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Repeater Insertion in Tree Structured
Inductive Interconnect

Yehea I. Ismail, Eby G. Friedmakellow, IEEE and Jose L. Neves

Abstract—The effects of inductance on repeater insertion in on the length of anRC interconnect line, subdividing the
RLC trees is the focus of this paper. An algorithm is introduced |ine into shorter sections is an effective strategy to reduce the
to insert and size repeaters within anRLC tree to optimize a 15| propagation delay. The interconnect can be subdivided

variety of possible cost functions such as minimizing the maximum . . . . .
path delay, the skew between branches, or a combination of area, into shorter sections by inserting repeaters, which breaks the

power, and delay. The algorithm has a complexity proportional duadratic dependence of the delay on the interconnect length
to the square of the number of possible repeater positions and but adds additional parasitic impedances due to the inserted
determines a repeater solution that is close to the global minimum. repeaters. Thus, an optimum number and size of repeaters exist

The repeater insertion_algorithm is used to inse_rt repeaters w_ithin that minimizes the total propagation delay of the line [10], [11].
several copper-based interconnect trees to minimize the maximum '

path delay based on both anRC model and anRLC model. The AS the gate parasmf: |mpedances decrease with respec_t to the
two buffering solutions are Compared using the AS/X dynamic Interconnect pal’aSItIC Impedances, more repeaters are inserted
circuit simulator. It is shown that as inductance effects increase, to further minimize the overall interconnect delay. In that
the area and power consumed by the inserted repeaters to min- sense, the repeater insertion methodology can be viewed as an
imize the path delays of anRLC tree decreases. By including gffective means for exploiting the decreasing gate delay so as
inductance in the repeater insertion methodology, the interconnect L . L

is modeled more accurately as compared to aRC model, permit- to minimize the increasing interconnect delz_;\y. Another reason
ting average savings in area, power, and delay of 40.8%, 15.6%, t0 insert repeaters within interconnect trees is to decouble large
and 6.7%, respectively, for a variety of copper-based interconnect capacitances from the critical path so as to minimize the overall
trees from a 0.25p¢m CMOS technology. The average savings delay of the critical path [8], [13].

in area, power, and delay increases to 62.2%, 57.2%, and 9.4%, ¢y rently, inductance is becoming more important with
respectively, when using five times faster devices with the same L . .
interconnect trees. faster on-chip rise times and longer wire lengths [15]-[28].
Wide wires are frequently encountered in clock distribution
networks, data buses, and other structures that use upper metal
layers [29]. These wires are low resistance lines that can
exhibit significant inductive effects. Furthermore, performance
|. INTRODUCTION requirements are pushing the introduction of new materials for
rlr?-W resistance interconnect [30]-[32] and new dielectrics to

T HAS become well accepted that interconnect delay do . X .
inates gate delay in current deep submicrometer very |ar\r9eéiuce the interconnect capacitance. These technological ad-

scale integration (VLSI) circuits [1]-[7]. With the continuous/@NCes increase the effects of inductance, as has been described

scaling of technology and increased die area, the crosssectidﬂzﬂg]_[Zl]' [27].

area of the interconnect decreases while the length of the glo aThe focus_ of th|§ Paperis tWOfO.Id: to descrlbg a CAD system
interconnect increases which quadratically increases the re %_repeater mseruon IRLC trees in prderto optimize avarlety
tance of the interconnect with technology scaling. Meanwhil&' cost functions, and to cha'\racte.nze the effects of neglecting
the gate parasitic impedances decrease due to the shrinkin gyc_tance on the repeater insertion process. The res_ults from
the minimum feature size [4]. The combined effect of the pIymg_the repeater insertion _tooI to s_everal industrial trees
trends is that interconnect has become the primary performaﬁ’ég also interpreted. The paper is organized as follows. In Sec-

bottleneck, contributing an increasingly significant portion thn Il, the basic repeater insertion algorithm which can be used

the total cycle delay. Furthermore, this situation is expected%th any delay model for the interconnect and transistor devices
become worse [4][7] ' is described. The specific models used in this paper for the tran-

Repeater insertion is becoming an increasingly comms tors and the interconnect are described in Section Ill. The re-

design methodology for driving long resistive interconnedlts of applying the tool to insert repeaters in several practical

[8]-[14]. Since the propagation delay has a square dependeﬁ8 per-based interconnect trees are presented in Section IV. Fi-
nally, a summary is given in Section V.

Index Terms—nductance, interconnect, optimization, repeater
insertion, VLSI.
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3 . Iteration
. O — Find best repeater size at node j
R WITes 1
0 — Compare the cost of the best repeater to a no repeater case

4 — j=j+ 1 until all possible repeater positions are exhausted

2
Root o) 42
o0 r Leaves — Repeat until no repeater change in the whole tree can improve the
cost function

5

! . . . . .
) “ Fig. 2. Proposed algorithm for inserting repeaters itRdrC' tree.
6 allowable size of any repeater. A variety of cost functions can be
Possible repeater positions fas used. Examples are: minimiZenax; ;) which aims to mini-

mize the maximum path delay, minimiZenax; x(tq; — tax))
Fig. 1. An arbitrary tree withn wires. The possible repeater positions argyhere] < 4, k < rwhich is equivalent to minimizing the skew
represented by circles. between branchesandk, minimize ¢.4.) wherek is a critical
output, or minimize( f(ta;) + >_;.; h;) which considers the
transient response of the buffer&d.C tree. The algorithm has area of the repeaters. Other cost functions can include power
a quadratic complexity with the number of possible repeater paad slew rate.
sitions in anRLC tree and achieves a repeater solution that
is reasonably close to the global optimum repeater solution.Bn Repeater Insertion Algorithm

Section II-A, the repeater insertion problem is defined. The a"According to the problem definition described in the pre-

gorithm for repeater insertion used in this paper is discussedgys subsection, the sizés that minimize the cost function
Sectlpn 11-B. The complexny and optimality of the algonthrrb(hl’ ha, ... hj ..., hy) need to be calculated. The
are discussed in Section II-C. algorithm to calculate the optimum sizes of the repeaters to
minimize the cost function is provided in Fig. 2. Referring to
Fig. 1, the algorithm starts with the initial conditidn) =0V 5

The problem of inserting repeater in &4L.C tree to minimize which corresponds to an unbuffered tree. The cost function

A. Problem Definition

a given cost function is formulated and defined in this subse€{h1, hs, ..., h;, ..., hy,) is evaluated for several sizes
tion. The terms and mathematical notations used in this papérthe repeater at node b, with all other repeater sizes
are also defined. An arbitrary tree is shown in Fig. 1. The trée, ..., h,, equal to zero (no repeaters). A binary search is

hasn wires with the input source driving the root wire. Eaclapplied which permits the value &f that minimizes the cost
wire w drives two wires, a left wirde ft(w) and a right wire function to be reached within a few steps where each step
right(w). If a left (right) wire does not exist thelef#(w) = involves choosing a new value féd; and evaluating the cost
0 (right(w) = 0). A leaf is a wire that hase ft(w) = 0 and function. The number of steps dependdgn,. and is typically
right(w) = 0. The tree hag leaf wires, each of which drives less than ten steps. If the case of no repeater at nokle & ()
one of the sinks of the tree. A binary branching factor is usguiovides the lowest cosh; remains equal to zero. Thus, the
without loss of generality since any tree can be transformed irdtgorithm can only improve the cost function at each step.
a binary tree by inserting zero impedance wires [8], [13]. Atlext, the size of the repeater at nodeh3, that minimizes
each sinkl < i < r, the propagation delay;; is defined as the the cost is determined in the same manner withset to the
50% delay of the output signal at sihkvith respect to the input value calculated from the previous step and all other repeater
signal at the root of the tree. Within a tree, thererarpre-spec- sizes set to zero. The process is repeated formapossible
ified repeater positions where repeaters can be inserted to mapeater positions. At each possible repeater position the size
imize a given cost function. The possible repeater positions dhat minimizes the cost function is determined while all of the
represented by the circles shown in Fig. 1 and are placed at finevious optimum repeater sizes remain constant. The process
beginning of each wire to allow for maximum capacitive desf covering all possiblen repeater positions is defined as an
coupling of the critical paths [8], [13]. Each wire can be suliteration. Since in each step (determining the best repeater at
divided into several shorter wires to permit repeater insertiorodey) of an iteration the algorithm improves the cost function,
within long wires [13]. In some cases, no possible repeater pbe repeater solution at the end of an iteration generates a lower
sitions can be assigned to some wires due to layout constraigtsst than at the beginning of an iteration. After the first iteration
Those wires are labeled to indicate that no repeaters can beisncompleted, a second iteration starts by changing the sizes of
serted along the wires. the repeaters at the possible repeater positions to determine the
The repeater insertion problem can be defined as: determiepeater sizes,, ho, ..., h,, that minimize the cost function.
the set of repeater sizég, 1 < j < m, that minimizes a given However, in the second iteration, the initial repeater solution is
cost functionC(hy, hs, ..., hj, ..., hy). The repeaters are the output of the previous iteration. Thus, at the second iteration
considered to be symmetric inverters with widfljsand a min- (as compared to the first iteration), the capacitive loading and
imum sized channel length. The repeater sizesre continuous driving resistance at the node at which the best repeater size is
numbers. The special repeater size= 0 indicates that no re- sought are closer to the values for minimum cost, enabling the
peater is inserted at nogeThe sizes of the repeaters are to beptimum repeater sizes to be more accurately calculated. The
found inthe rangé < h; < hipmax Wherehq,ay is the maximum iterations are repeated until there is no change in the size of any
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repeater as compared to the previous iteration. The algorithm Vbp
typically converges within two or three iterations.

C. Complexity and Optimality of Proposed Algorithm

The algorithm consists of several iterations. Each iteration —O{ Linear
scans then possible repeater positions to determine the repeater Vin o RLC
sizes that minimize the objective cost. The number of neces- - Network

sary steps to find the repeater size at a possible repeater position
which minimizes the cost is denotétland is on average ten for

the typical range of allowable repeater size<{ 7; < hmax).
The cost function is evaluated each time the repeater size is _|

changed at each of thB step. Thus, the complexity of an it-
eration is

G(Iteratlon) Fig. 3. A symmetric CMOS inverter driving aRLC' network.

= O(m - B) - O(evaluating the cost function). (1)

The complexity of evaluating the cost function depends upon th os (wA) - |
180.00 . —

delay model used for the drivers and the interconnect. As show o L 4

in Section Ill, for the specific delay model used here, the cos L::: L / Linear Approximation ]
function can be evaluated in a time proportional to the numbe’e = 1-- I a— 5 st R
of wires in the treer. Thus, the complexity of a single iteration ww | l Slope = 1/Ro R

IS 8000 |-

6000 - Saturation Approximation

O (iteration)= O(m - n - B). (2) 4000 -~ Transistor Characteristic (Vs = Vpp) 7

2000

As aforementioned, the number of iterations for convergence 000
20.00 — —

typically 2 or 3. The memory requirement of the algorithm is - I ! ! w ! ! 1
proportional to the number of wires, 000 300 e ase 2000 2500 x 107 volts

The algorithm terminates when no change in the size of Vps
single repeater can improve the cost function. This can be ex-
pressed mathematically as ?g 4. Piecewise linear approximation of an NMOS transistorifgs =
"'DD-

dC(hy, hay oovs Byy ooty )

dh; The algorithm that changes repeaters simultaneously is guar-
This relation means that the algorithm reaches a minimum @mteed to reach the global minimum. However, the processing
the cost function. There is no guarantee, however, that this miime is exponential with the number of possible repeater posi-
imum is the global minimum. To improve the final repeater sdions and is prohibitively high even for relatively small trees.
lution, the two repeaters at the left and right possible repealére set of algorithms above has been examined for small trees
positions of each wire are simultaneously changed. The procésaven to eight possible repeater positions) and compared to the
of determining two repeater sizes that minimize the cost sim@xhaustive algorithm that changes all repeaters simultane-
taneously require®3? steps with the binary search algorithnously. The results demonstrate that the second-order algorithm
used here. Since there arg/2 possible repeater position pairsconsistently reaches the global or a near global minimum. The

=0 Vj. ©)

the complexity of this modified algorithm is higher order algorithms introduced no or only a slight improve-
B2 ment in the final repeater solution as compared to the second-
e(2™ orderalg) = O <m o 7) (4) order algorithm. The CPU run time of the second-order algo-
rithm is 20 s on an S/490 IBM machine with 1 Gb of RAM for a

This modified algorithm does not reach the first minimum nedarge tree with 250 possible repeater positions. For typical trees
the initial point. Rather, the modified algorithm searches forwith less than fifty possible repeater positions, the CPU time is
minimum closer to the global minimum. The price is increasddss than 1 s. Hence, the second-order algorithm is used in the
processing time. In general, a set of higher order algorithms aaxamples discussed in this paper.
be achieved by simultaneously changing more repeaters. The
complexities of these algorithms are 2 Il DELAY MODEL
©(alg) =0O(m-n-B), O <m - %) As mentioned in the previous section, the repeater insertion
algorithm can be used with any delay model. The specific delay
model used in this paper is discussed here. In Section IlI-A, the
model of the devices (the repeaters) used here is discussed. The

O<m-n-%3>,...,0(n-Bm). (5)
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Vin Drain Vin Drain
@) (b)

Fig. 5. Equivalent circuit models of an NMOS transistor when operating (a) in the linear region and (b) in the saturation régienZol .

method used to combine the repeater model witlRar®” tree and R0, Of a minimum size symmetric inverter. An in-

and to calculate the delay is discussed in Section III-B. verter 4 times wider than a minimum size inverter has
C(i = inOha Rlin = RlinO/ha C(out = C(outOha Isat = IsatOhr
A. Repeater Model and Rya; = Raaro/h-

The problem of evaluating the delay at a sink of a buffered tree” the general case, neithsa: NOTtparin Can solely charac-

simplifies to adding the delay of several structures as shownlfifize tge propggatiorl]ﬂ dela)é)osf a non_linear CMOS gate .dﬂv"_]g
Fig. 3 along the path from the input to the sink. The structu RLC wee since the NM transistor operates partially in

shown in Fig. 3 is a symmetric inverter (repeater) driving & e saturation region and partially in the linear region. However,

RLC tree (which is a subtree of the originBILC tree). Evalu- & combination of both.gsa; and?,qiin has been shown to ac-
ating the delay of such a structure is complicated by a combh&\"—rately characterize the p_ropagatlon delay [33]. The resulting
tion of linear and nonlinear elements constituting the circuit. It €18y for the general case in termsifsa; andpuin is [33]
common to replace the nonlinear transistors by equivalent linear tpd = tpdtin + tpdsat €XP <_1_1M> . (6)
resistors, e.g., [6], [8], [10], [11], [13]. However, such an ap- tpdsat
proximation strongly affects the final repeater solution, signifi 9eneral, this method is highly accurate (errors within 3%) for
cantly increasing the final cost achieved by the repeater insertf@st input signals. Additional error may result from the linear
algorithm. Thus, in this subsection, a method [33] is discuss@falysis method used to determing,,. and¢ ;i of an RLC
that significantly improves the accuracy of the transistor mod@gtwork.
as compared to a linear resistor approximation. The proposed
methodzpproximates the nonlinearp trr)ansistor characterrjisth b .aDeIay of ankLC Tree
two piecewise linear curve as shown in Fig. 4. Assuming a stepThe linear analysis method used to evaluate the dejays
input, the input signal is constant at the supply voltagg, andt,.u, of the twoRLC trees resulting from the saturation and
for the entire switching time. Thus, the gate-to-source voltagjgear region approximations, respectively, is described in this
of the NMOS transistor i 5 and the PMOS transistor is off Subsection. A second-order transfer function that approximates
for the entire switching time. The curve shown in Fig. 4 is théhe transfer function at a nodef an RLC tree is introduced in
drain-to-source currerftps versus the source-to-drain voltagd34] and is
of the NMOS transisto¥ s whereVg s is equal toVp . W2

The method used here calculates the delay of two linear gi(s) = = +32C<Z — (7
networks, one assuming the transistor operates in the linear v ni
region for the entire switching time and the other assumirithe variables; andw,; that characterize the second-order ap-
the transistor operates in the saturation region for the entpeximation of the transfer function at nodare

switching time. The two linear circuit models used for ap- ZCkRik

proximating the transistor in the linear and saturation regions 1 7

are shown in Fig. 5(a) and (b), respectively. These linear Gi 9 = (8)
and saturation transistor models are combined withRli&” , /Z CrLix

tree driven by the repeater, resulting in two lineBRLC k

networks. A delay value is found for eacRLC network 1

using a linear network analysis method and are dengigg, Wni = ————> ()
and t,4a¢ for the linear and saturation regions of operation, /Z CrLik

respectively. The parameters used to define the device model k

in the linear and saturation regions arg,, Riin, Cout, Lsat, WhereR;; (L, ) is the common resistance (inductance) from the
and Ry, Lsar, Reat, and Ry, respectively, and are shown ininput to nodeg andk. For example, in Fig. 677 = R+ Rs+

Fig. 4. These parameters describe the saturation current aRa Rg; = R; + R3, andRy7; = R;. The summation variable
transistor withVgs equal toVpp and the equivalent output k& operates over all of the capacitors in the circuit.

resistance of a transistor in the saturation and linear regionsThe second-order approximation is compared in Fig. 7 to
respectively.C,, and C,,,; are the input and output capaci-AS/X [35] simulations of the output node 7 of the tree shown
tances of the repeater. These parameters are calculated in temisg. 6. A balanced tree with equal left and right branch im-
of the corresponding parameter§;,o, Rino, Couto, sato, pPedances is used. The supply voltage is 2.5 V. Note the accu-
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Ly Ry float Cal_Cap_Loads (section w)

if(right(w)=0 and left(w)=0) /* if wis a leaf */
return w.C;

if(right(w)=0)
Crr=Cal_Cap_Loads(right(w));
else
Crr=0; /* No right branch is driven by w */

if(left(w)=0)
Cr.=Cal_Cap_Loads(left(w));

else
Cr=0; /* No left branch is driven by w */

w.Cr=Crp+Cry;

return w.Cr;

Fig. 6. GeneraRLC ftree.

Fig. 8. Pseudocode for calculating the total load capacitance at all of the
sections of a tree.

T I T
Vs (volts) 3% I & AS/X RLC Tree
250 . N These two summations can be rewritten as
200 | - TRCi = Z CTkRk (14)
s L Second Order Approximation k
2

106 4 TLCi = Z CriLy, (15)

Wyatt’s Approximation [37] 2
oo 7 where the summation indéxoperates over all of the wires that

- 1 belongs to the path from the input to nodé?; andL i are the
. 1 ' ‘ resistance and inductance of wireC'r;, is the total capacitance
time (ns)  seen at the beginning of wife For example, in Fig. 8] rc7 =
Rl(Cl +Cy4--- 4 07) + Rg(Cg + Cs + 07) + R;C+. This
Fig. 7. AS/X simulations of thézLC' tree shown in Fig. 6 as compared to thefgrm of expressing the summations is computationally efficient
second-order approximation and the WAR(' model. . . .
since these summations can be calculated recursively at all of
the nodes of aRLC tree in a time linearly proportional with
racy that the second-order approximation exhibits as compathd number of branches in the tree [8], [38], [39].
to AS/X simulations for the case of a balanced tree. If the treeThe summations in (14) and (15) of a tree rooted at section
is unbalanced, the second-order approximation is less accuratgare calculated in two steps. The first step is to calculate the
The accuracy characteristics of this solution is similar to the Bbtal load capacitance of each section. Pseudocode of the proce-
more [36], Wyatt [37] delay model faRC trees [34]. dure that performs this task is provided in Fig. 8. The function
The 50% propagation delay and the 10%-90% rise time finitially called by Cal_Cap_Loadsg) and recursively calcu-
the signal at nodé of an RLC tree are given in closed form in lates the capacitive load at each sectior is the capacitance

0.00 ~

[34] for a step input and are of the sectionw. The functions, left{) and rightgv), return the
0,85 left and right sections driven by, respectively. If no left (right)
tpdi = (1.047(3_(4*/ 83) ¢ 1-39@) fwni (10)  section is driven byw, left(w) = 0 [right(w) = 0]. If w is a

s s leaf, lefw) = 0 and righfw) = 0. The time required to cal-
tri = (6-0176_(<f /0-4) _ 5e=(67/0.64) 1 4.39@) Jwni-  culate the total capacitive load of each section is proportional
(11) to the number ofRLC' sections in the treen and requires no
multiplication operations. Note that a binary branching factor is
The error in these expressions is less than 3% for balanced treesumed without loss of generality since any general tree can
The error can exceed 20% for highly unbalanced trees [34]. be transformed into a binary tree by inserting wires with zero
Referring to (8) and (9), evaluating the delay and rise time epedances [8], [13].
nodei depends on evaluating two summations at noddich The second step is to calculate and store the summations in
are (14) and (15) at the nodes of the tree. The function performing
this task is described in Fig. 9. The function is initially called
Trei = Z ChLix (12) by Cal_Summationsf; ,0,0). w.R andw.L are the resistance
k and inductance of sectiom, respectively. The computational
Tp; = Z CiLix. (13) time required to calcglate .the summations is proportional to the
T number of RLC sections in the treen. The total number of
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Cal_Summations(section w, float Treprev, float Trcprev) average saving in the maximum path delay when inserting re-
{ peaters based on &\LC model as compared to an unbuffered
TRC:TR“Pfev+W'R:W'CT; tree is about 40% where the maximum saving is 76% for TGL1
Toc=Troprevtw.L*w.Cr; which is a large asymmetric tree. The second important trend ap-
parentinthe datalisted in Table | is that inserting repeaters based

if(right(w)=0) on anRLC model as compared to afC model con_sisten_tly_
Cal_ Summations (right(w), Trc, TLc); introduces savings in all of the three primary design criteria:
area, power, and delay. This behavior demonstrates the impor-
if(left(w)=0) tance of including inductance in a high-speed repeater insertion
Cal_ Summations (left(w), Trc, TLc); methodology. According to Table Ill, including inductance in
} the interconnect model saves an average 40.8% of the repeater

area, 15.6% of the power dissipated by the buffered trees, and
Fig. 9. Pseudocode for calculating the delays at the sinks &€’ tree. 6.7% of the maximum path delay as compared to usin§&n
model.

multiplications required to evaluate the second-order approxi-The reduced repeater area when including inductance in
mation at all of the nodes of aRLC tree is2m. Alternatively, the interconnect model is due to the quadratic dependence
the number of multiplications is equal to the order of the chaff the delay on the length of aC' wire which tends to
acteristic equation describing tHeLC tree since the order of @ linear dependence as inductance effects increase [40]. The
. . . . 0, i i i 4 2
anRLC tree withm RLC sections i2m (eachRLC section 0% delay of anRkC' line is given by 0.35RCI® [1], [6],
has an inductor and a capacitor). [11] and by lv/LC [40] for an LC line when the line is
driven by an ideal source with an open-circuit lodd, L,
andC are the resistance, inductance, and capacitance per unit
IV. RESULTS AND DISCUSSION length of the line and is the length of the line. These two
cases of anRC line and anLC line are the limiting cases
The results of applying the CAD-based repeater insertion tdok inductance effects with th&C case representing no in-
to several industrial copper-based interconnect trees are sumegetance effects and theC' case representing maximum in-
rized and discussed in this section. TR&C trees described in ductance effects. In th&C case, the square dependence on
this paper are copper interconnect wires based on an IBM OtA% interconnect length causes the delay to increase rapidly
pm CMOS technology. The depth of the trees (the maximuwith wire length. It is therefore necessary to partition the line
path length from the input to the sinks) is between 0.5 cm to lifto multiple shorter sections by inserting repeaters, thereby
cm and considers a wide range of critical global signals typieducing the total delay. However, for @' line, the de-
cally encountered in VLSI circuits. Long wires within the treependence is linear and no gain is achieved by breaking the
are partitioned with a maximum segment length of 0.5 mm tfime into shorter sections. Inserting repeaters infai line
permit repeaters to be inserted within these long wires for ironly degrades the delay due to the added gate delay. Thus,
proved performance [13]. an LC line requireszero repeater area for minimum propa-
A repeater solution is determined to minimize the maximuugation delay.
path delay of each tree based on tR&C delay model dis-  In the general case of aRLC' line, the repeater area for
cussed in the previous section. The total area of the repeat@inimum propagation delay is between the maximum re-
inserted within each tree is described in terms of the area opeater area in th&C' case and the zero repeater area in the
minimum size repeater. The tool also generates an AS/X [3B{” case. The repeater area for minimum propagation delay
input file which is used to simulate the maximum path delayf an RLC line decreases as inductance effects increase
and the power consumption of the buffelBd C tree. The total due to the subquadratic dependence of the propagation delay
inserted repeater area, the maximum path delay, and the poaterthe length of the interconnect [40]. Hence, inserting
consumption of the buffered trees are depicted in Table |. Thepeaters based on & model and neglecting inductance
tool is also used with AS/X to determine the total repeater areasults in larger repeater area than necessary to achieve
the maximum path delay, and the power consumption of te minimum delay. The magnitude of the excess repeater
bufferedRLC trees when inductance is neglected and repeaterga when using ai?C model depends upon the relative
are inserted based on &¢' model. The results based ontR€’ magnitude of the inductance within the tree. For the specific
model are also listed in Table I. Finally, AS/X simulations of theopper-based interconneBILC trees used here, almost half
unbufferedRLC trees are used to determine the maximum pathe repeater area can be saved by including inductance in
delay when repeater insertion is not employed. These results#ue interconnect model. Note that a single line analysis can
listed in Table | as well. be used to interpret the behavior of a repeater insertion
Two important trends can be observed from the data listedsolution in a tree since in both cases repeaters are inserted
Table I. The first trend is that inserting repeaters significantlp break theRC delay of long wires (paths and branches in
reduces the maximum path delay as compared to the maximtiva case of a tree).
path delay of an unbuffered tree. This behavior illustrates theAdditionally, repeaters are inserted in a tree to decouple ca-
importance of repeater insertion as an effective methodologyfacitance from the critical path. The effect of capacitance de-
reduce interconnect delay. According to Tables Il and Ill, theoupling on improving the critical path delay is less significant
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TABLE |
SIMULATION RESULTS OFUNBUFFEREDTREES BUFFEREDTREESBASED ON AN RLC' MODEL, AND BUFFEREDTREESBASED ON AN RC' MODEL. THE AREA,
POWER, AND MAXIMUM PATH DELAY ARE COMPARED. THE AREA IS GENERATED BY THE REPEATER INSERTION PROGRAM WHILE
THE POWER AND MAXIMUM PATH DELAY ARE SIMULATED USING AS/X

Area Power Maximum Delay
Tree (minimum size inverters) (p] per Cycle) (ps)
Name Un- Buffered | Buffered Un- Buffered | Buffered Un- Buffered | Buffered
Buffered Tree Tree RC Buffered Tree Tree RC Buffered Tree Tree RC
Tree RLC Model Tree RLC Model Tree RLC Model
Model Model Model
TSsl 0 352 380 13.86 23.26 25 488 288 297
L1 0 102 250 8.15 11.19 13.76 342 267 272
TS2 0 0 659 25.67 25.67 37.90 193 193 193.5
L2 0 310 337 11.92 20.85 21.55 700 437 454
L3 0 0 422 22.8 22.8 30.3 213 213 237
TSm1 0 1246 1709 95 125 146 389 268 284
TSm2 0 1630 2751 135 211 221.5 343 278 296
TSL 0 1734 2471 147.5 196 227 431 292 304
TSL1 0 2999 4120 164 237 275 781 360 382
TGsl 0 649 842 38 51.2 57.8 262 231 256
TGs2 0 0 553 40.20 40.20 59.80 212 212 247
TGml 0 1271 1854 89.1 120 139 460 306 344
TGL1 0 3823 7506 201 295 378 1740 442 495

TABLE I
PERCENTAGESAVINGS IN AREA, POWER, AND MAXIMUM PATH DELAY INTRODUCED BY INSERTING REPEATERSBASED ON AN RLC' MODEL RATHER THAN AN
RC MODEL. THE PERCENTAGESAVINGS IN DELAY WHEN INSERTING REPEATERS ASCOMPARED TO AN UNBUFFEREDTREE AREALSO LISTED

Per cent savings in | Per cent savings in | Per cent savings in | Per cent savings in
delay of a the area of power dissipation delay when
Tree Name buffered tree repeaters inserted | when repeaters are repeaters are
based onan RLC | based onan RLC | inserted based on | inserted based on
model as model as an RLC model as an RLC model as
compared to an | compared to using | compared to using | compared to using
un-buffered tree an RC model an RC model an RC model
TSsl 40.9 7.3 6.9 3
L1 21.9 59.1 18.6 1.8
TS2 0 100 32.26 0.26
L2 37.6 8 3.2 3.7
L3 0 100 24.75 10.4
TSml 31 27 14.3 5.9
TSm?2 18.9 40.7 4.7 6.2
TSL 322 29.8 13.6 4
TSL1 51 27 13.8 5.9
TGsl 11.8 229 11.4 2.1
TGs2 0 100 32.77 14.5
TGml 37.9 314 13.6 11.5
TGL1 76 49.5 21.9 11.9
TABLE Il

TOTAL REPEATERAREA, TOTAL POWER, AND TOTAL MAXIMUM PATH DELAY OF ALL OF THE TREES THE PER CENT SAVINGS SHOWN HERE REPRESENT THE
AVERAGE SAVINGS IN AREA, POWER, AND MAXIMUM PATH DELAY WHEN USING AN RLC' MODEL FORREPEATERINSERTION

Totals

Un- Savings | Buffered | Savings Buffered
Buffered | in delay RLC compared | RC Model
Model to RC

Area (min inverters) 0 - 14116 40.8% 23854
Max delay (ps) 6554 42.2% 3787 6.7% 4061
Power (PJ/Cycle) - - 1379 15.6% 1632

when inductance effects increase. This trend is due td.tfle RC time constanty_, Ci R;.. Reducing the capacitance cou-
time constant at nodeof a tree (/> ~, Cr.Lix) [34], which has pling has less effect on thBC time constant as compared to
a square root behavior as compared to the linear behavior oftae RC' time constant due to this square root behavior. As in-
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Fig. 10. The error factors in (a) the optimum size of each repéatgr and (b) the optimum number of sectioks,:, respectively, as compared to the
corresponding optimum repeater expressions based éiCamterconnect model.

TABLE IV
SIMULATION RESULTS OFUNBUFFEREDTREES BUFFEREDTREESBASED ON AN R LC MODEL, AND BUFFERED TREESBASED ON AN RC' MODEL WITH FIVE
TIMES FASTER DEVICES. THE AREA, POWER, AND MAXIMUM PATH DELAY ARE COMPARED. THE AREA IS GENERATED BY THE REPEATERINSERTION PROGRAM
WHILE THE POWER AND MAXIMUM PATH DELAY ARE SIMULATED USING AS/X

Area Power Maximum Delay
Tree (minimum size inverters) (pJ per Cycle) (ps)
Name Un- Buffered | Buffered Un- Buffered | Buffered Un- Buffered | Buffered
Buffered Tree Tree RC Buffored Tree Tree RC Buffered Tree Tree RC
Tree RLC Model Tree RLC Model Tree RLC Model
Model Model Model
TSsl 0 1349 1997 13.86 21.4 24.4 488 144 145
L1 0 569 1168 8.15 12.2 14.44 342 164 166
TS2 0 740 2738 25.67 34 62 193 154 165
L2 0 1137 1862 11.92 194 22.4 700 248 258
L3 0 534 1799 22.8 28 40 213 206 218
TSm1 0 5150 13468 95 177 348 389 222 240
TSm?2 0 7107 21654 135 482 1516 343 238 262
TSL 0 12819 | 26674 147.5 382 832 431 220 240
TSL1 0 9358 35844 164 242 688 781 268 308
TGsl 0 2152 6392 38 60.8 115 262 198 224
TGs2 0 2402 4410 40.20 77.6 138.8 212 187 262
TGm1i 0 5738 15184 89.1 141 302 460 212 232
TGL1 0 18905 37037 201 330 588 1740 346 378

ductance effects increase, the square root behavior of.€he

peaters for capacitive decoupling also decreases.

The optimum number of sections,,; that anRLC line
time constant dominates the behavior of the propagation delalgould be partitioned into and the size of each inserted repeater
Thus, as inductance effects increase, the area of the insertedug; to achieve the minimum total propagation delay have been
characterized in [40] and are
A reduction in the power consumed by the buffered trees
when including inductance in the interconnect model as com-
pared to anRC model is a direct consequence of the reduced
repeater area. The dynamic power consumption, which is lin-

; | RoCY 1
lopt =
R¢%[1+&m(

early dependent on the total capacitance of the interconnect g
the repeaters, decreases due to the reduced input and output ca-
pacitance of the repeaters. The short-circuit power consumption

3:| 0.24 (16)

Tr/r)

17)

is significantly less for a smaller repeater since the short-circuit
power consumed by a CMOS inverter is quadratically depen-
dent on the width of the repeater [41]-[43]. The decreased de\@\q

. . Lo . re
achieved by including inductance is due to more accurate mod-

I [ R,Cy 1

opt = 0.3
2ROCO |:1 + 0.18 (TL/R)3:|

eling of the interconnect thereby enabling improved repeater in-

sertion which eliminates the excess repeater area that would re-

[Li/R
TL/R = ‘Rto/cot .
sult when using a®C' interconnect model. This excess repeater

area increases the total delay due to the increased gate capgiandC, are the output resistance and input capacitance of a
tance. minimum size repeater, respectively, aRd I.;, andC, are the

(18)
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TABLE V

479

PERCENTAGESAVINGS IN AREA, POWER, AND MAXIMUM PATH DELAY INTRODUCED BY INSERTING REPEATERSBASED ON AN RLC' MODEL RATHER THAN AN
RC MODEL. THE DEVICES USED FOR THEREPEATERS AREFROM A FIVE TIMES FASTER TECHNOLOGY AS COMPARED TO THEO0.25um
CMOS TECHNOLOGY USED TO GENERATE THE DATA LISTED IN TABLE Il. THE PERCENTAGE SAVINGS IN DELAY WHEN INSERTING

REPEATERS ASCOMPARED TO AN UNBUFFERED TREE AREALSO LISTED

Per cent savings in | Per cent savings in | Per cent savings in | Per cent savings in
delay of a the area of power dissipation delay when
Tree Name buffered tree repeaters inserted | when repeaters are repeaters are
based onan RLC | basedonanRLC | inserted based on | inserted based on
model as model as an RLC model as | an RLC model as
compared to an | compared to using | compared to using | compared to using
un-buffered tree an RC model an RC model an RC model
TSsl 70.5 324 12.2 0.68
L1 52 51 15.5 1.2
TS2 20 72.9 45 6.6
12 37.6 38.9 13.39 3.8
L3 3.2 70.31 28 5.5
TSm1 43 61.7 49.1 7.5
TSm2 30.6 67 68 9.2
TSL 49 52 54 8.3
TSL1 65.7 74 64.8 21.4
TGsl 24.4 66.3 47 11.6
TGs2 11.7 45.5 44.1 28.62
TGml 53.9 62.2 53.3 8.6
TGL1 80 49 43 10.8
TABLE VI

TOTAL REPEATERAREA, TOTAL POWER, AND TOTAL MAXIMUM PATH DELAY OF ALL OF THE TREESUSING FIVE TIMES FASTER DEVICES. THE PER CENT SAVINGS
SHOWN HERE REPRESENT THEAVERAGE SAVINGS IN AREA, POWER, AND MAXIMUM PATH DELAY WHEN USING AN RLC' MODEL FORREPEATERINSERTION

Totals
Un- Savings | Buffered | Savings Buffered
Buffered | in delay RLC compared | RC Model
Model to RC
Area (min inverters) 0 - 67960 62.2% 170227
Max delay (ps) 6554 57.17% 2807 9.4% 3098
Power (PJ/Cycle) - - 2007 57.2% 4691

total resistance, inductance, and capacitance of the line, respecreases when including inductance in the interconnect model
tively. Note in (16) and (17) thai,,; andk,, are equivalent ratherthanusingaRC modelwith faster devices as comparedto
to the expressions in [10], [11] for aRC line whenTy,/r is the 0.25xm CMOS technology. The average savings increases
equal zero [; = 0). The error factors in the optimum size offrom 40.8% to 62.2% for the repeater area, from 15.6%to 57.2%
each repeater and the optimum number of sections as compdoedhe power consumption, and from 6.7% to 9.4% for the max-
to the corresponding optimum repeater expressions based oimaumm path delay whenusingfive times faster devicesas compared
RC interconnect model are plotted in Fig. 10. Both the size atda 0.25m CMOS technology. Thus, with a faster technology;,
number of the repeaters decrease as the inductance effectshiapenalty ofignoring inductance increases for all three primary
crease. designcriteria: area, power,anddelay. Therefore, withtechnology
Another interesting aspect of (16)—(18) is tiia} r increases scaling, theissue ofincluding inductance inthe repeater insertion
as the time consta®,C,, decreases, or alternatively, as fastamethodology will become of paramount importance (see Tables
repeaters are used. Anincreas€inr increases the discrepancyV and Vi).
between azC model and ariR L.C model as described by (16) This trend can be explained intuitively by examining the spe-
and (17) even if the same interconnect trees are buffered to mifal case of a line with large inductance effects. As previously
imize the path delay. Thus, the analytical solutions in (16)—(18jscussed, the minimum total propagation delay can be achieved
anticipate additional savings in repeater area by including inddor such a line by not inserting repeaters independent of the in-
tance inthe interconnect model as compared tB&model for trinsic speed of the technology. If inductance is ignored and an
technologies with faster devices. To verify this trend, five timeBC model is used for such a line, the number of repeaters that
faster devices than the 0.26n devices are used as repeaters t@re inserted will increase as the repeaters become faster since
minimize the maximum path delays forthe same set oftrees listb@re is less of a penalty for inserting more repeaters. Thus, the
inTablel. Theresults corresponding tothe datalistedin Table | atiscrepancy between the repeater solutions based &¢aand
listed in Table IV. Note that the savings in area, power, and delay RLC model (zero repeater area for dominant inductance ef-
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