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Abstract— This paper studies interconnect structures for long-distance
signal transmission that exploits transmission line effects. We take up
two basic structures, micro-strip and coplanar lines, and examine attenua-
tion property and inductive coupling noise. We experimentally reveal that
the relationship between interconnect length and required interconnect re-
source in 35tum and 130nm technologies, We can see that the interconnect
size required for 10mm signal transmission is somewhat larger than that of
the current top-metal interconnects.

[. INTRODUCTION

In recent high-performance chip design, interconnect induc-
tance is no longer negligible, and the interconnects that should
be treated as transmission lines appear on current LSIs [1]. Re-
cently high-speed signal transmission exploiting transmission
line effects are discussed [2, 3]. The most novel advantage is
the signaling speed of electro-magnetic waves independent of
interconnect length. Modeling on-chip transmission lines by
measurement and simulation is widely studied{well surveyed
in Ref. [4]). The previous papers discuss the modeling of the
given interconnect structures and/or the interconnect structures
that can realize signal transmission for the given transmission
length. The comprehensive study on the relationship between
signal transmission length and interconnect resource required
for high-speed signal transmission, that is interconnect width,
thickness and spacing, has not been done,

The problems interfering with long-distance signal transmis-
sion in lossy transmission lines are attenuation and inductive
coupling. As electro-magnetic waves propagate, the magnitude
of the waves attenuate, and the voltage transmitted to the next-
stage gate decreases. When the input voltage becomes below
the logical threshold voltage, signals are not transmitted at the
speed of electro-magnetic waves any longer. Inductive coupling
causes crosstalk noise, which may result in logical failure and/or
timing violation. This paper investigates interconnect structures
for high-speed long-distance signal transmission from the view
point of both attenuation and inductive coupling.

This paper is organized as follows. Sec. II discusses the
requirements for high-speed long-distance signal transmission.
Sec. 1II investigates interconnect structures with a single signal
line from the viewpoint of attenuation. Sec. IV studies intercon-
nect striactures with two signal interconnects considering atten-
uation and coupling. Finally, Sec. V concludes the discussion.

1I. INTERCONNECT PROPERTIES FOR HIGH-SPEED SIGNAL
TRANSMISSION

This section explains two essential properties to prevent high-
speed signal transmission in transmission lines: attenuation and
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inductive coupling. Reference [5] indicates the two conditions
that interconnects behave as transmission lines; 1) attenuation
is adequately low, 2) reactance of interconnect inductance is
considerably targer than interconnect resistance and driver re-
sistance. In this paper, we evaluate enough fat and long inter-
connects that satisfy the above conditions,

In transmission lines, the magnitude of a traveling wave de-
creases exponentially as the wave propagates. Attenuation con-
stant & is represented as follows [5].

R (C

where interconnect resistance, inductance and capacitance per
unit length are R, L and C. w, is 2n f; where f; is the signif-
icant frequency of the traveling wave [5]. The significant fre-
quency is expressed as 0.34/t,, where ¢, is the rise transition
time of the trapezoidal pulse. R and L are dependent on signal
frequency. We extract the values of R and L at the significant
frequency f; using a three-dimensional extraction tool [6]. Sig-
nal attenuation is mainly caused by interconnect resistance, and
hence signal attenuates drastically when interconnects become
narrow and resistance [ increases. Even interconnects are wide
and R is small, signal attenuation of long transmission lines on
LSIs can not be ignored. We here assume that the allowable at-
tenuation for one way propagation is 50%. In CMOS circuits,
the end of a transmission line is regarded as open. At an open
end, a wave reflects completely and the voltage at the end be-
comes twice as much as the voltage of the forward wave at the
end. The condition that the magnitude attenuation of the for-
ward wave is below 50% means that the swinging voltage at the
far-end is larger than the volitage injected into the near-end. This
condition is expressed as follows.

)]

[ < —In05/a. 2

We evaluate this right term as the maximum interconnect length
{max- Imax 18 express as follows as far as the approximation in

Eq. (1) holds.

139 /L

lmax ~ R 6 (R << USL).

3

When there are multiple signal interconnects, mutual induc-
tance and coupling capacitance exist. Inductive coupling be-
tween interconnects is strong when mutual inductance is large.
Coupling coefficient K represents the strength of inductive cou-
pling and is expressed as

M2

K= =2
VLI,
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Fig. 1. Micro-strip structure. Fig. 2. Coplanar structure.

where L and L; are the self inductances of two interconnects
and Mo is the mutual inductance. When a signal transition
occurs at one interconnect, crosstalk noise appears at the other
interconnect, Generally speaking, crosstalk noise tends to be
large as coupling becomes swrong. Then coupling coefficient
should be small. We discuss the relationship between coupling
coefficient K and the magnitude of crosstalk noise in Sec. IV-A,

ITII. LOW-ATTENUATION INTERCONNECT STRUCTURES

We assume two basic structures of micre-strip and coplanar,
and evaluate them from the point of attenuation. Figs. 1 and
2 show the cross section of interconnects, “S” in the figures
corresponds to a signal interconnect and “G” is a ground inter-
connect. We here evaluate a single signal interconnect with a
ground line surrounded with no signal interconnects. The in-
terconnect structures with two signal interconnects are evalu-
ated in the next section. Interconnect resistance R, inductance
L and capacitance C are evaluated varying interconnect width
W, thickness T and distance from ground S [6]. Skin effect and
proximity effect are considered. L is loop inductance when the
ground interconnect is assigned to the return path. We assume a
35nm technology in 2014 predicted in ITRS roadmap [7]. Re-
sistivity of interconnects is 1.8x 10~8(2m and relative dielectric
constant of interlevel metal insulator is 1.5. We use a transistor
mode! that is available on Web site [8]. This transistor model is
generated such that current-voltage characteristic fits to that pre-
dicted in ITRS roadmap [7]. We use the signal transition time of
a inverter with fancut 4 load to decide significant frequency. In
this technology, the transition time is 11.5ps and the significant
frequency is 30.5GHz.

A. Relationship between Interconnect Length and Interconnect
Resource

Fig. 3 demonstrates the relationship between interconnect re-
source and the maximum interconnect length {r,,. We assume
§ =T = 1.5W in the micro-strip structure and S = W = 1.5T
in the coplanar structure. We here choose the interconnect struc-
tures whose capacitance C is small because the maximum in-
terconnect length /. becomes small when capacitance C in-
creases from Eq.(3). Interconnect resource is evaluated as the
section area that a pair of signal and ground interconnects oc-
cupy. The section area is shown in Figs. 1 and 2, and is repre-
sented as 4W (S+T) in the micro-strip structure and 4.5{W +7)
in the coplanar structure. Here, these results are an example be-
cause the maximum interconnect length p,., can not be decided
deterministically according to the section area. From Fig. 3, we
can see that the required interconnect resource increases expo-
nentially as the interconnect length increases. The required in-
terconnect resource of the coplanar structure is larger than that
of the micro-strip structure, This is because the resistance of the
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Fig. 3. Relationship between maximum interconnect length {max and required
interconnect resource.

ground interconnect is large in the coplanar structure.

The similar evaluation is made assuming a 130nm technology
in 2002 predicted in ITRS roadmap [7]. In this technology, re-
sistivity is 2.2x 107 8m, relative dielectric constant is 3.5, the
signal transition time is 35.0ps and the significant frequency is
10GHz. Fig. 3 demonstrates no distinct difference of attenua-
tion in both technologies. Compared with the 35nm technology,
the interconnect capacitance is over twice as large because of
the large dielectric constant. However, the significant frequency
is about one-third and skin effect is not dominant. Therefore the
interconnect resistance is small. The increase of capacitance is
compensated by the low interconnect resistance. Hereafter we
evaluate interconnect structures assuming the 35rm technology.

B. Tradeoff of Repeater Insertion between Interconnect Re-
source and Propagation Delay

We suppose 50mimn signal transmission with repeater inser-
tion. Table I shows the relationship between the number of in-
serted repeaters and the required interconnect resource in the
micro-strip structure. When no repeaters are inserted in a 50mm
interconnect, the interconnect width W, thickness 7T, and dis-
tance to ground S should be 7.0, 10.5 and 10.5m respectively.
The interconnect resource is AW (S +7T) = 588m?. When one
repeater is inserted and the interconnect length for one driver
becomes 25mm, W, T, § and 4W{S + T') are reduced to 3.5,
5.25.5.25um and 147um?. The required interconnect resource
is reduced by 75%. When four repeaters are inserted and the

. interconnect length for a driver is 10mm, W, T, 5 and 4W (5 +

T) become 1.4, 2.1, 2.1ym and 23.5um?. The required inter-
connect resource is reduced to only 4% of the resource without
repeaters.

Signal propagation speed in transmission lines is constant in-
dependent of interconnect length. The signal propagation de-
lay increases by the inserted repeater delay, although repeater
insertion reduces the required interconnect resource. We eval-
uate the signal propagation delay from the driver input to the
interconnect end in the interconnect structures shown in Table 1.
The propagation delay is estimated by circuit simulation using
the RLC interconnect model in Fig. 4. The driver and repeaters
are inverters whose driving strength are the same. The driver
strength is decided such that the equivalent output resistance be-
comes the half of the characteristic impedance of the transmis-
sion fine. In this case, the voltage injected into the interconnect
is 67% of supply voltage. From the definition of maximum in-
terconnect length Imax, the voltage magnitude at the far-end is
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TABLE I
AN EXAMPLE OF INTERCONNECT RESOURCES REQUIRED FOR S0MM
SIGNAL TRANSMISSION,

[#Repeaters 0 1
Length for 3 driver] mm] 50.0 25.0
Charactenistic impedance[{2] 97.8 95.9
Interconnect resource]ppm” | 588 147
Propagation delay(ps) 226 246
Cross section 7.0
{Unit is gm.)
108 S
335
529! s
10.5
5.2
G G
2 3 4
167 12.5 10.0
102 104 196
63.5 349 23.5
266 283 307
2.3
3.48) 17 14
a 25 21
N 2.5 241
G G

E S

Fig. 4. RLC interconnect model.

the same with the voltage injected into the interconnect at the
near-end. This condition on the driving strength means that the
input voltage of the next stage gate swings by 67% of supply
voltage.

Table I lists the evaluation results. The signal propagation de-
lay increases because of the inserted repeater delay. The delay
of a repeater is about 20ps, The speed of electric-magnetic wave
is expressed as v = ¢g/+/2 and the speed in this technology
is 2.45 x 10%m/s, where = is the relative dielectric constant of
interlevel metal insulator and ¢y is the light speed. The theoret-
ical propagation deiay of 50mm interconnect, which excludes
the delay of the driver and the repeaters, is 204ps and is con-
sistent with the circuit simulation results. The delay increase of
one repeater insertion corresponds to the delay increase of 10%,
and it is small compared with the reduction ratio of the required
interconnect resource.

IV. Low COUPLING INTERCONNECT STRUCTURES

The previous section evaluates the structure with a signal and
a ground interconnects. On actual L.8Is, muttiple signal inter-
connects are adjacently routed in parallel, and hence we need to
consider the influence of the neighboring interconnects. Mutuat
inductance and coupling capacitance exist among interconnects,
and hence crosstalk noise appears. Also, the maximum inter-
connect length is different from the evaluation result for a single
signal interconnect, because the interconnect resistance, capaci-
tance, and inductance are dependent on the distance to neighbor
interconnects. In this section, we investigate interconnect struc-
tures for high-speed signal transmission considering neighbor-
ing interconnects.
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Fig. 5. Coupled RLC interconnects.

A. Relation between Interconnect Parameters and Noise

Coupling coefficient is closely related 1o magnitude of
crosstalk noise [1]. However other factors also affect crosstalk
noise to a certain degree. We here discuss the relation between
interconnect characteristics and crosstalk noise, and we reveal
the relationship between coupling coefficient and noise magni-
tude considering other interconnect properties. The interconnect
parameters are interconnect length I, resistance R, inductance L
and capacitance C. When two adjacent interconnects are con-
sidered, there are mutual inductance and coupling capacitance
as well as the values of [, R, L and C of the other interconnect.
When we suppose that the width, thickness and length of two
interconnects are the same, the resistances are almost the same,
though proximity effect varies R rigidly. Inductance L is in in-
verse proportional to capacitance C, and hence the variation of
L and C is represented as that of the characteristic impedance
Zo=+/L/C. The relation between two signal interconnects
are expressed as coupling coefficient K = M;4/+/Ly Ly and in-
ductance ratio Lo/L;. Driver strength is commonly decided
for impedance matching. We then evaluate crosstalk noise of
the interconnects driven by impedance-matched gates. From
the above discussion, we choose five parameters, interconnect
length [, characteristic imepdance Zj, resistance R, inductance
ratio Ly/L; and coupling coefficient K, and evauates crosstalk
noise under various values of them.

We here evaluate the magnitude of the noise, V,,gis. that ap-
pears at the far-end of one interconnect when a signal transi-

tion occurs at the other interconnect. The noise is estimated by
circuit simulation using the coupled RLC interconnect model
shown in Fig. 5. The values of R, C and L are varied assum-
ing certain interconnect structures, which means that impracticat
variations are excluded for noise evaluation.

L K and Vioise We first assume Zp = 10582, R="7.5611,
K =0.30, and L3/L; =1, The curve of ) in Fig. 6 repre-
sents the relationship between the interconnect length and
the magnitude of crosstalk noise. The horizontal axis repre-
sents the interconnect length normalized by multiplication
of R/Zy. This normalization makes the maximum inter-
connect length [,., corresponding to 1.39 of R/Zy(Eq 3).
The vertical axis is V,uise/VDp. As [ increases, Viise be-
comes large and have the peak value around Ri/Zy=1.5.
We next vary K to 0.20, 0.40 and (.50, and evaluate
crosstalk noise with B, Zy, L2/L; almost unchanged. The
curves of (D), 3 and @ correspond to the results in or-
der respectively. The magnitude of crosstaik noise increses
propotionally to K, whereas the shapes of the curves are
similar to the curve of 2.

Zg and Vigise Crosstalk noise is evaluated under three vari-
ations of Zg; 60.502, 1058} and 130€2. Though the values of
Zy are different, R, K and L, /L, are almost the same for
three interconenct structures. The curve of Vigise is smi-
lar to the curves in Fig. 6. Vioise becomes small as Zg
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Fig. 7. Relation between coupling coefficient K and noise magnitude Vyoige-

increses. However the amount of difference is 20% and
is not so large between the structures of Zg =60.582 and
Zo = 13040

Rand V... We change R to 3.6682, 7.562, 16.20} with
Zo. K and L»/L, unchanged. The relationship between
I and Vise is smilar to Fig. 6. Vigise becomes large as R
decreases. However the difference is relatively small and
about 20% between R =7.56(} and R = 3.66(}.

Lo/Ly and V. We evaluate crosstalk noise for the non-
synmetric interconnect structures. The variations of Lo/Ly
are 0.74, 1 and 1.45. Zy, R and K are almost the same
for all structures. The relathinship between { and Vigise are
the same with Fig. 6. The magnitude of crosstalk noise are
almost the same for three conditions of Lo/ L.

Summalizing the above results, the magnitude of crosstalk
noise Vieise 15 mainly determined by coupling coefficient
K. Comared with K, interconnect length I, characteristic
impedance Zy, resistance R and inductance ratio L2 /L, affects
crosstalk noise slightly. The second most dominant parameter
t0 V,oise 18 . The relation between { and V, ;. does not change
50 much in spite of the variation of other parameters. The max-
imum variation of Vgise is at most 40%. We here assume that
interconnect length [ is smaller than the maximum length I,
defined in Sec. I1. From Eq. (3), Rl/Zy becomes 1.39 when
{ =lmax. We can see from Fig. 6 that V| .. increases mono-
tonicatly in the reginon of RI/Zy < 1.39. We therefore evaluate
the magnitude of crosstalk noise Viise when [ = [iax.

We choose the evaluation results under the condition of
! = limax. 1. under the condition of Rl/Zp = 1.39, and plot them
in Fig. 7. As you see, the magnitude of crosstalk noise V4ise in-
creases linearly as coupling coefficient K becomes large. From
Fig. 7, we can estimate V. on the condition that the esti-
mated value may change by +20% according to interconnect
structures.

S W
..... ,,,,,,,,,,,, T
I G T
Fig. 8. Micro-strip structure with two signal interconnects.
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Fig. 9. Coplanar structure with two signal interconnects.

B. Coupling Coefficient Evaluation

We here evaluate coupling coefficient for various interconnct
structures with two signal interconnects. The previous section
reveals that coupling coefficient are tightly related to the mag-
nitude of crosstalk noise and their relation is linear. When we
suppose that the crosstalk noise whose magnitude is the quarter
of supply voltage is allowable, the coupling coefficient K should
be below 0.40(Fig. 7). We assume that two signal interconnects
S1 and $2 are in parallel at the distance S19. Fig. 8 represents
the assumed micro-strip structure and Fig. 9(a) is the coplanar
structure, '

Fig. 10 demonsirates the variation of K in the micro-strip
structure varing the distance Sy when W = 2.0um, T' =
2.0um, So = 2.0um. In order to reduce K to below 0.40, the
spacing 512 should be over 2.0um. Coupling coefficient K is
sensitive to &9, and K decreases by 50% when S;» becomes
twice. The increase of Si2, however, means degradation of in-
terconnect density and is not desiable.

Fig. 11 demonstrates the evaluation results for the copla-
nar structure. Coupling coefficient K stays aimost unchanged
though 512 increases. In order to realize K of 0.4, the distance
512 should be as much as 14um. In the coplanar structure, ag-
joining singal interconnects are prohibited from the point of in-
ductive coupling.

We then assume the coplanar structure shown in Fig. 9(b}. A
ground interconnect G2 is inserted between the signal intercon-
nects S1 and S2. Fig. 12 shows the relationship between K and
S1g assuming Sig = Sop = W = 2.0pm. Coupling coefficient
K is reduced to one-fifth compared with the strucute without
G2. Inserting a ground interconnect G2 helps to reduce induc-
tive coupling considerably. In this case, K is about 0.12. K is
insensitive to 514 and does not change so much.

From the above discussion, K in the micro-strip strucuture
considerably depends on the distance between the signal inter-
connects. Coupling coefficient K of 0.4 can be realized by in-
creasing the distance. On the other hand, in the coplanar struc-
ture, inductive coupling is excessively strong when signal in-
terconnects are adjecent. Inserting a ground interconnect be-
tween signal interconnects is necessary. In that strucutre, the
coupling coefficient K is about 0.12 and one-fifth of that with-
out the ground interconnect. Hereafter, we assume the coplanar
structare of Fig. 9(b).
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C. Required Interconnect Resource

When there are neighboring signal interconnects, intercon-
nect resistance, capacitance and inductance are different from
those without adjecent signal interconnects, which makes the
maximum interconnect length I, different. We here examine
the required interconnect resource considering both attenuation
and crosstalk noise.

We first evaluate the micre-strip structure for 10mm signal
transmission. We assume Sy = T = 1.5W similarly to the
previous section. We derive the ratio of S12/W that makes
coupling coefficient K below 0.40, and decide the interconnect
structure for 10mm transmission. Fig. 13 shows the derived in-
terconnect structure. The required interconnect width is 1.15
times as large as that for a single signal interconnecct, because
interconnect capacitance is larger due to coupling capacitance.
Coupling coefficient K is 0.39 when distance S}z is 2.4um.

We also evaluate the interconnect structure with coupling co-
efficient K of below 0.20 supposing coupling noise constraint
is more tight. From Fig. 7, K of 0.20 corresponds to the noise
whose magnitude is 12% of supply voltage. Under this condi-
tion, the required distance ;7 is 5.6pm and is four times larger
than the interconnect width W. As Fig. 10 demonstates, the
required distance 51 becomes large.

We next discuss the coplanar structure. We assume Sy =

430
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Fig. 13. An example of interconnect structure for 100mm signal transmission.
{Unit length is xm.)

W = 1.57T similarly to the previous section. We suppose
Sio = S99 = S13 = W because the distance between S1 and
G2 scarecely affects K as shown in Fig. 12. Fig. 13 demon-
strates the derived interconnect structure for 10mm transmis-
sion. The interconnect thickness and width of the coplanar
structure are somewhat larger than those of top-layer metal of
0.13pum technologies. In this time, X is 0.14 and corresponds to
the noise whose magnitude is 8% of supply voltage.

V. CONCLUSION

We study interconnect structures from the standpoint of trans-
mission lines, and derive some structures for high-speed long-
distance signal transmission in 130nm and 35nm technologies
as an example. Through this study, we can see the following
five things: 1) Required interconnect dimensions increase expo-
nentially as interconnect length increases. 2) The interconnect
resource for 10mm signal transmission is slightly larger than
that of current top-metal layer interconnects. 3) Magnitude of
crosstalk noise is well expressed by coupling coefficient. 4)
Increasing distance between signal interconnects in micro-strip
structures reduces coupling coefficient, i.e. crosstalk noise. 5)
Crosstalk noise of adjoining interconnects in coplanar structure
excessively large and ground interconnects must be inserted be-
tween signal interconnects.
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