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Abstract—An abnormal increase in crosstalk noise in sub-
threshold logic circuits is observed for the first time. When the
threshold voltages (Vtg) of nMOS and pMOS are imbalanced
and the on-resistance of the aggressor driver is much lower than
that of the victim driver, large crosstalk noise is observed, be-
cause the on-resistance has an exponential dependence on Vg
in the subthreshold region being different from normal voltage
operations. A simple crosstalk noise model is also proposed and
verified with SPICE simulations. In a crosstalk noise test chip
with a 1.5-mm interconnect in 40-nm CMOS at a power supply
voltage (Vpp) of 0.3 V, the measured noise amplitude increases
from 32% of Vpp to 71% of Vpp, when Vg imbalance is
realized by tuning body bias in pMOS. This body bias tuning can
be used to mitigate the crosstalk problem in chip designs. For
noise induced by a rising edge, the noise becomes largest under
the slow-nMOS/fast-pMOS corner condition, while for noise
induced by a falling edge, the noise becomes largest under the
fast-nMOS/slow-pMOS corner condition, which is explained by
the proposed model.

Index Terms—Crosstalk, manufacturing variability, noise mea-
surement, signal integrity, subthreshold circuit.

I. INTRODUCTION

UBTHRESHOLD circuits, which operate at a supply

voltage (Vpp) lower than threshold voltage (Vry), are
one of the promising solutions to achieve ultra-low power
operation [1]. The delay of subthreshold circuits, however,
shows large variations due to V- variation, since transistor
current in the subthreshold region shows an exponential de-
pendence on Vry. Therefore, many researchers have focused
on investigating circuit techniques to cope with such a large
delay variation [2], [3]. In contrast, there are few reports on
crosstalk noise in subthreshold circuits [4], although many pa-
pers have been published on crosstalk noise in above-threshold
circuits [5]-[7]. In these works, the dependence of crosstalk
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noise on Vpp has not been clarified. If the crosstalk noise
in subthreshold circuits is larger than the crosstalk noise in
above-threshold circuits, a new sign-off condition for crosstalk
check should be developed.

Therefore, in this paper, interline-coupled crosstalk noise in
subthreshold circuits is measured in a 40-nm CMOS test chip.
In addition, a new crosstalk noise model is proposed and veri-
fied with SPICE simulations. An abnormal increase in crosstalk
noise in the subthreshold operation is observed for the first time.
This abnormal noise is caused by the pMOS/nMOS strength im-
balance. The major cause of such imbalance in the subthreshold
region is the difference between pMOS Vg and nMOS Vrg.
This V- imbalance mainly comes from within-die Vy vari-
ation and/or die-to-die Vg variation. The within-die variation
can be reduced by employing wider MOSFET’s but die-to-die
variation is difficult to reduce by a designers’ practice other
than making use of adaptive body biasing. It should be noted
that although the Vg balance is perfect in the above-threshold
voltage region, the Vi imbalance may develop in the sub-
threshold region by the imbalance of the drain induced barrier
lowering (DIBL) effect between pMOS and nMOS. As such,
cares must be taken for the abnormal crosstalk noise increase in
the subthreshold region.

The preliminary work of this paper is presented in [8]. The
contributions of this paper beyond the preliminary work are as
follows: 1) rising crosstalk noise is investigated with measure-
ments and simulations in addition to falling noise, 2) the detailed
derivation of the crosstalk noise model proposed in this paper
is explained and the accuracy of the model is discussed, 3) the
accuracy of the noise peak detector, which is a circuit block for
measuring the peak voltage of crosstalk noise in the test chip, is
explained, and 4) an impact of crosstalk noise on signal delays
is investigated.

This paper is organized as follows. Section II describes the
silicon measurements of crosstalk noise and shows its depen-
dence on the Vrp difference. To investigate the dependence, a
new crosstalk noise model for subthreshold circuits is proposed
in Section III. An impact of crosstalk noise on signal delays is
evaluated in Section IV. Finally, Section V concludes this paper.

II. MEASUREMENT OF CROSSTALK NOISE

A. Test Chip Design

To measure the dependence of crosstalk noise on Vpp and
Vrus of nMOS and pMOS, a crosstalk noise test chip is de-
signed and fabricated in a 40-nm CMOS. Fig. 1 shows a circuit
diagram for measuring the peak noise voltage induced by

0018-9200/$31.00 © 2013 IEEE



FUKETA et al.: IMBALANCED THRESHOLD VOLTAGE BETWEEN nMOS AND pMOS IN SUBTHRESHOLD LOGIC CIRCUITS

1987

= Vpprey ¢ For falling noise

/{:ov

VVIN
TVDD(NTC) (=0.3~1.1V)

: For rising noise

Brivers Noise test circuit (NTC) (VoomenVeseny=1-1V)

v Aggressor

N — > T Vboneo)

W Victim v Dourr)
D D 1 '|D NOISE| Noise peak >
D t Aggressor E i |detector (NPD) |

DOUT(R)
1.5 mm Vssveo) [

\
7)7 Body-bias can be controlled.

Fig. 1. Circuit diagram of crosstalk noise measurement circuit.

crosstalk. In this paper, rising and falling crosstalk noises are
defined as the noises induced by a rising edge and a falling
edge, respectively, as shown in Fig. 1. The measurement
circuit consists of a noise test circuit (NTC), which includes
1.5-mm coupled wire lines, and a noise peak detector (NPD).
A long (1.5 mm) wire is used in the measurement, because the
resistance of the wire is much smaller than that of the driver
in the subthreshold region, and hence many repeaters are not
required. Crosstalk noise is measured over a wide range of
supply voltages of the NTC (VppnTc)). In this measurement
circuit, rising and falling crosstalk noises can be measured. The
rising crosstalk noise is induced by asserting the inputs of the
aggressor line drivers (Vix) while the input of the victim line
driver (Vvin) is kept to be the ground. In contrast, the falling
crosstalk noise is caused by negating the inputs of the aggressor
line drivers (Viy) while the input of the victim line driver
(Vvin) is kept to be Vppvtey. In addition, the body-bias
voltage of the wire line drivers can be controlled to investigate
the dependence of the Vry difference between nMOS and
pMOS on crosstalk noise.

Fig. 2 shows a schematic of the NPD, which detects the peak
voltage of crosstalk noise. The Schmitt trigger buffer converts
a noise that exceeds the logical threshold voltage of the buffer
(VperECT(R) Of VDETECT(F)) to @ pulse. VprrecT(r) and
VpETECT(F) are used for detecting the peak voltages of rising
and falling noises, respectively. A rising crosstalk noise that
exceeds VprrecT(R) is converted to a rising pulse and the
pulse is captured by the NOR RS latch. Consequently, the
output of the latch (Doyur(r)) becomes high. On the other
hand, a falling crosstalk noise that dips below Vprrecr(F)
is converted to a falling pulse and the pulse is captured by
the NAND RS latch. Then, the output of the latch (Doyr(r))
becomes high. The Schmitt trigger buffer is used to widen the
pulse. Reset R and Reset F signals in Fig. 2 reset the latches.
The voltage difference between the supply voltage (Vpp(nep))
and the ground (Vsgnvpp)) of the NPD is fixed to 1.1 V
regardless of \]DD(NTC)- VDETECT(R) and VDETECT(F) arc
varied by changing both Vpp(nep) and Vsgnpp)y. As shown
in Fig. 3, falling noise peak voltage (Vpgaxk) is measured by
the following procedure:

1) Vppvep) and Vggxpp) are set to low voltages;
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Fig. 2. Schematic of noise peak detector (NPD) in measurement circuit shown
in Fig. 1.

2) a falling transition signal is given to aggressor lines, while
the victim line is kept high;

3) if the output of the latch (Dour(ry) becomes high,
Voparoy-VpETECT(F) 15 the peak noise voltage
(VpeEaxk). On the other hand, if Doyt remains low, we
increase VDD(NPD) and VSS(NPD) to raise VDETECT(F) .
Then, steps 2 and 3 are repeated until the noise is detected.

The peak voltage of the rising noise can be measured in a similar
manner.

VperECT(F) @nd VperecT(r) Must be calibrated to mea-
sure Vprak , because they are fluctuated due to die-to-die varia-
tions. Fig. 4 shows the calibration flow of Vprrrcr (). During
the calibration, no crosstalk noise is generated. Therefore, the
exact VpprecT(F) 1S measured by sweeping both Vpp(npp)
and Vggnpp), because Vperror () is equal to Vpp(yto) at
the rising edge of Dour(F). VDETECT(R) 18 calibrated in a sim-
ilar manner.
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Fig. 4. Calibration flow for Vperror(r). VorTECT(R) can be calibrated in
a similar manner.

The noises occurring in the subthreshold region are slow, and
hence they can be easily measured with the NPD. However,
it is difficult to accurately measure the peak voltages of fast
and sharp noises that often occur in the nominal supply voltage
region. Fig. 5 shows the simulated relative error between the
actual crosstalk noise voltage and the noise voltage detected
by the NPD. The relative error is less than 4% below 0.5 V,
whereas it is around 10% above 0.7 V. Such error in the nom-
inal supply voltage region is not critical, since the dependence
of crosstalk noise on the supply voltage is investigated and es-
pecially crosstalk noise in the subthreshold region is focused on
in this work.

Fig. 6 shows the cross section of the coupled wire lines in
NTC. The orthogonal lines (M2-5 and M7) are inserted as
dummy metals. The output resistances of the drivers are around
160 © at Vpp = 1.1 V. The chip micrograph is shown in
Fig. 7. The measurement circuit was fabricated in a 40-nm
CMOS process with seven metal layers.
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Fig. 7. Chip micrograph in 40-nm CMOS.

B. Measurement Results

Fig. 8(a) and (b) show the measured and simulated peak
voltages of the rising and falling crosstalk noises as functions
of the supply voltage, respectively. The SPICE simulations are
conducted with the parasitic wire resistance and capacitance
extracted from the layout data. Vg used in the simulations
is based on the measured single transistors provided by the
foundry. The simulation results agree with the measurement
results. Fig. 8 indicates that Vpgak /VDD(NTC) sharply de-
creases as Vpp(ntc) is reduced for the rising crosstalk noise,
while VPEAK/VDD(NTc) slightly decreases for the falling
crosstalk noise. Details of these dependences will be discussed
in Section III.

In order to examine how the Vg difference between nMOS
and pMOS affects peak noise voltage, the dependence of peak
noise voltage on the body-bias voltage of the victim driver is
measured. The measurement results are illustrated in Fig. 9.
The body-bias voltages of the aggressor line drivers do not
change. As body-bias voltage of n-well of the victim line driver
(Vnw—Vpp(nTe)) increases, Vry of pMOS of the victim line
driver decreases, which enlarges the Vrp difference between
pMOS and nMOS. Fig. 9 shows that the peak noise voltage at
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a nominal supply voltage of 1.1 V hardly depend on the n-well
body-bias voltage of the victim driver, whereas the peak noise
voltage at Vppxre) of 0.3 V significantly increases as reverse
body-bias becomes large. Noise amplitude increases from 32%
of Vpp to 71% of Vpp, when the Vg imbalance is realized
by tuning the body bias in pMOS. This indicates that peak noise
voltage is extremely sensitive to the balance of Vg between
nMOS and pMOS in subthreshold circuits. The reason why
the balance of Vry significantly affects peak noise voltage is
discussed in the next section.
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III. MODELING OF CROSSTALK NOISE IN
SUBTHRESHOLD REGION

A. Crosstalk Noise in Coupled Wire Lines With One Aggressor

First, crosstalk noise by one aggressor line is investigated for
simplicity. Fig. 10 illustrates the equivalent circuit of the cou-
pled wire lines with one aggressor and one victim, where Cyy
denotes the wire capacitance and C¢ represents the coupling ca-
pacitance between the aggressor and the victim.

In this paper, Ry (Rsp) and Rsx (Rsp) are the equivalent
resistances of nMOS (pMOS), and the definition for nMOS is
explained in Fig. 11. R3x and Rsp are pentode resistances (on-
resistances) given by

Vps
Ipsney@(Vps = Vas = Vbp)

Rsnpy = (n

where Ips x(p) is the drain-source current of nMOS (pMOS),
which is a function of drain voltage (Vps) and gate voltage
(Vas). Ran and Rap are triode resistances defined as

_ Vbs
Ipsne @ (Vos = Vop, Vps = 22)

Raxepy )

For the rising noise, the drain-source voltage of pMOS of the
aggressor line driver is Vpp at first, and hence Rsp defined in
(1) is used as the equivalent resistance of pMOS. In contrast, the
victim line is pulled down by nMOS of the victim line driver
and the drain-source voltage of the nMOS is less than Vpgaxk.
In this paper, the critical peak noise voltage is assumed to be
half Vpp. Therefore, Ry defined in (2) that is the resistance
at Vps = Vpp/4, which is an intermediate voltage between
half Vpp and the ground, is used as the equivalent resistance
of nMOS of the victim line driver for the rising noise. For the
falling noise, Rsx is used as the equivalent resistance of nMOS
of the aggressor line driver and R3p is used as the equivalent
resistance of pMOS of the victim line driver.

In the nominal supply voltage region, the equivalent resis-
tances of the wire line drivers (Rsx, Rsp, Rax, and R3p) are so
small that the wire resistance (Ry) must be taken into consid-
eration, as shown in Fig. 10(a). On the other hand, Ry can be
ignored in the subthreshold region, since Rsx, Rsp, R3n, and
Rsp are much larger than Ryy . Therefore, the equivalent circuit
in the subthreshold region can be easily analyzed as illustrated
in Fig. 10(b).

Let Vy 7 (t) be the voltage of the victim wire line. When the
input of the aggressor line driver is asserted att = 0, as shown
in the upper panel of Fig. 10(b), the rising noise is induced on
the victim line, and in this case, Vv (t) is expressed as

c 1
‘/VIC (t) - VDD 2c + 1 Oy — /3?1
i (e(an/RaPCw)t _ 6(/’7~1/R5PCw)t) 3)

where ¢ = C¢/Cw. a1 and B4 (0 > a,1 > (3,1) are the
solutions to the following quadratic equation

r(2c+ D)2+ (r, + D) (c+ Do +1=0 )
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Consequently, peak noise voltage (Vpgaxk) for the rising noise
is expressed as

3

s

]
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=

° =Wic (Trpax)

g i i c 1

o = VDD 7;

? ] (2¢+ 1) a1 — B

g E/,VDS:VDDM V.GS=VDD=0'3V . (arl ) —ap1 (e —801) B (057'1 ) =B /(o1 —301)
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. N . . 7
Fig. 11. Definition of equivalent resistance of nMOS.

Vppak for the falling noise can be derived in the same
where 1, = Ryn /Rsp. Tprax is defined as the time when the  manner. When the input of the aggressor line driver is negated
noise voltage becomes maximum peak and is given by att = 0, as shown in the lower panel of Fig. 10(b), V- ;¢ (t) is
expressed as

Wi " 5)
dt t=Tprak
c 1
w . Ve =Vopll—- ——— =
Therefore, Tpraxk is derived as vice (1) DD( 2%+ 1o — Bn

Tppak = *—RSPCVV In rl . (6) . (6(‘1f1/RsNC\’\7>t _ e(,ﬂfl/RsNCW)t) (8)
Qp1 — 61‘1 /31'1
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where ap and O (0 > «ap > [fp) are the solutions to the
following quadratic equation

re(2e+ D)+ (re+ D (e+D)a+1=0 ©)

where r¢ = Rap/Rsx. Thus, Vprak for the falling noise is
derived as

¢ 1
2¢+ 1) ayr — ﬂfl

—ayy /(op —Br1) =B/ (g1 —Br1)
(% - (2 . (10)
Jéi Jé]

Equations (7) and (10) are too complicated to discuss the
Vpeaxk dependence on Vrp. A simple expression of a bound
of Vpgak has been derived in [9]. In this paper, a modification
to the expression is introduced for more accurate approximation
of Vpeak- Vreak for the rising noise given by (7) is approx-
imated as

VPEAK = VDD(

Ty ¢

1.2
_r .- X 11
7.+ 1 c+1> (b

VPEAK approx = VDD(
For the falling noise, 1t is used instead of r;..

Fig. 12 shows Vppak and VpEAK approx to discuss the accu-
racy of the approximation model. This figure indicates that the
proposed model is a good approximation of Vpraxk. The rela-
tive error (|Vppak — VPEAK approx|/ VDD) i less than 3.2%
under the conditions of 0.1 < 1,1 < 10 and 0.5 < ¢ < 5.
Using the expression described in [9], the relative error is less
than 8.5%, and hence the proposed expression in (11) is a better
approximation of Vpga k. When the lines are partially coupled,
for example, the coupling capacitance (C¢) decreases. In this
case, Vprak is reduced, because ¢(= C¢/Cw) decreases, as
indicated by (11).

B. Crosstalk Noise in Coupled Wire Lines With Two Aggressors

Crosstalk noise in coupled wire lines with two aggressors can
be derived in the same manner. The equivalent circuit in the
subthreshold region is depicted in Fig. 13. The equivalent circuit
with two aggressors is converted to that with one aggressor, as
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Fig. 13. Equivalent circuit of coupled wire lines with two aggressors and one
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shown. When the wire capacitances of the victim and aggressors
are identical (Cw = Cwv = Cwa), the voltage of the victim
line (Vy1¢) is given by
2c 1
\< tHy=Vppr———+—
vic (t) DDz g — o

. (Ez(a'V‘Z/RT)PC\V)t _ 6(,8:‘2/R5PC\N’)t) (12)

where ¢ = Ce/Cw. a2 and Sr2 (0 > a2 > Ge2) are the
solutions to the following quadratic equation

re(B3e+ 1)z + 2rpct+r, e+ Dz +1=0  (13)

where r, = Ran/Rsp. Thus, peak noise voltage (Vprak) in
coupled wire lines with two aggressors for the rising noise is
derived as

2¢c 1
3c+ 1) apg — fGro

((1,,,2 > —apy /(a2 —PBra) - (ar2 ) —Bra/(cr2—Br2)
ﬁrQ ,87'2 ’

(14)

For the falling noise, o and Jg are used instead of a0 and
[Or2 in (14), respectively, where «s and Oy are the solutions to
the following quadratic equation

VPEAK = VDD(

re(3e+ 1) 2+ 2rec+rp+ e+ 1)a+1=0 (15)

where rs = Rap/Rsn.
Also for the crosstalk noise with two aggressors, Vprak
given by (14) can be approximated as
c 13
e + 0.5) ’

For the falling noise, r¢ is used instead of r;..

Fig. 14 shows Vpgak and VpgEak approx. The relative error
(|VPEAK — \’TPEAK,appr0X|/VDD) is less than 4.5% under the
conditions of 0.1 < r,, rf < 10 and 0.5 < ¢ < 5.

If the wire capacitances of the victim and aggressors are dif-
ferent, a slight modification of (16) is required. For example,
when the wire capacitance of the aggressor is two times larger
than that of the victim (Cwa = 2Cwv), VpEak can be ap-
proximated using a power of 1.5 instead of 1.3 in (16). In this
case, the relative error is less than 5.8% under the conditions of
0.1 <1, < 10and 0.5 < ¢ < 5.

(16)

Ty
VPEAK,approx - VDD <’I‘T 105
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Fig. 14. Peak noise voltage (V prak ) obtained using (14) and its approximated
value (VpraAK,approx) calculated using (16) for coupled wire line with two
aggressors.

C. Dependence of Peak Noise Voltage on Vv Imbalance

According to [10], in the subthreshold region, Ips n in (1)
and (2) is given by

IDS’ N = I() Ne(VGS‘V-’TH,\'+"IV-DS)/'”LTT <1 _ e‘VDS/UT)

(17)

where n is the subthreshold slope parameter, 77 is the DIBL co-
efficient, Uz is the thermal voltage, Vru x is Vrr of nMOS,
and Iy v is the technology-dependent parameter.

From (1), (2), and (17), r,- and r¢ can be expressed as

T = Rﬂ x e Vra N —[Veu p)/nUs (18)
Rsp
re = Ri x e(‘VTH,P|*"'71‘H,N)/71,UT (19)

5N

where Vg p is Vry of pMOS. These equations indicate that r,.
and ry have exponential dependences on the Vg difference be-
tween nMOS and pMOS. According to (11) and (16), peak noise
voltage (Vpgak) depends on r,. and r¢, and is enlarged by in-
creases in r,. and r¢. Thus, peak noise voltage is strongly affected
by the Vg difference between nMOS and pMOS. r,. is maxi-
mized at the SF (slow-nMOS/fast-pMOS) process corner, while
rr is maximized at the FS (fast-nMOS/slow-pMOS) process
corner. Therefore, crosstalk noise is especially crucial at process
corners, such as the SF corner for the rising noise and the FS
corner for the falling noise.

Fig. 15(a) and (b) show the simulated peak noise voltage
on the 1.5-mm coupled wire line with one victim and two ag-
gressors under a typical process condition (TT) and the corner
conditions (SF and FS) for the rising noise and falling noise,
respectively. Vprpax/Vpp at 0.3 V is 1.1 times larger than
Vreak/Vpp at 1.1 V for the rising noise under the SF corner
condition and 1.4 times larger for the falling noise under the FS
corner condition. The approximated peak noise (VpPEAK, approx)
calculated using (16) is also shown, and it agrees with the sim-
ulation results. The measured Vprax dependences shown in
Fig. 8 are different from the Vprak dependences obtained by
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Fig. 15. Peak voltage of crosstalk noise on 1.5-mm coupled wire line with two
aggressors and one victim at TT, FS, and SF process corners. Vpr ak is obtained
by SPICE simulations and Vprak approx 18 calculated using the proposed ap-
proximation model equation. (a) Rising noise. (b) Falling noise.

simulations shown in Fig. 15 because the Vrp balance of the
measured chip is between TT and SF.

As shown in Fig. 15, crosstalk noise in the nominal supply
voltage region hardly depends on the Vg balance. This is be-
cause 1) the dependence of the equivalent resistances of the
drivers on Vg is much smaller than that in the subthreshold
region, and 2) the influence of wire resistances is not ignored.
In contrast, peak noise voltage in the subthreshold region is
much more sensitive to the Vrp balance. This is because peak
noise voltage depends on equivalent resistance ratios (r, and
rt), which have an exponential dependence on the Vry differ-
ence between nMOS and pMOS, as indicated in (18) and (19).
Therefore, designers must consider the process corners, such as
the SF and FS corner conditions, as the worst-case conditions
for signal integrity in subthreshold circuits.

IV. DELAY DEGRADATION DUE TO CROSSTALK NOISE IN
SUBTHRESHOLD REGION

In this section, an impact of crosstalk noise on signal delays is
investigated. For analyzing the peak voltage of crosstalk noise
(VpEaKk), the input signal of the victim line driver is fixed to
the ground or Vpp as shown in Fig. 10. In contrast, the victim
line is also driven for analyzing the influence of crosstalk noise
on delays as shown in Fig. 16(a), and the signal delay on the
victim line is evaluated. Fig. 16(b) illustrates a timing chart
when the falling transition signal is input to the aggressor line
driver (Vin(a)) (crosstalk noise is induced) or Vi) is kept
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Fig. 16. (a) Circuit diagram for evaluating signal delays and (b) timing chart.
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Fig. 17. Simulated maximum delay increase due to crosstalk noise 1.5-mm
coupled wire line with two aggressors and one victim under TT and process
corners. (a) Delay increase of rising transition. (b) Delay increase of falling
transition.

Vpp (crosstalk noise is not induced). The rising transition delay
on the victim line increases due to the crosstalk noise. For eval-
uating the falling transition delay, the rising transition signal is
input to Vin(a). The falling transition delay also increases due
to the crosstalk noise.

Fig. 17 shows the simulated maximum delay increase on the
1.5-mm coupled wire line with one victim and two aggressors
under TT and process corners (FS, SF, SS, FF) when Vpp is

1993

1.0 and 0.3 V. The delay increase is derived by dividing the
maximum delay increase, which is induced by crosstalk noise,
by the delay without crosstalk noise. The delay increase at
Vpp = 0.3V is much more sensitive to process variations than
that at Vpp = 1.0 V. The delay increase of the rising transition
is largest under the FS corner condition and smallest under the
SF corner condition, since the falling crosstalk noise is largest
under the FS corner condition and smallest under the SF corner
condition as shown in Fig. 15(b). On the other hand, the delay
increase of the falling transition is largest under the SF corner
condition and smallest under the FS corner condition. This
means Vg imbalance causes the large delay increase in the
subthreshold region.

V. CONCLUSIONS

In this paper, the dependence of the peak noise voltage
induced by crosstalk on the Vg difference between nMOS
and pMOS in subthreshold circuits was presented. The large
crosstalk noise due to the Vg imbalance was measured in the
test chip with 1.5-mm coupled wires fabricated by a 40-nm
CMOS process. A new crosstalk noise model was proposed and
verified with SPICE simulations. The proposed model indicates
that peak noise voltage is significantly sensitive to the Vrp
difference. Simulation results show that the rising crosstalk
noise is largest under the SF corner condition, while the falling
noise is largest under the FS corner condition. In the worst-case
FS corner simulation, noise amplitude increased by 1.4 times
when Vpp was reduced from 1.1 to 0.3 V. These results were
explained by the proposed model. In addition, the impact of
crosstalk noise on signal delays was investigated. Simulation
results show that the delay increase due to crosstalk noise at
Vpp = 0.3 V is much more sensitive to process variations
than that at Vpp = 1.0 V and Vp imbalance causes the large
delay increase in the subthreshold region.
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