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On-Chip Power Distribution Grids
with Multiple Supply Voltages

With the on-going miniaturization of integrated circuit feature size, the
design of power and ground distribution networks has become a chal-
lenging task. With technology scaling, the requirements placed on the
on-chip power distribution system have significantly increased. These
challenges arise from shorter rise/fall times, lower noise margins, higher
currents, and increased current densities. Furthermore, the power sup-
ply voltage has decreased to lower dynamic power dissipation. A greater
number of transistors increases the total current drawn from the power
supply. Simultaneously, the higher switching speed of a greater number
of smaller transistors produces faster and larger current transients in
the power distribution network [22]. The higher currents produce large
IR voltage drops. Fast current transients lead to large L% inductive
voltage drops (Al noise) within the power distribution networks.
The lower voltage of the power supply level can be described as

Woad:‘/;id*IR*L%a (151)
where Vjyqq is the voltage level seen by a current load, Vyq is the power
supply voltage, I is the current drawn from the power supply, R and
L are the resistance and inductance of the power distribution network,
respectively, and dt is the rise time of the current drawn by the load.
The power distribution networks must be designed to minimize voltage
fluctuations, maintaining the power supply voltage as seen from the
load within specified design margins (typically 5% of the power sup-
ply level). If the power supply voltage drops too low, the performance
(delay) and functionality of the circuit will be severely compromised.
Excessive overshoots of the supply voltage can also affect circuit relia-
bility and should therefore be reduced.
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With a new era of nanometer scale CMOS circuits, power dissipa-
tion has become perhaps the critical design criterion. As described in
Chapter 14, to manage the problem of high power dissipation, multiple
on-chip power supply voltages have become commonplace [310]. This
strategy has the advantage of permitting those modules along the criti-
cal paths to operate with the highest available voltage level (in order to
satisfy target timing constraints) while permitting modules along the
noncritical paths to use a lower voltage (thereby reducing energy con-
sumption). In this manner, the energy consumption is decreased with-
out affecting the circuit speed. This scheme is used to enhance speed in
a smaller area as compared to the use of parallel architectures. Using
multiple supply voltages for reducing power requirements has been in-
vestigated in the area of high level synthesis for low power [306], [327].
While it is possible to provide multiple supply voltages, in practical
applications, such a scenario is expensive. Practically, a small number
of voltage supplies (two or three) can be effective [299].

Power distribution networks in high performance ICs are com-
monly structured as a multi-layer grid [28]. In such a grid, straight
power/ground lines in each metalization layer can span an entire die
and are orthogonal to the lines in adjacent layers. Power and ground
lines typically alternate in each layer. Vias connect a power (ground)
line to another power (ground) line at the overlap sites. A typical on-
chip power grid is illustrated in Fig. 15.1, where three layers of inter-
connect are depicted with the power lines shown in dark grey and the
ground lines shown in light grey.

An on-chip power distribution grid in modern high performance ICs
is a complex multi-level system. The design of on-chip power distrib-
ution grids with multiple supply voltages is the primary focus of this
chapter. The chapter is organized as follows. Existing work on power
distribution grids and related power distribution systems with mul-
tiple supply voltages is reviewed in Section 15.1. The structure of a
power distribution grid and the simulation setup are reviewed in Sec-
tion 15.2. The structure of a power distribution grid with dual sup-
ply voltages and dual grounds (DSDG) is discussed in Section 15.3.
Interdigitated power distribution grids with DSDG are described in
Section 15.4. Paired power distribution grids with DSDG are analyzed
in Section 15.5. Simulation results are presented in Section 15.6. Cir-
cuit design implications are discussed in Section 15.7. Some specific
conclusions are summarized in Section 15.8.
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Fig. 15.1. A multi-layer on-chip power distribution grid [328]. The ground lines are
light grey, the power lines are dark grey. The signal lines are not shown.

15.1 Background

On-chip power distribution grids have traditionally been analyzed as
purely resistive networks [282]. In this early work, a simple model is
presented to estimate the maximum on-chip IR drop as a function of
the number of metal layers and the metal layer thickness. The opti-
mal thickness of each layer produces the minimum IR drops. Design
techniques are provided to maximize the available signal wiring area
while maintaining a constant IR drop. These guidelines, however, have
limited application to modern, high complexity power distribution net-
works. The inductive behavior of the on-chip power distribution net-
works has historically been neglected because the network inductance
has been to date dominated by the off-chip parasitic inductance of
the package. With the introduction of advanced packaging techniques
and the increased switching speed of integrated circuits, this situation
has changed. As noted in [208], by replacing wider power and ground
lines with narrower interdigitated power and ground lines, the partial
self-inductance of the power supply network can be reduced. The au-
thors in [209] propose replacing the wide power and ground lines with
an array of interdigitated narrow power and ground lines to decrease
the characteristic impedance of the power grid. The dependence of the
characteristic impedance on the separation between the metal lines and
the metal ground plane is considered. The application of the proposed
power delivery scheme, however, is limited to interdigitated structures.

Several design methodologies using multiple power supply voltages
have been described in the literature. A row-by-row optimized power
supply scheme, providing a different supply voltage to each cell row,
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is described in [318]. The original circuit is partitioned into two
subcircuits by conventional layout methods. Another technique, pre-
sented in [319], decreases the total length of the on-chip power and
ground lines by applying a multiple supply voltage scheme. A layout
architecture exploiting multiple supply voltages in cell-based arrays is
described in [309]. Three different layout architectures are analyzed.
The authors show that the power consumed by an IC can be reduced,
albeit with an increase in area. In previously reported publications,
only power distribution systems with two power supply voltages and
one common ground have been described. On-chip power distribution
grids with multiple power supply voltages and multiple grounds are
discussed in this chapter.

15.2 Simulation setup

The inductance extraction program FastHenry [67] is used to ana-
lyze the inductive properties of on-chip power grids. FastHenry effi-
ciently calculates the frequency dependent self and mutual impedances,
R(w)+wL(w), in complex three-dimensional interconnect structures. A
magneto-quasistatic approximation is utilized, meaning the distributed
capacitance of the line and any related displacement currents associated
with the capacitances are ignored. The accelerated solution algorithm
employed in FastHenry provides approximately a 1% worst case ac-
curacy as compared to directly solving the system of linear equations
characterizing the system.

Copper is assumed as the interconnect material with a conductiv-
ity of (1.72 €2 - cm)~!. A line thickness of 1 um is assumed for each
of the lines in the grids. In the analysis, the lines are split into mul-
tiple filaments to account for the skin affect. The number of filaments
are estimated to be sufficiently large so as to achieve a 1% accuracy.
Simulations are performed assuming a 1 GHz signal frequency (model-
ing the low frequency case) and a 100 GHz signal frequency (modeling
the high frequency case). The interconnect structures are composed
of interdigitated and paired power and ground lines. Three different
types of interdigitated power distribution grids are shown in Fig. 15.2.
The total number of lines in each power grid is 24. Each of the lines
is incorporated into a specific power distribution network and distrib-
uted equally between the power and ground networks. The maximum
simulation time is under five minutes on a Sun Blade 100 workstation.
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(a)

(b)

()

Fig. 15.2. Interdigitated power distribution grids under investigation. In all of the
power distribution structures, the power lines are interdigitated with the ground
lines. (a) A reference power distribution grid with a single supply voltage and a
single ground (SSSG). The power lines are grey colored and the ground lines are
white colored, (b) a power distribution grid with DSSG. The power lines are light and
dark grey colored and the ground lines are white colored, (¢) the power distribution
grid with DSDG. The power lines are shown in black and dark grey colors and the
ground lines are shown in white and light grey colors.
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15.3 Power distribution grid with dual supply and dual
ground

Multiple power supply voltages have been widely used in modern high
performance ICs, such as microprocessors, to decrease power dissipa-
tion. Only power distribution schemes with dual supply voltages and
a single ground (DSSG) have been reported in the literature [26], [28],
[199], [309], [318], [319]. In such networks, both power supplies share
the one common ground. The ground bounce produced by one of the
power supplies therefore adds to the power noise in the other power
supply. As a result, voltage fluctuations are significantly increased. To
address this problem, an on-chip power distribution scheme with DSDG
is presented. In this way, the power distribution system consists of two
independent power delivery networks.

A power distribution grid with DSDG consists of two separate
subnetworks with independent power and ground supply voltages and
current loads. No electrical connection exists between the two power
delivery subnetworks. In such a structure, the two power distribution
systems are only coupled through the mutual inductance of the ground
and power paths, as shown in Fig. 15.3.

The loop inductance of the current loop formed by the two parallel
paths is

Ligop = Lpp + Lgg — 2M, (15.2)

where L,, and Ly are the partial self-inductance of the power and
ground paths, respectively, and M is the mutual inductance between
these paths. The current in the power and ground lines is assumed to
always flow in opposite directions (a reasonable and necessary assump-
tion in large power grids). The inductance of the current loop formed
by the power and ground lines is therefore reduced by 2M. The loop
inductance of the power distribution grid can be further reduced by in-
creasing the mutual inductive coupling between the power and ground
lines. As described by Rosa in 1908 [43], the mutual inductance between
two parallel straight lines of equal length is

21 d
Mioop = 0.21 <lnd -1+ 7 Iny + lnk> uH, (15.3)
where [ is the line length, and d is the distance between the line centers.
This expression is valid for the case where | > d. The mutual induc-
tance of two straight lines is a weak function of the distance between
the lines [28].
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Fig. 15.3. Circuit diagram of the mutual inductive coupling of the DSDG power
distribution grid. Li1 and L3z denote the partial self-inductances of the power lines
and L2o and Las denote the partial self-inductances of the ground lines, respectively.

Analogous to inductive coupling between two parallel loop segments
as described in [68], the mutual loop inductance of the two power dis-
tribution grids with DSDG is

Mioop = L13 — L14 + Log — Log. (15.4)

Note that the two negative signs before the mutual inductance com-
ponents in (15.4) correspond to the current in the power and ground
paths flowing in opposite directions. Also note that since the mutual
inductance M in (15.2) is negative, Mj,o, should be negative to lower
the loop inductance. If M, is positive, the mutual inductive coupling
between the power/ground paths is reduced and the effective loop in-
ductance is therefore increased. If the distance between the lines mak-
ing a loop is much smaller than the separation between the two loops,
L3 =~ Li4 and Loz &~ Lo4. This situation is the case for paired power
distribution grids. In such grids, the power and ground lines are located
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in pairs in close proximity. For the interdigitated grid structure shown
in Fig. 15.2(c), the distance between the lines d;3 is the same as an off-
set between the two loops dos, as illustrated in Fig. 15.4. In this case,
assuming dip = dog = d, from (15.3), M., between the two grids is
approximately

3
Mioop = 0.21 lni uH. (15.5)

Fig. 15.4. Physical structure of an interdigitated power distribution grid with
DSDG. The power delivery scheme consists of two independent power delivery net-
works.

Thus, Mj,ep between the two grids is negative (with an absolute
value greater than zero) in DSDG grids. The loop inductance of the
particular power distribution grid, therefore, can be further lowered by
2M . Conversely, in grids with DSSG, currents in both power paths flow
in the same direction. In this case, the resulting partial inductance of
the current path formed by the two power paths is

L L2 — M?

Ly = 2P 15.6
=Ll v L2 —2M’ (156)

where L}Dp and Lf,p are the partial self-inductance of the two power
paths, respectively, and M is the mutual inductance between these
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paths. The mutual inductance between the two loops is therefore
increased. Thus, the loop inductance seen from a particular current load
increases, producing larger power/ground L% voltage fluctuations.

15.4 Interdigitated grids with DSDG

As shown in Section 15.3, by utilizing the power distribution scheme
with DSDG, the loop inductance of the particular power delivery net-
work is reduced. In power distribution grids with DSDG, the mutual
inductance M between the power and ground paths in (15.2) includes
two terms. One term accounts for the increase (or decrease) in the
mutual coupling between the power and ground paths in a particular
power delivery network due to the presence of the second power de-
livery network. The other term is the mutual inductance in the loop
formed by the power and ground paths of the particular power delivery
network. Thus, the mutual inductance in power distribution grids with
DSDG is

M = M'"+ Miopp, (15.7)

where M’ is the mutual inductance in the loop formed by the power
and ground lines of the particular power delivery network and M, is
the mutual inductance between the two power delivery networks. M’
is always negative. Mj,,, can be either negative or positive.

The loop inductance of a conventional interdigitated power distribu-
tion grid with DSSG has recently been compared to the loop inductance
of an example interdigitated power distribution grid with DSDG [329].
In general, multiple interdigitated power distribution grids with DSDG
can be utilized, satisfying different design constraints in high perfor-
mance ICs. Exploiting the symmetry between the power supply and
ground networks, all of the possible interdigitated power distribution
grids with DSDG can be characterized by two primary power deliv-
ery schemes. Two types of interdigitated power distribution grids with
DSDG are described in this section. The loop inductance in the first
type of power distribution grids is presented in Section 15.4.1. The loop
inductance in the second type of power distribution grids is discussed
in Section 15.4.2.

15.4.1 Type I interdigitated grids with DSDG

In the first type of interdigitated power distribution grid, the power
and ground lines in each power delivery network and in different
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voltage domains (power and ground supply voltages) are alternated
and equidistantly spaced, as shown in Fig. 15.5. In such power distrib-
ution grids, the distance between the lines inside the loop diI is equal to
the separation between the two loops s%. Such power distribution grids
are described here as fully interdigitated power distribution grids with
DSDG.

-
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Fig. 15.5. Physical structure of a fully interdigitated power distribution grid with
DSDG. The distance between the lines making the loops dj is equal to the separation
between the two loops s7.

Consistent with (15.4), the mutual inductive coupling of two current
loops in fully interdigitated grids with DSDG is

intl
Mipop = Lvadi—vadaz2 — Lvdd1—cnd2 + Land1—Gnd2 — Lvdd2—cnd1, (15.8)

where L;; is the mutual inductance between the power and ground
paths in the two power distribution networks. In general, a power distri-
bution grid with DSDG should be designed such that M;,,,, is negative
with the absolute maximum possible value. Alternatively,

|Lvddi—Gndz| + |Lvdd2—Gndi| > |Lvadi—vdaz| + |Lcandi—anaz|-  (15.9)

For fully interdigitated power distribution grids with DSDG, the dis-
tance between the power and ground lines inside each loop dj is the
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same as an offset between the two loops s%. In this case, substituting
the mutual inductances between the power and ground paths in the two

voltage domains into (15.8), liggé between the two grids is determined

by (15.5). Observe that Mfgg}? is negative. A derivation of the mutual
coupling between the two current loops in fully interdigitated power

distribution grids with DSDG is provided in Appendix A.

15.4.2 Type II interdigitated grids with DSDG

In the second type of interdigitated power distribution grid, a power/-
ground line from one voltage domain is placed next to a power/ground
line from the other voltage domain. Groups of power/ground lines are
alternated and equidistantly spaced, as shown in Fig. 15.6. In such
power distribution grids, the distance between the lines inside the loop
di; is two times greater than the separation between the lines. Since
one loop is located inside the other loop, the separation between the
two loops siI ; is negative. Such power distribution grids are described
here as pseudo-interdigitated power distribution grids with DSDG.

Vddi S

7
17

Vdd2

N

i
Srr1

Gndl

G‘
| Gnd2 |9_

Fig. 15.6. Physical structure of a pseudo-interdigitated power distribution grid with
DSDG. The distance between the lines making the loops dj; is two times greater
than the separation between the lines.
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The mutual inductive coupling of two current loops in pseudo-
interdigitated grids with DSDG is determined by (15.8). For pseudo-
interdigitated power distribution grids with DSDG, the distance
between the power and ground lines inside each loop d; is two time
greater than the offset between the two loops 53 ;- In this case, substi-
tuting the mutual inductances between the power and ground paths in
the different voltage domains into (15.8), the mutual inductive coupling

between the two networks M 233}3 is

. 2d
Mgt =0.21 (ln3 - l) : (15.10)

where d is the distance between the two adjacent lines. Observe that
Mli;’g}f is positive for [ > d. The derivation of the mutual coupling be-
tween the two current loops in pseudo-interdigitated power distribution
grids with DSDG is presented in Appendix B.

In modern high performance ICs, the inductive component of the
power distribution noise has become comparable to the resistive noise
[207]. In future nanoscale ICs, the inductive L% voltage drop will dom-
inate the resistive I R voltage drop, becoming the major component in
the overall power noise. The partial self-inductance of the metal lines
comprising the power distribution grid is constant for fixed parameters
of a power delivery system (i.e., the line width, line thickness, and line
length). In order to reduce the power distribution noise, the total mu-
tual inductance of a particular power distribution grid should therefore
be negative with an absolute maximum value.

Comparing (15.5) to (15.10), note that for a line separation d much
smaller than line length [, the mutual inductive coupling between differ-
ent voltage domains in fully interdigitated grids M, llg(f; is negative with
a nonzero absolute value, whereas the mutual inductive coupling be-
tween two current loops in pseudo-interdigitated grids M, ziélé,l,l is positive.
Moreover, since the distance between the lines comprising the loop in
fully interdigitated power distribution grids is two times smaller than
the line separation inside each current loop in pseudo-interdigitated
power distribution grids, the mutual inductance inside the loop M
is larger than M/ ;. Thus, the total mutual inductance as described by

(15.7) in fully interdigitated grids is further increased by Mliggll). Con-

versely, the total mutual inductance in pseudo-interdigitated grids is

reduced by Mli(r)lg}gl, as shown in Fig. 15.7. The total mutual inductance

in fully interdigitated power distribution grids with DSDG is therefore
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greater than the total mutual inductance in pseudo-interdigitated grids

with DSDG.
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Fig. 15.7. Total mutual inductance of interdigitated power distribution grids with
DSDG as a function of line separation. The length of the lines is 1000 pem.

15.5 Paired grids with DSDG

Another type of power distribution grid with alternating power and
grounds lines is paired power distribution grids [28], [70]. Similar to
interdigitated grids, the power and ground lines in paired grids are al-
ternated, but rather than placed equidistantly, the lines are placed in
equidistantly spaced pairs of adjacent power and ground lines. Anal-
ogous to the concepts presented in Section 15.3, the loop inductance
of a particular power distribution network in paired power distribu-
tion grids with DSDG is affected by the presence of the other power
distribution network.

In general, multiple paired power distribution grids with DSDG can
be designed to satisfy different design constraints in high performance
1Cs. Exploiting the symmetry between the power and ground networks,
each of the possible paired power distribution grids with DSDG can
be characterized by the two main power delivery schemes. Two types
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of paired power distribution grids with DSDG are presented in this
section. The loop inductance in the first type of power distribution
grid is described in Section 15.5.1. The loop inductance in the second
type of power distribution grid is discussed in Section 15.5.2.

15.5.1 Type I paired grids with DSDG

In the first type of paired power distribution grid with DSDG, the power
and ground lines of a particular power delivery network are placed in
equidistantly spaced pairs. The group of adjacent power and ground
lines from one voltage domain is alternated with the group of power
and ground lines from the other voltage domain, as shown in Fig. 15.8.
In such power distribution grids, the power and ground lines from a
specific power delivery network are placed in pairs. The separation
between the pairs is n times (where n > 1) larger than the separation
between the lines inside each pair. Such power distribution grids are
described here as fully paired power distribution grids with DSDG.
Note that in the case of n = 1, fully paired grids degenerate to fully
interdigitated grids.
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Fig. 15.8. Physical structure of a fully paired power distribution grid with DSDG.
In such a grid, each pair is composed of power and ground lines for a particular
voltage domain. The separation between the pairs is n times larger than the distance
between the lines making up the loop d.
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Similar to the mutual inductance between the two loops in interdig-
itated power distribution grids as discussed in Section 15.4, the mutual
inductive coupling of the two current loops in fully paired grids with
DSDG is determined by (15.8). In fully paired power distribution grids
with DSDG, the distance between the pairs is n times greater than
the separation d between the power and ground lines making up the
pair. Thus, substituting the mutual inductance between the power and
ground lines for the different voltage domains into (15.8), the mutual

inductive coupling between the two networks Mliﬁ,l is

(15.11)

loop

M — 0.9 1n {(" + 2)n]

(n+1)

A derivation of the mutual coupling between the two current loops
in fully paired power distribution grids with DSDG is presented in
Appendix C. Note that Mllj)roc;l is negative for n > 1 with an absolute
value slightly greater than zero. Also note that the mutual inductance
inside each current loop MI’)rdI does not depend on n and is determined
by (15.3).

15.5.2 Type 1I paired grids with DSDG

In the second type of paired power distribution grid with DSDG, a
power /ground line from one voltage domain is placed in a pair with a
power /ground line from the other voltage domain. The group of adja-
cent power lines alternates with the group of ground lines from differ-
ent voltage domains, as shown in Fig. 15.9. In such power distribution
grids, the power and ground lines from different power delivery net-
works are placed in pairs. The separation between the pairs is n times
(where n > 1) larger than the separation between the lines within each
pair. Such power distribution grids are described here as pseudo-paired
power distribution grids with DSDG. Note that in the case of n = 1,
pseudo-paired grids are identical to pseudo-interdigitated grids.

As discussed in Section 15.5.1, the mutual inductive coupling be-
tween the two power delivery networks in pseudo-paired grids with
DSDG is determined by (15.8). In pseudo-paired power distribution
grids with DSDG, the distance between the pairs is n times greater
than the separation d between the power/ground lines making up the
pair. The effective distance between the power and ground lines in a
particular power delivery network is therefore (n + 1)d. Substituting
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Fig. 15.9. Physical structure of a pseudo-paired power distribution grid with DSDG.
In such a grid, each pair is composed of power or ground lines from the two voltage
domains. The separation between the pairs is n times larger than the distance be-
tween the lines making up the loop d. The effective distance between the power and
ground lines in a particular power delivery network is (n + 1)d.

the mutual inductance between the power and ground lines in the two
different voltage domains into (15.8), the mutual inductive coupling

dIl .
between the two networks M f;rop is
2nd
dIl 2
MPT = 0.21 [m (n?+ 2n) — l} : (15.12)

A derivation of the mutual coupling between the two current loops
in pseudo-paired power distribution grids with DSDG is provided in
Appendix D. Note that Mllz)roin is positive for n > 1. In contrast to
fully paired grids, in pseudo-paired power distribution grids, the mutual

inductance inside each current loop MI/erH is a function of n,

2 1
Mo =02 [m— 2 (nEDd

—1 Ink | . 15.13

Note that M;/)rdII decreases with n, approaching zero for large n.
Comparing Fig. 15.8 to Fig. 15.9, note that the line separation in-

side each pair in the pseudo-paired power distribution grid is n times

greater than the line separation between the power and ground lines
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making up a pair in fully paired power distribution grids. The mutual
inductance within the power delivery network in fully paired power dis-
tribution grids M{)rdl is therefore greater than the mutual inductance
within the power delivery network in pseudo-paired power distribution
grids Mp’)rdn. Moreover, the distance between the lines in the particular
voltage domain in fully paired power distribution grids does not de-
pend on the separation between the pairs (no dependence on n). Thus,
le)rdI is a constant. The distance between the power/ground lines from
the different voltage domains in pseudo-paired power distribution grids
is smaller, however, than the distance between the power/ground lines
from the different power delivery networks in fully paired power distri-
bution grids. The magnitude of the mutual inductive coupling between
the two current loops in pseudo-paired grids Ml‘;roin is therefore larger
than the magnitude of the mutual inductive coupling between the two

power delivery networks in fully paired grids M, l‘?g;}. Note that the mag-

: dil . .
nitude of Mllzzp increases with n and becomes much greater than zero

for large n. Also note that MIF;Z(;)I is negative while Mgﬁn is positive
for all n > 1.

The total mutual inductance M as determined by (15.7) for two
types of paired power distribution grids with DSDG is plotted in
Fig. 15.10. Note that the total mutual inductance in fully paired grids
is primarily determined by the mutual inductance inside each power de-
livery network Mérdl. The absolute value of the total mutual inductance

in fully paired grids is further increased by M};roil. As the separation

between the pairs n increases, the mutual inductive coupling between
the two current loops Mﬁig} decreases, approaching zero at large n.
Thus, the magnitude of the total mutual inductance in fully paired
power distribution grids slightly drops with n. In pseudo-paired grids,
however, the total mutual inductance is a non-monotonic function of
n and can be divided into two regions. The total mutual inductance is
determined by the mutual inductance inside each current loop I’)rdu
for small n and by the mutual inductive coupling between the two volt-
age domains MZI:)E(;H for large n. Since M/ 4y is negative and Mf;roin is
positive for all n, the total mutual inductance in pseudo-paired grids is
negative with a decreasing absolute value for small n. As n increases,
Mfgg;n begins to dominate and, at some n (n = 8 in Fig. 15.10), the to-
tal mutual inductance becomes positive with increasing absolute value.
For large n, pseudo-paired grids with DSDG become identical to power

distribution grids with DSSG. Similar to grids with DSSG, power and
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ground paths in both voltage domains are strongly coupled, increasing
the loop inductance as seen from a specific power delivery network. The
resulting voltage fluctuations are therefore larger.
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Fig. 15.10. Total mutual inductance of paired power distribution grids with DSDG
as a function of the ratio of the distance between the pairs to the line separation
inside each pair (n). The length of the lines is 1000 um and the line separation inside
each pair d is 1 um. Note that the total mutual inductance in pseudo-paired power
distribution grids becomes zero at n = 8.

15.6 Simulation results

To characterize the voltage fluctuations as seen at the load, both power
distribution grids are modeled as ten series RL segments. It is assumed
that both power delivery subnetworks are similar and source similar
current loads. Two equal current loads are applied to the power grid
with a single supply voltage and single ground. A triangular current
source with 50 mA amplitude, 100 ps rise time, and 150 ps fall time is
applied to each grid within the power distribution network. No skew
between the two current loads is assumed, modeling the worst case
scenario with the maximum power noise. For each grid structure, the
width of the lines varies from 1 gm to 10 gm, maintaining the line pair
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pitch P at a constant value of 40 um (80 pm in the case of paired grids).
In paired power distribution grids, the line separation inside each pair
is 1 um. The decrease in the maximum voltage drop (or the voltage
sag) from Vjq is estimated from SPICE for different line widths.

The resistance and inductance for the power distribution grids with
SSSG operating at 1 GHZ and 100 GHz are listed in Table 15.1. The
resistance and inductance for the power distribution grids with DSSG
operating at 1 GHz and 100 GHz are listed in Table 15.2. Note that
in the case of DSSG, only interdigitated grids can be implemented.
The power grids with DSSG lack symmetry in both voltage domains
which is necessary for paired grids. Also note that two types of in-
terdigitated power distribution grids with DSSG can be implemented.
Both types of interdigitated grids with DSSG are identical except for
those power/ground lines located at the periphery of the power grid.
Thus, the difference in loop inductance in both interdigitated grids with
DSSG is negligible for a large number of power/ground lines comprising
the grid. Only one interdigitated power distribution grid with DSSG is
therefore analyzed. The impedance characteristics of the interdigitated
and paired power distribution grids with DSDG are listed in Table 15.3,
15.4, and 15.5. The results listed in Tables 15.1 to 15.5 are discussed
in Sections 15.6.1 to 15.6.4.

The performance of interdigitated power distribution grids is quan-
titatively compared to the power noise of a conventional power dis-
tribution scheme with DSSG in Section 15.6.1. The maximum voltage
drop from Vyq for paired power distribution grids is evaluated in Sec-
tion 15.6.2. Both types of power distribution grids are compared to
the reference power distribution grid with SSSG. Power distribution
schemes with decoupling capacitors are compared in Section 15.6.3.
The dependence of the power noise on the switching frequency of the
current loads is discussed in Section 15.6.4.

15.6.1 Interdigitated power distribution grids without
decoupling capacitors

The maximum voltage drop for four interdigitated power distribution
grids without decoupling capacitors is depicted in Fig. 15.11. For each
of the power distribution grids, the maximum voltage drop decreases
sublinearly as the width of the lines is increased. This noise voltage
drop is caused by the decreased loop impedance. The resistance of the
metal lines decreases linearly with an increase in the line width. The
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Table 15.1. Impedance characteristics of power distribution grids with SSSG

Line 1 GHz 100 GHz
cross section Rpp, Rgg Lpp, Lgg Lypg b Rpp, Rgg Lpp, Lgg Lpg k
(umx pm) (@) (mH) (nH) (@) (o) (uH)
Interdigitated
1x1 1.478 0.357 0.289 0.810 2.514 0.351 0.284 0.809
2x1 0.763 0.348 0.286 0.822 1.652 0.343 0.284 0.828
3x1 0.519 0.341 0.285 0.835 1.217 0.337  0.283 0.840
4x1 0.395 0.337 0.285 0.846 0.944 0.333  0.283 0.850
5x1 0.320 0.333 0.284 0.853 0.764 0.330  0.283 0.858
6 x1 0.269 0.330 0.284 0.859 0.643 0.327  0.283 0.865
7x1 0.233 0.328 0.283 0.863 0.555 0.325 0.283 0.871
8§ x1 0.206 0.326  0.283 0.868 0.489 0.323 0.283 0.876
9x1 0.184 0.324 0.283 0.873 0.438 0.321  0.283 0.882
10 x 1 0.167 0.322 0.283 0.879 0.397 0.319 0.282 0.884
Paired
1x1 1.467 0.357 0.332 0.930 2.652 0.352  0.329 0.935
2x1 0.747 0.349 0.324 0.928 1.728 0.344  0.323 0.939
3x1 0.504 0.343 0.319 0.930 1.274 0.338 0.319 0.944
4x1 0.382 0.339 0.315 0.929 0.987 0.333 0.315 0.846
5x1 0.309 0.335 0.312 0.931 0.798 0.330  0.312 0.845
6 x1 0.260 0.332  0.309 0.931 0.671 0.327  0.310 0.948
7x1 0.225 0.330  0.307 0.930 0.580 0.325 0.308 0.948
8 x1 0.199 0.328 0.305 0.930 0.510 0.322  0.306 0.950
9x1 0.179 0.326  0.303 0.929 0.456 0.321  0.304 0.949
10 x 1 0.163 0.324 0.301 0.929 0.413 0.319  0.303 0.950
Line pair pitch — 40 pm, grid length — 1000 pm,
and k = \/ﬁ — coupling coefficient

loop inductance increases slowly with increasing line width. As a result,
the total impedance of each of the power distribution schemes decreases
sublinearly, approaching a constant impedance as the lines become very
wide.

As described in Section 15.3, the power distribution scheme with
DSDG outperforms power distribution grids with DSSG. Fully inter-
digitated grids with DSDG produce, on average, a 15.3% lower voltage
drop as compared to the scheme with DSSG. Pseudo-interdigitated
grids with DSDG produce, on average, a close to negligible 0.3% lower
voltage drop as compared to the scheme with DSSG. The maximum
improvement in noise reduction is 16.5%, which is achieved for an 8 ym
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Table 15.2. Impedance characteristics of interdigitated power distribution grids

with DSSG
Line
. Rpp, Rgg Lpp, Ly Ly «  Lppy Lgg  Lpg wox
C(Z);S ieclf:ﬁ? Q wh) @) F wr)” (@) "
1 GHz
I x1 2180 0397 0289 0728 0396 0285 0720
2% 1 1109 0385 0287 0.745 0383 0283 0.738
3 x1 0.748 0.377 0.286 0.759 0.375 0.282 0.752
4x1 0566 0370 0286 0773 0.368 0281 0.764
5% 1 0456 0365 0285 0781 0363 0281 0.774
6 x 1 0.383 0.361 0.285 0.789 0.359 0.280 0.780
7x 1 0330 0358 0285 0796 0355 0280 0.789
8 x 1 0290 0355 0285 0804 0352 0280 0.795
9 x1 0.260 0.352 0.285 0.810 0.349 0.280 0.802
10 x 1 0235 0349 0285 0817 0346 0279 0.806
100 GHz
Ix1 3603 0391 0285 0729 0380 0281 0.722
2% 1 9357 0379 0285 0752 0377  0.280 0.743
3 x1 1.730 0.372 0.285 0.766 0.369 0.280 0.759
4x1 1338 0.366 0285 0779 0363 0280 0.771
5% 1 1081 0361 0285 0.789 0358 0.280 0.782
6 x 1 0.908 0.357 0.284 0.796 0.354 0.279 0.788
7x 1 0784 0354 0284 0802 0350 0279 0.796
8 x 1 0691 0351 0284 0809 0347 0279 0.803
9 x1 0.618 0.348 0.284 0.816 0.345 0.279 0.809
10 x 1 0560 0346 0284 0821 0342 0279 0.816

Line pair pitch — 40 pm, grid length — 1000 pm,
* denotes coupling between Vaq1(Vaaz) and Gnd,

** denotes coupling between V41 and Vige

wide line, and 7.1%, which is achieved for a 1 ym wide line, for fully-
and pseudo-interdigitated grids with DSDG, respectively. Note that
pseudo-interdigitated power grids with DSDG outperform conventional
power delivery schemes with DSSG for narrow lines. For wide lines,
however, the power delivery scheme with DSSG results in a lower volt-
age drop. From the results depicted in Fig. 15.11, observe that the
power delivery schemes with both DSDG and SSSG outperform the
power grid with DSSG. The fully interdigitated power distribution grid
with DSDG outperforms the reference power grid with SSSG by 2.7%.
This behavior can be explained as follows. Since the number of lines
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Table 15.3. Impedance characteristics of interdigitated power distribution grids

with DSDG
CI‘OSS * * * * % ok * % T 1 T
: : Rpp, Rgg Lyp, Lgg Lypg o Lpps Lgg Lipg 1w Lops Lgg Lpg 4
Gridtype sectony @ @) @) TG @) ) @) F
1 GHz
1x1 2.887 0.439 0.2930.667 0.439 0.2790.636 0.438 0.2840.648
2x1 1.458 0.424 0.2920.689 0.423 0.2770.654 0.422 0.2820.668
3 x1 0.979 0.414 0.2910.703 0.413 0.2760.668 0.410 0.2810.685
4 x1 0.738 0.406 0.2910.717 0.405 0.2760.681 0.402 0.2800.697
5x1 0.594 0.400 0.2900.725 0.398 0.2750.691 0.395 0.2800.709
6 x1 0.497 0.394 0.2900.736 0.393 0.2750.700 0.389 0.2790.717
7x1 0.428 0.390 0.2900.744 0.388 0.2750.709 0.384 0.2790.727
8 x1 0.376 0.385 0.2900.753 0.384 0.2750.716 0.380 0.2790.734
9x1 0.336 0.382 0.2900.759 0.380 0.2750.724 0.376 0.2790.742
Tvoe I 10 x 1 0.304 0.379 0.2900.766 0.376 0.2740.728 0.372 0.2780.747
P 100 GHz
1x1 4.703 0.434 0.2900.668 0.432 0.2750.637 0.429 0.2790.650
2x1 3.070 0.419 0.2900.692 0.417 0.2750.659 0.413 0.2790.676
3 x1 2.251 0.408 0.2900.711 0.406 0.2750.677 0.403 0.2790.692
4 x1 1.739 0.401 0.2900.723 0.399 0.2750.689 0.395 0.2790.706
5x1 1.406 0.394 0.2900.736 0.392 0.2740.699 0.388 0.2780.716
6 x1 1.179 0.389 0.2900.746 0.387 0.2740.708 0.383 0.2780.726
7x1 1.017 0.385 0.2890.751 0.383 0.2740.715 0.378 0.2780.735
8 x1 0.896 0.381 0.2890.759 0.379 0.2740.723 0.374 0.2780.743
9x1 0.802 0.377 0.2890.767 0.375 0.2740.731 0.370 0.2780.751
10 x 1 0.727 0.374 0.2890.773 0.372 0.2740.737 0.367 0.2780.757
1 GHz
1x1 2.893 0.439 0.2790.636 0.439 0.2930.667 0.438 0.2840.648
2x1 1.466 0.423 0.2770.655 0.424 0.2920.689 0.422 0.2820.668
3 x1 0.987 0.413 0.2760.668 0.414 0.2910.703 0.410 0.2810.685
4x1 0.747 0.405 0.2760.681 0.406 0.2910.717 0.402 0.2800.697
5x1 0.601 0.398 0.2750.691 0.400 0.2900.725 0.395 0.2800.709
6 x 1 0.504 0.393 0.2750.700 0.394 0.2900.736 0.389 0.2790.717
7x1 0.435 0.388 0.2750.709 0.390 0.2900.744 0.384 0.2790.727
8 x1 0.383 0.384 0.2750.716 0.386 0.2900.751 0.380 0.2790.734
9x1 0.342 0.380 0.2750.724 0.382 0.2900.759 0.376 0.2790.742
T I 10 x 1 0.310 0.377 0.2740.727 0.379 0.2900.765 0.372 0.2780.747
ybe 100 GHz
1x1 4.756 0.432 0.2750.637 0.434 0.2900.668 0.429 0.2790.650
2x1 3.109 0.417 0.2750.659 0.419 0.2900.692 0.413 0.2790.676
3 x1 2.281 0.406 0.2750.677 0.408 0.2900.711 0.403 0.2790.692
4 x1 1.764 0.399 0.2750.689 0.401 0.2900.723 0.395 0.2790.706
5x1 1.425 0.392 0.2740.699 0.394 0.2900.736 0.388 0.2780.716
6 x1 1.196 0.387 0.2740.708 0.389 0.2900.746 0.383 0.2780.726
7x1 1.031 0.383 0.2740.715 0.385 0.2900.753 0.378 0.2780.735
8 x1 0.907 0.379 0.2740.723 0.381 0.2890.759 0.374 0.2780.743
9x1 0.812 0.375 0.2740.731 0.377 0.2890.767 0.370 0.2780.751
10 x 1 0.735 0.372 0.2740.737 0.374 0.2890.773 0.367 0.2780.757

Line pair pitch — 40 um, grid length — 1000 pm,

* denotes coupling between Vgq1 (Vaqz) and Gnd; (Gnda),

** denotes coupling between Vgq; (Gndi) and Vggo (Gnds),

 denotes coupling between Gnd; and Vyqo




345

15.6 Simulation results

¢PPA pue Tpuy) weamiaq Sur[dnod sajousp

‘epup) pue TPPA usamyaq Sur[dnod sejousp | ‘GPPA pue TPPA uwsamjaq Surdnoos sejoudp

‘Tpur) pue PPy usemjaq Surdnoo sejousp , ‘wr! )01 — Yrdue] puisd ‘wrrf 08 — yoid sired

8¥L0 €.C°0 G9¢°0 T6L°0 GLZO 99¢°0 TG6L°0 ¥.CO G9¢'0 I16°'0 9€¢€°0  69¢°0 G8L°0 T X 01
¢rL 0 €LT0 89¢€°0 G¥L'0 GLC0 69¢€°0 evL 0 ¥LC0 69¢€°0 I16°0 6€€°0 cLE0 L98°0 I X6
7eL0 €LT0 ¢LEe0 LEL0 GLTO €LE0 LeL’0 VLT0 ¢Le0 ¢I6°0 €¥€0 9,60 0L6°0 I X8
6GL°0 TLCO 9.0 6¢L0 GLC0 LLE°0 LcLl'0 v.T0 LLE0 I16°0 9¥C°0 08¢0 ¢OT'T I XL
61L°0 ¥.CO I8¢'0  0CL'0 GLT'O e8¢0 6IL°0 ¥.CO I8¢°0 6060 0S¢0 g8¢0 6LC°T IX9
80L°0 ¥.C'0 L8E0 TTL°0 GLZ'0  LSE0 80L°0 ¥.C'0  L8E€0 016°0 GS€°0  06€°0 Gce'l I X¢
L69°0 7,20 €66°0 8690 GLC0 V60 G69'0 ¥.¢'0 ¥6€0 606°0 T9¢°0  L6€°0 LSS'T I X7V
3890 ¥.C'0 07’0 ¥89'0 €LCO 07’0 ¥89'0 GLTO c07°0 9060 L9¢€°0 G070 Ve I X¢€
9990 G.¢°0 ¢Iv’'0  ¥99'0 SLC0 VIVO ¥99°0 L0 VIVO ¢06'0 9.0 LI¥O L4 RS I X2¢
8€9°0 G.C°0 IE€7'0  8€9°0 GLT0 TE7°0 8€9°0 G.¢0 TEV0 ¥68°0 S88€0 ¥EVO Icrc I XTI

ZHD 001

8¢L'0 €.C°0 GLE0 ¢EL0 9LC°0  LLEO 6¢L0 ¥.C'0 9L€°0 6.8°0 €€€°0 6L€°0 80€°0 T XO0T1
€cL’0 ¥.C0 6L6°0  9¢L0 9.0 08¢0 €cL’0 ¥.C0 6.€°0 088°0 9¢€°0 e8¢0 6€€°0 T X6
GIL’0 ¥.C0 €8€°0  6IL0 9.0 P80 S8TIL0 G.C0 €8¢°0 I88°0 0ve'0 98¢0 8.€°0 T X8
80L°0 ¥.C0 L8€0 TTL°0 9.C°0 88¢°0 60L°0 G.C°0 88¢€°0 ¢88°0 ¥We'0 0680 8¢¥°0 T XL
6690 ¥.C0 ¢6€°0 ¢0L'0 9.2°0 €6€°0 ¢0L0 GLC0 ¢6€°0 I88°0 8¥¢0 G6¢°0 G6¥%°0 I X9
169°0 GLCO 86¢°0 €690 9.2°0 86&°0 169°0 GLZ0 86¢°0 €88°0 €9¢0 0070 0650 I Xg
1890 GLTO 7070 I89°0 9.C°0 q07°0 I89°0 9.¢°0 G070 ¢88°0 69¢€°0 L0170 €eL0 I X7y
899°0 9.0 e1vo TL9°0 LLTO e1v0 899°0 9120 e1v0 ¢88°0 99¢°0 a1vo ¢L6°0 IXe
G690 LLTO €er'0 9990 8L¢'0 ¥cr0 GG9°'0 LLTO &ev'0 G880 9.€0 qcvo (571 I X¢C
€€9°0 8.¢C0 6670 990 6LC°0 6E7°0 9¢9'0 6.¢°0 6E7°0 988°0 6860 6EV0 £88'C I XTI

ZHD 1
m 7
, o @ o m aw @ ar)

UMy Mgty 7 Mg Mg T Mg Nl Tl Pt vty iy

HASA Yy spud uonnqriysip wmod paired T odAT, Jo sorystIejoereyd 9ouepadw] QT S[qe],



15 On-Chip Power Distribution Grids with Multiple Supply Voltages

346

¢PPA pue Tpuy) weamiaq Sur[dnod sajousp

‘epup) pue TPPA usamjaq Surfdnod sejousp | ‘Tpun) — TPP) ueamiaq Suridnod sejousp

‘ePPy — PP ueamjaq Surdnoo sejousp , ‘wrl 00T — Yrdue] puid ‘wrf 08 — yoyd sired

8¥L0 €.C°0 G9¢°0 T6L°0 GLZO 99¢°0 TG6L°0 ¥.CO G9¢'0 I16°'0 9€¢€°0  69¢°0 98L°0 T X 01
¢rL 0 €LT0 89¢€°0 G¥L'0 GLC0 69¢€°0 evL 0 ¥LC0 69¢€°0 I16°0 6€€°0 cLE0 898°0 I X6
7eL0 €LT0 ¢LEe0 LEL0 GLTO €LE0 LeL’0 VLT0 ¢Le0 ¢I6°0 €¥€0 9,60 T1.6°0 I X8
6GL°0 TLCO 9.0 6¢L0 GLC0 LLE°0 8¢L'0 TLTO LLE0 TI16°0 97€°0 08¢0 eoT'T I XL
61L°0 ¥.CO I8¢'0  0CL'0 GLT'O e8¢0 6IL°0 ¥.CO I8¢°0 6060 0S¢0 g8¢0 6LC°T IX9
80L°0 ¥.C'0 L8E0 TTL°0 GLZ'0  LSE0 80L°0 ¥.C'0  L8E€0 016°0 GS€°0  06€°0 (44! I X¢
L69°0 7,20 €66°0 8690 GLC0 V60 G69'0 ¥.¢'0 ¥6€0 606°0 T9¢°0  L6€°0 LSS'T I X7V
3890 ¥.C'0 07’0 ¥89'0 €LCO 07’0 ¥89'0 GLTO c07°0 9060 L9¢€°0 G070 l4747a4 I X¢€
9990 G.¢°0 ¢Iv’'0  ¥99'0 SLC0 VIVO ¥99°0 L0 VIVO ¢06'0 9.0 LI¥O €Ce'e I X2¢
8€9°0 G.C°0 IE€7'0  8€9°0 GLT0 TE7°0 8€9°0 G.¢0 TEV0 ¥68°0 S88€0 ¥EVO 44 I XTI
ZHD 001
8¢L'0 €.C°0 GLE0 ¢EL0 9LC°0  LLEO 6¢L0 ¥.C'0 9L€°0 6.8°0 €€€°0 6L€°0 80€°0 T XO0T1
€cL’0 ¥.C0 6L6°0  9¢L0 9.0 08¢0 9¢L'0 GLC°0 6.€°0 088°0 9¢€°0 e8¢0 6€€°0 T X6
GIL’0 ¥.C0 €8€°0  6IL0 9.0 P80 S8TIL0 G.C0 €8¢°0 I88°0 0ve'0 98¢0 8.€°0 T X8
80L°0 ¥.C0 L8€0 TTL°0 9.C°0 88¢°0 0TL0 €.2°0 88¢€°0 ¢88°0 ¥We'0 0680 8¢¥°0 T XL
6690 ¥.C0 ¢6€°0 ¢0L'0 9.2°0 €6€°0 ¢0L0 GLC0 ¢6€°0 I88°0 8¥¢0 G6¢°0 G6¥%°0 I X9
169°0 GLCO 86¢°0 €690 9.2°0 86&°0 169°0 GLZ0 86¢°0 €88°0 €9¢0 0070 0650 I Xg
1890 GLTO 7070 I89°0 9.C°0 q07°0 I89°0 9.¢°0 G070 ¢88°0 69¢€°0 L0170 €eL0 I X7y
899°0 9.0 e1vo TL9°0 LLTO e1v0 899°0 9120 e1v0 ¢88°0 99¢°0 a1vo ¢L6°0 IXe
G690 LLTO €er'0 9990 8L¢'0 ¥cr0 GG9°'0 LLTO &ev'0 G880 9.€0 qcvo (571 I X¢C
€€9°0 8.¢C0 6670 990 6LC°0 6E7°0 9¢9'0 6.¢°0 6E7°0 988°0 6860 6EV0 £88'C I XTI
ZHD 1
m 7
, o @ o m aw @ ar)
UMy Mgty 7 Mg Mg T Mg Nl Tl Pt vty iy

HAS ymm spud uonnqriysip remod paired [T odAT, Jo so1gstI9loRIRYD doURpadW] ‘G QT O[e],



15.6 Simulation results 347

600.0
O SSSG
500.0 m DSSG L
0O DSDG, Type |
> [ O DSDG, Type Il
€ 400.0
o
o
S
T 300.0 H =
()
o))
o]
S 200.0
>
100.0 H
0.0 +=-+ =

1 2 3 4 5 6 7 8 9 10
Line width, pm

Fig. 15.11. Maximum voltage drop for the four interdigitated power distribution
grids under investigation. No decoupling capacitors are added.

dedicated to each power delivery network in the grid with DSDG is two
times smaller than the total number of lines in the reference grid, the
resistance of each subnetwork is two times greater than the resistance
of the reference power grid. The loop inductance of an interdigitated
power distribution grid depends inversely linearly on the number of
lines in the grid [70]. The loop inductance of each subnetwork is two
times greater than the overall loop inductance of the grid with SSSG.
Given two similar current loads applied to the reference power distrib-
ution scheme, the maximum voltage drop for both systems should be
the same. However, from (15.4), the mutual inductive coupling in the
power grid with DSDG increases due to the presence of the second
subnetwork. As a result, the overall loop inductance of each network
comprising the power grid with DSDG is lower, resulting in a lower
power noise as seen from the current load of each subnetwork. Note
from Fig. 15.7 that in pseudo-interdigitated power distribution grids
with DSDG, the mutual inductance between two current loops Mliggg
is positive, reducing the overall mutual inductance. The resulting loop
inductance as seen from the load of the particular network is therefore
increased, producing a larger inductive voltage drop. In many applica-
tions such as high performance microprocessors, mixed-signal circuits,
and systems-on-chip, a power distribution network with DSDG is often
utilized. In other applications, however, a fully interdigitated power
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distribution system with multiple voltages and multiple grounds can
be a better alternative than distributing power with SSSG.

15.6.2 Paired power distribution grids without decoupling
capacitors

The maximum voltage drop for three paired power distribution grids
without decoupling capacitors is depicted in Fig. 15.12. Similar to in-
terdigitated grids, the maximum voltage drop decreases sublinearly
with increasing line width. Observe that fully paired power distrib-
ution grids with DSDG outperform conventional paired power distri-
bution grids with SSSG by, on average, 2.3%. Note the information
shown in Fig. 15.12, the ratio of the separation between the pairs to
the distance between the lines in each pair (n) is eighty. Also note from
Fig. 15.10 that the total mutual inductance in fully paired grids in-
creases as n is decreased (the pairs are placed physically closer). Thus,
better performance is achieved in fully paired grids with DSDG for
densely placed pairs. In contrast to fully paired grids, in pseudo-paired
grids with DSDG, the total mutual inductance is reduced by induc-
tive coupling between the two current loops MZIZ;;(;H. For n > 8 (see
Fig. 15.10), the mutual inductive coupling between the two current
loops in pseudo-paired grid becomes comparable to the mutual induc-
tive coupling between the two current loops in the conventional power
grid with DSSG (the —2M term in (15.2) becomes positive). As n
further increases, the power and ground paths within the two voltage
domains become strongly coupled, increasing the loop inductance.

To quantitatively compare interdigitated grids to paired grids, the
maximum voltage drop for seven different types of power distribution
grids without decoupling capacitors is plotted in Fig. 15.13. Note in
Fig. 15.13 that the conventional power delivery scheme with DSSG re-
sults in larger voltage fluctuations as compared to fully interdigitated
grids with DSDG. The performance of pseudo-interdigitated grids with
DSDG is comparable to the performance of the conventional delivery
scheme with DSSG. In pseudo-interdigitated grids, the positive mu-
tual inductance between two current loops lowers the overall negative
mutual inductance. The loop inductance in the specific power delivery
network is therefore increased, resulting in greater power noise. Anal-
ogous to the conventional scheme, in pseudo-paired grids, the power
and ground paths in different voltage domains are strongly coupled,
producing the largest voltage drop. Both fully interdigitated and fully



15.6 Simulation results 349

600.0

500.0 O SSSG !
B DSDG, Type |

0 DSDG, Type Il

400.0

300.0

200.0

Voltage drop, mV

100.0

0.0

Line width, pm

Fig. 15.12. Maximum voltage drop for the three paired power distribution grids
under investigation. No decoupling capacitors are added.

paired power distribution grids with DSDG produce the lowest volt-
age fluctuations, slightly outperforming the reference power delivery
network with SSSG. In these grids, the resulting loop inductance is
reduced due to strong coupling between the power/ground pairs from
different voltage domains (with currents flowing in opposite directions).
Alternatively, the total mutual inductance is negative with large magni-
tude, reducing the loop inductance. Both fully interdigitated and fully
paired power distribution grids with DSDG should be used in those
systems with multiple power supply voltages. Fully interdigitated and
fully paired power distribution grids with DSDG can also be a better
alternative than a power distribution grid with SSSG.

15.6.3 Power distribution grids with decoupling capacitors

To lower the voltage fluctuations of on-chip power delivery systems,
decoupling capacitors are placed on ICs to provide charge when the
voltage drops [28]. The maximum voltage drop of seven power distribu-
tion schemes with decoupling capacitors operating at 1 GHz is shown in
Fig. 15.14. All of the decoupling capacitors are assumed to be ideal, i.e.,
no parasitic resistances and inductances are associated with the capac-
itor. Also, all of the decoupling capacitors are assumed to be effective
(located inside the effective radius of an on-chip decoupling capacitor,
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Fig. 15.13. Maximum voltage drop for interdigitated and paired power distribution
grids under investigation. No decoupling capacitors are added.

as described in Chapter 18 [200]). The total budgeted capacitance is
divided equally between the two supply voltages. The decoupling ca-
pacitor added to the power distribution grid with SSSG is two times
larger than the decoupling capacitor in each subnetwork of the power
delivery scheme with dual voltages. As shown in Fig. 15.14, the maxi-
mum voltage drop decreases as the lines become wider. The maximum
voltage drop of the fully interdigitated power distribution scheme with
DSDG is reduced by, on average, 9.2% (13.6% maximum) for a 30 pF
decoupling capacitance as compared to a conventional power distribu-
tion scheme with DSSG. For a 20 pF decoupling capacitance, however, a
fully interdigitated power distribution grid with DSDG produces about
55% larger power noise as compared to a conventional power distrib-
ution scheme with DSSG. This performance degradation is caused by
on-chip resonances, as explained below.

Comparing the data shown in Fig. 15.13 to that shown in Fig. 15.14,
note that the voltage drop of the power distribution grids with
decoupling capacitors as compared to the case with no decoupling ca-
pacitances is greatly reduced for narrow lines and is higher for wider
lines. This behavior can be explained as follows. For narrow lines,
the grid resistance is high and the loop inductance is low. The grid
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Fig. 15.14. Maximum voltage drop for seven types of power distribution grids with
a decoupling capacitance of (a) 20pF and (b) 30 pF added to each power supply.

The switching frequency of the current loads is 1 GHz.
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impedance, therefore, is primarily determined by the resistance of the
lines. Initially, the system with an added decoupling capacitor is over-
damped. As the lines become wider, the grid resistance decreases faster
than the increase in the loop inductance and the system becomes less
damped. As the loop inductance increases, the resonant frequency of
an RLC circuit, formed by the on-chip decoupling capacitor and the
parasitic RL impedance of the grid, decreases. This resonant frequency
moves closer to the switching frequency of the current load. As a result,
the voltage response of the overall system oscillates. Since the decou-
pling capacitance added to the power grid with SSSG is two times
larger than the decoupling capacitance added to each power supply
voltage in the dual voltage schemes, the system with a single supply
voltage is more highly damped and the self-resonant frequency is signif-
icantly lower. Furthermore, the resonant frequency is located far from
the switching frequency of the circuit.

For narrow lines propagating a signal with 1 GHz harmonics, the
resulting power noise in fully interdigitated power grids with DSDG
with 20 pF added on-chip decoupling capacitance is smaller than the
power noise of the power distribution scheme with SSSG, as shown in
Fig. 15.14(a). With increasing line width, the inductance of the power
grids increases more slowly than the decrease in the grid resistance. An
RLC system formed by the RL impedance of the power grid and the
decoupling capacitance, therefore, is less damped. Both of the power
distribution grids with DSDG and the conventional power distribu-
tion grid with SSSG result in larger voltage fluctuations as the line
width increases. The self-resonant frequency of the fully interdigitated
grid with DSDG is almost coincident with the switching frequency of
the current load. The self-resonant frequency of the power grid with
SSSG however is different from the switching frequency of the current
source. Thus, for wide lines, a conventional power delivery scheme with
SSSG outperforms the fully interdigitated power distribution grid with
DSDG. Note that the loop inductance in pseudo-interdigitated power
distribution grids with DSDG is greater than the loop inductance in
fully interdigitated grids. As a result, the self-resonant frequency of a
pseudo-interdigitated grid with DSDG is smaller than the switching
frequency of the current load, resulting in smaller power noise as com-
pared to power grids with SSSG and fully interdigitated grids with
DSDG. Also note that the loop inductance in paired power distribu-
tion grids is further reduced as compared to interdigitated grids. In
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this case, the self-resonant frequency of all of the paired power distri-
bution grids is greater than the circuit switching frequency. Thus, the
power noise in paired power distribution grids gradually decreases as
the line width increases (and is slightly higher in wide lines in the case
of pseudo-paired grids).

Increasing the on-chip decoupling capacitance from 20 pF to 30 pF
further reduces the voltage drop. For a 30 pF decoupling capacitance
in a pseudo-paired power delivery scheme with DSSG, the self-resonant
frequency is close to the switching frequency of the current load. Si-
multaneously, the grid resistance decreases much faster with increas-
ing line width than the increase in the loop inductance. The system
becomes underdamped with the self-resonant frequency equal to the
circuit switching frequency. As a result, the system produces high am-
plitude voltage fluctuations. The maximum voltage drop in the case of
a pseudo-paired power grid with DSDG therefore increases as the lines
become wider. This phenomenon is illustrated in Fig. 15.14(b) for a
line width of 5 pum.

With decoupling capacitors, the self-resonant frequency of an on-
chip power distribution system is lowered. If the resonant frequency of
an RLC system with intentionally added decoupling capacitors is suffi-
ciently close to the circuit switching frequency, the system will produce
high amplitude voltage fluctuations. Voltage sagging will degrade sys-
tem performance and may cause significant failure. An excessively high
power supply voltage can degrade the reliability of a system. The de-
coupling capacitors for power distribution systems with multiple supply
voltages therefore have to be carefully designed. Improper choice (mag-
nitude and location) of the on-chip decoupling capacitors can therefore
worsen the power noise, further degrading system performance [199],
[26].

15.6.4 Dependence of power noise on the switching
frequency of the current loads

To model the dependence of the power noise on the switching frequency,
the power grids are stimulated with triangular current sources with a
50mA amplitude, 20 ps rise times, and 30 ps fall times. The switching
frequency of each current source varies from 1 GHz to 10 GHz to capture
the resonances in each power grid. For each grid structure, the width
of the line is varied from 1 um to 10 gm. The maximum voltage drop
is determined from SPICE for different line widths at each frequency.
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The maximum voltage drop for the power distribution grid with
SSSG is illustrated in Fig. 15.15. The maximum voltage drop decreases
slightly for wider lines. Note that with decoupling capacitors, the volt-
age drop is lower except for two regions. The significant increase in
power noise at specific frequencies and line widths is due to the fol-
lowing two effects. As lines become wider, the resistance of the power
grid is lower, whereas the inductance is slightly increased, decreasing
the damping of the entire system. When the switching frequency of a
current load approaches the self-resonant frequency of the power grid,
the voltage drop due to the RLC system increases (due to resonances).
As the width of the lines increases, the system becomes more under-
damped, resulting in a sharper resonant peak. The amplitude of the res-
onant peak increases rapidly as the system becomes less damped. The
maximum voltage drop occurs between 6 GHz and 7 GHz for a power
grid with a 20 pF decoupling capacitance, as shown in Fig. 15.15(a).

The maximum voltage drop also increases at high frequencies in
narrow lines. Decoupling capacitors are effective only if the capacitor is
fully charged within one clock cycle. The effectiveness of the decoupling
capacitor is related to the RC' time constant, where R is the resistance
of the interconnect connecting the capacitor to the power supply. For
narrow resistive lines, the time constant is prohibitively large at high
frequencies, i.e, the decoupling capacitor cannot be fully charged within
one clock period. The effective magnitude of the decoupling capacitor
is therefore reduced. The capacitor has the same effect on the power
noise as a smaller capacitor [200].

By increasing the magnitude of the decoupling capacitor, the overall
power noise can be further reduced, as shown in Fig. 15.15(b). More-
over, the system becomes more damped, producing a resonant peak
with a smaller amplitude. The self-resonant frequency of the power de-
livery system is also lowered. Comparing Figs. 15.15(a) to 15.15(b),
note that the resonant peak shifts in frequency from approximately
6 GHz to 7 GHz for a 20 pF decoupling capacitance to 5 GHz to 6 GHz
for a 30 pF decoupling capacitance. Concurrently, increasing the de-
coupling capacitor increases the RC' time constant, making the capac-
itor less effective at high frequencies in narrow resistive lines. Note
the significant increase in the maximum voltage drop for a 1 um wide
line for a 30 pF decoupling capacitance as compared to the case of a
20 pF decoupling capacitance. Power distribution grids with DSSG and
DSDG behave similarly. For the same decoupling capacitance and for



15.6 Simulation results 355

©w
o

o y
S o

Maximum voltage drop, mV
© ]

o8
)

Line width, um Current loads frequency, GHz

-
o
S

Maximum voltage drop, mV

Line width, um oy 2
Current loads frequency, GHz

(b)

Fig. 15.15. Maximum voltage drop for the power distribution grid with SSSG as a
function of frequency and line width for different values of decoupling capacitance: a)
decoupling capacitance budget of 20 pF, b) decoupling capacitance budget of 30 pF.
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the non-resonant case, both the fully- and pseudo-interdigitated power
distribution schemes with DSDG result in a lower voltage drop than a
power distribution scheme with DSSG. The magnitude of the decou-
pling capacitance needs to be carefully chosen to guarantee that the
two prohibited regions are outside the operating frequency of the sys-
tem for a particular line width. Also, for narrow lines, the magnitude of
the decoupling capacitor is limited by the RC' time constant. The am-
plitude of the resonant peak can be lowered by increasing the parasitic
resistance of the decoupling capacitors.

15.7 Design implications

Historically, due to low switching frequencies and the high resistance
of on-chip interconnects, resistive voltage drops have dominated the
overall power noise. In modern high performance ICs, the inductive
component of the power distribution noise has become comparable to
the resistive noise [28]. It is expected that in future nanoscale ICs,
the inductive L% voltage drop will dominate the resistive IR voltage
drop, becoming the primary component of the overall power noise [207].
As shown previously, the performance of the power delivery schemes
with DSDG depends upon the switching frequency of the current load,
improving with frequency (due to increased mutual coupling between
the power and ground lines). It is expected that the performance of
the power distribution grids with DSDG will increase with technology
scaling.

As discussed in Section 15.6, fully interdigitated power distribution
grids with DSDG outperform pseudo-interdigitated grids with DSDG.
Moreover, in pseudo-interdigitated grids, the power/ground lines from
different voltage domains are placed next to each over, increasing
the coupling between the different power supply voltages. Pseudo-
interdigitated power distribution grids with DSDG should therefore not
be used in those ICs where high isolation is required between the power
supply voltages (e.g., mixed-signal ICs, systems-on-chip). Rather, fully
interdigitated power distribution grids with DSDG should be utilized.

Similar to interdigitated grids, fully paired power distribution grids
with DSDG produce smaller power noise as compared to pseudo-paired
power distribution grids with DSDG. In pseudo-paired grids, the sepa-
ration between the power/ground lines from different voltage domains
is much smaller than the distance between the power and ground lines
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inside each power delivery network (current loop). Different power
supply voltages are therefore strongly coupled in pseudo-paired grids.
Note that pseudo-paired grids have the greatest coupling between dif-
ferent power supplies among all of the power distribution schemes
described in this chapter. Such grids, therefore, are not a good choice for
distributing power in mixed-signal ICs. Later in the design flow, when it
is prohibitively expensive to redesign the power distribution system, the
spacing between the pairs in pseudo-paired grids with DSDG should be
decreased. If the pairs are placed close to each over (n is small), as illus-
trated in Fig. 15.10, the loop inductance of a particular current loop
is lowered, approaching the loop inductance in pseudo-interdigitated
grids.

The self-resonant frequency of a system is determined by the power
distribution network. For example, in power distribution grids with
DSDG, the decoupling capacitance added to each power delivery net-
work is two times smaller than the decoupling capacitance in the power
delivery scheme with SSSG. The loop inductance of power distribution
grids with DSDG is comparable however to the loop inductance of
power distribution grids with SSSG. Assuming the same decoupling
capacitance, the self-resonant frequency of power distribution grids
with DSDG is higher than the self-resonant frequency of the reference
power delivery scheme with SSSG, increasing the maximum operat-
ing frequency of the overall system. Note that for comparable resonant
frequencies, the resistance of the power distribution grid with DSDG
is two times greater than the resistance of a conventional power grid
with SSSG. Thus, power distribution grids with DSDG are more highly
damped, resulting in reduced voltage fluctuations at the resonant fre-
quency. Also note that on-chip decoupling capacitors lower the resonant
frequency of the system. On-chip power distribution grids with decou-
pling capacitors should therefore be carefully designed to avoid (and
control) any on-chip resonances.

Power distribution grids operating at 1 GHz (the low frequency case)
have been analyzed in this chapter. Comparing the results listed in Ta-
bles 15.1 — 15.5, the mutual inductive coupling at 100 GHz (the high
frequency case) increases, reducing the loop inductance. Thus, for fu-
ture generations of ICs operating at high frequencies [22], the perfor-
mance of power distribution grids with DSDG is expected to improve
by reducing the power distribution noise.
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15.8 Summary

Power distribution grids with multiple power supply voltages are ana-
lyzed in this chapter. The primary results can be summarized as follows:

e Two types of interdigitated and paired on-chip power distribution
grids with DSDG are presented

e C(Closed-form expressions to estimate the loop inductance in four
types of power distribution grids with DSDG have been developed

e With no decoupling capacitors placed between the power supply and
ground, fully- and pseudo-interdigitated power distribution grids
outperform a conventional interdigitated power distribution grid
with DSSG by 15.3% and 0.3%, respectively, in terms of lower power
noise

e In the case of power grids with decoupling capacitors, the voltage
drop is reduced by about 9.2% for fully interdigitated grids with a
30 pF additional decoupling capacitance and is higher by 55.4% in
the case of an added 20 pF decoupling capacitance

e If no decoupling capacitors are added, the voltage drop of a fully in-
terdigitated power distribution grid with DSDG is reduced by 2.7%,
on average, as compared to the voltage drop of an interdigitated
power distribution grid with SSSG

e In the case of a fully paired grid, the power noise is reduced by
about 2.3% as compared to the reference paired power distribution
grid with SSSG

e With on-chip decoupling capacitors added to the power delivery net-
works, both fully interdigitated and fully paired power distribution
grids with DSDG slightly outperform the reference power distribu-
tion scheme with SSSG

e On-chip decoupling capacitors are shown to lower the self-resonant
frequency of the on-chip power distribution grid, producing reso-
nances. An improper choice of the on-chip decoupling capacitors
can therefore degrade the overall performance of a system

e Fully interdigitated and fully paired power distribution grids with
DSDG should be utilized in those ICs where high isolation is
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required between the power supply voltages so as to effectively
decouple the power supplies





