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Abstract—Short, medium, and long on-chip interconnections The delay on very long low-resistance lines strongly depends
having linewidths of 0.45-52,m are analyzed in a five-metal- on the accurate prediction of both the resistance and inductance

layer structure. We study capacitive coupling for short lines, ot the current return path in the power buses surrounding them.
inductive coupling for medium-length lines, inductance and re- E | ill be ai f h of th
sistance of the current return path in the power buses, and xamples will be given for each or these cases.

line resistive losses for the global wiring. Design guidelines and

technology changes are proposed to achieve minimum delay II. SHORT LocAL WIRING

and contain crosstalk for local and global wiring. Conditional

expressions are given to determine when transmission-line effects  The majority of on-chip wiring is comprised of local circuit

are important for accurate delay and crosstalk prediction. connections which have maximum lengths of 1-3 mm. Such
Index Terms—On-chip wiring, transmission lines. lines use the minimum widths and spaces dictated by the
technology. These lines are driven by small devices with a
large effective impedanc&pgry compared to the lineZ.
.- INTRODUCTION In such cases, the interconnects appear as lumped capacitive
S PROCESSOR cycle times become shorter and chipads. As the circuit speeds increase, the interconnection
become larger and more complex, the performance @¢lays start exceeding the logic block delays. The small
on-chip interconnections becomes more important. Systawiring cross sections result in very high line resistarig¢e
integration on large dies transfers the package wiring &mr frequenciess = 2x/t,. for which R > wL
chip. Transmission-line properties of on-chip wiring need to .
be taken into account due to the long lengths and fast rise Zo = 1-5 | R (1)
times encountered. The traditional lumped-circhit' repre- V2 wC

sentation is no longer adequate, since it results in substanfgl most on-chip wiring is represented B circuits. For
underestimation of both crosstalk and delay. However, %Pary short lines and slow devices, a singi& section has
chip interconnects have unique characteristics, namely V@yen generally used [2]. As the line lengths and circuit speeds
high capacitive and inductive coupling and resistive 10SS§§crease (the wavelength decreases), distributedctionRC

and very nonuniform transmission-line structures [1]. representation has to be used for accurate delay predictions.

In this paper, we take a close look at the specific chaine following approximate formula has been traditionally used
lenges of using short, medium, or long interconnections Wit§, short lines [2]:

linewidths from 0.45 to 52:m. The relevance of transmission-

line effects is explained, design guidelines are formulated for Delay= Zpry - Cr + (Rl - Cl)/2 (2
each category, and the performance-limiting parameters are .

highlighted. The short local wiring with the highest density ar¢here Cr represents the total capacitive load seen by the
shown to be affected by the large capacitance and capaciffif€r circuit, which is approximated to have a constant
coupling to adjacent neighbors that generate excessive ddfaRedanc&pry andCr = Cl+Cy, or line capacitance plus
pattern-dependent delay and delay variation. The medium 4Rg@d capacitance. Delay in (2) is the sum of gate delay and
long lines are mostly limited by the capacitive and inductivi&itérconnect delay. In the case of short lines driven by small
coupling, causing excessive crosstalk, especially when th&&¥ices with larg&pry, the first term in (2) dominates. More-

lines are driven by larger devices (low-impedance driver$Ver, the distributediC-circuit representation assumed by (2)
predicts a delay that increases in proportion to the square of the
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Fig. 1. Simulated propagated delay for three adjacent lines with width aféyy. 2. Far-end crosstalk simulated for the lines of Fig. 1 with center line
space of 0.9um and R = 494 ©/cm. Solid curves are for a 368-driver  quiet and the other two switching in-phase. Active lines have input swing of
circuit and the dashed curves are for aQdriver circuit. Each case has 2.5 V and driver impedance of 30 (dashed curve) and 3@6 (solid curve).
three curves for in-phaset++), out-of-phasg —+—), and no-adjacent (0
+ 0) line switching.

response of a sloweRC circuit. The delay on such lines
pattern), orCl = Cay + 204 (for out-of-phase switching with INCcréases exponentially with length unlike the approximate

—— pattern). The larger the capacitive coupling, the largéFediction of (2). , _
the delay variation on such interconnections. However, in the case of the lines of Fig. 1 even for a low-

An example is given in Fig. 1 for lines with 0.8m impedance_ d_rive(ZDRV),th_ereT will be very Ii_ttle difference_ in
widths and spaces, 0.84m thickness, and built in a five-layerqelay pr_edlctlon when a d|str|but_eﬁ_C-C|rCU|t representation
structure with AICu metallization and SiOnsulator. The lines 1S Used instead of the accurate distribufefiC’ approach. The
have resistanc& = 500 Q/cm, capacitanc€ = 1.73 pFlcm, v_vaveforms pred|cteq by amC-circuit gnd a transmls_3|oq—
and K¢ = 0.28. The delay is plotted for lengths up to 10 mndine treatment are different, but they will cross the switching
and for two types of drivers with effective impedance of 561r?8h0|d(VDD/2) at very Slmllar_t|m'es because the slow
and 3669. The two driver circuits use devices with width-tof€Sistive line behaves like aRC-circuit [3]. However, the
channel length ratios for the-channel FET (NFET) of 220:1 fa_\ster signals obFamed Wlth the larger devices generate much
and 30:1, respectively. The devices are built using cmddgher crosstalk in proportion &¢ + Ky, but mostly K¢,
technology with effective channel lengfhs = 0.25 um and 85 shown in Fig. 2. For a 20% noise pudget (500 mV), for
a 2.5-V swing. The data-pattern-dependent delay variation fofample, for theZpgy = 50 €2, the maximum usable length
2-mm-long lines is+49%, and—42% for a 3669-driver and 94rOPS 10 lnax = 1 mm compared t0 thép,, = 7 mm
increases dramatically with length. For a 500-ps upper boufli§tated by the maximum delay of 500 ps. The optimum
on interconnect delay, the maximum usable leriggh is only design has to balance_ the need for fast_S|g_naIs Wlth small
3 mm for the smaller driving device, while it increases to 7 m#i€lay, small delay variation, and short risetimes, with the
for the larger device. However, the smaller device is mu@pntainment of all the noise sources such as crosstalk, on-
more representative due to chip area and power Iimitatior‘r‘@.'l? s_lmultaneous switching noise, dewce_ syvltchmg thresh(_)Id
In this case, the initial signal sent along the wiring is onl ariation, and power Sl_JppIy tolerance. This is not the practice
Via = Von[Z0/(Zo + Zpry)] = 0.125 Vbp, which means oday. Performance-driven routers need _to be (_jeveloped that
that several round trips are needed for the signal to approé@ﬁe.'mo account several performance criteria simultaneously,
the steady-stat&p, level. The rise-time at the end of a 2-NOt just delay.

mm line is 337 ps, while the driver signal has 60-ps transition.
Even for a low-impedance driver circuit, the delay is increasing lll. SCALING OF LOCAL WIRING
rapidly with length due to the very high resistive loss. The The key parameters that limit the performance of short
simulated results shown in Fig. 1 are based on distribut@gring are line capacitano@ and capacitive coupling. The
RLC-circuit representation. For the O8n-wide lines, the 0.9.um-wide lines with 0.9xm-separations hav€ = 1.73
ratio Rl/2Z, is in the range of 0.5-4.7 fok = 1-10 mm, pF/cm andKc = 0.28. The line and interlayer dielectric
where Zo = /L/C = 53 €. It is shown in [3] that the thicknesses are 0.84 and 1ufh, respectively. The width-to-
voltage on a long, uniform, lossy transmission line excited hjiickness metal ratio is 1.07. The delay is 227@9%, —42%
a unit stepu(t) can be expressed as for Zpry = 366 Q and! = 2 mm. Assume the linewidth
_1,—Rl/2Z, _ and space are shrinking to Oufn. This results in a width-
v(lt) = e + B Dlu(t - IVLO) 3 to-thickness ratio of 0.83 and 22% increase in wiring density.
where B(l,t) is a slowly rising modified Bessel function K increases to 0.33 an@ = 1.85 pF/cm due to the larger
[4]. For low resistance linesRkl is small and the first term C;5. For a line length = 2 mm, the delay increases to 239
dominates. The line behaves like dC circuit with fast- ps, +62%, —49%. The worst case delay increases by 15%
rising response. ARl exceedsZ,, the second term starts(from 337 to 386 ps). It is difficult with the present fabrication
dominating, and the rise time is slowed down, similar to thechniques used for AICu/SiOnaterial set to shrink the layer
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fggg : | Maximum Useable Length
. 1600 - w=0.9um, s=0.9um  Delay <500 ps Noise <500 mV (20%)  Both
£ 1400 - Zdrv=370 ohm 3 mm 3 mm 3 mm
1200 1 Zdrv=300hm .. T ] Lo Lmm
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Q800 |- . Zdrv=370 ohm 2.5 mm 4 mm 2.5 mm
600 e T 4 Zrv=S0ohm Bmm o Lom o mm
400 |- - w=1.8um, s=1.8 um Delay <500 ps Noise <500 mV (20%)  Both
200 + - Zdrv=370 ohm 4 mm no limit 4 mm
0 Zdrv=50 ohm 10.5 mm no limit 10.5 mm
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R =2.7 um, $=3.6 Dels S
Line Length (cm) W um, § um elay < 500 ps  Noise < 500 mV (20%) Both

Zdrv < 125 ohm 16 mm 16 mm 16 mm

Fig. 3. Simulated propagated delay for three adjacent lines on the third layer
of a five-layer on-chip wiring stack with 0.9- and 18a widths and spaces,
and 2.4xm lines on the fifth layer for 5@-impedance (solid curves) and

366<2-impedance (dashed curves) driver circuils,. = 494, 251, and 76 1050 T T T T T T T
Q/ecm andC = 1.73, 1.85, and2.6 pF/cm, respectively. 950 i ]
850 : 25%Load :
% L J
thicknesses as the linewidths are reduced. The consequence is a= 750 ]
scaling trend where the linewidth-to-thickness ratios are much f—é 650 | .
less than unity. A 0.4%#m groundrule case, with thickness § 550 | i
of 0.73- and 0.9:m-thick dielectric, hask~ = 0.36 and S a0l i
width-to-thickness ratio of 0.62. Line capacitanc&’is= 2.09 L .
pF/cm and delay variation i$72%, —54%. Worst-case delay 350 - ]
increases to 420 ps, which then drastically limits the maximum 250 - : : : ' : .
0 02 04 06 08 1.0 1.2 1.4 1.6
usable length. Line Length (cm)

In a five- or six-layer structure, there could also be sig-

i i i ; ; i ig. 4. Simulated FEN for three adjacent lines with 48 widths and
n!flcant vert|(_:al COUpII.ng betW(.een lines traveling ”T' .the. sa -9.um spaces with either 50% or 25% orthogonal loading in the layers above
direction. This effect is especially strong when utilization I’§nd below. Simulations are for 2.5-V, 50{solid curves) or 3662 impedance
orthogonal channels is low, when lines on adjacent layesshed curves) driver circuits. All cases have two active and one center quite
overlap (vrong-wayrouting) or when short lines couple toine (+ 0 + data pattern).
wider less resistive lines on upper layers that generate signif-

icant crosstalk, since signals propagate with faster risetin1§‘r§own in Fig. 3, are usedy(a, = 8 MM for Zpry = 50 Q
. Ll max — S

along them. : . o L in Table I). The 2.4um-wide lines withR = 76 £2/cm show

In order to achieve higher wiring densities in the futurqhe smallest delay fofpry = 50 © compared to the 1.8m-
a following design guideline is useful for the short Wire:ER — 250 Q/cm) and O%Z%-Wide lines ® = 500 Q/cm)' The
that have/t> 500 2/cm. The goal iSh.OUId .be to keep<2 improvement in delay afforded by the less resistive lines driven
pF/cm and K¢ < 0.30. These restrictions imply technologyb larger devices with low-impedancépry, however, has

improvements. Width-to-thickness conductor ratios close be balanced against the allowable crosstalk budget. Fig. 4

unity (square cross section) require a fabrication techniqg ows the simulated crosstalk for the L@-wide lines (0.9-

that can generate thin metal and dielectric layers with smz/:}b separation) for two types of drivers and for 25% and 50%

toIerance_s.KC can also_ be lowered by lower Ollelectr'c'orthogonal loading cases. The increaseiip from 0.25 to
constant insulators used in the conductor layer. Overall lower.

dielectri tant insulat lowe? and. theref d 529 results in higher noise. The small line-to-line separation
ielectric-constant insulators lowe¥ and, therefore, reduce ;o M, reduceSlyay from 8 t0 1 Mm. lyay, however,
delay and total chip power.

can be increased to 10.5 mm for a separation of /An8
where K- = 0.11 (Table I). Once the crosstalk limitation
is eliminated, the resistive losses will dominate because the
In order to increase the maximum usable length, wider leg§ /27, term in (3) becomes greater than unity and the second
resistive lines are used for medium-length interconnectionierm begins to dominate.
Table | and Fig. 3 show examples for lines with widths 2—2.7 It should be noted that in the case of the narrow lines with
times the minimum groundrule (0/8m), or 1.8 and 2.4:m, small separations, the capacitive coupling will not significantly
that haveR < 250 Q/cm. The delay of wider lines with higher change with orthogonal wiring utilization. For a 0.pn-wide
capacitance is larger because of the dominance of the fiige case, with 0.54sm separation, 0.73- and 0;8n metal
term in (2) whenZpgry = 366 2. Table | shows a maximum and dielectric thicknesses, respectivdiy; only changes from
usable length limit ofl,,,,x = 2.5 mm for the 1.8zm-wide 0.38 to 0.33 for 0% and 50% loading (in layers above and
lines with 0.9um separation. Such lines are not adequatehelow), respectively. For wider lines and separations, the
utilized unless lower impedance drivefg,gy = 50 £2, as loading has larger impact. For 0:8n widths and separations,

IV. MEDIUM-LENGTH LINES
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Fig. 6. Simulated FEN for three adjacent lines with g width and
Fig. 5. Simulated propagated waveforms and far-end crosstalk FEN fdA-um spaces (same as in Fig. 5). Simulations are for 2.5-V§25@olid
2.4um-wide lines with 2.4um spaces with? = 76 Q/cm,! = 5 mm, curves) or 3682 impedance (dashed curves) driver circuits; either with
and for 50¢2 impedance driver circuit. The FEN noise is obtained for twalistributed RLC' or distributed RC' circuit representation. All cases have
active and center quiet line and 2.5-V input signal swing. Simulations wetwo active and one center quite ling- (O + data pattern).
performed with either distributed?LC' (solid curves) or distributed?C'
circuit representation (dashed curves).

detected by a receiver circuit, and its effect on noise budget

dielectric height of 0.8um, and metal thickness of 0m, depends on the bandwidth of the receiver device.

for example,K¢ changes from 0.32 to 0.20 for 0% and 50% The wider lines th_at have lower resistanCi < 250 Q)
loading, respectively. can propagate fast signals on longer lengths when driven by

Fig. 5 shows the signal propagation and crosstalk for a w-impedance drivers. They should have proportionally larger
mm-long line @ = 76 2/cm), which has 2.4 width and ine-to-line separations (separation should be larger than the

spacing and 2.}1sm thickness. The initial signal transition ismsulator thicknes$ > H) that result in lower crosstalk. Such

Cli i icker interl
much faster than the more rounded slower part of the fthr%Ines would also benefit from somewhat thicker interlayer

Nsulators, as was recommended in [5]. We recommend to
edge. TheLC-like circuit behavior predicted by (3) is presen{ ' i
at the beginning of the transition, before tR€-like behavior control K¢ such thatKe < 0.15-0.20. For the examples

: . givenwithW =1.8 ym, S =0.9 ym, W = § = 1.8 um, and
takes over. The fasteLC' part will also generate h|gherW — S = 2.4 um, Ke is 0.23, 0.11, and 0.15, respectively,

crosst_alk,_ which is not pred_icted adequate_ly by a distribut %d_KL is 0.65, 0.32, and 0.54. Inductive coupling should be
RC circuit. The far-end-noise (FEN) monitored at the en ken into account to avoid noise underestimation.

of the quiet line, far from the driver, has a positive peal
higher than 2.5V, which is proportional to the difference
Ko — K, [3] and is not present for the?C' simulation V. LONG LINES

that omits inductive coupling. The width is proportional to Long lines fall primarily in three categories: data-buses,
the initial fast transition. The negative peak, lower than 2&ontrol, or clock. Control lines could exceed one-chip-edge
V, is due to the reflected noise from the near-end of the length, travel alone, but could have large fan-outs. Data
quiet line, is wider, and is proportional t&c + K, but lines between central processing unit (CPU) and cache travel
is primarily determined by thd{c contribution. This is the in groups, generally have half-a-chip-edge in length, and have
backward traveling noise [3]. Fig. 6 plots the discrepancy @ small load at the receiver. Such lines synchronously operate
crosstalk prediction when inductive coupling is not taken intand are designed for minimum path delay over fairly long
account. Note in Fig. 5 that both distributé®iL.C' and RC'  lengths. They represent a small fraction of the total number
representations predict similar delays. The input signal at tbe on-chip nets and, therefore, can be placed on the thicker
driver end shows large discrepancies in waveforms becausw@most layers. They share real estate with the very wide
transmission-line representation is accounting for the effectigewer buses. Due to their synchronous and possible in-phase
Thevenin equivalent-circuit signal generation predicted by thiata pattern, line-to-line separation is generally designed to
ratio Zo/Zpry + Zo, Which is not considered by th&C ensure containment of crosstalk. We recommend to have
circuit. The output waveforms, although different in shape§ > W and to keepg~ < 0.15. Most often, the top metal layer
cross theVpp /2 threshold at similar times. The width of theis not planarized to reduce fabrication cost. The undulatory
reflected noise from the near-end of the line is proportional topography results in large variation of the linewidths and
twice the propagation delay on the line and the time constas@n increase line capacitance when compared with a planar
of the RC circuit formed by the line impedance, the driveprocess (such increase was shown to be as large as 35%
impedance, and the load. In Fig. 5, the noise returns to tfid). Once again, such lines benefit from the use of thicker
steady-state level of 2.5 V after about 400 ps. Such wideterlayer insulators as highlighted in Fig. 7. 2.7- and 6.3-
noise signals have a higher probability of overlapping withm-wide lines are driven by devices having an effective
other noise sources in the incident-switching time windovimpedance of 11-27% for [ = 8.5 mm. The wider line has

By contrast, the narrow initial noise pulse will not be fulljlower resistanc& R = 25 and 55 /cm for the W = 6.3
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Fig. 7. Simulated propagated delay for lines with R2m width, Fig. 9. Simulated FEN for 4.gm-wide line on top of 2.7tm-wide line
3.6um-space, and insulator thickness & = 0.9um (solid curve), two layers below. There is 50% orthogonal wiring in the adjacent layer
6.3um-wide, with 8.1um space,H = 0.9um (dashed curve), and for and! = 1.6 cm. The lines have? = 35.5 and 167.8 Q/cm, C' = 4.18

W = 2.7 pm,S = 3.6 um, and H = 2.1 um (dotted curve). Line and1.74 pF/cm,Zy = 38.5 and62.7 , and K = 0.08 and0.21, and
resistance isR = 55, 25, 25 Q/cm, capacitance i€ = 1.7, 2.9, and XK, = 0.73 and0.67, respectively for the two lines. The wide line is driven
1.7 pF/cm, and line impedance &, = 37, 23, and 36 (2, respectively, by a 50£) impedance device with 2.5-V swing. Simulations were performed
for the three designs. All lines have= 8.5 mm and driver circuits have with frequency-dependertRLC(f)) (solid curve), frequency-independent
11-275% impedance. RLC (dashed curve), an®C circuit representations (dotted curve).

While such wide lines on a top layer are designed with wide

: separations for intralayer crosstalk containment, the distance
< 500 g to layers underneath is relatively small and can result in
£ substantial vertical coupling. Fig. 9 shows such an example
o 400 1 of parallel 4.8- and 2.7:m-wide lines on the topmost layer
2 300 J and two layers below, respectively. The crosstalk is shown
v to be less that the 500-mV maximum budget fer 8 mm.
$ 200 . The line on the top layer is driven by a low-impedance(b0-

E driver, which will make possible the propagation of very fast

100 B . . L. . N g

signals. Once again, the distribut&d.C-circuit representation
P I I A e which accounts for both capacitance and inductive coupling is
0 50 100 150 200 =230 300 essential for correctly estimating the crosstalk.

Driver Impedance (ohm) Clock lines are single lines with cluster configuration. They

Fig. 8. Simulated FEN for the lines of Fig. 7 with 2ifn width (solid ~start from centrally located buffers and have branches of the
o oo oo wenes i e vprseematon i JUSLET extend to the edges of the chip. Each branch can
2.5-V-swing driver circuits. be about half-a-chip-edge in length. A clock driver typically
drives several such branches with equal delay for all positions
on the chip. Each branch, whether a tree or grid layout, has
and 2.7 pm, respectively) but the capacitance is higher by very large number of fan-out loads. Clock lines may drive
a factor of 2.5 compared to the narrow line case. The linkousands of circuits per branch, which means the feeding
impedance is then too low, or the capacitive load on tH®anch has to have a lowef, than the equivalent fan-out
driver is too high [as seen from (2)] and the more resistivonnections in order to provide first incidence switching. The
lines can propagate faster signals. The m3-wide line is driver circuit size is quite large in order to havg gy < Zy
also modeled on top of a 2/m-thick insulator, which then and taperedZ, line segments are sometimes used in tree
results in much lower delay with its capacitance being equstfuctures. Grids rely on duplication of many drivers. The
to that of the 2.72m line above a 0.9sm-thick layer. The critical design issues are controlled cross section across the
delays are very similar in this case. The Zmwide lines chip, low resistance, low capacitance or high and isolation
with 3.6-um separationf ~ = 0.06) can be used up to 16 mmfrom other signal lines. Clock lines can generate unwanted
with Zpgry < 125  for a maximum delay of 500 ps (Table I).in-plane and interplane crosstalk and common-mode noise.
Once again, the faster signals obtained with larger size drivEne reference current return path may be custom designed
circuits generate larger crosstalk on adjacent quiet lines. FiginBorder to control line characteristics and the return-path
plots the crosstalk at the far end of the quiet line for theesistance should be a small fraction of total line resistance.
2.7- and 6.3zm-wide lines of Fig. 7 when distributeRL.C  Based on extensive analysis, we recommended to design these
and RC circuit representations are used. The discrepancy lines such that the return-path effective resistance is less than
crosstalk prediction is most significant for the low-impedanaene quarter of the total effective resistance. Such a guideline
driver cases. In these simulations, both the active and quietindependent of the technology used. Using thick layers
lines are driven by the same size devices and small loads aithout correspondingly thick insulators results in very high-
assumed at the receiver end. capacitance (low%,) lines that propagate slow signals and are
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Fig. 10. Cross section for 51/8m-wide line on topmost layer with 2@m & output ]
distance to wide power bus. 46n-wide power buses are shown two layers 2 10 7
below. There is 50% orthogonal wiring loading on layer bel@= 8.0 Q2/cm 2 05 L 3
(Rac = 3.5 Qlem), C = 27.3 pFlcm, andZ, = 8 Q. Calculations were | = “ShJ8 e
performed with a three-dimensional (3-D) full-wave parameter extractor [6]. or
_.0.5 - \ -
— 1 1 L 1 I" 1 1 1 L 1 1
TABLE i 1'Oo 0.2 0.4 0.6 0.8 1.0 1.2
Width=29.4 um Time (ns)
Riot = 63 ohm/cm, Zo=10 ohm, C = 15.5 pFfem, Rdc = 18.5 ohm/cm Fig. 11. Simulated propagated waveforms for @r-wide line that is
2.4um away from a wide power bus on topmost layer, with= 35 Q/cm,
ROLMNHC RLC Rmc RdcC C = 4.8 pFlcm, andZ; = 28 ) (shown in Table Il). Simulations are
A A A shown for 11€) impedance driver] = 5 mm, and withRLC(f) (solid),
Delay (ps) 217 9% 203 2% 213 3% 136 RLC (dash),(RdC + Ranp) C (dot), and (R4, C) (dot—dash) circuit
representations.
Risetime (ps) 335 354 413 248
cuit for 29.4- and 7.5:m-wide lines. The distribute®pcC
Width=7.5 um (50 subsections) representation underestimates path delay by
Riot = 35 ohm/cm, Zo=28 ohm, C = 4.8 pF/em, Rdc = 24.4 ohm/cm 37%—42% compared to the accurdtd.C(f) representation.

The (Rpc + Renp)C or RrorC circuit is quite close to
A A the exact simulation and so is tHeLC circuit for the wider
slower line. This indicates the importance of including and

Delay (ps) 92 6% 17 H% 62 4% 33 controlling the return-path resistance. It can be seen that the

Risetime (ps) 111 68 163 130 wider lines are fairly resistive, witi//2Z, = 1.6 and unable

to propagate extremely fast signals even when driven by very
w-impedance drivers. Once again, the signal on the narrower
'5-um-wide lines, with lowerC' and higherZ, is faster than

PN less resistive lines that are widd” = 29.4 um) and have
Zo< Zprv and largeCr. The 7.5um-wide hasRl/27Z, = 0.4

Roc = 3.5 Qlcm, Zy = 7.6 Q, and C = 27.3 pFlcm. and propagates muc_h faster signals. In this case, the inductance

It is placed 20um away from the low resistance currenfﬁ'.ee‘js to be taken into accognt as well. F'?' 11 shows the

return reference bus (130:6n wide). The lineZ, will then s_|mulated Waveforms for the line W'IW - .7") pm. These

Il(ggs show very typical C-type of behavior. Fig. 12 shows the

depend quite strongly on the presence of the narrow pOWgry slow signal propagation and multiple reflections caused
b 4, id the | d th, si th )
uses (4.5:m wide) on the layers underneath, since they a y the small value of the ratidZy/(Zy + Zprv) for the

much closer to the clock line than the 13Q.8%wide current S _ ; .
return bus. The absence of the two power buses underne%}hgﬂm'w'de lines. The wider lines have_large capa(_:ltance,
the line would increase the inductance by a factor of winpedance lower thaZpry, and transmit slow:C-like
However, it is also important to realize that the return—paﬂgnals'
resistance is quite high in this case. The narrow power buses
have much higher resistance than the line resistance, unlike

the case for the narrower lines discussed in the previous
sections. Typical power bus widths are 2.7-4B, with Table Il summarizes the characteristics of the short,
metal thickness around 0.84m and R = 99-165 £/cm. medium, and long lines discussed in the previous sections.
The effective line resistanc® is twice theRp¢ of the signal The (Zpry - Cr) and [(RI - C1)/2] terms of (2) and the
line, R = 7.5 Q/cm for the example shown in Fig. 10 with(Rl/2Z,) of (3) are also calculated. The wave-propagation
Rpe = 3.5 Q/cm for the signal line. Signal propagation ordelay can be approximated b¥,C! or 71 = /LCI. In a
these clock lines is shown using both a distributéd-circuit general caseZ,, L, andC can all be frequency-dependent.
and anRLC-circuit representation. For th&C circuit, two Further, 7 is not a constant, but increases along a resistive
cases are considered: wit{Rpc + Rgnp)C), and without, line, and when the line delay is shorter than the propagated
(RpcC), the contribution of the return-path resistanBd.C- risetime, several round-trip delays are needed before the signal
circuit representation is calculated witRLC(f)) or without, reaches steady-state levels and full transition. In Table Ill, we
(RLC) frequency-dependent parameters. For ReC(f) assume thaf,Cl! is a constant depending only on line length.
case, theR(f) and L(f) is used over the entire frequencyin addition, C, < CI (load is small) and”r = CI. In all
range dc—10 GHz. Table Il shows the results fdr = cases,R includes the current return-path resistance in the
5-mm-long lines driven by an 1@-impedance driver cir- power buses. All the examples are shown for lines of the

ROLMOC RLC R _C RdeC
A

hard to drive. Slow signals also have larger delay variatio
thus adding to clock skew.

Fig. 10 shows a typical clock wiring design placed
the uppermost metal layer. The line is 5.8 wide, has

VI. GUIDELINES FOR TRANSMISSION-LINE
EFFECT CONSIDERATION
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TABLE I
NECESSARY CONDITIONS FOR RLC MODELING OF DELAY AND CROSSTALK

Zdrv=50(Q,Vdd =2.5V,1 =5 mm

Line width R L C Zo _RI ZderT 172RCI"  ZoCl Del. RLC Del. RC FEN RLC FENRC
(um)  (Q/em) (nH/em)(pF/em) (Q) 2Zo  (ps) (ps) (s)  (ps) A () @V) A4 (mV)
09 494 475 173 52 24 43 107 45 186 O 186 720 -10% 648
1.8 248 370 1.85 45 14 46 58 42 129 0 129 270 -17% 225
24 76 530 260 45 04 65 25 59 103 +6% 109 500 -42% 288
Zdrv=11Q,Vdd =25V, =5mm
Line width R L C Zo _RL_ ZdrvCp 12RCI ZoCl Del. RLC Del. RC
(um)  (Q/em) (nH/em)(pFlem) (D) 2Zo  (ps) (ps) (ps) (ps) A (ps)
75 35 347 516 26 04 27 23 67 89 -27% 65
519 8§ 160 273 8 03 150 26 109 213 -5% 203
3.5 —r T T T T T or Zpry < Zo. The faster the propagated signal, the larger
sol N the discrepancy in delay prediction betwe&d® and RLC
simulation. If the following conditions are met:

-~ Cr < Cl (4a)
v Rlj2Z5 <1 (4b)
o
2 Zpry <nly (4c)
2

with
n=05-1 (4d)
_10 | | i i L ! A 1 L d 1
0 0.2 0.4 0.6 0.8 1.0 1.2 ) .
Time (ns) then the error in prediction betwed®C and RLC represen-

Fig. 12. Simulated propagated waveforms for the §in®wide line shown
in Fig. 10. Simulations are shown for X1impedance driver, = 5 mm, and
with RLC(f) (solid), RLC (dash),(Rq. + Ranp) C (dot), and(Ry. C)

tation will exceed 15%. The acceptable error limit will affect
the limits defined in (4b) and (4d).

In Table I, the Rl/2Z, < 1 condition is only satisfied for
lines with R <76 Q/cm. If, however, this is achieved only

(dot—dash) circuit representations.
by widening of the signal conductor§, increases rapidly and

same length of 5 mm. The lines with 0.9-, 1.8-, and 2m- theZDRV_-CT_< ZpCl condition is_no longer valid. The signal
widths are driven by 5@-impedance driver circuit, while the Propagation is slowed down as in the caseof= 51.9 um.
lines with W = 7.5-51.9 um have Zpry = 11 Q. These Such lines need thicker insulator layers to reddtend thus
Zpry Vvalues are considered representative of actual use. have higheiz,. The difference in delay prediction is small for
the wide lines in Table Ill. Only the 7.pm-wide line with
Zy = 26 Q, and R = 35 2 shows a large delay prediction

A. Delay Prediction Dependence on Inductance
or.

We formulate a guideline to suggest when inductance is ir%[r
portant for accurate delay prediction. In order to transmit fast o
signals that have.C-like behavior, the(Rl/2Z,) < 1 condi- B- Crosstalk Prediction
tion from (3) needs to be satisfied. This implies small resistive The waveforms in Fig. 5 highlight the initial fadtC-like
losses. However, in addition, the equivalent driver impedantansition of the signals even for fairly resistive lines. This
should be less than the line impedariégryv < Zo) in order fast transition will generate additional crosstalk which is not
to inject most of the available energy into the line. This iaccounted for by capacitive coupling alone. TREC matrices
equivalent to requiring that the gate deldy,ryCr be less have to be used in the crosstalk simulation. Table Ill also
than the interconnect delay, which can be approximated bgmpares the crosstalk prediction difference #€'-circuit
1/2RC1? from (2) for shorter lines. This condition correspondsompared toRLC-circuit representations. Even when delay
to the dominance of the second term in (2). We, therefongiediction difference is small, the crosstalk discrepancy could
require the gate delay to be less than K€ delay of the be large. We formulate the following condition for when
line and less than the wave-propagation delay. This condiductive coupling has to be taken into account in order for
tion then becomeZprvCr = ZprvCIl<1/2RICI< ZoCl crosstalk prediction difference to be greater than 20% between
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RC and RLC modeling: interlayer insulators. Even a transition from Si@ith ¢, = 4
to a polymer withe, = 3 translates into up to 25% per-
A el (53)  formance improvement. The line-to-line capacitive coupling
Rl/2Z, <15 (5b) with the present approach of small width-to-thickness ratios
Zpry <nZo (5c) renders these lines unscalable to smaller wiring pitches due
to excessive data-pattern-dependent-delay variation. Future
with designs need to maintaifi < 2 pF/cm andK ¢ < 0.30.
The medium-length lines with00 < R < 500 £2/cm can be
1=1.5 (5d)  used for lengths up to 10 mm if driven by low-impedance

. . . . . deers and have wide line-to-line separations that result in
These conditions imply that the lines can be quite resistive an L . : .
ow crosstalk(S > H). This is especially important as noise

the driver size can be fairly small for inductive coupling t%hl(dgets are shrinking. Smaller devices use lop, levels

generate substantial additional crosstalk. In fact, the crosstﬁ1at could generate lower noise. However. sianal transitions
difference can exceed the 20% limit even for (u@&-wide 9 R o » SI9 :
are faster, thus resulting in higher noise. In addition, processing

lines (R = 500 £/em), but only for I|nesl<.3 mm (not tolerances for both the devices and interconnect layers, and
shown in Table lll) whenZpry = 50 €. While this is a - . . .
large discrepancy, it is unlikely that the very narrow, r@- larger Vpp variation result in overall noise budget reduction.

' ’ Noise sources also have a higher probability of overlap-

wide lines would be driven by such low-impedance drivers in.

practical applications due to the large crosstalk shown earlghY within the shorter cycle-time windows. Such lines need

in Fig. 2. Therefore, inductive coupling becomes relevant fSui(:]'u:;?(?”ff;:?;ﬁﬁ&\[g'ég\lljvelrir:eis;g”g ntq):tzti!ll(zear??:to
wider lines, withi¥”> 1.8 pim, or /£ <250 {x/cm. account to ap\?oid’ noise underestimafi)ongBased on our analysis
When such lines are driven by devices Wihry < Zo, the : y

8 :
noise increases with length for shorter lines and then slo recommend to keefi <0.15-0.20. This ensures that the

decreases as seen in Figs. 4, 6, and 9. The shorter lines tran fy noise contribution which is propartional &c Is not

the faster signals that generate larger noise. As the active sigggéqess've' The additional noise generated byileterm can

n

slows down on longer lines and resistive attenuation is larg ,en be minimized by prowdllng.a r_|ch ;upply .Of power/ground_
the crosstalk decreases. The noise amplitude will be a funct Boes: Once the crgsstalk I|m|tat|9n IS ellmlnlat(_ad, the maxi-
of K¢ — K, or K¢ + Ky and the incident wave amplitudemum usable Iength is only determined by resistive losses.

or the ratio( Zo/(Zo + Zory )] Via. FOT Znry > Zo, the noise The Ignger lines, such as data-buses, controll, and clock
increases monotonically with length as seen in Figs. 4 anti'%es’ with E<100 $/cm, can propagate fast S|gpals for
and will be a wide pulse that stays on for a large fraction ?ngths greater than 10 mm. Such lines need thick planar

the cycle time. The incident signal reaches steady state ngulator layers to increasg, and reduce delay, wide line-

slowly and the time constant for the noise to return to steai??-'“ne separations 5> W) to reduce crosstalk, and low

state level is large. Such lines exhibit only noise which is in t ESiStiViw metallization to reduce resis_tive losses b(.)th !n the
same direction with the switching transition on the active lind® and the power buses surrounding theRILC-circuit

(backward traveling noise). The narrow pulse-shaped forwars presentatlon IS necesszry fﬁr both del:alyTﬁnd crosTta;k. In
traveling noise [3] is not present or very small. In all thes Is paper, we recommend to keé: <0.15. The control o

cases, the active and quiet lines are driven by the same current return path in the reference buses is shown to be
devices, and peak noise is reported. Bandwidth limitations B§sentlal for minimizing clock skew and to ensure controlled-

various receiver circuits will affect the limits defined in (Sbjmpedance transmission-line behawor. Vertical cgupllng needs
and (5d). to be carefully assessed, especially for these wider lines, and

could be alleviated by the use of shielded structures. It is also
important to monitor the rise and fall time dispersion at the
VII.- SUMMARY AND CONCLUSIONS receiver input. As the cycle times become narrower, slower
The performance limiting parameters have been highlight&@nsitions cannot be tolerated because they could reduce the
for short (> 500 ©/cm), medium R <500 /cm), and steady-state logic levels and thus the noise margin. In addition,
long lines & < 100 ©/cm). Guidelines have been formulatedlow transitions increase the variation in the receiver switching
for when inductive effects are significant both for delay antime and thus increase cycle time. Such transitions have to be
crosstalk prediction, and design recommendations were afsstricted to being less one third to one half the cycle time.
given for each category. The conclusions are as follows. ThePresent-day routers have delay as the only restriction.
short local wiring with the highest density adt> 500 (#/cm Performance-driven routers with built-in fast simulators that
are found useful for lengths less than 3 mm. As the scalilogtimize driver size for the given loads before routing will
to smaller dimensions continues, the short wires will hayeecome essential for the many hundreds of megahertz clock
resistance several times this value, but their behavior witlicroprocessor chips. The performance parameters are delay,
stay the same. Their capacitance and capacitive couplingdelay variation as a function of adjacent switching activity,
adjacent neighbors are the limiting factors due to delay apdopagated transitions at the receiver input, and crosstalk.
delay variation. Such lines could benefit from lower in-planSuch routers can rely on either a database of wiring rules or
dielectric-constant insulators, processes that allow close tdhvave a very fast coupled-line simulator as a front end to the
square (rather than tall) rectangular cross sections, and thinteal for estimation before routing. Both approaches require
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very powerful 3-D RLC-line parameter extractors for the
hundreds of thousands of on-chip wiring nets.
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