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 Abstract

 Ultra-low power designs are increasingly 
exploiting the sub-threshold region of operation of 
CMOS circuits. In order to ensure correct functionality 
in a design, it is necessary to guarantee signal 
integrity. We evaluate crosstalk in an industrial 
microprocessor core designed in 65nm Bulk CMOS 
technology as the operating voltage is reduced from 
nominal to sub-threshold. We partition the problem 
into categories dictated by crosstalk analysis: crosstalk 
induction, crosstalk propagation and failure criterion 
(noise rejection curve of msff). We develop testbench 
circuits to study these analysis components 
individually. We also selected 2500 noise sensitive 
interconnects from the industrial microprocessor 
design and simulated them for crosstalk with varying 
operating voltages. We observe that although crosstalk 
injection increases in sub-threshold operation, the 
propagation does not, resulting in overall less crosstalk 
sensitive design.

1. Introduction

Low performance applications that have low power 
requirements, are increasingly exploring the possibility 
of using the standard CMOS device in its sub-threshold 
region of operation. In sub-threshold operation the sup-
ply voltage is less than the device threshold voltage and 
the input capacitance is lower compared to the super-
threshold operation. The combined effect of lower 
input capacitance and operating voltage results in low 
power operation. The operating current in the sub-
threshold region is the sub-threshold leakage current, 
which results in low operating frequency of these cir-
cuits. The sub-threshold current is exponentially 
related to the threshold voltage and the gate voltage 
providing close to ideal voltage characteristic curve, a 
requirement for digital circuits [1]-[5].

Crosstalk (noise) in a design is defined as the volt-
age pulse induced on a quite interconnect, the victim
net, due to the switching activity of its neighboring 

interconnects, the aggressors nets as shown in Figure 
1. If the crosstalk voltage pulse induced on the victim 
corrupts a stored logic state of a latch/msff, the 
crosstalk event results in introducing a functional fail. 
The crosstalk events can also increase the delay of a 
logic path affecting the performance of the system. The 
increased delay however, is not a concern for sub-
threshold circuits since they tend to be low-perfor-
mance. [6]-[7]

Several interconnect and device factors affect the 
amount of crosstalk induced on a victim net. The inter-
connect parameters that affect the crosstalk are: cou-
pling capacitance Ccc, total capacitance Ct and 
resistance Rnet. The larger the ratio of coupling capaci-
tance to total capacitance (Ccc/Ct) for a victim, the 
more susceptible it is to crosstalk [8]. The victim resis-
tance and the physical location of the coupling with the 
aggressor also affect the crosstalk. Far end coupling 
capacitance for instance results in higher crosstalk due 
to the interconnect resistance shielding effects.

The victim/aggressor driver is defined as the group 
of devices which have their outputs (drain terminal) 
connected to the victim/aggressor respectively, i.e. 
these devices supply the interconnect discharging/
charging currents. A small or weak victim driver 
results in the increase in crosstalk susceptibility. On the 
other hand a strong aggressor net driver would cause a 
fast aggressor transition inducing higher crosstalk 
pulse on the victim. The victim receiver is defined as 
the group of devices which have their input (gate termi-
nal) connected to the victim net. The crosstalk propa-
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gated across the victim receiver is a function of 
crosstalk pulse width and receiver output load. A large 
crosstalk propagation across the victim receiver can 
cause the interconnect driven by the receiver to be 
crosstalk sensitive.

The effect of device sub-threshold operation on 
crosstalk in a system is not known. For the same inter-
connect structure in a design, in sub-threshold opera-
tion the aggressor transition time would increase, 
therefore, it can be argued that crosstalk induced would 
reduce. However, the victim driver is also in sub-
threshold operation which translates into weaker victim 
driver and hence, larger crosstalk can be induced. Also 
the device input capacitance, which is a part of total 
interconnect capacitance is smaller in sub-threshold 
operation making the circuit more susceptible to 
crosstalk. There is no previous work exploring these 
effects.

We study interconnects in an industrial micropro-
cessor core designed in 65nm Bulk CMOS process for 
super-threshold and sub-threshold crosstalk events. We 
selected 2,500 noise sensitive interconnects with typi-
cal and high Ccc/Ct ratio to study the effect of operating 
voltage reduction on induced and propagated crosstalk. 
We observed that the crosstalk injected in sub-thresh-
old operation is larger than in super-threshold opera-
tion. The crosstalk propagation however, is reduced in 
sub-threshold operation resulting in an overall less 
crosstalk sensitive design.

2. Sub-Threshold Operation

The sub-threshold operation of a device is defined 
as the device operating with supply voltage lower than 
its threshold voltage. The device current is the sub-
threshold leakage current which increases exponen-
tially with Vds and Vgs given by:

(1)

where, Vth is the thermal voltage defined as kT/q, n
is the sub-threshold slope factor and Io is defined as:

(2)

The device input capacitance is a sum of the device 
intrinsic capacitance (Ci) and parasitic capacitance 
(Cp) connected in parallel [3]. The parasitic capaci-
tance components are: overlap capacitance and fring-
ing capacitance connected in parallel, which is similar 
to parasitic capacitance in super-threshold operation. 
The intrinsic capacitance components are oxide capaci-

tance and the depletion capacitance connected in 
series, given by:

(3)

When compared to the super-threshold device oper-
ation where the intrinsic capacitance is Cox, the intrin-
sic capacitance is reduced in sub-threshold operation 
resulting in reduction in device input capacitance.

3. Crosstalk

Crosstalk analysis typically involves solving the dis-
tributed RC circuit comprising of a victim, its aggres-
sors, victim and aggressor drivers and victim 
receiver(s), as shown in Figure 2 [9]-[11]. The circuit is 
solved for both propagated and induced crosstalk. The 
induced crosstalk is due to the aggressor switching 
activity. The propagated crosstalk is due to the propa-
gation of the crosstalk event experienced by the input 
net of the victim driver. The propagation through the 
victim driver is obtained from lookup tables stored for 
all circuits in the design. Typically this data is gener-
ated for the design library only once during the design 
cycle of a microprocessor.

A crosstalk violation is determined if the combined 
induced and propagated crosstalk pulse height along a 
logic path in the design is larger than the noise immu-
nity curve (noise rejection table) of the latch/msff in 
the design. Similar to the noise propagation table, the 
noise rejection tables for the design library are gener-
ated and stored as lookup tables of noise pulse height 
values determined to corrupt the stored value in the 
msff/latch. Another commonly used criterion for deter-
mining crosstalk violation is to compare the amount of 
propagation through every victim receiver to a 
crosstalk threshold (generally, circuit unity gain value). 
The latter criterion is obviously a more stringent one 
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since it does not allow for crosstalk attenuation along a 
logic path and results in larger number of violations.

3.1 Interconnect and Driver

The interconnect parameters determining the 
crosstalk on a victim are: resistance (Rint), total capaci-
tance (Ctot) and coupling capacitance (Ccc). First order 
lumped approximation for crosstalk current induced in 
a victim is given as:

(4)

The crosstalk current is a function of the intercon-
nect coupling capacitance and the rate at which the 
aggressor transitions.

The victim driver maintains a stable victim logical 
value, the larger the size of the driver the better its abil-
ity to dissipate the crosstalk induced current. The 
aggressor driver on the other hand is responsible for the 
aggressor transition time. A large aggressor driver 
would cause the aggressor to transition faster resulting 
in a larger crosstalk current induced on the victim. In 
sub-threshold operation the aggressor and the victim 
drivers are weak compared to their super-threshold 
operation. It is however not known which effect would 
dominate: the weak victim driver resulting in large 
crosstalk or the weak aggressor driver resulting in 
small crosstalk. These effects could also offset each 
other resulting in no change with respect to victim 
crosstalk susceptibility.

We use the testbench shown in Figure 3. The circuit 

shown uses the interconnect model with distributed RC 
elements configured to model one victim and its two 
lateral aggressors on a given metal layer in a 65nm 
Bulk CMOS technology. The model accepts intercon-
nect length, width, space and metal layer as variables 
which control the interconnect parameters: total capac-
itance, coupling capacitance and resistance. We use 
interconnect width and space values from the design 
rules of an industrial microprocessor in 65nm Bulk 
CMOS technology. We used typical interconnect 
lengths in the design for selected metal layer. We 
recorded the induced crosstalk voltage peak as a frac-

tion of supply voltage with increasing interconnect 
length for different operating voltages: 1.3V - 200mV 
as shown in Figure 4.

We observe that the injected crosstalk voltage peak 
initially increases with reduction in operating voltage. 
But for operating voltages representing sub-threshold 
operation (less than 400mV) the injected voltage peak 
is lower than super-threshold operation below certain 
critical interconnect length, whereas increasing the 
interconnect length above this value results in more 
injected crosstalk for sub-threshold circuits.

In order to understand this effect we restate from (4)
that the crosstalk current has two contributing factors: 
coupling capacitance and the aggressor transition time. 
In super-threshold operation the aggressor transition 
time is the dominating contributor to crosstalk but in 
sub-threshold operation the coupling capacitance is the 
dominating contributor to crosstalk. As the intercon-
nect length is increased in our testcase the coupling 
capacitance between the victim and its aggressors 
increases. However, due to increased loading on the 
aggressor driver, the aggressor transition time deterio-
rates at the far-end of the aggressor.

Figure 5 illustrates the near-end and far-end signal 
transition rate degradation for different operating volt-
ages and increasing interconnect lengths. The x-axis is 

the interconnect length and the y-axis is the transition 
degradation. The transition degradation is defined as 
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the ratio of signal transition, Tx at a given length to sig-

nal transition for the smallest interconnect length, T’
x. 

As shown by the plots in Figure 5, in sub-threshold 
operation the typical interconnect lengths considered 
do not have enough resistance to dominate the device 
resistance, therefore, we recorded similar degradation 
for near-end and far-end interconnect node (1.7x). 
However, in super-threshold operation as the intercon-
nect length is increased we observed almost 16x degra-
dation of signal transition at far-end, thus, off-setting 
the increase in coupling capacitance.

Long victim nets in a design which are susceptible 
to crosstalk would therefore, have a larger induced 
crosstalk in sub-threshold operation. Short nets how-
ever, would benefit from slow aggressor transition in 
sub-threshold operation.

3.2 Victim Receiver

Crosstalk propagation through a victim receiver 
(gate) determines the crosstalk failure. If a crosstalk 
pulse at the gate input results in propagated crosstalk 
(at the output of a gate) exceeding the design required 
threshold it is considered a crosstalk violation. The 
most commonly used threshold is the unity gain point 
of the voltage characteristic curve of a gate. Propagated 
crosstalk through a gate is a function of the input 
crosstalk voltage height and width (in time) and the 
gate output loading. The wider the crosstalk pulse, the 
more the propagated height at the gate output. The 
propagation reduces with the increase in the gate out-
put loading.

In the sub-threshold operation the injected crosstalk 
pulse width would be large due to slow aggressor tran-
sition and weak victim driver, the propagation would 
therefore be expected to increase. The victim receiver 
however, is also operating in sub-threshold region 
pointing to low propagation. We explore these effects 
in the following sections for a simple inverter circuit 
and also for a msff circuit.

3.2.1 Simple Gate Noise Rejection Curve

The noise rejection curve for a gate is defined as a 
set of crosstalk pulse heights resulting in the propaga-
tion pulse height larger than the noise threshold over a 
range of pulse widths. To compute the noise rejection 
curve of an inverter in 65nm Bulk CMOS technology, 
we applied a crosstalk pulse to its input. We recorded 
the input crosstalk voltage peak corresponding to 
10%Vdd crosstalk voltage peak at the circuits output for 
a range of pulse widths. The noise rejection curves 

computed are shown in Figure 6. The y-axis denotes 
the input crosstalk peak, Vpk as a fraction of operating 
voltage, Vdd. The x-axis denotes the input crosstalk 
pulse width at 50% Vpk.

The noise rejection curve shifts up as the circuit 
transitions from super-threshold to sub-threshold oper-
ation in Figure 6 which indicates that simple gate prop-

agates lower crosstalk voltage peak in sub-threshold 
operation. This is essentially due to the fact that the 
device is faster (or alternatively has a better current 
drive) in super-threshold operation than sub-threshold 
operation. Therefore, for the same crosstalk width, it 
propagates a larger crosstalk voltage peak in super-
threshold operation.

3.2.2 Msff Failure

A crosstalk event in a design results in a functional 
failure if the storage value of a msff/latch element in 
the design is corrupted. The msff storage node can get 
corrupted if a crosstalk event on its input is captured as 
its clock input is in transition. We recorded the 
crosstalk voltage peak values on the msff input 
required to cause its storage node to switch from its 
correct logic state. These values are plotted in Figure 7
as a function of noise pulse width (x-axis). The msff 
circuit used for this measurement is a standard static 
msff design used in a 65nm Bulk CMOS industrial 
microprocessor. As the operating voltage is reduced the 
input crosstalk voltage peak required to corrupt the 
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msff storage node increases for the same crosstalk 
width.This suggests that similar to the simple gate, the 
super-threshold operation of a msff is more crosstalk 
sensitive than its sub-threshold operation. For the pulse 
widths considered in our example, we could not cor-
rupt the msff stored value in subthreshold operation 
(200mV), i.e. the pulse height equal to Vdd at the input 
of the msff (as the clock transitions) could not change 
the msff state.

4. Crosstalk in an Industrial Design and 
Operating Voltage

We selected 2500 nets from an industrial micropro-
cessor core designed in 65nm Bulk CMOS technology. 
The criterion for selection was crosstalk sensitivity, i.e. 
the nets in the design close to their crosstalk threshold 
were selected. The nets selected have the capacitance 
values plotted in Figure 8. The x-axis denotes the total 
interconnect coupling capacitance, Ct and the y-axis 
denotes the ratio of interconnect coupling capacitance 
(Ccc) to its total capacitance (Ct), i.e. Ccc/Ct.

The scatter plot in Figure 8 illustrates that the nets 
selected have either long lengths (high Ct) or large Ccc/
Ct ratio or both. The long nets are crosstalk sensitive in 
super-threshold operation due to resistive shielding 
causing the victim driver to be less effective (Note: 
long aggressors in super-threshold operation induce 
smaller crosstalk due to aggressor transition degrada-
tion, however, long victim nets are highly susceptible 
to crosstalk). The nets with high Ccc/Ct ratio are obvi-
ously also crosstalk sensitive.

In order to determine the effect of reducing supply 
voltage on injected crosstalk we simulate the coupled 
victim-aggressors RC network with different supply 
voltages. The distribution of measured injected 
crosstalk voltage peak (Vpkc) as a fraction of operating 
voltage (Vdd) is shown in Figure 9. The x-axis is the 

ratio Vpk/Vdd*100 and the y-axis is the operating volt-
age. The plot shows the mean induced crosstalk voltage 
peak and its +/-σ distribution with different operating 
voltages. For example for nominal voltage (1.3V) the 

mean injected voltage peak is 7.3%Vdd and the +/- 
sigma values are 2.9%Vdd and 11.7%Vdd, respectively. 
The mean crosstalk voltage peak increases for sub-
threshold operation to 15.5%Vdd. We also show the 
distribution for 317 nets with high crosstalk in a 
separate plot in  Figure 9 to show the mean crosstalk 
injected voltage increases by 2x in sub-threshold 
operation. The injected noise in our selected 
interconnects, therefore increased with sub-threshold 
operation.

The propagated crosstalk voltage peak distribution 
is shown in Figure 10. The x-axis is the propagated 

voltage peak as a percent of supply voltage (Vpk/
Vdd*100). The y-axis is the supply voltage. For exam-
ple, for nominal voltage the mean propagated peak is 
6.34%Vdd whereas for subthreshold supply voltage 
(200mV) the mean propagated peak is 3.6%Vdd. As 
expected the mean voltage peak reduces as the operat-
ing voltage is reduced. However, the trend does not 
extend to true sub-threshold operating voltages, and the 
mean crosstalk propagated voltage increases (although 
its still lower than true super threshold operation). This 
increase is due to the increase in injected crosstalk 
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width with sub-threshold operation.
The injected crosstalk width with operating voltage 

is plotted (for top 317 noise sensitive interconnects) in 
Figure 11. The x-axis represents the crosstalk injected 
width. The y-axis represents the crosstalk peak w.r.t. 
operating voltage. The plot shows that for the same set 
of interconnects, as the supply voltage is reduced to 
sub-threshold operation, the injected voltage width 
increases appreciably.

In our testcircuit crosstalk propagation, i.e. noise 
rejection curve measurements in Section 3.2, we 
observed smaller propagation for sub-threshold opera-
tion as long as the crosstalk widths are similar. How-
ever, in the design, for similar nets, the sub-threshold 
operation results in the injected crosstalk with larger 
widths than super-threshold operation. And since 
crosstalk propagation increases with crosstalk width, as 
the operating voltage decreases we see an initial 
decrease in propagation followed by an increase.

The number of interconnects violating crosstalk cri-
terion in the design with varying Vdd are listed in 
Table 1, as expected the super-threshold operation cre-
ates crosstalk violations while the sub-threshold opera-
tion has no crosstalk violations. 

5. Conclusion

We investigated the sub threshold operation of a 
design for crosstalk effects. We used testbench circuits 
from an industrial processor designed with 65nm Bulk 
CMOS technology. We make the following observa-
tions:
1. Crosstalk Injection: the sub-threshold operation 

results in higher crosstalk voltage peaks and 
widths for noise sensitive long interconnects.

2. Crosstalk Propagation: the sub-threshold operation 
results in relatively less propagated crosstalk volt-
age peak.

3. Failure Criterion: the noise rejection curves for 
simple gates and msff circuits shift to higher 
crosstalk voltage peaks, i.e. larger input crosstalk 
peak is required to cause a violation.

Combining all components of crosstalk, in our 
experiment, we found the sub-threshold operation to 
have fewer violations than super-threshold operation 
for similar noise sensitive interconnects in a design.
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