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1 Introduction and Background

Advances in digital integrated circuit (IC) fabrication
technology have resulted in an exponential growth for the
speed and integration levels of ICs. This has created a cor-
responding demand for high bandwidth, chip-to-chip inter-
connect. To meet this demand, designers have resorted to
aggressive signaling techniques including multi-level sig-
naling, multi-gigahertz symbol rates, and tight wire spac-
ings [3]. All of these exacerbate crosstalk (electromagnetic
coupling) by reducing noise margins, increasing slew rates,
and reducing physical isolation. Continued improvements
in chip-to-chip interconnect require effective solutions to
crosstalk.

This paper demonstrates the effectiveness of equalizing
filters for cancelling crosstalk on high-speed buses. Re-
cently high-speed interconnect techniques use single-line
equalizing filters to compensate for dispersive losses due
to wire resistance, the skin effect, and dielectric losses [1,
2, 4]. To the best of our knowledge, [6] is the only design
where an equalizing filter is used for crosstalk cancellation
in the context of high speed buses. That paper describes a
proprietary design and gives few details of how the filters
are derived.

This paper presents a novel method for designing the
crosstalk cancelling filters and provides an evaluation com-
paring it with other design techniques. We show that
crosstalk cancellation can double the bandwidth achievable
on buses with tight wire spacings. We show that the [
norm is a more appropriate measure for signal integrity in
digital designs than the commonly used /5 norm, achiev-
ing roughly 46% improvements in bandwidth. We present
a practical method for synthesizing optimal filters based on
linear programming and present results from an implemen-
tation of our synthesis procedure. Finally, we describe how
our filters can be implemented using a practical, look-up
table based approach with minimal overheads for area and
latency.
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2 Filter Design

Figure 1 shows the structure we assume for communi-
cation channels. Buses have crosstalk, dispersive losses,
reflections, and other effects that corrupt digital integrity.
Fortunately, all of these phenomena are linear processes.
Accordingly, we regard the bus as a time-invariant, linear
system and model the bus by its impulse response function.
This impulse response gives the coupling from each input
of the bus to each output as a function of time. The impulse
response can be derived from the electrical or geometrical
parameters of the bus, or measured by including high-speed
analog to digital converters in the receiver [4, 5].

In theory, the ill effects of crosstalk, etc., could be elim-
inated by including a filter with a transfer function equal
to the inverse of that for the bus. In practice, a perfect
inverse is unimplementable due to limitations on high fre-
quency response and voltage swing. Furthermore, for wide
buses, filters that consider all interactions require large areas
and have high latencies. In practice, it is more practical to
consider only the largest contributors to crosstalk, a small
neighbourhood around each wire. Thus, the filter design
problem is an optimization problem: given limits on the
sample-rate, output swing, and filter width, design a filter
that achieves the best possible signal integrity. We further
simplify the problem by restricting our attention to linear
filters.

We use eye height and width to quantify signal in-
tegrity. During each sampling interval, a binary signal



should be either distinctly high or distinctly low. This al-
lows the receiver to unambiguously determine the value
of the bit that was transmitted. The signal can change
between sample intervals. We also restrict how high (or
low) the signal may go; otherwise, with scaling any eye
opening can be made arbitrarily large. Eye height is 1 —
max(undershoot, overshoot). Eye width is defined as the
time period that high signal transmitted is distinct from low
signal transmitted.

Many designers have employed least-squares optimiza-
tion for the design of equalizing filters [1, 4]. Least squares
optimization minimizes the power of the received crosstalk.
The main drawback of least-squares optimization is that it
uses an average case optimality criterion. For digital trans-
mission, we want every bit to be transmitted successfully.
Thus our real concern is to minimize the worst case error.

Our linear programming formulation is based on the ob-
servation that the output of the channel for any wire at any
bit time is given by a linear combination of the contribu-
tions from each input wire at each bit time. The response of
output 4 to input 4 after the nominal channel delay is the de-
sired output. All other terms are disturbances. Without loss
of generality, we can consider each input to be either +1
or —1. We compute the responses to each, individual +1
input and then determine the worst-case disturbance by tak-
ing the absolute values of each of these responses. This is
readily translated into a linear programming problem whose
solution gives the coefficients values for the filter.

As an example, figure 2 compares eye diagrams for a bus
with no equalization, and with FIR filters optimized by the
lo and [, criteria. Both filters have four taps, four samples
per bit, and consider the value input on the wire itself and its
seven nearest neighbours to the left and seven nearest to the
right. The bus model corresponds to 1 oz. copper PC board
traces, that are 5 cm long, 3 mils wide with 9 mil spacing
and a 429 characteristic impedance.

This bus has a tight wire spacing, as we expect for fu-
ture interconnects. With no filter, the minimum bit time
for which 50% eye height can be achieves is 687ps. In-
dependent pre-emphasis for each wire gives little improve-
ment (680ps could be achieved) showing that crosstalk is
the primary signal integrity issue for this bus. With I op-
timization, the minimum bit time can be reduced to 512ps
(a 4 tap, 5 wide filter), adding more taps or filters to the I,
results in a slight increase in the minimum bit-time, show-
ing that the optimizer compromises worst-case performance
to reduce the average-case error. With [, optimization, a
349ps minimum is achieved with the 4-tap, 8-wide filter de-
scribed above. Thus, our [, approach provides 46% better
performance than the commonly used I5 method and 96%
better performance than a channel without a filter. We are
aware of no other published research describing I, design
of crosstalk cancelling filters. Our results demonstrate the
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Figure 2. Eyes with and without filters

effectiveness of this approach.

3 Hardware I mplementation

Figure 3 shows an hardware implementation suitable for
the filters described in this paper. Our equalizing filters is
a multi-input, multi-output filters. We construct a separate
filter for each output wire. Figure 3(a) shows our design for
the filter for one output wire. It uses an interleaved DAC as
described in [5]. The clock generator produces phases for
enabling each DAC. A current summing circuit combines
the DAC outputs to produce the filter output, v. For sim-
plicity, we show a design where the interleaving factor for
the DAC is the same as the oversampling rate of the filter.
By using a separate filter for each DAC, the DACs are in-
corporated into the channel, and filter coefficients can be
adjusted to compensate for variations between the DACs.

The filters for each DAC channel can be typical FIR de-
signs. To further simplify the design, we precompute the
convolutions of individual bits with the filter coefficients
and store the results of these convolutions rather than the
coefficients themselves. The filter for a single channel mul-
tiplies each of these coefficients by the corresponding bits
for the wire and its neighbours. As the inputs to the filters
are bits (0 or 1), these multiplications are straightforward.
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Figure 3. An Interleaved Equalizing Filter

These products are combined using an adder tree to produce
the input to the DAC.

The total hardware required for our filters is quite small.
As an example, we consider the the 4-tap, eight-wide filter
with four filter taps per data bit as described in the previ-
ous section. We use 12-bit data paths to provide generous
guard bits for 8-bit DACs. Our design requires 156 one-bit
full-adders for each of the four interleaved DACs. Thus, a
filter for each output pad can be constructed with fewer than
5000 transistors. Furthermore, the latency is very small. For
the filter considered here, the adder tree has 15 inputs and a
depth of four adders. Thus, it is reasonable to estimate that
the filter adds less than 1ns to the latency of the channel
for an implementation in a 0.13u process. The significant
bandwidth advantages, the small per-pad transistor count,
and the low added latency demonstrate that crosstalk can-
celling filters are a practical way to use on-chip computa-
tion resources to improve chip-to-chip signal integrity and
bandwidth.

4 Conclusion

This paper explores the effectiveness of equalizing fil-
ters in crosstalk cancellation for high-speed, off-chip buses.
It demonstrates that linear programming provides effective
methods for designing crosstalk canceling equalizing fil-
ters that greatly increase the bandwidth of high-speed dig-
ital buses. For 5 cm long 32-bit wide PCB buses with
(75 pm wire width and 225 um separation), the channel
with a crosstalk cancelling filter can operate at 2.9GHz and
achieve 50% eye height. Without crosstalk cancellation,
such buses can only operate at 1.45GHz.

In this paper, we described and compared filter design
methods based on [, and [, optimization methods. These
correspond to least-squares and linear programming based
optimization respectively. Although [> optimization has re-
ceived the most attention for single-wire pre-emphasis, it
cannot guarantee worst-case performance. The [, metric

corresponds to the traditional eye-height measure of sig-
nal integrity and provides guarantees of worst-case perfor-
mance. In fact, the worst-case input is derived as a by-
product of the optimization process. Our sample designs
indicate that the /., approach significantly outperforms the
more common /5 method for buses where crosstalk is a pri-
mary signal integrity concern.

Scaling trends of the VVLSI technology favor the equal-
izing filter approach. Long buses cost more and support
lower data rates. The cost of the bus justifies added cir-
cuitry on the chip. The lower data rate provide more time
for the filtering operations. Furthermore, improvements in
chip fabrication are producing smaller and faster circuits for
implementing the filter while buses remain big and slow.
This also contributes to the favorability of adding more so-
phisticated equalizing filters. Given these scaling trends, we
expect that crosstalk cancelling equalizing filters will be es-
sential for chip-to-chip interconnect in the near future. Our
design methods provide a practical and effective way for
designing these filters.
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