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A physical layer has been developed for demand priority local area
networks that accommodates different cable types by means of different
physical medium dependent (PMD) sublayers. The major goal was to
provide 100-Mbit/s transmission on existing cables, including Category 3,
4, and 5 UTP, STP, and multimode optical fiber.
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Cross talk in UTP cables is caused by capacitive coupling between pairs. Signals
on pair A cause noise signals on pair B, and often the cross talk noise proves to
be the limiting factor in the link performance. Cross talk occurs in two ways. Near-
end cross talk (NEXT) happens when a signal from a transmitter at one end of a
cable interferes with a receiver at the same end of the cable. Far-end cross talk
(FEXT) occurs when a signal interferes with a receiver at the opposite end of the
cable from the transmitter.

Near-End Cross Talk (NEXT)
Near-end cross talk loss is defined as:

NEXT =�20 log�Vn�Vi�,

where Vn and Vi are shown in Fig. 1a. The minimum NEXT loss between pairs in a
cable tends to follow a smooth curve, as shown in Fig. 1b, decreasing at a rate of
15 dB per decade. However, the actual NEXT between two particular pairs deviates
significantly from this curve because of resonances in the twisted-pair. Typical
measurements of the NEXT loss between some pairs in a 25-pair cable are also
shown in Fig. 1b.

Far-End Cross Talk (FEXT)
Far-end cross talk loss is defined as:

FEXT =�20 log�Vf�Vi�,

where Vf and Vi are shown in Fig. 2a. The minimum FEXT loss also decreases
with frequency following a smooth curve, but at a rate of 20 dB per decade. As

Fig. 1. (a) Near-end cross talk (NEXT). (b) Minimum theoretical NEXT loss and actual mea-
surements.
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with NEXT loss, the actual FEXT loss between two particular pairs deviates from
this curve. Typical measurements of the FEXT loss between some pairs in a
25-pair cable are shown in Fig. 2b.

Cross Talk Measurements
Our analysis of cross talk required a database of accurate and detailed measure-
ments of cross talk between pairs in 25-pair cables. A measurement system was
constructed to measure NEXT and FEXT losses of all pair combinations in 25-pair
cables (see Fig. 3, next page).

Individual pairs were routed to the stimulus and response ports of a network ana-
lyzer via a computer-controlled switch. This allowed the automatic selection of 300
different pair combinations for NEXT measurements and 600 pair combinations for
FEXT measurements. Any pair not being measured was terminated in 100 ohms via
a balun and a 50-ohm termination internal to the switch. The network analyzer
measured the cross talk loss (phase and magnitude) to 40 MHz, and this was down-
loaded to a computer database. Using this system, the NEXT and FEXT losses
were measured for many thousands of pair combinations in a selection of 25-pair
cables of varying manufacturer and age. The database was used to input NEXT
and FEXT loss characteristics to the computation of cross talk noise described in
“Cross Talk Analysis” on page 22.

(continued on next page)

Fig. 2. (a) Far-end cross talk (FEXT). (b) Minimum theoretical FEXT loss and actual measure-
ments.
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(continued from page 19)  

Fig. 3. Measurement system for NEXT and
FEXT loss.
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Multilevel signaling is often used as a means of compressing the bandwidth re-
quired to transmit data at a given bit rate. In a simple binary scheme, two single
symbols, usually two voltage levels, are used to represent a 1 and a 0. The sym-
bol rate is therefore equal to the bit rate. The principle of multilevel signaling is to
use a larger alphabet of m symbols to represent data, so that each symbol can
represent more than one bit of data. As a result, the number of symbols that needs
to be transmitted is less than the number of bits (that is, the symbol rate is less
than the bit rate), and hence the bandwidth is compressed. The alphabet of sym-
bols may be constructed from a number of different voltage levels. Fig. 1 shows an
example for a four-level scheme.

In the four-level scheme, groups of two data bits are mapped to one of four sym-
bols. Only one symbol need be transmitted for each pair of data bits, so the sym-
bol rate is half the bit rate. The drawback of the multilevel scheme is that symbols
are separated by a smaller voltage than in the binary scheme. This means that
when noise is added to the data signal (cross talk or impulse), the probability of
the noise changing one symbol to another is increased. The symbol separation
could be increased to that of the binary scheme by increasing the peak-to-peak
transmitted voltage by a factor of (m – 1) for an m-level scheme, but this is gener-
ally not possible given fixed power supply voltages, and in any case it increases
the power required for a transmitter.

Fig. 1. Two-level and four-level signaling.
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The susceptibility of a scheme to errors caused by noise is measured by the ratio
of signal separation to noise. Fig. 2 shows the signal-to-NEXT-noise ratio plotted
against the transmission bandwidth for several multilevel schemes and for multi-
pair schemes for a bit rate of 100 Mbits/s. A 16-level scheme reduces the band-
width to 25% of the bit rate, but the S/NEXT ratio is 13 dB (a factor of 4.5) worse
than for a four-pair scheme with 25 Mbits/s per pair, which is the scheme used in
the 100VG-AnyLAN standard.

Fig. 2. Susceptibility to errors from noise.
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Many previous analyses of twisted-pair transmission systems have assumed that
the distribution of cross talk noise is Gaussian. These have yielded reasonably
accurate predictions of system bit error rates. However, in applying the error rate
analysis, there is an implicit assumption that the cross talk noise is independent of
the data on the disturbed system. This is often the case in telecommunication
systems, but is not always the case in LANs, where the disturbing links are those
on which the disturbed data is being retransmitted. For example, the NEXT inter-
fering with data received at one port of a hub is a result of the retransmission of
earlier bits of the same data on other ports. If the cross talk noise is of sufficient
amplitude to cause an error in the received data, this error is extremely likely to be
repeated every time the same data is transmitted. If a packet is errored by cross
talk, that particular packet is likely always to be errored.

To guarantee the error-free transmission of any packet, the worst-case peak cross
talk voltage must be found. The peak cross talk noise from multiple disturbers can
be calculated directly from a knowledge of the cross talk channels and the disturb-
ing data source. The NEXT and FEXT cross talk channel frequency responses
can be calculated for any pair combination using measurements of the pair-to-pair
NEXT or FEXT loss. Once the cross talk channel frequency response is known, it
is possible to find the impulse response of this channel by inverse Fourier trans-
form. We define the impulse response of the NEXT channel as:

gn(t) � F�1�Hn(f)�

and the impulse response of the FEXT channel as:

gf(t) � F�1�Hf(f)�

To find the cross talk noise voltage at the receiver decision point, n(t), caused by
any data pattern f(t), the impulse response is convolved with f(t):

n(t) = f(t) � g(t), (1)

where g(t) represents either gf(t) or gn(t) as appropriate. Our goal is to find the
worst-case cross talk for any data pattern, so n(t) must be calculated for all values
of f(t). It is therefore useful to apply some limit to the duration of f(t) to shorten the
computation time, and this can be done by taking into consideration the finite dura-
tion of the cross talk channel impulse response. A typical impulse response of a
NEXT channel is shown in Fig. 1. The duration of the cross talk impulse response
is typically less than 1400 ns, which is equivalent to 42 symbol periods for the
30-megabaud transmission rate used in quartet signaling. Therefore, the cross talk
waveform during the last six symbols of a pattern f(t) can be predicted accurately if
the duration of f(t) is restricted to 1600 ns.

The cross talk for any f(t) is calculated as follows. The disturbing data source is
assumed to be the output of a 5B/6B block coding function and consists of eight
sequential six-bit codewords, each chosen from an alphabet of 32 codewords. The
total number of permutations that f(t) can take is therefore 328. For each permuta-
tion, n(t) is computed according to equation 1. The peak cross talk noise voltage
generated by any value of f(t) can then be found by searching each resultant n(t).

Fig. 1. Typical impulse response of a NEXT channel.
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The peak cross talk noise voltage, which represents the maximum noise gener-
ated by a worst-case data pattern, can be calculated in this way for each pair
combination in a 25-pair cable by repeating the search described above using the
NEXT or FEXT loss particular to that pair combination. For each pair combination,
the maximum cross talk noise voltage is recorded. The distribution for a typical
cable is shown in Fig. 2 for NEXT and FEXT. (The cross talk noise voltage is
normalized to the signal amplitude at the receiver decision point.) We denote the
maximum NEXT noise voltage for pair i disturbing pair k as vi,k

pk,NEXT
, and the

maximum FEXTnoise voltage due to pair i disturbing pair k as vi,k
pk,FEXT

.

Multiple-Disturber Cross Talk
The worst-case cross talk environment for UTP PMDs operating over 25-pair
bundles consists of three far-end disturbers and four near-end disturbers. Model
ing this environment is relatively straightforward given the distributions of vi,k

pk,NEXT
and vi,k

pk,FEXT
. For each choice of disturbed pair (k), four NEXT disturbers (a,b,c,d)

and three FEXT disturbers (p,q,r), the total noise voltage for multiple disturbers is:

vpk,total � �
i�a,b,c,d

vi,k
pk,NEXT � �

j�p,q,r

v
j,k
pk,FEXT.

By calculating the multiple disturber noise voltage in this way we assume, pessi-
mistically, that the maximum noise voltages for the worst-case disturbing patterns
from each disturbing source occur at the same time and with the same polarity on
the disturbed pair k. This is obviously a worst-case scenario.

A Monte-Carlo approach has been used to choose combinations (k,a,b,c,d,p,q,r)
randomly from the 25 pairs of a cable. For each choice, vpk,total was calculated.
The resulting distribution of vpk,total is shown in Fig. 2. The maximum multiple-dis-
turber cross talk noise expected on any pair of the cable for any choice of disturb-
ing pairs can be estimated from the higher extreme of this distribution (such as the
first percentile). This number represents the noise voltage for the worst-case
choice of disturbing and disturbed pairs, with the maximum noise contributions
from all disturbing pairs occurring simultaneously on the disturbed pair. For the
example shown, the first percentile of the total peak noise distribution is 47% of
the signal. This allows a substantial margin for error-free signal detection.
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† The control signals shown in Table I are for the 100VG-AnyLAN implementation of the IEEE
802.12 standard. The control signal definitions in the standard have different names.



�?1?=>� 
���� �/A6/>>F"+-5+<.� �9?<8+6� � � � � � � ��

Table I
Control Signaling in 100VG-AnyLAN

Tone Wires Transmitted from Received by

1 2 End Node Root Hub Another Hub End Node Root Hub Another Hub

�$
 �$
 IDLE IDLE IDLE IDLE IDLE IDLE

�$
 �$� REQ_N INCOMING REQ_N INCOMING REQ_N INCOMING

�$� �$
 REQ_H ENABLE_HIGH_ONLY REQ_H #/=/<@/. REQ_H ENABLE_HIGH_ONLY

�$� �$� REQ_T REQ_T REQ_T REQ_T REQ_T REQ_T

REQ_N = Normal-priority request
REQ_H = High-priority request
REQ_T = Link training request
INCOMING = A packet is about to be transmitted
ENABLE_HIGH_ONLY = Put normal round-robin sequence on hold while a high-priority request is serviced
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As data rates increase, low-cost optical-fiber links play an increasingly significant
role in LANs for extending the length of links beyond what can be achieved with
copper media, while meeting the full range of electromagnetic emission and sus-
ceptibility requirements for networks.

Fig. 1. HP optical transceiver.

The 100VG-AnyLAN standard defines a serialized interface with a 120-megabaud
signaling rate for STP and multimode optical-fiber links. The standard defines two
optical-fiber link length specifications, which allow the use of low-cost 850-nm
technology for 500-m building backbones (this is the same technology used in the
existing IEEE 802 standard CSMA/CD 10Base-F and 802.5J token-ring links) and
1300-nm technology for 2-km campus backbone links.

Fig. 1 shows the new Hewlett-Packard low-cost industry-standard optical trans-
ceiver package. This small package is 1 inch wide and 1.5 inches long and has a
duplex SC optical connector on the front and a 1-by-9 row of electrical pins at the
rear. HP transceivers HFBR 5106/5107 meet the two 100VG-AnyLAN link length
standards and allow interchanging link technology in the same printed circuit board
footprint. The transceivers are also available with AT&T ST optical connectors to
address the large installed base having ST connectors for building and campus
backbones.

Del Hanson
Principal Engineer, Fiber-Optic 
Networks and Standards
Optical Communications Division
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