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With increasing system complexity and clock speeds, the power consumption of 
integrated circuits (ICs) has increased dramatically. Current demanded by the ICs 
continue to go up with every generation while the voltage levels continue to go down 
with steadily declining feature size on the silicon. A lower voltage level is causing the 
power supply noise margin (typically 5% from nominal) to shrink across the chip power 
supply terminals.  250mV of noise for a 5V power supply might be acceptable but could 
be disastrous for a 1V supply.  
 
The objective of the power delivery network is to provide stable power to the ICs but the 
switching circuitry on chips demands static and dynamic current which across the PDN 
impedance causes the voltage to fluctuate at the chip power supply terminals. To 
effectively deliver power to the chip with minimal noise, the input impedance of the 
power delivery network (PDN) should be below a specified design target over the entire 
frequency spectrum of interest from DC to several hundreds of MHz. A first-order design 
target for the PDN impedance is defined as the ratio of voltage tolerance to transient 
current. For example, for a supply voltage of 1V with 5% maximum allowable ripple and 
with the device drawing 5A transient current, the target impedance is  
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In theory, the PDN impedance from the chip perspective should be below this target up to 
at least the second harmonic of the fundamental switching frequency. Although, having a 
flat impedance profile in the frequency band of interest is desired, attempt is made to 
keep the PDN impedance below 10mΩ up to 500MHz (2x fundamental frequency). This 
paper discusses an intuitive spice-based system-level approach to plan, analyze and 
ultimately implement the PDN layout scheme with a goal to meet the target impedance 
within the defined frequency band. 
 
Power Delivery Network (PDN) 
PDN transports energy from the power supply to the chip using a combination of voltage 
regulator module (VRM), discrete capacitors (bulk and high-frequency ceramic) and on-
chip capacitance all connected to the switching device with passive metal structures such 
as planes, vias and traces. Series inductance of the metal conductors limits the amount of 
current that can be drawn at a given frequency.  The reactance ( j Lω ) of a conductor 
monotonically increases with frequency and its maximum effectiveness can be found by 
comparing its reactance with the target impedance of the PDN. Capacitors are used to 
suppress the monotonic increase in impedance above the target; their size and locations 
depend on the target frequency. Figure 1 and 2 below shows the physical description of a 
typical PDN and its representation in circuit format.  
 



 
 

 
 
 
 
 

 
 
 

Figure 1 A typical PDN with discrete on-package and PCB-level 
capacitors shown 

Figure 2 Circuit representation of the PDN with impedance of the 
path to the package and board level discrete capacitors shown 
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Capacitor Selection Technique 
Decoupling capacitors form an integral part of a PDN and its main function is to bring the 
power supply as “electrically” close to a switching device as possible. They act as 
distributed storage of charge accessible by the switching device via a low impedance 
(low loop inductance) path. Majority of the current demanded by the switching IC is 
provided by the capacitors while the main power supply serves to replenish the depleted 
capacitors.  
 
Picking the correct value capacitor requires an understanding of how a capacitor behaves. 
The reactance of an ideal capacitor is inversely related to frequency and decreases 
monotonically until it reaches an infinitesimally small value. This behavior perfectly suits 
most applications demanding current at high frequencies. But a real capacitor due to its 
physical construction has an associated parasitic inductance (referred to as equivalent 
series inductance or ESL) and resistance (referred to as equivalent series resistance or 
ESR) which changes the impedance behavior considerably. Figure 3 below shows the 
impedance behavior of an ideal capacitor versus real capacitor. 
 
 
 

 
 Figure 3 Impedance behavior comparing the frequency-domain 

performance of ideal vs. real Capacitor 



The frequency at which the capacitor changes its behavior from capacitive to inductive is 
called the self-resonant frequency of that capacitor. At the resonant frequency, the 
capacitive reactance is exactly equal to the inductive reactance canceling each other out 
with just the ESR as its total impedance i.e., the impedance of a capacitor at resonance is 
lowest and is most effective in supplying charge at that frequency. 
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Manipulating the above relationship, the resonant frequency of a capacitor can be 
calculated as 
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Figure 4 shows an example PDN impedance profile with a design target of 10mΩ Ztarget. 
As can be seen with the green curve, the PDN impedance exceeds Ztarget between 10MHz 
and about 25MHz. In order to suppress this peak, a capacitor with its resonant frequency 
coinciding with this peak is selected (shown in red). Final PDN impedance is shown in 
pink. Another capacitor is then selected coinciding with the second peak and so on until 
the PDN impedance is suppressed below the Ztarget. 
 



 
 
 
 
 
In the next few sections, the overall design strategy for a system level PDN design is 
discussed for an existing device, board and package layout. These techniques can be used 
to perform pre-layout evaluations of both the package and board designs to optimize the 
number and location of decoupling sites required for effective PDN decoupling. 
 
Modeling Board / Package PDN Interconnect Structures 
The board used for this study is a 22-layer, 16”x11” with a finished thickness of 4.5mm. 
The device location is approximately in the center with the main power supply 
connections towards the bottom-center of the smaller edge of the board. One set of power 
and ground planes (2nd and 3rd layers from the top device layer) are used to connect the 
device pins to the power supply connections. Sites for ceramic and bulk capacitors are 
located on the top and bottom side of the device with the bottom layer shown in Figure 5.  
 

Figure 4 Impedance profile of a sample PDN after capacitor 
assembly; the impedance peak of the PDN above the Ztarget is 

suppressed by the capacitor resonance 



 
 
 
 
 

 
A 6-layer flip chip package is used with sites for six on-package decoupling capacitors on 
the chip side. The top layer is reserved for signal routing with the second and third layers 
as ground and power planes respectively. Laser vias connect the power and ground 
capacitor pads on the top layer to the respective planes making sure that the power-
ground loop is as small as possible.  
 
The parasitic resistance and inductance (RL) of the path connecting the on-package 
capacitors to the device bumps are extracted using a 3D-electromagnetic (EM) field 
extractor. Each capacitor path is modeled separately and the extracted parasitic 
components are combined with the ESL and ESR of the on-package capacitors to 
estimate the effective capacitor resonant frequency for optimal decoupling. A 2D-EM 
field extractor can also be used where the path from the die to the capacitors are split into 
three sections; solder bumps, planes or traces and capacitor vias and combined to 
calculate the total path RL from the device bumps to each on-package capacitors.  
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Figure 5 PCB bottom layer showing the bulk & ceramic 
capacitor sites 



The RL of die bumps, package vias (mechanically drilled and laser drilled) and solder 
balls connecting the die to the board are extracted using a 2D-electromagnetic extractor 
and combined together to calculate the total parasitic RL of the package vertical 
interconnection. 
 
The PCB power and ground planes (one pair only in the board used) are modeled using a 
2D-transmission line approach where the power and ground planes are divided into NxN 
matrix of unit cells. Each unit cell consists of calculated RLC components (calculated 
using closed-form equations) representing a small segment of the power-ground plane 
pair. The size of each unit cell is smaller that 1/10th the wavelength of the signal. The 
parasitic RL of the board vias is extracted using techniques similar to that of package vias.  
 
PDN Equivalent Circuit Setup and Spice Simulation 
From the extracted components of the package and board interconnects, a network 
similar to the one shown in Figure 2 is built. The chip capacitance is 80nF under 1V bias, 
the core supply operating voltage. The package loop inductance from the device to the 
PCB is 13pH. The path inductance to the six on-package capacitors is 176pH each.  
 
The green curve in Figure 7 shows the simulated impedance presented to the chip power 
and ground terminals with no on-package or on-board decoupling capacitors included in 
the PDN. From the chip perspective, the PDN impedance exceeds Ztarget all the way up to 
200MHz. The peak in impedance at about 25MHz is the result of package and board L 
resonating with the on-chip C (forms a parallel LC circuit) causing a spike in impedance 
an order of magnitude greater than the desired target impedance.  
 
Bulk decoupling capacitors are most effective in lowering the impedance of the PDN in 
the sub-10MHz region. The amount of bulk capacitance required should be large enough 
to supply current to the device before the main power supply can respond. Bulk 
capacitors are modeled using series RLC elements (capacitor models with ESL and ESR 
values are available from most capacitor vendors). The red curve in Figure 7 shows the 
PDN impedance after bulk decoupling is added. The PDN impedance significantly 
improves especially for frequencies below 5MHz. 
 
Board level ceramic capacitors are effective from few MHz to 10s of MHz range. The 
capacitors are selected based on their effective self-resonant frequency after assembly i.e., 
the ESL of the capacitor is combined with the path inductance to select the correct 
capacitor value. A segment of the PDN network representing the 0402 capacitors at one 
of the locations on the back side of the PCB is shown in Figure 6 below. The RL of the 
power-ground plane pair from the device to the capacitor array is calculated to be 0.6mΩ 
and 82pH respectively. Since the capacitor array is within 1/10th of the wavelength away, 
only lumped RL values are used instead of the distributed transmission line approach 
discussed before for larger plane distances. 6026pH is the combined inductance of the 
capacitor via connection from the power and ground pads to their respective planes and 
the ESL of the capacitor. In order to select a capacitor which resonates at 10MHz for 
example, the capacitor value required is around 41.5nF based on the resonant frequency 
equation discussed before. The pink curve in Figure 7 shows the PDN impedance after 



board-level ceramic capacitors are added. The maximum frequency which could be 
effectively decoupled at the board level is around 40MHz because at frequencies higher 
than 40MHz, the path impedance to the board capacitors is greater than Ztarget making any 
additional board capacitors ineffective. The bandwidth of the board PDN could be further 
increased by reducing the path impedance to the capacitors (adding an additional pair of 
power-ground planes).  
 
On-package capacitors are selected using a similar methodology as that of the board. The 
brown curve in Figure 7 shows the effective impedance after package capacitor assembly. 
Although the impedance behavior is significantly improved, it still exceeds the Ztarget in 
the 50MHz-250MHz range. With the physical limitations of only six available capacitor 
sites and the series path inductance of 175pH to the capacitors, any further improvement 
with the current package layout to the overall system PDN impedance is unlikely.  
 
 
 

 
 
 
 
 

To 
Chip 

To 
Power 
Supply 

Figure 6 A sub-structure of the PDN showing the circuit 
representing 0402 ceramic capacitors at one of the PCB sites   



 
 
 
 
 
Summary 
The importance of comprehensive PDN performance evaluation is becoming mandatory 
for high-current, low-voltage applications. The design methodology discussed in the 
preceding sections allows an intuitive understanding of each component of the PDN with 
physical limitations of PCB and / or package layouts identified early on in the pre-design 
phase.  Appropriate remedial measures can then be implemented to overcome the 
physical limitations. 
 

Figure 7 PDN impedance with each successive modification 
before and after PCB and package-level capacitor assembly 


