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ABSTRACT 
 

AMJAD RADI 

CHOKE INDUCTORS IN 

RF PHANTOM CIRCUIT 

(Under the direction of Dr. Jeng Nan Juang) 

 

This research work provides examples of how different inductors can be used for RF 

isolation in a range of circuits from relatively narrow band applications like portable devices up 

to broadband networks for data distribution. The different types of inductors used in these 

applications are identified and discussed.  

As an RF circuit designer choosing RF inductor choke might become a challenge, as this 

inductor is critical to get the desired signal from the antenna to get received to get processed and 

deny the undesired one from passing through. 

Common choke types are the ones used for common applications such as radio reception (FM 

and AM), modern digital radio reception (XM and DAB) and GPS. 

A failure of choosing this RF choke can cause the loss of the desired signal, increasing noise 

level and therefore failure of design. 

In this research work, the author would experiment, discuss and show results for choke inductors 

used for 100MHz which is used for FM reception and 220MHz which is used for DAB radio.  
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CHAPTER 1 

INTRODUCTION TO THE STUDY 
 

Many consumer products communicate with each other over broadband networks. From 

television to fiber transmission networks, the bandwidth of data communication is increasing, 

and the integrity of RF signals has become a major design concern.  

A phantom circuit is a circuit that provides power to an active device (antenna or microphone). 

Since it is sending power to devices that receives or creates signals (AC signals), it is important 

to isolate the power signal from the desired signal which is done by choke inductors. 

This technic was known in the mid-1960s where it was claimed that Neumann (Georg Neumann 

GmbH, Berlin) invented phantom powering in 1966. That is indeed the year of Neumann's first 

phantom-powered microphones (the KM 83, KM 84 and KM 85) and where Neumann 

introduced 48 volts phantom powering. However, it was also known that a system used by 

French radio somewhat prior to this time, with 9 - 12 Volt phantom powering and a positive 

circuit ground. Nagra analog tape recorders which supported "negative phantom" powering 

system, which matched the positive ground power supply of the Nagra itself. The first studio 

microphones made for that system were the Schoeps CMT 2-- series (CMT 24, 25, etc.) in 1964. 

Choke inductors are part of RF phantom circuit. 
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Inductors: 
 

A standard inductor is created by tightly wrapping wires (coils) around a solid rod or a 

cylindrical ring called the core of the inductor. When current circulates on the wires, a magnetic 

flux is created that is opposite to the change in current (resisting any change in the electrical 

current) but proportional to the value of the current. In addition, a voltage is induced in the coil 

due to the movement of the magnetic flux. The strength of the magnetic flux is related to the type 

of core. 

By changing the way a coil is wound or the materials used in the construction, multiple 

resonances can be aligned to provide high impedance over a wide bandwidth. 

Inductors are classified according to the type of core the coil is wound around. Figure 1.1 shows 

the symbols used to distinguish some of the types. 

 
Figure 1.1 Inductor symbols 

Adapted from (www.electronics-tutorials.ws) 

 

The inductors resist the change in current (AC) but easily allow the passage of DC current. This 

ability to oppose changes in current and the relationship between current flow and magnetic flux 

in the inductor is measured with a figure of merit called inductance, with symbol L and units of 

Henry (H), after the American scientist and first Secretary of the Smithsonian, Joseph Henry. 
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RF chokes are applications of inductors where it acts as a low pass filter (𝑋𝐿  =  𝜔𝐿). At high 

frequency the inductor becomes a high impedance element that can be used for RF isolation. 

High frequency cannot pass through the inductor, but dc current and very low frequency signals 

are allowed to pass. Without this type of isolation, antenna efficiency can diminish, signal loss 

can occur and RF noise can interfere with other parts of the circuit. 

Real world inductors and chokes are not 100 percent inductive. When power is applied there are 

parasitic elements that alter the behavior of the device and alter impedances. The wires of the 

coil used to manufacture the inductor always introduce a series resistance, and the spacing 

between the coil turns (normally separated by insulation) produces a parasitic capacitance. This 

element appears as a parallel component to the series combination of the parasitic resistor and 

the ideal inductor. A typical equivalent circuit of an inductor is shown in Figure 1.2. 

 
Figure 1.2 Equivalent circuit of an inductor 

Adapted from (www.electronics-tutorials.com) 

 

At low frequencies this capacitance has virtually no effect and the choke could be depicted as in 

"A" below in Figure 1.3. The resistance is the inherent resistance in the choke both at ac and dc. 

When the operating frequency is raised the "distributed capacitance" starts to become significant 

at a point where L and C form a parallel resonant circuit as in "B". 
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Increasing the operating frequency further again one finds the choke's reactance is dominated by 

the capacitance to a point where it is now a series resonant circuit "C". At this point the choke’s 

performance becomes seriously impaired. 

 
Figure 1.3 Choke resonant frequencies 

Adapted from (www.electronics-tutorials.com) 

 

The reactance of the ideal inductor and the parasitic capacitor are given by the known formulas: 

𝑋𝐿 =  𝜔𝐿 =  6.283 ×  𝑓 ×  𝐿                                                (1) 

XC =  
1

ωC
 =  

1

6.283 ×f ×C
                                                     (2) 

Because of the existence of reactances, the value of the total impedance of the circuit changes 

with frequency. As the frequency increases the capacitor reactance drops while the inductor 

capacitance increases. There is a frequency at which both the reactance of the ideal inductor and 

that of the parasitic capacitor are equal. This is called the self-resonant frequency of the parallel 

resonant system. In a parallel resonant circuit, the total impedance at the resonant frequency is 

maximum and purely resistive. Figure 1.4 shows the plots of impedance versus frequency,  
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Figure 1.4 Impedance vs. Frequency. as given by equations 1 (in red) and 2 (in blue). The total 

impedance (in black) shows the resonant frequency at the point where both impedances are 

equal. The impedance at this point is purely resistive and has a maximum value 

Adapted from (www.ece.uprm.edu) 

 

The magnitude of the peak impedance is related to the quality factor (Q-factor) of the inductor. 

Low loss inductors with high Q (i.e. Coilcraft 0603CS) have a very high peak impedance, while 

a lossy inductor (i.e. Coilcraft 0603LS), has a lower peak impedance as shown in Figure 1.5 

 
Figure 1.5 Coilcraft 0603CS & 0603LS 150 nH Impedance 

Adapted from (www.ece.uprm.edu) 
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Chokes are normally built with a coil of insulated wires wounded on a magnetic core or a 

circular-shaped “bead” of ferrite material strung on a wire. They are often wound in complex 

patterns in order to reduce their self-capacitance. 

Typically, RF chokes can be seen on computer cables. They are known as ferrite beads and are 

used to eliminate digital RF noise. 

Typical of the economical chokes which tend to look like resistors and are color coded in a 

similar fashion in the following Figure 1.6 which is a choke color code chart. 

 
Figure 1.6 Choke color code chart 

Adapted from (www.electronics-tutorials.com) 

 

In general case, these chokes are designed for miniaturization and whatever type is intended to 

be used always double check to ensure it can handle the expected current. Most important these 

chokes should not function as a "flash" fuse, pun intended. 

Simple low value chokes can often be fashioned cheaply by winding turns of wire capable of 

carrying sufficient current on to a suitably large body resistor. A plastic type former could also 

be used by using a section cut off say a knitting needle. At higher frequencies consider a small 

air wound choke. And cheap chokes too. 
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Homemade chokes are often easily wound on high permeability ferrite toroids, ferrite beads or 

even the binocular type cores used for baluns. A wire gauge which will comfortably handle the 

expected current through the chokes should be used. The higher the permeability of the core the 

less turns required and the less "distributed capacitance" appearing in one’s chokes. 

The electrical description of every interconnect and passive device is based on using just three 

ideal lumped circuit elements (resistors, capacitors, and inductors) and one distributed element (a 

transmission line). The electrical properties of the interconnects are all due to the precise layout 

of the conductors and dielectrics and how they interact with the electric and magnetic fields of 

the signals. 
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CHAPTER 2 

THEORY OF BASIC COMPONENTS 
 

2.1 The Resistance’s physical basis 
 

On any conductor, such as a copper trace on a board, that one applies a voltage across it’s 

ends, one gets a current through it. The relation between the voltage and current is linear where if 

the voltage was doubled the current doubles. The impedance across the ends of the real copper 

trace can be modeled as an ideal resistor. It has an impedance that is constant in time and 

frequency. There is only one good analytical approximation for the resistance of an interconnect. 

This approximation is for a conductor that has a uniform cross section down its length.       

Figure 2.1 illustrates the geometrical features for this approximation. 

 
Figure 2.1 Description of the geometrical features for an interconnect that will be modeled by an 

ideal element. The resistance is between the two end faces spaced a distance d, apart 

Adapted from (Signal and Power Integrity) 

 

For the special case conductor with the same cross section down its length, the resistance can be 

approximated by: 
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                                           𝑅 = 𝜌
𝐿𝑒𝑛

𝐴
                                                                (3) 

Where: 

𝑅: resistance (Ohms) 

𝜌: bulk resistivity of the conductor (Ohms-cm) 

𝐿𝑒𝑛: distance between the ends of the interconnect (cm) 

𝐴: cross-section area (cm2) 

Therefore, one can find from this approximation that the value of the resistance increases linearly 

with length where if the length of the interconnect is doubled the resistance will double, it also 

varies inversely with the cross-sectional area where the resistance decreases with a larger cross 

section. 

Bulk Resistivity is a fundamental material property that all conductors have. It has units of 

Ohms-length (Ohms-inches/ Ohms-cm).  This property is independent of the size of the chunk of 

material one looks at. It is a measure of the intrinsic resistance to current flow of a material. The 

copper in a chunk 1 mil on a side will have the same bulk resistivity as the copper in a chunk 10 

inches on a side. As the conductor have a lower conductivity, it will have a higher resistivity. 

There is another term other than the bulk resistivity that has the Greek letter ρ which is 

conductivity that is used to describe the electrical resistivity of a material and it is described by 

the Greek symbol σ. The relation between these two terms (bulk resistivity and conductivity) is 

described in the following formula: 

𝜌 =
1

𝜎
                                                                      (4) 

The units of resistivity are Ohms-m and the units of conductivity are Siemens/meter. 
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Many interconnect substrates, such as cofired ceramic substrates, thin film substrates and printed 

circuit boards are fabricated with uniform sheets of conductor that are patterned into traces. All 

the conductors on each layer have exactly the same thickness. As an example usually the width 

of a trace is uniform as illustrated in Figure 2.2 and the resistance of the trace is given by: 

𝑅 = 𝜌
𝐿𝑒𝑛

𝑡×𝑤
=

𝜌

𝑡
×

𝐿𝑒𝑛

𝑤
                                                        (5) 

Where the first term 
𝜌

𝑡⁄  is constant for every trace built on the layer with thickness t and this 

term is known as sheet resistance and is designated by Rsq. 

The second term is the ratio of the length to the width for a specific trace where it is the number 

of squares “n” that can be drawn down the trace. The resistance of a rectangular trace can be 

written as:  

𝑅 =  𝑅𝑠𝑞  ×  𝑛                                                           (6) 

Where: 

𝑅𝑠𝑞: sheet resistance 

𝑛: number of squares down the trace 

 
Figure 2.2 A uniform trace cut from a sheet can be divided into a number of squares, n=Len/w 

Adapted from (Signal and Power Integrity) 

 

So, if the length of the square is doubled, one might expect the resistance to double. However, if 

width would also double the resistance would be cut in half. The net resistance would remain 
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constant if these two effects are canceled. The sheet resistance will depend on the bulk resistivity 

of the conductor and the thickness of the sheet. 

Sheet resistance is an important characteristic of the metallization of a layer. If the thickness and 

the sheet resistance are measured, then the bulk resistivity of the deposited metal can be found. 

The resistance per length and total resistance of any conductor made in a sheet can be calculated 

if the sheet resistance of a sheet is available. Typically, a trace will be defined by a line width 

“w” and a length “Len”. Therefore, the resistance per length of a trace is given by: 

𝑅𝐿 =
𝑅

𝐿𝑒𝑛
= 𝑅𝑠𝑞  ×  

1

𝑤
                                                      (7) 

Where: 

𝑅𝐿: resistance per length 

𝑅: trace resistance 

𝑅𝑠𝑞: sheet resistance 

𝑤: line width 

𝐿𝑒𝑛: length of the trace 

Figure 2.3 illustrates the resistance per length of different line widths for 1-ounce and ½-ounce 

copper traces. The wider the line, the lower the resistance per length, as expected. For a 5-mil-

wide trace, typical of many backplane applications, a ½-ounce copper trace would have a 

resistance per length of 0.2 Ohm/inch. A 10-in long trace would have a resistance of 0.2 Ohm/inch 

× 10 inches = 2 Ohms. 
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Figure 2.3 The resistance per length for traces with different line widths in 1-ounce copper and 

½-ounce copper 

Adapted from (Signal and Power Integrity) 
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2.2 The Capacitance’s physical basis 
 

A capacitor is physically made up of two conductors, and between every two conductors 

there is some capacitance. If one of these is conductors is charged with a positive charge and the 

other with a negative one as showing in Figure 2.4 a voltage will occur between them. 

 
Figure 2.4 Capacitance is a measure of the capacity to store charge for a given voltage between 

the conductors 

Adapted from (Signal and Power Integrity) 

 

The capacitance of the pair of conductors is the ratio of the amount of charge stored on each 

conductor per voltage between them as shown in the following formula: 

𝐶 =
𝑄

𝑉
                                                                    (8) 

Where: 

𝐶: capacitance, in Farad 

𝑄: total amount of charge, in Coulombs 

𝑉: Voltage between the conductors, in volts 

In an ideal capacitor there is no DC path between the two conductors that are separated by a 

dielectric material. However, current can flow through a capacitor only when the voltage between 
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conductors changes. The following formula shows that in a high capacitance capacitor one gets a 

lot of current through it for a fixed 
𝑑𝑉

𝑑𝑡
. 

𝐼 =
𝛥𝑄

𝛥𝑡
= 𝐶

𝑑𝑉

𝑑𝑡
                                                              (9) 

Where: 

𝐼: current through the capacitor 

𝛥𝑄: charges in charge on the capacitor 

𝛥𝑡: time it takes the charge to change 

𝐶: capacitance 

𝑑𝑉: voltage change between the conductors 

𝑑𝑡: time period for the changing voltage 

The actual amount of capacitance between two conductors is related to how many electric field 

lines would connect the two conductors. The closer the spacing, the greater the area of overlap, 

the more field lines would connect the conductors, and the larger the capacity and efficiency to 

store change as shown in the following formula: 

𝐶 = 4𝛱𝜀0
ɼɼ𝑏

ɼ𝑏−ɼ
                                                           (10) 

Where: 

𝐶: capacitance in pF 

𝜀0: permittivity of free space which is 0.089 pF/cm (0.225 pF/inch) 
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ɼ: radius of the inner sphere, in inches or cm 

ɼ𝑏: radius of the bigger, outer sphere, in inches or cm 

When the outer sphere’s radius is more than 10 times the inner sphere’s, the capacitance of the 

sphere is approximated by: 

𝐶 = 4𝛱 ×  𝜀0 ×  ɼ                                                          (11) 

Where: 

𝐶: capacitance in pF 

𝜀0: permittivity of free space which is 0.089 pF/cm (0.225 pF/inch) 

ɼ: radius of the inner sphere, in inches or cm 

Another common way to find capacitance between two conductors is the parallel plate 

approximation. For the case of two flat plates, as shown in Figure 2.5 separated by a distance h, 

with total area A, with just air between the plate, the capacitance is given by: 

𝐶 = εr ×  𝜀𝑜
𝐴

ℎ
                                                              (12) 

Where: 

𝐶: capacitance in pF 

𝜀0: permittivity of free space which is 0.089 pF/cm (0.225 pF/inch) 

𝜀𝑟 : relative dielectric constant of the material (equals 1 for Air) 

𝐴: area of the plates 

ℎ: separation between the plates 
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Figure 2.5 Most common approximation for the capacitance and geometry is for a pair of parallel 

plates with plate area, A and separation h 

Adapted from (Signal and Power Integrity) 

 

This approximation way assumes that the fringe fields around the perimeter of the plates are 

negligible, the thinner the spacing or the wider the plates, the better this approximation. For the 

case of plates that are square and of dimension w on a side, the approximation gets better as w/h 

gets larger.  

In general, this approximation way underestimates the capacitance. It only accounts for the field 

lines that are vertical between the two conductors. It does not include the fringe fields along the 

sides of the conductors because of that the actual capacitance is larger than the approximation. 

The presence of an insulating material between the conductors will increase the capacitance 

between them. A special material property called “relative dielectric constant” causes capacitance 

to increase which is described by the Greek symbol εr. As seen before the dielectric constant that 

was used in the previous formulas was air which is equal to 1 and there are no units for relative 

dielectric constant. Dielectric constant is an intrinsic bulk property of an insulator therefore, a 

small piece of a material will have the same dielectric constant as a large chunk of the same 

material. The way to measure the dielectric constant of an insulator is to compare the capacitance 

of a pair of conductors when they are surrounded by air and when they are completely surrounded 

by the material itself. 
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The dielectric constant of the material is defined as: 

𝜀𝑟 =
𝐶

𝐶𝑜
                                                                  (13) 

𝜀𝑟: relative dielectric constant of the material. 

𝐶: capacitance when conductors are completely surrounded by the material. 

𝐶𝑜: capacitance when air completely surrounds the conductors. 

The higher the dielectric constant, the more the capacitance between the fixed conductors is 

increased by the material. The dielectric constant will increase the capacitance of any two 

conductors, completely independently of their shape (whether they are shaped like a parallel 

plate, two rods, or one wire near a wide plane), considering that all space in the vicinity of the 

conductors is uniformly filled with the material. 

Table 2.1 lists the dielectric constants of many common insulators used in interconnects. 

Table 2-1 Dielectric constants of commonly used interconnect dielectric materials 

Adapted from (Signal and Power Integrity) 

Material Dielectric Constant 

Air 1 

Teflon 2.1 

Polyethylene 2.3 

BCB 2,6 

PTFE 2.8 

Polyimide 3.4 

GETEK 3.6-4.2 

BT/Glass 3.7-3.9 
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Quartz 3.8 

Kapton 4 

FR4 4-4.5 

Glass-Ceramic 5 

Diamond 5.7 

Alumina 9-10 

Barium Titanate 5000 

 

The dielectric constant will sometimes vary with frequency. As an example, the dielectric 

constant of FR4 can vary from 4.8 to 4.4 for frequencies from 1 kHz to 10 MHz. However, it 

would vary from 1 GHz to 10GHz. Also, the exact value of the dielectric constant for FR4 varies 

depending on the relative amount of epoxy resin and glass weave. 

Most uniform interconnects have a signal path and a return path with a fixed cross section, the 

capacitance between these two paths scales with the length of the interconnect where the total 

capacitance of the trace will double if the interconnect length doubles. The relation of the total 

capacitance between the signal and return path is described as below: 

𝐶 = 𝐶𝑙 × 𝐿𝑒𝑛                                                           (14) 

Where: 

𝐶: total capacitance of the interconnect 

𝐶𝑙: capacitance per length 

𝐿𝑒𝑛: length of the interconnect 

There are three cross sections for which Maxwell’s equations can be solved in cylindrical 

coordinates exactly as in Figure 2.6. 
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Figure 2.6 The three cross-section geometries for which there are very good approximations for 

the capacitance per length: coax twin rods and rod over plane 

Adapted from (Signal and Power Integrity) 

 

1- A Cox cable: is an interconnect with a central round conductor surrounded by dielectric 

material and then enclosed by an outer round conductor. The center conductor is usually 

termed the signal path and the outer conductor is termed the return path. The capacitance 

per length between the two paths is described as: 

𝐶𝑙 =  
2𝛱 𝜀𝑜 𝜀𝑟

ln(
𝑏

𝑎
)

                                                           (15) 

Where: 

𝐶𝑙: capacitance per length 

𝜀𝑜: permittivity of free space which is 0.089 pF/cm (0.225 pF/inch) 

𝜀𝑟 : relative dielectric constant of the insulation 

𝑎: inner radius of the signal conductor 

𝑏: outer radius of the return conductor 

2- The second cross section is for the capacitance between two parallel rods. It is given by: 
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𝐶𝑙 =
𝛱 𝜀𝑜𝜀𝑟

ln(
𝑠

2𝑟
(1+√1−(

2𝑟

𝑠
)

2
))

                                                  (16) 

Where: 

𝐶𝑙: capacitance per length 

𝜀𝑜: permittivity of free space which is 0.089 pF/cm (0.225 pF/inch) 

𝜀𝑟 : relative dielectric constant of the insulation 

𝑠: center to center separation of the rods 

𝑟: radius of the two rods 

3- The third cross section is for a rod over a plane. The capacitance when the rod is far from 

the plane (h>>r) is approximately: 

 

𝐶𝑙 =
2 𝛱 𝜀𝑜 𝜀𝑟

ln(
2ℎ

𝑟
)

                                                             (17) 

Where: 

𝐶𝑙: capacitance per length 

𝜀𝑜: permittivity of free space which is 0.089 pF/cm (0.225 pF/inch) 

𝜀𝑟 : relative dielectric constant of the insulation 

ℎ: center of the rod to surface of the plane 

𝑟: radius of the rod 
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There two other useful approximations for cross sections that are commonly used in circuit-board 

interconnects which are microstrip and stripline as illustrated in Figure 2.7. 

 
Figure 2.7 The cross-section geometries for stripline and microstrip interconnects illustrating the 

important geometrical features 

Adapted from (Signal and Power Integrity) 

 

1. Microstrip: it is a signal trace rests on top of a dielectric layer that has a plane below. The 

two planes provide the return path on either side of the signal trace. For high-frequency 

signal they are effectively shorted together and can be considered connected. The 

capacitance per length of a microstrip shown below and was recommended by IPC 

(Institute of Printed Circuits), the industry association for the printed circuit board 

industry. 

𝐶𝑙 =  
0.67 (1.41+ 𝜀𝑟)

ln⌊
5.98 ×ℎ

0.8 ×𝑤 ×𝑡
⌋

≌  
0.67 (1.41+ 𝜀𝑟)

ln⌊7.5 (
ℎ

𝑤
)⌋

                                           (18) 

Where: 

𝐶𝑙: capacitance per length (pF/inch) 

𝜀𝑟 : relative dielectric constant of the insulation 

h: dielectric thickness (mils) 

w: line width (mils) 

t: thickness of the conductor (mils) 

1- The capacitance per length of a stripline is given by: 

𝐶𝑙 =  
1.4𝜀𝑟

ln⌊
1.9 ×𝑏

0.8 ×𝑤 ×𝑡
⌋

≌  
1.4𝜀𝑟

ln⌊2.4 (
𝑏

𝑤
)⌋

                                                 (19) 
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Where: 

𝐶𝑙: capacitance per length (pF/inch) 

𝜀𝑟 : relative dielectric constant of the insulation 

𝑏: total dielectric thickness (mils) 

𝑤: line width (mils) 

𝑡: thickness of the conductor (mils) 
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2.3 The Inductance’s physical basis 
 

Inductance is an important and critical electrical property because it plays a role in signal 

propagation for uniform transmission lines as a discontinuity, in the coupling between two lines, 

in the power distribution network and in EMI. 

A practical approach to inductance is based on three fundamental principles. 

Principle 1: There are circular rings of magnetic field lines around all 

currents: 
 

For example, if one sends 1 amp through a straight wire as shown in Figure 2.8, there will 

be concentric circular magnetic field lines in a circular shape created around the wire. The farther 

from the surface of the current the fewer magnetic field lines one will encounter. 

 
Figure 2.8 Some of the circular magnetic field lines around a current. The lines exist up and 

down the length of the wire 

Adapted from (Signal and Power Integrity) 

 

The magnetic field lines around a current have a specific direction, as though they were circulating 

around the wire. Their direction is determined by the familiar right-hand rule. Point the thumb of 

one’s right hand in the direction of the positive current and one’s fingers curl in the direction the 

field lines circulate as shown in Figure 2.8 above. 
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The number of magnetic field lines around a current in units of webers. There are several factors 

that influence the number of webers of field lines around a current in a wire. 

• The amount of current in the wire, where the number of weber would double by doubling 

the current going through the wire. 

• The length of the wire around which the field lines appear will affect the number of field 

lines one count, where the longer the wire the more field lines one will count. 

• The cross section of the wire affects the total number of field lines surrounding the current. 

Where if the cross-sectional area is increased (such as the wire diameter) the number of 

field lines will decrease a little bit. 

• The presence of other currents nearby will affect the total number of field lines around the 

first current.  

• The metal of which the wire is composed where there are only three metals affect the 

magnetic field lines around a current “iron, nickel and cobalt” these three metals are 

referred as ferromagnetic metals. If any of the magnetic field lines is completely contained 

within one of these metals, the metal will have the effect of dramatically increasing the 

number of field line rings. However, it is only those field lines that are circulating internally 

in the conductor that will be affected. 

 Principle 2: Inductance is the number of webers of field lines around a 

conductor per amp of current through it: 
 

Which is Weber/Amp and it is given a special name “Henry”. The inductance of most 

interconnect structures is typically such a small fraction of a Henry, it is more common to use 
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nanoHenry units “nH” which is a measure of how many Webers of field lines one would count 

around a conductor per Amp of current through it as shown in the following: 

𝐿 =  
𝑁

𝐼
                                                                 (20) 

Where: 

𝐿: inductance (Henry) 

𝑁: number of magnetic field lines around the conductor (Weber) 

𝐼: current through of conductor (Amps) 

As discussed before if current through a conductor doubles, the number of field lines doubles 

however, the ratio stays the same. This ratio which is the inductance is related to the geometry of 

the conductors where the only thing that influences inductance is the distribution of the 

conductors and in the case of ferromagnetic metals, their permeability. 

Principle 3: When the number of field lines around a conductor changes, 

there will be a voltage induced across the ends of the conductor: 
 

The voltage created is directly related to how fast the total number of field lines changes. 

𝑉 =  
𝛥𝑁

𝛥𝑡
                                                                 (21) 

Where: 

𝑉: voltage induced across the ends of a conductor 

𝛥𝑁: number of field lines that change 

𝛥𝑡: time in which they change 
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If the current in a wire changes, the number of self-field lines around it will change, and there will 

be a voltage generated across the ends of the wire. 

𝑉 =  
𝛥𝑁

𝛥𝑡
=

𝛥𝐿𝐼

𝛥𝑡
= 𝐿

𝑑𝐼

𝑑𝑡
                                                     (22) 

Where 𝐿 in this formula is the self-inductance of the section of the wire. 

There are four terms that are used interchangeably in the industry. 

1-Self-inductance and mutual inductance  
 

Which refer to the source of the magnetic field lines which is either from the wire itself “self-

inductance” or from a wire adjacent to the first wire “mutual inductance”. If one have two wires 

adjacent to each other with a current going through each of them, each wire will have field lines 

and these field lines coming from the second wire may also go around the first wire, if the current 

in the second wire changes that will lead to change the number of field lines around the first wire 

as illustrated in Figure 2.9.  

 
Figure 2.9 Induced voltage on one conductor due to a changing current in another and the 

subsequent changing mutual-field lines between them are a form of cross talk 

Adapted from (Signal and Power Integrity) 
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This change will cause a voltage to be created across the first wire. One uses the term “cross talk” 

to describe this incident which is consider as noise and unwanted signal. This voltage is described 

in the following formula:  

𝑉𝑛𝑜𝑖𝑠𝑒 = 𝑀 
𝑑𝑙

𝑑𝑡
                                                             (23) 

Where: 

𝑉𝑛𝑜𝑖𝑠𝑒: Voltage noise induced in the first, quiet wire 

𝑀: mutual inductance between the two wires (Webers) 

𝐼: current in the second wire 

2-Loop Self and Mutual inductance 
 

The general definition of inductance is the number of field lines around a conductor per Amp 

of current through it. In the real world, current always flows in complete loops. A loop inductance 

is the total inductance of the complete current loop. This loop inductance is loop self-inductance. 

Figure 2.10 illustrates loop self-inductance of the wire loop with two straight legs. On leg A field 

lines (the partial self-inductance of leg A) are generated from the current flowing through it. On 

leg B field lines (partial mutual inductance between leg A and B) are generated from the current 

flowing through it. The combination of total inductance of leg A and leg B is the loop self-

inductance of the entire loop. 

𝐿𝑙𝑜𝑜𝑝 =  𝐿𝑎  − 𝐿𝑎𝑏  + 𝐿𝑏  −  𝐿𝑎𝑏 =  𝐿𝑎 +  𝐿𝑏  − 2 𝐿𝑎𝑏                            (24) 
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Where: 

𝐿𝑙𝑜𝑜𝑝: loop self-inductance of the twin-lead loop 

𝐿𝑎 : partial self-inductance of leg A 

𝐿𝑏 : partial self-inductance of leg B 

𝐿𝑎𝑏 : partial mutual inductance between legs A and B 

 

 
Figure 2.10 A current loop with two legs: an initial current and its return current 

Adapted from (Signal and Power Integrity) 

 

The mutual inductance loop appears in two independent current loops, the loop mutual inductance 

is defined as the number of field lines from the current in one loop that completely surrounds the 

current of the second loop per Amp of current in the first loop. When the current in one loop 

changes, it will change the number of field lines around the second current loop and induce noise 

in the second current loop. This noise is defined in the following formula: 

𝑉𝑛𝑜𝑖𝑠𝑒 =  𝐿𝑚   
𝑑𝐼

𝑑𝑡
                                                            (25) 

Where: 

𝑉𝑛𝑜𝑖𝑠𝑒 : voltage noise induced on one loop 

𝐿𝑚 : loop mutual inductance between the two rings 
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𝑑𝐼

𝑑𝑡
 : how fast the current in the second loop changes 

3-Partial inductance 
 

Which refer to how much of the current loop around which one is counting field lines. In view 

of partial inductance, no other currents exist except in the specific part of the conductor in which 

one is looking. Therefore, this concept is a mathematical construct and can’t be measured since an 

isolated current does not exist. This term is very well-defined quantity as one will see below, it 

just can’t be measured. It is a very powerful concept to facilitate optimizing the design for reduced 

ground bounce and calculating the other, measurable terms of inductance. There are two types of 

partial inductance. 

1. Partial self-inductance: It is described as the following: if one gets a section of a conductor 

that might be a part of a current loop with a fixed length then rip it out of the loop and 

isolate it (the original geometry is kept the same). Place large planes perpendicular to the 

conductor. Imagine one injects 1A into one end and goes through the conductor to the other 

end and disappears. The number of field lines generated in this section of the conductor 

per the 1 Amp that had been applied to the conductor is the partial self-inductance. The 

partial self-inductance can be calculated as the following formula: 

𝐿 = 5 𝐿𝑒𝑛 ⌊ln (
2𝐿𝑒𝑛

𝑟
) −  

3

4
⌋                                                  (26) 

Where: 

𝐿: partial self-inductance of the wire (nH) 

𝑟: radius of the wire (inches) 

𝐿𝑒𝑛: length of the wire (inches) 
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2. Partial mutual inductance: Bringing a short section of interconnect near the section 

discussed above (in partial self-inductance) which will be referred as PSI section and 

injecting a current from nowhere to it where it disappears on the opposite end. Similarly, 

this current will create magnetic field lines throughout space and some of which will fit 

within the plane end caps of the PSI section. The number of field lines around the PSI 

section per Amp of current from this wire is the partial mutual inductance. The partial 

mutual inductance can be calculated as the following formula: 

𝑀 = 5𝐿𝑒𝑛 [ln (
2𝐿𝑒𝑛

𝑠
) − 1 +  

𝑠

𝐿𝑒𝑛
−  (

𝑠

2𝐿𝑒𝑛
)

2

]                                  (27) 

 Where: 

 𝑀: partial mutual inductance (nH) 

 𝐿𝑒𝑛: length of the two rods (inches) 

 𝑠: center to center separation (inches) 

4-Total inductance, net inductance and effective inductance  
 

These terms refer to the current flowing through the entire loop. Imagine having a wire that loops 

back to itself as shown in Figure 2.9, while applying current to it a number of magnetic field 

lines would be generated around each leg of the wire (leg a and leg b). The total number of field 

lines around one leg arises from the current in that leg (the partial self-field lines) and the field 

lines coming from the other leg (the partial mutual-field lines). The total number of field lines 

around this section of the loop is the difference between the self and mutual field lines around it 

that’s because the total number of field lines from the two currents circulate around the leg in 

opposite directions. 
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The total number of field lines per Amp of current around this leg is given the special name 

“effective inductance, total inductance or net inductance”. 

The effective inductance can be calculated based on the partial inductances of the two legs. One 

can label La and Lb for the partial self-inductance associated with each of the two legs, one can 

label Lab for the partial mutual inductance between the two legs and I for the current in the loop. 

The total number of field lines around leg b is: 

𝑁𝑡𝑜𝑡𝑎𝑙  =  𝑁𝑏 – 𝑁𝑎𝑏  =  (𝐿𝑏 – 𝐿𝑎𝑏)  ×  𝐼                                        (28) 

(Lb – Lab) refers to the total, net or effective inductance of leg b which is the total number of field 

lines around leg b per Amp of current in the loop, including the effects of all the current 

segments in the entire loop. When the adjacent current that is in the opposite direction changes, it 

will generate a voltage that is related to the effective inductance. This generated voltage in the 

return path is called “ground bounce” and is described in the following formula: 

𝑉𝑔𝑏 =  𝐿𝑡𝑜𝑡𝑎𝑙  ×  
𝑑𝐼

𝑑𝑡
=  (𝐿𝑏 − 𝐿𝑎𝑏)  ×  

𝑑𝐼

𝑑𝑡
                                     (29) 

Where: 

𝑉𝑔𝑏 : ground-bounce voltage 

𝐿𝑡𝑜𝑡𝑎𝑙 : total inductance of just the return path 

𝐼 : current in the loop 

𝐿𝑏 : partial self-inductance of the return path log 

𝐿𝑎𝑏 : partial mutual inductance between the return path and the initial path 
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Ground bounce is the primary cause of switching noise and EMI. To minimize the voltage drop in 

the return path one can first do everything possible to decrease the rate of current change in the 

loop which slows down the edges, limit the number of signal paths that use the same shared return 

path and use differential signaling for the signals. Secondly by decreasing Ltotal which can be done 

by decreasing the partial self-inductance of the leg which means making the return path as short 

and wide as possible. Another way to decrease Ltotal is to increase mutual inductance between the 

two legs which means doing everything possible to bring the first leg and its return path as close 

together as possible. Let’s suppose that the wires are carrying power current, in this case both 

currents are in the same direction. Therefore, the mutual field lines are in the same direction as the 

self inductance fields so the net inductance of one of the power wires will be the sum of both the 

mutual and self inductance field lines. To minimize the net inductance in this case one needs to 

space the wires out as much as possible. Figure 2.11 illustrates the total inductance as one separates 

the wires from each another. 
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Figure 2.11 Total inductance of one wire bond (100 mil long) when an adjacent wire bond 

carries the same current, for the two cases of the currents in the same direction and in opposite 

directions. The wires are pulled apart, comparing the total inductances with the partial self and 

mutual inductances 

Adapted from (Signal and Power Integrity) 
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CHAPTER 3 

EXPERIMENT 
 

Instruments and tools 
 

Vector Network Analyzer 
 

Vector Network Analyzers are used to test component specifications and verify design 

simulations to make sure systems and their components work properly together. 

Today, the term “network analyzer”, is used to describe tools for a variety of “networks”. For 

instance, most people today have a cellular or mobile phone that runs on a 3G or 4G network. In 

addition, most of our homes, offices and commercial venues all have Wi-Fi, or wireless LAN 

“networks”. Furthermore, many computers and servers are setup in “networks” that are all linked 

together to the cloud. For each of these “networks”, there exists a certain network analyzer tool 

used to verify performance, map coverage zones and identify problem areas. 

From mobile phone networks, to Wi-Fi networks, to computer networks and the to the cloud, all 

of the most common technological networks of today were made possible using the Vector 

Network Analyzer that was first invented over 60 years ago. 

R&D engineers and manufacturing test engineers commonly use VNAs at various stages of 

product development. Component designers need to verify the performance of their components 

such as amplifiers, filters, antennas, cables, mixers, etc. 

The system designer needs to verify their component specs to ensure that the system performance 

they're counting on meets their subsystem and system specifications. 
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Manufacturing lines use Vector Network Analyzers to make sure that all products meet 

specifications before they're shipped out for use by their customers. In some cases, Vector 

Network Analyzers are even used in field operations to verify and troubleshoot deployed RF and 

microwave systems. 

For the sake of this experiment NanoVNA version of Vector Network Analyzer is being used. 

NanoVNA  

NanoVNA Is very tiny handheld Vector Network Analyzer (VNA),designed by edy555, it is a 

very portable but high-performance vector network analyzer. It is standalone with lcd display, 

portable device with battery. 

At first, NanoVNA was designed to work at 50kHz-300MHz. NanoVNA's mixer SA612A needs 

5V power supply to work properly. The battery can't be driven directly. The original version of 

NanoVNA needs external USB power supply to work properly.Hugen recreated the NanoVNA 

based on the schematic of the edy555 and added a DC-DC circuit to allow the NanoVNA to 

work independently. Hugen tried to extend the measurement frequency using harmonics, 

allowing the NanoVNA to measure frequencies up to 900MHz. The Hugen version of the 

hardware and software is available through this link. 

One can make or purchase a finished NanoVNA at a low cost. NanoVNA is now the most active 

vector network analyzer and antenna analyzer project in the community. Usually buying a 

finished NanoVNA-H is the most convenient way to get NanoVNA. 

Edy555 is updating his software, harmonic extensions have been added, usually a well-made 

NanoVNA can be acquired better than 40dB dynamics at 900MHz. After community 

discussions, the improved NanoVNA-H rev3.4 and NanoVNA-H 4 can still have 40dB dynamics 
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up to 1.5GHz. Thanks to the excellent performance of the improved NanoVNA-H Rev3.4, 

edy555 has increased the frequency limit of his 0.7.0 firmware to 2.7GHz, but users should be 

aware of the uncertainty measured above 1.5GHz. 

Cho45 adds TDR (Time Domain Reflectometer) functionality to the NanoVNA shown in Figure 

3.1. Time domain measurements are widely required by the community to quickly measure the 

length of the coaxial cable and determine the cable fault point by calculating the discontinuous 

impedance. 

 
Figure 3.1 NanoVNA 

 

Electromagnetic Shielding  

Electromagnetic Shielding is the practice of reducing the electromagnetic field in a space 

by blocking the field with barriers made of conductive or magnetic materials Shielding is 

typically applied to enclosures to isolate electrical devices from their surroundings, and 

to cables to isolate wires from the environment through which the cable runs. Electromagnetic 
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shielding that blocks radio frequency (RF) electromagnetic radiation is also known as RF 

shielding. 

The shielding can reduce the coupling of radio waves, electromagnetic fields, and electrostatic 

fields. A conductive enclosure used to block electrostatic fields is also known as a Faraday cage. 

The amount of reduction depends very much upon the material used, its thickness, the size of the 

shielded volume and the frequency of the fields of interest and the size, shape and orientation of 

holes in a shield to an incident electromagnetic field. 

The shield box in Figure 3.2 is what being used in the experiment is Pomona Model 2399 

Aluminum Box With Cover SMA Female/Female. 

 
Figure 3.2 Shield box 

 

Q factor 
 

Q factor is a parameter that describes the resonance behavior of an underdamped harmonic 

oscillator (resonator). Sinusoidally driven resonators having higher Q factors resonate with greater 

amplitudes (at the resonant frequency) but have a smaller range of frequencies around that 

frequency for which they resonate; the range of frequencies for which the oscillator resonates is 
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called the bandwidth. The Q of an individual reactive component depends on the frequency at 

which it is evaluated, which is typically the resonant frequency of the circuit that it is used in. The 

Q of an inductor with a series loss resistance is the Q of a resonant circuit using that inductor 

(including its series loss) and a perfect capacitor. 

 

𝑄𝐿 =  
𝑋𝐿

𝑅𝐿
=  

𝑤0𝐿

𝑅𝐿
                                                          (30) 

Where: 

𝑤0: Resonance frequency in radians per second 

𝐿: Inductance 

𝑋𝐿: Inductive reactance 

𝑅𝐿: Series resistance of the inductor 
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Experiment 
 

The NanoVNA is connected to the Electromagnetic shield that includes the inductor 

under experiment via two coax cables as illustrated in Figure 3.3 

 
Figure 3.3 The lab used in this experiment 

 

 

Two inductors will be explored in this project LBM2016T1R0 and LBM2016T1R8. 

LBM2016T1R8J 

Is an inductor from Taiyo Yuden with inductance of 1.8uH and self-resonant frequency of 100MHz 

and has the following characteristics: 

Inductance: 1.8 uH 

SRF(min): 100 MHz 

DC Resistance(max): 0.624 Ohm 

Related Current: 345 mA 
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LBM2016T1R0J 

Is an inductor from Taiyo Yuden with inductance of 1uH and self-resonant frequency of 220MHz 

and has the following characteristics: 

Inductance: 1.0 uH 

SRF(min): 220 MHz 

DC Resistance(max): 0.494 Ohm 

Related Current: 385 mA 
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CHAPTER 4 

RESULTS 
 

LBM2016T1R8J 
 

1. Using theory graph provided by the manufacture: From the datasheet provided by the 

manufacture Figure 4.1 illustrates the relation between attenuation and frequency. 

 

 
Figure 4.1 LBM2016T1R8J Attenuation vs frequency 

 

2- Actual measurement: Using “nano server” software to control the nanoVNA one gets the 

needed measurement as illustrated in Figure 4.2. 
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Figure 4.2 Actual measurement for LBM2016T1R8J characteristics 

The results have been exported and viewed using “SPview IV Evaluation” software as 

illustrated in Figure 4.3. 

 
Figure 4.3 Measured graph of LBM2016T1R8J Attenuation vs frequency 

350.3 MHz 

@ -36.776dB 
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3- Q factor: Impedance graph over different frequencies is provided by the manufacture, 

where the highest Q factor appears at 384.6512MHz with 11846.2. 

Figure 4.4 illustrates the Q factor graph 

 

 
Figure 4.4 Q factor graph 

4- Simulation: Equivalent circuit was extracted from Taiyo Yuden Waveform Simulator. 

LTspice is used to simulate the component. Figure 4.5 and Figure 4.6 illustrate the simulated 

circuit for the inductor under study “LBM2016T1R8” and its’ results. 

 
Figure 4.5 LBM2016T1R8J LTspice simulation 
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Figure 4.6 LBM2016T1R8J simulated Attenuation vs frequency graph 
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LBM2016T1R0J 

 

1- Using theory graph provided by the manufacture: From the datasheet provided by the 

manufacture Figure 4.7 illustrates the relation between attenuation and frequency.  

 
Figure 4.7 LBM2016T1R0J Attenuation vs frequency 
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2- Actual measurement Using “nano server” software to control the nanoVNA one gets the 

needed measurement as illustrated in Figure 4.8. 

 
Figure 4.8 Actual measurement for LBM2016T1R0J characteristics 
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The results have been exported and viewed using “SPview IV Evaluation” software as 

illustrated in Figure 4.9. 

 
Figure 4.9 Measured graph of LBM2016T1R0J Attenuation vs frequency 

 
3- Q factor: Impedance graph over different frequencies is provided by the manufacture, 

where the highest Q factor appears at 503.6016MHz with 11587.68. 

Figure 4.10 illustrates the Q factor graph. 

 
Figure 4.10 Q factor graph 

0

2000

4000

6000

8000

10000

12000

14000

0 500 1000 1500 2000

Q
 F

ac
to

r 
V

al
u

e

Frequency

Q Factor Graph

412.95 MHz 

@ -34.436dB 



53 
 

 

4- Simulation: Equivalent circuit was extracted from Taiyo Yuden Waveform Simulator. 

LTspice is used to simulate the component. Figure 4.11 and Figure 4.12 illustrate the simulated 

circuit for the inductor under study “LBM2016T1R0J” 

 
Figure 4.11 LBM2016T1R0J LTspice simulation 
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Figure 4.12 LBM2016T1R0J simulated Attenuation vs frequency graph 

 

Comparison 

Table 4.1 shows a comparison of the results obtained from this project. 

Table 4-1 Comparison of results 

 LBM2016T1R8J LBM2016T1R0J 

Frequency (MHz) 

From Datasheet 384.65 503.6 

From Actual Measurement 350.3 412.95 

From Q Factor 384.6512 503.601 

From Simulation 390.09 501.512 

 

From table 4.1 one can find that the results of inductor LBM2016T1R8J are close regardless of 

the method used in the experiment. On the other hand, inductor LBM2016T1R0J has an actual 

measurement result far from the other three methods. 
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CHAPTER 5 

CONCLUSION AND RECOMMENDATIONS FOR 

FUTURE RESEARCH 

 
As shown in this paper RF choke inductors are critical parts in an RF circuit since it 

determines the frequency of the signal that needs to be received and allows DC voltage to be sent 

to the active antenna in the system without getting mixed with the desired signal. 

It has been experimented 4 ways to determine the right RF choke inductor, in one’s opinion actual 

measurement is the way to go with the part needed. 

The steps of choosing the part for design would be as follow: 

1- Choosing a series of inductors that fits the desired application (Industrial grade, 

Automotive grade, Military grade …….) 

2- Determine the desired part by looking frequency response provided by the manufacturer’s 

datasheet. 

3- Make actual measurements using a vector network analyzer. 

4- For further design steps and troubleshoot a simulated circuit for the RF choke is handy. 

This project has set the groundwork for further research in RF chokes. Clearly, the need 

exists for this type of research. 

Further research might include similar study on higher frequencies that reach up to 275GHz which 

are used in satellite communications as the physical performance of the components discussed in 

this project might change in high frequencies. Different instruments and testing components would 

be needed as well. However, all the steps can be adopted from the steps in this project. 
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