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Abstract— The inductive characteristics of several types of gridded Power distribution networks in high performance digital
power distribution networks are described in this paper. The inductance |Cs gre commonly structured as a multilayer grid, as shown
extraction program FastHenry is used to evaluate the inductive prop- . . . . .
erties of grid structured interconnect. In power distribution grids with !n Fig. 1. In ;uch a grid, straight pow_er/grpund (P/G) lines
alterating power and ground lines, the inductance is shown to vary lin-  in each metalization layer span the entire die (or a large func-
early with grid length and inversely linearly with the number of lines  tional unit) and are orthogonal to the lines in the adjacent lay-

in the grid. The inductance is also relatively constant with frequency ; ; ; i i
in these grid structures. These properties provide accurate and efficient ers. The power and ground lines are typlcally mterdlgltated

estimates of the inductance of power grid structures with various dimen-  Within each layer. Vias are used to connect a power (ground)
sions. line to other power (ground) lines in the adjacent metal layers.

Keywords—inductance, mutual inductance, partial inductance, power
distribution networks, power grids

I. INTRODUCTION

HE ongoing miniaturization of integrated circuit (IC)
feature size has placed significant requirements on the
power and ground distribution network. Circuit integration
densities rise with every technology generation due to smaller
devices and larger dies; the current density and the total cur-
ren.t in.crease accordingly'.At the same time, the higher Speeig 1. A multilayer interconnect with the power distribution grid high-
SW|tCh|_ng of smaller Frari3|siors produces faSte:r current tra i'h.ted; the ground lines are light grey, the power lines are dark grey, and
sients in the power distribution network. The higher currentge signal lines are white.
cause larger ohmi€R voltage drops while fast current tran-
sients cause large inductive2 voltage drops A1 noise) in The paper is organized as follows. Existing work on the de-
the power distribution networks. Power distribution networksign of power distribution networks in high complexity digital
are therefore designed to minimize these current transienticuits is surveyed in Section Il. The relationship between
maintaining the local supply voltage within specified desigithe inductive characteristics in a general power transmission
margins. structure is established in Section Ill. The three types of grid
To satisfy these tight specifications, a power distributiostructures analyzed in this paper are described in Section IV.
network should be low impedance as seen from the pow&he dependence of the inductance characteristics on the line
terminals of the circuit elements. With transistor switchingvidth is discussed in Section V. The differences in the induc-
times as low as a few picoseconds, the on-chip signals typive properties among the three types of grids are reviewed in
cally contain significant harmonics at frequencies as high &ection VI. The dependence of the grid inductance on grid
~ 100 GHz. For on-chip wires, the inductive reactande dimensions is described in Section VII. The dependence of
dominates the overall wire impedance beyentil0 GHz. The the grid inductance on frequency is discussed in Section VIII.
on-chip inductance affects the integrity of the power supplgpecific conclusions are summarized in Section IX.
through two phenomena. First, the magnitude ofAlfenoise
is directly proportional to the power network inductance as Il. BACKGROUND
seen at the current sink. Second, the network resistance, inThe problem of optimizing on-chip multilevel power dis-
ductance, and decoupling capacitance formRdiC’ system  ripution grids has been considered by Song and Glasser [1].
with multiple resonances. In their early work published in 1986, a simple model is pre-
sented to estimate the maximum on-chi@ drop as a func-
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complexity integrated circuits is, however, limited. | R | I |

An alt‘farnanve approach for on Ch”Ip power distribution Parallel Antiparallel
called a “cascaded power/ground ring” has been proposed by
Cao and Krusius [2]. This approach focuses on maximizingg. 2. Current density distribution in the cross section of two closely spaced
the amount of Wiring resources available for signal routing_ wires. Darker shades of gray indicate higher current densities. In wires carry-

The inductance of on—chip power distribution networks ha@g current in the same direction (parallel currents), the current concentration

. . iS shifted away from the parallel current, minimizing the circuit inductance.
traditionally been neglected because the network inductang&yires carrying current in opposite directions (antiparallel currents), the cur-
has been dominated by the parasitic inductance of the package concentrates toward the antiparallel current, also minimizing the circuit

pins, traces, and bond wires. The situation is rapidly changirgluctance.

due to increasing die size (and length of the on-chip POW&H e qance for typical on-chip wires. A frequency of 100 GHz
lines) and the lower inductance of flip chip packaging. Pris ysed to analyze the high frequency case, where the wire re-
ore noted in [3] that replacing wide power and ground linegc(ance completely dominates the impedance and the wire re-

with narrower interdigitated power and ground lines reducegsiance has a minimal effect on the inductive properties of the
the self inductance of the supply network. He also suggesteg .

an approximate expression for the time constant of the re-
sponse of a power supply network to a voltage step input sig- I1l. POWER TRANSMISSION CIRCUIT
nal. Zheng and Tenhunen [4] proposed replacing the wide

power and ground lines with an array of interdigitated narI_:ig. 3a. The circuit consists of a power line and a ground line

row power and ground lines with the purpose of reducing th ; o
switching voltage transients on the power bus by decreasirﬁ%rmIng a transmission path between the power supply at one

the characteristic impedance of the power network. ehd of the path and a power consuming circuit at the other

The construct of a partial self and mutual inductance is usg-nd' The circuit dlme_r15|o_ns are a_ssur_ned to be sqfﬁmently
Small for the lumped circuit approximation to be valid. The

ful in evaluating the inductive properties of high speed cir: S ) . -
. S . |r(1]ductance of both terminating devices is assumed negligible
cuits. The concept of a partial inductance was first developeS compared to the inductance of the power lines. The induc-
by Rosa in 1908 in application to linear conductors [5]. Th ive chapracteristics of the circuit can trf)erefore be Idetermined
partial (self and mutual) inductance is intended to represey) ; . . L ;
y the inductive properties of the transmission wires.

the inductance that a circuit segment contribates part of

a closed loop circuit A rigorous theoretical treatment of the Power
subject was first provided by Ruehli in [6], where a general Power @

Consider the simple power transmission circuit shown in

definition of the partial inductance of an arbitrarily shaped @) supply
conductor is given in terms of the magnetic vector potential.
Analytical expressions characterizing the self and mutual par-
tial inductance of straight line segments as a function of the Ly, i

Ground

line dimensions are presented in [7] for various cross section ’—W—
shapes and mutual orientations.
The inductance extraction program FastHenry [8] is used (b) LPQ(
in this work to explore the inductive properties of these inter- ( 6 6 6 )
connect structures. A conductivity of 3§ um=~ (1.72 p - ) [
cm) 1 is assumed for the interconnect material. A wire thickrig. 3. A simple power transmission cirgcguit; (a) block diagram, (b) the equiv-
ness of lum is assumed for the wire structures. alent inductive circuit.

The inductance of the on-chip structures can decrease sig- . i )
nificantly with signal frequency. It is, therefore, important to 1 1€ POWer transmission loop consists of two wires. The
choose the relevant frequency when evaluating the inductan€dUivalent inductive circuit is depicted in Fig. 3b. The induc-
This decrease in inductance with frequency is due to sevef@Nce matrix for this circuitis
effects. With the onset of the skin effect the wire current con- I _I
centrates near the wire surface, reducing the internal induc- L;; = [ o b ]
tance of the wire. In closely placed wires, the proximity ef-

fect shifts the current distribution profile across the wire crosgnere 1.,,, and L,, are the partial self inductances of the
section so as to minimize the circuit inductance, as shown ghwer and ground lines, respectively, ahg, is the absolute

Fig. 2. These mechanisms have, however, an insignificai|ye of the partial mutual inductance between the lines. The
effect on the effective inductance in integrated circuit struqpop inductance is

tures. The primary cause of the decrease in inductance with
frequency is the variability of the current return path. Livop = Lypp + Lygg — 2L,,. (2)
In this investigation, a frequency of 1 GHz is used to ana-
lyze the low frequency case, where the reactance is compaiidre mutual couplind.,, between the power and ground lines
ble to the resistance but does not yet dominate the interconnestluces the loop inductance. This behavior can be formulated

)

_Lgp ng
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more generallythe greater the mutual coupling between anthe grids of the first type, calledon-interdigitated gridsthe
tiparallel (flowing in opposite directions) currents, the smallepower lines fill one half of the grid and the ground lines fill
the loop inductance of a circuiThe effect is particularly sig- the other half of the grid, as shown in Fig. 5ainterdigitated
nificant when the wire separation is comparable to the dimegrids, the power and ground lines are alternated and equidis-
sions of the wire cross section and the mutual inductancetisntly spaced, as shown in Fig. 5b. The grids of the third
comparable to the self inductance of the wires. type are a variation of the interdigitated grids. The power and
The effect of the coupling is reversed when the current iground lines are interdigitated, but rather than placed equidis-
the elements flows in the same direction. For example, in aiantly, the lines are placed in equidistantly spaced pairs of ad-
der to reduce the partial inductanée; of wire segment 1, jacent power and ground lines, as shown in Fig. 5c. These
another wire segment 2 with self inductardgg and coupling grids are henceforth callgshired grids
L, is placed in parallel with segment 1. A schematic of the

equivalent inductance is shown in Fig. 4. The resulting induc-
tance of the current path is
Lyi1Lyy — L3,
Ly, = . 3
U2 = Ty + Lo — 2045 ®)

For the limiting case of no coupling, this expression simpli-

fies to £44E22- " In the opposite case of full coupling of seg-
ment 1,Ly; = Li5 (L1 < Lgy3) and the total inductance (a)
becomed.;;. For two identical parallel elements, (3) simpli-
fiestoL)| = (Lserf + Lmutuar)/2. In generalthe greater the
mutual coupling between parallel (flowing in the same direc-
tions) currents, the greater the loop inductance of a circuit

To present this concept in an on-chip perspective, consider a
1000 um long power line with a km x 3um cross section,

and a partial self inductance of 1.342 nH (at 1 GHz). Adding
another identical power line in parallel with the first line with (b)
a 17 ym separation (2Qum line pitch) results in a mutual

line coupling of 0.725 nH and a net inductance of 1.033 nH
(~55% higher tharl,e;¢ /2 = 0.671 nH).

Ly, i1

QO

000 o (c)
Ly b2

Fig. 5. Power/ground grid structures under investigation; (a) a non-
interdigitated grid, (b) a grid with the power lines interdigitated with the
ground lines, (c) a paired grid, the power and ground lines are in close pairs.
The power lines are grey colored, the ground lines are white colored.

To minimize the circuit inductance, the coupling of wires

carrying unidirectional current can be reduced by increasing The number of power lines matches the number of ground
the distance between the lines. The coupling of wires calines in all of the grid structures. The number of power/ground
rying current in opposite directions should be increased lQyne pairs is varied from one to ten (the structures of the two
physically placing the lines closer to each other. types are identical with only one power/ground line pair). The
This optimization naturally occurs in grid structured powegrid lines are assumed to be 1 mm long and are placed on a
distribution networks with interdigitated power and groun®o ym pitch. The specific line length is unimportant since at
lines. To demonstrate this effect, the following three types ahese high length to cross-sectional dimension ratios the in-
power/ground grid structures composed of coplanar parallglictance scales nearly linearly with the line length.
lines are described in the following section. An analysis of these structures has been performed for two
line cross sections, Am x 1 um and 1uym x 3um. For each
of these structures, the following characteristics have been de-
To assess the dependence of the inductive properties on teemined: the partial self inductance of the power (forward
power and ground lines, the coupling characteristics of threseirrent) and ground (return current) paths, and L, re-
types of power/ground grid structures have been analyzed. dpectively, the power to ground path couplihg,, and the

Fig. 4. Two parallel coupled inductors.

IV. GRID TYPES
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loop inductancel;,,p,. Due to the symmetry of the power and
ground pathsL,, = L,, and the relation of the loop induc-
tance to the partial inductance simplifies to

Paired
Interdigitated
Non-interdigitated

—
[\]

Livop = Lpp + Lgg — 2Lpg = 2(Lpp — Lyy). 4)

The loop inductance of the three types of grid structures
operating at 1 GHz is displayed in Fig. 6 as a function of the
number of lines in the grid. The partial self and mutual induc-
tance of the power and ground current paths is shown in Fig. 7
for grid structures with Lkm x 1 um cross section lines and in 1 2 1 6 3 10
Fig. 8 for grids with 3um x 3 um cross section lines. The data
shown in Figs. 6, 7, and 8 are discussed in the following three

o
=

Grid loop inductance, nH
o
oo

o

Number of power/ground line pairs

sections. Fig. 7. Loop and partial inductance of the power/ground grids with
1.6 1pm x 1 um cross section lines (at a 1 GHz signal frequency).
E ’ lpm X 1pm lines 1.6
1pm X 3 pm lines ms) Paired
<& m  Non-interdigitated = Interdigitated
g 1.2 ® Interdigitated < Non-interdigitated
g ¢ Paired E’ 1.2 n Ly,
£ IS & Ly,
= -
S 08 3] ® Lisop
= =
R ° 0.8
% -
S 04 &
< L 04
i =
0 ~
1 2 4 6 8 10 O 9
1 2 4 6 8 10

Number of power/ground line pairs . )
Number of power/ground line pairs

Fig. 6. Loop inductance of the power/ground grids as a function of the num-
ber of power/ground line pairs (at a 1 GHz signal frequency). Fig. 8. Loop and partial inductance of the power/ground grids with
1pm x 3 um cross section lines (at a 1 GHz signal frequency).

4% to 6%, as quantified by comparison of the data shown
_ _ _ in Fig. 7 with the data shown in Fig. 8. Therefore, the loop
The loop inductance of the grid depends relatively weaklinductanceL,,,, in the non-interdigitated and interdigitated

on the line width. Grids with m x 3 um cross section lines grids with a Jum x 3um cross section is primarily reduced
have a lower loop inductance than grids witlurh x 1pm by decreasind.,, while for paired grids, a reduction ib,,,
cross section lines but this decrease in inductance is dep@fisignificantly offset by a decreaseln,.

dent upon the grid type, as shown in Fig. 6. The largest de-

crease, approximately 21%, is observed in interdigitated grids. VI. DEPENDENCE OF INDUCTANCE ON GRID TYPE

In non-interdigitated grids, the inductance decreases by ap- I . . , :
proximately 12%. In paired grids, the decrease in inductance.The .g”d inductance varies with the conf|gu_rat|or! of the
is limited to 3% to 4%. gnd. Wl_th the same number of poyver/grou_nq rails, grld_s with
ThS befador can be exlained i erms of e parial L9110 Poter nd o nes et e et
ductance,L,, and Ly,. According 0 (4), Lioop increases subsection VI-A. The inductance of the paired grids is

with largerL,, and decreases with largey,. Increasing the . . L N ;
line width affects bottL,, andL,,. The self inductance of a !ow_er than thg mductanf:e of the interdigitated grids; this topic
is discussed in subsection VI-B.

single wire is a weak function of the wire cross-sectional di-
mensions [7]; this behavior is also true for the complex struc- . - . - .

tures under investigation. Comparison of the data shown%‘ Non-interdigitated versus interdigitated grids

Fig. 7 with the data shown in Fig. 8 demonstrates that chang-The difference in inductance between non-interdigitated
ing the wire cross section fromydn x 1ym to 1lum x 3um and interdigitated grids increases with the number of
decreased.,, by 4% to 6% in all of the multiwire struc- wires, reaching an approximately 4.2 difference for ten
tures. The impact oifi,, is less uniform: in those structures power/ground line pairs for the case of arh x 1pm cross
where the line spacing is much larger than the line width (nosection line, as shown in Fig. 6-(@.7 difference for the case
interdigitated and interdigitated gridg),, changes insignif- of a 1um x 3 um cross section line). This difference is due to
icantly; in paired grids with adjacent linek,,, decreases by two factors.

V. INDUCTANCE VERSUS LINE WIDTH

1|-1:1f,
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First, in non-interdigitated grids the lines carrying currentine pairs, all other factors being the same. For paired grids,
in the same direction (forward or return) are spread over hatfis inversely linear dependence is exad.(the deviation is
the width of the grid, while in the interdigitated (and pairedwell within the accuracy of the inductance extraction by Fast-
grids both the forward and return paths are spread over thkenry). For interdigitated grids, the inversely linear depen-
entire width of the grid. The smaller the separation betweestence is exact within the extraction accuracy at high number
the lines, the greater the mutual inductive coupling betweesf power/ground line pairs. As the number of line pairs is re-
the lines and the partial self inductance of the forward anduced to two or three, the accuracy deteriorates to 5% to 8%
return pathsL,, andL,,. This trend is confirmed by the data due to the “fringe” effect.e., the electrical environment of the
shown in Figs. 7 and 8, where interdigitated grids have a lowéines at the edges of the grid, where a line has only one neigh-
L,, as compared to non-interdigitated grids. bor, is significantly different from the environment within the

Second, each line in the interdigitated structures is sugrid, where a line has two neighbors. The fringe effect is in-
rounded with lines carrying current in the opposite directiorgignificant in paired grids because the electrical environment
creating strong coupling between the forward and return cuef a line is dominated by the pair neighbor, which is physically
rents and increasing the partial mutual inductabgge Alter- much closer as compared to other lines in the paired grid.
natively, in the non-interdigitated arrays (see Fig. 5a), all of As discussed in Section lll, the inductance of conductors
the lines (except for the two lines in the middle of the arrayyonnected in parallel decreases slower than inversely linearly
are surrounded with lines carrying current in the same direwvith the number of conductors if inductive coupling of paral-
tion. The power-to-ground inductive couplifig, is therefore lel conductors is present. The inversely linear decrease of in-
lower in non-interdigitated grids, as shown in Figs. 7 and 8. ductance with the number of lines may seem to contradict the

Thus, the interdigitated grids exhibit a lower partial self infact that significant inductive coupling exists among the lines
ductanceL,, and a higher partial mutual inductanfg, as in a grid. Computationally, this effect can be explained by
compared to non-interdigitated grids. Therefore, the interdig4). While the partial self inductance of the power and ground
itated grids have a lower loop inductanEg,,, as described pathsL,, andL,, indeed decreases slowly with the number

by (4). of lines so does the power to ground couplifig,, as shown
in Figs. 7 and 8. The nonlinear behavioriaf, and the non-
B. Paired versus interdigitated grids linear behavior ofL,, effectively cancel each other [see (4)],

. . L . resulting in a loop inductance with an approximately inversely
The loop inductance of paired grids is 2.3 times lower thafilnear dependence on the number of lines.

the inductance of the interdigitated grids for the case of a From a circuit analysis point of view this behavior can be

1pm x 1pm cross section line and is 1.9 times lower for theexplained as follows. Consider a paired grid. The coupling

case of a Jim x 3um cross section line, as shown in Fig. 6.0 a distant line to a power line in any power/ground pair is

L nAf"?’early the same as the coupling of the same distant line to a
?thﬁ)ec%ﬂﬁlt Iggﬁcitggcgéi-lr—gg ;trzgci;uirge%fﬁt:ael fgmagi t(r%rg:(tjurr jround line in the same pair due to the close proximity of the
of the forward path in an interdigitated grid (only the relativ ower and ground lines within the same pair. The coupling

position of the path differs). The partial self inductaric, o the power line counteracts the coupling to the ground line.

! . . : - . As a result, the two effects cancel each other. Applying the
is therefore the same in the paired and |nterd|g|t§1ted. g”dA me argument in the opposite direction, the effect of the cou-
the two corresponding curves completely overlap in Figs.

. ling of any given line to a power line is canceled by the line
and 8. Tre-\tﬁlu?ﬁ o 5 andngf Iﬁr the tlwq tyE)es oftgrldtsd coupling to the ground line immediately adjacent to the power
are equal within the accuracy ot the analysis. In contrast, \E. e. Similar reasoning is applicable to the interdigitated grids,

}.?] ;he_r:r?r?;ed;artee dpr?.xd'm':%/é)fmthf g)lr\cngardl_and _re:grne(r:L;rren owever, due to the equidistant spacing between the lines, the
Ines | paired grias, utu upling, is lower as degree of coupling cancellation is lower for the lines at the

compared to the interdigitated grids, as shown in Figs. 7 a%%ri ; .
; ; . phery of the grid. The lower degree of cancellation is the
8. Therefore, the difference in the loop inductance betwe use of the aforementioned “fringe” effect.

the paired and interdigitated grids is caused by the diﬁ‘erence.l.he grid loop inductance is also found to increase linearly

in the mutual inductance. with grid length. The linear dependence of inductance on
length can be explained similarly to the preceding discussion
describing the dependence of the inductance on the number of
lines.

Apart from a lower loop inductance, the paired and inter- The linear dependence of inductance on the grid length and
digitated grids have an additional desirable property as comdth (i.e., the number of lines) has a convenient implication.
pared to non-interdigitated grids. The loop inductance of thEhe inductance of a large paired or interdigitated grid can be
paired and interdigitated grids depends inversely linearly witextrapolated with good accuracy from the inductance of a grid
the number of lines as shown in Fig. 6. That is, for exameonsisting of only several power/ground pairs. For an accurate
ple, the inductance of a grid with ten power/ground line pairextrapolation of the interdigitated grids, the line width and
is half of the inductance of a grid with five power/groundpitch of the original and extrapolated grids should be main-

VIl. DEPENDENCE OANDUCTANCE ON GRID
DIMENSIONS
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tained the same. In the case of paired grids, only the physicabnsequently, the decrease in inductance at high frequencies
spacing between the adjacent power and ground lines shoigdcaused by skin and proximity effects which only depend
be maintained the same, as the effective inductive coupling the wire size, spacing, and material resistivity. Such a de-
between power/ground pairs is negligible. Alternatively, irtrease, as shown in Fig. 9, is typically insignificant. The grid
paired grids the effective width of the current loop is primarinductance varies little with frequency unless several wide
ily determined by the power to ground line separation withinvires are placed in close proximity and carry very high fre-
a pair. The spatial separation between pairs has (almost) g@ency signals. This behavior is illustrated by the example of
effect on the grid loop inductance. paired grids with wide Lm x 3um lines. In this case, the
decrease in inductance is greater, approximately 22%, due to
VIII. D EPENDENCE OF INDUCTANCE OF POWER the proximity effect in adjacent wide lines.
DISTRIBUTION GRIDS ON FREQUENCY In non-interdigitated grids, the decrease in loop inductance
As mentioned in Section Il, the circuitinductance decreaséslimited to 11%, but increases with the number of lines in the
with frequency due to the skin effect, proximity effect, andyrid. As the number of lines increases, the current distribution
the redistribution of the return current. The decrease iat low frequencies, uniform among the wires, changes at high
loop inductance for the three types of grid structures with #iequencies, where the current crowds toward the central wires
1pumx 1um line cross section operating at 100 GHz as conwhich provide the lowest inductance path.

pared to a frequency of 1 GHz is plotted in Fig. 9. Note that, as
IX. CONCLUSIONS

The inductive characteristics of power distribution grids are

20 —— e v investigated in this paper. Paired grids are shown to have
— 1lpm x 1pm lines the lowest inductance as compared to interdigitated and non-
151 - I{Iﬁ,‘ﬂiﬁtzr’é‘i‘;#ﬁﬁs interdigitated grids. The grid inductance is moderately depen-

Interdigitated
Paired

dent on the width of the power and ground lines. The induc-
tance of the grids with interdigitated power and ground lines is

°
*

Inductance decrease, %

10 shown to vary linearly with grid length and to vary inversely
5 linearly with the number of power/ground lines. The induc-
tance of the grids with interdigitated power and ground lines
0 decreases relatively little with frequency; the decrease in in-

1 2 4 6 8
Number of power/ground line pairs

10 ductance from 1 GHz to 100 GHz is less than 10% for most

practical geometries. These properties facilitate the efficient
estimation of the inductive characteristics of power distribu-
Fig. 9. Decrease in loop inductance with the change in frequency from 1 GHzon grids of various dimensions

to 100 GHz versus the number of P/G line pairs in the grid. The decrease f? 9 '
expressed as a per cent of the inductance at 1 GHz. The line cross section is
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