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Abstract— A repeater insertion methodology is presented
for achieving the minimum power in an RC interconnect
while satisfying delay and bandwidth constraints. With delay
constraints, closed form solutions for the minimum power are
developed which are within 10% of SPICE. With bandwidth
constraints, the minimum power can be achieved with mini-
mum sized repeaters.

I. INTRODUCTION

Repeater insertion is an efficient method for reducing
interconnect delay. The optimal number and size of the
repeaters to achieve the minimum delay of an RC' inter-
connect has been described in [1]. The size of an optimal
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 [2],
significant 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 methodologies [3].

The number and size of the repeaters are determined
in [4] to minimize the total interconnect power and area
while satisfying a target delay constraint. In [4], only dy-
namic power is considered. By including both short-circuit
and leakage power, a more practical design methodology is
presented in [5]. Closed form solutions, however, are not
provided.

With on-chip signal frequencies continuously increasing,
bandwidth has become another important criterion in in-
terconnect design. In this paper, a new repeater insertion
methodology is proposed. As compared with the literature,
the contribution of this paper is

1) A new and more accurate delay and transition time
model is developed and applied in the repeater inser-
tion methodology.

2) Bandwidth as well as delay constraints are consid-
ered.
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Fig. 1. Repeater insertion in an RC interconnect.

3) Closed form solutions for the minimum power are
provided.

The paper is organized as follows. By including the effects
of the input transition time, a new model of delay and
transition time for RC interconnects with repeaters is
presented in section II. In section III, the three primary
power dissipation sources are reviewed. A more accurate
model [6] is also adopted to analyze short-circuit power.
In sections IV and V, analytic methods for achieving the
minimum power are presented with delay constraints and
bandwidth constraints, respectively. Finally, some conclu-
sions are offered in section VI.

II. DELAY AND TRANSITION TIME MODEL

As shown in Fig. 1, a distributed RC interconnect is
evenly divided into k segments by uniform repeaters. R
and C; are the total resistance and capacitance of the
interconnect. The repeaters are h times as large as a
minimum sized repeater, with the output resistance Rpo/h,
output capacitance hCgo, and input capacitance hC o,
where Ryrq, Cq0, and Cy are the output resistance, output
capacitance, and input capacitance of a minimum sized
repeater, respectively.

In this paper, the repeater is implemented by a CMOS
inverter. The inverter is 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) [7] for a 45 nm printed channel
length is used in this paper, which corresponds to the
80nm technology node described in the ITRS [8]. Some
model parameters are modified to capture the trends of the
saturated drain current and subthreshold current predicted
by the ITRS.

R0 can be approximated as

Vaa
9
I dn0

where K is a fitting parameter, and I, is the saturated
drain current of a minimum sized NMOS transistor with

Rtr,-() = K (1)
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both Vs and Vg, equal to Vgg. K can be determined by
matching either the 50% delay or the transition time of
the step response of an RC' equivalent 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 here as K, and K,,
respectively. The corresponding output resistances are R 40
and R,q.

The delay t45 and transition time ¢, of a single stage of
the interconnect for a step input can be obtained from [9],

h
tyy = 0.377R;ft +0.693(RaoCo + R‘;lokct + Rt%" ),
(2)
P toon — t10%
e 0.8
R:Cy R,0C;  RiCyoh
= 1.1 2- 'd )
w T 75(Ry0Co + v g ),(3)

where Cy = Cgg + Cyo. With a finite input slew rate, both
the repeater delay [10] and the repeater output transition
time [11] depend linearly on the input transition time 7'r ;;,.
The contribution of T'r;, to the repeater delay can be
represented by ¥1'r;,, where [10]

1 1-— V¢

2 l+4+a’
In (4), o is the velocity saturation index, and vy is the
normalized threshold voltage.

The transition time at the far end of an interconnect
excited by a ramp input is difficult to model directly. For the
interconnect system shown in Fig. 1, each stage is assumed
to exhibit the same behavior. The input and output signal
of a stage, therefore, exhibits the same transition time.
The transition time in such a situation is denoted as t,.
The ratio between ¢, and ¢,.s is represented by 8, which
is almost a constant for various interconnect parameters
and repeater sizes. For the BPTM 45 nm technology, S is
approximately 1.15. By including the effects of the input
transition time, the delay and transition times of each stage
are, respectively,

= 4

tq stage — tgs + vtr, )
t, = ﬂtrs- (6)

The total delay of the interconnect is

R;C, RyC,
Tiotar = a1 I}C " + as(RoCok + (;L ! + R:Cyoh), (7)
where
a; = 0377+ 1.144, (8
az = 0.693 + 2.75v8, ©)]
_ 0.693Rg0 + 2.75vBR o

0 (10)

as

The total delay obtained by (7) as well as the model
neglecting input transition time effects are compared with
SPICE in Fig. 2 for different numbers of repeaters. As
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Fig. 2. Total delay for an RC interconnect driven by repeaters. R =
0.31Q/um, C = 0.223{fF/um, { = 5mm, and h = 50.

shown in Fig. 2, neglecting the effects of the input transition
time significantly underestimates the total delay. When
more than four repeaters are inserted, the error of (7) is
within 5% as compared with SPICE. By setting 0T 141/ 0k
and 0T o141/ Oh to zero, the minimum delay can be obtained
as

axC
Topt = 2\/&1&2RtCtR()CO (1 + \/ 2 gO) . (11)
a100
ITI. POWER DISSIPATION SOURCES

There are three primary types of power dissipation mech-
anisms in digital CMOS circuits: dynamic power, short-
circuit power, and leakage power.

A. Dynamic Power

Dynamic power is the power consumption due to charg-
ing and discharging the load capacitance. The total dynamic
power dissipation in an interconnect is

Py = a;fCtotaViy = asf(Cy + khCo)Viy,

where f is the clock frequency and a, is the switching
factor which is assumed in this paper to be 0.15 [5].

12)

B. Short-Circuit Power

If the signal applied at the input of a CMOS inverter has
a finite slew rate, a direct current path exists between Vg
and ground when the input signal switches between Vi,
and V4 + V3p. The power consumed in this way is called
short-circuit power. The total short-circuit power dissipated
in an interconnect system can be obtained by adopting the
model presented in [6],

4ast§0t3Vddkh2
VdsatGCstage + 2]:I-[dotrh '
In this expression, G and H are process related constants.
Visar and Iy are, respectively, the average saturated drain
voltage and average saturated drain current of the NMOS

and PMOS transistors in a minimum sized inverter. Cs¢qge
is the load capacitance in a single stage,

Cy
B

Py = 13)

Cstage = Coh + (14)
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Fig. 3.  Repeater design space with different delay constraints. R =
0.31Q/um, C = 0.223 fF/um, and ! = 10 mm.

C. Leakage Power

In deep submicrometer CMOS technologies, the dom-
inant leakage current source is the subthreshold current
and the gate leakage current [12]. The total leakage power
dissipated in the repeaters is

P = hkVaa(Louso + Iy0), (15)

where Igup0 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. 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.

IV. POWER DISSIPATION WITH DELAY CONSTRAINTS

For a delay constraint T, greater than T, the design
space of the repeaters is the area inside the closed curves
shown in Fig. 3. An expression characterizing the design
space edge is

Tiotar — Treq =0. (16)

With T, approaching T, the design space converges to
the delay optimal point (hopt, kopt). Note in Fig. 3 that
the minimum A that can satisfy the delay constraint occurs
when k = k,p;. Alternatively, the minimum & that can
satisty the delay requirement occurs when h = h,p;.

The total power dissipated by an RC interconnect with
repeaters is the summation of the three kinds of power
dissipation sources,

Biotar = P+ P, + P (17)

In Fig. 4, Pi,q is plotted as a function of k£ and h.
From (12) and (15), P; and P, increase linearly with
increasing h for a fixed k. Py can also be shown to increase
monotonically with increasing h for a fixed k by verifying
that OP;/0h is always positive. Py,tq;, therefore, increases
monotonically with increasing h for a fixed k. This behavior
is also illustrated in Fig. 4. For the design space shown in

o o
=] o
@ &

Power (W)
o
Q
N

Repeater size, h Number of repeaters, k

Fig. 4. Total power dissipated by an RC' interconnect with repeaters as
a function of h and k. f = 5GHz, R = 0.31 Q/um, C = 0.223 fF/um,
and [ = 10 mm.

Fig. 3, the minimum power can only be reached on the left
edge.

The power dissipation on the edge of the design space
is plotted as a function of h in Fig. 5(a). The dynamic
and leakage power are plotted together since both of these
power components depend linearly on kh. The minimum
total power with delay constraints P, 4eiay can be obtained
by solving dPjiq1/dh = 0. Note that on the edge of the
design space, k is a function of h. In order to provide a
closed form solution for Py, geiqy, the curve of Py + P
around the power-optimal point is approximated by a part
of an ellipse, as shown in Fig. 5(b). The optimal design
parameters (hg, ko) for minimizing Py + P, with a delay
constraint T}, can be solved by the Lagrange method [4],

—b— \/b2 -T2 ,a1a2RoCo R, Cy
ko =

18
Treqa2ROCO ’ ( )
Tre ko - 2a1RtCt
ho = 1 19
0 2a2Rthok0 ’ ( )
2
b= agRoRtCt(GQCgo - a100) - :fq (20)

hy is the minimum repeater size that can satisfy a target
delay constraint, which can be obtained by inserting k1 =
kopt into (16). Py and P, are the corresponding values of
Py + P at (hg, ko) and (hy, ki), respectively. The curve
of P; is approximated by a linear function. With these
approximations, the power-optimal repeater size h, with
a delay constraint can be obtained as

zo(ho — h1)?

h, = ho — , @1)
P ad(ho — )2 + (P — Py)?
dP;
Ty = dh |n, =] 4ast§0Vddkgt72n()

) 2Vd3atG(C0h0k‘0 + Ct)ho + 2HId0k0tr0h(2)
[VisatG(Cohoko + Ct) + 2H Liokotroho)”

tro = tr|h0,ko'

22)

(23)

The corresponding k, can be solved by inserting A, into
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Fig. 5. Power dissipation with constant delay. f = 5 GHz, Treq = 1ns,
R =10.31Q/um, C = 0.223 fF/um, and { = 10 mm.

(16). Upon obtaining hp, and kp, Pp, gerqy can be obtained
directly from (17). If k£, is not an integer, the nearest two
integers are used to determine the minimum power (h, will
need to be re-calculated).

For different interconnect loads and delay constraints,
results from the proposed method are compared with SPICE
simulations in Table I. The minimum power obtained
analyticly is within 10% of SPICE. In these simulations,
the total power does not include the power dissipated by
the buffer loading the interconnect.

V. POWER DISSIPATION WITH BANDWIDTH
CONSTRAINTS

The bandwidth of an interconnect is limited by the
output signal transition time. Shorter signal transition times
support a shorter signal bit period, therefore, a higher
bandwidth. For a bandwidth constraint B.,.,, the signal
transition time is assumed to be less than or equal to half
the bit period, e.g., t, < 1/2B,¢,. The design space for
different bandwidth constraints is shown in Fig. 6. The
design space is the area in the upper-right side of the curve.

TABLE I
MINIMUM POWER WITH DELAY CONSTRAINTS OBTAINED ANALYTICLY
AS COMPARED WITH SPICE SIMULATIONS. f = 1GHz.

Ri Ci Treq SPI?DE » Anal};tlcd l
kQ F kp h mdelay [, h m aelay
k) (pF) (ps) » D (LW) » » (uW) % Error
1 1 400 4 90 3153 4 845 3325 55
1 1 500 3 59 267.8 4 512 2786 4.0
2 2 800 8 90 624.5 9 80.7 6637 63
2 2 900 7 69 558.5 8 632 5948 65
2 2 1000 7 56.5 5283 8 512 5571 55
3 1 700 7 47,5 300.6 7 471 3282 9.2
3 1 800 7 36 274.9 7 344 2921 6.2
3 1 90 6 305 2607 6 28.7 273.0 47
2 3 1000 9 112 9352 10 969 9730 4.0
2 3 1200 9 715 80L.6 9 66.8 8445 54
2 3 1400 9 55 753.7 9 50.7 7855 42
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Fig. 6. Repeater design space with bandwidth constraints. R =

0.31Q/pum, C = 0.223 fF/um, and { = 10 mm.

An expression for the design space edge is

1
t, = . 24
2B;eq )
From (24), k can be solved as a function of h,
2_44
k(h): \/T2 T1Rt0t+7'2, (25)
—2‘7’1
where
1
7 = 2.75R,0Co — , (26
1 0Co 98B, )
Ty = 2.75(R"°Ct + R,C,oh). @7

h
In order for k to be a positive real number, 77 should
be negative. An upper limit, therefore, is placed on the
bandwidth by the process technology,

1

By, < .
7= 5.5BRT000

(28)

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 can be rewritten as

4a8f130t$ Vaakh

= . 29
VdsatG(CO + kC’tl) + 2H I g0ty 29

8§
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Fig. 7. Power and 50% delay at the edge of the design space with band-
width constraint. Breg = 1Gb/s, R = 0.31Q/um, C = 0.223 fF/um,
and [ = 10 mm.

For a fixed t,, P, increases monotonically with increasing
kh. This relationship is also true for Pz and F;. On the
edge of the design space, t, = 1/2B;.,; therefore, kh can
be obtained from (25),

V/(12h)? — 4.47, R,Cih? + 1oh
—27’1 )

kh = (30)
From (30), kh increases monotonically with h (note that
71 is negative). The total power at the edge of the design
space, therefore, increases monotonically with increasing h,
as shown in Fig. 7(a). The minimum power satisfying the
bandwidth constraint can be achieved with minimum sized
repeaters. For minimum sized repeaters, the corresponding
k and total delay, however, are unpractically large as shown
in Figs. 6 and 7(b). In order to produce an effective repeater
system, delay and area constraints should also be applied.
The multiple constraints problem is not addressed here due
to space limitations.

VI. CONCLUSIONS AND FUTURE WORK

In this paper, a repeater insertion methodology is pre-
sented for achieving the minimum power in RC' intercon-
nects while satisfying delay and bandwidth constraints. A

delay and transition time model of RC' interconnect with re-
peaters is introduced. An error of less than 5% as compared
with SPICE is demonstrated for interconnects with more
than four repeaters. The minimum power is achieved at the
edge of the design space. With delay constraints, closed
form solutions for the minimum power are developed which
are within 10% of SPICE. With bandwidth constraints,
the minimum power can be achieved with minimum sized
repeaters.

Inductive effects are not included in this paper since
interconnect inductance effects are not significant in narrow
interconnects with technology scaling [5]. For wide inter-
connects, the proposed methodology, however, has to be
refined to include the effects of inductance on the transition
time, delay, and power [13], [14].
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