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Abstract-

This paper presents a novel analytical closed form expression for the crosstalk noise voltage and delay in the presence of skin
effect. With the rapid development of high frequency IC technology, a number of high-speed interconnect effects, such as ringing,
signal delay, distortion, reflections, and crosstalk, need to be considered during the IC design. Skin effect is one of the high
frequency phenomena that can adversely affect the distribution of current density in interconnect because the problem associated
with the skin effect is that it attenuates the high frequency components of a signal more than that of the low frequency
components. On-Chip interconnect has become the dominant factor in deep sub-micrometer (DSM) integrated circuits (ICs). With
increasing levels of on-chip integration, more functional units are integrated onto a single die, such as a multi-core
microprocessor and a system-on-chip. Global interconnect, which acts as a communication media among these functional units,
plays an increasingly important role and can significantly limit the performance of advanced systems. Accurate noise and delay
modelling for RLC lines is thus critical for timing and signal integrity analysis. Skin effect basically affects the resistance and also
the inductance, which in turn affects the system integrity in particular and its response as a whole. The current distribution inside
the conductor changes as frequency increases. These changes produced in the conductors are known as skin effect. Till now the
skin effect has been neglected for the modelling of the on-chip interconnects. But with the increase in frequency to the GHz
range, the skin effect has become prominent in performance parameter modelling. In this paper, firstly a crosstalk noise formula
for on chip VLSI interconnect has been proposed without considering the skin effect. The voltage response at the output node is
analytically derived and then the skin effect on the line resistance is analysed. In this work, the resistance variation due to the skin
effect is considered in two wire transmission line model. An explicit closed form expression has been developed for the
estimation of cross-talk noise voltage and delay. The correlation between the skin effect and the noise induced is also discussed.
The simulation results justify the efficacy of the proposed crosstalk noise aware delay model in the presence of skin effect.

magnetic flux inside the conductor. This situation results in an
I. INTRODUCTION increase in resistance of the conductor because maximum
The design techniques in sub-micron technologies results in current is concentrated near the surface and edges of the
increase of the coupling in interconnections [1]. Since late 80’s, conductor, and it also results in the effective inductance of the
there have been a number of significant researches towards  conductor to decrease as frequency increases. These two effects
better and accurate modelling and characterization of the become especially important while modelling the performance
resistance, capacitance and the inductance of on-chip VLSI of high-speed data signals. Accurate prediction of propagation
interconnect. In recent years, increase in bandwidth delay, crosstalk and pulse distortion in high-speed
requirements have led to the research into low-loss on-chip interconnects is strongly dependent on the per-unit parameters’
interconnects, which theoretically can achieve very high model accuracy. For example, compared to a RLC model, the
bandwidth [2]. For integrated circuits in the deep submicron RC line model may generate an error of up to 30% of the total
(DSM) technology, interconnects play an important role in  system [7]. There are a number of approaches available where
determining the chip performance and signal integrity. In deep ~ the on-chip interconnect is modelled as distributed RLC
submicron design, interconnect delay is shown to be tens to segments for accurate performance parameters modelling [8-
few hundred times larger than the intrinsic gate delay [3]. In 15]. But these models do not consider the high frequency skin
order to reduce interconnect delay, wire-sizing is found to be effect phenomena.
an effective way. On-chip interconnect analysis begins with an Despite the technological impact of the skin effect,
in-depth coverage of delay metrics, including the ubiquitous ~ published models are mostly limited to traditional wire
Elmore delay [4] and its many variations. As integrated circuit  Structures such as coaxial cables [16-17]. For on-chip and on-
feature sizes continue to scale well below 0.18um, active  board applications, it is important to estimate the effect for
device counts are reaching hundreds of millions [5]. Wire single wires rather than complete transmission lines with a
sizing [6] is found to be effective in reducing interconnect rectangular rather than circular cross-section. Skin effect and

delays. As frequency increases, current density within the the change _in inductance are inextricably _Iinked. A SPICE
conductor varies in such a way that it tends to exclude model also links these two effects [18]. The simplest model for
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an incremental length of transmission line is the basic series
inductance L; and a lossless shunt capacitance C, with some
resistor Ry in series with the inductance as shown in Figure 1.
R; can be either fixed or frequency-dependent to account for
skin-effect losses. However, this simple model has no
provision to change the signal velocity. In another model, part
of the series inductance has a shunt resistance across it and is
shown in Figure 2. Note that, at low frequencies, the total
inductance is simply the sum of L, and L,, and the loss due to
shunt resistor R, is negligible because its impedance is much
higher than that of L,. As frequency increases, R, becomes
dominant and causes more losses as the impedance of L,
increases.

|||—”—ll

Figure 1. Simple RLC Model

Thus, L, and R, perform the same function that occurs in a
conductor, i.e., as current inside the conductor excludes some
of the internal magnetic-flux lines, the apparent inductance
decreases, and the loss increases. By changing the values of L,
L,, R; and R,, this simple circuit can model the resistance and
inductance of an actual conductor.

R,

C

Figure 2. Another type of RLC Model

This paper presents an analytical method for the crosstalk
and delay estimation of on-chip VLSI interconnects due to the
high frequency of operation where the skin effect has been
considered.

The rest of the paper is organized as follows: Basic theory,
regarding the previous works and researches are discussed in
section 2. Section 3 describes the proposed model for the
crosstalk aware delay estimation. Simulation results are shown
in Section 4, while Section 5 concludes the paper.

1. BASIC THEORY

The skin effect can be considered at the circuit level as a
combination of frequency-dependent resistance and inductance.
However, frequency-dependent circuit elements are not
suitable for time-domain analysis. Therefore, a circuit
representation based on frequency-independent elements is
desirable. All circuit models presented in the literatures are
based on the ladder topology as shown in Figure-3 or the
parallel topology as Figure-4. In both cases, the external
inductance L is frequency-independent, while the internal
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impedance (resistance and inductance) is modelled by a
combination of resistors and inductors. The external inductance
coincides with the asymptotic value of inductance at high
frequencies and corresponds to the limit where all current flows
on the wire surface and no fields exist inside the wire:

I—ext = I—hf

The internal inductance is the difference between the low- and
high-frequency limits [19]:

Lint = Li—Lys; where Ly, Lyt are the inductance at low and high
frequency, respectively.

This is due to field penetration inside the conductor. Typically,
internal inductance accounts for less than 10% of the total low
frequency (partial) inductance of a single wire, or open loop
[19]. For closely spaced loops, due to cancellation of the self
and mutual inductances, the internal inductance can be a
significant portion of the loop inductance.

Ry
Ly
Ry

Ry

Ry

AN

Figure 3. Ladder Topology for Skin Effect

The ladder topology as shown in Figure-3 has been introduced
by Wheeler et al. [27] and developed by Yen et al. [20] and
Kim and Neikirk [21]. This topology can be rigorously justified
from Maxwell’s equations in the quasi-static limit, where each
resistor R; corresponds to a concentric shell in the physical
conductor. Exact expressions for the inductances in the case of
a circular cross section can be computed for a very fine
discretization, i.e., a large number of thin shells [21]. However,
no accurate expressions for the L;’s are known for a noncircular
cross section, or a small number of shells. Kim and Neikirk
[21] developed a technique based on the ad-hoc assumption of
a geometric progression of the resistance and inductance
values:

R.
R R LL

’ Li+ =T
i+l RR 1 L

M)

Once R; and L, are empirically set, the ratios RR and LL are
chosen to satisfy constraints on the low frequency resistance R
and internal inductance L;y. The free parameters in the model
are,
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In [21], empirical rules were given to compute ¢ and |

based on wire radius and maximum frequency of operation.
These are empirically fitted to exact analytical results or
measurements. The fit was performed for a few representative
cases; however, no accounting for non-circular geometries was
given. Also, estimations of L., and L;,; are not discussed except
for some special cases.

> L3 RS

Figure 4. Parallel Topology for Skin-Effect

The parallel RL topology, as shown in Figure-4 has no direct
physical interpretation. However, due to its simplicity, it is well
suited for empirical fit of its parameters to measure data or
exact theoretical results. Sen and Wheeler et al. [22] proposed
a set of rules to determine the parameters R; and L; for arbitrary
number of parallel branches. Their derivation is similar to that
of [21] as both are based on the arbitrary assumption of the
geometric scaling of the resistors and inductors and the
conservation of R and L. Also in this case, no estimate was
given for Lgy and L. Mei and Ismail [16] used the parallel RL
topology as a template for the model reduction of a complete,
filament-based calculation. However, the model generation
requires extensive calculations and no compact expressions are
given. In order to assess the efficacy of published models, one
needs to find a way to obtain the internal inductance of a wire
for a given geometry, without relying on numerical solvers.
However, the only formula readily available to estimate
internal inductance is valid for a wire with circular cross
section and is given in (3).

ul

Lint =5

8
Choudhury et al. [23] considered the internal inductance of a
rectangular wire, however, no expressions were provided for a

generic aspect ratio. A satisfactory fit [23] for a wire with
width W and height H is given in (4).

L, =107 {0.3 + 0.28e(— 0.14\’:]} (4)

@)

where, the wire length | is in centimetres, and W >H (the ratio
H/W should be substituted for W/H in the opposite case). It has
been verified the accuracy of this expression by comparison
with results obtained from Fast Henry [23]. To ensure an
accurate numerical modelling, a 20x20 filament matrix has
been adopted in the Fast Henry simulations. Note that Fast
Henry performs a magneto static calculation, where couplings
along the wire length are fully accounted for. The normalized
internal inductance is essentially independent of length, but is

strongly dependent on the wire aspect ratio. As explained in
the next section, this scalability is used to construct a model
where all frequency-dependent quantities are independent of
length. The figure also compares the analytical fit to (4).

1. PROPOSED WORK

The proposed work is divided in two sub-sections. In the
first sub-section, a novel analytical crosstalk model of RLC
interconnect is proposed which does not included the skin
effect; whereas, in the second sub-section, the skin effect is
considered for RLC interconnect modelling. Note that the skin
effect makes an adverse effect on the resistance and the
inductance. However, this paper only considered the skin effect
onto the resistance. The resistance increases with the skin
effect; whereas, a decrease in the inductance is accounted.

1. 1 Crosstalk Modelling of RLC Interconnect Analysis
Without Skin Effect

In this section a new analytical model of RLC interconnects is
proposed. This analysis considers the following interconnect
coupling circuit:

Figure 5. Analytical Model of RLC interconnect

Applying simple loop analysis, the following equations are obtained

in terms of RLC:
For first loop:

d 1
(®)=1,(b). | — = = ®)
Vi) =1,(OR, + La(dt Il(t)j+cc (Lo -1,
For second loop:
1 _ _ 1= (6)
Cc[lz(t) 1L (D] c 1,(t)=0

a

For third loop:

RLO+R, 1,0+ L2102 1,00-0 "

CC
Taking Laplace Transform of (5-7), the following equations are
obtained:
Vu(9) = (SR, + 5L, 1(9)+ LRE L ®)
1 1
= [1,(5) = 1,(s)] = —=—1,(s) = 9)
sCC[ 2(8) = 1,.(8)] sC. 2(s)=0
ReL3(s)+vas(s)+sLV|3(s)+£.|3(s)=o (10)
F 9), 11
fom (%) [é—é}z(s):élm D
1,(s) (12)

Or,
|2(S) = 1 1
sC,| — ——
sC. sC,
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So, C, (13)
1,(s) = Il(S)[Ca—Cc]
From (8),
U, (5) = L (R, +5L 1, (8) + 1, (5) 1, (6) (14)
Cc ¢ Ca _Cc
Or, 1 C, (15)
V,(s)= Il(s){Ra +sL, +CC(1—Ca_CCH
So, 1(5) = \/lin (s) - (16)
R, +sL, +—|1- 2
: : Cc [ Ca _Cc]
With the simple loop analysis it can be found that
L=, -1, (17)

Therefore, using Iland |2, the third current can be derived which=—-

is given as,
(18)
Vi (5)C,

Ra-v-sLa-v-i 1- G, (C,-C.)
@ C,-C,

Applying the current divider rule, the current in the victim line
capacitor may be found. This finally yields to,

|3(5):

c

R (19)
"R +R,
where g _ (R, +R, +sL,)or,R, :%
|- Vi, (s)C, R,+R, +sL, (20)
o 1 C 1
Bl I _ R sL, +—
i L [1 ; C](ca c) ReRs v
The output voltage is given as,
1
VCO(S) = IX XTV (21)
From (20) and (21) we have,
(22)
R, +sL, +;C
vm(s)zvi"ic(s)cc(Re +R, +sL,)/ Cc[lf : ]

C

v a

-C

[Re +R, +S[Lv - ]]x(ca -C,)
s.sC,

Some important assumptions that have been made in this
paper are as follows:

C, }
S

R,+R, =A; R, +—|1-
Cc Ca - Cc
VO
Using the above assumptions and applying partial fraction
theory vyields,

B

(23)

For step input, V, = (24)

V. (s)= Vo C.(A+sL,) (25)

« s?(C, -C.)| (B+sL, )x(1+ A+sL,)

S(s) =i+izz LR F, (26)
s s (B+sL,) (@+A-+sL)

.10, 2011, pp. 499-505
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_d 2y _ 4 C.(A+sL,)
F = ds (5(8).5%) 0= dS|:(B+SLa)(l+A+SLV)i||S_O (27)
_ B(A+1)C.L, -C_.ABBL, +L,(A+1)
B lB(A+1)
F :S(S)Szl — Cc(A+SLv) SZ| — CCA (28)
? Tl @ ArsL)(B+sL)s? )T 0 B(A+])
B
CC[A—LV] 29
F=S(5)B+sL)| 5= C(A+sL,) | &= L 2 @)
st [+ AssL ) T T B
g
- _C,(A+sL)
F,=S(s)A+A+ s"v)|s=-%_7sz(s+s|_a) ot (30)

CC

B—(A+1)H{1ZAJ

v v

|

Taking the Laplace inverse transforms of (25) and with the
help of (26)-(30), one can derive the explicit expression for

V,, (t) and it is given in (31).

(31)
B(A+1)C,L, —C.A(BL, + L,(A+1) ) + C.A tu(t) +
[Ba+AF BL+A)
__V _8
O I ) so c. S
(n-Bu]-2]  [e-arnn]Ad]
L L. L L

The model shown in (31) describes the coupling noise voltage
without the presence of skin effect phenomena.

11. 2 Crosstalk Modelling of RLC Interconnect With Skin Effect

In this section, the performance variations of interconnect due
to the presence of the skin effect phenomena is considered. The
skin effect is the tendency of high frequency current density to
be highest at the surface of a conductor and then to decay
exponentially towards the centre [24].

The possible reasons for which one must care the skin effect
are the following: The resistance of a conductor is inversely
proportional to the cross sectional area of the conductor. If the
cross sectional area decreases, the resistance goes up. The skin
effect causes the effective cross sectional area to decrease.
Therefore, the skin effect causes the effective resistance of the
conductor to increase [25].

The skin effect is a function of frequency. Therefore, the
skin effect causes the resistance of a conductor to become the
function of frequency. This, in turn, affects the impedance of
the conductor. The inductance decreases as the frequency
increases [25]. Let the current is in z-direction and y axis is

normal to the interface as shown in the Figure 6.

I (0)

/

Figure 6. Homogeneous conducting half space

M0
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If the angular frequency of the current is ®, and the medium
has a conductivity o, and permeability p, the complex current
density is found to be:

J,(y)=J3,(0e e

(32)
K= |PH
where, 2
The intensity of the current density vector decrease
exponentially with increasing y. At a distance 4 ,
s=i_ |2
k wUoc (33)

The amplitude of the current density vector decreases 1/e of its
value J_(0) at the boundary surface. This distance is known as

the “skin depth”. It is mentioned earlier that only effect of the
skin effect on resistance is considered. So for calculating the
total effect on the impedance we have to calculate the output
impedance. From the Figure 5,

34
21:[[RﬁRe+su]xi]/((Rv+Re+va)+i] (34)
sC, sC,
1
R
, Bk o (35)
> (R +R,+sL,)  sC,
L (36)
1
g Bt | o f] ReResDee
3 {&+Re+su+£} ol Gl [ R#R s 5

The total output resistance in RLC interconnects is given in
@37)
(37)

1
X——

sC, ]

1
(R,JrReJrsLV)JrS—Cv

(R+R+sL) 1
T

Z =
0 sC,

/[[(RV R+ sg)xi+i+7]+ (R, + sLa)]

1
sC, sC, sC,

Skin effect on resistance can be calculated by using the
following equations:

Riotar = Roc +\/TRAC ! (38)
Where,R__ = P (39)
Wt
40)
oL Lp Lp (
Rac = = =
* Acurren!_densilyar_area i N2 \/E
o
Therefore o Lp (41)
'R=R,, ==+ L.
total Wt + a)\/E \/ﬁ

It is evident from the above equation that resistance increases
as a function of the square root of the frequency due to the skin
effect.

Referring to (31), 1 C.

Askin:A'\/T;D:C 7Caicc:|;Bskin:Ra'\/T+D

Thus equation (31) can be used as a source to find the closed
form expression of the crosstalk noise with skin effect.

1

il

[Bsm(/xm+1)ccu—ccﬁxm(smu+La(/xk.ni)]u(m Chin s (42)
Bt AT By (L+ Avi)
Veogsan () = cc Cc("'\xm ’%Lv) Bun, c (),
{(Amn—%u}[f%] {Bw—(1+Akm)5}{—’*“"”}z
L L Ll &

503

Il. 3 Closed Form of Crosstalk Delay Expression in RLC

Interconnect With Skin Effect

For the sake of simplification for further analysis, we can

consider from (42),
_ By (Agin +1C. L,

p= &

7CcAskin (Bskin Lv + La (Askin +l)]

skin (1+ Askin )]2

)
J-

Vv

C.A

by — ¢ Tskin

- Bskin (1+ Askin) ,

skin

B
Cc(Askm - L

C.

7
L, | Agyn +1
B, —(1+A,  )—& | sk "=
skin ( skm) Lv j||: L i|

v

a

W=
Bskin
La

{p.u(t) +qu(t)+ re

r=

+1) _ Bskin Lv
L

a

|:(Askin

Byin

—(HAa)I
L '

Lv

—-Vve

co(skin) = Ca _CC

For calculation of the delay expression we consider the 50%
rise time when v,(t)=0.5v,. From (21) the general delay
expression can be given as,

v {p+q+r[l—%‘tj—v[l—[l+Aﬂ
G -C, L L
i Pse,-C)-(p+a+r-v)]

vn-rm

More simplified form of the delay formula is given
as:

L

a

05V =

J-tﬂ;o,sma -G = [(P +q+r —v)+t[v4%,

[0.5(C, ~C)—(p+g+r—v)] (43)

{3
L L.
The equation (43) shows the proposed model for the crosstalk

aware on-chip interconnects delay model.

I11. SIMULATION RESULTS AND DISCUSSIONS

The configuration of circuit for simulation is shown in
Figure 5. The high-speed interconnect system consist of two
coupled interconnect lines and ground and the length of the
lines is d =100 um. These lines are excited by the voltage
source of 1.8 V with driver resistance of R,. The extracted
values for the parameters R, L, and C are given in Table 1 [28].
The delays obtained from SPICE are compared with those of
the proposed delay model in both the cases i.e. with and
without considering the skin effect on the interconnect lines.
Tables 2-3 show the comparison of the delay obtained from
SPICE with those found using the proposed model without and
with considering skin effect, respectively. Note that the
difference between the proposed model and the SPICE delay is
about 1% in both the cases. Figures 9-10, respectively, show
the response of the system with and without considering skin
effect, respectively. From these figures we can analyse that the
resistance of the interconnect line increases from 120 kQ to
1560 kQ due to skin effect.

TABLE I. RLC PARAMETERS FOR A MINIMUM- SIZED WIRES IN A 0.18uM
TECHNOLOGY.

Parameter(s) Value/m
Resistance(R) 120 kQ/m
Inductance(L) 270 nH/m

Capacitance(C) 240 pF/m

Coupling 682.49 fF/m
Capacitance(C,)
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Figure 7. Response of the proposed model with considering Skin Effect
R=1560 KQ
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Figure 8. Response of the Proposed model without considering Skin Effect
for R=120 KQ.
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Figure 9. Output node noise with considering skin effect for R=1560 KQ
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Figure 10. Output node noise without considering skin effect for R=120 KQ
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TABLE II. DELAY WITHOUT SKIN EFFECT
Ex Rs(KQ) C_(fF) SPICE Delay (ms) Proposed Model Delay (ms)
1 1 10 0.1123 0.1141
2 5 50 0.1198 0.1174
3 10 750 0.1479 0.1461
4 50 1000 0.1779 0.1879
5 100 1500 0.1995 0.1998
TABLE Il DELAY WITH SKIN EFFECT
Ex R,(KQ) C_(fF) SPICE Delay (ms) Proposed Model Delay (ms)
1 1 10 0.1739 0.1867
2 5 50 0.358 0.6567
3 10 750 0.7739 0.8019
4 50 1000 0.8475 0.8912
5 100 1500 0.9757 0.9896
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IVV. CONCLUSIONS

In this paper, a novel analytical closed form expression for
the crosstalk noise modelling with skin effect has been
proposed based on the fitting of the transfer function to
numerical simulations. We propose a method for the
calculation for the skin effect of RLC interconnects. It is shown
that skin effect can be computed efficiently in the s-domain
using an algebraic formulation, instead of the improper
integration in the time domain. The proposed method of
computing skin effect relies on the poles and residues of the
transfer function and can be used in any kind of model order
reduction technique. Compact expressions that describe the
skin effect on a single distributed RLC interconnect are
rigorously derived. This paper also proposed a novel analytical
model for crosstalk and delay to find the impact of the skin
effect on the noise in RLC interconnect without considering the
skin effect on inductance because the value of the resistance
increases dramatically with compared to the value of
inductance. Simulation results demonstrate the validity and
correctness of our proposed model.
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