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Description

INTRODUCTION

Field of the Invention

[0001] The invention relates to timing control for data
receivers and transmitters in transceivers for multi-chan-
nel communication systems. One such system is the
1000BASE-T "Gigabit" system.

Prior Art Discussion

[0002] The 1000BASE-T system operates over 4 pairs
of copper cable and transmits 4D symbols where each
dimension can be assigned a value from the alphabet {-
2,-1,0,+1,+2}. The receiver is required to receive each
1D symbol with a very small probability of error and is
also required to align the four 1D symbols to reconstruct
the 4D symbol.
[0003] The spatial diversity of the channel implies that
four Analog to Digital Converters (ADCs) are required to
receive the 4D symbol, one per cable pair. The 4D Sym-
bol is split into four 1D symbols at the transmitter and
then recombined at some point in the receiver. This re-
combination is vital in order to achieve performance tar-
gets imposed by the IEEE standard.
[0004] At present, symbol rate sampling (SRS) is used
to convert the received analog waveforms into digital rep-
resentations. Sampling the received waveform at the
symbol rate is a necessary condition for the recovery of
the 1D symbols and to recover the 4D symbols four an-
alog to digital converters (ADCs) are required, one for
each dimension. In order to maximise performance, the
sampling point in a SRS system must be done at a spe-
cific phase. This phase is often referred to as the optimum
sampling phase. However due to the multi-dimensional
nature of the channel and slight variations in the four
cable lengths it is almost always the case that the opti-
mum sampling phase will be different for each dimension.
[0005] Since each dimension must sample at a differ-
ent phase any implementation of a SRS system requires
a clock for each ADC. Therefore, in the case of Gigabit
Ethernet, four different clocks are required and although
these clocks have the same frequency they will vary in
phase by an arbitrary amount based on the characteris-
tics of the cable.
[0006] It is usual in a communications system to derive
the clock for the system from an external crystal (XTAL)
and a phase lock loop (PLL). If the sample rate is high
(greater than 30MHz) or if the frequency or phase must
be varied a PLL is used. As an example a PLL can be
used to multiply a 25MHz XTAL derived clock by five to
generate a 125MHz clock. This circuit can be designed
so the frequency and phase of the 125MHz clock can be
digitally controlled.
[0007] Fig. A illustrates the sampling required in a four
dimensional system with SRS. In the top graph the analog

waveform generated by transmitting a +2 followed by a
-2 is given along with the optimum sampling points. Only
by sampling at these points will the performance of the
receiver be maximised. The lower graph includes the
waveforms on the other three dimensions, and the vari-
ations in sampling points can be seen. This illustrates
the point that all four dimensions must sample at different
phases and therefore different clocks are required.
[0008] Thus, for slave operation all four ADCs must
operate at the frequency of the incoming waveform and
the phase that corresponds to the optimum sampling
phase for that dimension. In addition the slave must trans-
mit at the same frequency as the incoming symbols. One
way of ensuring this is to use the recovered clock from
one of the four dimensions to clock the transmit circuitry.
Retiming circuitry is required wherever digital signals
pass from one clock domain to another and all four di-
mensions must be retimed to a common clock prior to
the Viterbi decoder since it operates on the 4D symbol.
[0009] In the case of master operation the frequency
of the incoming symbols are known and are the same as
the frequency at which the master itself it transmitting.
However the ADCs on the receive path must still be
clocked so that they sample at their respective optimum
sampling phases. This implies that a total of five clocks
are required, one of which is locked to the local crystal
oscillator.
[0010] In summary, the following are the major disad-
vantages associated with the existing approach.

(a) Multiple clocks are required.

I. This implies that a multitude of clock domains
(up to 5 per Gigabit port) are needed. This com-
plicates the design.
II. Retiming circuitry must be used to allow sig-
nals to cross clock domains. This adds complex-
ity, gates and power.
III. Multiple, asynchronous clocks, cause inter-
ference. Since there is no guarantee of a quiet
non-switching period, all ADCs must sample
with large amounts of switching noise present.
IV. In a multi-port PHY (the most commercially
viable in the switch market) the problem is com-
pounded. For example a quad port device will
have up to 20 clock phases, all different.

(b) Circuitry to determine the frequency and the
phase of each of the four clocks is required. This
normally takes the form of some kind of timing re-
covery circuitry and may include digital filters, con-
trolled oscillators and phase mixers. Part of this cir-
cuitry is analog and either four PLLs are required or
a single PLL which is capable of producing four sep-
arately controlled phases. This implies quite com-
plex PLL circuitry that must be implemented with low
jitter. This circuitry is complex and at least part of it
must be implemented as analog circuitry that does

1 2 



EP 1 464 147 B1

3

5

10

15

20

25

30

35

40

45

50

55

not scale with fabrication process.

(c) Master operation is further complicated in cases
where there is master/slave operation.

I. The standard requires that the transmit circuit-
ry is clocked using the clock derived from the
local crystal. The frequency of the incoming
symbols will thus match that of the local crystal,
as the slave at the other end of the channel will
perform loop back timing. However, the four re-
ceivers must still recover the phase of the in-
coming signal and generate clocks accordingly.
Thus the timing recovery circuit must still be
used to recover the sampling phase.
II. The four receivers must still recover the phase
of the incoming signal and generate clocks ac-
cordingly. However the frequency will match that
of the local crystal, as the slave at the other end
of the channel will perform loop back timing.

[0011] United States Patent Specification No.
5970093 (Tiernan) describes a digital receiver for signals
such as television signals. Two analog (I & Q) signals
are sampled and transferred to two separate A/D con-
verters. European Patent Specification No. EP1128622
(Virata) describes a receiver method in which an input
symbol is sampled at a local sampling rate derived from
a local clock and a reference sample rate is derived and
compared with the local sampling rate.
[0012] The paper "A Robust Analog Interface System
for Submicron CMOS Video DSP" by W. Redman-White
et al, published in IEEE Journal of Solid State Circuits,
Vol. 33. No. 7, July 1998, describes an approach to avoid-
ing digitising substrate and power supply noise. Howev-
er, this appears to add complications and constraints on
the design.
[0013] US Patent No. 5,703,905 describes a timing re-
covery system which requires that the phases of the sig-
nals received be sensed and selected in order to select
a preferred timing signal for the system as a whole. US
Patent No. 6,141,378 similarly requires that signal phase
be determined.
[0014] WO 00/65772 discloses an arrangement in
which ADCs of different channels have different clocks.
There is provided circuitry to determine the phase of the
signal received from the plurality of channels by the AD-
Cs.
[0015] US Patent No. 6,307,906 also provides an ar-
rangement in which there is circuitry to determine the
phase of a signal received from a plurality of channels
by an ADC. The phase difference between channels is
calculated, averaging the all data stream phases, and an
average data centre for all the data input channels de-
termined.
[0016] The invention is directed towards providing a
communication circuit for multi-dimensional symbol
streams which overcomes at least some of the problems

(a) to (c) set out above.

SUMMARY OF THE INVENTION

[0017] According to the invention, there is provided a
communication circuit according to claim 1.
[0018] In a further embodiment, the receiver compris-
es means for down-sampling.
[0019] In one embodiment, the receiver comprises a
fractionally spaced equaliser associated with each chan-
nel, each fractionally spaced equaliser comprising said
digital filter and said down-sampling means.
[0020] In another embodiment, each fractionally
spaced equaliser comprises a filter in which data values
are separated by less than a symbol period in time, and
means for combining the data values in a linear manner
using coefficients to perform channel equalisation prior
to down-sampling to the symbol rate.
[0021] In a further embodiment, the circuit comprises
a single phased-locked loop circuit comprising means for
locking to a frequency and driving all of the receiver ADCs
and the transmitter DACs.
[0022] In a further embodiment, the receiver compris-
es means for driving the ADCs at close to or during a
digital logic switching quiet period.
[0023] In another aspect, the invention provides a
transceiver comprising a communication circuit as de-
fined above.

DETAILED DESCRIPTION OF THE INVENTION

Brief Description of the Drawings

[0024] The invention will be more clearly understood
from the following description of some embodiments
thereof, given by way of example only with reference to
the accompanying drawings in which:

Fig. 1 is a block diagram of a communication circuit
having a receiver and a transmitter for a slave mode;

Fig. 2 is a block diagram of a communication circuit
having a receiver and a transmitter for a master mode
not forming an embodiment of the invention but suit-
able as an example for understanding the invention;

Fig. 3 is a diagram illustrating a receiver and asso-
ciated waveforms in more detail;
and

Fig. 4 is a set of waveforms illustrating the switching
noise while the ADCs are sampling.

Description of the Embodiments

[0025] Referring to Fig. 1 a slave mode Gigabit trans-
ceiver 1 comprises a receiver 2 and a transmitter 3. The
receiver 2 comprises an ADC 5 for each of four Gigabit
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channels A, B, C, and D. Each ADC 5 feeds into a frac-
tionally spaced equaliser 6, in turn feeding a Viterbi trellis
decoder 7. A timing recovery circuit 10 is connected to
an FSE input and output. A phase loop and mixer circuit
11 receives a clock signal from an external crystal 12,
and uses the timing recovery output to deliver a 250 MHz
clock to the ADCs and a 125 MHz clock to the remainder
of the circuitry.
[0026] The transmitter 3 comprises a 4D encoder 20
feeding a transmit filter 21 for each dimension, in turn
feeding a DAC 22 for each dimension.
[0027] Referring to Fig. 2 a master mode transceiver
30 comprises a receiver 31 and a transmitter 32. Parts
similar to those of Fig. 1 are assigned the same reference
numerals. In this case the phase loop and mixer circuit
11 is not linked to a timing recovery circuit.
[0028] The Gigabit Ethernet standard specifies that
any Gigabit Ethernet link must consist of two transceiv-
ers, one of which operates in master mode and the other
in slave mode. The assignment of these two modes is
done prior to the establishment of a link. In general, in
master mode a transceiver uses a clock generated from
a local source, usually a crystal, to drive the DACs asso-
ciated with its transmitter. A slave must then recover the
symbols transmitted by the master and ensure the sym-
bols it sends back to the master are transmitted at this
recovered rate. In this way the master can assume the
symbols arriving at its receiver are at the same frequency
with which it is transmitting. In essence the slave has
locked itself to the master with respect to symbol frequen-
cy.
[0029] The slave transceiver 1 recovers the master’s
clock from the incoming symbols using the circuit 10 and
then uses this recovered clock to transmit symbols back
to the master. In slave mode of operation the 250MHz
clock is derived from the timing recovery circuit 10 and
hence is locked to the incoming symbols (which have
been sent by the master). In addition the remaining re-
ceive circuitry and the transmit circuitry are driven off a
similarly derived 125MHz clock. This ensures the sym-
bols transmitted back to the master are done so at the
correct frequency. Thus, higher power consumption does
not arise because of the higher oversampling rate.
[0030] The FSEs 6 ensure the optimum sampling
phase is selected digitally.
[0031] The receivers 2 and 31 do not need multiple
asynchronous clocks, as instead all channels sample at
the same rate and phase, namely oversampling at a fac-
tor of 2. Thus, there is only one clock domain, and asyn-
chronous clock cross interference is avoided. Also, the
circuitry is much simpler than heretofore because it does
not need to determine the phase of the incoming signals.
[0032] In more detail all four ADCs in the receivers are
clocked with the same 250MHz clock derived from the
incoming symbols. The DACs and the digital logic are
clocked with a half rate (125MHz) version of this clock.
This is shown in Figs. 1 and 2. Thus there is a single
clock domain that is common to the TX and RX circuitry,

there is no need for retiming circuitry and the ADCs can
be designed to sample during the guaranteed quiet pe-
riod between digital logic switching. In addition since all
digital logic operates off the same clock there is a single
clock synchronous design.
[0033] In master mode the 250MHz clock is derived
from the local external crystal oscillator 12. A 125MHz
clock is derived from this source also and is used to drive
the remainder of the receiver and the transmitter. The
fractionally spaced equalisers 6 ensure the optimum
sampling phase is selected digitally. No timing recovery
circuitry is required in this mode.
[0034] In synchronously sampling it is advantageous
that the optimum phase of the incoming signal must be
recovered in the digital domain. This is achieved as fol-
lows:-

1. The signal is sampled by the ADC by a rate that
is at least a factor of two greater than the symbol
rate (oversampling).

2. Digital filtering is performed to recover the opti-
mum phase from the sampled phase, for each of the
four dimensions.

3. The over-sampled signal (2 samples per symbol)
is converted into symbols. i.e.
some form of down-sampling must be performed.

[0035] To meet these objectives use of fractionally
spaced equalisers (FSEs) is particularly advantageous.
The FSE has the advantage of performing tasks 2, 3
above and channel equalisation in one digital block.
[0036] As illustrated in Fig. 3 the samples from the syn-
chronously driven ADCs are presented to four FSEs
which both interpolate and equalise these symbols be-
fore down-sampling them to the symbol rate. The output
of the FSE is an estimate of the 1D symbols that were
transmitted at the far end of the link. These are then com-
bined into estimates of the 4D symbol that is then passed
to the Viterbi for decoding.
[0037] Each FSE 6 comprises a filter whose data val-
ues are separated by less than a symbol period in time.
These data values are then combined in a linear fashion
using coefficients to perform channel equalisation prior
to down-sampling to the symbol rate.
[0038] Digital circuitry consists of combinatorial logic
(AND, OR gates etc.) interspersed between registers.
These registers are updated every positive edge of the
clock and this may place a new signal at the input to the
combinatorial logic. When logic values change (either at
a register output or a gate output) some current is drawn
from the supply. It is common for a large amount of current
to be drawn immediately after the positive edge of the
clock and for the amount of current drawn to fall rapidly
after this point.
[0039] Analog circuitry relies on accurate biasing and
power supplies in order to maintain a linear response and
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achieve satisfactorily small signal distortion. To achieve
this it is desirable to drive the ADCs in a "quiet period"
i.e. a period of time in which it is known the remainder of
the circuit is not drawing too much current. Clearly it is
therefore desirable to avoid driving the ADCs near the
positive edge of a clock driving large amounts digital log-
ic.
[0040] Fig. 4 illustrates how synchronous (top) and
non-synchronous (bottom) sampling schemes compare
in terms of ADCs being driven during noisy periods.
[0041] In the case of prior art non-synchronous sam-
pling schemes four clocks with identical frequency but
varying phase are required to drive the ADCs. Since the
relative phases of these clocks are randomly distributed
it is likely that they will be scattered across the clock pe-
riod. In addition one of these clocks (or the negated ver-
sion of one) is required to drive the digital section of the
receiver. In this case there is a high probability that at
least one ADC will not be sampling in a quiet period. On
the other hand in the invention all ADCs are driven by a
clock that is some multiple of the symbol rate. A slower
version of this clock is used to drive the digital logic which
ensures that all of the ADCs are driven during, or close
to, a quiet period. Thus, the circuit does not digitise a
large amount of substrate and power supply borne noise,
as happens in the prior art.
[0042] The invention is not limited to the embodiments
described but may be varied in construction and detail.
For example, the invention may be applied to receivers
or transmitters other than for master/slave operation
where a clock is recovered. An example is the 100 BASE-
T Ethernet standard.

Claims

1. A communication circuit comprising a receiver (2)
and a transmitter (3), in which the receiver comprises
a plurality of analog to digital converters (5), each of
the analog to digital converters being adapted for
receiving a signal on one of a plurality of channels,
respectively, and the transmitter comprises a plural-
ity of digital to analog converters (22), each of the
digital to analog converters being adapted for trans-
mitting a signal on one of said channels, respectively,
characterized in that:

the receiver comprises a timing recovery circuit
comprising means for recovering a received
clock from the incoming signal of one of said
channels without determining the phase of the
incoming signal;
the receiver comprises means (10,11,12) for
driving each of the analog to digital converters
(5) with the same clock at the same rate and
phase to sample the incoming signal on each of
said channels at a rate that is at least a factor
of two greater than the symbol rate of each of

said channels;
the receiver further comprises in each channel
a fractional spaced equalizer filtering the sam-
pled signal to recover an optimum phase; and
the transmitter (3) comprises means for driving
each of the digital to analog converters (22) from
the same clock at the same rate and phase as
the clock driving the analog to digital converters
of the receiver.

2. The communication circuit as claimed in claim 1,
wherein the receiver comprises means for down-
sampling.

3. The communication circuit as claimed in any preced-
ing claim, wherein each fractionally spaced equaliser
comprises a filter in which data values are separated
by less than a symbol period in time, and means for
combining the data values in a linear manner using
coefficients to perform channel equalization prior to
down-sampling to the symbol rate.

4. The communication circuit as claimed in any preced-
ing claim, wherein the circuit comprises a single
phase-locked loop circuit comprising means for lock-
ing to a frequency and driving all of the receiver an-
alog to digital converters and the transmitter digital
to analog converters.

5. The communication circuit as claimed in any preced-
ing claim, wherein the receiver comprises means for
driving the analog to digital converters close to or
during a digital logic switching quiet period.

6. A transceiver comprising a communication circuit as
claimed in any preceding claim.

Patentansprüche

1. . Kommunikationsschaltung, umfassend einen Emp-
fänger (2) und einen Sender (3), bei der der Emp-
fänger eine Vielzahl von Analog-Digital-Umsetzern
(5) aufweist, wobei jeder der Analog-Digital-Umset-
zer zum Empfangen eines Signals auf einem jewei-
ligen einer Vielzahl von Kanälen ausgeführt ist, und
der Sender eine Vielzahl von Digital-Analog-Umset-
zern (22) aufweist, wobei jeder Digital-Analog-Um-
setzer zum Senden eines Signals auf einem jewei-
ligen der genannten Kanäle ausgeführt ist, dadurch
gekennzeichnet, dass:

der Empfänger eine Taktregelungsschaltung
aufweist, die eine Einrichtung zur Rückgewin-
nung eines empfangenen Takts aus dem an-
kommenden Signal von einem der genannten
Kanäle ohne Ermitteln der Phase des ankom-
menden Signals aufweist,
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der Empfänger eine Einrichtung (10, 11, 12) zum
Ansteuern von jedem der Analog-Digital-Um-
setzer (5) mit dem gleichen Takt mit der gleichen
Rate und Phase zum Abtasten des ankommen-
den Signals auf jedem der genannten Kanäle
mit einer Rate aufweist, die wenigstens zweimal
so groß ist wie die Symbolrate jedes der genann-
ten Kanäle,
der Empfänger ferner in jedem Kanal einen
überabgetasteten Entzerrer aufweist, der das
abgetastete Signal zur Wiedergewinnung einer
optimalen Phase filtert,
der Sender (3) eine Einrichtung zum Ansteuern
von jedem der Digital-Analog-Umsetzer (22)
von dem gleichen Takt mit der gleichen Rate
und Phase wie des Takts aufweist, der die Ana-
log-Digital-Umsetzer des Empfängers ansteu-
ert.

2. . Kommunikationsschaltung nach Anspruch 1, bei
der der Empfänger eine Einrichtung zum Reduzieren
der Abtastrate aufweist.

3. . Kommunikationsschaltung nach einem der vorher-
gehenden Ansprüche, bei der jeder überabgetastete
Entzerrer ein Filter, in welchem Datenwerte von we-
niger als einer Symbolzeitdauer getrennt werden,
und eine Einrichtung zum Kombinieren der Daten-
werte auf lineare Weise mithilfe von Koeffizienten
aufweist, um vor der Verringerung der Abtastrate auf
die Symbolrate eine Kanalentzerrung durchzufüh-
ren.

4. . Kommunikationsschaltung nach einem der vorher-
gehenden Ansprüche, wobei die Schaltung einen
einzelne Phasenregelkreis aufweist, der eine Ein-
richtung zum Sperren einer Frequenz und zum An-
steuern aller Analog-Digital-Umsetzer des Empfän-
gers und aller Digital-Analog-Umsetzer des Senders
aufweist.

5. . Kommunikationsschaltung nach einem der vorher-
gehenden Ansprüche, bei der der Empfänger eine
Einrichtung zum Ansteuern der Analog-Digital-Um-
setzer eng an oder während der Ruheperiode einer
digitale Logikumschaltung aufweist.

6. . Sender, umfassend eine Kommunikationsschal-
tung nach einem der vorhergehenden Ansprüche.

Revendications

1. Circuit de communication comprenant un récepteur
(2) et un émetteur (3), dans lequel le récepteur com-
prend une pluralité de convertisseurs analogi-
ques/numériques (5), chacun des convertisseurs
analogiques/numériques étant adapté pour recevoir

un signal sur l’un d’une pluralité de canaux, respec-
tivement, et l’émetteur comprend une pluralité de
convertisseurs numériques/analogiques (22), cha-
cun des convertisseurs numériques/analogiques
étant adapté pour transmettre un signal sur l’un des-
dits canaux, respectivement, caractérisé en ce
que :

le récepteur comprend un circuit de récupéra-
tion de synchronisation comprenant un moyen
pour récupérer une horloge reçue à partir du si-
gnal entrant de l’un desdits canaux sans déter-
miner la phase du signal entrant ;
le récepteur comprend un moyen (10, 11, 12)
pour commander chacun des convertisseurs
analogiques/numériques (5) avec la même hor-
loge à la même cadence et à la même phase
pour échantillonner le signal entrant sur chacun
desdits canaux à une cadence qui est au moins
supérieure par un facteur de deux à la cadence
de symboles de chacun desdits canaux ;
le récepteur comprend en outre dans chaque
canal un égaliseur à espacement fractionnaire
qui filtre le signal échantillonné pour récupérer
une phase optimale ; et
l’émetteur (3) comprend un moyen pour com-
mander chacun des convertisseurs numéri-
ques/analogiques (22) à partir de la même hor-
loge à la même cadence et à la même phase
que l’horloge commandant les convertisseurs
analogiques/numériques du récepteur.

2. Circuit de communication selon la revendication 1,
dans lequel le récepteur comprend un moyen de
sous-échantillonnage.

3. Circuit de communication selon l’une quelconque
des revendications précédentes, dans lequel cha-
que égaliseur à espacement fractionnaire comprend
un filtre dans lequel des valeurs de données sont
séparées par moins d’une période de symbole dans
le temps, et un moyen pour combiner les valeurs de
données d’une manière linéaire en utilisant des coef-
ficients pour effectuer une égalisation de canal avant
le sous-échantillonnage à la cadence de symboles.

4. Circuit de communication selon l’une quelconque
des revendications précédentes, dans lequel le cir-
cuit comprend un circuit à boucle asservie en phase
unique comprenant un moyen pour effectuer un ver-
rouillage sur une fréquence et commander tous les
convertisseurs analogiques/numériques du récep-
teur et convertisseurs numériques/analogiques de
l’émetteur.

5. Circuit de communication selon l’une quelconque
des revendications précédentes, dans lequel le ré-
cepteur comprend un moyen pour commander les
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convertisseurs analogiques/numériques près d’une
période calme de commutation logique numérique
ou durant une telle période.

6. Emetteur-récepteur comprenant un circuit de com-
munication selon l’une quelconque des revendica-
tions précédentes.

11 12 
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