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Welcome to Impedance land 

You don’t have to be crazy 

to be into EMC.  
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The Electromagnetic Spectrum 
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What is Wavelength? 

According to Wikipedia: 

   “The distance over which the wave's shape repeats.” 

 

To the RF and EMC engineer: 

   It is the distance travelled by the propagating wave in one cycle. 
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When working an EMC issue, 

It’s all the same stuff 

Distance – Phase – Inductance  
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When working an EMC issue,  

It’s all the same stuff 

Distance – Phase – Inductance  

The secret to 

understanding EMC is 

understanding 

wavelength as it relates 

to these three items. 
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Wavelength expressed  

in free space 
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We can also say the wave travels 11.8 inches in one nanosecond. 
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Wavelength expressed  

with stuff in the space 
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Wavelength expressed  

with FR4 PCB in the space 
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We can also say that in FR4 PCB material  

the wave travels 5.9 inches in one nanosecond. 
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There is a lot to be learned from Figure 9-17 

A dimensionally 

correct half 

wavelength Dipole 

is not resonant. 

 5.4273 jZ
It is electrically too long. 

From Antennas Third Edition by  

Kraus & Marhefka, page 320 
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There is a lot to be learned from Figure 9-17 

From Antennas Third Edition by  

Kraus & Marhefka, page 320 

The length of a 

resonant dipole 

depends on the 

diameter of the 

conductors. 

 067 jZ

005.0
100
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From Antennas Third Edition by  

Kraus & Marhefka, page 320 
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There is a lot to be learned from Figure 9-17 

A hole in a 

conductor can  

also be a resonant 

antenna. 

 050 jZ From Antennas Third Edition by  

Kraus & Marhefka, page 320 
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To get this hole in a 

sheet of conductor to 

resonate at 500 MHz, 

the slot would need to 

be 555 mm wide and 

have a width of 40 mm.  

There is a lot to be learned from Figure 9-17 
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From Antennas Third Edition by  

Kraus & Marhefka, page 320 
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SPICE simulation of a loop 
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SPICE simulation of a Monopole 
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We measure the resonance  frequency of a 

Monopole antenna with a    Network Analyzer 

We measure the S11, reflection      coefficient, of a  

100 MHz monopole antenna. The reflection coefficient 

is a measure of the amount of energy that leaves the 

antenna verses the energy that is reflected back to the 

analyzer. As various materials are presented to the 

antenna, we watch how the S11 changes. 
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The Good, the Bad and the Ugly. 
Bad Ground 

Holes in the ground. 
Ugly Ground 

Daisy-chained. Good Ground. 
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The Good, the Bad and the Ugly. 
Bad Ground 

Holes in the ground. 
Ugly Ground 

Daisy-chained. Good Ground. 
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The Good, the Bad and the Ugly. 
The Daisy-chained ground trace, shown in yellow, 

has a common mode impedance with the clock 

shown in purple. The microcontroller clock trace is 

shown in red. The load capacitors provide the 

offending common mode current shown in blue. 
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The Good, the Bad and the Ugly. 

The Daisy-chained ground trace, shown in yellow, 

forms an asymmetric dipole antenna feed by the 

common mode impedance of the clock. 



Joanna Hill April 9, 2013 

The Good, the Bad and the Ugly. 
We break the antenna by removing 

the Daisy-chained ground trace and 

replacing it with a ground plane. 
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The Good, the Bad and the Ugly. 
Yes a full ground plane was implemented 

in only two layers. The ground is stitched 

from top to bottom forming a sheet of 

ground with small holes. 
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Lots of people have  

the paradigm that  

adding capacitors is  

a good thing. But 

adding capacitors often 

adds to your troubles by 

adding new resonances. 

You end up playing a 

game of Capacitor 

Whack-a-Mole. 
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Let’s take a look 

at two capacitors 

and the distances 

between them. 
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Let’s take a look 

at two capacitors 

and the distances 

between them. 
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There is one 
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of current. 
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Now let’s take a 

look at an array of 

three capacitors 

and the distances 

between them. 
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Now let’s take a 

look at an array of 

three capacitors 

and the distances 

between them. 
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Now let’s take a 

look at an array of 

three capacitors 

and the distances 

between them. 
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Now let’s take a 

look at an array of 

three capacitors 

and the distances 

between them. 
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Now let’s take a 

look at an array of 

three capacitors 

and the distances 

between them. 

We now 

have three 

resonances. 
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But what 

happens as we 

add a fourth 

capacitor? 
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We get ten 

different 

resonance 

frequencies. 
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And we get 

twelve common 

mode paths of 

resonance current. 
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Hence adding lots 

of capacitors is not 

the answer to EMC 

problem mitigation. 

Because as 

capacitors are added 

you end up playing 

a game of Capacitor 

Whack-a-Mole. 
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Hence adding lots 

of capacitors is not 

the answer to EMC 

problem mitigation. 

So what do we do? 
 

We find and break 

the loop antennas. 
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Pin the tail on the tank circuit. 

Switch matrix inputs are very common. 

Can you find the tank circuit? 
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Pin the tail on the tank circuit. 

Here’s a hint: with a higher value of R105 the 

EMC performance got worse. 
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Let’s find the components. 

The traces are the inductors. The open switch is a capacitor.  

The microcontroller input is also a capacitor.  

And if the diode is off, it is also a capacitor.  
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Pin the tail on the tank circuit. 

First we need to know the 

capacitance of the Diode. 
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The Rohm Data sheet 

With the diode off the 

maximum capacitance 

is 3.5 pF. 
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The Tank’s resonant frequency 

The total length to the switch 

through cables and PCB then 

back again is 20 inches. 
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The only DC current in the resistors is the input 

leakage current. The High Q tank is now a low Q 

tank and the emissions have been reduced by a 

substantial amount. 

 

I like to be a good witch 

by adding a resistor 

I like to be a good witch  
 

by adding a resistor 

Presented with respect for those of the Wiccan Faith. 
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When the wavelength of the emission is physically much 

larger than the dimensions of the radiating element, the 

emitted field strength of a known current can be estimated 

using the Schelkunoff equations. 

The emission of a small loop of current I can be estimated of a loop in the X Y plane of 

Area, at an angle down from the Z axis of σ, and measured at a distance d.  
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The emission of a short wire of current I can be estimated of a small conductor area in Z 

axis, at an  angle down from the Z axis of σ, and measured at a distance d.  

Derived from equations found in Controlling Radiated Emission by Design second edition by Michel Mardiguian and 

Applied Electromagnetics and Electromagnetic Compatibility by Sengupta and Liepa. 





sin

2
1

IAreafreq 120
2

2

22











dfreq

c

dc
E LoopSmall



Joanna Hill April 9, 2013 

Here is an approximation of the 

Schelkunoff small loop equation 

sin
IAreafreq 10*6.131 216

d
E LoopSmall





This is a first order approximation of the Schelkunoff equation shown in 

Electrometric Compatibility Engineering by Henry Ott of and equation 12-1 on 

page 466 of an equation found in Controlling Radiated Emission by Design 

second edition by Kraus and Marhefka, 2002 page 199, equation 8. It uses 

300 * 106 for the speed of light.  

First order approximations of the Schelkunoff short wire equation are not useful 

except in the clearly far field. 
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What can we learn from the  

Schelkunoff short wire equation? 
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Changing the area of the tank. 

But will the center frequency of 

the tank change as well? 
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What can we learn from the 

Schelkunoff small loop equation? 
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Using a first order 

approximation and 

changing the resonance 

frequency of the tank also 

has a big effect. 
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The Schelkunoff small loop equation tells us: 

 

Presented with respect for those of the Wiccan Faith. 

We can calculate the amount 

             of resistance required  

to pass the EMC requirement. 
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Presented with respect for those of the Wiccan Faith. 

Now for extra credit, can you 
 

 find a second tank circuit? 
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The tank circuit is formed by the trace from 

pin 34 to the capacitor C67 and back to the 

microcontroller decoupling capacitors (1nF) 

show in red. 

 
Presented with respect for those of the Wiccan Faith. 

Now for extra credit, can you 
 

 find a second tank circuit? 
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Were does the current go? 

To the right we have a 

Dipole antenna 

without a Balun 
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Were does the current go? 

We put current into the 

coax. 
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Were does the current go? 

And it comes out the 

hot side of the dipole. 
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Were does the current go? 

Some but not all of the 

current is received by 

the cold side of the 

Dipole antenna. 

Some of the current 

finds other paths back 

to the source.  
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Were does the current go? 

Inside the coax the 

current in the center 

conductor forces an 

equal and opposite 

current on the inside 

of the shield.  
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Were does the current go? 

But the current returning 

from the antenna 

element is not a much as 

the current on the inside 

of the coax. The 

difference is sucked in 

from the outside of the 

shield. Shown in Red. 
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Were does the current go? 

Hence we have radiation 

from the Dipole elements 

and from the outside of 

the shield.  
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The Roberts Balun 

“In 1957, W. K. Roberts, who was then a member of the staff of the FCC Laboratory, measured the voltage 

standing-wave ratio of the dipole antennas supplied with certain commercial models of field strength 

meters. He found that the VSWR values were high enough to lead to some uncertainties in the calibrations 

of these instruments. This was because the measuring sets also had high VSWR's on their most sensitive 

ranges; the combination of mismatches at both ends of the antenna transmission line would cause the 

indicated field strength to vary cyclically with varying frequency. The scale factor of the cyclic variation 

would depend upon the precise length of the cable.” 
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The Roberts  

Extra Wide Band Balun 

“Also in 1957, Roberts developed a wide-band balun suitable for matching the 70-ohm dipole impedance 

at resonance to the 50-ohm line impedance which is common in U. S. field strength meters and spectrum 

analyzers. The word "balun" also indicates that the device is a transformer between the balanced 

Impedance of the dipole and the unbalanced impedance of the line. A paper describing the operation of 

the new balun was published: "A New Wide Band Balun," by Willmar K. Roberts, Proceedings of the IRE, 

December, 1957, page 1628.” 
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A Balun from possibly 1954  

To the right is a dipole 

antenna and Balun from 

an Empire (Singer 

Metrics Division) Noise 

and Field Intensity 

Meter model NF-105. 

What length of coax do we 

need left and right for a 

100 MHz Antenna? 

Is it λ/8, λ/4, λ/2, or λ? 

Coax  

length 
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Two ¼ wavelength rods with to ½ 

wavelengths of coax 
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A Balun from possibly 1954  

To the right is a dipole 

antenna and Balun from 

an Empire (Singer 

Metrics Division) Noise 

and Field Intensity 

Meter model NF-105. 

What length of coax do we 

need left and right for a 

100 MHz Antenna? 

The correct length is λ/2. 

Coax  

length 
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Thank you  

for allowing me to share 

this information about 

impedance land with you 
248-765-3599  jhill28590@comcast.net Joanna Hill 


