the signal is in lock. Jn the absence 
of noise, the lock condition for the phase detector is characterized by thrashing 
back and forth one step around the ideal sample phase. 

The digital INC/DEC signals arc then used to contro l the sampl ing phase of 
the clocks driv ing the Data/Edge latches. There are several popular schemes to 
digitally control the sampling phase. inc luding phase rotators, PLLs, delay 
lot.:ked loops, and digital oversampling schemes. The HSS EX 10 core uti l izes 
a phase rotator- based COR. 

A phase rotator is essentially a d igital mixer c ircuit which accepts two 
differential clocks with 90° separation, often referred to as In-phase and 
Quadrai-ure-phase ( I & Q). Shown in Fig. 3. 15, the half-rate (C2) input clocks 
CK_! and CK_Q are mixed in various proportion to co11lru l the output phase 
of the rotator. The l inearity (phase out vs. digital phase control in) or step size 
of a phase rotator is a strong function of the shape of the input c lock 
waveforms. Optimal performance is achieved when the input signals are very 
close to sinusoidal waveforms. To that end, the SLEWBUF section controls the 
slew rate of the input signals and produces a sine wave on the SCK_J and 
SCK_(,2 outputs. Two 15-valuc ILJACs (typically thermometer encoded) 
control the amount of J vs. () contribution to the output. and the POL signals 
select t he quadrant in which the output operates. The net result is that the 
digital control ,,,;ord INT+ POL can produce any one or 64 phases al the 
ZP/ZN outputs. 

SCK•I 

CK-

SLEW 4 SLEW DAC 

Fixed cell 15-cell current-steering DAC 

Fig. 3.15 Phase rotator conceptual diagram 
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- 0.51+ 15.~ 0 0.51+15JQ 
-1.51+14.5~ -~1.51-1-145(,) 

Fig. 3.16 Four quadrant phase rotator diagram 

Fig. 3.1 6 illustrates a phase rotator quadrant diagram, showing the 64 
possible combinations of phase. In order to track a frequency offset ( in ppm) 
between the incoming signal stream and the local C2 clocks, the digital control 
word is periodically adjusted in a given direction . The greater the difference 
between the signal baud rate and the local C2 clock frequency. the more often 
the phase must be ad_juslec.l. 

3.3.2 Decision Feedback Equalizer (DFE) Architectures 
The heart o f the DFE-based core is the high-speec.l analog funclion tliat 

varies the sample latch thresholds at the baud rate. Figure 3.17 illust rates how 
this DFE threshold movement improves the BER. 

h) 

Bil Error 

0 
~ -
I I 0 

Fig. 3.17 Decision feedback equa lizer threshold adjustment 
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Chapter 5 
Overview of Protocol Standards 

Older protocol standards defined electrical interfaces which used source 
synchronous bus approaches that were described in Chap. I . As interface stan­
dards evolved to higher and higher data rates, m ost standards turned to specifi­
cation of high-speed signals implemented w ith HSS cores. This chapter is by no 
means a complete summary of all of the protocol standards for which HSS cores 
are used, nor does th is chapter contain sufficient information to design the logic 
associated w i th any given protocol standard. The goal is simply to provide the 
reader with a basic knowledge of some of the more popular standards. 

Some of the protocol standards that are popular and relevant as of the time 
of this w rit ing are listed below: 

1. Telecom Standards 

(a) International Standard5: 

• SONET I SDH: Telcordia GR-253-Core 

SON ET (Synchronous Optical NETwork) is a serial protocol for optical 
telecom networks used within North America; SDH (Synchronous 
Digital Hierarchy) is the equivalent protocol used on other continents. 
The protocol is based on continuously sending frames containing 
multiple connection clients at the rate of 8, 192 frames per second. 
Relevant baud rates are: 2.48832Gbps (OC-48), 9.95328Gbps 
(OC- I 92), and 39.8 l 3 I2Gbps (OC-768). 

(b) Optical lnternerworking Fomm (OIF): 

OIF is an industry forum wh ich develops Imple111entation 
Agreements that define interfaces internal to a system that are 
not within the scope of other standards bod ies. 

OIF-Sxl-5-01.0: System Interface Level 5 (Sx l-5): Common Electrical 
Characteristics for 2.488- 3. I 25Gbps Parallel Interfaces 

Sxl-5 is an electrical layer standard incorporated by reference in the 
SFl-5 and SPl-5 protocols. Relevant baud rates are from 2.488Gbps up 
to 3. 125Gbps. 

OIF-SF/5-01.0: Serdes Framer Interface Level 5 (SFl-5): 40Gbps 
Interface for Physical Layer Devices 

SFl-5 is a protocol layer standard defining the chip-to-chip or chip-to­
module interface between a SONET/SDH Framer chip and an OC-768 
40-Gbps Serdes chip. It is also used to interface between a Framer or 
Serdes chip and a Forward Error Correction (FEC) chip. Protocol uses 

D. R. Stauffer et al.. High Speed Serdes Devices and Applicc11io11s. 
© Springer 2008 
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16 Sx l-5 electrical links at 2.48832Gbps per link to achieve 39.81312 
Gbps, plus an additional link used as a deskew reference. Baud rates are 
higher on links between a FEC chip and a Serdes chip; baud rate in this 
application depends on the FEC implementation. 

OJF-SP/5-01. I: System Packet Interface Level 5 (SPl-5): OC-768 
System Interface for Physical and Link Layer Devices 

SPl-5 is a protocol layer standard defining chip-to-chip or backplane 
interfaces between SONET/SDH Framer chips and other Network 
Processing Elements (NPE) of an OC-768 system. The protocol uses I 6 
Sx l-5 electrical l inks to implement an interface with a total bandwidth of 
39.8 I 3 I2- 50.000Gbps. Additional links in the opposite direction are 
used to communicate queue status. 

OJF-CEl-02.0: Common Electrical 1/0 (CEI) : Electrical and Jitter 
lnteroperabi I ity agreements for 6G+ bps and 11 G+ bps 1/0 

CEI is an electrical layer standard for interfaces with baud rates in the 
range of4.976-6.375Gbps, and in the range of9.95- l l .1 0Gbps. Multiple 
variants are defined to target various reach objectives (short reach chip-to­
chip. and long reach backplane) . This electrical layer specification is 
incorporated by reference in the CEI-P and SFl-5.2 protocols. 

O!F-CEI-P-01.0: Common Electrical 1/0: Protocol (CEI-P): 
Implementation Agreement 

CEI-P is a protocol standard for a Physical coding sublayer for CEI 
electrical interfaces. specifying overhead bits using a variation on 
64B/66B block encoding w ith data scrambling for encoding data on CEI 
electr ical links. The speci fication includes FEC codes used for error 
checking, and optionally for error correction. This lower layer protocol 
is incorporated by reference in the SPI-S protocol. 

O!F-SF/5-02.0: Serdes Framer Interface Level 5 Phase 2 (SFl-5.2): 
Implementat ion Agreement for 40Gbps Interface for Physical Layer 
Devices 

SFl-5.2 is a protocol layer standard defining the chip-to-chip or chip-to­
module interface w ith similar application to SFI-5. The protocol uses 
four CE l- I1 G-SR electr ical links at 9.95328 Gbps per l ink to achieve 
39.8 I 3 l 2 Gbps. plus an add itional link used as a deskew reference. 

OIF-SP!-S-01.0: Scalable System Packet Interface Implementation 
A greement: System Packet Interface Capable of Operating as an 
Adaption Layer for Serial Data Links 

T he SPI-S protocol layer standard defines chip-to-chip or backplane 
interfaces between SONET/SDH Framer chips and other Network 
Processing Elements (N PE) of an OC-768 system. The protocol extends 
SPl-5 and other prior protocols defined by O IF, speci fy ing a scalable 
interface (both in terms of baud rate and in terms of bit width) capable of 
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achieving any bandwidth. SPI-S bui lds on top of the CEI-P sublayer. 
although it may also be used with other 64R/668 encoded protocols. 

2. Data Networking Stam.Janis 

(a) IEEE Sid-802.3 Eihernet: Elhernd i~ a packet prulm.:ol for data networks. 
The standard is written as a clause-based document which has expanded 
over time to include a multitude of interface variants. /\ sampling of relevant 
variants are l isted below. 

IEEE Std 802.3. 2000 Edition, Cla11se 38: I000Basc-SX. LX 

This clause defines a Physical M edium Dependent (PMD) layer for 
1,000 Mbps Ethernet. This protocol uses &B/ JOB encoding, so the actual 
baud rate is 1.25 Gbps. 

IEEE Std 802.3ae, 2002 Edilion, Clause -17: XGMII Extended Sublayer 
(XGXS) and I 0-Gb Attachment Uni t Interface (XAUI) Speci ficat ion 

·r his clause defines a Physical Medium l)cpcndcnt(PMD) layer for a I 0-
Gbps Ethernet interface between two ch ips. and is sometimes used 
across a backp lane. The XAUI interface is specified as four l inks L1si 11g 
8B/108 encoding and running at a baud rate of 3.I25 Gbps. 

IEEE Std 802. 3ak, 200-1 Edition, Clause 54: 1 0GBASE-CX4 
Speci fication 

This clause defines a phys ical medium dependent (PMD) layer for a 
10-Gbps Ethernet interface over an IBT cable. The J)rotocol is similar to 
the XAUI specification in clause 47. 

IEEE Std 802.Jap. Clauses 70. 71. and 72: Backplane Ethernet 

These clauses define a physical medium dependent (PMD) layers for 
using the Ethernet protocol across a backplane. C laL1se 70 specifics a 
I.O00Mbps PM D layer sim ilar to clause 38. Clause 71 specifies 11 four 
l ink at 3.I25Ghps PMD layer similar to clause 47. Clause 72 specifies a 
serial I0.3Gbps PMD layer . 

3. Storage Networking Standards 

(a) INC/TS TI I Fibre Channel: Fibre Channel is a packet protocol for storage 
networks. Fibre Channel is used both for communicat ion between systems in 
storage area networks and between host and disk drive dev ices. Fibre 
Channel is specified by a collection of documents which specify the physical 
layer, protocol. and other aspects of systems. Key documents are listed 
below. 

FC-Pf-4: fibre-Channel: Physical Interfaces: 4 

Th is sland..ird speci fies electrical and optical phys ical layer Fibre 
Channel var iants defined by the T l 1.2 Task Group. The more popular 
serial variants uti lize a single l ink al a ooud rate of 1.0625. 2.125. 4250. 
or 8.500Gbps. There is also a I OGbps variant specified in a separate 
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document which utilizes an interface similar to XAUI (see prior Ethernet 

d.:s1.:riptio11s). 

FC-FS-2: f ibre-Channel: Fram ing and Signaling: 2 

Thb ~tandard speci fies the Fibre Channel protocol for use over any of the 
physical layer variants speci fied in FC-Pl-x and is defined by the Tl 1.3 
Task Group. The protocol uti l izes 881 I OB block encoding. Serial 
variants with baud rates of 8.500Gbps also scramble data prior to the 
block encoding stage. 

(b) INCfTS T f 0 Serial Allachetl SCSI : 2 (SAS-2) TJ0/ 1760: SAS is a packet 
protocol for storage networks. SAS is used for communication between 
host and disk drive devices. Current supported baud rates are 1.5 and 
3.0 Gbps: a 6.0-Gbps baud rate is expected in the future. The protocol 
utilizes 813/ 1013 block encoding with data scrambled prior to the block 
encoding stage. 

(c) Seria( ATA f11ternct1io11al Organizat ion. Serial ATA Revision 2.5 (SATA): 
SATA is a packet protocol for storage networks. SAT A is used for 
communication between host and disk drive devices. Current supported baud 
rates are 1.5 and 3.0Gbps: a 6.0-Gbps baud rate is expected in the future. 
The protocol utilizes 88/ 1 OB block encoding. 

4. Trnnsaction Protocols 

(a) Peripheral Compo11en1 lmerconnect Special /meres/ Group (PCI-SIG): PC / 
Express Baseline Spec/(ica1ion, Version 2.0: PCI Express is a transaction 
protoco l for interconnecting peripheral devices in computing and 
communication platfonns. Current supported baud rates arc 2.5 and 5.0 Gbps. 
Po1ts use I , 2. 4, 8, 12, 16. or 32 links in parallel to scale bandwidth as 
needed. The protocol ut i lizes 8B/ 10B block encoding with data scrambled 
prior ro the block encoding stage. 

(b) lnfiniBand Trade Association (IBTA) (nfiniband Architecture Specijica1io11 
Volume 2, Rel ease 1.2: ln fin iband is a transaction protocol for 
interconnecting host and peripheral devices. generally through a switch 
fabric. Current supprnted baud rates are 2.5. 5.0, and I O.0Gbps. Po1ts use I , 
4, or 12 links in parallel to scale bandwidth as needed. The protocol utilizes 
8B/ 108 block encoding. 

A selection of the above standards are described i n m ore detai l in the re­
mainder of this chapter . Detailed references for these standards documents are 
provided in Sect. 5.6. 

5.1 SONET/SDH Networks 
The original work on the Synchronous Optical NETwork (SON ET) 

standard was performed by Bell Communications Research ( Bellcore), now 
Telcord ia, which was founded as the result of the breakup o f A merican 
T elephone and T elegraph (AT& T) in I 984. Priorto SON ET, higher bandw idth 
telecommunicatio ns equipment tended to use proprietary specificat io ns and 
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OIF has collaborated with the developers of an open source software tool 
called Sta1Eye to r rov ide an implementation of the mathematics spec ified in 
the CEI lmplemenlalion Agreement [12]. Certa in re leases of this tool include 
templates for the various CEI variants. StatEye performs the necessary 
statistical signal integrity analysis using these templates. 

5.3 Ethernet Protocols 
The Institute o f Electrical and Electronics Eng ineers (IEEE) commissioned 

a committee to develop open network standards. S ince this committee started 
work on th is effort in February, 1980, the documents produced by this project 
were designated us ing the nomenclature IEEE 802.x. Several di fferent network 
architectures were ult imately standardized. resulting in various '·.x" exten­
sions. T he "Elhernel'' syslem orig inally developed by Xerox was standardized 
and published as " IEEE 802.3 Can·ier Sense Mult iple Access with Coll ision 
Detection (CS MA/CD) Access Method and Physica l Layer Specifications·• in 
1985 . Although the IEEE document does not use the term, the "Ethernet'' name 
continues to be commonly associated with this standard. While Ethernet was 
on<.:e o ne of several network slanc.Jarc.Js with signi licanl deployment ( for 
example: the 802.5 Token Ring), over time it has emerged as the dominant 
network standard. The 1 EEE 802.3 document has gone through several revi­
sions. adding additiona l c lauses to support add itional speeds, physical layers, 
etc .. since its orig inal publication. 

The historical network topology for an Elhemet system consisted of 
mulliple workslalions cunnecled lo a common Ethernet bus using coaxia l 
cable. Whenever one of the workstations wanted to send data, the network 
device would fi rst listen to the bus to determine whether another workstation 
was us ing it. If the bus was in use, the device would wait. If the hus was not in 
use, the network device would transmit a data pack el, whili:: continuing to 
monitor the bus for any coll is ions result ing from two dev ices starting transm is­
s ion at the same time. lfa collision occurred, the device would abort the trans­
mission and wait some amount of time before try ing again . The CSMJ\ /CD 
portion of the title for the IEEE 802.3 document results from this historical 
network access method. 

Beginning in the early I 990s, "star-connected" network topologies became 
the network configuration of choice. Jn a "star-connected" topology, each 
workstation connects to a central network unit (either a network switch or a 
network hub), and each connection is a point-to-point link implemented using 
twisted-pair wire oropli1.:al liber. Such topologies a llowed full-duplex connec­
tions such that a network device can be both transmitting and receiving al lhe 
same time. Since each link had only o ne transmitter, collisions were no longer 
poss ible. Nevertheless. the CSM/\/CD access methods were retained in the 
IEEE R02.3 standard through the l O Mbps, I 00 Mbps, and I Gbps generations. 
Clauses pe,taining to 10 Gbps recognize that practical implementations are 
point-to-poi nt lin ks, and no longer support CSMA/CD access methods. 
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5.3. I Pl11wical La,,er Reference Model . . 
Fi l!.urc 5.14 illustrates Lhe Media Access Control (M AC) layer and the 

varint~s components (with the associated Ethernet terminology) of the Physical 
Layer associated w ith I 0-Gbps Ethernet. The Reconciliation Layer remaps 
signals between the 32-bit M/\C/PLS service interface definition (clause 36) 
and the I 0-Gbps Ethernet Media-Independent Interface (XGMII ) definition. 
The MAC layer (via the Reconci liation Layer) and the Physical Layer are 
interconnected using the XGMll. The Physical Layer consists of the Physical 
Coding Sublayer (PCS), Physical Med ium Attachment (PMA) sublayer, and 
the Physical Medium Dependent (PMD) sublayer. There are multiple clauses 
of the JEEE 802.3 document which apply to these sublayers, depending on the 
type of med ium being used. HSS cores are used in the high-speed electrica l 
implementation of these layers. 

Table 5. 10 describes the relationship between I 0-Gbps Ethernet variants 
and nonnative clauses of the I FEE 802 .J document for the physica l sublayers. 
The publ ished clauses relevant to 10-Gb Ethernet are summarized below: 

Clause ./-1. Introduction to the IOGbps Baseband Nehilork: This clause is a 
normative surnma1y· of applicable requ irements for the I 0-Gbps LAN/WAN 
variants described in Table 5. 10. This clause references other I 0Gbps clauses. 

Clause 46. Reco11ciliatio11 Sublayer (RS) a11d 10 Gigabil Media J11depe11de111 
l111e1.face (,YGMJJ): T his clause defines both the Reconciliation Sublayer (RS) 
and the XGMIJ. 

Clause 47. XGMII Exte11der Sublayer (XGXS) a11d 10 Gigabit Attach111e111 U11i1 
lnte,face (.YA UI) : This clause defines a method of extending the physical 
distance between the M AC layer device and the PCS/PM A layer device. An 
XGXS layer device is located near the M AC layer device (DTE XGXS), and a 
similar XCXS layer device is located near the PCS/PMA layer device (PHY 
XGXS). XAUI is the interface definition which interconnects the two XGXS 
layer devices. 

Clause .J8. I'l(vsical Coding Sublayer (PCS) and Pl~vsical Medium Attachmenl 
(PMA) sublayer. flpe JOGBASE-X: This clause defines the PCS and PMA 
layers for connecting an XGMI I to a PMD using a 4 lanes by 3. I 25Gbps 
electrical interface. B lock encoding/decoding (8B/1 OB), alignment, deskew, 
and clock rate compensation are components of this clause. 

Clause 49. Pl~vsical Coding Sublayer (PCS) for 64b/66b, 1_,pe 
IOGBASE-R: This clause defines the PCS layer for connecting an XGMn to a 
I 0-Gbps serial PMA layer. Block encoding/decoding (64B/66A). alignment, 
and clock rate compensation are components of th is clause. 

Clause 50. WAN /11te1face Sublayer (WIS). ~vpe JO(iBASJ;,"-W: This clause 
defines a sublayer which exists between the PCS and the PMA layer for W ide 
Area Network (W AN) variants. This sublayer maps Ethernet packets into the 
Synchronous Payload Envelope (SPE) of an STS-192c SONET frame. 
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Clause 51 P!lvsical Medium Allac l,111e111 (PMA) sublayer, serial: This clause 
defines a PMA sublayer for interfacing the PCS sublayer defined in clause 49 
(or the WI S sublayer defined in clause 50) to a PMD using a seria l I 0.3 125-
Gbps e lectrical interface. 

Clause 52 Phvsical Medium Depende//1 (PMD) sublayer and baseband 
medium. ~vpe JOGBASE-S (."-.hort Wavelength i,'erial) and IOCi/JA,\'J•,'-L ( long 

Wm·e/ength Serial) and JOGBASE-E (E-..tra Long Wavclc11g1h Serial): This 
clause defines the electrical-to-optica l and optical-to-e lectrical PMD layer for 
10-Gbps serial optical devices. 

Clause 53 Physical Medium Depe11dem (Pll'fD) sublayer and baseband 
111ediu111, type /OGBASE-LX-1: Th is clause defines the electrical-to-optical and 
optical-to-electrical PMD layer for a I 0-Gbps optical device which employs 
Cour,;e Wave Division Mu ltiplexing (CWDM) to transmit four 3. 125Gbps 
data streams on the fi ber. 

Clause 54 Physical Medium Dep endenl (PMD) sublayer and baseband 
medium, type I OGBASE-CX4: Th is c lause defines the electrical PM D layer for 
a 10-Gbps electrical device which uses four 3 .125-Gbps electrical d itle rential 
signals to transmit data across a cable. 

The Ethernet variants also ex ist for communication across backplanes 
within host systems. The clauses relevant to I 0-Gb Backplane Ethernet are 
summarized below: 

Clause 69. Introduction 10 Elhernet opera/ion over electrical 
backplanes: This clause is a normative summary of applicable requirements 
for the I Gbps and IO Gbps backplane variants described in Table 5. 10. This 
clause references other clauses applicable to these variants . 

Clause 7 1. Physical Medium Depende11/ Sublayer and Baseband A1ediw11. 
Type JOGBASE-KX4: This clause defines the e lectrica l PMD layer for a I 0-
Gbps electrical device which uses four 3. 125-Uhrs e lectrical differential 
signals to transmit data across a backplane. 

Clause 72. Physical Medium Dependenl Sublayer and Baseband J1edium. 
'J_ype JOGflASF.-KR : This clause defines the electrical PMD layer for a 10-
Gbps serial eleclrical device which uses a I 0.3 125-Gbps declrical dilTerential 
signal to transmit data across a backplane. This clause additionally defines a 
tra ining frame structure and training state machine. This training protocol 
monitors the s ignal metrics at the receiver du ring link initia lization and updates 
FFE coefficients in the transmitter in order to optimize performance of the link. 

Clause 73. Auto-Negotiation for Backplane Erhemct: This clause defines 
autonegotiation protocols which arc mandatory for PCS/PM A layer implemen­
tations for Backplane Ethernet. This protocol a llows devices to negotiate 
which Backplane Ethernet variant is to be used, whether FEC is to be used, and 
other parameters. 
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Clause 7./. Forward Error Correction (FEC) sublayer for 
JOGBASE-R: This clause defines an optiona l FEC sublayer for enhancing the 
BER performance of I0GBASE-KR. 

5.3.2 Media Access Control (MAC) Layer 
In th is section the basic format of an Ethernet frame is discussed, as we) I as 

the XGMI I interface definition. Other details of MAC layer function are 
beyond the scope of th is text. 
5.3.2.1 Ethernet Packet Format 

Ethernet is a packet de livery system. The basic format of an Ethernet packet 
is shown in Fig. 5. 15. Each packet consists of a preamble and start frame 
delimiter (SFD) to indicate the beginning ofa packet, destination and source 
addresses to identify the recipient and the sender, a packet length fie ld indicat­
ing the number of data bytes in the packet, a variable length data field, and a 
frame check sequence (FCS) fie ld to facilitate error detection. 

Each Ethernet network interface card (NIC) is assigned a unique MAC 
address by its manufacturer. The first 24 bits of the 48-bit MAC address 
identify the manufacturer and are assigned by the IEEE Registration Authority. 
The rema ining bits are assigned by the manufacturer and are genera lly pro­
grammed into the hardware such that they cannot be changed. This MAC 
address uniquely identifies the NIC, even if the hardware moves to another 
location. 

The data po,tion of the MAC frame generally carries data for a higher layer 
protocol, which a lso requires some control information to be transmitted. The 
data portion of the frame in Fig. 5 .1 5 often consists of a logical link control 
( LLC) layer header fo llowed by payload data. If there a re fewer than 46 bytes 
of payload data, then the paylo<1d data is padded to achieve this minimum 
length. 

Preamble SFIJ Destinatio Source Length Data FCS 
(7 bytes) (I) Address Address (2) (Up to 1500 bytes) (4 bytes) 

(6 bytes) (6 bytes) 

Preamble: )dies which set timing. 
Start Frame Delimiter (SFD): 'AB'h indicating start of frame. 
Destination Address: Six byte unique MAC address of recipient device. 
Source Add rcss: Six byte unique MAC address of sending device. 
Length: Two bytes indicating length of data field. 
Data: Layer 2 Payload Data field. Generally conta ins a Logical Link 

Cont rol (LLC) header and between 46 and 1500 bytes of payload data. 
Data is padded if shorter than 46 bytes. 

Frame Check Sequence (FCS): Cyclic Redundancy Check (CRC) 
remainder for error detection. 

Fig. 5.15 IEEE 802.3 ethernet frame 
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Overhead bytes not listed a hove are not supported. They are set to fixed 
values and are not checked. 

One last note on the WIS sublayer is in regard to the orientat ion of most 
significant bit and least sig nificant bits o n the inte rface between this layer and 
other sublayers. Ethernet bits are transmitted le<1sl signilicm1t bit first. while 
SON ET/SDH octets a re transmitted most s ignificant bit first. For th is reason. 
bit/octet ordering is interposed ber.veen the PCS and the PMA sub layers by the 
WI S sublayer. 

5.3.5 Backplttne Etlrernet 
There are three s ignificant features associated with Backplane Ethernet 

whid1 are not used in other Ethernet variants. These fea tures a re: 

• Training protocol (defi ned in C lause 72 for I0GBASE-KR) 

• Autonegotiation (defined in Clause 73 for a ll Backplane Ethernet 
variants) 

Forward error correction (FEC) (defined in Clause 74 for optional use 
with I0GIJASr-KR) 

5.3.5.l Training Protocol 

The training protocol is included in the IEEE 802.3 c lause 72 specificat io n 
for the I 0GBASE-KR variant and must he executed upon sta rt-up to initialize 
the PM D for this va riant. T his protocol continuo us ly exchanges fixed-length 
training frames between the PMD and the link partner. The train ing frames 
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contain both a pseudorandom training pattern and an FFE coeffic ient control 
fie ld. During the training process, each PMD monitors the quality of thc 
rt:eeived train ing pattern and generates FFE coefficient control com mands to 
the PMD at the other end of the link. At the same time the PMD mon itors 
received FFE coefficient contro l commands and updates the HSS configura­
tion accordingly. It is important to note that Ethernet assumes fu I I-duplex com­
munication between PMDs. making it possible to perform two-way 
comm unication to negotiate link parameters. 

Training Frames: 
The training frame is a fixed length fram e conta in ing the fo llowing fie lds: 

• Frame Nfarker. A four byte un ique marker pattern denoting the sta1i o f 
the tra ining frame. The marker pattern is ' ·FFFFOOOO" hexadecimal. This 
marker is transmitted at 10.3125 Gbps. 

• Coefficient Update. A 16-bit coeffi c ient update fi e ld which allows the 
PMD to request changes to the FFE coefficients being used by the PMD 
at the other end of the I ink. This 16-bit coeflic ient tie ld is transmitted 
using Manchester coding at a baud rate which is one-eighth of the normal 
I 0.3 125 Gbps baud rate. Transm ission of this 16-bit field is the equivalent 
of transmitting l 6 bytes at I 0.3 125 Gbps. 

• Swtus Report . A 16-bit status fie ld which indicates whether the PMD has 
fi nished its training process. as well as the status of any requested FFE 
coefficient updates. This 16-bit coeffic ient field is transmined using 
Manchester coding at a baud rate which is one-e ighth of the normal 
I 0.3 125 Gbps baud rate. Transmission of this 16-bit field is the equivalent 
of transmitting 16 bytes at l 0 .3 125 Gbps. 

• 1l·aini11g Pat1en1. Pseudorandom data generated with the polynomial: 
G(:r) = I + .\'9 + XI I • 

This field is 512 bytes in length (4,094 bits PRBS b its fo llowed by two 
,ll:ro bits), transmille<l at I 0.3 125 Gbps. 

The purpose of using low-speed Manchester encoding for the Coefficient 
Update and Status Reporl fie lds is to ensure reliable information is communi­
cated even when the link performance is not optimized. These fields can be 
implemented by transmitting the parallel data byte "00000000" or " I 11 111 11 " 
to represent a Manchester encoded ·'O' ' bit, and transmitting the parallel data 
byte "0000 11 1 I" or ·' 11.110000'' to represent a Manchester encoded " 1" bit. 
(The byte patte rn used to denote a Manchester encoded "O" or " 1 •· is selected 
to ensure that a trans ition a lways occurs between bits .) 

The Coefficient Update field contains the fo llowing subfie lds: 

• Preset. Forces a ll FFE coefficients to be set to a state where equalization 
is tu rned o lf ( i.e., coeflicients for the main FFE tap is set to its maxim um 
value, and coeffic ients for precursor and postcursor taps are set to zero). 

• lnitia/i:,e. Forces FFE to be t urned on and coefficients lo be set to 
predefined initial i1.ation values. 
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Coefficient ( + 1) Update. Directs that the postcursor FFE coefficient shall 
be incremented, decremented, or held at cutTent value .. 

• Coefficient (0) Update. Directs that the main FFE coefficient shall be 
incren1ented, decremented, or held at current value. 

• Coefficient (-1) Update. Directs that the precursor FFE coefficient shall 
be incremented, decremented, or held at current value. 

Update requests to increment or decrement coefficients shou ld only be sent if 
the received Status Report field corresponding to the coefficient indicates the 
coefficient is in not updated state. 

The Swtus Reporl field contains the fo llowing subfields: 

• Receiwr Ready. Indicates that reporting node has finished training its 
receiver and is ready to receive data. 

• Coejficie11t (+ I) Status. Repo1ts that the postcursor FFE coetlicient is not 
updated, is updated, is at maximum value, or is at minimum va lue. The 
PMD initially reports all coefficient status as 1101 updaied Aflt:r re1;1::iving 
a Coefficient Update request to update the coefficient. the PMD updates 
the coefficient and then reports e ither updated, maximum, or minimum 
status. After receiving a Coeffic ient Update request to hold the previous 
value. the PMD retums status to not updated. 

• Coefficient (0) Status. Reports that the main FFE coefficient is not 
updated, is updated, is at maximum value. or is at minimum value. Status 
trans itions arc similar to the description for the postcursor FFE 
coefficient 

• Coefficient (-1) Status. Reports that the precursor FFE coefficient is not 
updated, is updated, is at maximum value, ur is al minimum value. Status 
transitions are simi lar to the description for the postcursor FPE 
coefficient. 

The coefflciem status and coeffrc ie111 update fields associated with each 
FFE coefficient operate according to a simple two-way handshake as described 
above. Each PMD assesses the quality of the received signal (through analysis 
of the training pattern), and then instructs its partner node to update FFE 
coefficients in an attempt to improve the quality of the signal. 

Training State Machine: 
The train ing state machine is also defined by clause 72. When a node 

detects a s ignal on the link, it starts sending training frames and waits for 
reception of valid train ing frames from its link partner. Once training frames 
are being received, the node allows the receiver equalization to train, and 
determines whether updates are required to the transmitter equalizalion. FFE 
coefficient updates are requested via command bits in the transmitted tra ining 
frame; the link partner's acknowledgement of these requests are 
communicated via the status bits in the received training frame. 
Simultaneously, the node mon itors command bits in the received training 
frame to determine whether local FFE coefficient updates are being requested 
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by the link partner, and if applicable executes these requests and returns an 
acknowledgement via the transmitted tra ining frame. 

It should be noted tl1at clause 72 does 110 1 speci fy the algorithms which 
should be employed to dctcnn inc optimal equalizer settings. These algorithms 
are left as an exercise to the designer, and some implementations may even 
choose to use preset FFE coefficient values. (A lthough such implementations 
may not work well in some system configurations.) 

The methods of determining signal quality and criteria for exiting train ing 
are also 1101 specified by clause 72. These methods and cr iteria may be based 
on the PRBS pattern in the train ing frame, or may use other proprietary features 
of the HSS core. 

HSS Features: 

Some HSS cores may implement features which aid in signal quality 
assessment and a I low faster updates to FFE coefficient values. Features such as the 
fol lowing are helpful to the implementation of the clause 72 Training Protocol: 

• FFE coefficient negotiation requi res assessment of the eye quality of the 
signal being received by the receive PMD layer. This signal quality is not 
directly observable by measurements at higher sublayers. The I ISS EX I 0 
digital eye feature assesses eye quality and provides training state 
machines with quick access to these rnea~urements. This is useful for 
implementing the training protocol. 

• FFE coefficient updates by a partner link during the tra ining process 
shou ld be made in a timely 111aI111t:r. H SS core features to quickly rt:sd, 
load, increment, or decrement FFE coefficients speed up training. 

5.3.5.2 A utonegotiation 

The autonegotiation protocol is defined in IEEE 802.3 d ause 73 . 
Backplane Ethemet PHYs are required to implement the autonegotiation 
protocol, however, use of the protocol is under the control of the management 
interface and is optional. The protocol allows a device to advertise the modes 
of operation it supports to another dev ice at the remote end o f a backplane 
Ethernet l ink, and to detect the corresponding operational modes being adver­
tised by the other device. The objective is to allow the devices to agree to a 
configuration that maxim izes the performance of the link. The protocol addi­
tional ly ensures that the PHY device is attached to its link partner at the remote 
end of the l ink, and is not responding to a crosstalk signal. 

Autonegotiation is performed using low-speed Manchester encoding oflhe 
information to be exchanged. Clause 73 describes a number of Differential 
Manchester Encoding (DME) pages which are exchanged by the protocol. 
t\utonegotiation supports the fol lowing partial list of functions: 

• A dve11ise which backplane Ethernet variants are supported and negotiate 
which variant should be selected. 

• Advertise whether the interface suppoI1s FEC and negotiale whether to 
enable FEC. 
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for the target BER. The measurement must also be based on suf ficiently 
random data to ensure all possible pattern-dependent effects have been 
observed. A typical oscilloscope providing a± 3 sigma histo~ram of eye width 
values is not an accurate portrayal of the eye width for a 1 o- BER, and using 
such a measurement understates the jitter of the system. 

Traditionally, jitter is subdivided into the following two components: 
deterministic jilter (DJ), and random j itter (RJ ). Each of these categories 
accumulates different ly in the link and results i n different requirements for 
compliance and budgeting schemes. 

Deterministic jifler. This is the amount of the total jitter for which the jitter 
distribution is non-Gaussian. Determ inistic jitter is always bounded in 
amplitude and is created by specific, identifiable causes. The terminology used 
in [I ] for DJ is high p robability j iff er (HP J) . Four types of jitter are typically 
included as part of the DJ component: 

• D uty cycle distortion (DCD) results from the difference in width between 
a logic ·'O'' and a logic·' I ." Th is element of DJ is the result of a driver 
c ircuit that has rise and fa ll times that are not equal. Another cause of 
DCD results when a DC voltage offset is present between the true and 
complement legs of the differential signal. Pulse w idth shrinkage due to 
passive or active components of the channel may also be a factor. DCD is 
sometimes called p ulse w idth d istor tion. 

• Data dependent jifler (DDJ) includes t iming variat ions that result from 
nonclocklike serial data waveforms as they propagate through a channel 
with bandwidth l imitations. Given knowledge of the preceding and 
subsequent bits of the transmission. the DDJ component of the j itter is 
predictable, and therefore may be corrected through equalization. DDJ is 
also called patlern dependent jilter or inter.,:vmbol inte1fere11ce ( ISi). 

• Periodicjiller (Pl) is j itter which has a single fundamental harmonic plus 
possible multiple even and odd harmonics. PJ results from various 
electromagnetic noise sources in the system such as power supply noise 
and crosstalk from periodic signals. Clock signals are periodic signals 
which cause crosstalk that results in PJ on the victim signal. 

• Sinusoidal jiff er (SJ) is j itter which has a single fundamental harmonic 
and no additional harmonics. Sinusoidal jitter is generally defined in the 
context o f applied SJ for j i tter tolerance testing of a receiver device. For 
this reason it is generally considered separate from the periodic jitter 
which arises from sources in the system. 

• Bounded uncorrelated j ilter (BUJ) includes all components of non­
Gaussian jitter which are not included in the various com ponents l isted 
above. Nonclock crosstalk aggressor signals operating at a baud rate that 
is synchronous to the baud rate of the v ictim signal produce jitter on the 
victim which is non-Gaussian and is also not correlated w ith data on the 
victim signal. 
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For any j itter distribution. the overall mean(µ) is zero. and therefore: 

Jl = VlJ + /l2)/2 = 0 

A = (u , - p 2)/2 = DJoco 
where DJoco is the peak-to-peak value of the DCD jitter component. and 11 
and A are characteristics of the dual-Dirac PDF defined in (8.9). The resulting 
PDF for DCD is therefore defined by the fo llowing equation [5]: 

DCD(x) = 0.5[8(x - DJ~CD) + 8(x + DJ~CD) ] (8. 11 ) 

Since DCD jitter is correlated w ith the data being transmitted. equalization 
c ircuits can compensate for this j itter component. 

8.2.2.2 Data Dependent Jitter 

Data dependent j itter refers to the timing variations caused by the 
bandwidth limitations of the channel being traversed by the signal. This type 
of jitter. also known as pattern dependent j itter or intersymbo l interference 
( ISi ), is observed on nonclocklike waveforms since the frequency spectrum of 
such signals is continually changing. DDJ leads to varying amounts of signal 
attenuation and phase delay when exposed to the frequency response charac­
teristics of a typical transmission cha1mel. Such effects are not observed on 
c lock waveforms which have constant frequency components. 

Virtually all data channels exhibit increasing insertion loss as the frequency 
of the signal increases. More expensive channel components (exotic materials 
and more costly design and fabrication techniques) can mitigate these effects 
to a degree, but high baud rates still expose these signals to a significant 
amount of signal attenuation resulting in DDJ contr ibution. 
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Table 8.3 CEl-11 G-LR informative j itter budget [I ] 

Uncorrelated jitter Correlated jitter Total jitter 

Source Un- Bounded Bounded Bounded Slnu- High bounded high prob. Gaussian high prob. Gaussian soidal prob. Total 
Gaussian 

Abbreviation UUGJ UBHPJ CBGJ CBHPJ 

Unit Ulpp Ulpp Ulpp Ulpp Ulpp Ulpp Ulpp Ulpp 
Transmitter 0.150" 0.150" 0.150 0.150 0.300 
Channel 0.230 0.400 

Receiver 0.150 0.150 0.230 0.400" 0 .275 0.550 0.825 input 

Equalizer -0.300 
Post 0.1503 0.150• 0.230 0.100• 0.275 0.250 0.525 Equalizer 

DFE 
0.100 penalties 

Clock and 0.150 0.100 0.100 Sampler 

Budget 0.212 0.250 0.230 0.300 0.313 0.050 0.550 0.913 

Note: 
3Thcsc values arc normative valu.:s in 11 J 
boue to recei ver equalization. it reduces the ISi as seen inside the receiver. Thus this number 

is negative 
0 11 is assumed thut the eye is closed at th.: receiver. hence receiver equalization is required 

©2008 Optical internet working forum. All rights reser ved. Used under permission. 

Contri but ions of the UUG.I and CBGJ columns are combined in the 
Gaussian co lumn of the totaljirrer, w hile contribut ions of the UBHPJ 
and CBHPJ columns are combined in the high probability column. Note 
that w hi le the H igh Probability j itter is combined by adding the 
component jitter va lues. the Gaussian jitter must be combined using an 
RMS summation. T his is because the probability of independent 
Gaussian events all ha ving worst case val ues is extremely unlikely. On 
the other hand, the RMS summation of UUGJ and CBGJ produces a 
Gaussian jitter va lue correspond ing to a BER consistent w ith the 
component numbers. 

The SJ column reserves a portion of the jitter budget for applied SJ as part 
of j itter tolerance testing. This jitter component does not exist in an operational 
system. 

Finally, the Gaussian, sinusoidal, and high probability jitter totals are 
summed to produce an overall total j itter. 

The table assumes the j itter contr ibution of the transmitter device is entirely 
uncorrelated while distortion in the channel is entirely corTelated. T he sum of 
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F'ig. 8.14 Typical Spice simulation results 

8.4 Statistical Approach to Signal Integrity 
Circuit simulation using Spice models prov ides an accurate measure of the 

resulting signal '\'Vaveform given the input conditions which are simulated. 
However, unless the input conditions are varied over a statistica lly representa­
tive range, Spice simulations do not guarantee that the BER of the system 
meets the specification. A BER of I o-b implies that the signal may v iolate the 
specified eye mask no more often than once every I 06 bits. Many, many data 
patterns must be simulated under a variety of crosstalk and noise conditions to 
ensure the resulting signal meets this requirement. Lengthy simulations are 
required to guarantee a BER of I 0-12 and simulations are prohibitively long for 
higher BER specifications. 

At higher baud rates, intersymbol interference (ISi) becomes a key source 
of signal distortion. ISi is a component of data dependent j itter (DDJ), and is 
primar ily caused by frequency response limitations of the chan nel. At higher 
baud rates. ISi effects stretch over multiple bit intervals. w ith the waveform of 
the current bit being affected by previous bits. In many cases the eye at the 
receiver is c losed due to ISi, and receiver equalization is required to compen­
sate. The receiver equalization must be inc luded in the analysis in such cases 
to ensure the signal can be received properly and that the BER specification is 
met. In a Spice c ircuit simulation environment, th is wou Id be computat ionally 
prohibitive. 
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T he OIF common electrical 1/0 (CEI) Implementation Agreement [I] 
was discussed in Sect. 5.2.5. This standard specifies normative channel 
requi rements, and a statistical analysis approach was developed in conjunc­
tion with the development of this standard to verify comp I iance of the 
channel w ith these requ irements. This approach is described in detail in [3] , 
and was subsequently published in [I] as the norm ative method of determ in­
ing channel compl iance. An open source software tool called StatEye is 
available from (4], and implements this analysis. Other software tools also 
exist which implement similar statist ical approaches, including the IBM 
HSSCDR. tool described in Sect . 8.4.2. 

8.4.1 Ana(vsis Approach 
Statistical approaches to signal integrity analysis can produce reliable 

results with significant ly less computation than circuit simulation 
approaches. Transmitter j itter generation is statistically modeled using the 
dual-Dirac model for deterministic components. and using the Gaussian 
model for random components. Measured frequency response models are 
used for components of j irter due to the channel. The resulting analysis can 
project jitter behavior and the corresponding eye opening of the signal for a 
given BER at either the input to the recei ver or at the output of the receiver 
equalization circuit. Statistical signal ana lysis can model complex receiver 
equalization circuits in the simulation w ithout significant computational pen­
alt ies. Addi tionally, software used to perform statistical analysis often 
includes algorithms which can determine the optimal settings for both trans­
mitter and receiver equalization circuits. 

The statistical analysis approach presented in this section is also described 
in [ I] and rJ]. and is representative of the analysis performed by this class of 
software tools. 
8.4.1.1 Pulse Response 

Fig. 8.15 illustrates an example of input and output signals of a channel. 
The channel in this example is modeled by a simple RC network. The input 
data pattern is "0 110I0011 100." and an ideal input signal is assumed in the 
figure. T he voltage level achieved by each bit of the output waveform depends 
on whether the values of prior bits were the same or di fferent. This type of data 
dependent jitter is called intersymbol inte,f erence. While this example 
modeled the channel w ith an RC network. real istic channels generally also 
have inductance and impedance mismatches. The addition of inductance 
potentially causes r inging of the response signal, and impedance mismatches 
cause reflections which may lag the bit transition by up to several bit times. 

The pulse response of a channel is defined as the received pulse for an 
ideal square wave launched into the channel. where the pu lse width of the 
square wave is one un it interval. T his response is calculated either by convolv­
ing the pulse w ith the impulse response of the channel, or by multiply ing the 
Fourier spectrum of the ideal transmitted square wave with the channel 




