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ABSTRACT 

DESIGN FLOW APPROACH FROM INDUCTORS TO ANTENNA AT PCB 

LEVEL 

by Joseph C. Chung 

Integrated circuits, ICs, and printed circuit boards, PCBs, need to be designed 

optimally to complement each other for system level functionality. This is critical in 

radio frequencies where inductors and antennas are essential to the system. For 

inductor design, PCB is better over silicon as it delivers higher inductance and quality 

factor for given cost/area. PCB also provides the ability to design high gain antennas. 

This thesis proposes a design flow from inductors to antennas for students in system 

design. The flow includes theory, design, simulations as well as fabrication and 

measurements. The goal is to characterize a PCB substrate through two inductors to 

optimize simulators for a GPS LI antenna design. For intermediate frequency 

applications, the larger inductor at 200MHz has measured inductance of 95nH, 

resistance of 2.9Q, and quality factor of 51. The antenna has a measured bandwidth 

of 250MHz and a return loss of |-36|dB at 1.5754GHz. 
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1 INTRODUCTION 

At the printed circuit board (PCB) level, components such as inductors and 

antennas are created from similar traces, yet their application purposes vary 

drastically. Inductors are passive components which optimally retains as much 

energy within the traces as possible. Antennas on the other hand, optimally radiate as 

much energy as possible. The inductor design flow will lead into the design of an 

antenna for global positioning system (GPS) applications. The general background as 

well as information specific to PCB vs. silicon will be discussed, followed by the 

thesis outline. 

1.1 Inductor Background 

Inductors are electronic components which oppose current changes and at the 

same time create magnetic fields [1]. Inductors are as essential to electronics as 

capacitors and resistors which are used in various electronics, especially for RF 

circuits and transformers [2]. Historically inductors come in various forms such as in 

a toroid as shown in Fig. 1-1 or in a rod form as shown in Fig. 1-2 [2]. 

1.5" 

Fig. 1-1 Typical Toroid 
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1" 

H ^ H H | 0.25" 

Fig. 1-2 Typical Rod 

As one can see in Fig. 1-1 and Fig. 1-2, physically, the traditional inductors 

have been large and occupy a significant amount of space. Also, the mentioned types 

of inductors are three dimensional as opposed to two dimensional planar inductors. 

Planar inductors may be created on silicon or on typical FR4 PCB. Analyses 

of tradeoffs between the two types of substrates are performed. First, the cost of the 

amount of area used to create an inductor in silicon by far exceeds the equivalent cost 

in PCB. Also, inductors designed in silicon require special steps and processes 

compared to inductors designed on PCB. For example, extra steps as creating 

trenches in silicon described in [3] or steps using suspension methods described in 

[4]-[5], show the complexity. The methodology to distinguish merits of inductors is 

through the Q-factor or quality factor described further in chapter 2 section 1.3, 

however, Q-factor on silicon is much lower than on PCB. The magnitude for 

inductors on silicon is typically between 10 and 20, usually much less than 25, similar 

to the range of the inductances with units in nH [3]-[6]. Inductors on PCB with FR4 

substrate inherently have the capability of higher inductance and Q-factor in the 

standard process. This paper will show a PCB based inductor with at least twice the 

Q-factor of [3]-[6]. Table 1-1 summarizes the mentioned tradeoffs. 
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Table 1-1 Inductor Tradeoffs - PCB vs. Silicon 
Tradeoffs: 

Area/Cost 
Fabrication Complexity 
Inductance 
Q-factor 

Silicon Inductor 
High 
High 
Low 
Low 

FR4 PCB Inductor 
Low 
Low 
High 
High 

To further analyze the differences between creating inductors on silicon and 

FR4, representative models are analyzed. Fig. 1-3 [7] shows the model for inductors 

on silicon, while Fig. 1-4 [8] shows the model for the FR4 PCB inductor. 

Port 1 Q O Port 2 

Fig. 1-3 Model for Inductor on Silicon 

Port 1 Q O Port 2 

Fig. 1-4 Model for Inductor on FR4 PCB 
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The silicon inductor model shows the inherent inductance, L, and the inherent 

series resistance, R. The parasitic capacitance from the oxide between the metal and 

silicon is denoted as Cox- Within the silicon, CSj and RSi are parasitic capacitance and 

resistance modeled in parallel to each other due to the substrate characteristics, 

affecting the Q-factor [9]. Both Fig. 1-3 and Fig. 1-4 show a coupling capacitor C 

between the two ports. Fig. 1-4 shows the actual inductance, L, and the series 

resistance, R, however, with only a single source of substrate parasitic, CFR4. In 

comparing Fig. 1-3 and Fig. 1-4, it is evident that less parastics are in PCB compared 

to silicon. 

In analyzing the tradeoffs, the inductors are to be designed on FR4. The 

applications for the inductors would be for intermediate frequency purposes, which 

complements other necessary RF components such as the antenna for system level 

applications. 

1.2 Antenna Background 

Historically, antennas are geometrically large as in the case of the typical Yagi 

(Fig. 1-5) [10] and the typical whip (Fig. 1-6) [10]. 

Fig. 1-5 Typical Yagi Antenna 
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Fig. 1-6 Typical Whip Antenna 

Again, as in the introduction to inductors, antennas may also be improved from three-

dimensional to two dimensional by decreasing the size creating an efficient use of 

space. The two substrate options are PCB and silicon. As in the case of the 

inductors, the antenna fabrication is more complex and more expensive on silicon 

than PCB. Typically the dielectric of PCB is much less than on silicon substrates, 

which helps the radiation properties. The mentioned tradeoffs are shown in a 

summarized form in Table 1-2. 

Table 1-2 Antenna Tradeoffs - PCB vs. Silicon 
Tradeoffs: 

Area/Cost 
Fabrication Complexity 
Radiation Efficiency 
Dielectric Constant 

Silicon Antenna 
High 
High 
Low 
High 

FR4 PCB Antenna 
Low 
Low 
High 
Low 

PCB microscrip traces, shown in Table 1-2, as a better option are actually 

very popular for antenna design. Although the concept of microstrip antennas was 

discovered in the early 1950s, improved fabrication techniques helped it gain 

popularity in the 1970s after advancement of photolithography technology [11]. Even 

today, PCB microstrip antennas are still becoming improved upon in terms of theory 
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and fabrication process. As a result, microstrips antennas on PCB are chosen to be 

used on many portable devices for various applications. 

1.2.1 Antenna Applications - GPS Background 

The GPS market has grown substantially in the recent years. Due to the cost 

effectiveness and portability, handheld GPS devices are popular. The idea of GPS 

was invented by Ivan Getting and Bradford Parkinson during the 1950s; it is 

described as a system of moving satellites that enables the determination of physical 

position relative to time difference of the transmitted signals [12]. In 1969, the U.S. 

Defense Department started its own research and eventually created 24 satellites, 

launching them in 1978, which were operational by 1995, having capability of down 

to 10 meter accuracy [13]. Although the GPS system was originally intended for 

military use, due to a 1983 airline incident, President Ronald Reagan promised its 

availability to civilians after its completion to promote public safety [13]. For that 

reason, the general public is able to use portable GPS devices today. 

An important aspect of the handheld GPS device is the antenna that ensures a 

strong signal. GPS satellites send their signals on to the LI band with a carrier 

frequency of 1575.42MHz and a bandwidth of 2.046MHz with RCHP, right hand 

circular polarization [14]. The antenna portion of this paper will focus on the design 

of a GPS application specific antenna. The proposed antenna differs from typical 

GPS antennas in papers such as [15]-[17] by having a more relatively directive 

radiation pattern with maximum intensity in the PCB forward direction with a theta in 
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70° range for mounting purposes. The presented antenna design is a "L-ground plane 

with lowercase-h configuration and cornered patch." 

1.3 Summary and Thesis Outline 

The goal of the project is to create a design flow from characterizing a two 

port inductor, fully characterizing the PCB board, and then designing an antenna from 

the optimized simulators. This thesis is categorized into five chapters. The first 

chapter is the introduction, which describes the brief background of inductors and 

antennas. Chapter 2 explains the analysis and design of the inductors and the 

antenna. Chapter 3 discusses the simulations that were performed for the inductors 

and the antenna. Chapter 4 shows the measurements both the inductors and antenna. 

Finally, chapter 5 is the conclusion, which wraps up the entire project. An important 

point is that the design, simulation, and measurement for the inductor were fully 

completed before the antenna's design, simulation, and measurement were 

performed; however, for clear organization of the ideas, the three topics are explained 

in parallel. 

The result of this thesis is to create a pair of inductors with values of 55nH at 

around 300MHz and lOOnH at 200MHz for intermediate frequency applications. The 

first inductor, which will be denoted as inductor 'A' is an initial trial having a smaller 

Q-factor goal in the range of 30, while inductor 'B' has a much higher Q-factor of at 

least 50. Both inductors are to have a reasonable 3.5 turns. The completed inductors 

will allow optimization of the simulators through the characterization of the PCB to 
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enable the design of an antenna centered at 1575.42MHz with a bandwidth much 

greater than 2.046MHz and is right hand circularly polarized. 
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2 THEORY, ANALYSIS, AND DESIGN 

This chapter will present the theory, analysis, and design of a pair of inductors 

as well as an antenna. The inductor section will describe inductance, resistance, and 

quality factor parameters. Following, the antenna section will describe the proposed 

geometry, radiation pattern, directivity and gain, polarization, as well as impedance 

bandwidth and Q-factor. 

2.1 Inductor 

The objective of the inductor design is to provide characteristics of a two port 

component to better understand the PCB characteristics, which may also be used for 

intermediate applications. Parameters such as inductance, resistance, and Q-factor 

are computed and analyzed in the following sections. The goal is to create a 55nH 

inductor at 300MHz with a Q-factor of around 30 and a lOOnH inductor at 200MHz 

with at least a Q-factor of 50. Both inductors shall be designed with reasonable 3.5 

turns. The general inductor theory regarding the inductance, resistance, and quality 

factor will be presented followed with followed with specific PCB calculations. 

2.1.1 Inductance 

Inductors innately consist of two types of inductances: self-inductance and 

mutual inductance. Both self-inductances and mutual-inductances are described in 

the units of Henry. A Henry has units of Weber per Ampere, which is essentially 

magnetic flux in relation to current [1]. Traditionally inductance is created through 
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coils, which is how the general definitions of mutual and self inductance will be 

explained. 

Mutual inductance is generated when a magnetic field is created from the 

changing current of one coil which creates flux through a second adjacent coil 

defined by [18] 

L . - ^ - (2.D 
-* 1 [ 1 

and vice versa, 

Z , , - ^ (2.2) 

The terms in the shown equations (2.1) and (2.2) are the number of turns in a coil, N, 

the magnetic flux, O, and the current, I. The characteristics may be seen from the 

circuit point of view where voltage is important, therefore, the induced voltage of the 

two coil circuits are shown as [19] 

v2 = Ln ^L (2.3) 
at 

and 

v, =L2l^-. (2.4) 
at 

As the instantaneous current changes in one coil, a voltage in the second coil is 

induced through the flux that links the two coil circuits. From analysis, mutual 

inductance can be seen as a phenomenon which determines the magnitude of voltage 

relative to the change in current with respect to time. 
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Self inductance is generated when a magnetic field is created from current 

within a coil as opposed to (2.1) and (2.2), because the flux and current are within one 

coil [18]. Self induction occurs in a coil itself and innately generates a voltage 

through the flux created in an electromotive force s that is in the opposite direction, 

where 8 = -L(dl/dt) [18]-[19]. 

These mentioned theories are for generalized cases; however, inductors can 

also be analyzed for implementation on PCB. 

Inductors on PCB are planar parallel to the surface of the PCB. The 

inductances of PCB inductors depend specifically on the geometry. The total 

inductance is determined by the mutual inductance and self inductance. 

In the mentioned general inductance theory, mutual inductance was described 

with two separate inductors; however, mutual inductance may also occur amongst 

embedded parallel conductive traces within a single inductor, particularly on PCB [8]. 

The equations (2.1) and (2.2) can be utilized in terms of two segments within an 

inductor instead of two separate inductors. In a planar PCB inductor, to calculate the 

mutual inductance, the whole inductor needs to be broken up into segments and 

analyzed with respect to the corresponding coupling parallel traces. The mutual 

inductance may be positive or negative depending on the direction of the currents on 

the parallel segments of the PCB inductor mention in [8] and [20], where the concept 

is shown in the Fig. 2-1. 
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Positive mutual inductance 

I—""'V 
- - "i" 

Current direction 

• s Negative mutual inductance 

s, Negative mutual inductance 

Fig. 2-1 Visual of Current Flow Direction for Square Inductor 

Two methods of relating the geometries of the inductors to inductance values 

on PCB will be discussed. A more detailed and complex theoretical method will first 

be discussed, which determines the total inductance after the mutual and self 

inductance are analyzed. The second method directly relates the total inductance to 

the geometry. 

The first method is to determine the mutual inductance by using an equation 

considering / for the length of the a trace, d for the distance between the two traces, 

and w for the width of the traces, with units in centimeters for [20] 

-'Mutual ••21 In 
' / ^ 

+ 
\^J 

1 + 
O 2^ 

G1 
V V " JJ 

l+^V 
2 (G^ 

+ — (2.5) 

where G is [20] 
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( (f 

\x\d 

G = e 
12 

VV v w / j 
60 168 360 

\ ^ 

660 ld-
\wj J 

+... 

J) (2.6) 

The polarity of LMutuai, mutual inductance, depends on the relative current direction as 

mentioned earlier in Fig 2-1. 

To determine the self inductance of the particular mentioned planar inductor, 

the conductive trace may be analyzed through [8] 

Lself = 0.002/1 In 
2/ 

0.2232O + /0 
•1.25 + 

(w + h) i f j u ^ 

3/ 
• + T 

\*J 
(2.7) 

The term ju relates to the permeability and h is the height of the PCB substrate. 

Again, w is the width of the conductive trace in centimeters, and as [8] mentions, T, is 

a term dependent on the thickness of the trace and frequency, that can be 

approximated to be 1 for most cases [20]. 

Finally, the total inductance for the inductor is determined by summing all the 

mutual inductances and self inductances segments in [8] 

^Total — ^self ^ I ^Mutual I + ^ M u t u a l . (2.8) 

As one may see, the first mentioned process of determining the geometry from 

desired inductance, or vice versa, is very complicated and tedious. Therefore, the 

following method is much more practical and combines the mutual and self 

inductance into a single formula. 

For design calculations of square planar inductors before beginning 
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simulations, the method discussed [21] is sufficient. The method calculates the 

inductance in nanohenries through the equation [21] 

Lsquare=%.5DN~\ (2.9) 

where D is the distance between the outer edges of the square inductor, in 

centimeters, and N is the number of turns within the inductor. 

As mentioned earlier, two inductors designs with various values and trace 

thickness will be created to have a broader view of the PCB characteristics. First a 

55nH inductor denoted as 'A' will be designed followed by a lOOnH inductor denoted 

as 'B.' 

The distance between the outer edges of the square for inductor 'A,' DA, is 

determined by first choosing the number of turns, N, to be 3 54 and setting 

Lsquare=55nH. The calculation follows as: 

DA * — ». 8019cw 
A 5 

8.5(3.5)3 

Since the typical units used for PCB design are in mil, which is 1/1000 on an 

inch, converted, DA is 315.7 mil. In the actual layout to fit the traces, DA is set to 310 

mil to accommodate the grid. Due to the fact that (2.9) only specifies the overall 

square dimension and the number of turns, the width of the conductor traces are 

chosen for reasonable fit within the dimension limitations. Since flexibility is 

allowed for the trace width, w, and spacing between the traces, s, reasonable values of 

w - 30 mil and s = 10 mil are set, as shown in Fig. 2-2. 
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Fig. 2-2 Dimensions of Proposed Square Inductor 'A' 

Inductor 'B' will also be designed with 3 lA turns for N but with 

Lsquare=100nH. The distance between the outer square inductor 'B, ' DB, is calculated 

as follows: 

DB „ h^ s
 IQ0

 5 s \A58cm 

8.5iV3 8.5(3.5)3 

Therefore, converted to mil, DB is 574.01 mil. After the dimension is rounded to a 

grid, the distance between the rectangular edges becomes DB=570 mil as shown in 

Fig. 2-3. 

15 
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Fig. 2-3 Dimensions of Proposed Square Inductor 'B' 

Again, flexibility is given for the width and space for the traces. For the design 

inductor 'B' , the width of 60 mils with even spacing of 10 mils between the traces 

works to maintain DB=570mil. 

2.1.2 Resistance 

In terms of physics and electronics, resistance is the difference in potential 

relative to the current as shown in ohm's law, R=AV/I for conductive materials [18]. 

Resistance can also be defined with [1], 

R'VA- (2-1( 

where / is the length of the conductor, A is the cross sectional area, and a is the 

conductivity with units of l/(£2-m). An ideal conductors is lossless if their 
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conductivity is infinitely high, however, in the real-world, conductors have losses due 

to the finite conductivity. 

Although the resistance at operating frequency is the interest for the inductors, 

the DC resistance values are determined as a reference for comparison. The general 

resistance theory is interpreted in practical equations in relation to PCB design, for 

both DC and high frequencies, which will explained along with calculations. 

Microstrip resistance is an important characteristic of a PCB inductor, which 

changes depending on the frequency the measurements are analyzed at, either DC or 

at a high frequency. At DC, derived from the (2.10), the equivalent resistance of PCB 

a microstrip trace defined by [22] 

/ 
RDC=—-, (2.11) 

owt 

where w, t, I, and a are the width, thickness, length, and conductivity of the 

conductor, respectively. 

The order of calculations for the DC resistance is first performed for the 55nH 

inductor then for the lOOnH inductor. As seen in the DC resistance equation in 

(2.11), the conductivity is needed for calculations. After analysis and 

experimentation, the determined conductivity value used is 1.36 x 106 S/m, which is 

further explained in chapter 3 section 2. 

The DC resistance for the 55nH inductor 'B' with 30 mil trace width 

converted to 7.62xl0"4 m, and trace thickness of 1.4 mil converted to 3.556xl0"5 m, 

are calculated as follows: 
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Rnc A ~ 7 1 F~~ — 2.17i2 

(1.36xl06)(7.62xl0_4)(3.56xl0~5) 

The DC resistance for the lOOnH inductor 'B' with the 60 mil trace width 

converted to 1.52xl0"3 m, and trace thickness of 1.4 mil converted to 3.56x10"5 m is 

calculated as 

o coxier3 _ 2 1 2 n 
KDCB A IT — - 2 . 1 2 U . 

(1.36xl06)(1.52xl0 3)(3.56xl0 5) 

The respective DC resistances for inductor 'A' and 'B', being 2.17 Q. and 2.12 

Q. intuitively make sense because inductor 'B' has wider traces, which is in 

agreement with (2.10). 

Importantly, the resistances are determined at the specific operating 

frequencies. As frequency increases, particular to higher values, the resistance 

changes because charges will swarm towards a relatively smaller area at the outer 

edge of the conductor against the dielectric, with a phenomenon known as the skin 

depth, which is defined as [23] 

— • (2.12) 
ojucr 

Since at high frequencies only the skin depth portion of the conductor is conductive, 

intuitively the thickness term is replaced in (2.11) with the frequency dependent term 

to determine resistance in 

RHF= J . (2.13) 

First, the resistance at operating frequency will be determined for inductor 'A' 

18 



at 300MHz to be: 

R 
80x10 -3 

HFA = 3.1Q 

(1.36xl06)(7.62xl0~4) 
2;z-(3xl08)(4;rxl0~7)(1.36xl06) 

From inspection, RDCA with a value of 2.12 Q. is raised to 3.1 Q. for RFHFA at 

300MHz, which confirms the changes of resistance within the inductor, is due to the 

higher frequency. Again, the purpose of the designed inductors would be in 

applications for intermediate frequencies, therefore, a variety of frequencies may be 

used. 

Inductor 'B' will is designed to operate in the 200MHz range, therefore using 

(2.13), the high frequency resistance can be calculated as 

R 
150x10" 

HFB = 2.38Q 

(1.36xl06)(1.52xl0~3) 
2^(2 x 108 )(4TT x 10~7 )(1.36 x 106) 

As can be seen, the RHFB shows an increase over RDCB, which confirms the frequency 

dependency and intuition. 

2.1.3 Quality Factor 

In order to distinguish various inductors, the effectiveness of an inductor 

should be qualitatively quantified. The quality factor or Q-factor is a measurement 

which compares the amount of energy stored, Stored* m a n inductor to the amount of 

energy dissipated, d̂issipated, in an inductor every cycle as shown in the following 

[23]: 
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Q _ —stored (freqUenCy _ dependency) Q \ 4) 
dissipated 

In terms of the components, the quality factor may also be represented in 

terms of the resistance, R, and inductance, L, by [21] 

Q-— (2.15) 

where the frequency dependency can be seen. However, the Q-factor is typically 

evaluated at a frequency is far below resonant [24]. The Q-factors for the two 

inductors are determined. The Q-factor of an inductor 'A' with an inductance of 

55nH and a resistance of 3.1 Q. at a frequency of 300MHz is computed as follows: 

_ 2^(300 X 1 0 6 ) ( 5 5 X 1 Q - 9 ) _ 3 3 1 

A 3.10 ' ' 

The quality factor for the inductor 'B' 200MHz design with the corresponding 

calculated resistance of 2.38 Q and lOOnH inductor parameter is computed as 

follows: 

n 2^(200 x 106 )(100 xl(T9) 
UD — — 52.8 
*B 2.38 

The quality factor for inductor 'B' is 53, which is reasonably high. 

2.2 Antenna 

The proposed antenna project is a GPS patch. A brief overview of GPS 

technology follows. 

Technically, GPS has two services, the Precise Positioning Service for the 
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military and the Standard Positioning Service, SPS, which is less accurate, but still 

very effective for civilians [14]. SPS transmits messages on to the LI signal at the 

carrier frequency 1575.42MHz with a bandwidth of 2.046MHz with right hand 

circular polarization [14]. This project will focus on the LI civilian frequency. 

The subsections for the antennas design will include the proposed geometry, a 

brief description of radiation pattern, directivity compared to gain, polarization, and 

impedance bandwidth compared to Q-factor. 

2.2.1 Proposed Geometry 

A starting point to design a reasonable small antenna is the classic inverted-f 

[25]-[26], known for its compactness. After analyzing the parameters such as 

polarization and radiation patterns, a modified antenna is design is proposed. The 

proposed unique antenna, "L-ground plane with lowercase-h configuration and 

cornered patch," is shown in Fig. 2-4. 
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Fig. 2-4 Proposed Geometry of Antenna 

The following subsections describing the parameters will all explain theories as well 

their influences towards the design of the proposed antenna. 

2.2.2 Radiation Pattern 

In terms of physics, radiation occurs when electrons move from a time 

respective varying voltage or current and causes acceleration creating a magnetic and 

a Coulomb field [27]. In particular, the radial electric field created is [27] 

E = -q 

AnsQr 2 ' (2.16) 

where q is the electron charge in Coulombs, r is the distance, and so is the permittivity 
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of free space. The fields influence the radiation patterns, which will be explained in 

detail. 

Radiation patterns define an antenna's electric field characteristics. It is 

important to determine the unique far-field characteristics of an antenna. One method 

to determine the radiation pattern is based on the electric surface current model, 

which for rectangular patches would be [11] 

E0(0,0) = sin<M 
An -r 

e ° {CurrentChar)(GndEff) (2.17) 

Ee(6,(/)) = -cos(/> J-^- e J °r {CurrentCha-)(GndEff) 
yAn-r J 

(2.18) 

The standard polar coordinates are used with phi and theta as shown in Fig. 2-5. 

Fig. 2-5 Polar References 

In equation (2.17) and (2.18), the radiation pattern can be observed to be highly 

dependent on distance, r, along with the permeability free space, u.o, and the wave 

number, k. The "CurrentChar" is the current characteristic term and "GndEff is the 
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ground effects term. Both mentioned terms are related to the polar coordinates and 

are highly dependent on the antenna's geometry. 

In terms of the proposed design, the left vertical side of the "L" shaped ground 

plane along the Y axis in Fig. 2-4 acts as a unique reflector to create a strong front 

beam in the +X direction, which dictates a particular desired radiation pattern. 

The theory of the far-field radiation patterns can be found by finding the limit 

of the electric or magnetic field to infinity, such as [28] 

E(r -» 00,0,0) = Efarfield{0,(/>)—- (2.i9) 

and 

H(r -> oo, 9, </>) = Hfarfield (<9, (/>) , (2.20) 

where the distance, r, can be seen to have a large influence with the electric and 

magnetic fields. 

2.2.3 Directivity and Gain 

Directivity and Gain are related to maximum radiation density. Directivity is 

the concentration of radiation intensity relative to the average radiated power, 

described in polar coordinates in [28] 

An m a X 2 (Efarfield ^ ' ^ * Hfarf'eld * (0> 0))) 

W > 0 = — T7 - • (2-21) 

\l Q hfarfield X Hfarfield * ' ^ 

Essentially, the denominator is the average radiated power through the Poynting 
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vector [29], in Watts, which is similar to determining the gain [28] in 

f 
An max - [EMield (O, (f)x Hfarfield * (G, M 

G(0J) = - ^ ^ H, (2.22) 
input 

The gain relates the maximum intensity to the input power instead. The variation 

between the gain compared to the directivity is due to the loss, which the efficiency, 

e, may be determined in [28] 

D{e 4) • (2-23) 

The efficiency is essentially the ratio of the gain to the directivity. 

The directivity desired for the proposed specific design is to have the main 

beam at phi = 0°, which is achieved by the reflector reflecting the fields in the 

opposite 180° direction, creating the intense forward zero degrees phi power. 

2.2.4 Polarization 

Antennas also can be characterized by a polarization behavior. Polarization is 

a characteristic of the EM waves in regards to the varying vector positions with 

respect to time [29]. A linear polarization implies that the waves move in a straight 

line when seen in a two dimensional view. Therefore a linear electrical field vector 

moving along the x-axis and propagating respect to time on the z-axis may be shown 

as [29] 

E = aXe-Jkz, (2.24) 

where k is the wavenumber that is dependent on the wavelength defined as k=2n/X. 
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As one may see, the equation (2.24) shows that although the wave is moving forward 

along the z-axis, the magnitude of the electric field is changing (increasing and 

decreasing) linearly with respect to the x-axis. From a side view, the linearity may be 

seen in Fig. 2-6. 

Fig. 2-6 Visual of Linear Polarization 

From the electric field, the magnetic field may be correspondingly determined with 

[23]. 

H = nxE0 (2.25) 
coju 

A type of non-linear polarization is circular polarization in which the E field changes 

with respect to two axes. For example a sinusoidal waveform twists in circles 

amongst the x-y plane while traveling through the z axis. The a particular 

polarization waveform may be illustrated in the following equations [29] 

E = Ewaxe-Jkz-jE2Qaye-jk* (2.26) 

or 
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E = Ewaxe-jk2+jE20aye-jh (2.27) 

which (2.26) is right-hand circularly polarized and (2.27) is left hand circularly 

polarized as long as Eio is equal to E20. To understand how the equation shows the 

circular polarization, one may see that the electric field has x-vector and y-vector 

contributions in which the imaginary ' j ' shows where the electric field is 90° phase in 

time. Equation (2.26) shows right hand circular polarization because the negative in 

front of ' j ' indicates that 90° in time previously, the electric field was along the y-axis 

with the magnitude E20 and currently the electric field vector is along the x-axis with 

the magnitude Eio. An illustration for the right hand circular polarization is shown in 

the following Fig. 2-7 (a). Fig. 2-7 (b) represents equation (2.27) on the left hand 

shows circular polarization starting with Eio being aligned on the x axis and 90° later 

in time, the magnitude E20 becomes aligned on along the y axis [23]. 

Right Hand Circular Polarization Left Hand Circular Polarization 

(a) (b) 

Fig. 2-7 Visual of (a) Right Hand Circular Polarization and (b) Left Hand 
Circular Polarization 

A third type of polarization is an extension of circular polarization, which is 
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the elliptical polarization. This occurs when the magnitudes of the electric field, Eio 

and E20, are not equal [29]. 

Particular to the proposed antenna, a linear electrical field vector moving up 

and down on the y-axis moving while propagating in the z-axis with respect to time is 

shown as [29] 

E = ayE
+

0e~Jh 
(2.28) 

which is an innate characteristic of the "lower case-h" portion of the antenna without 

the cornered square patch in Fig. 2-4. Due to the modification of the antenna, the 

straight portion of the "h" became the A/8 wavelength feed into the patch. 

The GPS signals are sent with right hand circular polarization [14], as 

mentioned earlier. In order to provide a design with circular polarization, a few 

methods may be used such as having a dual feeds 90° out of phase fed into a patch, a 

single modified feed patch, a square patch with rectangular slot, or removing two 

opposite corners of a square patch as shown in Fig. 2-8 [30]-[31], 

v AS 

z 

Feed 

AS 

Single Diagonal Feed Diagonal Slot Removed Corners 

0 = Feed point 

Fig. 2-8 Various Circular Polarization Patch Methods 

As can be seen in Fig. 2-8 the last method on the right is used. The amount of 
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conductor removed, AS, from the total patch area, S, depends on the circular 

polarization due to the desired unloaded Q-factor in the equation [11] 

AS 1 

The Q-factor for antennas will be described in section 2.5. 

The phenomenon of the circular polarization of the chosen patch is explained. 

Removing of the two corners of the square patch creates a 90° phase shift from the 

exited wave mode by creating a two ends with less capacitive corners distinguishing 

the waves from the more capacitive corners [30]. The mentioned right-hand 

circularly polarized is illustrated with the following equation [23] 

E = EQ(az-jay)e-jkx (2.30) 

because, again, the negative in front of ' j ' indicates that 90° previously in phase time, 

the signal was aligned with the z-axis, which then becomes aligned to the y-axis. The 

order of the signal shows the clockwise movement in the right hand direction, while 

propagating in the +X direction. 

2.2.5 Impedance Bandwidth and Q-factor 

The bandwidth of an antenna is the frequencies in which the antenna is 

optimized to be used in. This section will show the tradeoff between impedance 

bandwidth and the quality factor. 

The impedance seen into the antenna can have an imaginary part due to the 

capacitive or inductive nature and a real part which is pure resistance. The difference 

in the impedance creates a reflection of the signal and can be measured by [31] 

29 



r = ^ ^ , (2.3i) 
Zin + Zn '0 

which Zin is the input impedance and the Zo is the characteristic impedance. Ideally, 

the smaller the reflection coefficient, the better the power is transferred from one 

stage to the next. Also, optimal matching results in a smaller reflection coefficient. 

From the reflection coefficient, the VSWR may be determined. The VSWR is 

the voltage standing-wave ratio (the relation between the maximum voltage to the 

minimum voltage) is a real number between one and infinite, which a 'one' value 

means a perfect match and that none of the signal is reflected [31]. The VSWR is an 

indication of how well components are matched, which may be determined from the 

reflection coefficient in the equation [22], 

VSWR = ^ ^ - . (2.32) 
1- | T | 

After determining the VSWR, the impedance bandwidth, which is the portion of the 

frequency spectrum that is expected to be well matched, may be determined in [32] 

BW_VSWR± 
Qy/VSWR 

where Q is the quality factor of the antenna. In the analysis of equation (2.33), the 

bandwidth, BW, is inversely proportional to the quality factor, Q, which is a tradeoff. 

The quality factor is a measure of an antenna's physical limitation and performance 

which can be determined through [30] 

Q = ~r> (2-34) 

30 



where Wis the energy stored during resonance and P is the power loss. 

In detail, other factors that affect the Q-factor are the radiator shape, the 

substrate thickness, the dielectric, and the losses of the conductors [11]. The Q-factor 

relation to the mentioned factors from [11] can be shown in a detailed Q-factor 

expression 

QT = j _ j _ j _ , (2.35) 

Qc + Qd +
 QR 

where the Qd term is the contribution of the Q-factor through the dielectric materials 

of the PCB in [30] 

2-7T-£r-£Q-f 

Qd= , (2.36) 

ad 

with the s dielectric term, t h e / the frequency term, and Od the bulk conductivity term. 

The Qc is the Q-factor contribution through the conductor loss, where [30] 

Qc =h^ju0-7r-f-a . (2.37) 

The h in (2.37) is the height in mm, the juo is the permeability of free-space, the a is 

the conductivity of the conductor, while/frequency of interest. In general, the QR 

term refers to the radiation Q-factor as in (2.34). Essentially the contributions of the 

inverses of Qc and Qd are so small, unlike Q=QR, which is larger [11]. 

With the general theory of impedance bandwidth for the antenna discussed, 

the specific impedance bandwidth of an antenna may be calculated. 

Again, the impedance bandwidth relates to the frequencies in which the 

antenna signal may transfer power optimally within reasonable impedance match. 
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The specification for the GPS bandwidth is mentioned earlier as 2.046MHz. 

However, a margin of error will be design to safeguard any drifting of the center 

frequency. The center frequency due to impedance matching of the Fig. 2-4 antenna 

is adjusted from the shorting trace of the 'lowercase h,' as was for the inverted-f [31]. 

To ensure a wide range of matching frequencies, a large impedance bandwidth of 

300MHz is designed with an ideal center at 1.5754GHz. 

Due to the altered square patch portion of the antenna in the proposed design 

from Fig. 2-4, the square of the antenna height may be determined through [31] 

BW = 50hf2 (2.38) 

where h is the height of the patch in cm, / i s the frequency in GHz, and BW is the 

bandwidth in MHz. The height may be determined as 

, BW 300 n / l i n 

h = = = 2.419cw 
5 0 / 2 50(1.5754)2 

From the grid, the height is rounded down to 2.4 cm. However, a more exact BW is 

resolved to be 

BW = 50(2.4)(1.5754)2 = 291 MHz . 

The mentioned calculated bandwidth is in terms of having impedance matching with 

VWSR equal to 2, in practical terms essentially refers to a return loss, RL, of |-9.5|dB 

[31]. 
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2.3 Chapter Summary 

The inductor theory and analysis has given the background necessary for the 

design. The two calculation methodologies behind the inductor design were shown, 

which led to practical calculations. Also, the antenna section described the design 

methodology as well as the calculation behind the design. Although the antenna 

design began after the inductors were fully designed, fabricated, and tested, the 

antenna design is written in this chapter for organization to show the parallels 

amongst the ideas. The hand calculations that are performed needs to be validated 

through simulation, which is presented in the next chapter. 
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3 SIMULATIONS 

Simulations are important to verify the calculations and analysis in chapter 2. 

The simulations would show if the design approximations are feasible. The two 

simulators that are used are ADS and Sonnet, both softwares are specialized in radio 

and microwave frequency circuit and components. First the simulations of the two 

designed inductors are performed and after analysis, the antenna simulations are 

performed. 

3.1 Inductors 

In order to simulate the inductors that were designed, layouts must be created in 

the design tools. 

The first layout that is created in ADS is the calculated inductor 'A' with a 

calculated 55nH for a DA of 310 mil. Inductor 'A' has metal trace widths of 30 mil 

wide and 3.5 turns with the determined dimensions shown in Fig. 2-2 and laid out in 

Fig. 3-1. 

D A = 3 I 0 H U 1 

•4 • 

I | i m-.< 

Fig. 3-1 ADS Layout of Inductor 'A' 
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In Fig. 3-1, the square spiral is drawn with top layer metal with a copper alloy 

described more in detail in chapter 3 section 2. The small portion near the right feed 

trace is a bottom trace, which is a necessary bridge underpass to link the two ports of 

the inductor. Also, two vias are needed to complete the inductor for the two layers. 

These mentioned characteristics also apply to all the layouts for the inductors in this 

section. 

The layout of inductor 'B' in ADS is for the calculated lOOnH inductor. The 

determined dimensions chapter 2 section 1 shown in Fig. 2-3, where the metal trace 

width is 60 mil with a spacing of 10 mil with 3.5 turns. The length of each side for 

the mentioned inductor is DB=570mil, which was calculated through (2.9) is shown in 

Fig. 3-2. 

-4 • 
Dg,= 570mi l 

Fig. 3-2 ADS Layout of Inductor 'B' 

As the layouts of the calculated inductors are created in ADS, simultaneously 

two inductors are similarly laid out in Sonnet. Fig. 3-3 shows the layout for the 
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inductor 'A' design with the width of 30mil, spacing of lOmil, 3.5 turns, and DA=310 

mil. 

Fig. 3-3 Sonnet Layout of Inductor 'A' 

Again, the two vias and the underpass bridge are visible. Inductor 'B' with trace 

width of 60 mil, spacing of 10 mil, 3.5 turns, and DB=570 mil is shown in Fig. 3-4. 

fcfi 
DB=570HU1 

Fig. 3-4 Sonnet Layout of Inductor 'B' 
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The simulations for both ADS and Sonnet result in S-parameters. Parameters 

Sn S21, S12, and S22are shown as the results. Both inductor 'A' and inductor 'B' S-

parameters are displayed side by side so the differences may be compared. Fig. 3-5 

shows Sn parameters of the two inductors. 

(a) (b) 

Fig. 3-5 Simulated Sn Parameters of (a) Inductor 'A' and (b) Inductor 'B' 

The profiles of the simulations in Fig. 3-5(a) are very close between ADS and Sonnet. 

The same also is true in Fig. 3-5(b). The top portions of the Smith charts in Fig. 3-5 

are the inductive regions, while the bottom portions are the capacitive regions. Fig. 

3-5 (a) shows the results of the inductor 'A' which is the calculated 55nH inductor 

designed to have a resonant frequency at 300MHz, while Fig. 3-5 (b) is the inductor 

'B' which is the calculated lOOnH inductor with a resonant frequency at 200MHz. 

Both Fig. 3-5 (a) and Fig. 3-5 (b) are simulations of the two inductors up to 1GHz. 

The point in which the simulation result crosses from the top region to the bottom 

region occurs later in Fig. 3-5 (a) than in Fig. 3-5 (b), with the understanding that 
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both frequency limits are the same. Fig. 3-5 (a) and Fig. 3-5 (b) simulation results are 

expected. 

The simulations of S21 for both inductor 'A' and inductor 'B' are shown in 

Fig. 3-6, (a) and (b), which represents the transmitted signal coefficient. 

Fig. 3-6 Simulated S21 Parameters of (a) Inductor 'A' and (b) Inductor 'B' 

The Sn and S22 parameters represent the reflected signals, while S12 and S21 

represent the transmitted signals. Fig. 3-7 (a) and (b) shows both S12 parameters, 

while Fig. 3-8 (a) and (b) shows the S22 simulations for the two designed inductors. 
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Fig. 3-7 Simulated S12 Parameters of (a) Inductor 'A' and (b) Inductor 'B' 
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Fig. 3-8 Simulated S22 Parameters of (a) Inductor 'A' and (b) Inductor 'B' 

Essentially, the simulation results for the Si 1 are very close to S22 due to the 

symmetrical passive geometry. Similarly the S12 and S21 are in close agreement in 

both inductors. 
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3.1.1 Inductance 

The inductances are computed from the raw S parameter data that are 

converted to Z parameters. From the converted Z-parameters, the inductance with the 

varying frequency may be determined through the following equation [33] 

im 
Zn x ^2i 

-^22 ) 

2nf 
(3.1) 

where the result is plotted in Fig. 3-9 for the 55nH inductor 'A' and Fig. 3-10 for the 

lOOnH inductor 'B.' 
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Fig. 3-9 Simulated Inductance of Inductor 'A' 
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The simulations between ADS and Sonnet for both inductors are reasonably close. 

The simulated inductor values are close to the calculation values, which will be 

discussed further in detail in the measurement chapter. 

3.1.2 Resistance 

The resistance may also be computed from the Z-parameters that was 

converted from the measured S-parameters in [33] 

R = re\ 
Z12 xZ2 , 

•^22 J 
(3.2) 

and plotted in the Fig. 3-11 for the 55nH inductor 'A' and Fig. 3-12 for the lOOnH 

inductor 'B.' 
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3.1.3 Quality Factor 

Finally, the Q-factor may be computed from the measured values through [33] 

im\ 

Q 

Zu-
Z12 x Z21 

V 
J22 J 

re\Zn-ZnXZl^ 
V 

(3.3) 

-22 J 

with the results plotted in Fig. 3-13 for the 55nH inductor 'A' and Fig. 3-14 for the 

lOOnH inductor 'B.' 
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The Q-factor simulations between ADS and Sonnet are close in terms of magnitude 

and frequency for both inductors, which will further be described with measurements 

in chapter 4. 

3.2 Transition from Inductor to Antenna 

The inductor design process is brought forth through calculations, simulations, 

and measurements, which allowed the characterization of the inductor itself as well as 

the PCB. PCB characteristics are important which is included in the design flow that 

will be discussed in detail. 

Due to the antennas volatility in frequency and bandwidth profile from 

manufacturing, two port inductors are a good option for simulator optimization. 

Through the inductor design process as shown in Fig. 3-15 the simulators are 

optimized. 
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Fig. 3-15 Flow Chart of Design Process 
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Although the inductors design, fabrication, and measurements are in series to the 

antenna, this paper explains them in parallel for organization purposes. The flow 

chart of the proposed design process explains in detail the procedures that are 

performed. After the whole inductor design flow, inductor characteristics are 

determined to be used for the antenna design. 

The dielectric constant of the FR4 is refined experimentally to be £r of 3.8. The 

specified thickness of the substrate is 62.5 mil and the conductor trace thickness 1.4 

mil is experimentally determined to be an accurate representation. The original 

simulations were based on the theoretical conductivity of pure copper to be 5.8x107 

S/m [23], however through the inductor design flow, as shown in Fig. 3-15, it was 

discovered that the value was a lower than expected 1.36 x 106 S/m that is found to be 

optimal for the simulations. With the PCB characteristics determined, the antenna 

design began. 

3.3 Antenna 

The simulations for the antenna will begin first with the radiation pattern, 

directivity and gain, polarization, and impedance bandwidth. 

3.3.1 Radiation Pattern 

The radiation pattern of the E-field in the phi plane is shown in following 

figure Fig. 3-16. 
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Fig. 3-16 E-field Radiation Pattern 

As one may notice, in Fig. 3-16, a main beam exist at 0° created by the reflector. The 

corresponding maximum intensity in theta is shown in the ADS antenna dialog in Fig. 

3-16. From the figure, the beamwidth may also be observed when the field is 3dB 

from the maximum value in terms of angles, seen to be about 30° each way in this 

case [11]. 

3.3.2 Directivity and Gain 

The results of the simulation of the ADS antenna dialog are shown in the 

Table 3-1. The beamwidth is related to the antenna gain and directivity [11]. As with 

47 



intuition, beam width is inversely proportional to the gain and directivity, which is 

high due to the relatively small beamwidth from the previous section. 

Table 3-1 ADS Antenna Dialog 
ADS Antenna Dialog 

Directivity (dB) 
Gain (dB) 

Angle of U Max (theta, phi) 

5.0100565 
5.0031633 

72,0 

The theta angle of directivity for the maximum radiation intensity is 72° in as 

shown in Table 3-1 is 5.01dB. The direction of radiation is the same for the gain, as 

can be seen in (2.21) and (2.22), which ADS simulation shows the gain to be 5.00dB. 

This implies very high efficiency with the equation through (2.23). 

The theta angle vs. the gain may be displayed in the Sonnet simulation, which 

shows reasonably similar results regarding the gain at 72° in Fig. 3-17. 
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Fig. 3-17 Sonnet Theta vs. Gain 
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For the design of a portable GPS handheld antenna mounted within the car, 

the theta angle allows sight to the sky. 

3.3.3 Polarization 

The simulation of the polarization regarding the radiation is discussed in this 

section. The single fed cornered patch in Fig. 2-4 helps create right hand circular 

polarization [34] as shown in Fig. 3-18. 

Fig. 3-18 Right Hand Circular Polarization Pattern 

The direction of the right hand circular polarization is shown to be at 0° theta in Fig. 

3-18 just as the E field in Fig. 3-16. 
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3.3.4 Impedance Bandwidth 

In order to check the resonant frequency and impedance bandwidth profile, 

the proposed antenna of Fig. 2-4 is simulated in both ADS and Sonnet. Fig. 3-19 

shows the S n simulation of the antenna. 

1.4 1.6 
frequency (Hz) x 1 0 

Fig. 3-19 Simulated Sn of Antenna Design 

As can be seen in Fig. 3-19, both simulations are desirable in terms different aspects, 

ADS in terms of the resonant frequency and Sonnet in terms of bandwidth. 
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3.4 Chapter Summary 

The simulations show that the design methodology used in chapter 2 were in 

the correct direction for both the inductors and antenna designs. An important section 

is the 'Transition from Inductor to Antenna,' which is chapter 3 section 2 because the 

complete design flow is presented in Fig. 3-15. As mentioned in the flow, the next 

step is to fabricate and measure the designs, which leads to chapter 4, 

'Measurements.' 
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4 MEASUREMENTS 

This chapter will cover the conditions of measurements, the calibration and de-

embedding, and the measurements for the inductors and antennas. 

4.1 Measurement Conditions 

To be clear, due to the available resources, the measurements were not 

performed in an anechoic chamber. Also, the measurements were not performed 

within an absorbing material box. The measurements were performed in a standard 

lab environment. Typical ambient environment atmosphere are to be considered with 

the measurement results. 

The measurements are performed with a network analyzer with the device 

under test. In order to accurately re-plot the digitized data, MATLAB is used. The 

typical transfer from the instrument data to the PC display is shown in Fig. 4-1. 

Network Analyzer Matlab 

Fig. 4-1 Transfer Data from Network Analyzer to Matlab 
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4.2 Calibration and De-embedding 

For the most accurate results in measurements, both calibration and de-

embedding are needed and are discussed in the two following sections. 

4.2.1 VNA and Calibration 

After fabrication of the PCB inductors, the physical inductors may be 

measured and compared to the simulated. However, before measurement may take 

place, calibration is necessary and vital. 

The inductors are measured on a network analyzer, and to remove the effects 

of everything excluding the device under test, DUT, a calibration technique called 

SOLT meaning short, open, load, thru is performed [35]. 

To calibrate through the SOLT method, one first physically connects a short 

connector, an open connector, a load connector, and a thru connector one at a time to 

both port one and port two of the network analyzer. Essentially the calibration 

process removes the 12 error terms as shows in the following [36]: 
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Table 4-1 Twelve Error Terms 
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reflection 
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directivity 
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reflection 

transmission 
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load 
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load 
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thru 
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The error terms help determine the true four S-parameters of the DUT as shown in the 

following [36]-[37]: 
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In subscript of the error terms, 'e', the notation 0 represents port one from the 

network analyzer side, subscript notation 1 represents port one on the DUT side, 

subscript notation 2 represents port two on the DUT side, and subscript notation 3 

represents the port two the network analyzer side. The subscript 'M' refers to 

measured S-parameters before calibration. 

4.2.2 PCB Trace De-embedding 

Similar to the calibration, the effects of the physical connectors as well as the 

traces between the physical connectors leading to the DUT must be removed. To 

perform that, a de-embedding process is required. The following equations show the 

required procedures to determine the true impedance of the inductor [38]: 

YDUT\ = YDUT - YOPEN (4.5) 

YSHORTX = YSHORT - YOPEN (4.6) 

ZlNDUCTOR = ZDUTl - ZSHORTX (4.7) 

As can be inferred through the equations, additional circuits consisting of an open and 

a short, needs to be added onto the PCB to remove the unwanted effects. The full 

PCB is shown with the de-embedding circuits shown in Fig. 4-2. 
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184 mm 

Fig. 4-2 Fabricated Inductors with De-embedding Circuits 

The main focus of Fig. 4-2 is the inductor labeled "DUT," along with the "Open" and 

"Short" circuits. The other circuits are variations which will later be briefly 

described. 

The de-embedding circuits are very important to remove the unwanted effects, 

as can be clearly seen in Fig. 4-3 for a particular sample inductor, the raw measured 

data is corrected with (4.5), (4.6), and (4.7). 
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Fig. 4-3 Example of the Effects of Trace De-embedding (Using Open-Shorts) 

As can be seen Fig. 4-3, the de-embedding is very useful to show the true inductance, 

resistance, quality factor, as well as the resonant frequency. Also, Fig. 4-3 shows 

spikes that are caused by parasitics are removed. 

Although originally (4.5), (4.6), and (4.7) works for DUTs that are designed in 

silicon [38], conceptually the equations also works on PCB circuits. Essentially the 

de-embedded can be recovered by measuring the non-de-embedded DUT, an open 

circuit, and a short circuit. The short and open circuits have the lengths of the 

unwanted traces omitting the DUT. Finally with the measurements acquired, the 

steps to uncover the impedance characterization are performed through (4.5), (4.6), 
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and (4.7). 

In Fig. 4-2, some interesting conclusions came from designing smaller circuits 

with longer feed lines relative to the DUT. First by analyzing (4.5) and (4.6), 

intuitively, one can see that if resistance per square between the feed trace and the 

DUT are the same, negative impedance may occur if the feed trace length is longer. 

Through experimentation, (4.5), (4.6), and (4.7) are accurate when the length of open 

and short feed traces are much smaller relative to the length of the DUT trace. 

As an experiment, for example, in Fig. 4-2, the accuracy of the smaller 

inductors is seen to highly depend on the length of the feed trace to the length of the 

DUT trace ratio. The DUTs with N=2.5 and N=l .5 turns for both 30 mil and 60 mil 

trace widths were less accurate than the N=3.5, 30 mil and 60 mil circuits. After 

further analysis, the DUT of N=3.5 with 60 mil width has higher accuracy than the 

N=3.5 with 30 mil width. The reason is because the N=3.5 with 60 mil has an 

innately longer DUT trace than the 30 mil DUT trace relative to the same feed traces. 

Experimentally, when the feed trace was less than 13.9% of the DUT trace, the results 

were much more accurate. The smaller the percentage of feed traces relative to the 

DUT traces the better. 

The whole process of calibration and de-embedding ensures confidence in the 

measurements. From this point on in the next sections, the "measured" results are 

regarding the inductors that have been de-embedded. 
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4.3 Inductors 

For the fabrication, an actual layout must be created to be manufactured. In 

addition to the inductors, pads for measurement connectors as well as a clear ground 

connection must be ensured. The two layouts, inductor 'A' and inductor 'B ' are 

shown in Fig. 4-4 and Fig. 4-5, respectively. 

Fig. 4-4 Layout for Fabrication for Inductor 'A' 

Fig. 4-5 Layout for Fabrication for Inductor 'B' 

The detailed dimensions for Fig. 4-4 are shown in Fig. 2-2 and the detail dimensions 
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for Fig. 4-5 are shown in Fig. 2-3. 

After performing calibration and de-embedding, the measurements for the 

inductors are performed. The measured values of DUT from the network analyzer are 

converted into MATLAB for comparison purposes. 

The measured inductor Sn parameters with inductor trace width of 30 mil and 

60 mil are shown in Fig. 4-6 (a) and Fig. 4-6 (b), which are shown of the along with 

the simulated results from ADS and Sonnet. 

(a) (b) 

Fig. 4-6 Measured Sn Parameters of (a) Inductor 'A' and (b) Inductor 'B' 

Through observation, the first part of the measurements at very low frequencies 

follows the simulated; however, the overall profile of Fig. 4-6 (b) provides much 

better results in terms of the trend due to the limits of de-embedding. The shorter 
inductor 'A' DUT trace length is noticeable with the unusual phenomenon in the 

transmission coefficient, S12 in Fig. 4-7 (a). Figure 4-7 (b) due to the larger DUT 

trace length to feed trace ratio is clear that the results are more accurate as expected. 
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Fig. 4-7 Measured Sn Parameters of (a) Inductor 'A' and (b) Inductor 'B' 

S12 corresponds to S21 shown in Fig. 4-8 and Sn corresponds to S12 shown in Fig. 4-9. 

Fig. 4-8 Measured S21 Parameters of (a) Inductor 'A' and (b) Inductor 'B' 
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(a) (b) 

Fig. 4-9 Measured S22 Parameters of (a) Inductor 'A' and (b) Inductor 'B' 

Through observation, geometrically the S-parameters are similar in both 

directions, from port one and port two, in terms of Sn, S12, S21, and S22. 

After S-parameters are measured, the inductance, resistance, quality factor 

needs to be determined. Through the conversion of the S-parameters to Z-parameters, 

the three mentioned parameters may be determined. 

4.3.1 Inductance 

The inductance of inductor 'A' is determined from the converted Z-

parameters as in the simulation chapter 3 with calculation of (3.1). Fig. 4-10 shows 

the result of the calculation and the plot. 

62 



10 
frequency (Hz) 

Fig. 4-10 Measured Inductance of Inductor 'A' Relative to Simulations 

The measurement result that is shown in Fig. 4-10 in relation to the simulations 

shows that overall the inductance is much lower. 

Inductor 'B' in Fig. 4-11, the measured peak inductance occurs slightly before 

the simulation peak does, however, the overall the inductance value follows the 

simulation as seen by the overlap from most of the frequency range. The inductance 

at the operating frequency, 200MHz, is more important than the actual resonant 

frequency, which is close to the simulations and calculations. A tabulated at the end 

of the chapter will summarize the results. 
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Fig. 4-11 Measured Inductance of Inductor 'B' Relative to Simulations 

With the inductances for both inductors presented, the resistance will be discussed. 

4.3.2 Resistance 

The internal series resistances of the two inductors are calculated from the 

converted Z-parameters through (3.2). The measurement for inductor 'A' is shown in 

Fig. 4-12, while the measurement for inductor 'B' is shown in Fig. 4-13. 
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Fig. 4-12 Measured Resistance of Inductor 'A' Relative to Simulations 

,4 
x10 

I : i ; ; 

T ™ ~r ~r ~r i 

10" 
frequency (Hz) 

Fig. 4-13 Measured Resistance of Inductor 'B' Relative to Simulations 
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When comparing the two figures, Fig. 4-12 and Fig. 4-13, the first figure, inductor 

'A' seems to be following the overall profile. However, in further inspection, 

although the peaks are offset, the inductor 'B ' from Fig. 4-13 has also a fairly close 

resistance at its operating frequency. The spike of resistance occurs because at the 

resonant frequency, the inductor becomes an open circuit. The results of the 

inductors will be presented after determining the Q-factor. 

4.3.3 Quality Factor 

The Q-factor, quality factor, gives the capability to compare two different 

inductors. The Q-factor may be determined with (3.3) from the converted Z-

parameters. The measured Q-factor of inductor 'A' is presented in Fig. 4-14, while 

the Q-factor of inductor 'B' will be presented in Fig. 4-15. 

10u 

frequency (Hz) 

Fig. 4-14 Measured Q-factor of Inductor 'A' Relative to Simulations 
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Fig. 4-15 Measured Q-factor of Inductor 'B' Relative to Simulations 

From the presented results of the Q-factor in Fig. 4-14 shows to be less accurate as 

Fig. 4-15, which highly agrees with both simulators. Further comparison of all the 

results will be shown together in the next section. 

4.3.4 Results 

The results of both inductors 'A' and 'B' are presented in terms of the 

calculated values, the both ADS and Sonnet simulations, and the measured. First 

inductor 'A' will be shown in Table. 4-2. 

Table 4-2 Inductor 

L 
R 

Qmax 

Calculated 
55nH 
3.10Q 

33 

'A' Parameter Summary 
ADS 
66nH 
3.95Q. 

37 

Sonnet 
60nH 
4.05O 

36 

Measured 
45nH 
4AQ. 
29 
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The measured Q-factor from inductor 'A' are quite smaller than the calculated and 

simulations. The less than expected Q-factor is due to the smaller inductance, which 

is related to the feed trace to DUT trace ratio. Better results arise from inductor 'A,' 

which has a smaller feed trace to DUT trace ratio, shown in the result summary in 

Table 4-3. 

Table 4-3 Inductor 'B' Parameter Summary 

L 
R 

Qmax 

Calculated 
lOOnH 
2.38ft 

53 

ADS 
119nH 
3.2ft 
52 

Sonnet 
lOlnH 
2.85ft 

55 

Measured 
95nH 
2.9ft 
51 

The table of summarized values in Table 4-3 shows that the inductance, resistance, 

and Q-factor are all within reasonable agreement to the simulations, calculations, as 

well as the design specification. 

4.4 Transition from Inductor to Antenna 

The inductor began with the design and simulation, which led to the fabrication, 

and ended with the measurement. The whole flow and process is described in Fig. 3-

15. The same process is also true with the antenna, where the measurements will be 

described after fabrication. 

4.5 Antenna 

The fabricated GPS antenna of "L-ground plane with lowercase-h configuration 

and cornered patch" is shown in Fig. 4-16. The figure shows the front and back of 

the fabricated antenna. 
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Front Back 

Fig. 4-16 Front and Back Pictures of L-ground Plane with Lowercase-h 
Configuration and Cornered Patch 

Due to the availability of measurement resources, the radiation patterns are only 

simulated; however, the impedance matching and bandwidth are both simulated and 

measured. 

4.5.1 Impedance Matching 

The input impedance is important for maximum power transferred to the 

antenna. The impedance is matched not only for a particular frequency, but also for a 

range where the bandwidth is associated with the matching capability. The simulated 

and measured Sn results are shown in Fig. 4-17. 
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frequency (Hz) 

Fig. 4-17 Measured Sn Parameter Relative to Simulations 

Fig. 4-17 shows that the resonance frequency as well as the bandwidth is 

within reasonable range of the simulations. 

4.5.2 Results 

The results of the antenna measurements are tabulated and summarized in 

Table 4-4 as follows: 

Table 4-4 Summary of Impedance Matching and Bandwidth 
Goal ADS Sonnet Measured 

A from center 0 4MHz 25MHz 6MHz 
BW 297MHz 75MHz 210MHz 250MHz 

Both simulators are close to the measured results in different characteristics. 

In terms of the center frequency, ADS was close, and in terms of the bandwidth 

profile, Sonnet was close. 

Overall, both simulators are important to be used at the same time because 
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they show different aspects of the device designs, which better predicts the results. 

The measured antenna result at 1.5754GHz is |-36d|B, which is sufficient to 

the GPS specifications. 

4.6 Chapter Summary 

This chapter has shown the measurement results for both the inductors and the 

antennas, which are reasonable. As can be seen, the second inductor, which has 

physically longer component traces relative to the feed trace, has provided more 

accurate results, which had helped to characterize the PCB for antenna. With the 

complete design flow complete, the thesis will be concluded in the next chapter. 
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5 CONCLUSION 

This thesis has shown the full flow starting from designing inductors to 

designing antennas through PCB board characterization process. This thesis has fully 

explained the background of inductors and antennas as well as the current field work 

in the introduction. Next, the theory, analysis, and design chapter has addressed and 

organized the essential design parameters. With the design thought process well 

defined, simulations are performed in both ADS and Sonnet, which verifies the 

expected parameters from the design chapter. To determine the practically, the circuit 

boards are fabricated and measured which showed that the design calculations and 

simulations were valid. 

The presented design flow determined very good results in terms of the larger 

inductor and the antenna. The larger lOOnH inductor, earlier denoted as inductor 'B,' 

was much better than the 55nH inductor, earlier denoted as inductor 'A,' as 

mentioned in chapter 4 section 1.2, due to the ratio of the inductor component's trace 

length relative to the feed trace length. Relative to the calculations, ADS simulations, 

Sonnet simulations, the measured inductor 'A' Q-factor value varied from as much as 

27.57% to down to 10.34%, while the Q-factor for inductor 'B' value varied from as 

much as 7.84% to as little as 1.96%. This shows that as long as the inductor 

component trace is reasonably long relative to the feed, the results will be accurate. 

The accuracy helps to determine the PCB characteristics such as the dielectric 

constant, the substrate thickness, and the trace thickness. The results of the antenna 

after the modeled PCB characteristics resulted in a final center frequency of 
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1.5814GHz compared to the 1.5754GHz theoretical and 250MHz bandwidth 

compared to the desired 297MHz. Considering even small manufacturing variations 

create drastic antenna characteristic results, the measured results are good. Also, the 

help of the initial inductor design processes increased accuracy in terms of expected 

variations from optimizing the simulators. 

The significance of this thesis is that it shows a student or one who may be 

interested in antenna design a flow using any available PCB fabrication process. 

Through the proposed method used is described with inductors essential to radio 

frequency and microwave that began the design flow. The presented design flow is a 

valuable contribution to academia. 

This project may be extended in the future. First, analyzing the components 

in an anechoic would be very helpful in further analysis. Secondly, an extension 

would be to determine the upper limitations of the correlations between the inductor 

and antenna in terms of frequencies and size. Lastly, higher inductance planar 

inductors with various cores may be experimentally performed. 
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