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Abstract Vias are extensively used to connect different metal levels in a multilay-
ered Integrated Circuits (IC). The impedance discontinuities at the junction of the
interconnect and via results in signal reflections and create signal integrity problems.
This is one of the important design issues in ICs operating at gigahertz (GHz) fre-
quencies. In this paper, a method for the reduction of via-induced signal reflection
in high-speed on-chip intermediate/global interconnect structures is proposed. Sig-
nal reflection minimization is achieved through impedance matching by the inclusion
of an appropriate capacitive load at the interconnect—via junction. This method is
demonstrated for a two-layer interconnect structure connected through a via. The
proposed solution reduces the signal reflection to as low as —35 dB at the tuned
frequency of 5 GHz and less than —10 dB in its vicinity (1 to 10 GHz). The operat-
ing frequency can be changed by tuning the matching capacitive load and hence this
method can be extended to any high frequency operation by digitally tuning a bank of
on-chip capacitors (without going through a new fabrication run). Further it is shown
that the signal reflections are reduced considerably in a six-layer structure and hence
this method can be extended to any multi-level interconnect structure.
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1 Introduction

It is a known conclusion that Moore’s law still holds good even after 50 years of its in-
ception and this trend is likely to continue for another 10 years. International Technol-
ogy Roadmap for Semiconductors (ITRS) predicts that in 2015, a single IC will have
more than 5 billion components with the technology node of 22 nm, 13 metal layers,

on-chip performance of 10 GHz and the total interconnect length of 4000 m/cm? [9].
The GHz range signal propagation speed through the nano-sized devices and the in-
terconnect structures creates signal integrity problems and is an important issue to be
dealt with in today’s modern VLSI design.

Impedance control over the transmission path (interconnect) is required to reduce
the signal integrity problems when the signals are sent at high frequencies, typically
more than 1 gigabits per second (Gbps). When the geometry of the transmission line
is altered along the signal path, signal reflections are bound to occur due to impedance
mismatch. Changes in the geometry of the transmission line are very common in ICs
and they arise due to the inclusion of connectors, wire terminations, vias, etc. Vias
are very commonly used structures to connect different metal interconnect layers and
become the disruptors of impedance continuity [15, 21].

The impedance discontinuity at the junction of the on-chip intermediate/global
interconnect and via results in signal reflections and contributes to the loss of signal.
To increase the efficiency in the propagation of the signal, designers try to eliminate
every impedance mismatch which is responsible for the introduction of skew, jitter,
noise, etc. in the propagation of the signal along the high speed on-chip interconnect.
Further, the improper connection of the vias between the two metal layers would
create considerable voltage breakdown, signal attenuation, crosstalk, switching noise,
etc. [3].

Via length is negligibly small compared to the signal wavelength at lower fre-
quencies and hence it is either completely neglected or modeled as a combination
of lumped circuit elements such as series inductors and shunt capacitors for ease of
circuit analysis. When the operating frequency is in GHz range, the parasitics of via
cannot be neglected and they need to be modeled as RLC structures for accurate anal-
ysis. Further, as the technology node decreases due to scaling, via resistance increases
significantly [20] and it starts contributing to the signal integrity problems.

Studies on different types of vias, their properties and the impact on the propaga-
tion of signals are presented in [4, 13, 17, 19]. The capacitance of the via is extracted
either from the solution of integro-differential equations [12] or from full-wave sim-
ulations [18]. Multiple via interconnect structures have been analyzed by decompos-
ing the geometry into exterior and interior structures [8]. In addition to these, several
papers describe the efficient modeling of multiple vias in high-speed interconnect
circuits [16, 22].

Different techniques are reported in the literature to reduce the signal reflections in
multilayered interconnect structures. In [14], it is demonstrated that the modification
in the shape of the transmission line near the via reduces the signal reflections. A new
type of via structure is used in [11] to reduce the signal reflection in multilayered in-
terconnect structures. The design technique of employing an artificial neural network
for constructing reflectionless via structures is proposed and validated in [7]. In [2],
signal reflections are reduced by optimizing the via dimensions.
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In all these papers, the reduction in signal reflection is achieved through the mod-
ification of via structure and it is aimed at Printed Circuit Boards (PCBs). Further,
in these cases the structure (geometry) of the vias once fabricated remains fixed and
modification of via geometry is not feasible to suit newer frequencies of operation.

In this paper, the reduction of via-induced signal reflection in ICs is addressed by
incorporating a simpler technique wherein an additional capacitance is included at
the interconnect—via junction for impedance matching. This method does not require
any modification to the technology-specified interconnect geometry. Via impedance
is calculated from its equivalent circuit and the effect on the signal reflections at
the junction of the metal interconnect line and the via is analyzed for two types of
models: (i) two adjacent interconnect metal layers connected through a single via,
and (ii) multi-level interconnects (layer 6 and layer 1) connected through five vias.
Further, this method is amenable to frequency tunability by making use of a digi-
tally switchable bank of capacitors in place of the single matching capacitor at the
interconnect—via junction.

The rest of this paper is organized as follows. Introduction to the via structure is
given in Sect. 2. In Sect. 3, expression is derived to find the value of the capacitive
load to be included at the interconnect—via junction for impedance matching. Simu-
lation results of the two-layer and six-layer interconnect models using the proposed
method are given in Sect. 4. The conclusions are drawn in Sect. 5.

2 Modeling of the Via

Via is a small conductive cylindrical hole drilled from one layer to another layer that
is used to make electrical connections between different interconnect levels in an IC.
Via consists of structures like barrel, pad and anti-pad. The barrel is a conductive
material that fills the hole to allow an electrical connection between the layers, the
pad is used to connect the barrel to the component or trace and the-anti pad is a
clearance hole between the pad and the metal on a layer to which no connection is
required [6].

In Deep Submicron (DSM) regime, via effects are considerable and cannot be ne-
glected. In [10], via resistance (Ryia), via inductance (Lvi,) and via capacitance (Cyia)
are modeled as a function of physical dimensions and material characteristics of the
via. A lumped RLC model represented in the form of T network as the equivalent of
a via is shown in Fig. 1. Voltage drop between the interconnected nodes of the two
metal layers is caused by Ryia, Lvia and the capacitive component Cyi, seen between
the via and the ground. The expressions to estimate the resistance, inductance and
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Fig. 2 Model of the two Interconnect
interconnect layers connected Port 1 Il\fletal I:iile
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capacitance values of the via equivalent circuit are given in (1), (2) and (3) [10].

N
Rvia = L \2“3 s (1)
T jia
110 2hyia + /12, + (2hyia)? ;
Lyia =-— [hvia 11’1( > + ("via —Via T (Zhvia)z):| , 2
4 T'via
2 hyi
Cyia = TErEo via s (3)
In((rvia + tvia) / Fvia)

where p is the resistivity of the conducting material, ryia, hvia, and tyj, represent
the radius, length and dielectric thickness of the via, respectively. The permeability
constant, or free space permeability, is represented by o and is a measure of the
amount of resistance encountered when forming magnetic field in vacuum and has
constant value of 4 x w x 10~7 H/m. The terms ¢, and & represent relative permit-
tivity of the material and free space permittivity. Free space permittivity is defined
as gy = 1/(MOC%) = 8.852 x 10~!2 F/m where ¢ is the speed of light in vacuum
(=3 x 108 m/s).

3 Impedance Matching at Interconnect—Via Junction

Figure 2 shows the model of the two metal interconnect layers (L and L,) connected
through a single via. When an electromagnetic wave propagates from interconnect
line to via with differing characteristic impedance, two things happen: (i) a portion of
the wave is reflected away from the impedance discontinuity back to the source, and
(ii) a portion of the wave is transmitted through the via. The simultaneous existence of
both the transmitted and reflected waves is a direct result of the boundary conditions
that must be satisfied when solving Maxwell’s equations at the interface between the
two regions [6].

When the plane wave is propagating in the transverse electromagnetic (TEM)
mode, the difference of the incident and reflected waves must equal to the transmitted
wave, i.e.

v =V — Uy, 4
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" = l_l - l_rs (5)
Zvia ZO ZO

where v;, v, vy, i;, i, and i; are the incident, reflected and transmitted voltage and
current waves, respectively. Zy is the characteristic impedance of the transmission
line and Z,;, is the impedance of the via equivalent circuit.

Since the incident waves are known, (4) and (5) are solved simultaneously for
the transmitted and reflected portions of the wave. The expressions for v, and v, are
given by

27y;
V= v, (6)
Zvia+ Zp
Zyvia — Z,
vy = v; via O. (7)
Zvia+ Zo

The reflection coefficient (I7) is a measure of how much of the signal is reflected
back by the intersection between the two impedance regions and the transmission
coefficient (&) tells how much of the wave is transmitted. From (6) and (7),

F:&:Zvia_zo’ (8)
v; Zvia+ Zo

= 2 ©)
v; Zvia+ Zo

For implementation, interconnect metal lines are treated as microstrip lines and
the characteristic impedance is calculated using (10) [5].

gopo 1

Z0 = c 10
’ getf Cq (10)
where
__2meqg we _
c, = | M@ w7 be < o
s[4 + 1393+ 0.667In(% + 1.444)], e > 1,
e +1 & — 1 h —-1/2
S e
e
o — w+0.398t(1+ln4”7w i %5%7 .
w + 0.398¢(1 + In %), w %

In (10), C, and ecfr represent the distributed capacitance in an air-filled microstrip
line and the effective dielectric constant of the microstrip. The terms C, and éeff
are defined as shown in (11) and (12). In (11) and (13), w, ¢, h and w, represent
width, thickness of the conductor, substrate thickness, and effective width that ac-
counts for the extra capacitance caused by the finite thickness of the signal conductor,
respectively. Electric field lines will be established between the edge of the conductor
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Fig. 3 Proposed method to reduce the signal reflection in the model of the two interconnect layers con-
nected through a via

and the reference plane, thicker signal conductors exhibiting increased capacitance.
Hence, the effective width w, is slightly wider than the physical width w to account
for the extra capacitance.

Figure 3 shows the proposed method used to reduce the signal reflection in the
model of the two interconnect layers connected through a via. A matching capacitive
load C,, is added at the interconnect—via junction. The input impedance Z;, seen
from the right terminal of the first interconnect layer (point B in Fig. 2) is computed
by replacing the via in Fig. 2 by its equivalent circuit given in Fig. 1. Thus, Zj, is
given by

2

1 Ryia + jwLyia 1
z z 14
+ |:jwcvia Il ( > +Zyp + <ijL I z2>)} (14)

where Z, is the characteristic impedance of the second interconnect layer, Z;; and
Z:» are the terminating resistances used for S parameter analysis at the input and
output side of the structure (4) and Cp, is the load capacitance.

Zi = (Rvia + ja)Lvia>

Simplifying (14),
1
Zin=x+ 1 s (15)
JoCyia + 75
X+Z()2+ W
where
Ryia + jowLyia

2

The signal reflection is minimum when the characteristic impedance of the mi-
crostrip line matches with the via impedance. The values of Ryia, Lyia and Cyi, for
65-nm technology node are computed using (1) to (3) and are found to be equal to
3.5 2, 26.09 pH and 113.98 fF, respectively. For contemporary through silicon via
architectures, the inductive voltage drop is found to exceed resistive voltage drop for
frequencies above 3 GHz [10] and hence the via structure can be assumed to be-
have predominantly as an inductive load. In such a scenario, matching between the
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Table 1 Interconnect layer thickness, width and spacing

Layer Thickness Width Spacing
(pm) (um) (um)
Metal 1 0.20 0.13 0.10
Metal 2 0.25 0.15 0.10
Metal 3 0.30 0.17 0.10
Metal 4 0.50 0.28 0.05
Metal 5 0.80 0.40 0.05
Metal 6 1.20 0.60 0.02

interconnect and the via can be easily achieved by connecting an appropriate match-
ing capacitance between point B and ground as in Fig. 3. The equivalent new input
impedance seen from point B in Fig. 3 is given by

1
Zmatch = (] || Zin)- (16)

wCyy,

Substituting the expression for Z;, into (16) and simplifying, the expression for
C,, 1s given by

1 1 1
c, =L _ ], (17)
" Jw |:Zmatch X+ %}

where

_ Ryia + jwLyia

2
a = Ryia — 0 LyiaCyiaZi2 +2Z0p +2Z12,
b= RyixCrZi2 + Lyia +2Z02CZs2,
¢ = —0*Cyia(RviaCLZ12 + Lyia + 2Z02CL Z1),
d = wCyia(Ryia — 0> LviaCLZs2 + 2Z02 + 2Z12).

The value of Cy, is adjusted for minimum signal reflection (maximum impedance
matching) for a given operating frequency.

4 Simulation Results

Models of two- and six-layer interconnect structures are created using Advanced
Digital System (ADS) software. S-parameter analysis is used to analyze the signal
reflection at the input and output side of the created model. Interconnect parameters
of 65-nm technology node are used in the simulations and are listed in Table 1 [1].
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Via Diameter=0.4 um
Pad Diameter=0.65 um
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2

Fig. 5 Arrangement used to simulate the model of two interconnect layers are connected with a via

4.1 Signal Reflection Reduction in a Two-Layer Interconnect Structure

Figures 4 and 5 show the arrangements used to perform S-parameter analysis. In
Fig. 5, the following via dimensions are considered: via diameter of 0.4 pm, pad di-
ameter of 0.65 pum, via height of 0.4 um and dielectric thickness 1 um. A transmitter
and a receiver are connected using such an interconnect. The receiver section is mod-
eled as load capacitance (Cpr). In the simulations, the considered values of the metal
length, load capacitance C , terminating resistances Z;| and Z;; are 0.5 mm, 0.25 pF,
76 2 and 88 €2, respectively.

The effect of via on signal reflection can be seen by comparing the S-parameter
analysis of two-layer interconnect structures—one in which the metal layers are di-
rectly connected as in Fig. 4 (not practical in real scenario) and the other through a
via (as in Fig. 5). Figure 6 shows the signal reflection (parameter S;;) measured at
point A in Figs. 4 and 5. From Fig. 6 it can be seen that up to a frequency of 10 GHz,
there is a significant increase in the signal reflection in the structure employing via
in comparison to the structure without a via. This is due to the impedance mismatch
between the interconnect layer and the via.

An equivalent of the via lumped RLC model represented in the form of T network
is shown in Fig. 1. Figure 7 shows the input signal reflection at point A in Fig. 5

Birkhauser



Circuits Syst Signal Process (2012) 31:689-702

697

Fig. 6 Effect on the signal
reflection in the model of two
interconnect layers with and

without via

S(1,1)dB

{ = = = Without Via

: : —— With Via
—14 . .
0 0.5 1 1.5 2
Frequency (Hz) x 10"
Fig. 7 Signal reflection in the 0
two-layer interconnect model : : : .
with via and its equivalent _2 —--
circuit : : :
s}
S
Y SRR
71
g}
-10 | - = - With via equivalent circuit
—— With via
-12 .
0 0.5 1 1.5 2
Frequency (Hz) x 10"
Port 1 A L B ViaPad

Via Diameter=0.4 um
Pad Diameter=0.65 um

Via
Via Height=0.6 um

E=4 Via Pad L=0.5 mm
Sub Height = 1.2 um W=0.4 um

Fig. 8 Arrangement used to reduce the signal reflection in the two-layer interconnect model connected

through a via

with via and its equivalent model. Results show that both the responses are closely
matching. Hence the model shown in Fig. 1 can be used as the equivalent of the via.
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Fig. 9 Signal reflection for
different matching capacitance
values

Fig. 10 Signal reflection with
and without capacitance in the
two-layer interconnect model

Fig. 11 Transmission loss with
and without capacitance in the
two-layer interconnect model
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The arrangement to mitigate the signal reflection at the junction of the interconnect
and the via is shown in Fig. 8. Figure 9 shows the signal reflections at the input side
(point A in Fig. 8) for different capacitance (C,,) values.

It is observed that the minimum signal reflection point is dependent on the match-
ing terminating resistances at the input (Z;;) and output side (Z;) of the structure
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Fig. 12 ADS setup for the e T[2]=0.25um  H[5]=1.4 um
simulation of 6-layer structure Cond[2]=5.7e7 TanD[5]=0.02
e cannmen  EM[3]=4 T[5]=0.8 um
MLSUBSTRATE6 H[3]=0.8 um Cond[5]=5.7e7
Subst1 TanD[3]=0.02 T[6]=1.2um
Erf[1]=4 T[3]=0.3 um Cond[6]=5.7e7
H[1]=0.5 um Cond[3]=5.7e7 LayerType[1]=signal
TanD[1]=0.02  Er[4]=4 LayerType[2]=ground
T[1]=0.2 um H[4]=1 um LayerType[3]=power
Cond[1]=5.7e7 TanD[4]=0.02 | ayerType[4]=signal
Er[2]=4 T[4]=0.5 um LayerType[5]=ground

H[2]=0.5 um Cond[4]=5.7€7 | ayerType[6]=signal
TanD[2]=0.02  Er[5]=4

and the matching capacitance C,,. In this work, we are interested to have low signal
reflections in the range 1-10 GHz. By keeping the minimum signal reflection point
at 5 GHz with Z;; =76 Q and Z;,, = 88 £, the theoretical value (see (17)) of C,, is
found to be 345 fF. From the simulations, the matching capacitance value is found to
be 335 fF at 5 GHz (Fig. 9).

Figures 10 and 11 show the signal reflection (S11) and transmission loss (S21) at
point A with and without matching capacitance (at point B in Fig. 8). From Fig. 10 it
can be seen that there is a clear advantage in using a matching capacitance to reduce
signal reflections.

4.2 Applying the Proposed Method to a Six-Layer Structure

Analysis of the proposed method is made for a six-layer interconnect structure in
which the two interconnect metal lines are connected from layer 6 to layer 1 through
five vias. The ADS setup for creating a six-layer structure is given in Fig. 12. The
values of the relative dielectric constant of the substrate (¢,[n]), height of sub-
strate (H[n]), dielectric loss tangent (TanD[n]), metal thickness (T[n]), conductivity
(Cond[n]) and type of the metal layer (LayerType[n]) are listed in Fig. 12.

Capacitances are added at the junctions of each interconnect layer and the via.
The arrangement for the connection of two interconnect lines from layer 6 to layer 1
through vias is shown in Fig. 13. Vias are connected with suitable dimensions which
are matching with the width of the corresponding interconnect layers.

Figures 14 and 15 show the signal reflection and the transmission loss (in this case,
S31) with and without capacitance in a six-layer structure. It can be seen that there is
a significant improvement in signal reflection and transmission loss with the addition
of the matching capacitances.

In multilayered structure, signal lines are surrounded by ground/power lines for the
minimization of crosstalk. Hence the matching capacitances can be easily connected
between the ground plane and the junction of the interconnect layer and the via. The
matching capacitances (C,,) can be realized using MOS devices. Since the value of
C,, is moderate, the area consumed by these capacitors is not very significant.

4.3 Scope for Frequency Tunability

The proposed method can be used to reduce the signal reflection at the junction of the
metal interconnect layer and the via for different frequencies of operation. Figure 16
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Fig. 13 Interconnect layer 6 is connected to layer 1 through five vias with capacitance in each junction

Fig. 14 Signal reflection with -5
and without capacitance in a = = =No matching capacitance at the junctions | -
six-layer structure —— Matching capacitance at the junctions

0.5 1 1.5
Frequency (Hz) 10

shows the arrangement of the frequency-tunable signal reflection reduction for the
model of two interconnect layers connected through a via. A bank of capacitors (C,1
to Cy,n) are connected through digitally controlled switches (S; to S,) in place of the
matching capacitance at the junction of the metal layer and the via. Depending upon
the frequency of operation, switches are digitally turned on so that the resulting ca-
pacitance value from the bank of capacitors is just right for the impedance matching.
This method helps to reduce the signal reflection for a broad range of frequencies
of operation. Switches as well as the capacitors can be realized using MOS devices
and hence this method does not require any additional fabrication run to incorporate
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Fig. 15 Transmission loss with —~10
and without capacitance in a
six-layer structure

S(3,1) dB

= = = No matching capacitance at the junctions

Matching capacitance at the junctions

0.5 1 1.5 2
Frequency (Hz) 10

Input Side

Output Side

Fig. 16 Arrangement for the frequency-tunable signal reflection reduction

tuning. However, care must be taken to minimize the parasitic effect of the switches
on signal transmission.

5 Conclusion

S-parameter analysis shows that when two metal interconnect layers are connected
through a via, signal reflection takes place at high frequencies of operation due to
impedance mismatch at the junction of the interconnect and the via. In this paper,
a method is proposed to reduce the signal reflection by adding a matching capaci-
tance at the interconnect—via junction. The matching capacitance value is analytically
computed and is found to be in close agreement with the simulation results. In the
two-layer interconnect model, signal reflections are reduced to less than —10 dB in
the frequency range of 1 to 10 GHz and is below —35 dB at the tuned frequency
of 5 GHz. The proposed method is applied to a six-layer interconnect structure and
the signal reflection is found to reduce considerably. The above method can be ex-
tended to different operating frequencies by incorporating digitally tunable capacitive
loading.
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