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C H A P T E R 1

Basic Concepts

Power delivery is a major challenge in present-day systems. This challenge is
expected to increase in the next decade as systems become smaller and new
materials are introduced into packages and boards. As devices scale and more
transistors are integrated into a single integrated circuit, the power and current
levels are expected to increase with a corresponding decrease in the voltage. With
gigabit signals being propagated through the package and board, the ability to
supply clean power to the transistor circuits becomes very critical. In addition,
electromagnetic interference levels have to be kept low in the system to manage
coupling and crosstalk.

In this chapter, the basics of power delivery are described. Along with a
description of the components of a power delivery network (PDN), the analysis
methodology of such networks is described with examples.

1.1 Introduction

1.1.1 Functioning of Transistors

Integrated circuits (ICs) such as microprocessors, field programmable gate arrays,
memory devices, and other application-specific ICs contain transistors. Transistors
are multiterminal switches that can be turned on or off on the basis of a control
signal. The on or off position of the switch determines the current flowing through
the device. In complementary metal oxide semiconductor (CMOS) field effect
transistor (MOSFET) technology (which is the most popular technology used to
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2 Chapter 1  •  Basic Concepts

design microprocessors), two types of transistors are used, namely the NMOS
(n-channel) transistor and the PMOS (p-channel) transistor. The detailed opera-
tion of these devices can be obtained from [1]. In this book, for simplicity, we will
assume that both transistors are three-terminal devices that can be represented
using switches, as shown in Figure 1-1. The three terminals are called the gate,
source, and drain. By applying a voltage between the gate and source, the current
through the transistor (from drain to source for NMOS and reverse for PMOS) can
be turned on or off. The NMOS transistor is called as a normally open switch,
since a gate voltage has to be applied to pass current through the transistor. Hence,
if a binary 0 (logic level low) signal exists at the gate, the switch is OFF, and when
a binary 1 (logic level high) signal is available at the gate, the switch turns ON.
The reverse is true for the PMOS transistor, since a binary 1 level at the gate turns
OFF the current, while a binary 0 level at the gate allows current to pass, that is,
the switch is ON. Hence, the PMOS transistor is called as the normally closed
switch. The drain and gate terminals of the NMOS and PMOS transistors can be
connected together to form an inverter, which is one of the basic building blocks
in any IC. We limit ourselves to the discussion of such an inverter in this section.

Figure 1-2  shows the inverter circuit. The gate connection is called as the
input node, and the drain connection is called as the output node. The output node
is connected to the input node of the following transistor circuit. Since the gate of

Figure 1-1 NMOS and PMOS transistors represented as switches.
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Introduction 3

the transistors acts as a capacitor (formed between the metal-oxide-semiconducting
substrate), the inverter (also called the driver) is used to charge and discharge the
input capacitance of the succeeding stage. The capacitor must be charged to reach
the binary 1 voltage level. Similarly, discharging a capacitor to 0 voltage requires
the removal of charge. The inverter circuit must be connected to a power supply
(shown as Vdd and Gnd terminals), which provides the ability to charge and dis-
charge a capacitor node within the IC. In Figure 1-2, a wire (interconnection) is
used between the two inverters to act as a conduit for the charge, and Ron is the on
resistance of the transistor. The speed at which the circuit operates determines
how quickly charge can be either supplied or removed from the capacitor through
the switches. A PDN in a system provides the interconnection framework to make
this happen, supplying the transistors with sufficient voltage and current for them
to switch states.

Figure 1-2 (a) Driver (inverter) connected to a receiver (inverter). 
(b) Input capacitance of receiver being charged to Vdd.
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4 Chapter 1  •  Basic Concepts

1.1.2 What Are the Problems with Power Delivery?

The power supply (which is the source of the voltage and current) is typically
bulky and cannot be connected directly to the Vdd and Gnd terminals of the IC.
Therefore, wires (interconnections), which have resistance and inductance in
them, are used to establish this connection. The current flowing through these
wires creates both a DC drop (not shown) and time-varying fluctuation of the voltage
across the Vdd and Gnd terminals of the IC (shown in Figure 1-3), which is
detrimental to the transistors in the IC. Hence, a suitable PDN must be created
between the power supply and the IC, such that the voltage is well regulated for
the required current to be supplied to the transistors over a required time period.
The voltage fluctuation across the Vdd and Gnd terminals of the transistors can
cause the following problems with the transistors:

• Reduction in voltage across the power supply terminals of the IC that slows 
down the transistor or prevents the transistor from switching states.

• Increase in voltage across the power supply terminals of the IC, which 
creates reliability problems.

• Leakage of the voltage fluctuation into a quiet transistor, as shown in Figure 1-3, 
causing incorrect switching of quiet transistor circuits at the far end of a 
communication path along with crosstalk from neighboring signal lines.

• Timing margin errors caused by degraded waveforms at the output of the drivers.

Figure 1-3 Voltage fluctuation [2].
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Introduction 5

The voltage fluctuation across the power supply of the IC is called power
supply noise, delta I noise, or simultaneous switching noise (SSN), since it occurs
only during the switching of the transistors.

1.1.3 Importance of Power Delivery in Microprocessors and ICs

Given the voltage fluctuations across the power supply of a transistor, it is helpful
to understand how a microprocessor operates (as an example at a holistic level)
and the impact of voltage fluctuations on microprocessor performance.

A microprocessor consists of millions of CMOS transistors interconnected
through wires in a very complex fashion. The microprocessor speed can be lim-
ited by the gate (or transistor) delays, interconnect (or wire) delays, or both. The
inverse of the gate delay (frequency) is proportional to the gate voltage. For a
gate-dominated circuit, a 1% drop in the gate voltage results in nearly a 1% drop
in frequency. The interconnect delay, however, is a very weak function of voltage.
An important relationship exists between the operating voltage of the micropro-
cessor and its speed (measured as frequency) around the nominal voltage of the
microprocessor. This relationship is shown in Figure 1-4 for a 64-bit Scalable
Processor Architecture (SPARC) microprocessor [3]. Around the nominal voltage of
1.6 V, the relationship between frequency and voltage is almost linear. As the
graph shows, a reduction in voltage reduces the operating frequency of the micro-
processor, while an increase in voltage increases its frequency. This important
relationship is true in most microprocessors, and we use this example to explain
the impact of power supply fluctuations on the operating frequency of the micro-
processor. In reality, the relationship between processor performance and voltage
is more complex and depends not only on the magnitude of power supply noise
but also on the frequency of the noise.

Consider Figure 1-5, which assumes a linear relationship between the fre-
quency of a microprocessor (along the y-axis) and voltage (along the x-axis), as in
Figure 1-4. In Figure 1-5, FMAX is the maximum operating frequency of the
microprocessor. Any voltage above 1.65 V causes reliability problems and is
shown as the reliability wall. Any voltage that falls within the reliability wall
causes the dielectric breakdown of the gate oxide in the MOSFET due to exces-
sive electric field. Hence, the power supply voltage cannot exceed 1.65 V for this
example. Let’s assume initially that the operating voltage of the microprocessor
is 1.55 V. According to the graph, the nominal FMAX for the microprocessor is 720
MHz. However, voltage variations on the power supply cause the voltage to vary
plus or minus 100 mV around the nominal voltage. On the high side, a voltage of
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6 Chapter 1  •  Basic Concepts

1.65 V (1.55 V + 100 mV) is below the maximum allowed voltage of 1.65 V,
which ensures no reliability problems. On the low side, the power supply voltage
reduces to 1.45 V (1.55 V – 100 mV). At 1.45 V, FMAX now becomes 670 MHz.
Hence, any drop or reduction in the power supply voltage causes the microproces-
sor to operate at a lower frequency. In other words, the PDN causing the varia-
tions on the power supply terminals of the IC results in the slowdown of the
microprocessor. Similarly, a voltage rise across the power supply of the IC, if it
exceeds the maximum voltage allowable, causes the IC to malfunction.

In the design of PDNs, the focus is always on minimizing the voltage droop
on the power supply terminals of the transistor circuits within an IC and also on
ensuring that the voltage maximum does not cause reliability problems [4].

1.1.4 Power Delivery Network

A PDN consists of a power supply, DC–DC converters (also called voltage
regulator modules, or VRMs), lots of decoupling capacitors, and interconnections

Figure 1-4 Frequency–voltage relationship for the 64-bit SPARC V9
microprocessor. The chip is built using a 150-nm technology that has
seven layers of aluminum interconnects. It is designed to operate at
1.0 GHz with a supply voltage of 1.6 V. The temperature is maintained at
60°C [3].
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Introduction 7

that act as conduits for the supply and removal of charge to and from the switch-
ing circuits. In a typical computer system, the IC is packaged and placed on a
motherboard (with or without a socket) with a power supply on the motherboard.
The power supply provides high voltage and current to the motherboard. The volt-
age is reduced through a DC–DC converter and supplied to the IC through the
interconnections in the motherboard and package. The decoupling capacitors
are distributed on the motherboard, package, and IC; they act as reservoirs where
charge can be stored. The charge is supplied as needed to the transistors from the
decoupling capacitors. The proximity of the capacitors to the switching circuits
determines the time required to supply the charge. The required time is controlled
by the speed of light in the medium, which is the minimum time required to trans-
fer the charge from the capacitor to the transistors. As an example, the minimum
time required to supply charge from a capacitor placed on the motherboard
6 inches away from a transistor circuit is 1 ns, since the speed of light in typical
printed circuit boards (PCBs) is 166 ps/inch.

A typical PDN for a semiconductor is shown in Figure 1-6 [5]. Since the
inverse of time delay is frequency, the proximity of the capacitors to the transistors

Figure 1-5 Relationship between voltage fluctuation and performance
for a microprocessor [4].
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8 Chapter 1  •  Basic Concepts

determines if the capacitor supplies charge at high frequencies, middle frequencies,
or low frequencies. The high-, mid-, and low-frequency capacitors are shown in
the figure, where a capacitor farther away from the IC is always large and bulky,
thereby operating at a lower frequency. The charge storage capacity of the large
capacitors is of the order of thousands of microfarads, much higher than either the
high- or mid-frequency capacitors, which are in the nanofarad range.

1.1.5 Transients on the Power Supply

Although the operating frequency of a microprocessor can be high (1 GHz and
higher), power supply fluctuations can be caused over a range of frequencies, because
a computer is a broadband system in which transistors switch at multiple frequencies.
For example, a 1 GHz microprocessor in a system may be executing instruction at
1 GHz, causing voltage fluctuations at the 1 GHz frequency. At the same time, the
microprocessor may be writing data to the cache on the PCB at 400 MHz and
operating the Joint Test Access Group (JTAG) line for testing the hardware at
1 MHz. Such a switching activity can cause voltage fluctuations over a range of
frequencies, which makes the design of the PDN very difficult. Voltage variation

Figure 1-6 Power delivery network. By permission from D. Herrell and
B. Beker, “Modeling of power distribution systems in PCs,” in Proceedings
of the EPEP ’98 Conference, pp. 159–162, © 1998 IEEE.
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Introduction 9

on the power supply at multiple frequencies is shown in Figure 1-7  for a micro-
processor [5]. For an IC, the transient current flowing through an inductor, L in
Figure 1-3, causes voltage drop, VL, across it, given by

(1.1)

where dI/dt is the rate of change of current in the circuit. The inductor L can be equal
to LV or LG, or a combination of the two depending on the current path. A positive
dI/dt through the inductor causes a voltage drop across it, resulting in a reduction
in the supply voltage across the IC terminals and causing a performance problem
due to a negative spike in the IC supply voltage. Similarly, a negative dI/dt through
the inductors increases the supply voltage across the IC terminals, resulting in a
positive spike, which causes reliability problems. The power supply noise has four
components (1) ultra-high-frequency noise in the 10 to 100 GHz range, (2) high-fre-
quency noise in the 100 to 1000 MHz range, (3) mid-frequency noise in the 1 to 10
MHz range, and (4) low-frequency noise in the 1 to 100 KHz range. The inductance
on-chip affects both the ultra-high- and high-frequency noise (>1 GHz), while the
package has a large effect on the high-frequency and mid-frequency noise

Figure 1-7 Noise signature. By permission from A. Muhtaroglu, G. Taylor,
and T. Rahal-Arabi, “On-die droop detector for analog sensing of power
supply noise,” IEEE Journal of Solid-State Circuit, vol. 39, no. 4, pp.
651–660, Apr. 2004, © 2004 IEEE.
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10 Chapter 1  •  Basic Concepts

components (10 MHz�1 GHz). The inductance of the motherboard and the voltage
regulator module affect the mid-frequency and low-frequency noise components
(<1 MHz), as shown in Figure 1-7.

The ultra-high-, high-, mid-, and low-frequency noise are also called, respec-
tively, the first, second, third, and fourth droops or spikes on the power supply.

1.2 Simple Relationships for Power Delivery

In any IC, two kinds of circuits need to be powered: the core and I/O. The core
consists of transistors that are contained within an IC and that communicate with
each other. The I/O, on the other hand, has to communicate with other ICs through
the package and motherboard. Because the wires connected to I/O circuits exit the
IC, they are very noisy and often are isolated from the core circuits using a separate
PDN, as shown in Figure 1-8, where both the core and I/O circuits during switching
create voltage fluctuations across the power supply. In this section, simple
relationships are derived for the voltage fluctuations on a power supply for both
the core and I/O circuits.

1.2.1 Core Circuits

A very simple circuit is shown for the core circuits in Figure 1-9(a), where the driver
and receiver circuits are shown as 2 and 1, respectively. The PDN contains some
resistance and inductance due to the parasitics of the interconnections in the
network. The resistance is assumed to be negligible here. A simple equivalent

Figure 1-8 Core and I/O circuits. (Courtesy of Professor Joungho Kim
KAIST, South Korea.)
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Simple Relationships for Power Delivery 11

circuit for Figure 1-9(a) is shown in Figure 1-9(b). In the simplified equivalent
circuit, the switch represents the PMOS transistor that closes at time t = 0. The
resistance R is the on-resistance of the transistor, and C is the input capacitance of
receiver circuit 1 that needs to be charged. The total inductance of the voltage and
ground paths is represented by a single inductance L. 

The goal of the core PDN is to ensure that sufficient charge is supplied to the
switching circuit so that the capacitance can be charged to the required voltage.
To minimize delay, the charge has to be supplied within a short time. The circuit
in Figure 1-9(b) has two time constants: L/R and RC. The delay of the transistor
circuit is defined by the RC delay. Since the L/R time constant should have
minimum impact on the RC delay of the transistor, it is desired that [2]

 (1.2)

Under this assumption, the simplified equivalent circuit in Figure 1-9(c) can be
used, where the voltage drop across the inductor can be obtained by solving
equation (1.3),

Figure 1-9 (a) Core circuits switching. (b) Equivalent circuit. (c) Simplified
equivalent circuit. 
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12 Chapter 1  •  Basic Concepts

(1.3)

where the current is obtained by solving the differential equation:

(1.4)

In equation (1.4), v(t) is an equivalent source voltage with rise time tr (that
combines the switch and Vdd) given by

(1.5)

The rise time is dictated by the speed of the switch. The maximum voltage
across the inductor occurs at time t = tr and is given by

(1.6)

Example

Assume tr = 0.1 ns, L = 0.1 nH, R = 1 Ω, C = 1 nF, and Vdd = 1 V. The ratio
L/R = 0.1 RC, and therefore the condition in equation (1.2) is met. The
maximum voltage drop across the inductor can be obtained as 632 mV
from equation (1.6).

By changing the inductance value to L = 0.01 nH, the maximum volt-
age drop across the inductor can be obtained as 100 mV.

The voltage waveform across the inductor is shown in Figure 1-10. As
the inductance is changed from 0.1 nH to 0.01 nH, the voltage drop across
the inductor looks more like a rectangular pulse. Therefore, when tr is
much greater than L/R, equation (1.6) can be simplified to
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(1.7)

with a pulse width of tr.

Example

Consider an IC in which the total capacitance to be charged is 10 nF and
the on-resistance of all the transistors in parallel is 0.1 Ω. Let the required
maximum voltage drop across the inductor be 10% of Vdd for a rise time tr
= 1 ns. The inductance required in the PDN to meet the voltage drop can be
calculated from equation (1.6) by solving:

 (1.8)

where L is measured in nanohenry. By iterating, the inductance can be
calculated as L = 0.01 nH. The inductance satisfies the condition in
equation (1.2). It can also be obtained from equation (1.7), since tr is
much greater than L/R.
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Figure 1-10 Voltage drop across inductor.

i

v ( t)

tr

�v = 632 mV

�v = 100 mV

Vo
lta

ge
(V

)

1.600

1.200

0.800

0.400

0.000

-0.400
0.000n 0.200n 0.400n 0.600n

Time(s)

0.800n 1.000n

tr

1/( / 0.1)0.1 (1 )
Vdd (0.1*1)

Lv L e−Δ
= = −

Swaminathan-CH01.fm  Page 13  Thursday, November 1, 2007  12:09 PM
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1.2.2 I/O Circuits

I/O circuits, unlike core circuits, drive off-chip interconnections. With increase in
frequency, the interconnections behave as transmission lines where the delay
becomes important. The PDN used to drive an I/O circuit is shown in Figure 1-11(a):
the transmission line has a characteristic impedance of Z0 and delay T. The far end
of the transmission line is terminated with a resistor R = Z0. The inductance L rep-
resents the PDN loop inductance from the power supply to the chip terminals. As
before, the transistor is represented using a switch with an on-resistance R, where
R is much less than Z0 to allow for the maximum voltage to be launched on the
transmission line, as shown in Figure 1-11(b). 

When the switch closes, the power supply inductance L acts as an open cir-
cuit and behaves as a short circuit at time t = infinity. As in the previous section,
the voltage source and the switch can be combined and represented as a pulse with
rise time tr. Since the far end of the transmission line is terminated in the charac-
teristic impedance of the transmission line, there are no reflections. The maximum
voltage drop across the inductor occurs at time t = tr and can be calculated as in
the previous section by replacing R with Z0:

 (1.9)

Based on equation (1.9), a signal line with low Z0 (highly capacitive) will
always result in a larger voltage drop across the inductor, assuming the inductance
is fixed, as described later in this chapter. When tr is much greater than L/Z0, the
maximum voltage drop across the inductor simplifies to

(1.10)

When N parallel transmission lines of characteristic impedance Z0 are
switched simultaneously, it is equivalent to switching a single transmission line of
impedance Z0/N. Hence, the maximum voltage drop across the inductor can be
obtained by replacing Z0 by Z0/N in equations (1.9) and (1.10).

Example

Assuming L = 1 nH, Z0 = 50 �, Vdd = 1 V, and tr = 0.1 ns, the maximum
voltage drop across the inductor can be calculated as 200 mV from
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equation (1.9). Assuming the inductance is reduced to L = 0.1 nH, the volt-
age drop becomes 20 mV. Figure 1-11(c) shows the voltage waveforms
across the inductor: the shape of the voltage drop looks more like a rectan-
gular pulse when tr is much greater than L/Z0.

Example

Consider a 32-bit bus with Z0 = 50 Ω. The driver is switching with a tr = 0.1 ns.
Assuming V = 10% of Vdd is desired as the voltage drop across the inductor,
the maximum power supply inductance that must be supported can be
obtained by solving the following equation iteratively:

(1.11)

The result is an inductance of 16 pH. Since tr is much greater than
L/(Z0/N), the same result can also be obtained from equation (1.10).

1.2.3 Delay Due to SSN

The presence of the inductor increases the delay of the I/O circuit. The voltage at the
input end of the transmission line for a pulse with rise time tr can be computed as

(1.12)
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(1.13)

where

(1.14)

0.1/( /(50 /32))320.1 (1 )
Vdd 50 0.1

Lv L e−Δ ×
= = −

×

0

2
( / )0

2
0 0

Vdd( ) [ 1]
t

L Z
r

r

Z L Lv t e t t t
Lt Z Z

−⎛ ⎞×
= − + ≤⎜ ⎟⎜ ⎟

⎝ ⎠

0( / )( ) (1 )
t

L Z
rv t A B e t t

−

= + − >

[ ]

[ ]

0

0

( / )

( / )

Vdd Vdd ( )

Vdd ( )

r

r

t
L Z

r

t
L Z

r

A v t e

B v t e

= − −

= −

Swaminathan-CH01.fm  Page 15  Thursday, November 1, 2007  12:09 PM



16 Chapter 1  •  Basic Concepts

and  from equation (1.12). A transistor circuit at the receiver
requires a minimum voltage at its input to switch states. Let’s assume that the
minimum voltage required for this to happen at the driver output Vchip (input end
of the transmission line) is 0.5 × Vdd. Equations (1.12) and (1.13) can be used to
calculate the time required to reach 0.5 × Vdd and hence represent the delay
incurred because of the power supply inductance. Equation (1.12) can be used
when tr is greater than L/Z0, and equation (1.13) can be used when tr is less than L/Z0
to calculate a 50% delay. This delay does not include the transmission line delay
and is valid for a matched load, as in Figure1-11(b).

Example

Consider the previous example in which L = 0.1 nH, Z0 = 50 Ω, Vdd = 1 V,
and tr = 0.1 ns. Since tr is greater than L/Z0, equation (1.12) can be used to
calculate the 50% delay. Using an iterative process, the 50% delay at the
input of the transmission line is 0.052 ns.

Let’s now assume that a 100-bit bus, each of impedance Z0, is
switched simultaneously. This translates to an equivalent impedance Z0 =
50/100 = 0.5 Ω (transmission lines in parallel). Since tr is less than L/Z0,
equation (1.13) can be used to calculate the 50% delay. Through iteration,
this delay can be calculated as 0.191 ns. Hence, the delay increases
because of an increased voltage drop across the inductor caused by an
increase in current. The voltage at the input end of the transmission line is
shown in Figure 1-11(d) along with the 50% delay. 

1.2.4 Timing and Voltage Margin Due to SSN

Timing and voltage margins are affected by crosstalk, process variation, SSN,
reflection, and other effects. In this section, we address only the effect of SSN.
SSN can affect the voltage margin because power supply noise can corrupt the
voltage levels of the signal waveform. In the previous section, a relationship was
derived between the SSN and delay: as the SSN increased for a larger number of
switching drivers, the 50% delay increased as well. This delay manifests itself as
jitter that affects the signal integrity of the waveform and therefore increases the
timing error; see Figure 1-11(e). As an example, consider an 8-bit-wide bus. If all
the bits transition simultaneously from 0 to 1 (00000000 to 11111111 for the bus),
the maximum transient current from the power supply is drawn, resulting in
maximum noise and hence maximum delay. If only the alternate bits transition

( ) ( )r rv t v t t= =
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Design of PDNs 17

(00000000 to 10101010), fewer drivers switch and therefore the noise (and delay)
is lower than in the previous case. For a pseudorandom bit stream (PRBS), the
number of switching drivers changes at random, resulting in random SSN. There-
fore, the 50% delay associated with the rising edge changes with the bit pattern,
resulting in an uncertainty in the position of the rising edge. This effect is called
jitter, shown in Figure 1-11(e). Jitter results in a timing uncertainty whereby a
longer time interval may be required to latch the data for all the bit patterns if the
jitter is large. Hence, the goal in I/O signaling is to ensure the smallest timing
error by controlling jitter, which is possible by reducing SSN in addition to other
parameters. This ensures a suitable timing margin. In Chapter 5, this effect is
described in more detail through an example.

1.2.5 Relationship between Capacitor and Current

As mentioned earlier, decoupling capacitors serve as charge reservoirs and
provide current to the switching circuits. Let’s assume that the power supply
inductance is small such that equation (1.10) is valid. Consider a single 50-Ω
driver, which requires a current of 0.1 A assuming Vdd = 5 V (�I = 5/50). Let’s
assume that a 100-nF capacitor is available to provide charge to the switching
circuits during a time interval of 10 ns (tr) that keeps the power supply fluctua-
tions to within 10% of Vdd. The current that can be supplied by the capacitor that
maintains �v to be 10% of Vdd is given by [6]

 (1.15)

Since a single driver requires 0.1 A to charge the interconnections, the 100-nF
capacitor can provide the current to 50 I/O circuits over a period of 10 ns. 

1.3 Design of PDNs

Since a computer system supports multiple frequencies, a PDN is best designed in
the frequency domain. The response of the PDN to switching circuits can then be
viewed in the time domain to evaluate the transient noise voltages generated on the
power supply terminals of the IC or between any other nodes in the system. The
response of the PDN in the frequency domain enables a designer to understand all
the resonances and antiresonances in the system produced by the interaction of
inductances and capacitances in the network. An antiresonance, when excited by a

9
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Figure 1-11 (a) I/O circuit switching. (b) Simple equivalent circuit.
(c) Voltage drop across inductor.
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Uncertainty in delay due to SSN causing jitter

(e)
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Figure 1-11 (d) Delay due to 1 driver and 100 drivers switching. (e)
Jitter caused by simultaneous switching noise. (Courtesy of Sony.)
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source, always generates the maximum noise voltage across the power supply
terminals of the IC. Based on the frequency response of the PDN, the designer can
evaluate the importance of the antiresonances in the system and decide if the
source (switching circuits) will ever excite these antiresonances. Hence, the signa-
ture of the source along with the frequency response of the PDN decides the noise
voltages on the power supply in the time domain. In this section, the concept of tar-
get impedance is introduced. The use of target impedance as a design parameter is
discussed by evaluating a simple circuit in the frequency and time domain. 

1.3.1 Target Impedance

The target impedance is based on Ohm’s law, which states that the ratio of voltage
to current has to equal the impedance in the network. For a PDN, the voltage is the
allowed ripple (�v) on the power supply. The target impedance ZT (in ohms) of a
PDN can then be calculated as [7]

(Ω)

(1.16)

where the average current drawn by the switching circuits is assumed to be 50%
of the maximum current and Vdd is the power supply voltage. Assuming a voltage
of 5 V with a ripple of 5% and a maximum current of 1 A, the target impedance
can be calculated as

(1.17)

The maximum current drawn by an IC can always be calculated by using the
relationship P = VImax, since both power P and voltage V for an IC are known.
The target impedance ZT establishes an upper limit for the maximum impedance
for the PDN across the power supply terminals of the IC in the frequency domain.
An impedance below ZT ensures that any current transients will always generate
noise voltages of less than 5% of 5 V. Hence, ZT is a very useful parameter for
designing PDNs in which the noise voltages have to be controlled within, say, 5%
of the supply voltage.

A plot of ZT versus frequency is shown in Figure 1-12. The frequency axis
represents the frequency components associated with the source excitation.
According to the figure, if the impedance exceeds the target impedance at any
frequency where the current transients can excite the network, then the resulting
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power supply noise will exceed 5% of 5 V = 250 mV. The figure assumes that the
magnitude of the current transients is 50% of the maximum current.

The target impedance calculations for five microprocessors introduced
between 1990 and 2002 are shown in Table 1-1. As can be seen, the target imped-
ance has decreased 500-fold over a decade because of the lowering of the supply
voltage and increase in power. Since the impedance of the PDN is also given by

, where L and C are the inductances and capacitances in the network, a
low target impedance always implies large capacitance and low inductance in the
network. In Table 1-1, the frequency of the microprocessor has increased from
16 MHz to 1.2 GHz over a decade, which implies that the target impedance has to
be maintained at least up to the fundamental frequency of the clock. However, this

Figure 1-12 Z versus frequency.

Z(�)

f

ZT  � 0.5�

Z < ZT : Noise voltage less than 5% of 5 V

Z > ZT : Noise voltage greater than 5% of 5 V

Table 1-1 Target Impedance Trends

Year Voltage
(Volts)

Power dissipated
(Watts)

Current
(Amps)

Ztarget
(mΩ)

Frequency
(MHz)

1990 5.0 5 1 250 16

1993 3.3 10 3 54 66

1996 2.5 30 12 10 200

1999 1.8 90 50 1.8 600

2002 1.2 180 150 0.4 1200

Information from Smith [7].

CLZ /=
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overly restrictive condition may not be satisfied at all frequencies and can often
increase the cost of the system. Hence, care should be taken to correlate the fre-
quency response with the current transients in the system to better understand the
frequencies at which the PDN will be excited. The target impedance should be
maintained at these excitation frequencies.

1.3.2 Impedance and Noise Voltage

Consider the circuit shown in Figure 1-13(a). The circuit has a supply voltage of
2.0 V. The 3-m� resistance and 320-pH inductance are the spreading resistance
and inductance from the power supply to the capacitor. Spreading resistance and
inductance produce resistive and inductive drops when the current travels from
the power supply to the capacitors (through the interconnects) for charging them.
The capacitor parameters are equivalent series resistance (ESR) = 10 m�, equiva-
lent series inductance (ESL) = 1 nH, and C = 100 μF, resulting in a resonant fre-
quency of 0.5 MHz, which are explained in detail later. The on-chip capacitance is
800 nF in the circuit. The current source is 1 A between the voltage and ground ter-
minals of the IC, and through an AC analysis, the voltage (or impedance in ohms)
can be obtained as shown in Figure 1-13(b). In Figure 1-13(a), a 1-A current
source is used to represent the current, and hence the voltage across it is the
impedance in ohms (Z = V/I). In the frequency response, the resonant frequency of
the decoupling capacitor can be seen, and the large impedance at approximately
13 MHz is caused by the antiresonance between the chip capacitance and ESL of
the decoupling capacitor, which is explained later. The null in the impedance pro-
file is called a resonance; the peak in the impedance profile is called the antireso-
nance. For a 2-V supply, 5% tolerance, and a 10-A average current, the target
impedance is 10 mΩ. Therefore, the maximum impedance allowed across the cur-
rent source (which represents the switching circuit) is 10 mΩ. Clearly, the target
impedance is met up to a frequency of 5 MHz in Figure 1-13(b). In the frequency
range from 5 MHz to 100 MHz, the target impedance has been exceeded. 

Let’s now look at the response of this network to two current signatures. The
circuit used to compute the time-domain response is shown in Figure 1-14(a). The
switching circuit is represented using a time-dependent resistor, the resistance of
which changes from 97 mΩ to 197 mΩ, which corresponds to a 10-A change in
current in the circuit, assuming only 3 mΩ of resistive impedance (no inductance) is
present in the PDN. The current changes from 20 A (2/100 mΩ) to 10 A (2/200 mΩ)
in the circuit. The voltage across the time-dependent resistor is shown in
Figure 1-14(b) for a current transient with rise time of 10 ns and period of 1 μs. As
explained earlier, the transient voltage across the IC power supply contains
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transients with both positive and negative peaks. The noise voltage settles to
within 5% of 2 V after 50 ns following the switching activity. Hence, during a
large part of the 1-μs period, the noise is below the 5% tolerance value. The 10-ns
rise time has enough frequency components that exceed the target impedance ini-
tially, causing the first negative glitch to exceed the 100 mV tolerance value. If
this negative glitch is a problem, then the impedance at frequencies corresponding
to the rise time must be reduced. 

Let’s now consider the noise voltage when the current transient has a rise
time of 10 ns and period of 80 ns, corresponding to a frequency of about 13 MHz,
which coincides with the antiresonant frequency. The noise voltage is shown in
Figure 1-14(c), which is 200 mV for the entire period of 1 μs and hence exceeds
the noise budget of 100 mV. This example shows the importance of managing the
impedance of the PDN in the frequency domain to manage excessive noise caused
by the current transients.

Figure 1-13 (a) Circuit of PDN. (b) Frequency response.
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1.4 Components of a PDN

The elements of the PDN are shown in Figure 1-15 [8]; they include the chip-level
power distribution with thin-oxide decoupling capacitors; the package-level
power distribution with planes and mid-frequency decoupling capacitors; and the
board-level power distribution with planes, low-frequency decoupling capacitors,
and VRM. The frequency ranges covered by these elements are also shown in the
figure: the power distribution operates at a higher frequency as the proximity to
the active devices decreases because of the parasitic inductance and resistance of
the interconnections between the active circuitry and the various elements of the
PDN. These parasitic effects are explained in the next section.

1.4.1 Voltage Regulator

Computer systems require multiple DC voltages to operate. These voltages have
to be well regulated and should be able to supply the required current over a range
of frequencies. The trend of increasing power and lowering supply voltage
requires designers to move AC–DC and DC–DC converters closer to the electronics

Figure 1-14 (a) Time-domain circuit; (b) 1-μs current period; (c) 80-ns
current period.
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they feed [8]. A representative class of low-voltage high-current application is the
core supply of central processing units (CPUs), digital signal processors (DSPs),
and large switching chips. The voltage required may be in the 0.8 V to 2.5 V
range, with the current in excess of 100 A for the largest devices. Since the core
voltage is often unique and may be required only by the particular device, the
DC–DC converters usually feed only one load and hence are also called point-of-
load (POL) converters.

Besides the large current requirements, modern electronic circuits contain
elements with several different supply voltages. Legacy 5-V and 3.3-V logic
devices are still common, but newer devices often require 2.5 V, 1.8 V, 1.5 V, or
even lower supply voltage. The pressing need for optimizing device speed while
minimizing current consumption leaves little room to combine supply rails with
similar but not exactly the same nominal voltage. The solution is therefore to
place several DC–DC converters on the board to create the different supply
voltages. The topology of these DC–DC converters is determined by two major
system constraints: (1) most of the supply voltages are lower than the voltage of
the primary source to the board (output of AC–DC converter or battery), so these
converters usually have to step down the voltage; and (2) isolation is very seldom
required in these converters. In AC-powered systems, the isolation can be easily
provided in the AC–DC converters. 

Because of these constraints, the single-phase, nonisolated buck converter is
the most widely used DC–DC converter topology today, though for high-current

Figure 1-15 Components of a PDN. By permission from M. Swami-
nathan, J. Kim, I. Novak, and J. P. Libous, “Power distribution networks for
system on package: status and challenges,” IEEE Transactions on
Advanced Packaging, vol. 27, no. 2, pp. 286–300, May 2004, © 2004 IEEE.
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applications, multiphase converters are also becoming popular. In a few applica-
tions, step-up boost converters and polarity-reversing buck-boost converters are
also used.

1.4.1.1 Operating Principle

The VRM converts one DC voltage to another [9]. It has a reference voltage and a
feedback loop. It senses the voltage near the load and adjusts the output current to
regulate the voltage at the load. The bandwidth of the regulation loop is usually
between one and several hundred kilohertz. At frequencies above the loop band-
width, the VRM becomes high impedance, and therefore the voltage is no longer
well regulated.

1.4.1.2 Four-Element Model

A four-element linear model for a VRM as described in [9] is explained in this
section. Figure 1-16(a) is a simplified block diagram for a buck-switching regula-
tor, commonly found in VRMs. At the left of the figure is an input voltage,
assumed to be relatively constant. The function of inductor L1 is to store up
energy when switch S1 is closed, and deliver current to the load. If L1 has more
current than the load is demanding, S1 opens and S2 closes. Current continues to
flow to the load, but in an ever-diminishing amount until S2 opens and S1 closes
again. There is an amplifier A with frequency compensation that senses the load
voltage with respect to a reference voltage. When the load voltage is too low, it
causes the switches and inductor to ramp up the current. When the load voltage is
too high, it causes the switches and inductor to ramp down the current. The induc-
tor current is integrated in C1, which smooths the voltage. C1 has an ESR. The
buck regulator is nonlinear because switches open and close as a function of time.
Figure 1-16(b) shows the linearized model of the VRM consisting of an ideal
voltage source and four passive elements. In the linear model, R0 is the value of
the resistor between the VRM sense point and the actual load and is usually only a
few milliohms. L_out represents the output inductance of the VRM. It may be the
inductance of cables that connect the VRM to a system board or it may be the
inductance of pins that connect a VRM to a module (about 200 and 4 nH,
respectively). The maximum effective frequency for the VRM is determined by
L_out. R_flat represents the ESR (explained in the next section) of the capacitor
associated with the VRM. Generally, the capacitor determines the output imped-
ance of the VRM at frequencies beyond the response time of the loop. The ideal
voltage source has the value of the power supply voltage. The value of L_slew is
chosen so that current will be ramped up in the linear model in about the same
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time that it is ramped up in a real VRM. It is calculated from the equation V = LdI/
dt. In the equation, V is the amount of voltage droop or spike that can be accepted
(say 5% of 1.8 V). The maximum transient current is used for dI. The total amount
of time for the VRM to ramp this transient current either up or down is used for dt.
As described in [7], typical model values for a VRM are R0 = 1 mΩ, L_out = 4 nH,
R_flat = 30 mΩ, and L_slew = 67.5 nH.

1.4.1.3 Design Challenges

The challenges for the DC–DC converters are multifold [8]. As a first challenge,
the converters have to feed the low-voltage load with reasonable efficiency over a
widely varying load-current range, which often requires synchronous rectification
to keep losses low. Since the POL converters have to be placed close to the load,
which will eventually dissipate the full output power, increasing the efficiency of
the POL converter barely reduces the total power dissipation. However, higher
converter efficiency can result in a smaller converter volume, which is usually the

Figure 1-16 (a) Diagram of buck-switching regulator. (b) Four-element
model. By permission from L. D. Smith, R. E. Anderson, D. W. Forehand,
T. J. Pelc, and T. Roy, “Power distribution system design methodology
and capacitor selection for modern CMOS technology,” IEEE Transac-
tions on Advanced Packaging, vol. 22, no. 3, pp. 284–291, Aug. 1999,
© 1999 IEEE.
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driving factor. Depending on the size and cost of the converter, their efficiencies
are in the 85% to 95% range. 

A second challenge is to optimize the converter’s control loop to provide
sufficiently low output transient ripple against the varying load current. Especially
in the case of cascaded DC–DC converters, where the converter’s input may have
little transient filtering, the upstream converter’s output has to deal with large
current fluctuations. For example, a POL converter with 1.0-V output voltage and
30-A maximum current rating with a maximum of 60 mVpp load transient noise
(excluding switching ripple) requires an output impedance below 2 mΩ (including
the capacitors) (Z = 60 mV/30 A = 2 mΩ). At DC, providing low output resistance
is relatively easy. With increasing frequency, however, the dropping loop gain
creates an increasing output impedance of the converter. For guaranteeing uncon-
ditional stability against the unknown load impedance, some converters have very
low bandwidth. If the converter’s output impedance, for instance, exceeds the
required 2 mΩ at 1 kHz, the on-board capacitors have to provide the impedance.
At 1 kHz, 80,000 μF capacitance is required for providing a 2-mΩ capacitive reac-
tance (Z = 1/[2π × 1000 × 80,000 × 10–6]). Figure 1-17 shows the small-signal
output impedance of a POL converter at 1.5-V 20-A load, with a 680-μF external
capacitor. 

A third challenge is to keep the conducted and radiated emissions of the con-
verters under control. The converters are often placed very close to high-speed,
low-swing digital interconnections and sensitive analog circuits. Since the peak
AC current ripple is always higher in the converters than their DC output current,
care must be taken to minimize the switching noise the converters introduce to
nearby circuits. To reduce this interference, spread-spectrum converters have been
introduced [9]. 

1.4.2 Bypass or Decoupling Capacitors

Switching transistor circuits requires current to charge the load. This current must
be supplied by the PDN. When the VRM is unable to respond because of high out-
put impedance, the current should be supplied by an alternative source for main-
taining the voltage. In other words, when the output impedance of the VRM
exceeds the desired impedance, then an alternative method is necessary to pull
down the impedance. Bypass capacitors perform this function. Since capacitors store
charge, they bypass the VRM and supply current to the switching circuits when
there is a demand for it. These capacitors are also called decoupling capacitors
because they decouple the VRM from the switching circuit. Bypass capacitors are
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classified as low-frequency, mid-frequency, and high-frequency capacitors depend-
ing on their operating range and their proximity to the transistor circuits.

1.4.2.1 Factors Affecting the Performance of Bypass Capacitors

The bypass capacitors are surface mount devices (SMDs) attached to pads on the
PCB or package. The SMD capacitors have two terminals, one attached to the
voltage plane and the other to the ground plane, as shown in Figure 1-18. When
SMD capacitors supply charge (or current), the current leaves the voltage plane,
travels through the voltage via, flows through the capacitor, and returns through
the ground via and then to the ground plane, as shown in Figure 1-18. Given the
current path, the factors affecting the capacitor performance are as follows:

• Since the capacitor electrodes are made with conductors that have finite 
conductivity, they have resistance associated with them called as the 
equivalent series resistance (ESR) of the capacitor. Time-varying current 

Figure 1-17 Measured small-signal output impedance of a Vin = 3.3 V,
Vout = 1.5 V 20A POL converter with full DC load. By permission from
M. Swaminathan, J. Kim, I. Novak, and J. P. Libous, “Power distribution
networks for system on package: status and challenges,” IEEE Transac-
tions on Advanced Packaging, vol. 27, no. 2, pp. 286–300, May 2004,
© 2004 IEEE.
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flowing through the capacitor produces a magnetic field, resulting in 
inductance, called the equivalent series inductance (ESL) of the capacitor. 
The ESL interacts with the capacitance of the capacitor, causing it to 
resonate. The capacitors are capacitive below the resonant frequency and 
become inductive above the resonant frequency. The impedance of the 
capacitor can be written as

(1.18)

From equation (1-18), the capacitor resonates at a frequency

(1.19)

and at the resonance frequency, the impedance of the capacitor is Z = R.
Hence, the minimum impedance achievable with the capacitor is R. At low

Figure 1-18 Parasitics affecting performance of a bypass capacitor. By
permission from L. D. Smith, R. E. Anderson, D. W. Forehand, T. J. Pelc,
and T. Roy, “Power distribution system design methodology and capacitor
selection for modern CMOS technology,” IEEE Transactions on Advanced
Packaging, vol. 22, no. 3, pp. 284–291, Aug. 1999, © 1999 IEEE.
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frequencies, since the resistance and inductance contribution is low, the
magnitude of the impedance (in dB) is given by

(1.20)

Hence, below the resonant frequency of the capacitor, the impedance has a
negative slope of –20dB/decade. At higher frequencies, beyond the resonant
frequency, the inductance contribution begins to exceed the resistance and
capacitance contribution and the impedance therefore becomes

(1.21)

which has a positive slope of 20dB/decade (see Figure 1-19). To obtain low 
impedance for a given capacitance over a broad frequency range, both the 
ESR and ESL should be reduced so that the minimum impedance is small 
and the impedance beyond the resonant frequency is decreased as well.

• The currents flowing through the vias in Figure 1-18  produce a time-varying 
magnetic field. For both the voltage and ground vias, the magnetic field 
surrounds the via in such a way that the flux passes through the loop formed 
by the voltage and ground currents. Such a magnetic flux results in induc-
tance that can be reduced by reducing the loop area by placing the voltage and 
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Figure 1-19 Frequency response of a capacitor.
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ground vias next to each other. Hence, the proximity of the voltage and ground 
pads that connect to the capacitor and the position of the vias with respect 
to the pad position become very critical; see Figure 1-20, which shows that 
the inductance can be halved by moving the pads and vias close to each 
other.

• Using multiple via connections per pad can decrease the overall loop induc-
tance [10]. With state-of-the-art low-inductance capacitor constructions, the 
inductance limitation becomes the external connections formed by pads, 
escape traces, and vias. This realization has given rise to capacitor case 
styles with multiple terminals. Today, the lowest inductance can be achieved 
with the various C4 or BGA capacitor packages [11]. When connected to the 
power and ground planes, the vertical via connections remain as the ultimate 
limiting factor for lowering inductance, which is discussed in Chapter 5. 

• The current from the capacitors must travel on the voltage plane to reach the 
transistor circuit and return through the ground plane back to the capacitor, 
thus forming a current loop. The voltage and ground planes therefore add 
additional inductance given by

(1.22)

Figure 1-20 Inductance versus pad/via layout. By permission from L. D.
Smith, R. E. Anderson, D. W. Forehand, T. J. Pelc, and T. Roy, “Power
distribution system design methodology and capacitor selection for mod-
ern CMOS technology,” IEEE Transactions on Advanced Packaging,
vol. 22, no. 3, pp. 284–291, Aug. 1999, © 1999 IEEE.
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where L is the per-unit-length (pul) inductance, d is the separation between the
planes, and w is the plane width. The ability of the capacitor to supply current
at higher frequencies can be enhanced by reducing the spacing between the
voltage and the ground planes, thereby reducing the loop inductance. 

• Computer systems often have multiple capacitors of various types in paral-
lel, which produces an antiresonance when the first capacitor becomes 
inductive while the second capacitor is in its capacitive region. The parallel 
circuit formed by the inductance and capacitance in parallel produces an 
impedance peak, which can be controlled by reducing the inductance (ESL) 
and resistance (ESR) of the capacitor. A similar effect can be seen when a 
decoupling capacitor is attached to a power and ground plane in its capaci-
tive region, as explained by the following example. 

Example

Consider a plane pair (power plane over ground plane) of lateral dimen-
sions 250 mm by 250 mm. The space between the planes is filled with a
dielectric material of relative permittivity εr = 4 and thickness 200 μm. A
decoupling capacitor with L = 2.53 nH (ESL) and C = 100 nF is connected
between the power and ground planes. The resonant frequency of the
capacitor is 10 MHz from equation (1.19). Around this frequency, the plane
pair behaves as a lumped capacitor with capacitance Cp = 11.07 nF. After the
decoupling capacitor is mounted on the plane pair, the impedance of the
plane pair becomes

(1.23)

At antiresonance, the impedance becomes infinity (high impedance), and
therefore, by setting the denominator to zero, the antiresonance frequency is

(1.24)
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The characteristics of various capacitors used in a system are described in
the next sections.

1.4.2.2 Bulk Decoupling Capacitors

Bulk decoupling capacitors maintain the PDN impedance at the required value
beyond the VRM frequency and until the frequency at which mid-frequency
capacitors become useful (typically from a few kilohertz to a few megahertz).
Since bulk capacitors are connected to the VRM on one side, their values must be
estimated in conjunction with the VRM output impedance. 

Example

The approximate value of the bulk capacitance can be estimated using a
simple example described by Smith and colleagues [7]. Assuming there is
a 20-A current transient, the VRM responds in 15 μs, and the PDN must
remain within 5% of a 1.8 V power supply. The amount of bulk capaci-
tance required can be estimated as

 (1.25)

Equation (1.25) assumes that capacitance is available at all frequencies,
which is not true, since the parasitics of the capacitor come into play as
frequency increases. 

Bulk capacitors typically have an ESR value in the range of 2 to 100 mΩ.
Capacitors with a large ESR produce a flat impedance over a large frequency
range, while a reduced ESR results in a sharper resonance, as the next example
demonstrates.

Example

Consider two bulk capacitors, one with C = 10,000 μF, ESR = 50 mΩ, and
ESL = 10 nH, and another with C = 22 μF, ESR = 2 mΩ, and ESL = 1 nH.
The frequency response of both the capacitors is shown in Figure 1-21 on a
log-log scale. The capacitor with lower ESR produces a sharper resonance.

615 1020 3333 μF
1.8 0.05

dtC I
dv

−×
= = × =

×
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As expected, at lower frequencies, the impedance of the 10,000-μF capacitor
is lower because it has larger capacitance.

An important parameter used to assess the usefulness of a capacitor is its qual-
ity factor Q. The quality factor of a capacitor is the ratio of its reactance to resistance
and, for a series RLC circuit representation as in equation (1.18), can be written as

(1.26)

In the inductive part of the frequency response, Q can be approximated as

 (1.27)

Figure 1-21 Frequency response of two bulk capacitors.
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The Q factor should be minimized for a bypass capacitor either by reducing
the ESL for a low ESR capacitor or by increasing the ESR for a high ESL capacitor
(which is typically not preferred because it increases the impedance at resonance). 

For wide frequency portions, the target impedance requirement may be flat,
which corresponds to resistive impedance. Most available decoupling capacitors,
however, have moderate or high Q factor, making it a challenge to create the flat
impedance profile required. It has been shown that bypass capacitors with Q much
less than 1 help to create flat impedance profiles with a minimum number of com-
ponents [12], [13]. For fixed ESR and ESL, the Q of the capacitor varies inversely
with capacitance. Therefore, creating smooth impedance transitions with large
bulk capacitors, even with a low ESR, is an easier task. Providing a smooth
impedance profile with multiple lower-valued, low-ESR ceramic capacitors is dif-
ficult and challenging, especially when the frequency dependency of capacitance,
resistance, and inductance are taken into account. Reference [12] introduced the
bypass quality factor (BQF) as a measure of effectiveness of the capacitor to cover
a wide frequency range, where BQF = C/L (C: capacitance; L: inductance), indi-
cating that a capacitor is more effective if the C/L ratio is higher.

For several hundred microfarad and higher capacitance values, tantalum,
niobium, and various electrolytic capacitors have been used. The large capaci-
tance dictates relatively large capacitor bodies, which in turn represent large
inductance. Electrolytic capacitors in standard radial packages require a bottom
seal in the can, creating few nanohenries of inductance. Tantalum and niobium
capacitors are usually offered in brick case styles. The typical construction has a
clip connection for the anode, introducing more than one nanohenry of inductance
in spite of the smaller case style. Recently, low-inductance face-down construc-
tions have been introduced with significantly lower inductance [14].

1.4.2.3 Mid-Frequency Decoupling Capacitors

The mid-frequency SMD capacitors are useful in the 10 to 100 MHz range and
higher. These capacitors are primarily ceramic capacitors that come in several
dielectric types (NPO, X7R, X5R, and Y5V) and several sizes (1206, 0805, 0603).
NPO capacitors have the lowest ESR and best temperature and voltage properties
but are only available up to a few nanofarads. X7R capacitors have reasonable
voltage and temperature coefficients and are available from several nanofarads to
several farads. X5R capacitors are similar to X7R but have reduced reliability and
are being extended to 100 μF. Y5V dielectric capacitors are used to achieve high
capacitance values but have very poor voltage and temperature characteristics [7].
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The mid-frequency capacitors are much smaller than the bulk capacitors and
therefore can be placed closer to the transistor circuit. Since the ceramic capaci-
tors are smaller, they have lower ESR and ESL and lower capacitance than bulk
capacitors, leading to a higher resonance frequency with a smaller impedance at
resonance. Therefore, ceramic capacitors can be used at higher frequencies. Typi-
cal mid-frequency capacitors have capacitance in the range of 1 to 100 nF, ESR in
the range of 10 to 100 mΩ, and ESL in the range of 0.5 to 1 nH. 

Figure 1-22  shows the impedance versus frequency for several X7R and NPO
ceramic decoupling capacitors. Notice that as the capacitance value decreases and
the resonant frequency goes up, the impedance minimum does not dip down as
low, since ESR is lower for high-valued capacitors. Capacitor effectiveness can be
optimized by using low-inductance pads to increase the resonant frequency of a
given capacitor, as shown in Figure 1-20  [7].

More recently, embedded decoupling capacitors are being investigated for
decoupling at higher frequencies. These capacitors are integrated within a package
as an extra capacitor layer or between the voltage and ground planes. These
capacitors are discussed in more detail in Chapter 5.

1.4.3 Package and Board Planes

Planes play a very important role at high frequencies by acting as high-frequency
capacitors, serving as conduit for the transportation of current, and supporting the
return currents of the signal lines referenced to it. Planes are large metal structures
separated by a thin dielectric and are invariably used in all high-frequency pack-
ages and boards for power delivery and shielding. A plane pair is shown in Figure
1-23, which depicts the following:

• Voltage and ground planes transport the current from the SMD capacitors to 
the switching circuits. The planes therefore control the inductance and delay 
from the capacitor to the switching circuit. At high frequencies much beyond 
the resonant frequency of the capacitor, the plane inductance dominates the 
impedance of the power distribution network.

• The capacitance formed between the voltage and ground planes can be used 
to decouple the power supply at high frequencies and hence becomes a 
useful contributor.

• Planes carry the return current of the signal lines, and hence the voltage 
fluctuations between the voltage and ground planes across the package and 
board are dictated by the plane behavior.
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Package planes are effective for power distribution in the mid- to high-
frequency range [8]. However, a major problem with power and ground planes
is their behavior as electromagnetic resonant cavities, where dielectric constant
of the insulator and the dimensions of the cavity determine the resonance
frequency. When excited at the resonance frequency, the planes can become a
significant source of noise in the package and board and also can act as a source

Figure 1-22 Frequency response of ceramic capacitors. By permission
from L. D. Smith, R. E. Anderson, D. W. Forehand, T. J. Pelc, and T. Roy,
“Power distribution system design methodology and capacitor selection
for modern CMOS technology,” IEEE Transactions on Advanced Packag-
ing, vol. 22, no. 3, pp. 284–291, Aug. 1999, © 1999 IEEE.
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of edge-radiated field emission if the impedance becomes large at these frequen-
cies. Since the planes have unterminated edges on the four sides, any excitation
of the planes creates an electromagnetic wave that stands in the cavity as time
progresses. In other words, the wave travels back and forth in the region
between the planes along the lateral direction, and over time a standing wave is
generated. The standing waves in the cavity at resonance can produce signifi-
cant coupling to neighboring circuits and signal lines [8]. It is important to note
that since the plane separation d is much less than λ, the electromagnetic wave
propagates only laterally, not vertically, between the planes. This limitation
considerably reduces the complexity of the design and its analysis.

1.4.3.1 Power Plane Resonance

Figure 1-24  depicts the distribution of voltage fluctuations on the power and
ground planes for an open-ended board of size a × b. As can be seen from the
figure, the voltage distribution on the plane depends on the resonance mode
(discussed in the next section), while the resonance frequency is determined by
the mode number, dielectric constant of the insulator, and physical size of the
planes. The resonance frequency of the planes is given by

(1.28)

Figure 1-23 Role of planes and their parameters.
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where the first mode in Figure 1-23 (assuming b > a) corresponds to a resonant
frequency of

(1.29)

In equations (1.28) and (1.29), μ and ε correspond to the permeability
(typically that of air) and permittivity of the material between the planes. The
distribution of the voltage across the plane depends on the source location. 

As can be seen in Figure 1-24, at the resonant frequencies, the voltage distri-
bution is maximum and minimum at certain points on the planes. This variation in
the voltage fluctuation across the plane is called plane bounce. Large voltage fluc-
tuations on planes can cause significant coupling to signal lines referenced to it,
which can propagate to quiet receiver circuits and can also cause electromagnetic
emission from the edges that are unterminated.

1.4.3.2 Plane Impedance

Since planes are passive structures, they can be represented using transfer func-
tions. The parameter that is often used to understand plane characteristics is the
impedance. The impedance of any two-port circuit can be defined as

(1.30)

Figure 1-24 Voltage distribution and resonance frequencies generated
by the power/ground plane cavity resonance on a open-ended PCB of
size (a × b). Depending on the resonance mode, the voltage distribution
and the resonance frequency vary. By permission from M. Swaminathan,
J. Kim, I. Novak, and J. P. Libous, “Power distribution networks for system
on package: status and challenges,” IEEE Transactions on Advanced
Packaging, vol. 27, no. 2, pp. 286–300, May 2004, © 2004 IEEE.
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where V and I are the voltage and current at the two ports, and Z is the impedance.
Equation (1.30) can be extended to an arbitrary number of ports. 

Consider Figure 1-23. It consists of two planes, with the top plane assigned
the DC voltage V and the bottom plane assigned to the DC voltage zero or ground.
At the far end (right corner), the bottom plane is connected to an ideal ground,
meaning that this is the position where the voltage is kept constant at 0 V by con-
necting to ideal ground. A port consists of two points (or nodes). For each port,
the first node is on the top plane and the second node is on the bottom plane
located under the first node. The bottom nodes represent the reference points for
each port so that a voltage can be measured between the voltage and ground
nodes. Assuming I1 = 1-A current source is connected at port 1 between the volt-
age and ground nodes with zero current at port 2, then the measured voltage V1 at
port 1 is the impedance Z11, while the measured voltage V2 at port 2 is the imped-
ance Z21. The same procedure can be repeated by applying a 1-A current source at
port 2 and leaving port 1 as an open circuit to compute Z12 and Z22. Impedances
Z11 and Z22 are called as the self-impedances, while Z21 and Z12 are called as the
transfer impedances. These impedances can be modeled and measured, and can be
used to represent the behavior of the planes. Since impedances are circuit quanti-
ties, they can be used in some circuit simulators to capture the behavior of planes.

1.4.3.3 Practical Considerations

Because the size of the package is smaller than the board (dimension a or b), the
plane resonance frequencies of the board appear at a lower frequency than the
package. In reality, package and board planes are connected to each other using
solder balls and vias, and they can contain slits and cut-outs, resulting in a compli-
cated behavior of the PDN. In addition, when numerous decoupling capacitors are
connected to a power or ground plane cavity through the power or ground vias,
the resonance frequency and the associated field distribution change because of
the change in the effective capacitance and inductance of the plane cavity. The
degree of the field distribution change and the resonance frequency shift depends
on the capacitance and ESL of the decoupling capacitors and vias. Furthermore,
the field distribution and the resonance frequencies can be slightly modified by
the die attachment onto the package substrate. 

At the plane antiresonance frequency, the power distribution impedance
reaches its highest value, with the maximum value dictated by the losses in the
structure. The loss includes radiation loss, conductor loss, dielectric loss, and
losses associated with any components mounted on the package or board. The loss
lowers the quality factor at resonance and hence reduces the noise [15]. In general,
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radiation and dielectric loss do not provide enough damping to completely elimi-
nate resonances. Conductor loss can damp the resonance between power and
ground planes when thin dielectrics are used [15].

At the resonance frequencies of the power and ground planes, the self-
impedance and transfer impedance magnitudes may be large enough to create
signal-integrity and electromagnetic interference (EMI) problems. The resonance
can be suppressed in several ways. It has been shown that dielectric thickness
below 10 μm between the power and ground planes forces a large part of the
electromagnetic field to travel in the conductor rather than in the dielectric, thus
effectively suppressing the plane resonance through conductive loss [16]. Lossy
dielectric layers have also been proposed [17], though their potential impact on
signals has not been published yet. For power-ground laminates with thickness
greater than 50 μm, the plane resonance must be suppressed by other means. The
smoothest impedance profile can be achieved with the lowest number of parts if
the cumulative ESR of bypass capacitors equals the characteristic impedance of
the planes, which requires either ceramic bypass capacitors with controlled ESR
or low-inductance external resistors in series with low-ESR bypass capacitors [18].

1.4.4 On-Chip Power Distribution

High-performance on-chip power distribution networks [8] are constructed as
multilayer grids, as shown in Figure 1-15. Since the on-chip power distribution is
in close proximity to the switching circuits, it operates at frequencies above
1 GHz. Although on-chip power distribution is not the focus of this book, it is
important to understand a few characteristics of this network, since it is one com-
ponent in the system-level PDN.

Designing on-chip power distribution networks in high-performance
microprocessors has become very challenging because of the continual scaling
of CMOS process technology [19]. Each new technology generation results in a
rapid increase in circuit densities and interconnect resistance, faster device
switching speeds, and lower operating voltages. These trends lead to micropro-
cessor designs with increased current densities and transition rates and reduced
noise margins. The large currents and interconnect resistance cause large, resis-
tive IR voltage drops, while the fast transition rates cause large inductive LdI/dt
voltage drops in on-chip power distribution networks. Along with large voltage
drops due to large dI/dt, electromigration (EM) is one of the critical interconnect
failure mechanisms in ICs [20]. Electromigration, which is the flow of metal
atoms under the influence of high current densities, causes increased resistance
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and opens in on-chip interconnects, causing further IR drops and potential
reliability problems.

1.4.4.1 On-Chip Capacitors

On-chip power distribution systems for high-performance CMOS microproces-
sors must provide a low impedance path over a wide frequency range beyond
1 GHz. The impedance of the power distribution inductance increases with fre-
quency according to Z = jωL, where ω = 2πf, f is the frequency, and L is the induc-
tance. On-chip decoupling capacitance is used as a local charge supply, which
effectively lowers the power distribution impedance at high frequencies. Hence,
high-frequency switching currents are “decoupled” from the inductance in the
power distribution system, and switching noise is therefore reduced. The on-chip
decoupling capacitance includes both the intrinsic decoupling capacitance (n-well
and quiet circuit) and the add-on capacitance [21]. Intrinsic decoupling capaci-
tance alone is not sufficient for acceptable noise suppression in high-performance
microprocessor designs. Additional capacitance, often in the form of thin-oxide
capacitors, which uses a thin-oxide layer between the n-well and polysilicon gate,
is required.

1.4.4.2 Chip-Package Antiresonance

A major problem in combining the chip and package power distribution is chip-
package antiresonance, which is explained in detail in a later section. The package
inductance and chip decoupling capacitance form a parallel RLC circuit, which
resonates at the frequency , where L is the equivalent inductance of
the package and C is the total nonswitching capacitance on-chip between voltage
and ground. At this frequency, the power distribution seen by the circuits on the
chip has a high impedance. If the chip operating frequency is near or at the chip-
package resonant frequency, the noise voltage will be high. A large voltage fluctu-
ation can build up over many cycles at this frequency when excited. In future gen-
erations of CMOS microprocessors, large amounts of on-chip decoupling
capacitance, which shifts the chip-package resonant frequency well below the
operating frequency, must be used to aggressively control switching noise [22]. 

A typical signature of AC differential noise at the center of a microprocessor
operating at 3 GHz that consumes 150 W of power with a 1-V supply is shown in
Figure 1-25 [8]. For this illustration, 210 nF of on-chip decoupling capacitance
was used along with a low-inductance flip-chip package. The mid-frequency step
response occurs when chip power changes abruptly from zero to the maximum
power. The magnitude is decreased with on-chip decoupling capacitance. The

LCf π2/1=
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oscillation frequency is the chip-package LC resonance. The mid-frequency noise
is eventually damped, resulting in a residual high-frequency AC noise in the steady
state. This steady-state response is due to the periodic switching of the micropro-
cessor. The high-frequency steady-state noise rides on a DC offset, which is the IR
drop caused by the chip power distribution resistance.

1.4.4.3 Design Challenges

In the past, CMOS active power, which is the power used to do useful work such
as switching circuits, has been the main focus of power delivery and management.
However, as CMOS scales to 90 nm and below, process-related device leakage
current represents a significant passive power component. This passive power
includes many sources of device leakage current, such as junction leakage, gate-
induced drain leakage, subthreshold channel currents, gate-insulator tunnel currents,
and leakages due to defects [23], [24], [25], [26]. Two of these leakage currents, the
gate-insulator tunnel current and the subthreshold channel current, are major
problems with the scaling of technology. Beyond the 90 nm technology node,
more than 50% of the total power can be attributed to leakage, which represents
wasted power since no useful work is done.

Figure 1-25 On-chip AC differential noise. By permission from
M. Swaminathan, J. Kim, I. Novak, and J. P. Libous, “Power distribution
networks for system on package: status and challenges,” IEEE Transac-
tions on Advanced Packaging, vol. 27, no. 2, pp. 286–300, May 2004,
© 2004 IEEE.
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Gate leakage current can be reduced by using high-K dielectric materials
instead of silicon dioxide as the gate dielectric. The subthreshold component of
power remains one of the most fundamental challenges as it equals the active
component near the 65-nm technology node. This passive power component
places a further strain on the on-chip power distribution system because it erodes
the DC IR drop noise budget and compounds the electromigration problem.

On-chip voltage islands (logic and memory regions on the chip supplied
through separate, dedicated power feeds) is becoming a design approach for man-
aging the active and passive power problems for high-performance designs [26].
In such designs, the voltage level of an island is independent of other islands and
is supplied from an off-chip source or on-chip embedded regulators. The design
goal is to define regions of circuits within the chip that can be powered by a lower
supply voltage while maintaining performance objectives and providing a reduc-
tion in active and passive power. Performance-limited critical paths are powered
by the maximum voltage that the technology is optimized for, while paths with
sufficient timing slack are powered with a lower supply. Hence, transistor librar-
ies with multiple threshold voltages are used. Voltage islands in on-chip power
distribution present challenges because isolation of decoupling capacitance
reduces its effectiveness for nearby islands. Additional transients due to the acti-
vation and deactivation of islands must be managed. The distribution of multiple
power supplies complicates the on-chip power grid design and introduces a poten-
tial wiring density loss.

1.4.5 PDN with Components

Figure 1-26 shows the complete PDN with the VRM, bypass capacitors, planes,
and IC. The proximity of the various components to the IC can be inferred from
Figure 1-26(a), where the VRM and bulk capacitors are farthest from the IC and
the package planes and package capacitors are much closer. The frequency
response of the individual components, their distance from the IC, and the parasitics
between the component and the IC dictate the ability of any component to respond
to the current demand from the IC. The circuit representation of the core PDN (no
signal lines) is shown in Figure 1-26(b). The current flows from the capacitors or
VRM through the planes in the package or PCB. The current always flows as a
loop, returning to the source through the ground connection.

1.5 Analysis of PDNs

The impedance of a PDN is a parameter that can be calculated in the frequency
domain through an AC analysis using a circuit simulator in which a 1-A current
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source is used as the excitation and the voltage at the various nodes of the system
are calculated. The computed voltage represents either the self-impedance (volt-
age measured at the same node as the current excitation) or transfer impedance
(voltage measured at a different node). Design of PDNs is always done in the fre-
quency domain, and its analysis in the frequency domain therefore becomes very
critical, as explained in the earlier discussion of target impedance. However,
power supply noise is a time-domain event, and therefore, the computation of the
noise in the time domain on the PDN is also important. Since the frequency
response and time response are related to each other, the signature and amplitude
of the time-domain response can be controlled by managing the impedance of the
PDN in the frequency domain. This approach is very critical for the design of
PDNs, since power supply noise in the time domain is a function of the slew rate
(dI/dt) or, more generally, signature of the current excitation. In other words,
different current signatures will always result in varying levels of power supply
noise. Because it is difficult to excite all frequencies in the time domain (infinite
current signatures would be necessary), a frequency domain analysis is preferable.
The frequency domain analysis is explained in this section.

Consider the circuit representation of the PDN described earlier and shown
in Figure 1-26. The impedances of such a network can be computed at any node or
between any nodes. Two examples are shown in Figure 1-27. In Figure 1-27(a),
the IC circuitry is removed, a 1-A current source is connected between the voltage

Figure 1-26 (a) Power delivery with components. (b) Circuit 
representation. (Courtesy of Professor Joungho Kim, KAIST, South Korea.)
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and ground terminals of the IC, and the voltage at the same node is calculated as a
function of frequency. Since a 1-A current source is used, the calculated voltage is
the self-impedance (in ohms) seen by the IC looking down into the package
toward the VRM. Similarly, in Figure 1-27(b), the board is analyzed separately
where a current source of 1 A is connected across a board capacitor (e.g., by
removing one of the capacitors in a measurement) and the voltage is measured
across the same capacitor and also at the input end of the VRM across a bulk
capacitor. The calculated voltage V1 is the self-impedance (in ohms), and voltage V2
is the transfer impedance (also in ohms), and both can be calculated as a function
of frequency. Hence, the frequency domain analysis can be used to characterize
any part of a PDN as long as the nodes in the network can be probed to connect
the current source and measure the voltage. In practical measurements, this analysis
is done using a vector network analyzer (VNA), where the S-parameters are
measured as a function of frequency and can be transformed into impedances
(explained in a later section).

The role of the various components in a PDN is shown in Figure 1-28. The
y-axis is the self-impedance at a node on the IC, and the x-axis is the frequency.
At low kilohertz frequencies, the VRM and bulk capacitor impedance is low and
begins to increase with a positive slope on the basis of the ESL of the bulk capacitors.

Figure 1-27 (a) Self-impedance seen by chip. (b) Self- and transfer
impedance on board.
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In the megahertz frequencies, the capacitance of decoupling capacitors on the
board reduces the impedance, thus producing a negative slope, which then
becomes positive after the resonant frequency of the capacitors. The positive
inductive slope caused by the ESL of the capacitors is then compensated by the plane
capacitance, which pulls down the impedance through the negative slope shown
in the figure up to several hundred megahertz. After the planes resonate, the
frequency response of the planes becomes inductive and continues to have a posi-
tive slope into the gigahertz range, which is then compensated by the on-chip
capacitance. As can be seen in the figure, the impedance fluctuates with multiple
resonances (minimum impedance) and antiresonances (maximum impedance).
Using the target impedance, the design goal is therefore to ensure that the imped-
ance in Figure 1-28  does not exceed the target impedance at the desired frequencies,
which can be for several hundreds of megahertz or several gigahertz.

1.5.1 Single-Node Analysis

A single-node analysis is a simple analysis that can be done using a circuit simula-
tor [7]. The assumption is that any variations in the voltage occur simultaneously
across all of the PDN components, and therefore the separation between compo-
nents is not critical. During the design of a PDN, the single-node analysis is the
first step toward meeting the target impedance goals. By placing the VRM in

Figure 1-28 Impedance versus frequency and the role of various
components in the power delivery network. (Courtesy of Professor Juongho
Kim, KAIST, South Korea, and Ansoft Corp.)
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parallel with all the decoupling capacitors, the number and value of the capacitors
can be estimated to meet the target impedance goal. 

Example

To illustrate single-node analysis, consider a plane pair (voltage plane
above ground plane) of dimension 250 mm by 250 mm with a dielectric
thickness of 0.2 mm. The dielectric constant is FR-4 with a relative permit-
tivity of 4.0. In Figure 1-29, two ports are placed at positions P1 (1.25 mm,
126.25 mm) and P2 (248.75 mm,126.25 mm). P1 is the input port (current
source), and P2 is the output port (voltage measurement). The plane pair is
meshed with a unit cell size of 2.5mm (100 × 100 mesh) and solved using
the multilayered finite difference method (M-FDM) described in detail in
Chapter 2. The normalized differential voltage between the voltage and
ground plane is shown in Figure 1-29(a) as a voltage distribution map at
30 MHz. As can be seen, except at the source, all unit cells are at the same
voltage, implying the voltage distribution is constant along the entire sur-
face of the plane. Hence, the plane pair behaves as a lumped capacitor at
30 MHz, and the nodes of any decoupling capacitors connected to these
planes will all be at the same potential, irrespective of the capacitor posi-
tion. The capacitance of the plane pair is 11.067 nF, and the magnitude of
its impedance at 30 MHz is 0.479 Ω (1/[2π × 30 × 106 × 11.067 × 10–9]).
Assuming a VRM of inductance 100 nH is connected to the plane at port
P1, the impedance at port P2 is as shown in Figure 1-29(b). The antireso-
nance is caused by the parallel resonance between the inductance and the
plane capacitance at approximately 4.78 MHz.

As explained earlier, when a capacitor is attached to a bare plane, it
causes both a resonance and an antiresonance. For a capacitor with ESL =
2.53 nH and C = 100 nF, the resonance occurs at 10 MHz, while the
antiresonance occurs at 31.7 MHz, according to equation (1.24). Both the
resonance and antiresonance are shown in Figure 1-29(c). As can be seen
from the figure, though the antiresonance is close to 31.7 MHz, there is a
shift in resonance to a slightly lower frequency of approximately 30 MHz.
This shift can be attributed to the plane inductance. Although the plane
inductance is small compared to the ESL of the capacitor, it does have
a small effect in shifting both the resonance and antiresonance frequencies.
As the separation between the voltage and ground planes increases, the
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corresponding increase in the plane inductance causes a larger shift in the
resonance and antiresonance frequencies. This shift is shown in Figure 1-29(d),
where the antiresonance frequency for a capacitor with ESL = 2.53 nH and
C = 100 nF mounted on a plane with dielectric separation from 0.05 mm to
0.4 mm is shown using equation (1.24) and the result of analysis using
M-FDM. The error is 16% for a 0.4-mm separation and decreases to an
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Figure 1-29 Single node analysis. (c) Capacitor with ESL = 2.53 nH and
C = 100 nF mounted on plane. Via inductance is assumed to be included
in the ESL of capacitor. (d) Antiresonance frequency versus plane sepa-
ration based on equations  (1.24) and (1.31). 
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error of 3% for a 0.05-mm separation. In Figure 1-29(d), the impedance is
measured at port P2. 

With the plane inductance included, the resonance and antiresonance
frequencies are modified as follows:

(1.31)

where L is the ESL of the capacitor, C is its capacitance, Lp is the plane
inductance, and Cp is the plane capacitance.

1.5.1.1 Calculation of Plane Inductance at Low Frequencies

At low frequencies in the 1 to 50 MHz range, the plane can be represented using a
lumped T-model, as shown in Figure 1-30(a) between ports P1 and P2. With a
capacitor placed at port P1, the impedance seen at port P2 can be calculated. The
T-model can be derived using a plane solver such as M-FDM by computing the
two-port impedance between ports P1 and P2 at low frequencies. As an example,
in Figure 1-29(a), the two-port Z-parameters at 10 MHz are Z11 = �j1.4122, Z12 =
�j1.44089 and Z22 = �j1.4122. The inductance and capacitance of the T-model
can then be derived from

 (1.32)

leading to an inductance of 0.456 nH and capacitance of 11.04 nF. The variation
of the inductance with plane separation for the structure in Figure 1-29(a) is
shown in Figure 1-30(b), where the inductance increases almost linearly as the
plane separation increases, as expected from equation (1.22).
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1.5.1.2 Meeting Target Impedance at Frequencies below Cavity Resonance

Cavity resonance represents the frequencies at which the planes resonate, as
described by equation (1.28). At frequencies below cavity resonance, the place-
ment of capacitors is not critical and hence they can be uniformly distributed
across the plane to meet the target impedance

As an example, let’s assume that the target impedance required is 20 mΩ
from DC to 30 MHz, which is not satisfied in Figure 1-29(b) because the imped-
ance exceeds 20 mΩ for frequencies larger than 30 KHz. The goal is therefore to
choose capacitors that resonate at frequencies at which the impedance must be
reduced to meet the target impedance. As the capacitors are connected to the
planes, antiresonances are created at frequencies given by equation (1.31), which
we’ll call LC antiresonance. The capacitors therefore have to be chosen such that
they minimize the impedance at the antiresonance frequencies. The capacitors

Figure 1-30 (a) Equivalent circuit at low frequency (10 MHz) for capac-
itor mounted on plane with current source placed at port P1 and voltage
measured at port P2. (b) Plane inductance vs. plane separation at 10 MHz.
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available to reach the 20-mΩ target impedance are shown in Table 1-2 along with
their ESR, ESL, and resonant frequency values.

At the resonant frequency, the capacitor has the minimum impedance.
Hence, the number of capacitors of each type required to meet the target imped-
ance at the resonant frequency can be calculated using

(1.33)

Using equation (1.33), the number of each capacitor required is shown in
Table 1-2. These capacitors can be placed and connected to the plane at any
arbitrary position, since location does not matter. By connecting the capacitors in
parallel in a circuit simulator, as shown in Figure 1-31(a), the impedance response
similar to Figure 1-31(b) can be obtained. In Figure 1-31(a), multiple capacitors of
the same type in parallel have been replaced with a single capacitor containing
scaled values for ESR, ESL, and C. For example, two capacitors in parallel with
C = 10 mF, ESL = 1 nH, and ESR = 23 mΩ have been replaced with a single
capacitor with C ' = 20 mF, ESL' = 0.5 nH, and ESR' = 11.5 mΩ without changing

Table 1-2 Decoupling Capacitors 

Capacitance (F) ESL (nH) ESR (mΩ) # of Capacitors Resonant Frequency (Hz)

1.00 × 10–2 1 23 2 5.03 × 104

5.00 × 10–5 1 5 1 7.11 × 105

2.20 × 10–5 1 2 1 1.07 × 106

1.00 × 10–5 1 3.1 1 1.59 × 106

4.70 × 10–6 1 4.7 1 2.32 × 106

2.20 × 10–6 1 2.2 1 3.39 × 106

1.00 × 10–6 1 15.4 1 5.03 × 106

4.70 × 10–7 1 23.3 2 7.34 × 106

2.20 × 10–7 1 35.3 2 1.07 × 107

1.00 × 10–7 1 67.1 4 1.59 × 107

4.70 × 10–8 1 99.7 5 2.32 × 107

2.20 × 10–8 1 148.5 8 3.39 × 107

#
20mT

ESR ESRCapacitors
Z

= =
Ω
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its resonant frequency. The impedance in Figure 1-31(b) was obtained using the
M-FDM method in which the 20 mΩ target impedance is not exceeded up to
95 MHz. The inductive slope in Figure 1-31(b) is caused by the parallel combination
of the ESL of all the capacitors. With 29 capacitors in parallel, each with an
inductance of 1 nH, an equivalent inductance of 34.48 pH results, which corre-
sponds to the impedance at ~100 MHz. 

A practical example is shown in Figure 1-32 [7]: the VRM plus 144 capaci-
tors of various types in parallel result in a frequency response that meets the target
impedance up to 50 MHz. Beyond this frequency, the impedance becomes induc-
tive (positive slope), as shown in the figure.

1.5.2 Distributed Analysis

As the frequency extends beyond 50 MHz, the voltage distribution on the plane
changes and standing waves are generated. From equation (1.28), a 250 mm by 250
mm plane resonates at 300 MHz (1,0 mode), 423 MHz (1,1 mode), 600 MHz (2,0
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Figure 1-31 (a) Simple circuit model for connection of multiple capacitors
(plane inductance not included). (b) VRM + plane + capacitors.
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mode), 670 MHz (2,1 mode), 847 MHz (2,2 mode), 900 MHz (3,0 mode), and so
on. A mode represents a voltage distribution. The voltage distribution for some of
these resonant modes is shown in Figure 1-33; both the maximum voltage and
minimum voltage are shown as a function of position on the planes. As can be
seen, the plane is no longer an equipotential surface. At 300 MHz, a half wave
stands along the length; at 600 MHz, a half wave stands along the length and
width; at 670 MHz, a full wave stands along the width while a half wave stands
along the length; and at 847 MHz, a full wave stands along the length and width. A
full wave represents a standing wave with a 360-degree phase reversal, while a half
wave represents a 180-degree phase reversal. For example, at 300 MHz, the max-
ima (plotted as magnitude) occurs at the near and far edge with a minima at the
center, representing a 180-degree phase shift (phase not shown) and representing
half of a standing wave. At frequencies at which the planes resonate, the location
of the decoupling capacitors becomes important because they need to be located at
a voltage maximum (or at the source) to reduce the bounce on the planes.

Figure 1-32 Single-node analysis to meet target impedance—a practical
example. By permission from L.D. Smith, et al. [7], © 1999 IEEE.
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Example

Consider Figure 1-33(a): the voltage peaks have to be reduced at 300 MHz.
To monitor the voltage maximum, port 3 is placed at (7.5 mm, 7.5 mm).
With a current source excitation of 1 A at port 1, the magnitude of the
voltage measured at port 3 is plotted in Figure 1-34 as a function of fre-
quency. An impedance peak can be seen at 300 MHz with an impedance
magnitude of ~3 Ω. To reduce this peak, a capacitor with a resonant
frequency of 300 MHz must be placed at (7.5 mm, 7.5 mm). The voltage
distribution resulting from a capacitor with C = 1 nF, ESR = 10 mΩ, and
ESL = 0.28 nH placed at (7.5 mm, 7.5 mm) is shown in Figure 1-35(a).
Clearly, the voltage distribution on the plane changes with voltage minima
occurring at the position where the capacitor is placed. The impedance at port

Figure 1-33 Voltage on planes (a) 300 MHz, (b) 600 MHz, (c) 670 MHz,
and (d) 847 MHz.
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3 with a current source excitation of 1 A at port 1 is plotted in Figure 1-35(b).
The impedance peak of ~3 Ω has been reduced significantly. It is important
to note that the placement of the capacitor at the center (125 mm, 125 mm)
will not reduce the voltage variation on the plane at 300 MHz because, as

Figure 1-34 Transfer impedance between ports 1 and 3.
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per Figure 1-33(a), this represents a voltage minima point. Hence, the
placement of the capacitors on the plane becomes very important, requiring
a distributed analysis.

1.5.2.1 Meeting Target Impedance at Cavity Resonances

Meeting target impedance at cavity resonances is more tricky than at frequencies
below cavity resonances because capacitors that resonate at higher frequencies are
required. The principle of choosing the right capacitor and the number of capaci-
tors required is similar to that of single-node analysis in which the capacitors are
chosen such that they resonate at the cavity resonance frequency and the number
of capacitors are chosen on the basis of equation (1.33). The primary difference is
the placement of the capacitor.

In any computer system, the goal is always to minimize plane bounce, since
any voltage variation on the planes can couple to signal lines referenced to it. To
minimize voltage variations through the placement of capacitors, consider as an
example the 250 mm by 250 mm plane described earlier. As before, the position of
ports 1 and 2 remains the same. In addition, nine ports are uniformly added across
the surface of the planes to monitor the voltage fluctuation. The source is at port 1,
and the goal is to minimize the voltage fluctuations at the remaining ports. As dis-
cussed earlier, the first cavity resonance occurs at 300 MHz. Below this frequency,
capacitors can be uniformly distributed using single-node analysis such that the
target impedance is met. The transfer impedance between the source (port 1) and
the remaining ports is shown in Figure 1-36(a), where the impedance of 20 mΩ has
been met at most frequencies between DC and 300 MHz using single-node analy-
sis and by uniformly distributing capacitors on the plane. Also shown is the first
cavity resonance, which has shifted from the original frequency of 300 MHz to
340 MHz because of the loading of the planes by the ESL of the capacitors.

At the cavity resonance of 340 MHz, the transfer impedance magnitude is not
the same at the 11 ports. Hence, to reduce the impedance to meet target impedance,
capacitors that resonate at 340 MHz have to be chosen with the number decided
by equation (1.33). These capacitors have to be placed at the position next to
where the transfer impedance needs to be reduced. The transfer impedances
obtained by placing capacitors with ESR = 10 mΩ, ESL = 1 nH, and C = 0.219 nF
next to the appropriate ports is shown in Figure 1-36(b), where the impedance at
340 MHz has been reduced. However, new antiresonances have been created near
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280 MHz because of parallel resonance. The parallel resonance now must be
reduced by using capacitors that resonate at 280 MHz.

Hence, the methodology for the placement of capacitors should include an
initial single-node analysis followed by distributed analysis whereby the imped-
ances are iteratively minimized across the plane surface to minimize plane
bounce. This methodology can be extended to packages or boards containing
multiple plane layers.
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1.6 Chip-Package Antiresonance: An Example

The interaction between the chip and package can cause a large antiresonance in
the impedance profile of a chip, as described briefly earlier. Large voltage
fluctuations can occur if the operating frequency of the chip coincides with the
chip-package antiresonance frequency. This effect is best illustrated through an
example. Consider a multilayered board of dimension 30 cm by 25 cm, as shown
in Figure 1-37(a). The board contains a VRM at one corner with a number of
decoupling capacitors. The package assembled on the board is a laminate package
with cross section, as shown in Figure 1-37(b), and is 40 mm by 40 mm in size.
The package contains an 800-μm core with four sequential build-up layers on
either side of the core. The package is assembled on the board through solder
balls. The chip of size 15 mm by 15 mm is mounted on the package through C4
solder bumps. 

Consider the core PDN where the VRM supplies current to the core transis-
tors of the IC. The core PDN can be represented using an equivalent circuit, as
shown in Figure 1-38, where the 1-V VRM is assumed to be represented as
an ideal power supply. The two-port impedance between the VRM and bottom of
the package is a 2 × 2 matrix with elements Z11, Z12, and Z22, which represent the
self-impedance at the VRM, transfer impedance, and self-impedance at the
bottom of the package (assumed as a single node at the center of the package).
This 2 × 2 matrix can be represented as a T-network with elements Z11 – Z12, Z12,

Figure 1-37 (a) Board showing package location. (b) Chip on package.
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62 Chapter 1  •  Basic Concepts

Z22 – Z12, which are all functions of frequency, as shown in Figure 1-38. This
circuit representation is one of many possible ways to represent a two-port
network. The impedance Zboard( f ) at the bottom of the package can be calculated
from Figure 1-38  as

(1.34)

The impedance at the bottom of the package looking toward the VRM is
plotted in Figure 1-39. The frequency response assumes a certain number of
decoupling capacitors mounted on the board at various locations. As expected, the
impedance has resonances and antiresonances due to the resonant frequency of the
capacitors and becomes inductive beyond 100 MHz. Let’s assume for simplicity
that the package is represented through an equivalent inductance whose imped-
ance is represented as Zpackage in Figure 1-38. The inductance of such a package
can be calculated approximately by separating the package into layers consisting
of solder bumps, sequential build-up layers, core, and solder balls, then modeling
the inductance of the bumps, vias, and balls. This is a good approximation, since
the current flows vertically through such multilayered ball grid array packages. A
tool called FastHenry [27], available in the public domain, has been used here to
generate Table 1-3. In the table, each power/ground bump/via/ball pair has been
modeled as a cylinder to extract the self- and mutual partial inductance. The loop
inductance for a pair is then calculated using Lloop = Lself1 + Lself2–2M (since
current flows in opposite directions for a power/ground loop). The equivalent
inductance for a number of these pairs in parallel is then computed by dividing the
loop inductance by the total number of pairs present in the package.

Figure 1-38 Equivalent circuit of core PDN.
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Chip-Package Antiresonance: An Example 63

Table 1-3 Inductance Contributions in a Multilayered Laminate package

As can be seen from Table 1-3, the largest contributors to package induc-
tance are the core and the solder balls. Adding the equivalent loop inductances (in
series), the package inductance from the solder ball to the C4 bump can be
estimated as 3.37 pH. Since Table 1-3 is an approximate method for calculating
the equivalent loop inductance, let’s assume that the package inductance is ~4 pH.
The impedance of a 4-pH inductor is plotted in Figure 1-39, which is a straight
line with positive slope on a log-log graph. The total impedance from the top of
the package looking into the VRM can now be calculated from Figure 1-38  as

(1.35)

The plot of equation (1.35) is shown in Figure 1-39. At low frequencies
(<10 MHz), the impedance is dominated by the board, while above 50 MHz, the
inductance of the package dominates and the inductance is primarily due to the
package inductance. The chip can be represented as a capacitor. Let’s assume that
the IC capacitance is 500 nF. The impedance of the chip capacitor is plotted in
Figure 1-39. The impedance seen from the IC looking toward the VRM can be
calculated from Figure 1-38  as

Physical 
Dimensions Lself1 Lself2 M Lloop

Number 
of Pairs

Equivalent 
Inductance

C4 Solder Bump 
diameter = 90 μm, 
pitch = 192 μm

15.67 pH 15.67 pH 4.24 pH 22.87 pH 2000 0.01 pH

Vias through Build-up
diameter = 50 μm, 
length = 35 μm 
(× 8 layers), 
pitch = 192 μm

4.82 pH 
(×8)

4.82 pH 
(×8)

0.64 pH 
(×8)

8.35 pH 
(×8)

2000 0.03 pH

Vias through Core
diameter = 300 μm, 
length = 800 μm, 
pitch = 707 μm

246.5 pH 246.5 pH 84.57 pH 323.8 pH 145 2.23 pH

Solder Balls
diameter = 500 μm,
length = 500 μm, 
pitch = 1000 μm

86.67 pH 86.67 pH 25.17 pH 122.98 pH 112 1.09 pH

)()()( fZfZfZ packageboardboardpkg +=+
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64 Chapter 1  •  Basic Concepts

(1.36)

since the impedances are in parallel. 

This calculation is plotted in Figure 1-39. As can be seen from the figure, an
antiresonance occurs at around 100 MHz with a corresponding large impedance.
This large impedance is caused by chip-package antiresonance. From Figure 1-39,
the chip-package antiresonance occurs at the frequency where Zchip and Zpackage
intersect. Hence, the chip-package antiresonance is caused by the parallel reso-
nance of the chip capacitance and package inductance. The board inductance has
little to do with causing the antiresonance.

The importance of the chip, package, and board for managing the PDN
impedance is shown qualitatively in Figure 1-40. At frequencies from DC to 10 MHz,
the board design becomes very critical for managing the target impedance with no
contribution coming from either the IC or package. Between 10 and 100 MHz, the
interaction between the package and board becomes important. It can cause a shift
in the resonance and increase the overall inductance. From 100 MHz to 1 GHz,
the interaction between the chip and package can cause an impedance peak due to

Figure 1-39 Chip-package antiresonance.
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High-Frequency Measurements 65

the antiresonance between the package inductance and IC capacitance. This is the
frequency range at which chip–package co-design becomes critical. Beyond
1 GHz, the PDN impedance is dictated solely by the IC capacitance with neither
the package nor the board having any influence.

1.7 High-Frequency Measurements

High-frequency measurements represent a very important part of evaluating the
effectiveness of decoupling capacitors, planes, and PDNs with surface-mount
components. The magnitude and slope of change in resistance and inductance
above the self-resonant frequency (SRF) depend on the relative dimensions of the
capacitor body, pads, vias, and closest planes. Since ESR(f) and ESL(f) depend on
the geometry, it is important to measure the parts in a fixture containing pads,
vias, and planes with geometries similar to actual usage to ensure that the
measured complex impedance reflects both the device under test (DUT) and, if
necessary, the fixture. The low impedance values associated with today’s bypass
capacitors can be conveniently measured using vector network analyzers (VNA)
in two-port connections [28]. 

The VNA consists of a tunable sinusoidal source and tracking receiver. The
receiver can be connected to measure the incident wave (al) or reflected wave (bl) to
and from the DUT, or the transmitted wave (b2) through the DUT. These waves are
measured by measuring voltages. The VNA measures and displays the various
combinations of incident and reflected waves, commonly known as S-parameters
[29]. In a VNA measurement, the equivalent circuit can be represented as shown

Figure 1-40 Contribution of chip, package, and board for power delivery.
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in Figure 1-41. In the figure, Z0 is the connecting impedance of the instruments,
usually 50 Ω. A state-of-the-art VNA may have around one-tenth of a decibel
repeatability and a fraction of a decibel absolute error in S11 measurements, which
allows the accurate measurements of impedances not much smaller or greater than
50 Ω. The impedance of a one-port DUT can be calculated from its voltage reflec-
tion coefficient (S11) by using this formula:

(1.37)

The impedances of PDNs are typically low, much smaller than 50 Ω. With
very low impedances, the nominator in equation (1.37) approaches zero, and
therefore the accuracy gradually breaks down. As shown in [30], the two-port
impedance measurement setup can extend the capabilities of one-port vector
network analyzer measurements by more than an order of magnitude, enabling the
measurement of PDN impedances below a milliohm. Hence, a two-port measure-
ment is always preferable while characterizing PDNs.

1.7.1 Measurement of Impedance

The equivalent circuit of a PDN impedance measurement is shown in Figure 1-42. In
the figure, Lp1 and Lp2 represent the inductive discontinuities of the cable–DUT
interface, including the loop inductance due to the current loop from the signal tip
to the ground tip of a probe [31]. The PDN is represented as a two-port network
with impedances Z11, Z12, Z21, and Z22 associated with it, as defined earlier. The

Figure 1-41 Schematic of a vector network analyzer measurement. By
permission from M. Swaminathan, et al. [28], © 2004 IEEE.
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High-Frequency Measurements 67

reference planes are set as shown in Figure 1-42 , assuming that both the connec-
tors (or probes) are calibrated up to the DUT interface. The DUT includes the
entire PDN; hence the goal is to extract the PDN impedances between the ports of
interest. Assuming a two-port measurement, the measured S-parameters can be
related to the Z-parameters of the PDN through the transformation

 (1.38)

where Z0 = 50 Ω. Setting Z1 = 50 + jωLp1 and Z2 = 50 + jωLp2, the above equation
can be rewritten in the form

 (1.39)

Since S12 measurement is preferable for low impedance measurements, from
equation (1.39), the measured S12 parameter can be related to the impedance as

(1.40)

Figure 1-42 Equivalent circuit for transfer impedance measurement.
M. Swaminathan, W. Kim, and I. Novak, “Measurement problems in high
speed networks,” IEEE Instrumentation and Measurement Technology
Conference, pp. 1339–1346, Budapest, Hungary, 2001.
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68 Chapter 1  •  Basic Concepts

1.7.2 Measurement of Self-Impedance

Assuming the self-impedance of a PDN is to be measured, the two connectors (or
probes) can be placed next to each other such that Z11 = Z12 = Z21 = Z22. Under
such a measurement, the equivalent circuit simplifies to the circuit shown in
Figure 1-43. Then equation (1.40) simplifies to

(1.41)

from which the self-impedance can be extracted from the measured S-parameter as

(1.42)

Assuming the inductive discontinuities are negligible, resulting in a nearly 0 dB
through measurement, the self-impedance simplifies to

(1.43)

Although equation (1.42) is an exact expression, inductances Lp1 and Lp2
result in very small perturbation to the magnitude of Z11 in equation (1.43), which
is illustrated in the following example. Equation (1.43) is especially useful for PDNs
that have a very small impedance since S11 measurements are not very reliable.

Figure 1-43 Equivalent circuit for self-impedance measurement.
M. Swaminathan, W. Kim, and I. Novak, “Measurement problems in high
speed networks,” IEEE Instrumentation and Measurement Technology
Conference, pp. 1339–1346, Budapest, Hungary, 2001.
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High-Frequency Measurements 69

Example

Assuming Lp1 = Lp2 = 0.5 nH, and the measured S12 = 0.1 ∠ 60° (–20
dB) at a frequency of 1 GHz, using equation (1.42) to calculate magnitude
of Z11 introduces a 0.4% difference in the measurements as compared to
equation (1.43).

When small impedance values are measured with a 50-Ω system, S12 is
much less than 1 and therefore a good approximation for the self-impedance
measurement is

(1.44)

The insertion loss S12 is typically measured in decibels and hence must be
converted to the appropriate scale. Using equation (1.42), (1.43), or (1.44), accu-
rate measurements are possible for small values of impedances typical of PDNs
provided the measurement setup is well calibrated up to the probe tips. A simple
calibration method is the short-open-load-through (SOLT) calibration. 

Example

Consider a capacitor embedded in the package, discussed in detail in Chapter
5. The capacitor consists of two square electrodes with size in the range 2
mm to 10 mm separated by a dielectric layer. For such a structure, a two-port
measurement can be conducted to extract the impedance of the structure, as
shown in Figure 1.44(a). Using equation (1.43), by separating the real and
imaginary parts, the impedance of the capacitor can be extracted as

(1.45)

The measured impedance magnitude for four different capacitor sizes is
shown in Figure 1-44(b). The low-frequency capacitance, ESR, and ESL
can be seen in the measurements.
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70 Chapter 1  •  Basic Concepts

1.7.3 Measurement of Transfer Impedance

The transfer impedance Z12 between two ports placed far apart can be extracted
from equation (1.40) as

(1.46)

where Z1 and Z2 have the same definitions as in the self-impedance measure-
ments, while Z11, Z22, and Z12 are the two-port impedance parameters of the struc-
ture. Assuming Lp1 = Lp2 = 0, equation (1.46) can be simplified to

(1.47)

For low impedance measurements S12Z21/100 << 1, Z11/50 << 1, and Z22/50
<<  1. Therefore, the transfer impedance measurement can be simplified similar to
equation (1.44). Several of the transfer impedance measurements in the book
make use of the simplified equation in (1.44).

1.7.4 Measurement of Impedance by Completely Eliminating Probe
Inductance

For PDNs with a moderate impedance and measurements involving a high
probe inductance, a different methodology can be used. Let’s once again
assume that the 2 × 2 impedance matrix, including the probe parasitics, can be
approximated as

(1.48)

This equation shows that the transfer impedance is not affected by the probe
inductance. Hence, whatever the value of Lp1 and Lp2 is, Z12 can be extracted very
accurately, assuming the VNA is calibrated up to the probe tips. This property is
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Signal Lines Referenced to Planes 71

used in Chapter 5, where the material properties are extracted from Z12. The 2 × 2
impedance matrix in equation (1.48) can be obtained from measured S-parameters.

For accurate measurement of an input impedance, say Z11, the probe para-
sitic inductances must be known. However, there is a simple way of avoiding this
problem as well. A separate measurement is taken, where the two probes are
placed very close to this input port. Since the two ports are very close to each
other, the input and transfer impedances of such a network can be assumed to be
equal (Z11 = Z12 = Z21 = Z22), as mentioned earlier. Hence, once again, the trans-
fer impedance Z12 can be measured, which is not affected by the probe induc-
tance. Since the input and transfer impedances of this DUT are equal, the input
impedance Z11 can be found to be equal to the measured transfer impedance Z12.
This procedure provides accurate measurement results for PDNs in the presence
of high probe inductance.

1.8 Signal Lines Referenced to Planes

In high-frequency packages and PCBs, the signal lines are often routed over or
between planes. The planes provide shielding for the signal lines by minimizing
coupling between the signal lines routed on the same layer or on different layers.
In addition, the planes perform a very important function by carrying return cur-
rent of the signal lines. Any discontinuities in the return current of the signal lines
can cause SSN. Hence, to model SSN arising from the switching of I/O drivers, a
good knowledge of the return path discontinuities is necessary. Placement of the
capacitors at the return path discontinuities reduces SSN. In this section, the

Figure 1-44 (a) Two-port impedance measurement. (b) Impedance
measurement of embedded capacitors.
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transmission line equations are derived along with a discussion, using two exam-
ples, on the importance of return currents.

1.8.1 Signal Lines as Transmission Lines

Signals cannot propagate faster than the speed of light. The velocity of 3 × 108

m/s in air is roughly equivalent to a time delay of 1 ns per foot of travel. In FR-4
(a common dielectric material used to fabricate PCB), a signal takes 1.66 ns to
travel a distance of 10 inches. This delay can be an entire clock period behind and
hence can slow down the system. Analyzing such signal lines using Kirchhoff’s
voltage and current laws neglect this time delay and can provide erroneous results.
Early ICs involved transistor–transistor logic (TTL) devices with internal delays of
15 ns or more, limiting the clock rates to lower levels and making the transit time
of the signals negligible in comparison. Modern devices have improved to the point
that signal delays are the limiting factor in digital circuit design. Transmission line
theory in which signal lines are analyzed as distributed circuits explicitly includes
this time delay and therefore is applicable to these situations.

To better explain transmission line theory, consider a coaxial cable, as
shown in 1-45(a), consisting of two conductors separated by a dielectric material.
When current flows on the coaxial cable, there is a physical movement of charge
carriers (electrons) down one conductor and back on the other. If there is a current
flow into the inner conductor, then the return current flows in the opposite direc-
tion on the outer conductor. Because of this movement, the charge has some
momentum, and the current therefore wants to keep moving once it has started.
This effect is equivalent to some series inductance in the cable.

There is also some series resistance, since the metal is not a “perfect”
conductor of electricity, and some of the electrical energy is therefore converted to
heat as the current flows. At the same time, equal and opposite charge is stored
instantaneously on the two conductors, giving rise to some shunt capacitance. If the
material separating the conductors is not a perfect insulator, there will also be some
leakage current from one conductor to another, which is the shunt conductance [32].

Although coaxial cables are excellent transmission lines, since the return
current is always in close proximity to the forward current, it is difficult to use
them in ICs, packages, and boards because of their three-dimensional structure.
Hence, planar structures such as microstrip and striplines are used where the refer-
ence conductor is in the form of planes. The planes carry the return current, so it is
important to locate the reference plane in close proximity to the signal conductor.
An example of a microstrip line is shown in Figure 1-45(b).
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Since the cross section of a transmission line is uniform and its length is much
larger than its cross section, it can be described using the pul resistance (R), induc-
tance (L), conductance (G), and capacitance (C) parameters. A small section of a
transmission line can be represented using the equivalent circuit shown in
Figure 1-46, where the pul parameters R, L, G, and C are each multiplied by the
length �z. The pul inductance L is the loop inductance between the signal line and
the reference plane, where the forward current on the signal line returns in the oppo-
site direction through the reference plane. The pul resistance R in Figure 1-46 is the
sum total of the signal and reference plane resistance. The pul capacitance C and
conductance G are measured between the singal and reference conductors. 

Applying Kirchoff’s voltage and current laws to the circuit in Figure 1-46,
the following two equations can be obtained:

(1.49)

Figure 1-45 (a) Coaxial cable. (b) Microstrip line.
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Under the limit �z 0, the transmission line equations can be written in
the form

 (1.50)

Equation (1.50) can be extended to multiple coupled lines and form the multicon-
ductor transmission line equations.

1.8.2 Relationship between Transmission-Line Parameters and SSN

Two important parameters that describe a transmission line are its characteristic
impedance (Z0) and delay (T). For a lossless line (R = 0 and G = 0), these parame-
ters are given by

 (1.51)

where l is the length of the transmission line. The SSN has an inverse relationship
with Z0, as described by equation (1.10). A transmission line with high character-
istic impedance will always require less current to charge the line and hence a
smaller dI/dt, which translates into lower SSN. A transmission line with low Z0
is capacitive and hence requires a larger current, resulting in larger SSN. Figure
1-47(a) shows the variation of the SSN as a function of tr/(L/Z0) based on equation
(1.9). From the figure, for tr = 0.1 ns and L = 1 nH, a 50-Ω line will result in an
SSN voltage of 0.2 V as compared to 0.1 V for a 100-Ω line.

Noise on the power supply always results in an extra delay for the signal to
rise to the required voltage in addition to the delay of the transmission line, as
described by equations (1.12) and (1.13). Therefore, timing errors can occur
when the SSN is large, which in turn is related to the Z0 of the transmission line.
Figure 1-47(b) shows the variation of the 50% delay as a function of tr/(L/Z0)
for a bus, based on equation (1.12) when tr is greater than L/Z0. From the figure,
for tr = 0.1 ns and L = 1 nH, a 10 bit wide bus with impedance of 50 Ω will result
in a delay of 0.191 ns as compared to 0.1235 ns for a bus with impedance of

t
vCGv

z
i

t
iLRi

z
v

∂
∂

−−=
∂
∂

∂
∂

−−=
∂
∂

)(

)(0

slLCT
C
LZ

=

Ω=

Swaminathan-CH01.fm  Page 74  Thursday, November 1, 2007  12:09 PM



Signal Lines Referenced to Planes 75

100 Ω. Hence, choosing the right characteristic impedance for the signal lines
becomes very important for minimizing SSN and timing error.

1.8.3 Relationship between SSN and Return Path Discontinuities

To illustrate the relationship between SSN and return path discontinuities for
signal lines, two examples are discussed here. Figure 1-48(a) consists of a microstrip
line over a voltage and ground plane. The signal line is referenced to the voltage
plane, and the plane is continuous. A 1-A current source is applied between the
input end of the signal line and the voltage plane that creates a forward current on
the signal line, as shown in the figure. The return current flows on the voltage
plane just beneath the signal line (at high frequencies), so the current loop is
completed between the signal line and the voltage plane. This return current does
not create any voltage disturbance between the voltage and ground plane, as

Figure 1-47 (a) Variation of SSN. (b) Variation of 50% delay.
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illustrated in Figure 1-49(a), where a two-dimensional plot of the voltage fluctua-
tion between the two planes is shown as a function of position, indicating that
there is no change in the voltage across the planes. Any voltage measured between
the two planes, as in Figure 1-48(a), will show no coupling between the signal line
and voltage/ground plane. 

Now consider a slot on the voltage plane beneath the signal line, as shown in
Figure 1-48(b). With a 1-A current source excitation between the signal line and
voltage plane, the forward current on the signal line causes a return current on the
voltage plane. At the slot, the return current flows on the ground plane (due to the
absence of metal on the voltage plane). Therefore, the current loop is completed
by the vertical currents shown in Figure 1-48(b) (also called displacement
currents) and is a return path discontinuity that excites the voltage/ground plane
and causes a voltage disturbance. The voltage disturbance is shown in Figure 1-49(b)
as a two-dimensional plot for a 250 mm by 250 mm plane with a 50-mm slot at the
center. The excitation of the voltage/ground plane causes the f01 mode based on
equation (1.29) at a frequency of about 750 MHz for a dielectric material with
relative permittivity of 4.0 between the planes. Any voltage measured between the
two planes, as in Figure 1-48(b), will now show singificant coupling between the

Figure 1-48 (a) Microstrip line above voltage and ground plane.
(b) Microstrip line above slot in voltage plane.
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signal line and voltage/ground plane. The return path discontinuity effect is dis-
cussed in more detail in Chapter 3.

A capacitor with a resonant frequency of 750 MHz placed between the
voltage and ground planes near the slot will provide a low impedance path for the
current to return on the planes and therefore will reduce the voltage disturbance on
the planes.

In summary, SSN caused by the switching of signal lines in the package and
board is caused by the return path discontinuities. For high-frequency system
applications, the referencing of signal lines to planes is very important. The return
path discontinuity for signal lines can be evaluated by following the return current
path on the planes. Any discontinuity will manifest itself as voltage fluctuations
between voltage and ground. It is important to note that the connection of the
drivers and terminations to the signal lines can alter the power supply noise, since
the current loop can change at the input and output, as described in Chapter 3. 

1.9 PDN Modeling Methodology

The design process that captures the modeling methodology described in this
book is shown in Figure 1-50. The entire methodology is centered around plane
modeling because as packages and boards migrate toward gigahertz frequencies,
planes play a very important role by reducing inductance and supporting

Figure 1-49 (a) Voltage disturbance on power/ground plane for ideal
microstrip. (b) Voltage disturbance on power/ground plane for microstrip
above slot.
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the return current of signal lines. Moreover, since the planes are electrically large
along the lateral dimensions, an efficient numerical method is required from the
modeling standpoint that reduces complexity (number of unknowns). So, in the
methodology shown in Figure 1-50, the PDN consisting of planes, vias, capacitors,
and solder balls is first modeled in the frequency domain. The goal of this analysis
is to ensure that the target impedance of the PDN is met at the frequencies of inter-
est, as dictated by the system application. The modeling of planes with vias and
decoupling capacitors in the frequency domain is the subject of Chapter 2. 

Assuming the target impedance is met in the frequency domain, the next step
is to incorporate the signal lines along with the PDN. Doing so allows a designer to
evaluate the coupling between the signal lines through the PDN and between the
signal lines and PDN due to the return currents. Details on the incorporation of the
signal lines into the PDN and coupling analysis in the frequency domain are found
in Chapter 3. 

Assuming the coupling meets the specifications in the frequency domain, the
next step is to convert the frequency information into a time-domain signal to

Figure 1-50 Design and analysis methodology.
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compute SSN. Assuming no nonlinear circuits are connected to the signal lines,
this process is straightforward, since inverse fast Fourier transform (IFFT) methods
can be used for this purpose. However, this is not a true representation of SSN,
since nonlinear circuits can have memory and feedback effect whereby excessive
SSN can slow down the drivers, reducing or saturating the power supply noise
[33]. The interaction between the nonlinear drivers, signal lines, and PDN can
only be captured through a time-domain simulation. Chapter 4 describes time-
domain simulation methods that convert the frequency-domain response of the
signal lines and PDN into a modified nodal analysis (MNA) formulation, which is
used by most circuit simulators such as Spice. The frequency response can there-
fore be converted into a Spice subcircuit to which nonlinear transistor circuits can
be connected. During time-domain simulation, various PRBS patterns can be sim-
ulated to ensure that SSN is within specifications. If the specifications are violated
for any particular bit stream, the impedance of the PDN or the routing of the
transmission lines can be re-optimized around the frequencies corresponding to
the bit stream before final tape out.

In Chapter 5, various applications are discussed using methods described in
chapters 2, 3, and 4 to analyze impedances and scattering parameters in the
frequency domain and SSN in the time domain. Advanced technologies such as
embedded decoupling capacitors and electromagnetic bandgap (EBG) structures
for controlling SSN are also discussed in Chapter 5. In addition, more focused
examples are provided in each chapter to capture specific effects that can be used
to evaluate commercial tools. 

1.10 Summary

This chapter described the basic concepts in PDN design. The microprocessor and
other ICs are sensitive to power supply fluctuations. An increase in the supply
voltage causes reliability problems, while a decrease reduces the maximum oper-
ating frequency. By relating the impedance of the PDN and power supply noise,
the network can be suitably designed in the frequency domain. By using the target
impedance as a parameter for measuring the goodness of a PDN, the various
components such as VRM, decoupling capacitors, vias, planes, and solder balls
can be analyzed and optimized until the target impedance is met. The effect of the
chip can also be included in the design process by representing it as either a
lossless capacitor or a lossy capacitor. The relationship between impedance in the
frequency domain and SSN in the time domain was also quantified in this chapter
using simple models.

Swaminathan-CH01.fm  Page 79  Thursday, November 1, 2007  12:09 PM



80 Chapter 1  •  Basic Concepts

References

1. B. Streetman and S. Banerjee, Solid State Electronic Devices. Upper Saddle 
River, NJ: Prentice Hall, 2005.

2. H. B. Bakoglu, Circuits, Interconnections and Packaging for VLSI. Boston: 
Addison-Wesley, 1990.

3. R. Heald et al., “A third-generation SPARC V9 64-b microprocessor,” IEEE 
Journal of Solid-State Circuits, vol. 35, no. 11, pp. 1526–1538, Nov. 2000. 

4. A. Waizman, O. Vikinski, and G. Sizikov, “CPU power delivery impedance 
profile resonances impact on core FMAX,” Electrical Performance of Elec-
tronic Packaging, pp. 119–122, Oct. 2006. 

5. D. Herrell and B. Beker, “Modeling of power distribution systems in PCs,” 
in Proceedings of the EPEP ’98 Conference, pp. 159–162.

6. A. Muhtaroglu, G. Taylor, and T. Rahal-Arabi, “On-die droop detector for 
analog sensing of power supply noise,” IEEE Journal of Solid-State Circuit, 
vol. 39, no. 4, pp. 651–660, Apr. 2004.

7. L. D. Smith, R. E. Anderson, D. W. Forehand, T. J. Pelc, and T. Roy, “Power 
distribution system design methodology and capacitor selection for modern 
CMOS technology,” IEEE Transactions on Advanced Packaging, vol. 22, no. 
3, pp. 284–291, Aug. 1999.

8. M. Swaminathan, J. Kim, I. Novak, and J. P. Libous, “Power distribution net-
works for system on package: status and challenges,” IEEE Transactions on 
Advanced Packaging, vol. 27, no. 2, pp. 286–300, May 2004.

9. Linear Technology LTC6902 data sheet, Linear Technology, 2003.

10. Application Note 1007—X2Z Solution for Decoupling Printed Circuit 
Boards, Dec. 2003. X2Y.

11. http://www.avxcorp.com.

12. I. Novak et al., “Distributed matched bypassing for board-level power distri-
bution networks,” IEEE Transactions on Advanced Packaging, vol. 25, pp. 
230–243, May 2000.

13. A. Waizman and C. Y. Chung, “Extended adaptive voltage positioning 
(EAVP),” in Proceedings of the EPEP Conference, Scottsdale, AZ, Oct. 23–
25, 2002.

Swaminathan-CH01.fm  Page 80  Thursday, November 1, 2007  12:09 PM



References 81

14. Sanyo 4TPL220M Data Sheet, Sanyo, 2003. 

15. S. Pannala, J. Bandyopadhyay, and M. Swaminathan, “Contribution of reso-
nance to ground bounce in lossy thin film planes,” IEEE Transactions on 
Advanced Packaging, vol. 22, pp. 249–258, Aug. 1999.

16. I. Novak, L. Smith, R. Anderson, and T. Roy, “Lossy power distribution net-
works with thin dielectric layers and/or thin conductive layers,” IEEE Trans-
actions on Components Packaging and Manufacturing Technology, vol. 23, 
Aug. 2000.

17. S.-J. Kim, H.-Y. Lee, and T. Itoh, “Rejection of SSN coupling in multilayer 
PCB using a conductive layer,” in Proceedings of the 7th Topical Meeting on 
Electrical Performance of Electronic Packaging, West Point, NY, Oct. 26–
28, 1998, pp. 199–202.

18. I. Novak, “Reducing simultaneous switching noise and EMI on ground/
power planes by dissipative edge termination,” in Proceedings of the 7th 
Topical Meeting on Electrical Performance of Electronic Packaging, Oct. 
26–28, 1998, pp. 181–184.

19. H. Chen and J. Neely, “Interconnect and circuit modeling techniques for 
full-chip power supply noise analysis,” IEEE Transactions on Components 
Packaging and Manufacturing Technology, pt. B, vol. 21, pp. 209–215, Aug. 
1998.

20. J. P. Libous, “High performance ASIC chip power distribution design and 
analysis, short course,” in IEEE Proceedings of the 11th Topical Meeting on 
Electrical Performance of Electronic Packaging, Oct. 20, 2002.

21. H. Chen and J. Neely, “Interconnect and circuit modeling techniques for 
full-chip power supply noise analysis,” IEEE Transactions on Components 
Packaging and Manufacturing Technology, pt. B, vol. 21, pp. 209–215, Aug. 
1998.

22. B. Garben, R. Frech, J. Supper, and M. McAllister, “Frequency dependen-
cies of power noise,” IEEE Transactions on Advanced Packaging, vol. 25, 
pp. 166–173, May 2002.

23. E. J. Nowak, “Maintaining the benefits of CMOS scaling when scaling bogs 
down,” in IBM Journal of Research and Development, vol. 46, Mar./May 
2000, pp.169–180.

Swaminathan-CH01.fm  Page 81  Thursday, November 1, 2007  12:09 PM



82 Chapter 1  •  Basic Concepts

24. D. J. Frank, “Power-constrained CMOS scaling limits,” in IBM Journal of 
Research and Development, vol. 46, Mar./May 2000, pp. 235–244.

25. Y. Taur, “CMOS design near the limit of scaling,” in IBM Journal of 
Research and Development, vol. 46, Mar./May 2000, pp. 213–222.

26. T. Correale, “Watts the matter: Power reduction issues,” in IEEE Proceed-
ings of the 10th Topical Meeting on Electrical Performance of Electronic 
Packaging, Oct. 2001.

27. M. Kamon, M. J. Tsuk, and J. K. White, “FASTHENRY: A multipole-
accelerated 3-D inductance extraction program,” IEEE Transactions on 
Microwave Theory and Techniques, vol. 42, no. 9, pp. 1750–1758, Sept. 
1994.

28. M. Swaminathan, J. Kim, I. Novak, and J. Libous, “Power Distribution for 
Semincondutor Systems––Status and Challenges.” Short Course at the Topi-
cal Meeting on Electrical Performance of Electronic Packaging, Oct. 2004.

29. Understanding the Fundamental Principles of Vector Network Analysis. 
Agilent, Application Note 1287-1, 1997.

30. I. Novak, “Measuring milliohms and picohenrys in power distribution 
networks,” DesignCon, Santa Clara, CA, Feb. 2000.

31. M. Swaminathan, W. Kim, and I. Novak, “Measurement problems in high 
speed networks,” IEEE Instrumentation and Measurement Technology 
Conference, pp. 1339–1346, Budapest, Hungary, 2001.

32. A. Peterson, Georgia Institute of Technology, Private Communication.

33. R. Senthinathan and J. L. Prince, Simultaneous Switching Noise of CMOS 
Devices and Systems. Norwell, MA: Kluwer Academic Publishers, 1994.

Swaminathan-CH01.fm  Page 82  Thursday, November 1, 2007  12:09 PM



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 1.8)
  /CalRGBProfile ()
  /CalCMYKProfile (U.S. Sheetfed Uncoated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket true
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




