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In last month’s column, PDN Planning and 
Capacitor Selection Part 1, we looked closely at 
how to choose the right capacitor to lower the 
AC impedance of the power distribution net-
work (PDN) at a particular frequency. We also 
examined capacitor properties and types of ca-
pacitors that are readily available and touched 
on the target frequency approach for analyzing 
a PDN. This month we will continue on from 
there looking at the one-capacitor-value-per-de-
cade and optimized value approaches.

Figure 4 shows the effect of using the one-
value-per-decade approach where capacitors 
from each decade are added in parallel. Now to 

be fair, I have added three of each value from 
100uF to 1pF to total 27 capacitors as the target 
frequency approach, in Figure 2, had a total of 29 
capacitors. In this case, the impedance is below 
the target impedance from 10KHz to 110MHz. 

Notice how the combination of capacitors 
causes anti-resonant (parallel resonant) peaks 
where the higher frequency capacitor goes ca-
pacitive while the lower frequency capacitor is 
inductive. This occurs as the LC network pro-
duced by the combination is effectively a tank 
circuit that has parallel resonance at the crossing 
frequency. This happens each time a different 
value of capacitor is added. These peaks exceed 
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the 60m  impedance of the V shape of the target 
frequency approach—some as high as 800m  
below 1GHz which is 13 times higher than the 
target impedance. If an odd harmonic was to 
fall on that particular frequency, then emissions 
would also be very high at that frequency. From 
extensive simulations, I have noticed that there 
is a direct correlation between AC impedance 
peaks and electromagnetic radiation. In fact, if 
a board fails electromagnetic compliancy, emis-
sions can be dampened by changing the capaci-
tors to ones that have a self-resonant frequency 
(SRF) close to the radiating frequency.

The optimized value approach, illustrated in 
Figure 5, has 21 capacitors of different values and 
numbers to optimize the overall AC impedance. 
In this case, 21 capacitors from 10uF to 4.7nF 
are used.  This approach gives a response below 
the target impedance from 2MHz to 158MHz. 
The low end is of little consequence, as the op-
erating frequency of concern is much higher. 
And you will also note that there are no anti-
resonant peaks, in this case, because the values 
are so close together the overlaps dampen the 

peaks. When the SRFs are spread, the parallel 
resonant impedance sets the limits to the PDN 
performance. There are a few ways to reduce the 
anti-resonant peaks:

1. Adjust the capacitor values so that the 
SRFs are closer to the anti-resonate peaks.

2. Add a capacitor with a SRF at the anti-
resonant peak.

3. Add more ESR by increasing the number 
of capacitors.

4. Increase the capacitance of the planes by 
using thinner plane to plane dielectrics.

The resonant and anti-resonant peaks of 
the bypass and decoupling capacitors have now 
been taken into account but we also need to deal 
with the plane resonance. Ideally the planes, a 
perfect lumped element capacitor of this size, 
should provide a very low impedance between 
power and ground at very high frequencies (sev-
eral hundred MHz and higher). But planes, left 
open at the edges, behave like wide un-terminat-
ed traces, from a signal integrity point of view, 
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reflecting at the ends creating resonances in the 
transmission line. As the frequency increases 
to half wavelength, the series resonance builds 
up a standing wave pattern reflecting from the 
open edges of the plane. Fortunately, this hap-
pens above 1GHz.

Also, the mounting inductance of each ca-
pacitor needs to be taken into account. The 
mounting inductance is comprised of three 
components: Capacitor footprint and fanout, 
capacitor height above or below the plane and 
power plane spreading inductance. These three 
elements describe the loop in which current 
must flow—the bigger the loop, the more the in-
ductance. The footprint (land pattern) for a ca-
pacitor dominates the total ESL. It consists of via 
placement with respect to the pad, 
the length and width of traces 
connected to the pad, and the 
way the vias are connected to 
the power and ground planes. 
The location of the power/
ground planes in the PCB 
stackup controls the height 
of the via. Inductance directly 
depends on the magnetic field, 
so reducing the energy associ-
ated with the loop area reduc-
es overall inductance.

The inductance associated 
with current spreading, into the 
power/ground planes, also contrib-
utes to the total mounted inductance. Current in 
the planes becomes concentrated in the vicinity 
of the vias. This current creates a high magnetic 
field and therefore contributes to inductance.

With the continuous trend to smaller fea-
ture sizes and faster signal rise times, planar ca-
pacitor laminate or embedded capacitor materi-
als (ECM) is becoming a cost-effective solution 
for improved power integrity. This technology 
provides an effective approach for decoupling 
high-performance ICs whilst also reducing elec-
tromagnetic interference. 

Planar capacitor technology allows for a very 
thin dielectric layer (0.24 – 2.0mil) that provides 
distributive decoupling capacitance, of 20nF/in2 
in this case. This also increases real estate (space), 
reduces the number of vias and opens up rout-
ing channels. Unfortunately, standard decou-

pling capacitors have little effect over 1GHz and 
the only way to reduce the AC impedance of the 
PDN above this frequency is to use ECM or al-
ternatively on-die capacitance. These ultra-thin 
laminates replace the conventional power and 
ground planes and have excellent stability of di-
electric constant and loss up to 15GHz.

In Figure 6, the ICD PDN Planner shows 
the one value per decade approach including 
the voltage regulator module (VRM) which is 
mainly inductive, the total loop inductance of 
each capacitor, via spreading inductance and 
the plane capacitance. The plane resonance can 
be seen on the right. In each case, a 0.24mil, 3M 
ECM, that provides 20nF/in2, was used to drop 
the PDN to below the simulated target imped-

ance up to 1.3GHz. By comparison, 
the target frequency and the opti-

mized value approached in Fig-
ure 7, also have the VRM, loop 
inductance and plane capaci-
tance of 3M ECM included.

So which approach is best? 
1. The target frequency ap-

proach gives a clean “V” shape 
with just one small anti-reso-
nant peak at 40MHz and is be-
low the target impedance up to 
1.3GHz; 

2. The one value capacitor per 
decade approach has one peak at 

23MHz and is also below the target impedance 
up to 1.3GHz; and 

3. The optimized value approach is also good 
from 2.3MHz to 1.3GHz with a peak at 1MHz. 

But, in reality, only plane capacitance, on-
die capacitance or changing the plane size 
(area) can reduce the impedance beyond several 
100MHz.

So, it is really six of one and half a dozen 
of the other! Personally, I prefer the target fre-
quency approach, as it is less time-consuming 
to analyze and requires fewer parts; this means 
that the BOM count is reduced, holding stock 
is reduced and assembly equipment setup and 
placement times are greatly reduced. This all 
leads to reduction in cost and time to market 
and of course a more reliable end product. Also, 

This technology 

provides an effective 

approach for decoupling 

high-performance ICs 

whilst also reducing 

electromagnetic 

interference. 
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this method can be used to dampen electromag-
netic emissions at a particular frequency. Either 
way, each PDN on the board should be analyzed 
to give confidence in the final product. 

Points to Remember
      

the PDN: target frequency, one value capacitor 
per decade or optimized value.

        -
termittent signal integrity issues including high 
crosstalk and excessive emission of radiation. 

        
PDN are the basis for a stable product. 

       
a capacitor adjacent to the IC, but rather it is 
the process of placing an L-C network adjacent 
to the IC to supply the high transient switching 
current.  

    -
neous current—at different frequencies—to the 
drivers until the power supply can respond.

       

tantalum is usually preferred, due to the avail-
ability of high capacitance ratings.

     
effective decoupling at about 25% of the nomi-
nal capacitance value compared to standard tan-
talums. 

       -
mined by three factors. The number of layers in 
the part, the dielectric constant and the active 
area. 

      
to the capacitance—so the thicker the dielectric, 
the lower the capacitance value.

      
for multilayer ceramic capacitors is 2:1. 

       -
ramic material used. NP0 has the lowest dielec-
tric constant, followed by X7R and Y5V.

       
energy wasted as heat in the capacitor.

      -
mance and space wise, they are about five times 
the price of standard 0402.

beyond design
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a series capacitor, resistor and inductor. These 
are referred to as the capacitance value, ESR and 
ESL respectively.

       
capacitive, then as the capacitor approaches its 
SRF it becomes resistive, then as the frequency 
increases the inductance takes over raising the 
impedance again. 

        
particular frequency, a capacitance value is cho-
sen so that when mounted on the PCB, it will 
resonate at the desired frequency, and have an 
impedance that is equal to its ESR. 

     
resonant peaks, where one goes capacitive while 
the other is inductive. 

       
resonant impedance sets the limits to the PDN 
performance.

     
of three components: Capacitor footprint and 
fanout, capacitor height above or below the 
plane and power plane spreading inductance. 

    
for a very thin dielectric layer (0.24 – 2.0mil) that 
provides distributive decoupling capacitance 
and takes the place of conventional discrete de-
coupling capacitors over 1GHz.   PCBDESIGN
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