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Low-Power Repeaters Driving RC and RLC
Interconnects With Delay and Bandwidth Constraints

Guoqing Chen and Eby G. Friedman, Fellow, IEEE

Abstract—Interconnect plays an increasingly important role in
deep-submicrometer very large scale integrated technologies. Mul-
tiple design criteria are considered in interconnect design, such as
delay, power, and bandwidth. In this paper, a repeater insertion
methodology is presented for achieving the minimum power in an
RC interconnect while satisfying delay and bandwidth constraints.
These constraints determine a design space for the number and
size of the repeaters. The minimum power is shown to occur at
the edge of the design space. With delay constraints, closed form
solutions for the minimum power are developed, where the av-
erage error is 7% as compared with SPICE. With bandwidth con-
straints, the minimum power can be achieved with minimum-sized
repeaters. The effects of inductance on the delay, bandwidth, and
power of an RLC interconnect with repeaters are also analyzed. By
including inductance, the minimum interconnect power under a
delay or bandwidth constraint decreases as compared with an RC
interconnect.

Index Terms—Bandwidth, delay, interconnect, low power, RC,
repeater, RLC.

1. INTRODUCTION

EPEATER insertion is an efficient method for reducing in-
Rterconnect delay and signal transition times in integrated
circuits. The optimal number and size of the repeaters to achieve
the minimum delay have been described in [1] for an RC inter-
connect, and in [2] for an RLC interconnect. The size of an op-
timal repeater is typically much larger than a minimum-sized
repeater. Since millions of repeaters will be inserted to drive
global interconnects in future high-complexity circuits [3], sig-
nificant power will be consumed by these repeaters, particularly
if delay-optimal repeaters are used. A power-delay tradeoff is,
therefore, necessary to support efficient repeater insertion de-
sign methodologies [4].

The number and size of the repeaters to minimize the dy-
namic power and area of an interconnect while satisfying a
target delay constraint have been described by Nalamalpu and
Burleson in [5]. Burleson et al. further compared repeaters
with boosters in [6]. The input transition time of a repeater is
generally greater than the output transition time. In this case,
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Fig. 1. Repeater insertion in a long RC interconnect line.
the short-circuit power can be comparable or even greater
than the dynamic power [7]. With CMOS technology scaling,
leakage power is increasing rapidly, and is expected in future
technologies to reach the same magnitude as the dynamic
power [8]. By including both short-circuit and leakage power,
a low-power repeater design methodology is presented in [9].
The power is minimized with a 5% delay penalty. Closed-form
solutions, however, are not provided. In these papers, induc-
tance effects are also not included. In upper metal layers, wide
interconnects are frequently used, which have low resistance,
making inductance effects nonnegligible in high-speed circuits.
With on-chip signal frequencies continuously increasing,
bandwidth has become another important criterion in intercon-
nect design. In this paper, a new repeater insertion methodology
is proposed for achieving the minimum power while satisfying
delay and bandwidth constraints. This paper is an extended
version of [10] and [11]. Different power components of the
interconnect are compared and multiple constraints are con-
sidered. The paper is organized as follows. In Section II, the
timing and power models of RC interconnects are reviewed.
Based on these models, analytic methods are presented for
achieving the minimum power while satisfying delay and band-
width constraints. In Section III, the effects of inductance on
this repeater design methodology are analyzed. Finally, some
conclusions are offered in Section IV.

II. POWER DISSIPATION IN AN RC INTERCONNECT WITH
DELAY AND BANDWIDTH CONSTRAINTS

By including the effects of the input transition time, a timing
model of an RC interconnect with repeaters is presented in
Section II-A. The three primary power dissipation sources in
interconnects are reviewed in Section II-B. Given a delay or
a bandwidth constraint, a design space for a repeater system
can be determined. The minimum achievable power in this
design space is described in Sections II-C and D for delay and
bandwidth constraints, respectively. Multiple constraints are
analyzed in Section II-E.

A. Delay and Transition Time Model of RC Interconnects

As shown in Fig. 1, a distributed RC interconnect is evenly
divided into k segments by repeaters. R; and C} are the total re-
sistance and capacitance, respectively, of the interconnect. The
repeaters are h times as large as a minimum-sized repeater,

1063-8210/$20.00 © 2006 IEEE
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TABLE 1
DEVICE PARAMETERS OF BPTM 45-nm MODEL. Vg = 1.1 V
Device Temp' Idsat/W Isub/W |‘/t| |Vdsat| «
(°C) (uA/pm) | (nA/pm) | (volts) (volts)
NMOS 25 1064 4277 0.330 0.468 0.91
NMOS 100 1035 712.0 0.257 0.516 0.88
PMOS 25 534 25.3 0.325 0.600 1.05
PMOS 100 514 374.1 0.243 0.672 0.97

with the output resistance Ryo/h, output capacitance hClyg,
and input capacitance hCy, where R0, Cqo, and Cyq are the
output resistance, output capacitance, and input capacitance, re-
spectively, of a minimum-sized repeater.

The repeater is assumed in this paper to be implemented as a
CMOS inverter. The inverter is also assumed to be symmetric
such that the effective output resistance is the same for both
rising and falling signal transitions. The Berkeley predictive
technology model (BPTM) [12], [13] for a 45-nm printed
channel length is used, corresponding to the 80-nm technology
node described in the International Technology Roadmap
for Semiconductors (ITRS) [8]. Some model parameters are
modified to capture the trends of the saturated drain current
and subthreshold current predicted by the ITRS. The device
parameters used in this paper are listed in Table I, where « is
the velocity saturation index and is determined with the method
described in [14]. The PMOS transistor is 2.2 times as large
as the NMOS transistor in the inverter, and the minimum gate
width is assumed to be 45 nm.

Cyo and Cyp can be obtained with SPICE by measuring the
charge stored on the input and output of the minimum-sized
repeater during signal transitions. In this paper, Cyo = 0.455 fF
and Cy9 = 0.413 {fF. Ry, can be approximated as

Vaa

Riyo=K
o Ian

(D

where K is a fitting parameter, and /4,0 is the saturated drain
current of a minimum-sized NMOS transistor with both Vg and
Vs equal to Vyq. K can be determined by matching the 50%
delay or transition time of the step response of an RC equiva-
lent circuit to SPICE simulations. Note that the K obtained by
matching the 50% delay and the K obtained by matching the
transition time are different and are denoted as K4 and K., re-
spectively. In this paper, K, is 0.78 and K. is 0.55. The corre-
sponding output resistances are R4 and R,q.

The delay t45 and transition time ¢, of a single interconnect
stage for a step input can be obtained from [15]

R, RaoCy . RiCyoh
tas =0.377— 5" +0.693 (Rd000+ R
)
' :tgo%—tm%
s 0.8
R,C R.oC;  R,C.oh
=11 t—|—2.75<RT000+ ot g‘”) 3)

k2 hk k

where Cy = Cqo + Cyo. With a finite input slew rate, both the
repeater delay [14] and repeater output transition time [16] de-
pend linearly on the input transition time #,._;,,. The contribution
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Fig. 2. Total delay for an RC interconnect driven by repeaters. R =
0.31Q/pm, C = 0.223{F/pm, ! = 5 mm, h = 50,and T' = 25 °C.

of t,._;,, to the repeater delay can be represented by vt,._;,,. For
a rising input, y is determined as [14]

1 1_Utn

%25_ 1+ a,

“

where v, = Vin/Vaa. By changing the suffix n to p in (4), the
coefficient ¢ for a falling input can be obtained. An average of
- and -y is used as -y in the rest of this paper to determined the
interconnect delay.

The linear dependence of the repeater output transition time
on t,_;, is only valid for slow input signals with small load
capacitances [16]. Furthermore, the signal is degraded by the
interconnect impedance before reaching the far end, decreasing
the sensitivity of the far end transition time to the input slew
rate. The effect of the input slew rate on the far end transition
time is, therefore, ignored in this paper. The signal transition
times determine the highest switching speed an on-chip signal
can achieve, i.e., the bandwidth of the circuit. The total delay of
the interconnect is

Ttotal = k(tds + 'Ytrs)

R,C RoC.
a1 == + a4y <R000k T thg0h> Q)
where
a1 =0.377 4 1.1y (6)
az = 0.693 + 2.75v 7
0.693R 40 + 2.75vRo
0= a : (3)

The total delay obtained from (5) as well as the model neglecting
input transition time effects are compared with SPICE in Fig. 2
for different numbers of repeaters. In the SPICE simulation, the
first driver and the far end load are assumed to be implemented
by the same sized repeater. The input signal slew of the first
driver is assumed to be the same as the signal slew at the end
of the interconnect. The interconnect parameters are extracted
for a minimum-sized global interconnect at the 80-nm tech-
nology node [8]. As shown in Fig. 2, neglecting the effects of the
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input transition time significantly underestimates the total delay.
When the number of repeaters is small, each repeater drives a
long interconnect. The signal transition time at the input of each
repeater (the output of the previous stage) is sufficiently large;
therefore, the assumption made in [14] (¢;_in < 3tr_out) is NO
longer valid. The gate delay does not increase linearly with the
input transition time and (5) becomes less accurate. This situa-
tion will normally not occur in practical circuits due to the slow
transition time. In this example, when more than four repeaters
are inserted, the error of (5) is within 7% of SPICE.

By setting 0T ota1/ Ok and 0T ota1/Oh to zero, the optimal k
and h to minimize T}, can be obtained

a1 R:Cy
Kopt = 4] — ot
Pt a Ro CO (9)

| RoCy
hopt = . 10
pt Rt Cg(] ( )
The corresponding minimum delay is
C
Tonin = 2¢/a1a2R,C1 Ry Cy (1 + ,/M) .
a1 CO

This delay-minimal repeater design methodology is not nec-
essarily an appropriate strategy in practical circuits. First, the
delay is not sensitive to the size of the repeaters near the op-
timal point, therefore, significant power and area are wasted to
achieve only a small improvement in speed when approaching
the optimal point (for minimum delay). Second, with increasing
on-chip signal frequencies, it is possible that a delay-minimal
design methodology will not satisfy the specific bandwidth
requirement.

B. Power Dissipation Components in Interconnects
With Repeaters

Power dissipation is a primary criterion in VLSI circuits due
to high integration densities and high speeds. There are three
significant power dissipation mechanisms in digital CMOS cir-
cuits: dynamic power, short-circuit power, and leakage power.

1) Dynamic Power: Dynamic power is the power consump-
tion due to charging and discharging the load capacitance. Dy-
namic power has been well studied and is characterized by the
following well-known expression:

Py= o, fCLVi (12)
where f is the clock frequency and «; is the switching factor
(assumed here as 0.15 [9]). For an RC interconnect with re-
peaters, the load capacitance C, includes both the interconnect
capacitance and the parasitic capacitance of the repeaters. The
total dynamic power in a RC line with repeaters is

Py = a,fCLVE = asf(Cy + khCo)VE,. (13)

2) Short-Circuit Power: 1If the signal applied at the input of
a CMOS inverter has a finite slew rate, a direct current path
exists between V34 and ground when the input signal switches
between V;,, and Vaq + Vip,. The power consumed in this way

R,
Do—c:CL.jI_ _»DO%S:N%Q . l>°% .,

Fig. 3. 7 model representation of a distributed RC interconnect and the
effective capacitance.

is called short-circuit power [17]. The short-circuit power is a
function of the input transition time, output load capacitance,
and the size of the transistor. A closed-form model of the short-
circuit power [18] is adopted here because the model provides a
clear relationship between the short-circuit power and related
circuit parameters. From this model, the short-circuit energy
dissipated in a CMOS inverter during a full signal switch (0 —
1 — 0) can be approximated as

4I§satt72“ Vdd

Es = .
Vdsat GCout + 2HIdsattT

(14)

In this expression, Cy, is the output load capacitance. Vygay =

(Vdsatn + Vdsatp)/2 and Idsat = (Idsatn + Idsatp)/2~ G =
(Gr + Gy)/2 and H = (H, + Hy)/2. G, and H, are the
coefficients associated with rising inputs, and can be determined
as [18]

_ (o + DA = v4n)* (1 = vy,) 072

G, = 15
Fr(l — Utn — ’Utp)ap/2+0‘n+2 ( )
Ho— 29 (ap + 1)(1 — v ) (16)
(1 = vt — Utp)aﬁ_l
where
= 1 ap Qy (0‘2—” - 1) ‘ (17

an—|—2_2(an+3) an +4

Gy and Hy can be obtained by exchanging the n and p suf-
fixes in (15)—(17). The total capacitance in a single interconnect
stage includes the output parasitic capacitance of the repeater,
the interconnect capacitance, and the input capacitance of the
following repeater:

Cstage = COh + %
Due to the shielding effect of the interconnect resistance, the
load capacitance seen by the repeater is less than Cgtage during
an input signal transition. An effective capacitance C.g, there-
fore, needs to be determined to estimate the short-circuit power.
In order to obtain Ceg, the interconnect is first approximated by
a m model which matches the first three moments of the admit-
tance at the repeater output, as shown in Fig. 3. The © model
parameters can be obtained from the method presented in [19].
The effective capacitance of this 7 structure can be obtained in
a similar way as in [20]. In [20], the driver output waveform is
approximated by a quadratic function followed by a linear func-
tion. The output waveform of the repeaters generally follows a
quadratic function during the input transition time. With this as-
sumption, the effective capacitance of the m model can be deter-
mined as

(18)

Cut = Cp + O [1 — 20 +20%(1 — e_(l/”))} (19)
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where 0 = R;Cj/tey, and t., is the time when the effective
capacitance is evaluated. As expected, Ceg is between C,, and
Cp+Cy. o can be viewed as a metric charactering the shielding
effect of the resistance. With increasing o, Cog decreases from
Cp + Cy to C,,. The effective capacitance should be evaluated
to determine the short-circuit current, which flows during a non-
step input signal transition. By fitting SPICE simulations, the
evaluation time is determined as tey = 0.46(1 — vgn — |vgp|)tr.
The total short-circuit power of the inserted repeaters, therefore,
is

_ 4asf150tguidkh2
" VasatGCogt + 2H Lyt b

P (20)
where I is the average saturated drain current of the NMOS
and PMOS transistors in a minimum-sized repeater, and Ceg is
the effective capacitance of each interconnect stage.

3) Leakage Power: In deep-submicrometer CMOS tech-
nologies, the dominant leakage current source is composed of
subthreshold current and gate leakage current [21]. The total
leakage power dissipated in the repeaters is

Py = hkVaa(Isupo + Ig0) 21
where I .o is the average subthreshold current of the NMOS
and PMOS transistors in a minimum-sized repeater. I is
the average gate leakage current of a minimum-sized repeater
with low and high inputs. The leakage power is expected to
dominate dynamic power and short-circuit power in future
advanced technologies and high complexity systems, especially
for those interconnects with low switching activities. Since
the subthreshold current increases rapidly with increasing
temperature, a worst case temperature of 100 °C is assumed
in this paper to emphasize the leakage power. In this case,
Isub() = 34.5 nA and Ig[) = 1.4 nA.

C. Power Dissipation With Delay Constraints

For a delay constraint T;¢q greater than T,,;,,, the design space
of the repeaters can be characterized as Tiotal < Treq, Which is
the area inside the closed curves shown in Fig. 4. From (5), the
edge of the design space satisfies

RyCy
4

Ry

C
k' L+ oay (Rocok-i-

a1 + Rthoh> = Treq- (22)
With T, approaching T),;n, the design space converges to the
minimum delay point (hopt, kopt ). Note in Fig. 4 that the min-
imum h that can satisfy the delay requirement occurs when
k = kopt. Alternatively, the minimum k that can satisfy the
delay requirement occurs when h = hqpt.

The total power dissipated by an RC interconnect with re-
peaters is the summation of the three primary power dissipation
components

PtotaIZPd‘i_[)s‘i_Pl- (23)
In Fig. 5, P;ota) is plotted as a function of k£ and h. For each h,
an optimal k exists to achieve the minimum power. If £ is too
small, the signal transition time will be large, and the total power
is dominated by the short-circuit power. If k is too large, the total
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Fig. 4. Repeater design space with delay constraint. R = 0.31 Q/um, C =
0.223 fF/pm, and I = 10 mm.
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Fig. 5. Total power dissipation in an interconnect with repeaters as a function
ofhand k. f = 1 GHz, R = 0.31 Q/um, C = 0.223fF/pm, and ! =
10 mm.

power is dominated by the dynamic power and leakage power.
Py and P, increase linearly with increasing h for a fixed k. Ps,
however, is more complicated. In order to obtain an analytic
solution, some approximations are made to Ceg. The effective
capacitance Cog in one stage is a function of A and k. The ratio
between Cegr and Cgage is plotted in Fig. 6. In most cases, this
ratio is varied in the range from 0.5 to 1. An average ratio of
0.75 is used in (20) to evaluate the short-circuit power. With this
approximation, P /0h is always positive, which means that
P; increases monotonically with increasing h for a fixed k. The
total power Pi.t,1, therefore, also increases monotonically with
increasing h for a fixed k. This behavior is illustrated in Fig. 5.
For the design space shown in Fig. 4, the minimum power can
only be reached on the left edge of the design space.

The power dissipation at the edge of the design space is
plotted as a function of A in Fig. 7. The dynamic and leakage
power is plotted together since both of these power components
depend linearly on kh. For each repeater size h, there may
exist two values of k, causing the same delay 7.4, as shown in
Fig. 4. These two values of k correspond to two power values,
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as shown in Fig. 7. The minimum total power with delay con-
straints P, delay can be obtained by solving dPiota1/dh = 0.
Note that at the edge of the design space, k is a function of h. In
order to provide a closed form solution for Py, _gelay, the curve
of P; + P, around the power-optimal point is approximated
by a part of an ellipse, as shown in Fig. 7(b). The optimal
design parameters (hg, ko) for minimizing P; 4+ P, with a delay
constraint 7’4 can be solved by the Lagrange method [5]

—-b— \/b2 — TfeqalagRngRtCt
ko =

24
Treqa2R0C0 ( )
TI‘E( kO - 2alRtCt
ho = —2 25
0 2@2Rt0g0k‘0 ( )
T2
b= agRORtCt(ango - 0,100) - r40q . (26)

In Fig. 7(b), h; is the minimum repeater size that can satisfy
a target delay constraint, which can be obtained by inserting
k1 = kopt into (22). Py and P; are the corresponding values of
Py+ P at (hg, ko) and (hq, k1), respectively. The curve of P is
approximated by a linear function. With these approximations,
the power-optimal repeater size h, with a delay constraint is

zo(ho — h1)?
Vad(ho — h1)? + (Py — Py)?

27)

hy = ho —

where

xo = 4o, f I3 Vaakth
1.5VdsatG(C(]}L0k0 =+ Ct)h() + 2HId0k'0tT0h%

10.75Vasas G(Cohoko + Cr) + 2H Liokotroho)?
(28)
(29)

tro :tr(h07 kO)

A detailed derivation is provided in the Appendix. The corre-
sponding k, can be solved by inserting h,, into (22). Upon ob-
taining hy, and k,, Py, _delay can be obtained directly from (23).
If k,, is not an integer, the nearest two integers are used to deter-
mine the minimum power (h;, will need to be recalculated).

For different interconnect loads and delay constraints, results
from the proposed method are compared with SPICE simula-
tions as listed in Table II. The average error of the analyti-
cally obtained minimum power is 7%. In these experiments,
the total power does not include the power consumed by the
load buffer. In Table III, different power components from the
analytic model are listed separately for delay-optimal circuits
and power-optimal circuits with delay constraints. The dynamic
power listed in the table is only due to the parasitic capacitance
of the repeaters, since the dynamic power due to the interconnect
capacitance is a constant for a specific interconnect. As com-
pared with the power dissipation in a delay-optimal circuit, sig-
nificant power savings is achieved by adopting a power-optimal
circuit with delay constraints. For a power-optimal circuit, all
of the three power components decrease with increasing delay
targets. Note that for a delay-optimal circuit, the short-circuit
power is slightly less than the dynamic power of the repeaters.
For a power-optimal circuit with delay constraints, the short-cir-
cuit power can be greater than the dynamic power of the re-
peaters. The short-circuit power grows in significance with in-
creasing delay targets. The leakage power is less than a quarter
of the dynamic power of the repeaters for the examples listed in
Table III.

The effect of switching factor a5 on the solution of the power-
optimal design is illustrated in Fig. 8. The curve is step like
since the corresponding k, is an integer. As shown in Fig. 8,
under a delay constraint, h, decreases with increasing os. At
the limiting case, as = 0, only leakage power exists, and the
optimal repeater size is h, = hyg.

As shown in Fig. 7, the short-circuit power at the edge of the
design space increases with increasing repeater size, while dy-
namic power and leakage power decrease with increasing re-
peater size around the power optimal solution. A larger repeater
size with fewer number of repeaters is, therefore, preferable for
dynamic and leakage power dominant cases, and a smaller re-
peater size with a greater number of repeaters is preferable for
short-circuit power dominant cases. For circuits with low power
supplies, the threshold voltage is normally reduced to maintain
performance. The leakage power, therefore, is a more dominant
component of the total power consumption. In this case, the op-
timal repeater size h,, is closer to hy.

D. Power Dissipation With Bandwidth Constraints

The bandwidth of an interconnect is assumed in this paper
to be limited solely by the output signal transition time. Faster
signal transition times support a shorter signal bit period, there-
fore, a higher bandwidth. For a bandwidth constraint Biq, the
signal transition time is assumed to be less than or equal to
half the bit period, i.e., ¢, < 1/2(Byeq). The design space for
different bandwidth constraints is shown in Fig. 9. The design
space is the area in the upper right side of the curve. From (3),
the expression characterizing the design space edge can be de-
termined as

R,C
11224275 (R,,000+

RT()Ct Rth()h _ 1
k2 * S 2

hk; k Bireq
(30)
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Fig. 7. Power dissipation with constant delay. f = 1 GHz, Tyeq = 1 ns, R = 0.31 Q/pum, C = 0.223{fF/pm, and I = 10 mm.
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TABLE 1II 100
MINIMUM POWER WITH DELAY CONSTRAINTS OBTAINED ANALYTICALLY AS
COMPARED WITH SPICE SIMULATIONS. f = 1 GHz
3 95 L
R | Cp |Treq SPI%E — Analy}glc —
kQ F ky| h m-delay | | h, m.dela
( ) (p ) (pS) V4 4 (NW) P P (/J'W) % Error
1 1 400 [ 4 | 90 3153 4 | 88.9 |335.2 6.3 a
T | 1 [ 5003 |59 | 267.8 | 4 | 546 [283.0] 5.7 <90
2 2 800 [ 8 | 90 624.5 9 | 85.1 [669.7 7.2
2 2 [900 |7/ 69 558.5 8 | 67.1 |602.8] 7.9
2 2 [1000| 7 |56.5| 5283 7 | 56.7 |565.8] 7.1 85t
3 1 [700 |7 [47.5] 300.6 7 | 49.7 |331.1] 10.1
3 1 [80][7] 36 274.9 7 |36.6 12962 7.7
3 1 [900 |6 [30.5] 260.7 6 | 30.6 [277.5] 6.4
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2 3 [1200] 9 [71.5] 801.6 9 [ 71.1 [8574] 7.0 0 0.05 0.1
2 3 [1400] 9 | 55 753.7 8 [ 559 [799.2] 6.0 o
S
TABLE I Fig. 8. Effect of o, on the optimal repeater size h,,. R = 0.31 Q/pm,

DIFFERENT POWER COMPONENTS DISSIPATED IN THE REPEATERS. f = 1 GHz

C =0.223fF/pm,l = 10 mm, f =

1 GHz, and T,eq = 1 ns.

Delay-optimal Power-optimal 100
(1155) (glg) ,1(—;:;1 Pd.rep s Pl Pd.rep Ps Pl
W) | (W) | (uW) | (uW) | (uW) | (pW)

1 1 400 | 182.2 | 171.7] 45.7 | 56.0 | 73.8 | 13.6 80

1 1 500 | 182.2 [171.7| 45.7 | 344 | 508 | 84 x

2 2 | 800 | 364.3 (3433|913 | 111.9 | 147.5| 27.2 %)

2 2 | 900 | 364.3 (3433|913 | 84.5 |117.2] 20.6 %

2 | 2 |1000] 3643 |3433| 913 | 625 |108.8] 152 g 60

3 1 700 | 1753 [172.9] 439 | 547 | 714 | 13.2 (]

3 1 800 [ 1753 [172.9| 439 | 403 | 56.1 | 9.8 ks

3 1 900 | 1753 (1729|439 | 289 | 522 | 7.0 g 40

2 3 [1000| 520.6 [519.6|130.5| 160.9 |208.0| 39.1 S
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From (30), k is solved as a function of h 0 . . . .
0 50 100 150 200 250

where

k(h)

™ = 2.75RT0C0 —

_ \/ T22 — 4-4TlRtCt + T2

Repeater size, h

€Y
—2n Fig. 9. Repeater design space with bandwidth constraints. R = 0.31 €2/ pm,
C = 0.223fF/pm, and I = 10 mm.
1 R C,
(32) o =2.75 [ =2t 4 R,Cyoh | . (33)
Breq h
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In order for k to be a positive real number, 7; should be negative.
An upper limit, therefore, is placed on the bandwidth by the
process technology

Breq < 1

g < 34
4= 55R,0Co (34

Similar to the delay-constraint case, the minimum power with
a bandwidth constraint can only be reached at the edge of the
design space. P; in (20) can be rewritten as

_ 4Oé5 flgot,?Vddkh
0.75VawwiG (Co + &) + 2H Laot,

(35)

s

For a fixed t,., Ps increases monotonically with increasing kh.
This relationship is also valid for P; and P;. At the edge of the
design space, t,, = 1/2B,.; therefore, kh can be obtained from
(31

\/(Tgh)2 — 4.4T1Rt0th2 + Tgh
—27’1 '

kh =

(36)

20 T . :
151 s
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— PR
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( hp ’ F,m_delay)
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Repeater size, h
(b)

Design space and power dissipation at the edge of the design space with both delay and bandwidth constraints. (a) Design space. (b) Power dissipation.

From (36), kh increases monotonically with A (note that 71 is
negative). The total power at the edge of the design space, there-
fore, increases monotonically with increasing h, as shown in
Fig. 10(a). The minimum power satisfying the bandwidth con-
straint can be achieved with minimum-sized repeaters. For min-
imum-sized repeaters, the corresponding k and total delay, how-
ever, are unpractically large as shown in Figs. 9 and 10. In order
to produce an effective repeater system, the delay and area con-
straints should also be considered.

E. Power Dissipation With Both Delay and Bandwidth
Constraints

The design space under both delay and bandwidth constraints
is the intersection of the design spaces described in Sections II-C
and II-D, as shown in Fig. 11(a). The minimum power is also
achieved at the edge of the design space. As described in Sec-
tion II-C, the minimum power satisfying the delay constraint
occurs at (hy, kp). If these design parameters satisfy the band-
width requirement, (h,, k) is the optimal design point for min-
imizing power while satisfying both the delay and bandwidth
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constraints. If (hy, k,) cannot satisfy the bandwidth require-
ment, the minimum power occurs at the left intersection of the
two design space edges, as shown in Fig. 11(a) and (b). The co-
ordinates of the intersection are obtained by solving (22) and
(30). If no intersection exists between the two design spaces,
the two constraints cannot be simultaneously satisfied, and one
or both of the constraints have to be released. Other constraints,
such as the number and size of the repeaters, can be similarly
handled.

III. EFFECTS OF INDUCTANCE ON THE REPEATER
INSERTION METHODOLOGY

For wide global interconnects, the inductance is not negli-
gible and has to be considered in repeater design methodolo-
gies. In Section III-A, a timing model of an RLC interconnect
is reviewed. In Section III-B, the effects of inductance on the
repeater design space are analyzed. The minimum power con-
sumption while satisfying delay and bandwidth constraints is
described in Section III-C.

A. Timing Model of RLC Interconnect

In [2], a variable ( is introduced to characterize the effects
of inductance. By including the repeater output capacitance, ¢
becomes

Rl [C R+ Cr (1+g—£)+CT+RT+O.5
AN Jiton ©7

where Rt = kR0 /(hRl) and Cp = hkCyo/(Cl). The corre-
sponding ¢ with R4 and R, is denoted as (4 and (., respec-
tively. The delay model of an RLC interconnect is an extension
of the result from [2] where the repeater output capacitance and
input slew effects are included. The delay of a single stage in-
terconnect for a step input can be obtained by curve fitting

¢

e=23617 4 1.48¢,

W

tas = (38)

where w,, = k/\/LI(Cl+ Cyohk). The coefficients in (38)
are slightly different from those in [2] due to the effects of the
repeater output capacitance. In [22], an accurate estimate of the
rise time in an RLC interconnect is also obtained by curve fitting.
The expressions, however, are analytically complicated. In this
paper, a simplified piecewise approximation of the rise time is
used

4.4¢. — 1.8
—— (> 041
= 0.8wy, ¢

0, otherwise.

’

_ toow — tio%

tr
0.8

(39)

When (. < 0.5, the interconnect is highly inductance dominant,
and (39) can introduce a large error. In Fig. 12, (,. is plotted
for different repeater sizes and interconnect lengths. The driver
size is normalized to the size of a minimum inverter. The size
of the load gate is the same as the driver. Wy,;, = 0.18 um is
the minimum global wire width specified in the ITRS [8]. The
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Fig. 12. Inductance effect for different driver sizes and interconnect lengths.
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Fig. 13. Inductance values with difference current return paths.

space between adjacent interconnects is assumed equal to the
interconnect width. As shown in Fig. 12, inductance effects be-
come more significant with larger drivers. Note that for a fixed
driver size, a minimum (,. can be achieved in this example when
the interconnect length is approximately 1 mm. When the wire
length is too short or too long, the interconnect is dominated
either by the repeater resistance or the wire resistance, respec-
tively. In Fig. 13, the inductance per unit length is plotted as a
function of the space between the signal line and the current re-
turn path. The wire thickness is 0.4 pm. Three wire widths are
examined, 0.36, 1.8, and 9 um. The width of the reference line
for the current return path is assumed to be the same as the signal
line width. The inductance values are obtained with FastHenry
[23] for a wire length of 10 mm. As shown in Fig. 13, the inter-
connect inductance increases slowly with increasing space be-
tween the signal line and the current return path. With the same
line space, wider wires exhibit smaller inductance. When the re-
turn paths are within 10 pm, the inductance ranges from 0.5 to
1.5 pH/pm.
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B. Effects of Inductance on the Repeater Design Space

By including interconnect inductance, both the delay and
signal transition time of an interconnect are affected. The re-
peater design space satisfying delay or bandwidth constraints is
also changed, which is described in Sections III-B1 and III-B2,
respectively.

1) Bandwidth Constraints: The signal transition time at the
far end of an RLC interconnect decreases with increasing induc-
tance effects [7]. The inductance, therefore, increases the band-
width of an interconnect. The repeater design space satisfying a
bandwidth constraint is plotted in Fig. 14 for different values of
inductance. With increasing inductance, the number and size of
the repeaters can be reduced while maintaining the same signal
transition time.

2) Delay Constraints: The delay of an interconnect with re-
peaters can be affected by inductance in three ways. First, the
propagation delay along the interconnect can increase with in-
creasing inductance [24]. Second, the inductance reduces the
signal transition time, decreasing the gate delay due to the input
slew effect. Third, due to the inductive shielding effect (de-
scribed by El-Moursy and Friedman in [24]), both the effective
capacitance seen by the driver and the equivalent output resis-
tance of the driver are reduced. The gate delay is, therefore, fur-
ther reduced. (Since the delay model used in this paper is based
on curve fitting, and a constant driver resistance is assumed, the
third inductance effect is not considered in this model).

As presented above, the interconnect inductance has com-
peting effects on the total delay. The total delay of an intercon-
nect with repeaters is plotted in Fig. 15. As shown in Fig. 15,
with increasing line inductance, the total delay decreases until a
minimum delay is achieved. The analytic model overestimates
the inductance effects when the inductance is low; however,
the trend of the inductance effect is captured. In Fig. 16, the
repeater design space satisfying a delay constraint is plotted
for different values of inductance. Only the portion of the de-
sign space with fewer and smaller repeaters is of interest. As
shown in Fig. 16, the design space first expands and then shrinks
with increasing inductance. Larger inductance does not neces-
sarily resultin fewer and smaller repeaters. When the inductance
changes from 2 pH/pum (the left curve in Fig. 16) to 4 pH/pum

169
1
0.9
@ 0.8f
£
>
©
[0}
O 0.7¢
06
— SPICE
— — Analytic model
0.5 : : . -
0 2 4 6 8 10

Interconnect inductance (pH/um)
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(the curve second to the left in Fig. 16), the number and/or size
of the repeaters should be increased to satisfy the same delay
constraint.

C. Power Dissipation With Delay and Bandwidth Constraints

The inductance affects the minimum power with delay and
bandwidth constraints in two ways. First, the design space is
changed as discussed in Section III-B. Second, the short-circuit
power consumed by the repeaters may also be affected by the
inductance for a fixed interconnect configuration. As presented
in Section III-B, the inductance can produce faster signal tran-
sition times, reducing the time during which the short-circuit
current can flow [7]. The inductance also shields part of the far
end capacitance [24], resulting in a smaller effective load capac-
itance and increasing the peak short-circuit current.

Similar to an RC line, a distributed RLC interconnect with
a capacitive load can be represented by a m model [25]. The
effective capacitance of the = model is

4R.C
Ceg =C,, + Cf 1_t—f
8k 8k
t2331 (elorte/?) _ 1) 4 é(e(sztr/z) —1) (40)



170 IEEE TRANSACTIONS ON VERY LARGE SCALE INTEGRATION (VLSI) SYSTEMS, VOL. 14, NO. 2, FEBRUARY 2006

121

—~ 17
&
= 08y
o
£ 06f
3
o
5 04f
o
S o2}
2
%) 0

-0.2}

L=0,1,2,3,4,5 pH/um
-0.4 - . .
2 2.05 2.1 2.15 2.2
Time (ns)

Fig. 17. Effects of inductance on short-circuit current in repeaters. . = 10 mm,
k=10,h = 150, and W = 10Wpnin.

140
120F h =200 _
2 100t :
>
>
o 80f
)
3 60f
S h =150
€ [T - - - - - - == —__ —
2 4o0f Tm - -
(@]
h=100 _ _ _
ool mm T T T S
o 1 ' 1 1
0 1 2 3 4 5
Inductance (pH/um)
Fig. 18. Effects of inductance on the short-circuit power in repeaters.
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where

~R, % /R2 — 4=
a0y T Cf
= (41)

S1,2 = 2L
A “2)
81(81 — SQ)Lﬂ—Of
by L 3)

$3(s2 — 81)L.Cs’

In Fig. 17, the short-circuit current of a repeater in an in-
terconnect system is illustrated for different inductance values.
The short-circuit energy consumed in one signal transition is de-
picted in Fig. 18. When h = 100, the effect of the inductance
on the transition time cancels the inductive shielding effect on
the load, making the short-circuit power less sensitive to induc-
tance. This result shows that the common assumption that in-
ductance can reduce short-circuit power is not always true. Ac-
tually, the short-circuit energy increases slightly with increasing
inductance until a maximum energy is achieved. With a larger
repeater size, the effect of inductance on the transition time
increases and starts to dominate the inductive shielding effect
on the load for large inductances, decreasing the short-circuit
power. For h = 150, the short-circuit energy is almost constant
when L < 2 pH/um, however, both the period and peak value
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Fig. 19. Effects of inductance on the minimum interconnect power while
satisfying a delay constraint. I = 15 mm, W = 10W ,i,,, and Tyeq = 1 ns.

of the short-circuit current vary over this range of inductance,
as shown in Fig. 17. When h = 200, the effect of inductance on
the transition time dominates the shielding effect for any value
of inductance. For very large repeaters, the short-circuit power
always decreases with increasing inductance.

As described in Section II, the minimum power of an RC in-
terconnect with repeaters can be achieved at the edge of the de-
sign space. For practical RLC interconnect structures, this be-
havior is also valid. Given a design space, the minimum power
can be solved numerically by applying the Lagrange method.
In Fig. 19, the minimum achievable power of an interconnect
with inserted repeaters while satisfying a delay constraint is
plotted for different values of inductance. The clock frequency
is 1 GHz. As shown in Fig. 19, by including inductance, the min-
imum interconnect power under a delay constraint is slightly re-
duced. This reduction is partially due to the extension of the de-
sign space (for low values of inductance) and partially due to the
reduction in short-circuit power (for large values of inductance).

As described in Section II, the minimum power of an RC in-
terconnect with bandwidth constraints can be achieved by using
the minimum-sized repeater in the design space. This statement,
however, is not correct for RLC interconnect. The optimal k for
an RLC line to achieve the minimum power is normally unprac-
tically large. In Fig. 20, the minimum achievable power of an
RLC interconnect satisfying a bandwidth constraint is plotted
for different values of inductance. In this example, & is limited
to 10. As shown in Fig. 20, the inductance reduces the minimum
power under a bandwidth constraint. Note in Figs. 19 and 20 that
the analytic model overestimates the inductance effect for small
values of inductance. The error of the analytic method is less
than 10% in Fig. 19 and less than 6% in Fig. 20.

IV. CONCLUSION

In this paper, a repeater insertion design methodology is pre-
sented to achieve the minimum power with delay and band-
width constraints. Input slew effects are considered in the delay
model. The minimum power is achieved at the edge of the de-
sign space. Closed-form solutions for the minimum power in
an RC interconnect are developed with delay constraints, where
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the average error of the model is 7% as compared with SPICE
simulations. Satisfying a bandwidth constraint, the minimum
power dissipated in an RC interconnect can be achieved with
minimum-sized repeaters. The effects of inductance on the re-
peater insertion methodology are also analyzed. It is shown that
the effect of inductance on the interconnect delay (including the
delay of the repeaters) and on the short-circuit power is non-
monotonic. The overall effects of inductance reduce the min-
imum achievable power under a delay or bandwidth constraint.

APPENDIX
MINIMIZING P21 WITH A DELAY CONSTRAINT FOR RC
INTERCONNECT

Since both P; and P, linearly depend on kh, the problem of
minimizing P; + P; can be formulated as: minimizing function
X(h,k) = kh subject to the constraint Tioa1(h, k) < Treq-
As described in Section II, the minimum P; 4+ P, can only be
achieved at the edge of the design space. The constraint Tt <
Teq» therefore, can be further simplified as Tyota1(h, k) —Treq =
0. From the Lagrange method [26], the solution should satisty
the following two equations:

a[X + )\(Ttotal - Treq)]

o =0 (44)
8[X + /\(Ttotal - Treq)] _
o =0 (45)

where ) is called the Lagrange multiplier. From (5), (44) and
(45) are rewritten as

arRoC
k+ A (aQRtOgo —~ %) =0 (46)
B A <a2R000 - %;Ot) =0, (47)

Similar to the approach in [5], eliminating A from (46) and (47)
results in

agRQCt

CLQRO CO k + (48)

R.C
= athCgoh + %

From the constraint expression (22), it can be observed that both
sides of (48) are equal t0 Tyeq/2

Tre

arRoCok + 2210% _ Trea (49)
R.C, T

as Ry Cyoh + % ==, (50)

Solving the above two expressions, (24)—(26) can be obtained.
The curve of P; + P; around the power-optimal point is ap-
proximated as a part of an ellipse

(}L — ho)Q
(h1 — ho)?

(Py+ P — Py)?
(P — Po)?

=1 (51)

where hy, Py, and P; are defined in Section II. From (51), Py +
P, can be determined as

(Py — P1)+/(h1 — ho)? — (h — hg)?
ho — hy

Pi+P =P+ . (52)

kh achieves the minimum value at hg, therefore,
(d(kh)/dh)|n, = 0. By utilizing this result, the derivative
z9g = (dPs/dh)|n, can be obtained as shown in (28).
The short-circuit power around the power-optimal point is
approximated as

P, = Ps(ho) + ZE()(}L — }L()). (53)
From (52) and (53), the derivative of P;,ta1 can be determined
as

dPioa _ (h— ho)(Po — P1)
dh ~ 7" (hg — h1)\/(h1 — ho)2 — (h— ho)2

(54)

Setting (54) to zero, the power optimal solution (27)—(29) can
be obtained.
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