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Abstract— This paper discusses performance limitation of on-
chip interconnects. 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 are studied. However the limitation of
on-chip -interconnects has not been studied sufficiently. This
paper reveals the maximum performance of on-chip global
interconnects based on derived analytic expressions and detailed
circuit simulation. We derive trade-off curves among bit rate,
interconnect length, and eye opening both for single-end and for
differential signaling. The results show that differential signaling
improves signaling performance several times compared with
conventional single-end signaling, and demonstrate that 80 Gbps
differential signaling on 10mm interconnects is promising.

I. INTRODUCTION

According to advances in LSI fabrication technology, op-
erating frequency is increasing. The clock frequency will be
over 15GHz at 2010 [1]. A big challenge in this era is
high-speed and large capacity signal transmission. Recently
to attack this problem, high-speed signaling 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 interconnection
as well as off-chip signaling, for example clock distribution
[4]. On the other hand, single-end signaling is very common
in chip design. Each scheme has both advantages and disad-
vantages, 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.

The limitation of electric interconnects is discussed in
Ref. [5] and it is considered to top out at most 20Gbps.
Reference [5] focuses on terminated single-end transmission-
lines at various levels such as on-chip, on-board and cables.
The conventional on-chip single-end signaling, however, has
an open-end termination because of a small input capacitor
of a receiver. The discussion on on-chip signaling needs
open-ended single-end signaling and differential signaling in
addition. Another issue is that the analytic discussion in
Ref. [5] is not supported substantially by a detailed analysis
considering dispersion and crosstalk.

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

In Section II, we derive expressions for analytical per-
formance estimation. Section III shows some experimental
results and discuss performance trade-off curves of signaling.
Section IV concludes this paper.

II. ANALYTICAL ESTIMATION OF INTERCONNECT
PERFORMANCE

This section derives analytic expressions that estimate the
performance of on-chip global interconnects. We here focus on
attenuation as the most dominant factor that prevents global
signaling, and perform an analytical performance estimation
based on simplified interconnect and waveform models. The
detailed estimation with crosstalk noise, dispersion is demon-
strated in the next section.

A. Figure of merit for signaling performance estimation

Eye-diagram is commonly used to evaluate the feasibility
and quality, which include bit error rate, of signaling systems
[6]. Figure 1 shows an example of eye-diagram. Large eye
opening area means that signaling has timing/noise margin. 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 Figure 1 as a
figure of merit. In the case of on-chip signaling, 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 voltage, and hence we discuss
the performance limitation by evaluating the maximum eye
opening in voltage.
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Fig. 1. An example of eye-diagram and the figure of merit.

B. Analytical performance estimation

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

1) Assumptions on derivation: We here explain three as-
sumptions used for the derivation of the analytic expressions.

The first assumption is that crosstalk noise and frequency-
dependence are not significant, since the main cause of eye
closing in on-chip signaling is the attenuation. Crosstalk noise
affects eye-diagram, however crosstalk noise can be sup-
pressed in a well-designed interconnect structure by shielding
and spacing. Interconnect characteristics is frequency depen-
dent because of skin- and proximity-effect and retarn-current
distribution, which causes waveform dispersion. However the
effect of waveform dispersion is small compared to that of
the attenuation. In the analytical estimation, crosstalk and
dispersion are not considered. However, we experimentally
verify the adequacy of the analytical estimation by circuit
simulations considering -crosstalk and dispersion.

The second assumption is impedance-matched driver and
termination. 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
capacitor of the receiver. To examine the effect of the ter-
mination, 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 differential 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
Figure 2. T is the minimum period of input pulse. ¢, is

. the signal transition time of waveform at far-end, and we
assume that ¢, 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. Viax
is the voltage amplitude when the input value is continuously
“1”. In the case of open-ended transmission-lines, V. is
equal to the supply voltage. As for terminated transmission-
lines, Viax 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 amplitude decreases by
the 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
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Fig. 2. Piecewise linear waveform model.

wave because of perfect reflection. V; is determined by the
attenuation of the interconnect. On lossy transmission-lines,
the voltage continuously rises from Vi [7]. V¢ 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. [8] shows that the voltage at the
far-end reaches Vp,x after the time 2¢,; passed when the
interconnect is driven by a matched driver. The time ¢ is the
signal time of flight and ¢,,s = I /v, where [ is the interconnect
length and v is the velocity of the propagating wave. Therefore
V71 is determined from V;, Vipax and tiof, which provides simple
yet efficient expressions of eye opening shown in the next
section.

2) Single-end signaling (Open-ended): We here derive an
equation that represents the maximum eye opening. From
Figure 2 and the discussion in the previous section, the
maximum eye opening voltage V., is expressed by

Vimax — 2(Viax —
Veye:{ ax (max

Vi) =2Vr — Viax (T < 2t5)

(T > 2t10f) ’

¢))
On open-ended transmission-lines, Vi« is equal to the supply
voltage. We set, in this paper, that the supply voltage is 1,
without losing generality, because the target circuit is linear.
Using the piecewise linear approximation, the first equation of
Eq. (1) is rewritable to

‘/eye=2{

Vinax

1-%
2tof

(T —t.)+ V,} -1 )}

We here define the attenuation n as n = e~ where « is the
attenuation constant. By using n, V; = n/2 x 2 = n, where
n/2 is the arrival voltage at the far-end and the latter term of
2 corresponds to perfect reflection. The eye opening V. is
expressed by

(T < 2tmf)

(T > 2tior) ®
The derived expression indicates that the maximum eye open-
ing Viye is determined by the minimum period T, the rise time
t,, interconnect length [ and the attenuation n. The velocity v
is determined by the dielectric constant of metal insulator.

3) Single-end signaling (Terminated): The differences be-
tween the open-ended case and the terminated case are V| and
Vinax- V; is expressed by n/2 because there is no reflection
at the far-end. On the terminated transmission-lines, V., is
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expressed by

___Z.O__ @)
. Zo + Riine + 2o’

where Z, is the characteristic impédance, which is equal
to the driver and termination resistances, and Ry, 1is the
whole resistance of the interconnect. Here the attenuation n is
approximately expressed [7] by

n = exp(—al) =~ exp (—%) . “(5)
0

Vmax =

Eq. (4) can be rewritten as follows.
Zo 1
= . 6
2Zy—2logn  2(1—logn) ©
From the difference of V; and Vj,,,, the maximum eye opening

is expressed by
1

Vo = {%(T—qwm— stogmy (T < 2tor)
(T > 2tr)
N
4) Differential signaling: In the case of differential signal-
ing, the eye opening V¢y. is simply the twice of Eq. (7). point
of attenuation.

Vmax =

2(1—logn)

—1
Veye = { i (T =) + 2 — gy (T < 2t)
eye — )
- d)gn > 2tmf)(S)

III. EXPERIMENTAL RESULTS

In this section, we show some experimental results and
demonstrate: 1) the validity of the analytic discussion in the
previous section, and 2) the performance tradeoffs among
signaling scheme, bit rate, interconnect length and attenuation
by detailed circuit simulation with crosstalk and dispersion.

A. Simulation setup

We evaluate the eye opening by circuit simulation. First,
interconnect R(f)L(f)C are extracted by 2D field-solver, be-
cause inductance of a long interconnect such as 10mm 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. We assume the 45nm process
in Roadmap [1]. In Figure 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 M12,
there are seven signal line (“S” in Figure 3) and ten ground
wires(“G” in Figure 3). There are twenty ground wires in
M10. The interconnect characteristics is modeled by frequency
dependent coupled transmission-line model [9] implemented
on circuit simulator [10].

Figure 4 shows the experimental circuit. Each signal wire
is excited by an ideal resistance and an ideal voltage source.
The input pulses of signal wires are random non-return-zero
patterns that are independent of each other. The pulse shape
is trapezoidal pulse with pulse period 7' and transition time
T'/10. In following section, we define “bit rate” by 1/7. For
simplicity, the supply voltage is 1V, because of the linearity
of the circuit model. We evaluate the eye opening of each
signaling scheme with various pulse period T, interconnect
length /, and so on.
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Fig. 4. Experimental circuit.

B. Bit rate vs. eye opening

We here show the bit rate versus the maximum eye opening.
Figure 5 shows the analytical estimation and the simulation
results. The interconnect structure is Figure 3. To evaluate dif-
ferential signaling, two signal wires are driven by differential
signal and other 5 signal wires are driven by random pattern.
These 5 signal wires are noise source. In the case of single-end
signaling, S2, S4 and S6 wires are replaced to ground wires,
which means that each signal wire has shield wires on both
side. In this case, the interconnect resource used by single-end
signaling and that used by differential signaling become the
same. The far-end of interconnects are open-ended. From Sec-
tion II, the eye opening of terminated single-end transmission-
lines are the half of differential signaling. So we here compare
the open-ended single-end signaling and differential signaling.
The interconnect length is 10mm and the attenuation of single-
end signaling is n = 0.42, that of differential is n = 0.36. In
Figure 3, analytical estimation (labeled “formula™) are valid
because it is close to the experimental results (labeled “circuit
simulation”). Figure 3 shows that in low bit rate region up to
20Gbps, the eye opening of single-end signaling is larger than
that of differential signaling. This is because Vi, of single-end
signaling is large. However as the bit rate becomes higher, the
eye opening of single-end decreases very rapidly and becomes
almost 0 over 40Gbps. This is because Vi, — V; of single-end
becomes larger by attenuation.
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Fig. 5.

Bit rate vs. eye opening.
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Fig. 7. Bit rate vs. maximum interconnect length with various attenuation.
(high n means low attenuation.)

C. Bit rate vs. maximum interconnect length

From the equations derived in Section II, we can obtain the
trade-off curve between bit rate and interconnect length. Fig-
ure 6 shows the curves of single-end signaling and differential
signaling. The condition is the same as that of Section III-
B. In Figure 6, Vi means the required eye opening Vi
for signal comparison. Vi, depends on the sensitivity and
noise margin of the receiver. The trade-off curve of single-end
signaling does not change so drastically by V.. On the other
hand, the trade-off curve strongly depends on Vi,. However
as Vieq becomes lower, the advantage of differential signaling
become 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 Vioq is 0.25Vyq, differential signaling
can achieve 100Gbps communications on 10mm length inter-
connect. On the other hand, single-end signaling can perform
25Gbps signaling on 10mm length interconnects and if the bit
rate is 100Gbps, interconnect length has to be within 2.5mm.

Figure 7 shows the trade-off curves between length and bit
rate with various attenuation n. V4 is equal to 0.25Vyq. From
Figure 7, the performance of differential signaling depends on
the attenuation, and it gets close to single-end signaling as the
attenuation becomes large, because Vi« decreases.

From the above discussion, differential signaling is much
superior to single-end signaling when V.4 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 here show an example of eye diagram. Figure 8 shows
the eye diagram of 80Gbps signaling on 10mm differential
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Fig. 8. Eye diagram of 80Gbps signaling on 10mm differential interconnect,

transmission-line. The simulation conditions are the same as
those explained in Section III-A. The eye opening is roughly
consistent with the analytical estimation and this result shows
the validity of the analytical performance estimation.

IV. CONCLUSION

The performance limitation of on-chip interconnect is dis-
cussed. It is important to know the maximum performance and
performance trade-off to choose a proper signaling scheme. We
first derive analytical expressions for performance estimation.
By some assumptions, the maximum eye opening voltage is
expressed by attenuation n, interconnect length { and pulse
shape. We then verify the analytical estimation by circuit
simulation. The analytical estimation is valid even though the
estimation does not consider crosstalk and dispersion. The
analytical estimation gives trade-off curves of interconnect
performance. In a practical situation in interconnect structure
and receiver ability, differential signaling can perform 80Gbps
communication on 10mm length interconnect. The advantage
of differential signaling is significant when the attenuation is
not so severe.
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