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Abstract—Higher operating frequencies and greater power
demands have increased the requirements on the power and
ground network. Simultaneously, due to the larger current loads,
current densities are increasing, making electromigration an
important design issue. In this paper, methods for optimizing
a multi-layer interdigitated power and ground network are
presented. Based on the resistive and inductive (both self- and
mutual) impedance, a closed-form solution for determining the
optimal power and ground wire width is described, producing the
minimum impedance for a single metal layer. Electromigration
is considered, permitting the appropriate number of metal layers
to be determined. The tradeoff between the network impedance
and current density is investigated. Based on 65-, 45-, and 32-nm
CMOS technologies, the optimal width as a function of metal layer
is determined for different frequencies, suggesting important
trends for interdigitated power and ground networks.

Index Terms—Current density, interdigitated structure, min-
imal impedance, power and ground (P/G) networks, width
optimization.

I. INTRODUCTION

W ITH high operating frequencies and scaled geometries,
the power and ground (P/G) distribution network re-

quires greater design optimization to effectively provide higher
current flow. These higher currents increase voltage losses
within the P/G network, while the power supply voltage is
decreasing with advanced technologies, providing lower noise
margins.

With flip-chip packaging, the package inductance is reduced
[1], making the on-chip inductance more significant. Since
voltage variations within a P/G network are due to IR [2], [3]
and [4] voltage drops, the effective resistance and
inductance are the primary foci of the optimization process.
At higher frequencies, the inductive impedance is dominant,
requiring accurate estimation of the effective inductance.

An interdigitated P/G distribution network structure where a
few wide lines are replaced by a large number of narrow lines
is often used to reduce the inductive effect [5], [6]. Different
P/G structures have been compared in [7], [8], where the inter-
digitated structure is shown to achieve the greatest reduction in
inductance.
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Fig. 1. Global interdigitated P/G distribution structure. The darker and lighter
lines represent, respectively, the power and ground lines.

An interdigitated P/G distribution structure is typically lo-
cated on several metal layers. Each layer consists of interdig-
itated power and ground wires, where the direction of the wires
is perpendicular to the direction of the wires in the previous
layer, as depicted in Fig. 1. Routing flexibility and reduced in-
ductance are two primary advantages of an interdigitated P/G
distribution structure. With advancements in technology, addi-
tional metal layers are provided [9], permitting the dedication
of several metal layers to the P/G network. Due to electromigra-
tion, the maximum current is limited; therefore, a larger number
of metal layers passes higher current to the system under the
same electromigration constraint.

The need for efficient P/G networks has been recognized, and
several algorithms and techniques to optimize the P/G distribu-
tion network have been reported [10], [11]. A routing tool for
standard cell circuits to efficiently supply and distribute power
has been proposed in [12]. A typical high complexity IC how-
ever includes a variety of circuits, therefore, routing the supply
network within a standard cell design flow can produce an in-
effective network. To overcome this issue, several algorithms
based on different optimization techniques have been devel-
oped [13], [14]; however, only the package inductance is con-
sidered [14], neglecting the on-chip inductance. An algorithm
based on partitioning the P/G network into smaller sections is
proposed in [15], where voltage drops are considered. With
more advanced packaging techniques (such as flip-chip), the
on-chip inductive noise is also important [1], [16].
To consider on-chip inductance in P/G networks, a technique
to simplify a mesh model of the resistance–inductance–capaci-
tance ( ) P/G network is proposed [17], assuming the loads
are treated as identical current sources. The significance of the
on-chip inductance within paired and interdigitated P/G net-
work structures is described in [18], where the inductance is
treated as a local effect. In [19], the inductance model considers
the mutual inductance between close and distant P/G wires in
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Fig. 2. � pairs of a single layer within an interdigitated P/G distribution struc-
ture.

interdigitated structures. Based on this model, a closed-form
expression characterizing an interdigitated P/G network struc-
ture is described, permitting the optimal width of a P/G net-
work that minimizes the network impedance to be determined.
Based on the optimum width of the P/G lines, a methodology to
minimize the impedance under current density constraints for a
multi-layer metal system is described in this paper.

This paper is organized as follows. The inductance of an
interdigitated power and ground structure is discussed in
Section II. A closed-form expression describing the minimum
impedance for a single metal layer is presented in Section III.
In Section IV, methods to lower the current density across
multiple metal layers are discussed. Two different approaches
are suggested. The tradeoff between the impedance of a P/G
network and the current density is presented in Section V. This
paper is concluded in Section VI.

II. INDUCTANCE OF INTERDIGITATED P/G
DISTRIBUTION NETWORKS

Estimating the inductance of a single layer within an inter-
digitated P/G network structure is discussed in this section. A
single layer of a network is depicted in Fig. 2, which consists of

number of parallel power and ground wire pairs. The effec-
tive inductance of a single metal layer is

(1)

where , and are, respectively, the effective in-
ductance of the first, second, third, and th pair of an inter-
digitated P/G distribution network. Assuming the current flows
in opposite directions in power and ground wires, the effective
inductance of every pair can be determined based on [20]. In
Fig. 3, the effective inductance normalized to the lowest ef-
fective inductance in a structure is depicted for each pair in a
100-pair interdigitated P/G distribution network. The difference
in inductance is small among all of the pairs, excluding those
pairs closest to the boundary. The effect of the boundary is ne-
glected, assuming each of the inductances is equal, permitting
the effective inductance of a single layer within an interdigi-
tated P/G distribution network structure to be determined [19].
A similar assumption is considered in [8], neglecting the mu-
tual terms between the pairs, effectively treating the inductance
as a local phenomena. By not neglecting distant mutual effects,
the effective inductance can be estimated with higher precision.
A derivation of the proposed effective inductance expression is
presented in [19], based on the Wallis formula [21], resulting in

(2)

where , and are the number of power and ground
pairs, permeability of the vacuum, length, width, and thickness
of a single power or ground wire, and the spacing between the

Fig. 3. Normalized effective inductance for each pair in a 100 pair interdigi-
tated P/G distribution network.

Fig. 4. Comparison of FastHenry, ������� ��	
��
, and �������� models
for two different design cases.

power and ground wires, respectively. The mutual inductance
should be considered between all pairs, permitting the accuracy
of the effective inductance to be improved by up to 30%.

The model, represented by (2), is compared among
FastHenry [22], a multipole 3-D inductance extraction program,

, and models in Fig. 4. For the model,
the inductance of each pair is calculated individually and in-
cludes every mutual inductance component [20]. While the in-
dividual inductance of each pair is determined, the effective in-
ductance of a single layer within an interdigitated P/G network
structure is estimated assuming the individual inductive lines
are in parallel. Hence, the model includes every mu-
tual term of all of the wires in a system. In [8], the effective in-
ductance is determined based on an approximation, where the
inductance is treated as a local effect, and the mutual induc-
tance between other pairs is neglected. This model is called
the model. The effective inductance for the
model, represented by (2), is determined by placing a finite
number of individual inductance pairs in parallel. The mutual
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Fig. 5. Error comparison for the ������� ���	
��, and 
��
���� models.
All of the models are compared to FastHenry.

Fig. 6. Comparison of computational complexity among the
������� ���	
��, and 
��
���� models.

inductance term of each P/G pair is determined by assuming an
infinite number of P/G pairs on both sides of the specific pair.
Since the magnitude of the mutual terms quickly declines to zero
as a function of distance, this assumption is highly accurate in
P/G networks with a large number of interdigitated power and
ground pairs.

The error of the model is lowest; however, the com-
putational complexity has polynomial increase with the higher
number of wires in a P/G distribution network. The error and
complexity, presented in Figs. 5 and 6, are evaluated among
the , and models. The complexity
of the and models is independent of the
number of P/G pairs, while the model converges to
the values extracted by FastHenry, providing enhanced accuracy
as compared to the model.

The area allocated for a P/G network is typically constant

(3)

where the first term is the width and space of the power
line, and the second term is for the ground line. Substi-
tuting (3) into (2), the effective inductance is

(4)

Note that (4) considers both the self- and mutual inductance,
where the mutual inductance is between an infinite number of
pairs. This expression requires low computational time while
providing high accuracy when estimating the inductance of an
interdigitated power and ground distribution network.

III. SINGLE METAL LAYER CHARACTERISTICS

The following section is divided into subsections. The op-
timal line width for a single interdigitated metal layer is deter-
mined in Section III-A. The accuracy of the optimal line width
and related issues are discussed in Section III-B.

A. Optimal Width for Minimum Impedance

An interdigitated P/G distribution network is typically allo-
cated over an entire upper metal layer, where the network is de-
signed for lowest impedance. The resistance of a single power
and ground pair is

(5)

where is the metal resistivity. pairs of power and ground
wires are in parallel; the effective resistance of the network is
therefore

(6)

Substituting (3) into (6), the effective resistance for constant
area is

(7)

For constant area, according to (7), wider power and ground
wires reduce the effective resistance. With multiple thin lines,
a large area is consumed by the line-to-line spacing, increasing
the effective resistance of the network. The inductance under a
constant area constraint has the opposite effect since the mu-
tual inductance is dominant in an interdigitated P/G distribution
structure. A greater number of lines increases the mutual induc-
tance, reducing the effective inductance, as described by (4).

The value of the effective impedance as a function of width
(or number of pairs) is

(8)

where is the target frequency. At 5 GHz, (4) and (7) are
compared to FastHenry, as shown in Fig. 7. A constant area of
1 mm 1 mm at the top metal layer for a 65-nm CMOS tech-
nology [23] is assumed.
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Fig. 7. Effective resistance and inductance at 5 GHz as a function of width for
a single layer within an interdigitated P/G distribution network. The overall area
is maintained constant.

Fig. 8. Magnitude of the impedance of (9) and FastHenry.

Since the effect of the resistive and inductive impedance be-
haves inversely with increasing width, the objective is to mini-
mize the overall impedance at a specific frequency. The absolute
value of the effective impedance as a function of line width is

(9)

as illustrated in Fig. 8.
Since the effective inductance in (4) is a transcendental func-

tion of width, a closed-form analytic solution can not be de-
termined for the wire width that minimizes the impedance. A
closed-form expression can, however, be determined for the spe-
cial case where the line-to-line spacing is equal to the thickness
of the metal in the effective inductance equation, resulting in

(10)

A detailed derivation of (10) is presented in Appendix A. A nu-
merical solution based on iterations of the Newton–Raphson

Fig. 9. Closed-form � and � based on the first iteration of the
Newton–Raphson method as compared with FastHenry for different thick-
nesses.

method is used to determine the optimal width for all other spac-
ings

(11)

where and is the estimate of
the optimal wire width. The initial estimate is based on (10). The
number of iterations can be increased to enhance the accuracy
of the optimal width.

Considering the resistance and inductance (both self- and mu-
tual) of a network, (10) combined with (11) can be used to de-
termine the optimal line width of an interdigitated P/G network.
The optimal line width produces the minimum impedance net-
work at a target frequency.

B. Optimal Width Characteristics

A comparison among FastHenry, (10), and based on the
first iteration of the Newton–Raphson method is shown in Fig. 9
for several different metal thicknesses. The spacing is chosen as
the mid point between the thinnest and thickest metal layers for
a 65-nm CMOS technology. A 5 GHz frequency is assumed.
The error between FastHenry and (10) reaches 6%, while the
error between FastHenry and is below 1%. For those cases
where the target accuracy is below the error of the initial es-
timate, the closed-form expression of is computationally
efficient in determining the P/G line width. If higher accuracy
is required, the interdigitated P/G wire width can be determined
according to (11).

A comparison among FastHenry, (10), and based on
the first iteration of the Newton–Raphson method is shown in
Fig. 10 for different spacings. The spacing ranges from 0.54

m (the lowest permitted spacing) to 15 m. When the spacing
is equal to the thickness, and are equal since the
logarithmic term of (4) is zero. At spacings below 7 m, (10)
exhibits an error below 9% as compared to FastHenry. For
spacings up to 15 m, the error between FastHenry and (10)
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Fig. 10. Closed-form � and � based on the first iteration of the
Newton–Raphson method as compared with FastHenry for different spacings.

Fig. 11. Error of � is evaluated for several spacings using closed-form and
one to four iterations of the Newton–Raphson method. The error is relative to
FastHenry.

reaches 26%, while the error with only the first iteration of the
Newton–Raphson method is below 9%. For spacings greater
than 15 m, additional iterations of the Newton–Raphson
method are necessary.

The different number of iterations to determine are eval-
uated in Fig. 11. The error is relative to FastHenry. Note that (10)
assumes the spacingand thickness areequal. The closed-formex-
pression is therefore only accurate for small spacings. For wider
spacings, the Newton–Raphson method is preferred to accurately
determine the optimal width. A larger number of iterations is
needed for wider spacings since the error decreases significantly
for large number of iterations. Spacings up to 100 m are evalu-
ated, suggesting that four iterations are sufficient to determine the
optimal width within 10% accuracy as compared to FastHenry.

Since the width is optimized for a target frequency, the effect
on the frequency range of interest (from DC to the target fre-
quency) is important. In the following discussion, a target fre-
quency of 5 GHz is assumed. In Fig. 12, the impedance of the
network as a function of frequency is depicted. Three values of

Fig. 12. Impedance over the frequency range of interest. Three different P/G
network line widths are depicted. The impedance is minimum at the target fre-
quency with the optimum width.

Fig. 13. Multi-layer P/G distribution network model. Each resistance and in-
ductance represent, respectively, the effective resistance and inductance of a
single layer within a P/G network.

the width are evaluated—the optimal width, a width four times
greater than the optimal width, and a width four times smaller
than the optimal width. Note that the area is maintained con-
stant. An increasing width corresponds to a fewer number of
interdigitated pairs within the P/G network (a thinner line cor-
responds to a higher number of interdigitated pairs).

As illustrated in Fig. 12, the minimum impedance at 5 GHz is
achieved using the optimal width, while a lower and higher line
width increases, respectively, the resistive and inductive com-
ponent of the overall impedance. At low frequencies, the P/G
network with wider lines produces a lower impedance, although
more than the required impedance at the target frequency. In the
example shown in Fig. 12, the network impedance with wider
lines is below the target impedance only below 3.7 GHz. As de-
picted in Fig. 12, the P/G network with a smaller width satisfies
the impedance requirements only up to 2.5 GHz.

IV. MULTI-LAYER OPTIMIZATION

Multi-layer systems can be approximated by the network
shown in Fig. 13, where the resistance and inductance is,
respectively, the effective resistance and inductance of a single
layer within a P/G distribution network [8]. This model treats
the system as worse case since all of the current is assumed to
flow through the entire layer. Electromigration is considered
when optimizing a multi-layer system.
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Fig. 14. Current density for multiple metal layers. The current density of the (a) seventh and eighth, (b) sixth, seventh, and eighth, (c) fifth, sixth, seventh, and
eighth, (d) fourth to eighth, (e) third to eighth, (f) second to eighth, and (g) first to eighth metal layers. The width is determined at the intersection of the current
density of the multiple metal layers. The �-axis for each figure is the current density in units of mA/�m , while the total current is assumed to be 1 A.

The current density of an arbitrary layer is

(12)

where and are the current and cross section of layer
, respectively. The skin effect is considered in determining the

cross-section of the layer,

(13)
(14)
(15)

where is the skin depth. The skin depth is defined as

(16)

where is the conductivity of the material.

Allocating additional metal layers for the power and ground
distribution network distributes the overall current among a
larger number of metal layers. The current density of a partic-
ular metal layer is therefore lower.

Two different approaches are considered for optimizing a
multi-layer P/G network. In the first approach, the current
density per layer is maintained equal for all of the layers, while
providing a low P/G network impedance. The second approach
minimizes the impedance, while considering electromigration.
A tradeoff exists between the current density and the impedance
of a P/G distribution network. A lower impedance reduces the
voltage drop, providing a higher noise margin.

A. First Approach—Equal Current Density

The first optimization approach for an interdigitated P/G dis-
tribution network structure is discussed in this subsection. The
limiting current density is the highest current density among the
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layers. In this approach, the current density among the layers is
maintained equal, minimizing the limiting current density of a
P/G network. A lower limiting current density enhances the re-
liability of a multi-layer system. The current flowing through an
arbitrary layer is

(17)

where and are the voltage across the entire P/G dis-
tribution network and the impedance of the th layer, respec-
tively. Substituting (17) into (12), the current density of the th
metal layer is

(18)

Two layers, and , provide the same current density when

(19)

While the width of a single metal layer is optimized for min-
imum impedance, the width of the remaining metal layers
is chosen to maintain equal current density, as described by
(19). Pseudo-code for determining the width of the individual
metal layers within a multi-layer system based on maintaining
equal current density among the metal layers is provided in
Appendix B.

Based on the proposed methodology, an eight layer P/G dis-
tribution network is described for a 65-nm CMOS technology.
To evaluate the proposed methodology, all of the metal layers
are available for the P/G distribution, although in practical cases
some metal layers are used for the signals, clock network, and
shield lines.

Based on a 65-nm CMOS technology, a width of 1.66 m is
initially determined from (11) for the top (eighth) metal layer to
minimize the impedance of a single metal layer. The width of
the additional metal layers is based on maintaining equal cur-
rent density according to (19). The current density per multiple
metal layers is depicted in Fig. 14. Increasing the width of the
lower metal layer affects the current density in the lower layer as
well as the upper metal layer. Increasing the width of the lower
metal layer changes the impedance of the lower metal layer (de-
creasing the resistance and increasing the inductance). The cur-
rent is distributed among the different metal layers based on the
relative impedance of the metal layers, resulting in larger cur-
rent in the metal layer with lower impedance while changing the
current density in all of the metal layers.

The width is determined at the intersection of the current
density of multiple metal layers. The intersection is the width
where equal current density among the multiple metal layers is
maintained, lowering the limiting current density. As inferred in
Fig. 14, this intersection occurs at a greater width for the lower
metal layers, since the metal layers are thinner. This structure is
therefore called the pyramid structure. The spacing, thickness,
width, and number of interdigitated pairs for each metal layer in
an eight layer P/G system is summarized in Table I.

The normalized current density is shown in Fig. 15 for an
eight metal layer P/G network based on the equal current density
methodology. While the maximum current density for a specific

TABLE I
SPACING, THICKNESS, WIDTH, AND NUMBER OF INTERDIGITATED PAIRS FOR AN

EIGHT METAL LAYER SYSTEM. THE EIGHTH METAL LAYER IS THE TOP METAL

LAYER. SINCE THE LINES ARE WIDER, THE NUMBER OF INTERDIGITATED PAIRS

IS LOWER FOR A CONSTANT AREA

Fig. 15. Normalized limiting current density for different metal layers. The
�-axis represents the metal layer number(s) allocated for a P/G network. The
current density is highest when allocating only a single metal layer (layer
number eight) for a P/G network. The current density is reduced as additional
metal layers are added.

technology, physical area, and current is known, the required
number of metal layers for an interdigitated P/G distribution
network can be determined, as illustrated in Fig. 15.

Two additional P/G network structures are compared with
the proposed pyramid structure. These three structures are il-
lustrated in Fig. 16. The width of the individual metal layers
for the pyramid structure is listed in Table I. This structure is
shown in Fig. 16(a). Note in the pyramid structure, the power
and ground lines in the lower metal layers are wider. In conven-
tional metal systems, the power and ground lines are wider at the
higher metal layers, as illustrated in Fig. 16(b). For this struc-
ture, the width of the metal layers is the opposite of the pyramid
structure, and is therefore called the inverted pyramid (standard)
structure. In Fig. 16(c), the width of each metal layer is main-
tained constant at 5.5 m; therefore, this structure is referred
to as the equal width structure. The width, number of interdigi-
tated pairs, effective impedance, and limiting current density for
these three structures are listed in Table II. For the current den-
sity evaluation, the metal layers are extracted individually using
FastHenry.

In the pyramid structure, the current density is maintained
equal among the layers, lowering the limiting current density.
Since the thickness decreases with lower metal layers, the lines
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Fig. 16. Three P/G structures: (a) pyramid (proposed) structure—the width de-
creases with higher metal layers; (b) inverted pyramid (standard) structure—the
width increases with higher metal layers; and (c) equal width structure—the
width is maintained equal among all of the metal layers.

are wider, maintaining a constant current density. In the inverted
pyramid structure, the higher metal layers are wider, permitting
greater routing flexibility; the reliability of the metal, however,
decreases since the limiting current density is 82% higher than
the pyramid structure. In the inverted pyramid structure, most
of the current flows in the higher metal layers increasing the
effective impedance of the overall system. The impedance is 50%
higher than in the pyramid structure. The equal width structure
exhibits a higher effective impedance and current density of 24%
and 36%, respectively, as compared to the pyramid structure.
This trend is consistent with the change in importance of the
inductance as compared to the resistance at higher frequencies.

B. Second Approach—Minimum Impedance

The focus of the second optimization approach is to mini-
mize the impedance of the overall P/G distribution network.
Assuming the metal layers are in parallel while optimizing
each layer for minimum impedance, the lowest impedance of
the overall system is achieved. The number of required metal
layers is based on the current density constraint. Pseudo-code
for this optimization algorithm is presented in Appendix C.
The impedance of each of the eight metal layers is illustrated
in Fig. 17.

Three different interdigitated P/G distribution structures, il-
lustrated in Fig. 16, are compared. The structures are referred to
by the same names as in the previous subsection, however, the
widths are determined based on the minimum impedance algo-
rithm rather than the equal current density algorithm. The width
of the power and ground lines for the pyramid (proposed) struc-
ture is based on the algorithm presented in Appendix C. In the
inverted pyramid (standard) structure, the width increases with
higher metal layers. The width of the metal layers is the opposite
of the pyramid structure. The width of all eight metal layers is
maintained constant at 2.4 m for the equal width structure. In
Table III, the thickness, spacing, width, and number of interdigi-
tated pairs are listed for each structure. The effective impedance
and limiting current density for each structure are also summa-
rized in Table III.

The lowest effective impedance is achieved in the pyramid
structure. The effective impedance is 6% and 3% higher for
the inverted pyramid and equal width structures, respectively,
as compared to the pyramid structure. The limiting current den-
sity in the pyramid structure is enhanced, respectively, by 8%
and 4% as compared to the inverted pyramid and equal width
structures. Hence, the effective impedance achieved by the pro-
posed pyramid structure is lower. This improvement is due to
the relative importance of the inductance as compared to the re-
sistance in high frequency systems.

V. DISCUSSION

The following section is divided into four subsections: a com-
parison between the two aforementioned design approaches, a
discussion of routability and the grid area ratio, an estimate of
the optimal P/G line width for different frequencies and tech-
nologies, and an investigation of the critical frequency for the
design of multi-layer P/G networks.

A. Comparison

Evaluating both approaches, a tradeoff is observed between
the impedance (or voltage drop) and the limiting current den-
sity of a P/G distribution network. When focusing only on the
current density, the optimal solution suggests the P/G network
should be as wide as possible; however, at high frequencies,
the effective impedance increases significantly due to the higher
inductance. Both approaches consider the effective impedance
and current density, while the current density is the focus of
the first approach, and the effective impedance is the focus of
the second approach. A comparison between both approaches
for a one, two, three, and eight metal layer system is listed in
Table IV.

As observed from Table IV, the effective impedance is lowest
using the second approach, while the limiting current density
is lowest if the first approach is used. A tradeoff between the
limiting current density and effective impedance is noted.

A difference of less than 10% between the two approaches
for the impedance and current density is demonstrated. How-
ever, when additional constraints (such as routability) are con-
sidered, the optimal width may not be available for that partic-
ular layer of metal within the P/G distribution network. In this
situation, the optimization process is focused on minimizing the
impedance or current density, resulting in a greater difference
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TABLE II
THREE STRUCTURES ARE COMPARED FOR EQUAL CURRENT DENSITY. THE THICKNESS, SPACING, WIDTH, AND NUMBER OF INTERDIGITATED PAIRS PER METAL

LAYER FOR EACH STRUCTURE ARE LISTED

Fig. 17. Effective impedance as a function of width for each of eight metal
layers within an interdigitated P/G distribution network. The overall area of each
metal layer is maintained constant.

Fig. 18. Required number of metal layers for a P/G network as a function of
normalized power evaluated at three different frequencies.

between the two approaches. These two approaches are pre-
sented here to satisfy both optimization flows.

B. Routability

To develop the proposed methodology, these examples as-
sume all of the metal layers and physical area can be used for the
P/G network. For a practical on-chip power and ground distri-
bution network, routability, cost, and other issues should also be
considered. Routability is an important issue primarily affecting
the lower metal layers. Global P/G networks tend to utilize the
higher metal layers. To consider routability, a metric, the grid
area ratio, is introduced as the ratio of the metal resources oc-
cupied by the P/G network to the total metal area [7], [18]

(20)

where , and are, respectively, the line width, minimal
spacing between P/G lines, and the line pitch. The line pitch
is the width and spacing between the power and ground lines. If
the spacing between the power and ground lines is minimum, the
grid area ratio is one. The grid area ratio is depicted in Fig. 19
for different spacings. As anticipated, increasing the distance
between the lines reduces the grid area ratio. As illustrated in
Fig. 19, the grid area ratio is higher for the lower metal layers,
resulting in reduced routability for the lower metal layers as
compared to the higher metal layers where routability is better.

In Fig. 20, several P/G networks with different line widths
between the top and bottom metal layers are evaluated. A 5
GHz target frequency and 10 m line-to-line spacing between
the power and ground lines is chosen. Four interdigitated metal
layers are allocated for the power network. In Fig. 20, the

-axis is , permitting a comparison between
the impedance and grid-area-ratio for several pyramid, equal
width, and inverted pyramid structures. The vertical line at

represents the equal width structure. The
region to the left of the equal width structure represents pyramid
structures with increasing width at the bottom metal layers
and decreasing width at the top layers. The region to the right
represents inverted pyramid structures with decreasing width at
the bottom metal layers and increasing width at the top layers.
The lowest impedance among these structures is the pyramid
structure with a line width based on (11). The grid-area-ratio
however is lower in the inverted pyramid structure, indicating
a tradeoff between the impedance and routability. The primary
disadvantage of the proposed pyramid structure is therefore a
higher grid-area-ratio (lower routability) as compared to the
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TABLE III
THREE STRUCTURES ARE COMPARED FOR MINIMUM IMPEDANCE. THE THICKNESS, SPACING, WIDTH, AND NUMBER OF INTERDIGITATED PAIRS PER METAL

LAYER FOR EACH STRUCTURE ARE LISTED

TABLE IV
COMPARISON BETWEEN TWO OPTIMIZATION APPROACHES FOR A ONE, TWO,
THREE, AND EIGHT METAL LAYER SYSTEM. CD IS THE CURRENT DENSITY

Fig. 19. Grid area ratio as a function of spacing between the lines for dif-
ferent metal layers. The line width is based on (11) to minimize the network
impedance.

conventional inverted pyramid structure. A power network to
the right of the minimum impedance pyramid structure may
therefore be a reasonable compromise to provide effective
routability while tolerating a reasonable increase in network
impedance.

C. Fidelity

The required number of metal layers for the specified power
levels is depicted in Fig. 18. The technology parameters are
chosen based on a 65-nm CMOS technology with an area of
1 mm 1 mm. The results are evaluated at three different fre-
quencies, indicating that an additional metal layer is required at
higher frequencies.

Fig. 20. Grid-area-ratio and increase in impedance for several interdigitated
P/G structures. Four metal layers are allocated for the power network. The ver-
tical line represents the equal width structure. The left region is for pyramid
structures, while the right region is for inverted pyramid structures. The min-
imum impedance is achieved by the pyramid structure, where the line width is
based on (11).

The optimal width as a function of the number of metal layers
at 3 and 10 GHz is illustrated in Fig. 21 for a 65-, 45- [24],
and 32-nm [25] CMOS technology. The optimal width is de-
termined baaed on the Newton–Raphson method as described
by (11). At higher frequencies, the optimal width is thinner
since the inductive impedance is greater. The optimal width in-
creases with thinner, less inductive metal layers to satisfy the
minimum impedance constraint. With technology scaling, metal
thicknesses typically decrease, requiring wider lines to compen-
sate for the increase in resistivity.

The effect of frequency on the design of an interdigitated P/G
distribution network is significant. At lower frequencies, where
the resistive impedance is dominant, wide wires are used to re-
duce the impedance, while maintaining a constant cross-section
to satisfy equal current density. At higher frequencies, the in-
ductive impedance is dominant, suggesting that the P/G lines
should be less wide.

D. Critical Frequency

The relationship between the two highest metal layers is
investigated, permitting the concept of a critical frequency
to be defined. The critical frequency is described here as the
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Fig. 21. Optimal width to minimize the effective impedance of each metal layer
based on a 65-, 45-, and 32-nm CMOS technology for two different frequencies.

Fig. 22. Critical frequency at which the impedance of the higher metal layer
is equal to the impedance of the lower metal layer. The width of the P/G lines
is maintained equal for both metal layers. The distance between the lines is the
minimum spacing of each layer multiplied by a spacing coefficient �.

frequency at which the impedance of two metal layers is equal.
Assuming the width of both metal layers is the same, the critical
frequency is determined for a variety of spacings, as depicted
in Fig. 22. The arrows indicate the direction of decreasing grid
area ratio (increasing routability). The critical frequency is
evaluated for three different line widths.

The critical frequency for different grid area ratios is illus-
trated in Fig. 23. A line width of 10 m is assumed. The area
above the target frequency is the region where the higher metal
layer is dominant (the impedance of the higher metal layer is
greater), while the area below the target frequency is the region
where the lower metal layer is dominant (the impedance of the
lower layer is greater). From Fig. 23, the higher metal layer is
the dominant metal layer in terms of the impedance for signal
frequencies above 3 (for high routability) and 16 GHz (for low
routability), assuming a 10 m line width for both metal layers.

Fig. 23. Critical frequency as a function of grid area ratio. A line width of 10
�m is assumed for all P/G lines. The area above the line indicates the region
where the higher metal layer is dominant, while the region below the line indi-
cates the region where the lower metal layer is dominant.

VI. CONCLUSION

The characteristics of inductance (including mutual) in inter-
digitated multi-layer P/G distribution network are investigated
in this paper. A closed-form expression for the inductance of a
single metal layer within an interdigitated P/G network struc-
ture is presented. The model is compared with FastHenry and
exhibits high accuracy and low complexity, permitting efficient
estimation of the inductance in an interdigitated P/G network.

Based on this analytic model, the impedance of a single layer
within an interdigitated P/G network structure is minimized,
permitting an efficient and accurate estimate of the optimal
width of the power and ground wires. This result has been
favorably compared to FastHenry. For 65-, 45-, and 32-nm
CMOS technologies, the optimal width of each metal layer for
minimum effective impedance is determined. The effect of the
physical dimensions of the metal and the signal frequency on
the optimal width is also discussed.

Considering the current density, two approaches for de-
signing a multi-layer interdigitated P/G distribution network
are evaluated. For each approach, the pyramid (proposed),
inverted pyramid (standard), and equal width P/G structure
are considered. The proposed methodology for equal current
density improves the effective impedance and limiting current
density by 50% and 82%, respectively, as compared with the
conventional inverted pyramid structure. The methodology for
the minimum impedance achieves a 6% and 8% enhancement,
respectively, as compared to the inverted pyramid structure for
the effective impedance and current density. This behavior is
due to the relative change in importance of the inductance as
compared to the resistance in high frequency systems.

The grid area ratio is introduced, demonstrating enhanced
routability in the higher metal layers as compared with the
lower metal layers. Under different routability constraints, the
frequency at which the higher metal layers are more dominant
than the lower metal layers is determined. Several pyramid,
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Fig. 24. Pseudo-code for the first optimization approach. The widths are chosen
to maintain equal current density among each of the layers.

Fig. 25. Pseudo-code for the second optimization approach. The widths are
determined to achieve the minimum impedance for each individual metal layer.

equal width, and inverted pyramid structures are compared
in terms of the impedance and grid-area-ratio, indicating a
tradeoff between the impedance and routability.

APPENDIX A
ESTIMATE OF INITIAL OPTIMAL WIDTH

Since the effective inductance is a transcendental function of
width, no closed-form analytic solution can be determined for
the wire width that minimizes the effective impedance. The line
thickness is replaced with to simplify the effective induc-
tance model when determining the optimal width. The effective
inductance for an interdigitated structure where the distance be-
tween the power and ground wires is equal to the thickness of
the metal is

(A-1)

The minimum impedance is determined by solving for the root
of the derivative of

(A-2)

A closed-form solution for the wire width that produces the min-
imum impedance assuming is

(A-3)

APPENDIX B
FIRST OPTIMIZATION APPROACH

The input to the EQUAL-CURRENT-DENSITY algorithm,
illustrated in Fig. 24, is the technology parameters for each
metal layer in the system, the physical dimensions, and the
total current. At line 1, the width of the top metal layer is
determined. The process is initiated from the top metal layer
since this layer is thickest, permitting a solution for the width of
the remaining metal layers. If the current density determined in
line 3 is greater than the maximum current density allowed by
the technology, additional metal layers should be allocated for
the P/G distribution network. The width of the additional metal
layers is determined from (19) to lower the limiting current
density within the P/G network. At higher frequencies, the
skin depth is considered when evaluating the current density.

represents the minimum number of metal layers required to
effectively distribute power and ground.

APPENDIX C
SECOND OPTIMIZATION APPROACH

The MINIMUM-IMPEDANCE pseudo-code, presented in
Fig. 25, is based on minimizing the impedance of each metal
layer within a multi-layer P/G system. Note the optimization
algorithm begins from the highest metal layer and decreases as
required. A specific metal width is determined in line 3. In line
4, the impedance of the current metal layer is determined. The
current density is recalculated for each metal layer in line 5.
If the maximum current density allowed by the technology is
lower than the limiting current density, the algorithm returns to
line 2, assigning an additional metal layer for the P/G structure.

represents the minimum number of metal layers required for
the P/G network.
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