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Abstract: A frequency-domain equalizer with a mixed-signal adaptive control loop and a novel baseline wander

(BLW) canceller are proposed. The equalizer is independent of channel-modeling accuracy,and its control loop is

intrinsically stable. An AGC function is incorporated into the equalizer without an extra AGC circuit. The pro-

posed BLW canceller uses a peak detector to monitor the BLW and full feedback method to accomplish BLW can-

celing. High canceling accuracy and robust performance are achieved. The circuits are tested in 0. 25,m CMOS

technology. Better performance and smaller silicon area are achieved compared with results in the literature.
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1 Introduction

Equalizers and baseline-wander (BLW) can-
cellers are two key modules of 100/1000Base-TX
Ethernet transceivers. Equalizers are used to elim-
inate inter-symbol interference (ISI) caused by
the limited bandwidth of category 5 UTP (un-
shielded twisted-pair) cable, and BLW cancellers
are used to compensate DC component loss caused
by the high pass nature of network transformers.
Their performance greatly affects a chip’s BER
performance, and they account for most of a
chip’s area and power consumption~* . In order
to meet the demands of low cost,low power,and
high performance, robust designs with tight re-
quirements on performance,area,and power con-
sumption are necessary.

One widely used adaptive equalization meth-
od is based on time-domain equalization,which u-
ses an FIR filter to eliminate ISI and an LMS al-
gorithm to update the FIR coefficients adaptive-
ly. It can be realized in either the digital or analog
domain. Digital implementations usually require a
low-resolution and high speed ADC to perform
analog to digital conversion preceding the follow-
ing DSP processing. Large silicon area and power
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consumption are the main shortcomings of this
method"'~*). Direct analog implementation is
somewhat better in this respect, but its perform-
ance is vulnerable to technology and timing mis-
match'®" . Frequency-domain equalization is con-
sidered to be a more efficient way to achieve
small area and low power performance, which
adopts a g,-C or RC active filter to match the in-
verse transfer function of the channel. The key
problems of such an equalizer are how to make its
performance channel modeling-accuracy inde-
pendent and how to construct a robust adaptive
control loop. Three different kinds of adaptive
control loops are presented in Refs. [7~9]. The
method presented in Ref.[8] is a simple but effi-
cient one,yet it cannot control a signal’s flat loss;
the other two methods presented in Refs.[7,9],
respectively,incorporate the control of an AGC.a
BLW canceller, and equalization together but
have potential stability problems.

The implementation of a BLW canceller is
dependent on the architecture of the equalizer.
The same architecture as the equalizer will be
adopted if a time-domain equalizer is used™ ™ ;
otherwise a feed-forward method, which regener-
ates the approximate DC value of the transmitted
signal and then restores it back to the received
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signal, is commonly used'”'". The former will
consume more silicon area and power, while the
canceling accuracy of the latter is highly depend-
ent on the transformer characteristics, technology
variance,signal quality,and dynamic range of the
circuit.

In this paper,a compact frequency-domain a-
daptive equalizer that adopts a second order g,,-C
filter controlled by a novel adaptive loop and a
BLW canceller with a simple structure but high
accuracy are proposed. The equalizer is channel-
modeling accuracy independent, and the control
loop is intrinsically stable. The equalizer elabo-
rately incorporates the automatic gain control
(AGC) function to compensate the flat loss with-
out an extra AGC circuit,which helps to save chip
area and power consumption further. The BLW
canceller is a novel design and is very simple in
structure but efficient in performance and silicon
area. In addition to the advantages mentioned
above, good performance,low power,and low sili-
con area consumption are achieved. The circuit is
fabricated in 1st silicon 0. 25pm CMOS technolo-
gy.Measurement results and comparison to the re-
sults in the literature are also given in the follow-
ing sections.

2 System architecture

A 100/1000Base-TX transceiver uses category
5 UTP cable as the signal transferring media. For
this kind of cable,the maximum signal attenuation
Loss (in dB) at 20C, defined by the TIA/EIA-
568-A standard", is

Loss(d,f>:%<1. 967 J/F + 0.023f + 0. 0504/F)
)

where d is the cable length in meters,and f is the
frequency in MHz. This demonstrates nonlinear
frequency dependent attenuation. small attenua-
tion is observed at low frequencies, while large attenu-
ation at the speed of about — 20dB/dec can be ob-
served at high frequencies. A first-order transfer func-
tion is insufficient to compensate the attenuation over
the entire frequency range. Thus a 2nd-order transfer
function as below is considered:

1+ 3 1+ —3
J251 P>
n +
Hoy(s) = — LFay  1ta
1+ 1+3
P 2

Here p,, p. are the poles of the transfer function,
and a;,a, are the coefficients to set the gain of
the equalizer. For a given length channel model,a
Matlab-based curve fitting routine is used to de-
termine p;, p, and a,,a,. The result shows that
p1-p2 can be fixed at 2 and 50MHz, respectively,
and only a,,a, need to be adjusted for channel
length variation. The maximum matching error
between | H. (s) | and the inverse response of dif-
ferent channel lengths in the frequency range of
0.5 to 66MHz is plotted in Fig. 1. It can be seen
that a good equalization result can be achieved
using this transfer function as the equalizer proto-
type as long as proper coefficients a,,a, are set.
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According to the curve fitting result, the peak
value of the proper equalized passing
through a band-pass filter versus channel length is

signal

plotted in Fig. 2. For the purpose of comparison,
the peak value of input signal without equalization
is also plotted. It can be seen that when the input
signal is well equalized this peak value is almost
independent of the channel length and can be used
as the criterion of whether proper equalization is

achieved.
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Based on the above analysis, it is natural to
get the system implementation idea that the trans-
fer function described above can be implemented
as the equalizer core. A lookup table can be con-
structed to store the needed coefficients, and a
control loop that detects the peak value of the
equalized signal passing through a band-pass filter
can be used to search for the proper coefficients
in the lookup table. The detailed system block dia-
gram is shown in Fig. 3. Its operating principle can
be described as follows: The received signal with
IST and BLW first arrives at the equalizer. At the
reset state, the initial a;, a, are given, and the
equalizer works under the initial state. For every
T, time, the peak value of the equalized signal
through the band-pass filter is compared with two
fixed levels,which are the expected peak value as
shown in Fig.2 plus/minus a small margin. This is
for the reliable convergence of the loop. When the
outputs of the comparators, D, and D, ,are “107,
the coefficients set currently are considered to be
the proper ones; otherwise the counter will in-
crease for “00” or decrease for “11”. Thus the in-
dex of the lookup table will move in the same
manner and the coefficients converted by the
DAC will change towards the right direction. Af-
ter equalization, the signal will be sent into the
BLW canceller to compensate the BLW if neces-
sary.

Equalizer core
From el

out BLW

canceller
Low pass|
filter

H(s,a,,a,k)

Counter and
lookup table
digital part

Control loop

Fig.3 System block diagram

The lookup table is constructed according to
the system level simulation. Actual cable has a
0.3% temperature coefficient''®', and its per-
formance also has some relation with different
manufacturing technology. To achieve robust per-
formance, channel model characteristics varying

in the range of *30% must be considered, which
1~11,16,17]

is commonly ignored in the literature-
Proper step size and content optimization of the
table are used to diminish the inherent modeling
accuracy dependence of the frequency-domain
equalizer. Figure 4 shows the system level simula-
tion result of the equalizer controlled by the pro-
posed loop when the channel characteristics vary
in the range of +30%.The matching error is con-
trolled within 1.3dB for all cases.
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Fig.4 Matching error for *£30% channel character-
istics variation

The flat loss introduced by the network
transformer and amplitude variation of transmit-
ted signal is ignored in the above analysis. When
flat loss does exist and no compensation is adopt-
ed, the signal will be over-equalized. Thus an extra
flat loss compensation loop is added.,the structure
and the principle of which is similar with the
adaptive equalization control loop, while a low-
pass filter is used instead of a band-pass filter. A
system level simulation result shows that this loop
can compensate the flat loss in the range of 0 ~
—4.4dB with an accuracy of 50mV. The follow-
ing section will show that the flat gain k as illus-
trated in Fig.3 can be incorporated in the equaliz-
er without an extra circuit.

For stability considerations,the flat loss com-
pensation loop is active for only one time after
coarse equalization is achieved. When it finishes,
the flat loss is compensated and the adaptive
equalization control loop is enabled again to per-
form fine equalization. Figure 5 shows the eye-di-
agram of the equalized signal at system level simu-
lation with a 100m worst-case channel model and
— 3dB flat loss.

When BLW occurs, it is manifested on the
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Eye diagram of 100m channel with — 3dB flat

peak values of the differential input signal: one
peak value will increase while the other decrea-
ses. If the peak values can be forced to be equal
while the useful signal remains unaffected, the
BLW can be successfully compensated. The block
diagram based on the above idea can be used to
fulfill this task, which is illustrated in Fig. 6. The
BLW is detected by the dual peak detectors and
inversely amplified by the following high gain op-
erational amplifier. The output signal of the am-
plifier is then added to the input signal.

OVOP
° /EL Peak |
Vi u detector
Adder >
12
o (=) Peak
\C/ detector
| Operational gmplifier
O Von

Fig.6 Block diagram of BLW canceller

¢,tuning

When the feedback loop is settled, the BLW of
the input signal is well compensated. Assuming all
the modules are ideal, the remaining BLW can be
described as
1

1+ A
where V, means the remaining BLW after com-
pensation, V;, means the input BLW,and A means
the DC gain of the operational amplifier. It can be
seen that as long as A is high enough,BLW can be

Vo = Vin (3)

totally compensated independent of transformer
characteristics, technology variance, and environ-
ment change. Circuit level implementation and
non-ideal factors will be discussed in Section 3.

3 Circuit implementation

3.1 Adaptive equalizer

The equalizer core is illustrated in Fig. 7.

p1,ps in Eq. (2) are determined by g./C,
and g../C, . respectively. The control voltage of
gm-cellS, gmi s §me »1s provided through a switched-
capacitor tuning circuit'’’ so that the poles are
fixed and won’ t change with technology vari-
ance. The schematic of g,-cells used in the equal-
izer is depicted in Fig.8. A proper control voltage
V. is chosen and an operational amplifier is used
to force the input transistor operating in the tri-
ode region. Thus the transconductance of the g,-
cell is as follows:

W

gm = k ch (4)

where k7 is the transconductance parameter, W,
L are the width and length of the transistor, re-
spectively,and V. is the control voltage. If the
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Fig.7 Schematic of the equalizer core
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same W to L ratio is used for all the g,-cells ex-
cept gm and g..,then the coefficients a,,a,,and
flat gain k are only determined by the control
voltage ratio V. / V. Ve/ Ve and V/ V. Since
the same reference voltage and resistor-divided
DAC are used,high accuracy for these coefficients
can be achieved. The effect of finite DC gain and
bandwidth of the g,-cell on the equalizer core can
be compensated by the adaptive control loop.

The band-pass filter and low-pass filter in the
control loop are simple g,-C filters tuned by the
same switched-capacitor circuit mentioned above.
The peak-detector is an operational amplifier
based structure as used in the BLW canceller illus-
trated below.

3.2 BLW canceller

The detailed circuit of the BLW canceller is
shown in Fig. 9. It is directly connected to the
equalizer through the pins named Vgwe and
VeLwn in Figs. 8 and 9. Considering the structure
of the preceding equalizer,a current mode adder
is used here. The V-I converter for the input sig-
nal and I-V converter needed is already incorpo-
rated in the equalizer as demonstrated in the dot-
ted frame. Only an extra g,-cell is needed to con-
vert the BLW voltage into current. The quantita-
tive analysis of the canceling result, considering
the mismatch of the transistors,is given by

Viiwo = IVIBZNZ + 1‘:0522 + A, Vo +

Vs
1+ A,

~ Vo (5)

Fig.8 Schematic of g.,-cell

Output stage of AEQ BLW canceller

Caox I
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b B 1e G Co
- G .
: Vieo £ Y * Varwe
: Vomo—- =
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7. ? s
i I Gor. ql

V-I converter LV converter -

Fig.9 Schematic of BLW canceller

where Vigiws Vesins Voa» and Ve, are the input
wandering value, the offset voltage of the input
signal, the mismatch of the two peak detectors
plus the input offset voltage of the operational
amplifier A2, and the offset voltage of the g.;
transconductance, respectively. It can be seen that
almost only V., will impact the accuracy of the
BLW canceller when the DC gain of the opera-
tional amplifier is high enough. It can also be seen
that this circuit can correct the offset voltage of
the equalized signal at the same time.

Since negative feedback is used to achieve ro-
bust performance, stability should be considered
carefully. Its open loop transfer function can be
described as

H(s) = p 7A; =
(L) )2
- A,
I+ 3 1+ s 2
1 AlgmM gm
Rom(CL + CAp) (Cp + CBp) Ccp)
(6)

where R, C. are the output resistance and load
capacitor of the operational amplifier, Cp, Cgp »
C¢p are the parasitic capacitors at nodes A,B,C,
respectively, A, is the DC gain of the operational
amplifier in the peak-detector, g,u is the trans-
conductance of the transistor,Mp,in the peak-de-
tector,and g, is the transconductance of the g,-
cell, g . Here the minimum static transconduct-
ance value is considered for the transistor Mp
since it is time-varying. To guarantee stability,w,
is set to be the main pole,and w; is set at least two
times higher than the 0dB bandwidth to guarantee
60° phase margin and w; is set high enough that it
can be totally neglected. The 0dB bandwidth is set
about ten times higher than the corner frequency
introduced by the transformer so that robust can-
celing and high-speed response can be achieved.
Here the g,-cell adopts the same structure as
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used in the equalizer,which has about a 1V linear
input range. Thus a large compensation range,
about 1V, is achieved, which is sufficient for the
worst case,about 750mV ,defined by Ref.[15].

4 Measurement results

The equalizer and BLW canceller are de-
signed and fabricated in 1st silicon 0. 25pm CMOS
technology. A die photograph is shown in Fig. 10,
and the active area is 0. 5mm®. Measurement re-
sults of 40 samples using three different bands of
CAT-5 cable indicate consistency in the perform-
ance. Figure 11 shows the eye-diagram of the un-

=7, 6550M

Fig. 11
equalized/equalized signal

100m cable worst case eye-diagram of un-

equalized/equalized signal through 100m CAT-5
cable and — 3dB flat loss is added intentionally (It
is somewhat distorted by the on-chip test buffer
and the noise introduced by the FPGA board used
for testing) . Figure 12 shows the worst case BLW
signal after and before the BLW canceller and the
equalizer with 100m cable. The power consump-
tion is 75mW. The circuits are incorporated in a
fast Ethernet transceiver, and the measured BER
is less than 107" with 100m cable. Table 1 summa-
rizes the comparison of the results in the literature
and this paper.

- Agilent Technologies

Fig.12 Signal after/before BLW canceller and equal-
izer with 100m cable

5 Conclusion

A frequency-domain equalizer with a mixed
signal mode adaptive control loop and a novel
BLW canceller have been proposed. Careful sys-
tem level design ensures that the equalizer is chan-
nel-modeling accuracy independent. The equalizer
also incorporates a flat loss compensation function
without an extra AGC circuit. Mixed signal mode
and time-divided control of equalization and flat
loss compensation ensure the stability of the loop.
The BLW canceller proposed uses a peak detector
to monitor the BLW and a feedback method to
achieve high canceling accuracy and robust per-
formance. It is simple in structure but efficient in
performance and silicon area. Better performance
and smaller silicon area are achieved compared
with other results in the literature.
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Table 1 Comparison of this paper’s result with the results in the literature
p Eye
ower
Equalization method Control method Technology . diagram Die area
consumption
openness
Digital implementation of . 0.18um About 60% ;
Ref.[1] - . . LMS algorithm 350mW 6. 6mm?
time-domain equalizer 1P5M CMOS open
128,528
A Digital implementation of . 0.18pm
Refs.[4,5] - . . LMS algorithm — e Gates
time-domain equalizer SEC CMOS .
(about 1.28mm?)
Analog implementation of . .
Ref.[17] . i . LMS algorithm = 80mW - 1. 0Omm?
time-domain equalizer
1st order RC-active filter .
. Continuous 0. 4pm ,
Ref.[16] based frequency-domain . 65mW poor 1. Imm?
K -time control loop | 1P3M CMOS
equalizer
2nd order RC-active filter
. . 0. 25,;m About 60% p
Ref.[11] based frequency-domain Programming CMOS — 0. 984mm?
open
equalizer p
X Novel
. 2nd order gm-C filter based . . 0. 25¢m About .
This paper R X mixed-signal 75mW 0. 5mm?
frequency-domain equalizer trol 1 1P4M CMOS 70% open
control loop
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