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SUMMARY  This paper discusses performance limitation of on-chip in-
terconnects. On-chip global interconnects are considered to be a bottleneck
of high-performance LSIs. To overcome this issue, high-speed signaling
and large throughput interconnection using electrical wires have been stud-
ied. However the limitation of on-chip interconnects has not been exam-
ined sufficiently. This paper reveals the maximum performance of on-chip
global interconnects based on derived analytic expressions and detailed cir-
cuit simulation. We derive trade-off curves among bit rate, interconnect
length, and eye opening both for single-end and for differential signal-
ing. The results show that differential signaling improves signaling per-
formance several times compared with conventional single-end signaling,
and demonstrate that 80 Gbps differential signaling on 10 mm interconnects
is promising.

key words: global interconnect, high-speed signaling, performance limi-
tation

1. Introduction

Advances in LSI fabrication technology accelerate the con-
tinued increase of operating frequency. A clock frequency
is expected to exceed 15 GHz in 2010 [1]. A big challenge
in this era is high-speed and large capacity signal transmis-
sion. Recently to attack this problem, high-speed signal-
ing and throughput driven interconnection are becoming a
hot research topic both in design and EDA communities [2].
Optical communication instead of metal wire signaling is
also studied [3].

The current signaling scheme is roughly classified into
single-end and differential signaling. Differential signaling
is used for on-chip high-speed and long-distance intercon-
nection as well as off-chip signaling, for example clock dis-
tribution [4]. On the other hand, single-end signaling is
very common in chip design. Each scheme has both advan-
tages and disadvantages, and hence circuit designer should
be aware of the maximum performance of both signaling
schemes, and know in what situation differential signaling
is preferable, or rather a sole solution.

Reference [5] proposed an analytical expression of the
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limitation of electrical interconnects at various levels such
as on-chip, on-board, and cables. It reports that the limita-
tion of on-chip interconnect is about 30 Gbps for terminated
single-end transmission. However, a conventional on-chip
single-end signaling has an open-end termination because
of a small input capacitance of a CMOS receiver. Also,
we should examine the performance of differential signal-
ing. Another issue to be discussed is the effect of crosstalks
and interconnect dispersion which are not considered in the
analysis of Ref. [5].

In this paper, the performance limit of on-chip inter-
connects is discussed. There are several factors that degrade
signal integrity, i.e. attenuation, crosstalk and dispersion.
Experimental results show that the main factor that inhibits
high-speed signaling is attenuation in crosstalk-controlled
interconnect structures. From the viewpoint of attenuation,
we analytically derive the maximum eye opening in voltage
for open-ended single-end signaling, terminated single-end
signaling and differential signaling. Experimental results by
circuit simulation verify that the analytical performance es-
timation is valid even when crosstalk noise and frequency-
dependence of interconnects are considered. The analytic
estimation provides trade-off curves among bit rate, length
and eye opening. They indicate the performance difference
between single-end and differential signaling and reveal in
which region differential signaling has a significant advan-
tage over single-end signaling. We observe that the perfor-
mance limitation depends on the receiver performance. The
improvement of the receiver sensitivity makes differential
signaling achieve tens Gbps signaling on the interconnects
with the length up to several centimeters.

In Sect. 2, we derive expressions for analytical perfor-
mance estimation. We experimentally verify the analyti-
cal expression in Sect. 3, and Sect. 4 discusses performance
trade-off curves of signaling. Section 5 concludes this paper.

2. Analytical Estimation of Interconnect Performance

This section derives analytic expressions that estimate the
performance of on-chip global interconnects. We here fo-
cus on attenuation characteristics as the most dominant fac-
tor that prevents global signaling, and perform an analyti-
cal performance estimation based on simplified interconnect
and waveform models. The effect of crosstalk noise and dis-
persion is examined in Sect. 3, which confirm that the sim-
plified model based on the attenuation is valid for on-chip
interconnects.

Copyright © 2005 The Institute of Electronics, Information and Communication Engineers
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Fig.1  An example of eye-diagram and the figure of merit.

2.1 Figure of Merit for Signaling Performance

Eye-diagram is commonly used to evaluate the feasibility
and quality, which include bit error rate, of signaling sys-
tems [6]. Figure 1 shows an example of eye-diagram. Large
eye opening area means that signaling has timing/noise mar-
gin. To evaluate the area of eye opening, rectangle/hexagon
eye mask is used commonly. However, for simplify in this
paper, we use the maximum eye opening in voltage shown
in Fig. 1 as a figure of merit. In the case of on-chip sig-
naling, attenuation is the most important factor that limits
high-speed long-distance signaling. In this condition, the
eye opening in time is strongly correlated with that in volt-
age, and hence we discuss the performance limitation by
evaluating the maximum eye opening in voltage.

2.2 Analytical Performance Estimation

We here describe analytical performance expressions that
estimate the maximum performance of interconnects.

2.2.1 Assumptions on Derivation

We explain three assumptions used for the derivation of the
analytic expressions.

The first assumption is that the interconnect structure
is designed to reduce crosstalk noise. Although crosstalk
noise affects eye-diagram, it can be suppressed in a well-
designed interconnect structure by shielding and spacing. In
Sect. 3, we experimentally verify that the effect of crosstalk
noise can be controlled by the interconnect structure and the
attenuation is the dominant factor which degrades the eye-
opening. We also neglect the effect of waveform dispersion.
Interconnect characteristics is frequency dependent because
of skin- and proximity-effect and return-current distribution,
which causes waveform dispersion. However the effect of
waveform dispersion is small compared to that of the atten-
uation. In the analytical estimation, crosstalk and dispersion
are not considered.

The second assumption is involved in impedance-
matching. When driving transmission-lines, an impedance-
matched driver is the optimum solution [7]. In this paper,
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Fig.2  Piecewise linear waveform model.

we assume that the impedance-matching is achieved. For
conventional single-end signaling, the near-end is driven by
a matched driver and the far-end is open-ended, because the
far-end is terminated by a small input capacitance of the re-
ceiver. To examine the effect of the termination, the single-
end signaling with impedance-matched termination is also
evaluated. For differential signaling, the near-end is the
same as the single-end signaling. The far-end of the differ-
ential pair is terminated by a bridge termination. The bridge
termination is commonly used in Low-Voltage-Differential-
Signaling (LVDS).

The third assumption is that the waveform at the far-
end is expressed as a piecewise linear expression as shown
in Fig.2. T is the minimum period of input pulse. f; is
the signal transition time of waveform at the far-end, and
we assume that 7. is equal to the transition time of input
pulse. This assumption is valid when distortion due to
frequency-dependence of transmission-line characteristics
is weak. Vi, is the voltage amplitude when the input value
is continuously “1.” In the case of open-ended transmission-
lines, Viax is equal to the supply voltage. As for terminated
transmission-lines, Vi, is determined by the resistance of
the termination of each end and the DC resistance of the
interconnect. At the near-end, the half amplitude of input
pulse is injected by the impedance-matched driver. As the
injected voltage wave travels on the interconnect, the am-
plitude decreases by attenuation. The voltage V; means the
rise voltage at the far-end of the interconnect. On open-
ended transmission-lines, V; is the twice of the amplitude of
the arrival voltage wave because of perfect reflection. V; is
determined by the attenuation of the interconnect. On lossy
transmission-lines, the voltage continuously rises from V;
[8]. Vr is defined as the voltage after the time T passed since
the signal transition started. From a closed-form expression
of waveform on lossy transmission-lines, Ref. [9] shows that
the voltage at the far-end reaches Vi, after the time 2t
passed when the interconnect is driven by a matched driver.
The time #y is the signal time of flight and 7, = I/v, where
[ is the interconnect length and v is the velocity of the propa-
gating wave. Therefore Vy is determined from Vi, Vi« and
tof, Which provides simple yet efficient expressions of eye
opening shown in the next paragraph.
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2.2.2  Eye-Opening Derivation

We derive an equation that represents the maximum eye
opening. We set, in this paper, that the supply voltage is 1,
without losing generality, because the target circuit is linear.

From Fig. 2 and the discussion in the previous section,
the maximum eye opening voltage Vey. is expressed by

Ve = Vmax - 2(Vmax - VT) = 2VT - Vmax (T < 2l‘lof)
7 Vinax (T > 2tef)
(D
The maximum voltage V.« is expressed as
Z rm
Vmax = = (2)

9
Zdriver + Rline + Zterm

where Zgiver 1S the driver output impedance, Zie;y, is the ter-
minal impedance and Ry, is the DC resistance of the inter-
connect. As mentioned before, we assume Zg;iyer is €qual to
the characteristic impedance Zj. The rise voltage V; depends
on the attenuation of the interconnect and the reflection co-
efficient at the far-end of the interconnect. We define an at-
tenuation parameter n as n = e~ where « is the attenuation
constant. Using the attenuation parameter n, the voltage V;
is expressed as

V= +r)§, 3)

where I' is the reflection coefficient at the far-end of the in-
terconnect. From the piecewise linear assumption, the volt-
age Vr is expressed as

Vinax — V.,
Vr=d——(T-t,)+V;y. 4)
2ttof

2.2.3 Detailed Expressions for On-Chip Interconnects

In the previous section, we derive the equations in a gen-
eral form. We show the equations specialized for some typ-
ical conditions of on-chip interconnects, that is, open-ended
transmission-line, terminated transmission-line and termi-
nated differential transmission-lines.
i. Open-ended single-end signaling

On open-ended transmission-lines, the terminal impe-
dance Ziep, is infinity. Therefore the maximum voltage Viax
is equal to the supply voltage, which is equal to 1 in this
paper. Because Zg, is infinity, the reflection coefficient I
is equal to 1. So the rise voltage V; is equal to n. The eye
opening Vey. is expressed as

Vi = {11/— (T =t +2n=1 (T <2her) )

Vimax = 1 (T > 2tlof)

The derived expression indicates that the maximum eye
opening Vey. is determined by the minimum period 7', the
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rise time ¢, interconnect length / and the attenuation param-
eter n. The velocity v is determined by the dielectric constant
of metal insulator.
ii. Terminated single-end signaling

On the terminated transmission-lines, Zy, is equal to
Zy. Therefore the reflection coefficient I is 0, and the rise
voltage V; is equal to n/2. Here the attenuation parameter n
is approximately expressed as follows [8]

Rin C Rin
n = exp(—al) ~ exp [—% wlz] ~ exp (—foe). (6)

Equation (2) can be rewritten as

Z 1

Vinax = = .
270 —2Zglogn  2(1 —logn)

)

From the difference of V; and V,,«x, the maximum eye open-
ing is expressed as

1 _n
y IR T gy (<20
eye — 1 )
2(l—log n) (T g 2tt0t)
®)

iti. Differential signaling
In the case of differential signaling, the expression of
the eye opening V.. is simply the twice of Eq. (8).

1 _
Dot % (T — 1)+ 2n —

1
Veye = Iv (1-logn) (T < Zttof) )
l—ngn (T > 2tor)
©))

Please note that the attenuation constant of differential
signaling is different from that of single-end signaling even
if the interconnect structure is the same. This is because
we have to use the interconnect characteristic for differen-
tial mode when evaluating the differential signaling. There-
fore the resistance Ry, and characteristic impedance Z; of
Eq. (6) are different. In differential signaling, one signal
wire of the pair becomes the current return path of the other
wire. The return current is tightly confined, and hence the
loop resistance of the differential pair is larger than that of
single-end signaling and the loop inductance of differential
pair is smaller than that of single-end signaling. The capac-
itance of differential signaling is larger than that of single-
end signaling because the voltage of each wire transits to
opposite direction. From Eq. (6), the attenuation parameter
n of differential signaling is smaller than that of single-end
signaling.

3. Verification of Analytical Estimation

In this section, we show some experimental results and
demonstrate the validity of the analytical formulae in the
previous section by detailed circuit simulation that consid-
ers crosstalk and dispersion as well as attenuation. We first
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explain the conditions of circuit simulation. Next the simu-
lation results and analytical estimation are shown such that
the analytical estimation is verified.

3.1 Simulation Setup

We evaluate the eye opening by circuit simulation. First,
interconnect R(f)L(f)C are extracted by 2D field-solver,
because inductance of a long interconnect such as 10 mm
is proportional to the length. The shunt conductance is
negligible in LSIs because the electric loss of insulator is
small. Figure 3 shows the interconnect structure which cor-
responds to a bus structure for long-distance signaling. We
assume a 45 nm process in Roadmap [1]. In Fig.3, M10
means the tenth metal layer and we assume M11 and M12
are the special thick layer for long distance interconnect or
power/ground wire. In M 12, there are seven signal line (“S”
in Fig. 3) and ten ground wires (“G” in Fig. 3). There are
twenty ground wires in M10. In M12 layer, 4 um width sig-
nal interconnects are aligned and shielding ground wires are
allocated at every seven signal wires. The ground wires in
the lower layers also affect the characteristics of the signal
wires. Therefore the ground wires in M10 layer are taken
into consideration. In M11 layer, there are some orthogo-
nal interconnects. We assume that the interconnects in M11
have the same width and pitch as those in M12. Orthog-
onal interconnects affect to the capacitance and it does not
affect to the resistance and the inductance. The interconnect
characteristics are modeled by a frequency dependent cou-
pled transmission-line model [10] implemented in a circuit
simulator [11].

Figure 4 shows the experimental circuit. Each signal
wire is excited by an ideal voltage source with an ideal re-
sistance. The input pulses of signal wires are random non-
return-zero patterns that are independent of each other. The
pulse shape is trapezoidal with pulse period T and transi-
tion time 7'/10. In following section, we define “bit rate” by

__64um 64um )
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R

MI2[G] = [GJ{ tum
- = - =
7 lines 5 lines

Mi11
1um 3um
M10 024ymiG **° G G eee G eee G
— om0 —
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dielectric constant k=2.3
metal resistivity=2.2e8 Ohm/m

Fig.3  Cross section of the interconnect.
frequency-dependent
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: v e open-end
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Fig.4  Experimental circuit.
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1/T. For simplicity, the supply voltage is 1 V, because of the
linearity of the circuit model. We evaluate the eye opening
of each signaling scheme with various pulse period T and
interconnect length /.

3.2 The Effect of Attenuation and Crosstalk Noise

Our analytical model focuses the attenuation of the intercon-
nects and ignores the other factors, such as crosstalk noise
and dispersion. The crosstalk noise if exists, disturbs the
waveform and it can be the limiting factor of the intercon-
nect performance. We discuss the effect of the attenuation
and the crosstalk noise for the performance degradation.

Figure 5 shows the bit rate vs. eye-opening curves on
several crosstalk noise conditions. The line labeled “7 sig-
nal lines” shows the simulation result when 7 wires in Fig. 3
are driven independently. This result corresponds to the per-
formance under the strong crosstalk noise. The line labeled
“spacing” is the result when the signal lines S1, S3, S5 and
S7 are removed. In other words, the spacing between signal
lines is enlarged by 3 times. The line labeled “shielding”
is the result when the signal lines S1, S3, S5 and S7 are
grounded. This means that each signal wire has shield wires
on both side. The line labeled “w/o crosstalk” means that
the only one signal line is excited and the other lines are
quiet. From Fig. 5, the eye-diagram of ““7 signal lines” is
degraded and the curve is far from the curve of analytical
estimation. However, crosstalk noise can be eliminated by
the spacing or the shielding. As shown in Fig. 5, the result
of “shielding” is almost the same as that of “w/o crosstalk”
and that of “formula.” This means that the effect of crosstalk
noise is small if the interconnect is well-designed against the
crosstalk.

On the other hand, the attenuation of the interconnects
cannot be eliminated. Figure 6 shows the attenuation con-
stant as a function of interconnect width for co-planar and
micro-strip structures. The attenuation constant is a decreas-
ing function with respect to interconnect width. However, it
is seen that the decrease is quickly saturate and it does not
decrease to a small value even if we use fat wires for the
signal line, since skin and proximity effects force the cur-
rent to concentrate near the surface of the signal and ground

v .
iformula
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,%b 0.6 v w/o crosstalk
=
g, [ shielding
S04t
> |‘4 spacing (3 signal lines)

0.2}

0 20 40 60 80 100
bit rate [Gbps]

Fig.5  The effect of crosstalk noise over the eye-opening.
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Fig.7  Bit rate vs. eye opening.

interconnects that face each other. From above discussion,
the attenuation is the dominant factor in the estimation of the
performance limitation. Therefore in the following sections,
we discuss the crosstalk-controlled interconnects structure
with attenuation.

3.3 Bit Rate vs. Eye Opening Voltage

We show the bit rate versus the maximum eye opening. Fig-
ure 7 shows the analytical estimation and the simulation re-
sults. The interconnect structure is Fig. 3. To evaluate differ-
ential signaling, two signal wires are driven by differential
signal and other 5 signal wires are driven by random pat-
tern, which simulates the worst condition of a differential
signaling embedded in a single-ended environment. In the
case of single-end signaling, S1, S3, S5 and S7 wires are
replaced with ground wires, which means that each signal
wire has shield wires on both side. In this case, the intercon-
nect resource used by single-end signaling and that used by
differential signaling become the same. The far-end of inter-
connects are open-ended. From Sect. 2, the eye opening of
terminated single-end transmission-lines are the half of dif-
ferential signaling. So we compare the open-ended single-
end signaling and differential signaling. The interconnect
length is 10 mm and the attenuation parameter of single-
end signaling is n = 0.42, that of differential is n = 0.36.
These attenuation parameters are calculated at the represen-
tative frequency proposed in Ref.[12]. The representative
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Fig.8  Attenuation vs. eye opening (at 20 Gbps).

frequency is decided by the interconnect length. In this
case, the representative frequency is 5 GHz. In Fig.7, an-
alytical estimation (labeled “formula”) are valid because it
is close to the experimental results (labeled “circuit simu-
lation”). Figure 7 shows that in low bit rate region up to
20 Gbps, the eye opening of single-end signaling is larger
than that of differential signaling. This is because Vi,x of
single-end signaling is large. However as the bit rate be-
comes higher, the eye opening of single-end decreases very
rapidly and becomes almost O over 40 Gbps. This is because
Vimax — V: of single-end becomes larger by attenuation.

From Fig. 7, the discrepancy between the analytical es-
timation and the circuit simulation becomes larger as the bit
rate becomes higher. In differential signaling, the difference
is about 30% at 80 Gbps and about 50% at 100 Gbps, since
the effect of waveform dispersion is not negligible at such
high bit rate. Therefore the applicability of the analytical
estimation has a limitation with respect to the bit rate. For
example, from Fig. 7, the coverage of the analytical estima-
tion becomes up to to 80 Gbps if we limit the maximum er-
ror below 30%.

3.4 Attenuation vs. Eye Opening Voltage

Next, we examine the effect of attenuation for eye open-
ing. We change the attenuation by setting different values to
the width and spacing of the interconnect structure shown
in Fig.3. We use the same value for width and spacing
from 1 um to 6 um in each configuration. Figure 8 shows the
amount of eye opening as a function of the attenuation. Ex-
cept the width and spacing of the interconnects, simulation
set-up is the same as that of Sect. 3.3 at the signaling rate of
20 Gbps. As seen from Fig. 8, the maximum discrepancy is
0.07 V. The analytical estimation (labeled “formula”) gives
a good prediction of eye-opening under different attenuation
values with different interconnect width and spacing.

4. Trade-off Curve of On-Chip Interconnects

By using the analytical performance estimation, we can ob-
tain the trade-off curves of the interconnects. In this sec-
tion, we show the performance tradeoffs among signaling
scheme, bit rate, interconnect length and attenuation.
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From the equations derived in Sect.2, we can obtain
the trade-off curve between bit rate and interconnect length.
Figure 9 shows the curves of single-end signaling and dif-
ferential signaling. The condition is the same as that of
Sect. 3. In Fig.9, Viq means the required eye opening Veye
for signal comparison. V.4 depends on the sensitivity and
noise margin of the receiver. The trade-off curve of single-
end signaling does not change so drastically by Viq. On
the other hand, the trade-off curve of differential signaling
strongly depends on Vieq. As Vieq becomes lower, the ad-
vantage of differential signaling becomes larger. Generally
speaking, the comparison ability of differential receiver is
higher, and differential signaling does not suffer from the
integrity of the reference voltage given to the receiver [6]. If
Vieq 18 0.25Vyq, differential signaling can achieve 100 Gbps
communications on 10mm length interconnect. On the
other hand, single-end signaling can perform 25 Gbps sig-
naling on 10 mm length interconnects, and if the bit rate is
100 Gbps, interconnect length has to be within 2.5 mm.

Figure 10 shows the trade-off curves between length
and bit rate with various attenuation parameter n. Vi is
equal to 0.25V4g. From Fig. 10, the performance of differ-
ential signaling depends on the attenuation, and it gets close
to single-end signaling as the attenuation becomes large, be-
cause Viax decreases.

From the above discussion, differential signaling is
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Fig.11  Eye diagram of 80 Gbps signaling on 10 mm differential inter-
connect.

much superior to single-end signaling when Vi is small
and n is not too small. Exploiting the better comparison
characteristics of the differential receiver, we can receive the
benefit of differential signaling.

We show an example of eye diagram. Figure 11 is
the eye diagram of 80 Gbps signaling on 10 mm differential
transmission-line. From Fig. 11, the 80 Gbps signal trans-
mission can be realized if the receiver sensitivity Vieq is
0.15 V. The simulation conditions are the same as those ex-
plained in Sect.3. The eye opening is roughly consistent
with the analytical estimation and this result shows the va-
lidity of the analytical performance estimation.

5. Conclusion

The performance limitation of on-chip interconnect is dis-
cussed. It is important to know the maximum perfor-
mance and performance trade-off to choose a proper signal-
ing scheme. We first derive analytical expressions for per-
formance estimation. By some assumptions, the maximum
eye opening voltage is expressed by attenuation parameter
n, interconnect length / and pulse shape. We then verify
the analytical estimation by circuit simulation. The ana-
Iytical estimation is valid in crosstalk-controlled intercon-
nect structures even though the estimation does not consider
crosstalk and dispersion. The analytical estimation gives
trade-off curves of interconnect performance. In a practi-
cal situation in interconnect structure and receiver ability,
differential signaling can perform 80 Gbps communication
on 10mm length interconnect. The simulation results sug-
gest that a high bit rate can be achieved. However in such a
condition, we have to consider more factors which degrade
signal integrity such as waveform dispersion. The advantage
of differential signaling is significant when the attenuation is
not so severe.
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