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Abstract—In this paper, a crosstalk compensation scheme for
high speed single-ended on-chip signaling is presented. To reduce
the effect of crosstalk in bandwidth enhanced channel employing
capacitively driven interconnect, a crosstalk feed-forward equal-
izer is proposed, which compensates for the low-pass nature of the
crosstalk. The proposed scheme is verified using a three-channel
10 mm on-chip interconnect implemented in 130 nm CMOS
process. Measurement results show that the proposed transceiver
effectively removes the crosstalk for data rates of up to 2.5-Gb/s
while consuming 0.96 mW, which corresponds to energy efficiency
of 0.41 pJ/bit.
Index Terms—Capacitively driven interconnect, crosstalk

compensation, equalizer, global signaling, ISI compensation,
Network-On-Chip (NOC), on-chip interconnect.

I. INTRODUCTION

F OR performance improvements under power constraints,
multi-core architecture has been employed in the latest

high-performance microprocessors and digital signal proces-
sors. For multi-core processors in advanced CMOS process,
where bus width, length and density are all increasing, re-
ducing the power and area of the on-chip interconnect while
maintaining a good level of signal integrity is an important
issue. While a simple and popular solution to the above issue
is to employ single-ended interconnects with repeaters, its
power consumption is very high [1], [2]. In order to avoid re-
peaters, several bandwidth enhancement techniques have been
proposed, such as low swing resistively driven interconnect
(RDI) [3], pre-emphasized transmission [4], [5], distributed
loss-compensation [6], optimum resistive termination [7] and
capacitively driven interconnect (CDI) [2], [8]. Among these
techniques, CDI is a promising approach as it provides high
bandwidth and good energy efficiency with little circuit over-
head. Unfortunately, CDI cannot be used as a replacement for
existing single-ended repeater-based interconnects due to the
large crosstalk between the wires. While twisted wire technique
shown in [9] is an effective solution to reduce the effect of
crosstalk, it requires the use of differential signaling which is
area inefficient, and also requires at least two metal layers for
its implementation which can be costly.
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In this paper, we analyze the effect of crosstalk in a single-
ended bandwidth enhanced CDI and propose an energy-efficient
crosstalk compensation technique. The proposed technique is
demonstrated for the case of 2.5 Gb/s three channel 10 mm in-
terconnect using 130 nm CMOS.
This paper is organized as follows. Section II analyzes char-

acteristics of crosstalk in CDI. In Section III, crosstalk and inter-
symbol interference (ISI) equalizer is presented and its oper-
ation is analytically explained. Section IV describes the im-
plementations of the overall transceiver. Measurement results
are presented in Section V, followed by conclusions and future
works in Section VI.

II. CROSSTALK IN CAPACITIVELY DRIVEN ON-CHIP
INTERCONNECT

CDI is an effective technique that can increase the bandwidth
of a long on-chip interconnect. It employs a series capacitor at
the transmit driver which not only increases the bandwidth of
the channel, but also reduces the load capacitance. Although
this technique is proposed and analyzed in [2] and [8], effect
of crosstalk has not yet been analyzed. In this section, we inves-
tigate the effect of crosstalk for a three channel CDI and derive
a frequency domain transfer function that helps us to design a
low power crosstalk compensation scheme.

A. Modeling of Capacitively Driven Interconnect

The long on-chip interconnect used in our prototype is a
three channel single-ended microstrip line structure shown in
Fig. 1(a). The long (over 10 mm) and narrow (less than 1 m)
on-chip interconnect can be represented by a distributed
model since inductive components are overwhelmed by the
resistive components up to several tens of GHz range [10]. By
using the distributed model, a three channel single-ended
CDI can be modeled as shown in Fig. 1(b), where is the
driving capacitor and , , and are the channel resistance,
substrate capacitance and coupling capacitance per unit length,
respectively. The coupling capacitance between non-adjacent
channels is neglected since it is negligible compared with the
coupling capacitance between adjacent channels [11]. The sub-
strate capacitance includes fringing capacitance and
capacitance from the bottom plate of interconnect to substrate

. Note that the substrate capacitance of the center channel
is smaller than that of the outer channels since
the fringing capacitance of the center channel is smaller due to
higher coupling capacitance.
By applying KCL to the node of the interconnect, the voltage

of the interconnect can be defined by (1)–(3):

(1)
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Fig. 1. Modeling of the on-chip interconnect: (a) cross section of the on-chip interconnect, (b) distributed model of the capacitively driven interconnect,
(c) block-diagram model of the capacitively driven interconnect.

(2)

(3)

where is the voltage of the channel at distance from
the start of the interconnect. By reducing to 0, the partial



126 IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—I: REGULAR PAPERS, VOL. 59, NO. 1, JANUARY 2012

differential equations of the interconnect can be drawn as fol-
lows.

(4)

(5)

(6)

For the CDI, the boundary conditions are given as follows.

(7)

(8)

Note that, for the case of the RDI, (7) is modified to the fol-
lowing boundary conditions,

(9)

where is the effective resistance of the transmit driver [12].
The initial conditions are assumed to be zero for both types of
interconnect (i.e. ).
By taking the Laplace transform of the above equations, the

transfer functions of the signal, adjacent crosstalk and distant
crosstalk to the output can be derived, which are represented as

, , and , as shown in Fig. 1(c). Note
that the center channel has adjacent crosstalk only, while the
outer channels additionally have distant crosstalk which we de-
fine as the crosstalk that occurs from the next adjacent channel.
In order to simplify the results of Laplace transform, we use nu-
merical values of , , , and extracted from layout which
are 80 , 43 fF, 68 fF, 44 fF and 68 fF per 1 mm, respectively.
Hence, transfer functions can be represented as

(10)

(11)

(12)

where , and are defined in (13)–(15),
shown at the bottom of the page. In (13)–(15), the impedance

is equal to or depending on whether CDI or
RDI is used. Parameters , and are determined by
and , and are 59 fF, 111 fF and 182 fF per 1 mm, respec-
tively.

B. Characteristics of Capacitively Driven Interconnect

Using (10)–(15), the transfer functions of the signal, adjacent
crosstalk and distant crosstalk for the RDI and CDI are shown in
Fig. 2(a) and (b), respectively. The transfer functions of the ad-
jacent and distant crosstalk are normalized to that of the signal
to clarify the difference between the two schemes. It can be
seen that while CDI has larger signal bandwidth compared to
the RDI, it also has larger low frequency crosstalk. Actually, the
crosstalk transfer function of the CDI is low pass like the signal
transfer function, which is in contrast to the band pass transfer
function of the RDI. Intuitively, this result is natural since the
crosstalk in CDI is formed by capacitive voltage divider while
that in RDI is formed by capacitor and resistor. Another no-
table characteristic in CDI is that at low frequencies, the magni-
tude ratio between the signal and adjacent crosstalk is almost the
same as the magnitude ratio between the adjacent crosstalk and
distant crosstalk (i.e. ).
Thsis is due to the fact that three channels are evenly spaced and
this property is exploited when we design the crosstalk compen-
sation circuit in the next section.
The amount of the crosstalk in the CDI depends on how the

interconnect is implemented, such as which metal layer is used
and what is the metal width and spacing. To investigate such
effect, adjacent crosstalk-to-signal ratio (ACSR) and distant
crosstalk-to-signal ratio (DCSR) are defined. The ACSR and
DCSR at low frequency for different channel spacings and
metal layers are shown in Fig. 3, where two tendencies can be
observed. First, both ACSR and DCSR increase as the spacing
between the channels decreases. This tendency is obviously
caused by the coupling capacitance which is inversely propor-
tional to the spacing. Next, it can be seen that both ACSR and
DCSR increase as higher metal layer is used. This is due to the
fact that the substrate capacitance decreases with higher metal
while the coupling capacitance remains constant. For M7, both

(13)

(14)

(15)
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Fig. 2. Transfer function of the signal and crosstalk: (a) low swing resistively
driven interconnect, (b) capacitively driven interconnect.

Fig. 3. Adjacent crosstalk-to-signal ratio and distant crosstalk-to-signal ratio
in different environments.

ACSR and DCSR are steeply increased since M7 is a thick
copper metal.

Fig. 4. Effect of crosstalk on signal waveform and eye-diagram.

III. CROSSTALK AND ISI EQUALIZER

The effect of crosstalk in CDI is illustrated in Fig. 4 where
waveforms of the transmitted signals and the received signal of
the center channel are shown. Note that data on all channels are
assumed to be synchronized. To focus on the effect of crosstalk
only, the effect of ISI is excluded. Due to the low pass nature
of the crosstalk, the signal level of the center channel (CH2)
is distorted according to the data pattern of the outer channels
(CH1 and CH3). Since two aggressors equally affect the victim,
there can be six output levels, which will significantly reduce the
eye opening. The eye opening will be reduced more when noise
or ISI is added. Note that if a decision feedback equalizer (DFE)
is included, reduced eye opening will also disturb its correct
operation.

A. Block Diagram Analysis of the Proposed Equalizer

To compensate for the crosstalk and ISI in CDI, we propose
a crosstalk and ISI equalizer whose block diagram is shown in
Fig. 5. The crosstalk is equalized by a crosstalk feed-forward
equalizer (CFE) which consists of and . The
key idea is to exploit the neighboring aggressor signals and re-
move the crosstalk components by subtracting these crosstalk
signals from the desired signal with proper transfer functions.
The compensated signals , and at the output of the CFE
can be expressed as follows,

(16)

(17)

(18)

where and are the compensated signal transfer
functions of the outer and center channel, and

are the compensated adjacent crosstalk transfer
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Fig. 5. Block diagram of the proposed crosstalk and ISI equalizer.

functions of the outer and center channel, and is the
compensated distant crosstalk transfer function of the outer
channel, respectively.
In order to remove the effect of crosstalk, the CFE

should be designed such that
. As can be seen from (17), there exists

,
which completely eliminates the crosstalk for . However, as
can be seen from (16) and (18), eliminating the crosstalk for
and is not possible since two different solutions are required
for . That is, for the case of , eliminating the effect
of requires while eliminating
the effect of requires .
Since the effect of the adjacent crosstalk is much larger
than that of the distant crosstalk, should be de-
signed as to remove the adjacent crosstalk
first. Fortunately, in evenly spaced interconnect, the ratio
between the signal and adjacent crosstalk is almost the
same as the ratio between the adjacent crosstalk and dis-
tant crosstalk at low frequencies as shown in Fig. 2(b), i.e.

. Thus, the low fre-
quency portion of the distant crosstalk will also be reduced
by the same . Therefore, the transfer functions of the
CFE are determined as follows:

(19)

(20)

After compensating for the crosstalk, a DFE can compensate
for the ISI. A simple 1-tap DFE is added, which consists of a
slicer and a tap coefficient .

B. Nonidealities of the Proposed Equalizer

While (19) and (20) reduce the effect of the crosstalk, imple-
menting such functions exactly may require large circuit over-
head. In our proposed scheme, we exploit the fact that ,

and all have low pass nature and approxi-
mate and as constants and .
Note that and correspond to the ACSR and DCSR at low
frequencies. In our prototype, and are about
0.34 and 0.31. Thus, the compensated transfer functions can be
represented as follows:

(21)

(22)

(23)

(24)

(25)

The effect of the crosstalk compensation scheme is analyzed
by the crosstalk-to-signal ratio (CSR) where the compen-
sated CSRs for the center and outer channels are defined as

and ,
respectively. The uncompensated CSRs for the center
and outer channels are defined as and

. By using the transfer func-
tions of (10)–(15) and (21)–(25), the compensated and uncom-
pensated CSRs for the center and outer channels are shown in
Fig. 6(a) and (b), respectively. For the center channel, it can
be seen that the proposed scheme effectively removes the low
frequency crosstalk, achieving more than 60 dB reduction at
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Fig. 6. Effect of crosstalk feed-forward equalizer (CFE) on crosstalk-to-signal
ratio (CSR): (a) CH2 (center channel), (b) CH1 and CH3 (outer channel).

1 MHz. It can also be seen that the amount of crosstalk reduc-
tion becomes less as frequency increases. This is due to the fact
that (20) is approximated as a constant , when in
reality it is frequency dependent, as seen in Fig. 2(b). Thus, the
proposed method cannot fully remove high frequency crosstalk
above a few GHz. Fortunately, this is not a critical issue since
the high frequency component of the crosstalk is much smaller
than its low frequency counterpart as shown in Fig. 2(b). The
CSR is shown for cases when there is error in estimating the
correct value of . It can be seen that nearly 20 dB
reduction can still be achieved for 10% error. In the case of
outer channel shown in Fig. 6(b), the frequency dependency of
the compensated CSR is similar to the case of center channel
except at low frequencies. Unlike the crosstalk of the center
channel which is completely removed at DC, that of the outer
channel is not completely removed even at DC. This is due to
the fact that distant crosstalk cannot be completely cancelled
by (19).

IV. IMPLEMENTATIONS OF THE PROPOSED INTERCONNECT
TRANSCEIVER

The proposed on-chip transceiver with crosstalk and ISI
equalizer is shown in Fig. 7, where a three channel 10-mm
on-chip interconnect built on metal 3 is used. The metal width
and spacing of the interconnect are both 1 m. The extracted
resistance and capacitance of the 10 mm interconnect are same
as those defined in Section II-A.

A. Transmitter

At the transmitter side, capacitively driven transmitter is em-
ployed to enhance the bandwidth. The driving capacitor
is implemented by metal-insulator-metal (MIM) capacitor. The
size of the driving capacitor is 110 fF, which is determined to
provide high bandwidth (about 1 GHz) and low swing (about
200 mV). The bandwidth is increased by four times compared
to the RDI. A simple two stage inverter chain is used to drive
the capacitor. Since the interconnect is single ended, the trans-
mitter circuitry is halved compared to the differential scheme.
The transmitter consumes only 150 per channel at a data
rate of 2.5 Gb/s.
Three kinds of input data, an internal pseudo-random bit se-

quence (PRBS), external source, and internal ground, can be
chosen for each channel. Internal pseudo-random bit sequences
are generated by linear feedback shift registers (LFSRs) of 31
bits, 15 bits and 7 bits. Internal ground is used to turn off the
channel.

B. Receiver

At the receiver side, the crosstalk and ISI equalizer is di-
rectly connected to the on-chip interconnect. The crosstalk and
ISI equalizer consists of a CFE and a 1-tap DFE. The circuit
schematic of the crosstalk and ISI equalizer for the center
channel is shown in Fig. 8. The input signal of the desired
channel is and input signals of the aggressor channels
are and . As the victim is the center channel, the
input signals from both aggressor branches are subtracted with
a weighting factor by controlling the compensation
current . Note that if the victim is the outer channel,
then the input signals from one aggressor branch should be
subtracted with a weighting factor . A 1-tap DFE is added
to the CFE and the output nodes of the CFE and the DFE are
shared. Thus, the current of the DFE is also summed with the
CFE. In DFE, a sense amplifier based flip-flop (SAFF) is used
for the slicer [13]. To provide the optimal clock for the DFE, a
phase interpolator which consists of current controlled inverter
stages is used, where current is controlled manually off-chip.
The input of the slicer, ‘Compensated Out’, is observed to
monitor the eye-diagram and the output of the slicer, ‘Received
Data’, is observed to detect the received data.
Due to the non-idealities such as finite output impedance of

the tail current source and mismatches between the input tran-
sistors, the differential outputs of the CFE and DFE suffer from
common mode mismatches. While a compensating capacitor is
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Fig. 7. The proposed on-chip interconnect transceiver with crosstalk and ISI compensation scheme.

Fig. 8. Circuit schematic of the crosstalk and ISI equalizer for the center channel.

employed to solve this problem in [14], a common mode feed-
back (CMFB) is used in the proposed equalizer, which is more
suitable for on-chip applications.

V. MEASUREMENT RESULTS

A three-channel on-chip interconnect transceiver with
crosstalk and ISI equalizer is fabricated in an eight-metal,
130 nm CMOS process, where the chip micrograph is shown
in Fig. 9. The proposed transceiver occupies 0.0034 mm per
channel where the transmitter and receiver occupy 0.0006 mm
and 0.0028 mm , respectively. The active area of the crosstalk
and ISI equalizer is only 430 m . The three-channel 10-mm
on-chip interconnect is implemented with line width and
spacing of 1 m and laid out in a serpentine shape.
In order to verify the operation of the proposed transceiver,

internal PRBSs are used for the transmit data. The measured
transient waveforms and histograms of the center channel are
shown in Fig. 10. The original transmitted signal generated by
the PRBS generator is shown in Fig. 10(a) and the received
signal of the center channel distorted by crosstalk from the outer
channels is shown in Fig. 10(b). To reduce the effect of ISI, these
waveforms are measured at a data rate of 1 Gb/s. While the orig-
inal transmit data is clearly recognizable, the received signal is

Fig. 9. Chip micrograph of the proposed on-chip interconnect transceiver.

distorted and divided into six levels, which is expected from our
previous discussion. It can also be seen that the crosstalk occurs
during the entire symbol interval and not only at the transition
edge. This is due to the low pass nature of the crosstalk in the
CDI. In order to clearly show the level of the signals, vertical
histograms of the transmitted and received signals are shown in
Fig. 10(c). While the transmitted original signal shows two dis-
tinct levels, the received signal distorted by crosstalk shows six
distinct levels. Small peaks in the histogram of the transmitted
signal are caused by the single-ended output buffer.
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Fig. 10. Measured output waveforms at the center channel: (a) Transmitted original signal, (b) received signal distorted by crosstalk, (c) vertical histograms of
the transmitted and received signals.

From the analysis of the CFE, the optimum value for
can be theoretically achieved, which is about 0.31. In actual im-
plementation as in Fig. 8, is changed by the compensa-
tion current of the aggressor branch. The relationship
between and is shown in Fig. 11(a), where it can
be seen that optimum value of 0.31 corresponds to of
25 A. To see if of 0.31 results in maximum eye opening,

is swept. The result is shown in Fig. 11(b), where it can
be seen that of 25 does maximize the eye opening.
This is also verified by simulation.

The eye diagrams of the measured outputs with and without
CFE and DFE are shown in Fig. 12 for four cases: (a) both CFE
and DFE are off, (b) CFE is off and DFE is on, (c) CFE is on
and DFE is off, and (d) both CFE and DFE are on. In each case,
the eyes are measured at data rates of 1, 1.5, 2 and 2.5 Gb/s with
1M points. When both CFE and DFE are turned off as shown
in Fig. 12(a), the output waveform is highly distorted and the
eyes are closed for all data rates. When only DFE is turned on as
shown in Fig. 12(b), the eyes are still closed because the vertical
eye distortion leads to wrong decisionmaking and thus results in



132 IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—I: REGULAR PAPERS, VOL. 59, NO. 1, JANUARY 2012

TABLE I
PERFORMANCE SUMMARY AND COMPARISON OF ON-CHIP INTERCONNECTS

Estimated parameter, Area including interconnect

Fig. 11. Transfer function of CFE and eye openings with varying compensation
current: (a) Transfer function of the CFE versus compensation current, (b) mea-
sured and simulated eye openings versus compensation current.

malfunction of the DFE. When only CFE is turned on as shown
in Fig. 12(c), the vertical eye distortion is alleviated and clear
eye openings are observed at low data rates of 1 and 1.5 Gb/s.
However, the eyes are still closed at high data rates because of

the ISI. When both CFE and DFE are turned on as shown in
Fig. 12(d), clear eye openings are observed even at 2.5 Gb/s
where more than 30 percent of the vertical eye opening is seen.
Note that such eye opening is as large as or larger than that of
other state of the art on-chip transceivers [2], [15].
The measured eye diagrams and eye openings with various

channel environments are shown in Fig. 13(a) and (b), respec-
tively. As shown in Fig. 13(a), the eye is largely distorted as
the aggressor channels are turned on one by one. When only
one aggressor channel is turned on, four levels of the eye can
be observed at a data rate of 1 Gb/s and 1.5 Gb/s. When two
aggressor channels are turned on, six levels of the eye is ob-
served at a data rate of 1 Gb/s and the vertical eye opening is
largely reduced. As the data rate increases beyond 1.5 Gb/s, the
effects of the ISI become critical and start to close the eye. With
the proposed crosstalk and ISI equalizer, both the crosstalk and
ISI are effectively compensated for and clear eye openings can
be seen. This is quantitatively illustrated in Fig. 13(b), where
vertical eye opening and horizontal eye opening with various
channel environments are shown. It can be seen that significant
improvements over both vertical and horizontal eye openings
are achieved.
The measured bathtub curve at 1, 1.5, 2 and 2.5 Gb/s is shown

in Fig. 14. The horizontal eye openings which are measured at
are 0.60, 0.47, 0.29 and 0.15 UI at 1, 1.5, 2 and

2.5 Gb/s, respectively.
Performance of the proposed on-chip interconnect is summa-

rized in Table I, where comparison with the related works is also
shown. This work successfully achieves the crosstalk compen-
sation in single-ended signaling with competitive power effi-
ciency of 0.41 pJ/bit and data rate per wire of 2.5 Gb/s in 130 nm
CMOS process.

VI. CONCLUSIONS AND FUTURE WORKS

An on-chip interconnect transceiver with crosstalk and ISI
equalizer is proposed. The CFE effectively compensates for the
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Fig. 12. Measured eye-diagrams with and without CFE and DFE: (a) both CFE and DFE are off, (b) CFE is off and DFE is on, (c) CFE is on and DFE is off,
(d) both CFE and DFE are on.

low pass nature of the crosstalk in CDI by subtracting the re-
ceived signal of the neighboring channel from the desired signal
with appropriate weighting factor.
While the concept of the CFE is verified together with a DFE,

future work remains if the data rate is to be increased to beyond
several Gb/s. A shortcoming of our proposedmethod is that high
frequency crosstalk cannot be cancelled since the transfer func-
tion of the CFE is approximated as a constant. To compensate
for the crosstalk at high frequencies, a zero should be inserted
to the aggressor branches of the CFE. A simple solution would
be to employ capacitive degeneration [16]. The crosstalk can-
cellation techniques used for off-chip communication can also
be employed to compensate for the crosstalk at high frequencies
[17], [18]. The effect of ISI can be further reduced by using well
known methods, such as multi-tap integrating DFE or DFE-IIR
[19], [20].

APPENDIX
APPLICATION OF THE PROPOSED EQUALIZER TO

MULTI-CHANNEL ENVIRONMENT

Although crosstalk becomes more severe as the number of
channel is increased, the proposed equalizer can be extended

to the multi-channel environment. The application of the pro-
posed equalizer to N-channel CDI is analyzed as follows. The
block diagram of the proposed crosstalk and ISI equalizer for
N-channel environment is shown in Fig. 15. The compensated
output of the CFE for the i-th channel, , can be expressed as
follows.

For :

(26)

For :

(27)
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Fig. 13. Measured eye performance with various channel environments: (a) eye-diagrams with various channel environments, (b) eye openings with various
channel environments.

For :

(28)
where is the transfer function of the signal,
is the transfer function of the crosstalk that is k channel
away, and is the transfer function of the CFE for i-th
channel.

In order to remove the effect of crosstalk, the transfer
functions of the CFE should be designed such that second

and third terms of (26)–(28) are cancelled. That is, for
the case of , eliminating the crosstalk requires

for
and, for the case of , eliminating the crosstalk
requires
for . Fortunately,
in evenly spaced interconnect, the required conditions
are almost the same for any k, i.e.

and

. Therefore, the transfer
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Fig. 14. Measured BER bathtub curves at 1, 1.5, 2 and 2.5 Gbps.

Fig. 15. Block diagram of the proposed crosstalk and ISI equalizer for
N-channel environment.

functions of the CFE for N-channel CDI can be determined as
follows:

(29)

(30)
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