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Abstract— Placing shields around a victim signal line is a
common way to enhance signal integrity while minimizing delay
uncertainty. For two coupled interconnects with a shield between
the lines, the coupling noise can produce a peak noise of 15% of� � �

in a 0.18 � m CMOS technology. A � � 
 �  � - � � � � model is
used to develop an analytic estimate of the peak noise for shielded
interconnects. The peak noise model is accurate within an average
error of 4.4% as compared to SPICE. The effects of the shield
width, length, separation between the shield and the signal, and
the number of connections tieing the shield to ground on the
overall crosstalk noise are described in this paper. Based on the
peak noise model, a minimum number of ground connections for
a target shield line with noise constraints is obtained. Inserting
a shield line between two coupled interconnects is shown to be
more effective in reducing crosstalk noise than increasing the
physical separation.

I. INTRODUCTION

AS feature sizes are decreased to deep submicrometer di-
mensions, coupling capacitances can significantly affect

circuit performance due to decreased interconnect spacing and
increased interconnect thickness. Coupling noise has two dele-
terious effects on integrated circuits. When affecting a static
signal, the noise can transiently destroy the logical information
stored on the static node. This effect can ultimately result in
an incorrect machine state stored within a latch, resulting in
a functional failure. When noise occurs simultaneously with a
switching event, the effect of noise is manifested as a change
in the timing of the signal transition [1]. Several design and
analysis techniques [2], [3] have been developed to manage
delay uncertainty while minimizing signal noise.

Shielding in high speed digital circuits is an effective and
common way to reduce crosstalk noise and signal delay
uncertainty. In a 600 MHz Alpha microprocessor, two entire
layers of metal are dedicated for shielding [4]. A common
method of shielding is placing ground or power lines at
the sides of a victim signal line to reduce noise and delay
uncertainty [5]. Although shielding is commonly used [6], [7],
a peak noise model for shielded interconnects has not yet been
developed. The crosstalk between two coupled interconnects is
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often neglected when a shield is inserted, significantly under-
estimating the coupling noise. The crosstalk noise between two
shielded interconnects can produce a peak noise of 15% of � � �
in a 0.18 � m CMOS technology. An accurate estimate of the
peak noise for shielded interconnects is therefore necessary.
This paper deals with crosstalk noise based on a proposed

� � � �  " - # $ & ( model. The effects of the shield width, length,
separation between the shield and the signal, and the number
of connections tieing the shield to ground on the crosstalk
noise are investigated.

In Section II, an analytic model of the peak noise is
developed for shielded interconnects based on a � � � �  " -

# $ & ( model. In Section III, the analytic peak noise model
is compared to SPICE, producing an average error of 4.4%.
In Section IV, the minimum number of ground connections
for a target shield line with noise constraints is determined
based on the peak noise model, following by a comparison
of the effects on reducing coupling noise by either inserting
a shield line or by increasing the physical separation between
two coupled interconnects. Some conclusions are offered in
Section V.

II. ANALYTIC MODEL OF CROSSTALK

An interconnect structure composed of two shielded signal
lines is shown in Fig. 1. The victim signal line is shielded by
a ground or power line from the aggressor signal line.
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Fig. 1. Interconnect structure composed of two shielded signal lines

A proposed � � � �  " - # $ & ( model is used to model this
interconnect structure, as shown in Fig. 2. The shield line is
modeled as a # $ & ( line with the two ends tied to ground
rather than an ideal ground.

The � � � �  " - # $ & ( model is different from a standard
# $ & ( model by the manner in which the coupling capaci-
tance at the receiver ends is modeled. In a standard # $ & (
model, the coupling capacitance at the receiver ends are
shorted to ground, significantly underestimating the coupling
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noise. In the � � � � � 	 - 
 � � � model, these coupling capaci-
tances between nodes � � � � and � � � � ( � � � � and � � � � ) at the
receiver ends are shifted to nodes � � � � and � � � � ( � � � � and� � � � ), as shown in Fig. 2.
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Fig. 2. Equivalent circuit model of 8 : ; < = ? - @ B D F model

Consider crosstalk noise at the receiver end of a victim line
where the aggressor � H I I switches from 0 to � J J and the
victim is at either K L � or � J J . To determine the coupling noise� � � � on the victim line, the transfer function M � P � R S U V X Z [ ] _U ` b b [ ] _
of the circuit shown in Fig. 2 is obtained, followed by the
transfer function M � P � R S U V j l [ ] _U V X Z [ ] _ for the coupling noise at
the receiver end of the victim line. Using a dominant-pole
truncation approximation, both of the transfer functions, M � P � R
and M � P � R , can be modeled as a one pole system,n p q r s t u v p rw x u y p r z (1)n { q r s t u v { rw x u y { r | (2)

Let } v p t � } � p z (3)} v { t � } � { z (4)} p t } � � p x } � p z (5)} { t } � � p x } � � p � � } � � p z (6)} � t } � � p x } � p z (7)} � t } � � � x } � � � � � } � � � z (8)} � t } � � � x } � { z (9)} � t } � � � x } � � � � � } � � � z (10)} � t } � � � x } � � | (11)� � � , � � � , � � � , and
� � � can be expressed as

u v p t w
� } v p � � � z (12)

u y p t � � p q } p x } { x } � x } v p s x � � p q } { x } � x } v p sx � � p } � x � � � q } � x } � x } � x } v { s x � � � } �x � � � q } � x } � x } v { s x w
� � � � q } � x } v p x } v { s z (13)

u v { t q � � � x � � � s } v { z (14)

u y { t � � � q } � x } � x } � x } v { s x � � � } �x � � � q } � x } � x } v { s | (15)

The physical meaning of
� � � , � � � , � � � , and

� � � is� � � � � delay of the shield line, the coupling capacitance� � � times the effective resistance from node � � � � to
ground.� � � the sum of the Elmore delays of all three nets.� � � � � delay of the victim line, the coupling capacitance� � � times the effective resistance from node � � � � to
ground.

� � � Elmore delay of the victim line.
For an aggressor with a ramp input signal with a normalized

power supply � J J and a transition time
� � ,� � � � q u s t � u � u � | | | � �   ¢ ¤ u ¤ u �w | | | � �   u ¥ u � | (16)

The Laplace transform is� � � � q r s t w ¨ © ª � « jr { u � | (17)

Combining (1), (2), and (17), the coupling noise in the victim
line is� ¬ � � q r s t n p q r s n { q r s � � � � q r s � u v p u v { q w ¨ © ª � « j s

u � q w x r u y p s q w x r u y { s | (18)

Computing the inverse Laplace transform of (18), the coupling
noise � � � � P � R in the time domain is

� ¬ � � q u s t
®¯° ¯± u v p u v {

u � q u y p ¨ u y { s q © ª « ³ « ´ µ ¨ © ª « ³ « ´ µ s z u ¤ u � (19)

u v p u v {
u � q u y p ¨ u y { s q ¶ © ª « ³ « ´ µ ¨ ¸ © ª « ³ « ´ Z s z u ¥ u � (20)

where º S P » ¼ � ½ j ¾ ½ ´ µ R and ¿ S P » ¼ � ½ j ¾ ½ ´ Z R . To determine
the peak noise, (19) and (20) is differentiated with respect to�

and set equal to zero. The times at which the peak noise
occur are

u À Á � Â p t u v p u v {q u y p ¨ u y { s Ã Å q u y p � u y { s z ¢ Æ u À Á � Â p Æ u � (21)

u À Á � Â { t u v p u v {q u y p ¨ u y { s Ã Å q ¸ u y p � ¶ u y { s z u À Á � Â { ¥ u � (22)

u À Á � Â � t u � | (23)

From (21), (22), and (23), the peak noise voltage can be
computed by substituting

� È É H Ê into (19) or (20). The peak
noise for a shielded interconnect, therefore, is� ¬ � � q u À Á � Â s t Ì ¶ Í Ï � ¬ � � q u À Á � Â p s z � ¬ � � q u À Á � Â { s z � ¬ � � q u � s Ð | (24)

III. MODEL FIDELITY AND ACCURACY

Some simulated results are presented in this section to
verify the peak noise model shown in (24). For two coupled
interconnects with a shield between the lines, as shown in
Fig. 1, the ground capacitances, coupling capacitances, and
resistances of each net are extracted using the OEA extraction
tool NETAN [8]. A 0.18 Ñ m CMOS technology with � J J S » Ó 

volts is assumed with this interconnect structure. The transition
time of the input clock signal is 50 ps, and the Ô Ö × ratio of
the drivers and receivers are 100. The peak noise obtained
from the analytical model is compared to SPICE in terms of
the coupling length Ø , the shield line width � Ù , the signal line
width Ù , and the physical separation � between the signal
line and the shield line, as shown in Figs. 3, 4, 5, and 6,
respectively.

From these figures, the coupling noise for shielded intercon-
nect increases with longer lines, and decreases with increasing
shield width and physical separation between the signal line
and the shield line. When the signal width increases, the
resistance of the aggressor is reduced and the coupling noise
increases. The ground capacitance of the victim line also
increases, however, causing the coupling noise to decrease.
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Fig. 3. Comparison of coupling noise using SPICE with the analytic model
for three line lengths varying from 1500 � m to 5000 � m. The maximum
error of the peak noise model as compared to SPICE is 9.5%. ( � � � 	 
 �  ,� � � � 	 � �  , and � � � 	 � �  )
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Fig. 4. Comparison of coupling noise using SPICE with the analytic model
for the shield line width varying from 0.2 � m to 0.8 � m. The maximum
error of the peak noise model as compared to SPICE is 7.6%. ( � � � 	 
 �  ,� � � 	 � �  , and � � � � � � �  )
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Fig. 5. Comparison of coupling noise using SPICE with the analytic model
for the signal line width varying from 0.2 � m to 2 � m. The maximum error
of the peak noise model as compared to SPICE is 3.15%. ( � � � 	 � �  ,� � � � 	 � �  , and � � � � � � �  )

Note that the peak noise model tracks the simulation results
quite well. The model exhibits an average error of 4.4% as
compared to SPICE.
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Fig. 6. Comparison of coupling noise using SPICE with the analytic model
for the separation between the signal line and the shield line varying from
0.5 � m to 2 � m. The maximum error of the peak noise model as compared
to SPICE is 6.3%. ( � � � 	 
 �  , � � � � 	 � �  , and � � � � � � �  )

IV. DESIGN IMPLICATIONS

In this section, the peak noise model is used to determine
the minimum number of connections required to tie the shield
line to the power/ground grid in order to satisfy a target noise
constraint. A comparison of the effect on reducing noise by
either inserting a shield line or by increasing the physical
separation is also described in this section.

A. Minimum Number of Ground Connections

A shield line is not an ideal ground because of the parasitic
resistance of the line which causes noise to couple to the victim
signal line. As shown in Fig. 8, the greater the number of
connections tieing the shield line to the power/ground grid,
the smaller the coupling noise on the victim signal. In order
to satisfy the coupling noise constraints, a minimum or greater
number of ground connections is required.

The peak noise model described in (24) is for a shielded
interconnect structure with a shield line grounded only at two
ends. To determine the peak noise of a shielded interconnect
structure with multiple ground connections in the shield line,
the interconnect structure is divided into smaller parts in which
the shield line is grounded only at two ends, as shown in Fig.
7. The peak noise of the shielded interconnect structure with
a multiple grounded shield line is almost the same as the peak
noise of the divided interconnect structure, as shown in Fig.
8, and therefore can be determined from (24).

For a target noise constraint � � � �
, the minimum number of

ground connections for a shielded interconnect structure with
length � is � � ! " "  � " $ ! " # % &

&  & ' (25)

where � ( '
is the maximum length which satisfies

) " ! $ #  
*

&  & + - ) ) /
0 1 (26)

B. Increasing the separation vs. inserting a shield

The techniques of increasing the physical separation as
compared to inserting a shield to reduce crosstalk noise is
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Fig. 7. The ground connection in a shield line is used to divide an
interconnect structure with a multiple grounded shield line into a smaller
interconnect structure with a shield line grounded at two ends. The coupling
noise of these two interconnect structures is almost identical.

�

�

�
� �

�

�

�
� �� �

� �

� � �

� � �


 � � � �
Number of Ground Connections

N
or

m
al

iz
ed

N
oi

se
(

 �
�� ) �

SPICE�
Model

Fig. 8. The peak noise decreases with increasing number of ground
connections. The peak noise of a shielded interconnect structure with a
multiple grounded shield line is almost the same as the peak noise of the
divided interconnect structure with the shield line grounded at only the two
ends. The maximum error of the model as compared to SPICE is 9.3%.
( � � � � � � � � , � � � �  � � , � � � � � � � , � � � � � � � � )

discussed in this subsection. For two coupled interconnects
with a separation � and a shield width � � , as shown in Fig.
1, the separation between signal lines in coupled interconnect
without a shield is � % � � ' � ) � � .

The noise produced by shielded and unshielded intercon-
nects can be obtained from the peak noise model (24) and
the peak noise models described in [2] and [3], respectively.
The reduction in noise achieved by increasing the physical
separation and by inserting a shield are compared in Fig.
9. As shown in Fig. 9, the reduction in noise achieved by
inserting a shield is much greater than by increasing the
physical separation. If the space between the signal lines is
sufficient for a minimum width shield line, inserting a shield
is more efficient in reducing noise than increasing the physical
separation.
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Fig. 9. Comparison of noise reduction techniques by either inserting a shield
(bottom axis in the graph) or increasing the physical separation (top axis in
the graph). ( � � � � � � � � , � � � � . � � , and � � � � 1 � � )

V. CONCLUSIONS

An analytic model of the peak noise for coupled � �
interconnects with a shield between the lines is proposed in
this paper. With this peak noise model, the effects of the
shield length, shield width, width of the signal line, and
separation between the shield line and the signal line on
the crosstalk noise are investigated. The peak noise model
exhibits an average error of 4.4% as compared to SPICE. For
a target shield line with noise constraints, a minimum number
of connections required to tie the shield to ground can be
obtained from this noise model. Simulation results show that
inserting a shield is more effective in reducing coupling noise
than increasing the physical separation.
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