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Moving 10 Gigabit Ethernet into  
a Volume Platform 



Two challenges exist as 10 Gigabit Ethernet (10GbE) is extended beyond its initial 
role.  Achieving 10Gbps on copper unshielded twisted pair (UTP) cabling is a signifi-
cant technical achievement.  Meeting the application’s requirements for low power 
is also needed for 10GBASE-T, more commonly known as 10 Gigabit Ethernet over 
UTP cabling, to meet its full potential. 
 
Near Shannon limit performance leverages multiple techniques, from pre-coding to a 
DSQ128 multi-level signaling.  One of the most intriguing technologies is the Error 
Control Code, Low Density Parity Check (LDPC).  Together these techniques permit 
operation at close to the Shannon limit.  There are tradeoffs involved in achieving 
this goal, but power and latency are kept at acceptable levels. 
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The IEEE began to study 10 Gigabit Ethernet in 1998, and in June 2002, published 
the first 10GbE standard, IEEE Std. 802.3ae™-2002, a fiber-only solution.  As 
Ethernet continues its on-going expansion, a cost effective, backward-compatible 
copper interconnect for 10GbE stood out as a major challenge to be solved.  The 
creation of the 10GBASE-T draft standard, IEEE P802.3an, for operation over un-
shielded twisted pair (UTP) copper cabling is a critical element which is being devel-
oped within the 802.3an task force. 
 

Although the technical challenge was daunting, 10GBASE-T, along with the associ-
ated Category 6A proposed cabling standard, addresses this challenge through ad-
vanced techniques.  Most of the details are now in place and 802.3an is on target to 
becoming an approved standard in June 2006.  
 

The objectives of this paper are to outline these problems and the techniques used 
to address them. 
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An early decision in the development of the standard was to build upon the 
1000BASE-T Gigabit Ethernet standard for UTP, IEEE Std. 802.3ab™-1999. 1000BASE-T 
transmits 1Gb/s over Category 5e cabling.  Each of the four twisted pairs carries ¼ 
the data, 250 Mb/s (mega-bits per second) and each twisted pair is used to commu-
nicate in both directions. Magnetics (i.e., transformers) are used to electrically iso-
late the transmission line from the PHYs. 
 

The basic topology has stayed the same for 10GBASE-T, with the same fundamental 
challenges.  However, at 10 times the data rate, the Shannon limit of the cabling 
and solutions become exponentially more complex to implement from a PHY tech-
nology perspective.   
 

Innovations have occurred in three broad areas to achieve this 10Gb/s data rate over 
UTP cabling.   
 

1. Signaling.  UTP is a severely bandwidth limited channel.  Increasing the num-
ber of bits per symbol makes the most of the limited bandwidth.  This is ac-
companied by a more advanced coding scheme.  PAM16, in a DSQ128 constel-
lation (yielding 3.5 bits per symbol), was chosen at an 800 Msymbol/s signaling 
rate. 

 

2. FEC.  The more powerful forward error correction (FEC) codes available today 
permit greater coding gain than the code used for Gigabit Ethernet.  A LDPC 
code was chosen which offers a significant gain. 

 

3. Cabling.  The remaining challenge in designing a robust system is crosstalk.  
Alien crosstalk from neighboring cables is a noise source which cannot be can-
celled.  Augmented Category 6 (Cat 6A) cable provides this improved perform-
ance to reach the 100 m distance goal. 

UTP cabling has a number of impairments that must be comprehended in a 
10GBASE-T design.  At an 800 Msymbol/s signaling rate, achieving the target signal-
to-noise ratio (SNR) is possible only if the receive noise power can sufficiently be 
reduced.   This is where Cat 6A really differs from the previous generation of cables: 
its ability to minimize crosstalk.  This is accomplished through: 
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Achieving good performance across such a bandwidth-limited channel requires ag-
gressive strategies for each of the impairments.   
 

Insertion loss represents known channel attributes that can be compensated for 
through equalization.  As illustrated in Figure 1, Insertion Loss increases with fre-
quency and is a function of the following:  radiation loss; resistive losses in the con-
ductor; and loss in the surrounding dielectric. 

Insertion Loss 
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1. An aggressive twist (which also reduces radiation loss through better  field 
confinement);  

 

2. Varying the twist ratios between the 4 pairs to minimize coupling at spe-
cific wavelengths; 

 

3. Increasing the diameter of the cable to reduce crosstalk from neighboring 
cables (alien crosstalk); and 

 

4. Using geometry-control techniques such as inserting a plastic pair separa-
tor in the cable that maintains separation and positioning between the 
pairs. 

impairments to be managed 
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Compensation is also needed for echo, another impairment that is located within 
the same channel.  Full duplex transmission is implemented with a hybrid echo 
cancellation circuit that removes the immediate transmitted signal from the re-
ceive signal. However, this is not sufficient as the previously transmitted symbols 
will reflect back due to numerous small impedance mismatches within the cable, 
or at any other transmission-line discontinuity such as connectors. Hence, an elabo-
rate echo cancellation technique is required.  
 
In addition, Near End Crosstalk (NEXT) needs to be compensated for within the 
same cable.  Each receiver needs to compensate for NEXT from each of the other 
three signals in the cable as shown in Figure 2.  This requires another set of three 
equalizers per channel. 
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As show in Figure 3, Far End Crosstalk (FEXT) is less significant given the fact that 
after it couples into the victim cable from the neighboring pairs, its amplitude is at-
tenuated by the insertion loss of the cable. Nevertheless, the cancellation of FEXT is 
required for proper SNR margin. 
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The elements in a 10GBASE-T PHY, which will be described in more detail, are: 
 
Transmit 

•     Scrambler 
•     Low Density Parity Check Encoder 
•     DSQ128 mapping 
•     Pre-coding 
•     Final Drive 

ethernet alliance 
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In the transmit direction, data is encoded beginning with a XGMII frame format.  
However, the physical  PHY chip will typically have a XAUI or XFI interface, and in-
ternally synthesize the XGMII frame format.  The encoder takes two 36-bit XGMII 
words, combines them with a header to indicate data vs. control, combines them 
into a 65-bit word, then scrambles them using a self-synchronizing scrambler.  
 
The next step involves constructing the PHY frame payload.  Fifty such 65-bit blocks 
are aggregated together and an auxiliary bit pre-pended to the frame.   This auxil-
iary bit is currently undefined and has no meaning within the 802.3an standard.  
Then an 8-bit Cyclical Redundancy Check (CRC-8) is appended to the frame.  This 
CRC-8 provides a measure of data integrity, together these create the a payload of 
3259 data bits. 

ethernet alliance 

LPDC codes offer excellent performance and come very close to the Shannon Limit 
of a channel, the ultimate barrier of transmission speeds at a given power level.  
Gallager discovered the LDPC code in 1962, however, due to its complex nature, it 
lay idle until the mid ‘90s.  Today, they have become widely used in emerging stan-
dards and systems. Together with Turbo codes they are among the most powerful 
codes known.  
 
Like all linear codes, LDPC codes can be put into systematic form, meaning that the 
data is transmitted without modification, accompanied by a number of parity check 
bits.  The term “Low Density” describes the sparseness of the parity check matrix, 
which is used to calculate the parity check bits. A section of such a parity check ma-
trix is illustrated below in Figure 4.  The code chosen for 10GBASE-T protects 1723 
bits with 325 parity bits, creating a block of 2048 bits.  The matrix defined by the 
standard has thirty-two ones in each row, and six ones in each column.  

Receive 
•      Analog Front End 
•      DSP 
•      Framing 
•      LDPC Decoding 
•      Descrambler 

transmit - scrambler 

ldpc encoding 
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10GBASE-T then creates the final transmit frame by partitioning the 3259 payload 
bits into a group of 3 x 512 bits plus 1723 bits. The 3 x 512 bits remain uncoded (i.e. 
are not passed through the LDPC encoder). The other 1723 bits are encoded by a 
systematic LDPC (1723, 2048) encoder, which adds 325 LDPC check bits to form an 
LDPC codeword 2048 bits in length. The 3 x 512 uncoded bits and the 2048 coded 
bits (which equals 4 x 512) are finally arranged in a frame of 512 7-bit symbols. 

1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 1 1 1 1 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 

1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 

0 1 0 0 0 1 0 0 0 1 0 0 0 0 0 0 1 0 0 0 

0 0 1 0 0 0 1 0 0 0 0 0 0 1 0 0 0 1 0 0 

0 0 0 1 0 0 0 0 0 0 1 0 0 0 1 0 0 0 1 0 

0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 

1 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 1 0 0 

0 1 0 0 0 0 1 0 0 0 1 0 0 0 0 1 0 0 0 0 

0 0 1 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 1 0 

0 0 0 1 0 0 0 0 1 0 0 0 0 1 0 0 1 0 0 0 

0 0 0 0 1 0 0 0 0 1 0 0 0 0 1 0 0 0 0 1 
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Figure 4 

10GBASE-T uses a PAM16 multilevel line code.  It has two back-to-back PAM16 sym-
bols and creates a synthetic two-dimensional 16 x 16 point constellation.  From this 
two-dimensional constellation, every other point is pruned, checkerboard-style, to 
create a maximally spaced set of points.  The resulting constellation is referred to as 
double-squared, DSQ128, and carries 7-bits per symbol pair (See Figure 5). 
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y1

y2 15,15

0,0

Figure 5 

Tomlinson-Harashima Precoding (THP) is a scheme in which the equalizer for the 
channel is placed in the transmitter – theoretically allowing the receiver to see 
“perfect” symbols, since the transmitter is now able to precompensate for the im-
pairments in the channel.  THP provides an excellent performance gain, and in some 
aspects has lower implementation complexity compared to implementing the equali-
zation in the receiver. 
 

For noise immunity, the constellation is partitioned into eight diamond shaped 
blocks (3 bits) containing sixteen points each (4 bits).  The spacing between the 
blocks is sufficient to convey three bits of information without error correction.  
This is done by the diamonds “wrapping” around the edges of the square (i.e. the 
diamonds on the top continue on the bottom, and on the left continue on the 
right).  The 16 points conveyed by the remaining 4 bits are sufficiently close to-
gether that the LDPC coding gain is required to recover them. 

precoding 
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In order to control the transmit power levels, a “dither” sequence is added into the 
precoder.  The THP block determines the output.  If it is too large, it subtracts a 
multiple of the D/A rail voltage (i.e. the limit of the D/A output) in an attempt to 
reduce the dynamic range of the transmitter.  “Wrapping”, as it is called, behaves 
like modulo addition.  The net effect is that the dynamic range on the receiver is 
now larger by multiples of the rail voltage.  The maximum over-range used can be 
more than 2 to 3 times, at the same time, a balance is struck between the re-
ceiver’s dynamic range and the transmitter’s output range.  At the receiver, the 
dither sequence is easily removed by performing a modulo operation on the received 
signal to ensure that the received level is within the original bounds. 

h(z)H-1(z)
D/A

Channel = H(z)

A/D

Cable
x[n]

w[n]

Figure 6 
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Establishing the preliminary coefficients to be used in the precoder is done during 
the initialization phase of the link start-up, and then the coefficients are reevalu-
ated.  Training is accomplished using a known PAM2 (i.e. two-level) sequence that 
allows the receiver to calculate the channel response.  During this period, if the 
link is running over a short cable, the receiver can also request a power back-off 
(PBO) from the transmitter to restrict the dynamic range requirements of the re-
ceiver.  This also helps to mitigate alien crosstalk coupling into nearby cables. 
 

Note that in Figure 6, the “channel” is everything between the D/A in the transmit-
ter and A/D in the receiver. 

Due to the complex nature of the signal, the transmit power defined in 802.3an is 
stated in terms of a power spectral density (PSD) mask as opposed to voltage lev-
els.  This PSD mask typically limits the output voltage of the transmitter to the or-
der of 2V Pk-Pk into the 100 ohm load. 

final drive stage 
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The four PAM16 modulated signals, which are received on the four twisted pairs, 
can range from the following:  a full amplitude, very clean signal, such as would 
be seen on a link running over a very short cable; to a very low amplitude, very 
noisy signal, such as would be seen at the end of a 100 m cable running in a 
crowded cable tray.  Under all these conditions, a 10GBASE-T receiver must de-
liver an essentially perfect signal with a bit error ratio (BER) of 10-12 or better.  It 
must also detect and correct for pair swaps, crossovers, polarity mismatches, and 
up to 50 ns of differential skew caused by poor cable, and erroneous connectoriza-
tion. 
 
Ironically, the role of the 10GBASE-T specification in the definition of the receiver 
is quite different from that of the transmitter.  10GBASE-T rigorously defines the 
transmitter requirements, whereas it essentially leaves the implementation of the 
receiver up to individual manufacturer.  All that is required of the receiver is for it 
to meet the BER specification, given the well-defined transmitter and channel.  
This paper will outline the tasks that a typical receiver may implement.   

DSP equalization techniques will be employed to compensate for various sources of 
error sources.  These error sources are: 
 

1. Channel Dispersion and Insertion Loss.  Frequency dependent channel char-
acteristics can be removed through equalization.  The THP precoding pro-
vides a great deal of channel equalization, which is supplemented with re-
ceiver equalization. 

receiver 

For each wire pair, the AFE contains a variable gain amplifier and a fixed filter.  
These present Analog Front-End (AFE) signals to the A/D Converters.  The design 
objectives for the A/Ds are quite challenging, as the receiver requires up to 11 ef-
fective bits at a sampling rate of 800 Msymbol/s.  Practical designs for 10GBASE-T 
will make trade-offs in an effort to reduce the effective number of bits required, 
thereby lowering implementation complexity and power. 

analog front end 

dsp 
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2. Echo.  Since the signaling on each pair is simultaneously bidirectional, the 

receiver must subtract from the received signal its own transmitted symbol 
in conjunction with any reflections from previously transmitted symbols.  
Each individual pair requires its own echo canceller. 

 
3. NEXT.  Near end crosstalk is the cross talk generated from the other three 

transmitters within the PHY.  These signals all add together and must be in-
dividually cancelled using equalizers from each of the other transmitters.  

 
4. FEXT.  Far end crosstalk is generated by the three far-end transmitters and is 

lower in amplitude than the echo and NEXT noise signals.  However, cancel-
ing it is still important to gain SNR margin. Similar to the NEXT cancellers, 
three FEXT cancellers per pair are required. 

 
Thus, a total of 1+3+3 = 7 equalizers per pair are required in the receiver. 
 
The number of taps required for the various equalizers is based on the amount of 
noise suppression required. For example, the echo canceller on each pair is re-
quired to suppress the furthest reflection at the end of 100 m of cable. Given that 
the time of flight for a full round trip over 100 m of twisted pair cabling can ap-
proach up to 1.2 µs, up to 1000 symbol-rate taps may be required. 
 
Despite the application of all of these DSP resources, there is still a large noise 
component consisting of uncancelled Echo, NEXT, and FEXT, as well as alien 
crosstalk from adjacent cables.  Therefore, without the powerful LDPC error cor-
rection coding, the link would only deliver a BER of 10-2 which means an average 
error rate of one error every hundred bits. 

The next stage in the 10GBASE-T receiver is a framer that is required to find the 
boundaries of the block of 512 7-bit symbols, which constitutes the 10GBASE-T line 
code.  This framer utilizes the raw, uncorrected data to determine which symbol 
corresponds to the first symbol in the 10GBASE-T frame.  There are several methods 
to initially identify the correct frame position.  These methods are implementation 
specific and can use any of the attributes of the 10GBASE-T frame to lock onto the 
frame boundary.  Once the framer has identified the start of frame symbol, the cor-
rect group of bits can be fed into the LDPC decoder. 
 

framing 
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In general, decoding can be done in either a hard or soft manner.  Hard decoding 
decides “a priori” (whether a bit is a one or a zero), whereas soft decoding uses 
the “raw data” from the receiver.  For instance, if the output of a receiver is 0.6, 
a hard decision decoder would set the input to the decoder to be one; whereas a 
soft decision decoder would use 0.6 as the input. Soft decision decoding is very im-
portant and delivers a gain in signal-to-noise ratio of roughly 3 dB over hard deci-
sion decoding. 
 
Soft decision LDPC decoders are used in 10GBASE-T receivers.  This operation of 
the decoder can be represented in graphical format, with the parity check bits 
from the check matrix being connected by lines or “edges” to their received bits.  
This graphical representation is a rendering of the parity check matrix of the code 
in Figure 7.  Here, the variable nodes represent the data (i.e. the received bits 
from the channel), and the check nodes represent the check bits. In this example, 
the parity check matrix (H-matrix in formal terminology) is a 15 row by 20 column 
matrix, and each “1” in each row (four of them) is represented as a connection be-
tween the variable and the check node.  In the 10GBASE-T code there are 2048 
variable nodes and 385 check nodes. Each variable node is connected to 6 check 
nodes, and each parity node is connected to 32 variable nodes. In total, there are 
12,288 bi-directional connections. 

Figure 7 

Check Nodes 

Variable Nodes 

The LDPC soft-decoding algorithm first involves loading the variable nodes with 
the received soft bit values.  The variable and check nodes then exchange mes-
sages until the values of the variable and check nodes converge to an answer.  In 

ldpc decoding 
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a Gaussian noise environment, the messages that are exchanged typically repre-
sent the log-likelihood ratio (LLR) of the probability that the value is a zero or a 
one.  For instance, if the output of the receiver is a 0.6, and the range of values is 
normalized to ±1 (i.e. zero corresponds to -1, and one to +1), then the probability 
of the message being one is pr (1) = (1.6/2.0) = 0.80 or 80% and the probability of 
the message being a zero is pr (0) = 0.4 / 2.0 = 0.20 or 20%. The LLR is then de-
fined as the natural logarithm of the ratio of probabilities or ln [pr (1) / pr (0)]. In 
this example, the LLR would be ln [0.80 / 0.20] = 1.38.  With this understanding of 
the LLR, the algorithm is as follows: 
 

a) Initial LLR messages are passed from each variable node to each of its at-
tached check nodes; then 

b) Each check node receives the incoming messages from its attached variable 
nodes.  It calculates the LLR probability of its parity, given the incoming 
messages.  This LLR is then sent back to the attached variable nodes; finally 

c) The variable nodes receive the incoming LLRs from their attached check 
nodes and update their estimate of their values based on these new inputs. 

 
Steps “b” and “c” are repeated, until convergence is achieved, at which point the 
decoder has corrected the received codeword.  Checking of the validity of the an-
swer can be done using the CRC-8. 
 
As can be surmised, the operation of this soft decoder is a function of the number 
resolution chosen for representing the soft bits and the LLRs.  Choosing the right 
number of bits and the right size computation table is important; too many bits 
will make the decoder power and size prohibitive, whereas too few bits will begin 
to impair the performance of the decoder. 

The final stage in the receiver is passing the payload of the 10GBASE-T frame 
through the descrambler.  Since this is a self-synchronizing scrambler it will lock af-
ter enough bits have been shifted into it.  In the case of 10GBASE-T, the number is 
58 bits. 

descrambler 
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For the IEEE P802.3an draft to become a successful standard, it must remove the 
uncertainty in how to build a 10GBASE-T PHY and in its performance.  Given that 
end users will want standards compliant devices, a key area that will differentiate 
10GBASE-T PHYs is power.  Initial estimates on 10GBASE-T PHY power were all 
above 10W, with some as high as 25W.  Specific techniques which will be used to 
reduce 10GBASE-T power to single digits is beyond the scope of this paper, but this 
will be the initial key battleground among 10GBASE-T PHY vendors in this market. 
 
Latency is another factor that will be valued in some markets.  High performance 
computing is particularly latency sensitive.  At the opposite end of the spectrum is 
Ethernet in the wide area network (WAN), where large distances render any la-
tency in the PHY a minor part of the overall latency equation.  The current latency 
specification in the draft is for a maximum of 2.5 µs for a transmit and receive pair 
connected back to back via 2 m of cabling.  End users should expect PHY vendors 
to be tailoring their offerings for different segments of the market, in exchange for 
latency, power, and cost. 

systems issues 

The ability to offer a cost-effective, low-power 10GBASE-T PHY that operates over 
various distances is a critical factor in the adoption of 10GbE.  As previously dis-
cussed, there are many technical challenges in developing a 10GBASE-T PHY, but 
experts in the 10GBASE-T space are successfully addressing these issues.  Under-
standing both the environment and the key techniques used to master this environ-
ment are important in developing the infrastructure for these demanding next gen-
eration applications.   

summary 
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