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Abstract 

 

Harmonic radars are employed in the entomology field to facilitate the detection and 

tracking of small insects as it requires a radio transceiver to be low mass, in the milligram 

range, enabling the transceiver to be curried by insects.  The focus of this work is to design, 

simulate, fabricate and test two lightweight microstrip antennas to replace the currently 

used parabolic and horn antennas.  Ultimately the radar is to be mounted on a UAV so the 

microstrip technology provides compact lightweight microwave components fitting into a 

relatively small lightweight planar structure.  Microstrip technology combined with 

antenna array theory and modern PCB fabrication techniques were studied and 

implemented as a weight reduction method to produce the antenna system.  The design of 

the antennas was realized after computing full wave 3D electromagnetic simulations during 

the design process where both the transmitting and the receiving antennas are targeted to 

each have a fan shaped radiation pattern with 25° by 5° beamwidth, a 2:1 SWR or better, 

a side lobe level below −10 dB and minimum self-interference.  The antenna system was 

characterized in an anechoic chamber by measuring the main parameters using a signal 

generator, a spectrum analyzer and a vector network analyzer.  The design requirements 

were achieved with antennas weighing 9% of the original components and an SIR of 25.2 

dB was produced when a harmonic transponder was 130 cm away from the transceiver. 
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Chapter 1 

Introduction 

 

1.1 Harmonic Radar System 

Harmonic radar is a nonlinear radar system [1] that proved efficient for detecting and 

tracking small biological objects [2] enabling it to be deployed by entomologists to study 

the movement of small stationary and low flying insects [3] and invertebrates [4].  In order 

for the system to function properly, a nonlinear tag must be mounted on the target.  The 

tag acts as a frequency doubler allowing the radar system to detect the tag even in the 

presence of strong clutter at the fundamental frequency.  Harmonic radar is more complex 

and has less range than conventional radio collar tracking but offers the lowest mass 

transponders available.  Figure 1 illustrates the harmonic radar operation where arrows 

indicate the direction of the wave’s propagation.   

Harmonic radar finds application in tracking insects in instances where they cannot 

carry a heavy radio transponder as today's smallest commercially available transponder is 

over 100 mg in mass where harmonic radar tags can be fabricated with less than 1 mg mass 

[5].  A simple lightweight harmonic tag can be implemented using a nonlinear component 

such as a Schottky diode attached to a thin copper wire [6].  Furthermore, Tags can be 

dipoles [7] [8] [9], monopoles [4] or bowtie antennas [10].  More complex tags can be 

designed using microstrip circuits when high efficiency is required [11].  
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Figure 1: Harmonic radar theory of operation 

Several techniques are used to enable the harmonic radar to measure the distance to the 

transponder.  A simple low resolution distance measurement can be realized by processing 

the power ratio of the transmitted and received signals [12] [10].  The high dependence on 

the received power envelop made this method sensitive to the environment or system loss 

resulting in low range accuracy.  Time delay between the transmitted and received signals 

is also a valid approach for distance calculations.  However, the pulse duration introduces 

a limitation on the shortest detection distances [13] [14].  Finally, spread spectrum 

techniques are also used for distance measurements by correlating pseudorandom codes at 

the receiver with the ones that are transmitted [15] [16]. 

To enable the radar to be elevated using an Unarmed Aerial Vehicle (UAV), lightweight 

antennas are desired which are implemented using printed circuit board technology (PCB). 
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The designed system consists of two main parts as shown in Figure 2:  

I. An active transmitting antenna consists mainly of: 

(a) An eight-way unequal power splitter. 

(b) Distributed power amplifiers to increase the overall gain of the system. 

(c) A microstrip harmonic filter to lower the transmitted harmonic levels. 

(d) Antenna array composed of eight sub-arrays each is a 2x2 array configuration. 

 

II. A receiving antenna consisting of: 

(e) An antenna array to receive the second harmonic of the transmitted signal. 

(f) An eight-way combiner to combine the received signals from each sub-array. 

 

Figure 2: Schematic diagram of the designed antenna system 

 

I.  Transmitting Side II. Receiving Side 

(a) (b) (c) (d) (e) (f) 
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1.2 Thesis Objective 

The main objectives of this research are designing, fabricating and testing an impedance 

matched transmitting antenna in the 10.0 GHz to 10.5 GHz amateur radio band, and a 

receiving antenna operating in the 20.0 GHz to 21 GHz band, with a beamwidth of both 

the transmitting and the receiving antennas of 5° in the H-plane and 25° in the E-plane with 

controlled side lobe levels to facilitate the detection of the tag using a UAV.   

The heavyweight magnetron used by the legacy system must be removed and the 

amplified signal will be achieved using lightweight GaAs power amplifiers (PAs) with the 

cost of reduced peak power.  Another objective of this research is increasing the radar’s 

detection range by lowering the self-interference introduced by harmonics generated by the 

transmitter to increase the receiver’s sensitivity using harmonic filters in the transmitter. 

 

1.3 Thesis Contribution 

Main contributions are subdivided into two main categories: 

1.3.1 Transmitting Antenna: 

A contribution is the design of a 2x4 antenna sub array matched to a 50 Ω line at a center 

frequency of 10.09 GHz and feeding eight of them with an unequal 8-way microstrip 

power splitter.  The four center ports produce higher power than the two on each side to 

reduce the side lobe level.  This will form a full array which contains 16x4 antenna 

elements with a fan shaped radiation pattern with half power beamwidth of 6.4° in the 

H-plane and 23.6° in the E-plane with a realized gain [17] of 18.3 dBi.  A harmonic filter 

is introduced between the PAs and the subarrays, to lower the transmitted harmonic levels, 
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and is implemented by introducing four quarter-wave short-circuited shunt stubs at the 

input of each subarray that act as a band pass filter at the fundamental frequency. 

The second design is the same antenna with the addition of distributed Monolithic 

Microwave Integrated Circuit (MMIC) amplifiers to increase the gain of the transmitter 

while maintaining a low current density to lower the passive intermodulation (PIM) 

introduced in the lines [18].  The power amplifier requires a voltage sequencer with enough 

output current to meet the external biasing requirements for this type of pseudomorphic 

high electron mobility transistor (pHEMT) amplifier. 

1.3.2 Receiving Antenna: 

The second part of this work is designing the receiver’s microstrip antenna array, which 

is an array that is optimized to receive the scattered harmonics of the tag.  The receiving 

antenna is also an array of 16x4 antenna elements fed by an unequal power splitter and has 

a radiation pattern, and half power beamwidth same as the transmitting antenna array.   

1.4 Thesis Structure 

The remainder of this thesis consists of five chapters.  Chapter 2 gives a literature review 

of the planer microwave devices used in this research such as microstrip antennas, filters, 

transmission lines, matching elements, power combiners and power splitters.  Chapter 3 

explores the procedure used to design the microstrip antenna arrays.  Chapter 4 provides 

the main results of the electromagnetic simulations that were computed in the process of 

designing the antennas.  Chapter 5 presents a comparison between the measured results 

versus the simulated.  Finally Chapter 6 summarize the work, drawing conclusions and 

discusses the possibility for future research. 
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Chapter 2 

Planar Microwave Devices 

 

The advances in printed circuit technology opened a new horizon for researchers to 

develop low cost planar microwave devices.  Patch antennas are an example of resonating 

microstrip elements that are capable of efficiently radiating electromagnetic energy into 

free space at the microwave frequency range thus making them a good choice to be used 

in wireless systems when light weight system components are desired.  In addition to patch 

antennas, microstrip technology offers a planer, low profile, light weight and less expensive 

microwave devices, where its compatibility with integrated circuit technology allows it to 

be easily implemented.  The modern advances in PCB fabrication technology along with 

the computational power that is currently available in personal computers assisted 

microstrip technology to be used to design and fabricate transmission lines, power splitters, 

couplers, attenuators, filters and matching circuits [18], enabling it to be an essential part 

of the microwave industry due to its relatively low fabrication cost when components are 

mass produced in addition to the reduced physical complexity compared to components of 

other types.   

The previously mentioned advantages of microstrip technology come with main 

disadvantages such as lower bandwidth, reduced RF power handling capabilities and larger 

ohmic loss than components of other types [19], suggesting that high-frequency PCB 

designers have to overcome such limitations to produce more efficient, reliable and robust 

microstrip microwave components and systems.   
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2.1 Microstrip Antennas 

Antennas are subdivided into two main categories: resonant structures such as 

microstrip patch antennas, dipole and loop antennas; and travelling wave structures such 

as horn, helix and spiral antennas.  Resonant antennas couple energy to free space via a 

structure proportional to the operating wavelength making it efficient over limited 

frequency ranges unlike travelling wave structures that provide a smooth transition to 

couple energy from a guided wave to free space allowing it to have more bandwidth [20]. 

Analogous to the case of half wave dipole antenna; microstrip patch antennas can be 

designed by introducing a conductive element that is a half-wavelength long and of any 

arbitrary profile.  Microstrip antenna elements can be rectangular, circular or any different 

shape.  Figure 3 shows the main shapes used to implement microstrip antenna elements.  

 

Figure 3: Common microstrip patch shapes 

2.1.1 Feed Methods 

The shape of the antenna element determines its electrical characteristics, such as the 

impedance, radiation pattern, polarization and efficiency.  In addition to the element shape, 

the technique used to feed each element plays a major role in determining the high 

frequency characteristics of the structure.  Probe feed, line feed, proximity coupling and 

aperture coupling shown in Figure 4 are the four most popular methods used to excite 

microstrip antennas [21]. 

Circular Triangular Ring Square Rectangular Dipole 
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Figure 4: Common microstrip antenna feed methods 

2.1.2 Methods of Analysis 

The most popular models for analysing microstrip antennas are the transmission line 

model, cavity model and full wave model [21], each has its own features in terms of 

easiness and accuracy.  The simplicity of the transmission line model comes with the cost 

of reduced accuracy and it is used to provide physical insight when accuracy is not a major 

concern. 

While full wave models are extremely accurate and able to treat single elements, finite 

and infinite arrays, stacked elements, arbitrary shaped elements and coupling. It is also 

considered to be very complex compared to the transmission line and cavity models.  

Moreover, the cavity model is a more accurate complex approach than the transmission 

line yet less accurate than the full wave model.   

Copper Substrate 

Probe Feed 

Edge Feed 

Proximity Coupling 

Aperture Coupling 

Top View Side View 
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a) Transmission Line Model:   

The transmission line model is the simplest model among other popular models, it 

represents the rectangular patch as a parallel-plate transmission line of length 𝐿 connecting 

two radiating slots (apertures) each of width 𝑊 and height ℎ, where 𝑧 is the direction of 

propagation of the transmission line [21] as shown in Figure 5.  The structure is essentially 

a nonhomogeneous line of two dielectrics, typically the substrate and free space.  Where 

the electric field is more intense in the substrate and some portion of the electric field is 

present in free space, which means that the transmission line cannot support pure 

transvers-electric-magnetic (TEM) mode of transmission.   

Due to the difference in phase velocities between the air and the substrate the dominant 

mode of propagation is the quasi-TEM mode.  To account for this effect the effective 

dielectric constant 𝜖𝑟𝑒𝑓𝑓 must be taken into account where it is mainly a function of the 

relative dielectric constant of the substrate (𝜖𝑟) and the physical dimensions of the 

microstrip line [22]:  

𝜖𝑟𝑒𝑓𝑓 =
𝜖𝑟 + 1

2
+

𝜖𝑟 − 1

2
 [1 + 12

ℎ

𝑊
]

−
1
2
 

 

 

 

 

 

Figure 5: Microstrip transmission line 

𝑊 

𝜖𝑟 

ℎ 
𝑡 

(2.1) 
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Fringing effects make the microstrip patch look electrically larger than its physical 

dimensions as illustrated in Figure 6.  Where the extra distance to substrate ratio is 

calculated from: 

∆𝐿

ℎ
= 0.412 

(𝜖𝑟𝑒𝑓𝑓 + 0.3) (
𝑊
ℎ

+ 0.264)

(𝜖𝑟𝑒𝑓𝑓 − 0.258) (
𝑊
ℎ

+ 0.8)
 

 

 

   

 

Figure 6: Physical and effective length of patch antenna 

This makes the effective length equal to:  

𝑳𝒆𝒇𝒇 = 𝑳 + 𝟐𝚫𝑳 

For any 𝑇𝑀𝑚𝑛 mode the resonance frequency (𝑓𝑟) for microstrip patch antennas is given 

by:  

𝑓𝑟 =
𝑐

2√𝜖𝑟𝑒𝑓𝑓

√[(
𝑚

𝐿
)

2

+ (
𝑛

𝑊
)

2

] 

Where 𝑚 and 𝑛 are the modes along 𝐿 and 𝑊 respectively [23].  The width that leads to 

good radiation efficiencies is given by [24]:   

𝑊 =
1

𝑓𝑟√𝜇0𝜖0

√
2

𝜖𝑟 + 1
=

𝑣0

2𝑓𝑟

√
2

𝜖𝑟 + 1
 

∆𝐿 ∆𝐿 𝐿 

𝜖𝑟 

𝑊 

(2.2) 

(2.3) 

(2.4) 

(2.5) 
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As seen from the above equation, the optimum width of the patch antenna is inversely 

proportional to the relative dielectric constant of the substrate.  Which suggests that 𝜖𝑟 has 

to be precisely measured to be able to accurately predict the behaviour of the patch antenna. 

Microstrip antennas have a variable impedance along their length, and to be able to deliver 

maximum power to the patch, the feed line should be well matched to the patch.  Impedance 

matching between the feeding line and the radiating patch is essential to ensure the 

maximum power delivery to the patch where the maximum power is transferred when the 

load impedance equals the complex conjugate of the source’s impedance as detailed by the 

maximum power transfer theory [25].   

The inserted feed is a very common feeding mechanism to match the patch antenna to 

the transmission line as seen in Figure 7 (a).  Figure 7 (b) shows [26] work on matching a 

patch element to the feed line by introducing shunt elements.  Figure 7 (c) illustrates 

matching done using a quarter-wave transformer and finally Figure 7 (d) shows coupled 

resonant lines proposed by [27] to ensure efficient matching.   

 

Figure 7: Various techniques to match a microstrip line to a patch antenna element 

(a) (b) 

(c) (d) 
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The current distribution on a patch that is a half-wavelength long is maximum at its 

center and minimum at the edges, the voltage distribution is the opposite where the 

maximum voltage magnitude is at the edges of the patch and its minimum is at the center 

of the patch as shown in Figure 8.  This makes the impedance 𝑍 of the patch to equal zero 

at the center and maximum at the edges of the patch with typical impedance at the edge of 

a patch antenna equal to 200 Ω.  To match the antenna element with purely real impedance 

to the feedline the position of the feed can be inserted to meet the point where the 

impedance of the patch at the feed point equals the characteristic impedance of the 

transmission line allowing maximum power to be transferred to the antenna element [28].  

This approach is true regardless of the feeding method used to excite the element.   

 

  

 

Figure 8: (a) Current distribution and (b) 𝑽, 𝑰, and |𝒁| distribution on a rectangular patch antenna 

b) Full-Wave Analysis 

Transmission line and Cavity models have their limitations due to the basic assumptions 

that are made when using such models.  The assumption of boundary conditions and 
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electric and magnetic walls plus assuming that the thickness is much smaller than the 

wavelength; from that we can see that the main disadvantages are:  

a) The fields in within the cavity are pure TM. 

b) Excitation due to the surface waves is negligible [19]. 

Given the above limitations; full-wave analysis is required when high accuracy is 

required.  Where full-wave analysis solves the full set of Maxell’s equations without any 

simplifying assumption contributing to very accurate results, and used to analyze 

electrically large structures by using fields that are described as time-variant and 

frequency-independent.  Due to the complexity of the analytical solution of Maxell’s 

equations; computational electromagnetics (CEM) is used to provide numerical solutions.  

2.2 Antenna Arrays 

Resonant antennas typically have dimensions of the order of 𝜆/2 which make them have 

low directivity due to the relatively small aperture size.  For long range wireless systems it 

is desired to increase the gain [17] of an antenna as the gain is directly proportional to the 

electrical size of the antenna.  An antenna gain can be increased without enlarging the 

physical dimensions of the antenna elements by forming an array of elements in an 

assembly of electrical and physical configuration [21]. 

An antenna array can be realized with identical elements and the overall radiation 

pattern of the antenna is a function of four main quantities: (a) the radiation pattern of the 

single element that forms the base of the array, (b) array configuration (linear, circular, 

rectangular or any other configuration), (c) spacing between elements and (d) the element’s 

excitation (amplitude and phase).   
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2.1.1 Two Elements Array 

The simplest array can be formed by using two infinitesimal horizontal dipoles 

positioned in the 𝑧-axis.  Ignoring the coupling between elements, the total electric field of 

the array in the 𝑦 − 𝑧 plane shown in Figure 9 is given by:  

𝐄𝑡 = 𝐄1 + 𝐄2 = �̂�𝜃 𝑗 휂
𝑘 𝐼0𝑙

4𝜋
 {

𝑒−𝑗[𝑘𝑟1−(𝛽/2)]

𝑟1
cos 휃1 +

𝑒−𝑗[𝑘𝑟2−(𝛽/2)]

𝑟2
cos 휃2} 

Where 𝛽 is the progressive phase shift between antenna elements.  

 
 

 
 

 

Figure 9: Field due to two infinitesimal dipoles 

Observing the total field in the far-field region make the below assumptions valid: 

휃1 ≃ 휃2 = 휃 

For phase variations:  

𝑟1 ≃ 𝑟 −
𝑑

2
cos 휃 

𝑟2 ≃ 𝑟 −
𝑑

2
cos 휃 
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For amplitude variations: 

𝑟1 ≃ 𝑟2 ≃ 𝑟 

The above assumptions reduce equation 2.6 to:  

𝐄𝑡 = �̂�𝜃 𝑗 휂
𝑘𝐼0𝑙𝑒−𝑗𝑘𝑟

4𝜋𝑟
cos 휃 {2cos 휃 [

1

2
(𝑘𝑑 cos 휃 + 𝛽)] } 

This yields the result that the total field of the array is the same as the field produced by 

a single element (𝐄𝑠) multiplied by a factor commonly referred to as the array factor (𝐴𝐹):   

𝐄𝑡 =  𝐄𝑠 ×𝐴𝐹 

Equation 2.12 is a numerical approach of the pattern multiplication rule [29] and applies 

well to uniform arrays consisting of identical elements fed with the same signal and 

oriented in the same direction. 

2.1.2 Linear Arrays and Planar Arrays 

An array of radiating elements can be in any configuration as shown in Figure 10.   

 

 

 

 

 

 

Figure 10: Array Configurations 

A more general form for the normalized array factor (𝐴𝐹𝑛) can be written as [21]: 

(a) Linear (b) Planar (c) Circular 

𝑑𝑥 𝑑𝑥 

𝑑𝑥 

𝑑𝑦 𝑑𝑦 

(2.10) 

(2.11) 

(2.12) 
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𝐴𝐹𝑛(휃, 𝜙) = {
1

𝑀
 
sin (

𝑀
2 𝜓𝑥)

sin (
𝜓𝑥

2 )
} {

1

𝑁
 
sin (

𝑁
2 𝜓𝑦)

sin (
𝜓𝑦

2 )

} 

Where:  

𝜓𝑥 = 𝑘𝑑𝑥 sin 휃 cos 𝜙 + 𝛽𝑥 

𝜓𝑦 = 𝑘𝑑𝑦 sin 휃 cos 𝜙 + 𝛽𝑦 

The maxima of equal magnitude occurs when the element’s spacing is greater than or 

equal to the half wavelength, this is commonly referred to as the major lobe (or the principal 

maximum).  When element spacing is greater than the half wavelength grating lobes start 

to appear in the far field of the radiation pattern, which are due to the constructive addition 

of the electric field in directions other than the main lobe.  This can be avoided by placing 

the elements in the 𝑥 and 𝑦 directions by a distance less than 𝜆/2.  The remaining lobes are 

known as side lobes. 

The drawback of the above equations is their inability to account for coupling between 

elements which often contributes to mismatching between individual array elements with 

their feed or can result in a distorted radiation pattern [30]. 

2.1.3 Mutual Coupling 

Although grating lobes are eliminated when antenna elements are placed less than 𝜆/2 

apart, antenna elements when placed in an array formation experience mutual coupling 

with each other.  The mutual coupling is inversely proportional to the spacing between the 

array elements, it is also a function of the relative alignment as an alignment in the E-plane 

couple microstrip elements more strongly than if the elements are aligned in the H-Plane.    

(2.13) 

(2.14) 

(2.15) 
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The far-field pattern of an antenna element does not depend solely on the excitation of 

the element by its own generator; it is also a function of the total parasitic excitation. 

Coupling is mainly due to the fields excited because of the space waves, higher order 

waves, surface waves and leaky waves [21] [31] [32].  The mechanism of mutual coupling 

is shown in Figure 11 (a) when the antenna is transmitting and in Figure 11 (b) when the 

antenna is receiving.    

 

 

 

 

  

 

Figure 11: Mutual coupling between two antenna elements 

When transmitting and assuming that antenna 𝑛 is exited and close to antenna 𝑚 as 

shown in Figure 11 (a); at (0) the produced signal from the source travels along antenna 𝑛 

and part of the signal is radiated to free space (1) and toward the neighboring antenna 𝑚 

(2).  Upon reception on antenna 𝑚 some of the energy will be radiated to free space (3), 

and some will travel through the antenna 𝑚 toward the generator (4).  The received signal 
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encounters an impedance mismatch which will reflect the signal and cause it to be radiated 

to free space and towards antenna 𝑛 (5).   

Figure 11 (b) illustrates how two closely spaced antennas are coupled when a signal is 

received from a radiating source located in the far field region.  When a plane wave is 

incident on the antenna pair (0), the wave arrives at antenna 𝑚 first.  A current is induced 

at antenna 𝑚 (1).  Parts of the energy of the incident wave is scattered into free space (2) 

and the neighboring antenna 𝑛 (3).   Due to the mismatch the signal is reflected back along 

antenna 𝑚 (4) and radiating to free space and neighbouring antenna 𝑛.   

2.1.4 Side Lobe Level Reduction 

For highly directional antennas, side lobe level (SSL) is desired to be as low as possible 

to reduce energy wastage and to ensure that most of the electromagnetic energy is radiated 

in the desired direction, which is often the line of sight path between the transmitting 

antenna and the receiving antenna.  Radar systems are extremely sensitive to high side lobe 

level as a high level of a side lobe will impair the radar’s ability to accurately detect objects. 

Side lobe level is mainly affected by the amplitude and phase accuracy, radiation from the 

feed network, mutual coupling, diffraction, element positioning errors and imperfect 

element match [33].  

Array tapering, also referred to as windowing; is a common technique to reduce the side 

lobe levels, where they can be minimized by using a weighting function and by optimizing 

these parameters: number of antenna elements, elements spacing, and window coefficient.  

Most popular windows that are used are: Kaiser, Hamming, Hann and Blackman [34]. 
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2.3 Feed Networks 

In addition to antenna elements, transmission lines can also be designed using microstrip 

technology.  They are a key microwave element that provides the ability to transport 

high-frequency signals making them essential in forming the final feeding network of the 

antenna array.   

2.3.1 Transmission Lines 

The selection of the appropriate transmission line is critical to the design problem as a 

poor choice of transmission lines will produce undesired effects such as; high reflections, 

cross talk, signal loss or high mutual coupling.  Transmission lines can be constructed by 

simply using a trace of a conductive material and a sheet of ground plane separated by a 

dielectric substrate.  Microstrip transmission lines are subdivided into homogeneous lines 

such as striplines, and embedded differential lines, and inhomogeneous lines such as 

microstrip lines, coplanar waveguides [35].  Transmission lines that are commonly used in 

microstrip technology are illustrated in Figure 12: 

 

Figure 12: Most common planar transmission lines 
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Microstrip lines, suspended striplines, and Coplanar waveguides support the Quasi-

TEM mode [36].  Strip line supports a pure TEM mode while Slot lines are a non-TEM 

lines [18]. 

The popularity of microstrip lines is a result of their easiness in terms of designing and 

fabrication, as the characteristic impedance of the line 𝑍𝑜 depends mainly on the width of 

the transmission line for a fixed substrate thickness.  Unlike coplanar waveguides where 

its characteristic impedance depends of the spacing between the transmission line and the 

ground plane in addition to the line width. 

2.3.2 Planar Bends and Transitions 

The limited space on the PCB requires a form of trace routing using transmission line 

bends which are prone to cause reflections Figure 13 (a) shows bend types that can be used 

to minimize reflections.  The selection of the appropriate bend or the matching element can 

lower the overall mismatch of the system, which as a result will lower the reflections. 

Designers also encounter impedance mismatch when transitioning from a transmission 

line of one characteristic impedance to another with a different 𝑍𝑜.  Matching lines with 

different impedances can be accomplished by introducing a matching element such as a 

mitered transition or a quarter-wave transformer as illustrated in Figure 13 (b). 
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Figure 13: Microstrip transitions 

Figure 14 shows the geometry of microstrip quarter-wave transformer. 

 

 

 

 

 

Figure 14: Quarter-wave transformer geometry 

2.3.3 Dividers and Combiners 

In practice, antenna arrays are realized by spacing antenna elements to achieve the 

desired array factor, feeding the elements can be done using a parallel feed, corporate feed, 

or serial feed [29] as shown in Figure 15: 

(a) Circular Edge (b) Mitered Edge (e) Mitered Transition 

(c) Rectangular Cut (d) Staircase Edge (f) Quarter-wave Transformer 

(a) Same Impedance (b) Different Impedances 

𝑊1 𝑍𝑜1 √𝑍𝑜1𝑍𝑜2 𝑍𝑜2 𝑊2 𝑊𝑞𝑤𝑡 

𝜆𝑔/4 
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Figure 15: Common phased array feed architectures 

Microstrip technology has the ability to realize microwave feed networks by 

constructing transmission lines with the proper dimensions. The width of the microstrip 

line is inversely proportional to its 𝑍𝑜 while its length is directly proportional to its 

electrical length.  A microstrip 2-way power splitter can be designed by splitting the line 

into two branches and matching the branches to 𝑍𝑜 using quarter wave transformers as 

illustrated in Figure 16.   

  

 

 

 

Figure 16: Microstrip power splitter 

The point where the two transmission lines meet has a characteristic impedance of:  

𝑍1||𝑍2  =
𝑍1𝑍2
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𝑍𝑄 = √𝑍𝑜(𝑍1||𝑍2)  = √
𝑍𝑜(𝑍1𝑍2)

𝑍1 + 𝑍2
 

𝑍𝑄1 = √𝑍1𝑍𝑜 

𝑍𝑄2 = √𝑍2𝑍𝑜 

The transmission coefficients are:  

𝑆21 =
𝑍2

𝑍1 + 𝑍2
 

𝑆31 =
𝑍1

𝑍1 + 𝑍2
 

The equal power splitter is a special case and can be achieved by selecting transmission 

lines with equal characteristic impedances.  The same structure can be used as a power 

combiner to combine the incident waves at port 2 and port 3.  

2.4 Filters 

Microstrip technology can also be used to design filters.  [37].  Figure 17 shows common 

microstrip filters: 

 

Figure 17: Common microstrip filters  
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Chapter 3 

Antenna Array Design  

 

Designing a microstrip antenna array is a systematic process that involves knowledge 

in electromagnetic theory, patch antenna theory, antenna array theory, simulations tools 

and the fabrication process.  Figure 18 presented by [19] shows the antenna design flow 

chart.   

 

 

 

   

 

    

  

 

 

 

 

 

 

Figure 18: Antenna design procedure 
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3.1 Design Specifications  

The objective of this research is to design two high gain antennas one that transmits in 

the 10 − 10.5 GHz amateur radio band which falls in the X band (8 to 12 GHz), and the 

other that receives in the 20 − 21 GHz band which is part of the K band (18 to 27 GHz) 

[38].  This makes low dielectric loss and low 휀𝑟 tolerance materials a reasonable choice for 

the microstrip substrate.  Unlike FR-4 materials which are suitable for low frequencies, and 

popular in PCBs that are not sensitive to the relative dielectric constant of the substrate or 

when a controlled dialectic constant is not required.  The main design specifications are 

described below:  

Center Frequency (𝒇𝒄): in the 10 to 10.5 GHz band at the transmitter.  The receiving   

antenna is required have a center frequency equal to the transmitter’s antenna center 

frequency multiplied by two. 

Substrate Thickness: 20 to 40 mil (0.508 to 1.016 mm) to be able to realize thin microstrip 

elements in the millimetre range.   

Substrate Dielectric Constant: a low tolerance controlled relative dielectric constant 

using a microwave substrate.  

Radiation Pattern: fan shaped beam to facilitate detection using a UAV. 

Beamwidth: 5° in the H-plane and 25° in the E-plane. 

Polarization: linear. 

Antenna Impedance: 50 Ω at the main port. 

Radiated Harmonics: as low as possible to minimize self-interference. 

Main Connector: 50 Ω SMA connector. 
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3.2 Material Selection 

The choice of the material used to produce the antenna influences the overall design 

process as the electrical properties such as metal conductivity and the complex permittivity 

of the dielectric has to be suitable for microwave frequencies.  A low loss and low dielectric 

constant tolerance material is required to predict the antenna performance accurately at the 

X and K bands.  RO4350B was selected to be used as a substrate with its relative dielectric 

constant equal to 3.66 ± 0.05 and a loss tangent of 0.0037 at 10 GHz and 0.0034 at 

20 GHz.  The thickness of the material was selected to be 20 mil as using thinner material 

will make the antenna less rigged and will result in less bandwidth as the bandwidth in 

directly proportional to the material thickness. 

3.3 Electromagnetic Analysis  

The irregular geometries of actual microwave devices limited the use of analytical 

methods when closed form solutions are not applicable making computational 

electromagnetics (CEM) a vital element in designing and modelling high-frequency 

structures.  CEM is applied to many designs such as antennas, radars, and wireless systems. 

CEM if properly applied to the design problem can predict the 𝑍, 𝑌, ℎ and 𝑆 matrices, port 

impedance, power efficiency, radiation pattern, EM compatibility and EM susceptibility.  

Spice co-simulations are often used with CEM techniques to evaluate the transient and 

steady state response of the system being developed especially when discrete components 

are used in the design or when capturing the full effect of the component’s package is 

required [39].     
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3.4 The Full wave CEM Techniques 

The right choice of the method used to solve the high-frequency problem is critical as 

selection of the right technique will save time, memory and produce more accurate results.  

Commercial tools often use more than one solver to provide its numerical solution for the 

problem.  

The main principle behind all of the CEM methods is to solve Maxwell’s equations 

where every field vector follows the wave equation.  As Maxwell proved that a time 

varying electric field is accompanied by a varying magnetic field at right angles, and vice 

versa [40] he was able to unify the electromagnetic theory into a set of four equations.  

Numerical solvers are used today to produce a solution for Maxwell’s equations using 

numerical methods as below. 

3.4.1 The Method of Moments (MoM) 

MoM is a surface discretization method.  Unlike other methods which are volume 

discretization methods.  MoM is used to solve electromagnetic surface or volume integral 

equations in the frequency domain by converting the integral form of Maxwell’s equations 

into a set of linear equations, where surface and volume currents are the quantities of 

interest and used to provide numerical solution for radiation and scattering problems [41]. 

3.4.2 The Finite Difference Time Domain (FDTD) Method 

FDTD directly solves the differential form of Maxwell’s equations where boundary 

conditions are set in time.  Leap-frogging forms the core of FDTD numerical analysis and 

means that the fields at one time instant depend on the fields at previous time instant [40] 
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and used by FDTD to evaluate a central-difference approximations to compute the space 

and time derivatives [42].   

3.4.3 The Finite Element Method (FEM) 

FEM code divides the domain problem into small elements and solves the differential 

form of the Maxwell’s equations by forming a linear system of equations taking into 

account the boundary conditions.  FEM uses either a variational method or a 

weighted-residual (moment) method to convert the deferential equations and their 

boundary conditions into an integro-differential form [42].  FEM is incapable of solving 

radiation and scattering problems unless it is combined with a boundary integral equation 

solver such as the Method of Moments [43].   

3.4.4 The Finite Integration Technique (FIT) 

FIT solvers discretize the integral form of Maxwell’s equations rather than the 

differential form.  The use of FIT leads to long-term stable and energy-conserving analysis 

[44].  The FIT is heavily used in EM full wave solvers due to its high efficiency in terms 

of both computation time and memory requirements [45]. 

3.4.5 The Transmission Line Matrix (TLM) Method 

The analogy between the circuit theory and field theory is the base of the TLM method 

as TLM method relates the differential form of Maxwell’s equations to the set of 

differential equations describing an infinitesimal transmission line [40].  The TLM solver 

creates a single grid and uses virtual transmission lines to connect the nodes of the 

established grid.  Signal propagation from the source nodes to the adjacent nodes is 
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established through the virtual transmission lines [42].  Table 1 shows the theoretical 

models used by the commercial EM tools. 

Table 1: Models used by commercial EM tools [42] 

SOFTWARE NAME THEORETICAL MODEL COMPANY 

MOMENTUM MoM HP 

FEKO MoM EMSS 

PCAAD Cavity Model Antenna Design Associates 

MICROPATCH Segmentation Microstrip Design, Inc. 

MICROWAVE STUDIO FDTD and FIT CST 

FIDELITY FDTD Zeland 

HFSS FEM Ansoft 

3.5 Antenna Array Design 

Design of the full antenna array was accomplished by selecting the most suitable 

antenna element for the chosen substrate, followed by matching the element to a 50 Ω line 

then designing a two-way equal power splitter to feed the two antenna elements.  After 

designing a two element antenna array an unequal power splitter is used to tapper the 

amplitude of the signal in the E-plane while maintaining the same phase to produce a 2x2 

antenna array.  The resulting structure was then duplicated and fed by an equal power 

splitter to produce a 2x4 sub antenna array.  Finally, the 8 elements array was multiplied 8 

times to produce the full 64 element antenna array and combined using an eight-way 

unequal power splitter to taper the amplitude of the excited signal in the H-palne.  The used 

excited signal has a Gaussian shape in the frequency domain. 

3.5.1 Antenna Element Design 

A rectangular microstrip antenna element was selected to form the fundamental element 

of the antenna which produces linear polarization when fed by a single microstrip line. 
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Impedance matching was achieved by inserting the feed line to feed the point where the 

antenna impedance equals to the line impedance and the dimensions of the patch antenna 

element were optimized to efficiently radiate at the desired frequency.  

3.5.2 Array Factor Selection 

Selection of the array factor is critical to the antenna design.  The coefficients for the 

array factor are selected to achieve the required half-power beamwidth and the desired low 

side lobe level.  The number of elements was calculated using the far field full wave 

analysis results from simulating a single antenna element and using the CST pattern 

multiplication calculator to evaluate the array factor for different number of elements on 

each plane until the desired beamwidth was achieved.   

Table 2 shows the far field analytical results for various antenna array configurations 

when the elements are spaced by 𝜆𝑜/2 and fed with same amplitude and same phase. 

Table 2: Far field data for different array configurations 

Number of Elements HPBW  SLL (dB) Maximum 

Gain (dBi) H-Plane E-Plane H-Plane E-Plane H-Plane E-Plane 

1 1 80.6° 88.6° −18.9 −13.2 6.58 

1 2 80.6° 48.2° −18.9 −18.5 8.84 

1 4 80.6° 24.7° −18.9 −14.2 11.50 

1 8 80.6° 12.4° −18.9 −13.3 14.40 

2 4 48.0° 24.7° −18.9 −14.2 13.70 

4 4 24.7° 24.7° −14.9 −14.2 16.50 

8 4 12.4° 24.7° −13.6 −14.2 19.40 

16 4 6.2° 24.7° −13.3 −14.2 22.40 

 

The 16x4 element array was selected to produce the desired fan shaped radiation pattern.  

However, Feeding each of the array elements by the same amplitude will result in high side 
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lobe level.  Since high SLL is not desired in radar applications, the level of the side lobes 

can be reduced by tapering the feed of the elements with the disadvantage of less gain and 

an increased beamwidth.   

A trade-off between side lobe level and gain was achieved by feeding the eight elements 

on the center of the H-plane by a signal that is 1 dB higher than the four elements on each 

side which reduced the SLL to −16.5° and increased the beamwidth to 6.5°.  By feeding 

the two center elements in the E-plane by a signal that is 3 dB higher; SLL was also reduced 

E-plane to −18.6° and the beamwidth was increased to 27.7°.  Since any antenna array 

with the same array factor will produce the same radiation pattern this made the array factor 

choice suitable for both the transmitting and the receiving antenna if the element spacing 

is the same in wavelengths. 

3.5.3 Four Element Sub-array Design 

A 2x2 sub array is designed by spacing the array elements by 0.5𝜆𝑜 in the H-plane.  

However, the spacing in the E-plane was increased to 0.6𝜆𝑜 to reduce the mutual coupling 

as array elements couple more strongly in the E-plane.   The extra space also provided more 

space to route transmission lines between the antenna array elements.   

Grating lobes needed to be checked on the E-plane after increasing the spacing of the 

elements to a value higher than 0.5𝜆𝑜.  The observed SLL in the E-plane was the same 

when the spacing was 0.5 𝜆𝑜 and also when the spacing was increased to 0.6 𝜆𝑜, suggesting 

that the increment in the spacing of the elements will not produce grating lobes. 

The required tapered feed for the 2x2 sub antenna array was realized using the four-way 

unequal power splitter shown in Figure 19. 
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Figure 19: 2x2 antenna array (a) schematic (b) layout 

3.5.4 Eight Elements Sub-array Design 

A grounded coplanar waveguide power splitter was used to combine the two 2x2 arrays 

to form 2x4 sub antenna array.  Placing the splitter at the bottom layer of the PCB  provided 

more isolation between the feed network and the antenna elements.  The schematic 

illustrated in Figure 20 (a) shows how the 2x2 sub antenna array is connected to the equal 

power splitter.  The layout of the GCPWG power splitter is shown in Figure 20 (b). 

 

 

 

 

 

 

Figure 20: GCPWG equal power splitter (a) schematic and (b) layout 
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The feed point of the 2x2 array was connected to the output port of the GCPWG by a 

through via as illustrated by Figure 21: 

 

Figure 21: Multi-layer routing using a through via (antenna array is not shown to scale) 

3.5.5 Feed Network Design 

A corporate feed network was implemented using Grounded Coplanar Waveguides to 

reduce the crosstalk between microstrip elements.  The spacing between vias that connect 

ground planes in a GCPWG structure is desired to be as low as possible, however, the 

spacing was selected to be 𝜆𝑔/8.  The implemented corporate GCPWG feed network is an 

8-way unequal power splitter placed at the bottom layer of the PCB connected to the input 

port of 𝑆𝑃3 to form the full 16x4 antenna array as shown in Figure 22.  The feed network 

includes two GCPWG splitters (SP5) to provides the required amplitude tapering to reduce 

the side lobe level. 
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Figure 22: 8-way power splitter implemented in the bottom layer 

The analytical array factor was calculated by adding the transmission coefficients along 

each path that feeds the antenna elements.  Figure 23 shows the amplitude of the excited 

signal for each of the 64 antenna elements relative to the power at the main input. 

 

Figure 23: Relative excitation amplitude of each antenna element in dB 
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The presented amplitude levels were calculated analytically by only considering the 

transmission coefficients for the ideal power splitters.  In reality the splitters will have an 

insertion loss that is constant for all of the splitters provided that the used transmission line 

have the same length.  The constant insertion loss will still produce the same array factor. 

Three conductive layer PCB is difficult to fabricate as Multi-layer PCB fabrication is 

done by combining two sided boards with a prepreg resulting in an even number of layers.  

RO4450B is a 4 mil (0.101 mm) Bond-Ply that was selected to be used in the antenna 

structure due to its compatibility with RO4350B material as it has a relative dielectric 

constant 𝜖𝑟 of 3.52.  Conductive layers, dielectric layers and vias are illustrated in Figure 

24 by showing a cross-sectional view of a four-layer PCB that has two sided boards 

combined by a perpreg.  

 

 

 

Figure 24: Layer stack up and various vias 

The selected vias outer diameter is 0.5 mm with a hole diameter of 0.4 mm for both the 

through and blind vias.  Through vias were used to connect the two inner ground layer as 

buried vias are difficult to fabricate.  
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3.6 Power Amplifier Design 

To increase the gain of the transmitter; power amplification is required and it is achieved 

using distributed pHEMT power amplifiers implemented at the output of the 8-way 

unequal power splitter where the output of each power amplifier is connected to the inputs 

of the 2x4 sub-arrays.  The HMC952ALP5GE is a Monolithic Microwave Integrated 

Circuit (MMIC) manufactured by Analog Devices that operates in the X band and has an 

input impedance and output impedance matched to a 50 Ω line.  The power amplifier has 

a gain of 32 dB and a 1 dB compression point (P1dB) output power of 34 dBm.  Where 

P1dB is the point at which the output power of the amplifier is 1 dB lower than the 

theoretical linear power performance [46].  Integrating the PAs with the transmitting 

antenna is expected to produce a peak output power of 43 dBm. 

The HMC952ALP5GE is a multistage power amplifier and requires a power supply 

decoupling configuration at the input of its multiple drain and gate power supply pins.  

Power supply decoupling is achieved using multiple decoupling capacitors placed as close 

as possible to the amplifier.  Figure 25 shows the schematic of connecting the decoupling 

capacitors to the power amplifier as the lowest capacitance must be closest to the amplifier 

where: 𝐶1 = 4.7 𝜇𝐹, 𝐶2 = 10 𝑛𝐹 and 𝐶3 = 100 𝑝𝐹.  Three shunt capacitors are required 

as each capacitor will act as a band stop filter instead of a low pass filter due to its parasitic 

inductance making the value of the capacitor inversely proportional to the frequency band 

that it is able to filter [47].  This makes the order of how the capacitors are placed significant 

to accomplish a good power supply decoupling as placing the capacitor that filters the 

highest frequency components far from the amplifier will leave a chance for the high 

frequency components to be regenerated after filtering them. 
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Figure 25: HMC952ALP5GE power amplifier 

Eight distributed power amplifiers are used to increase the level of the transmitted 

power.   Each power amplifier is offset by 𝜆𝑔/4 to provide better impedance matching to 

insure that any reflected signals will be 180° out of phase when recombined at the power 

splitter feeding the two amplifiers. 

The amplifiers require an external biasing circuit that should be able to provide a 

negative voltage of up to −2 𝑉 at the gate of the amplifier and +6 𝑉 at its drain.  The 

amplifier is properly biased when the drain current is 1400 𝑚𝐴.  Since the drain of the 

amplifier is low impedance when the gate voltage is zero a biasing sequence must be used 

to insure that the positive drain voltage is applied after making sure that the gate has its 

negative voltage, where a failure to apply the correct biasing sequence will result in a 

destroyed amplifier.  Figure 26 presents the block diagram of the bias sequencer. 
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Figure 26: Bias sequencer diagram 

The LM3880MF-1AD is a SMD that produces logic high flags 240 𝑚𝑠 apart to signal 

the power up and power down of the power supplies of the amplifier.  However, since the 

gate is high impedance; the resistance of the potentiometer must be carefully selected as 

low resistance will provide a faster settling time than a potentiometer with smaller 

resistance as shown in Figure 27 with a cost of higher drawn current.  

 

Figure 27: Gate voltage using different potentiometers 
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3.7 Harmonic Filter Design 

Nonlinearities in the feed network or the power amplification stage will produce 

harmonics and cause self-interference with the receiver.  A band pass filter to pass the 

fundamental frequency and suppress the second harmonics was designed using a series of 

shunt short-circuited quarter-wave transmission lines.  A short circuited transmission line 

acts as an open line at the fundamental frequency and short at the second harmonic when 

its electrical length equals to 90°.  Introducing more shut short-circuited transmission lines 

will increase the order of the filter and provide better filtering at the cost of increased size 

and increased insertion loss at the fundamental frequency.  

GCPWG provides direct accessibility to the ground layer placed on the same layer as 

the shunt transmission line allowing for easier implementation.  Figure 28 shows the 

schematic diagram and layout of the harmonic filter. 

 

   

 

Figure 28: Microstrip Short circuited quarter wave stubs harmonic filter  
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Chapter 4 

EM Simulations 

 

To accurately predict the RF characteristics of an antenna; full wave 3D electromagnetic 

simulations were computed using CST Microwave Studio.  The 3D EM simulations where 

performed after creating a 3D drawing of the antenna structure using the built-in 3D 

modeller and assigning materials to each drawn block.  After the model was created, each 

physical dimension was parametrized to observe the effect of dimensional variations on 

the electromagnetic properties of the antenna.  

3D EM solvers require a port to be defined, for low frequency problems a lumped port 

can be defined when the dimensions are smaller than the wavelength.  However, for high 

frequency problems, waveguide ports are used for the excitation of the signal.  

4.1 Antenna Element Design 

The choice of the antenna element and the used feed method were made after simulating 

different feed methods.  The probe feed is not desired due to the implementation difficulty 

that is imposed.  Any three-layer structure is also not desired because of the limitation of 

the fabrication process.  Radiation from the aperture coupled antenna resulted in a 

decreased front to back ratio making the edge fed method most suitable for a radar 

application.  Figure 29 shows a comparison between the radiation pattern of an edge fed 

and aperture coupled rectangular antenna element.  
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Figure 29:  Line Feed vs Aperture Coupled radiation patterns at 10.2 GHz 

4.2 Unequal Power Splitters 

The unequal four-way splitter placed on top layer that was suggested in Figure 19 and 

the unequal GCPWG two-way power splitter (SP5 in Figure 22) were simulated with a 

waveguide port attached to each port to verify their transmission coefficients.  Figure 30 

provides the simulated results for the four-way power splitter and a comparison between 

the simulated magnitudes with the expected is presented in Table 3. 

Table 3: Simulated verses expected transmission coefficients for the unequal power splitters 

Splitter Layer 
Result at 

10.2 GHz 

Transmission Coefficient (dB) 

𝑺𝟐𝟏 𝑺𝟑𝟏 𝑺𝟒𝟏 𝑺𝟒𝟏 

Four-Way Splitter Top 
Simulated −7.87 −5.66 −5.62 −7.98 

Expected −7.70 −4.70 −4.70 −7.70 

Two-Way Splitter Bottom 
Simulated −4.32 −2.99 − − 

Expected −3.60 −2.60 − − 
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Figure 30: Top layer 4-way unequal power splitter response 

Figure 31 shows the response of the two-way unequal power splitter. 

 

Figure 31: 2-way unequal power splitter response 

The obtained results prove that the splitters are impedance matched and able to provide 

the required tapered amplitude to lower the SLL.  
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4.3 Harmonic Filter 

Connecting harmonic filters, that were designed using four short circuited stubs, to the 

output ports of SP4 confirmed the performance of the filter.  Figure 32 presents the 

simulated results and shows how the amplitude of the harmonics is attenuated by at least 

31 dB on each port in the 20 to 21 GHz band while the signal at the fundamental frequency 

can pass through the filter without being suppressed.  

 

Figure 32: 2-way power splitter frequency response 

4.4 Feed Network 

To confirm if the eight-way GCPWG unequal power splitter placed on the bottom layer 

is properly functional; the splitter which consists of four SP4, two SP5, one SP6 and eight 

harmonic filters was simulated at the X band and at the K band.  The tapered amplitude at 

the fundamental frequency is illustrated in Figure 33 and shows that the transmission 

coefficients for the four center ports are 1 dB higher than the ones at the edges. 
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Figure 33: Transmission coefficients for the 8-way power splitter at X band 

Figure 34 shows the filtering performance of the splitter at the harmonic frequency by 

illustrating the high value of the reflection coefficient and the extremely low magnitude of 

the transmission coefficients in the K band. 

 

Figure 34: Scattering coefficients for the 8-way power splitter at K band 
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Feeding the 2x2 sub-antenna array using the same method as the antenna that operates 

in the X band resulted in a high side lobe level due to the radiation form the transmission 

lines on the bottom layer.  Therefore, the feed method was altered to a T-type feed 

illustrated in Figure 35.  Figure 36 shows the radiation pattern for the two feed methods. 

 

Figure 35: Different feed types used to feed the 2x2 sub-antenna array 

 

Figure 36: Radiation pattern for different feed methods at 20.4 GHz 

(a) C-Shaped Feed (a) T-Shaped Feed 
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4.5 Full Antenna Array Return Loss 

The optimized return loss of the antenna array at different stages of the design is shown 

in Figure 37 and Figure 38 for various antenna array configuration. 

 

Figure 37: Return loss for various stages of the transmitting antenna 

 

Figure 38: Return loss for various stages of the receiving antenna 
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4.6 E-Field Distribution 

3D EM solvers allow antenna designers to observe the electric field at any cross section, 

this aids in visually inspecting the crosstalk between microstrip elements and view the 

radiated near field.  Viewing the E-field on the surface of each copper layer helps verifying 

the implemented array factor by determining if the array elements are fed in phase and 

confirms the relative field amplitude.  Figure 39 shows the E-field on the top layer and 

Figure 40 shows the E-field on the bottom layer for the transmitting antenna at 10.2 GHz. 

 

Figure 39: E-Field at top layer for the transmitting antenna 10.2 GHz 

 

Figure 40: E-Field at bottom layer for the transmitting antenna 10.2 GHz 
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Figure 41 shows the electric field for the receiving antenna at 20.4 GHz on top layer while 

Figure 42 show the electric field for the same antenna at the bottom layer. 

 

Figure 41: E-Field at top layer for the receiving antenna 20.4 GHz 

 

Figure 42: E-Field at bottom layer for the receiving antenna 20.4 GHz 

 

4.7 Final Simulations Results 

Full wave analysis was computed in the time domain for both antennas to produce the final 

results shown in Table 4 by exciting the main port of the antenna with a signal that has a 

Gaussian frequency response that has an average power of 0.5 Watts.  Dimensions of each 
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microstrip component were optimized at each stage of the design prior to moving to the next 

design level then optimized again after adding each component until the final design structure 

was reached.  Continuous optimization is required as the complexity of the problem increases 

by adding any extra element or component which introduces frequency shifts, undesired 

radiation, reduced gain or impedance mismatch. 

Table 4: 3D EM simulations Results 

Parameter Unit Tx Antenna Rx Antenna 

Center Frequency (𝒇𝒐) GHz 10.200 20.416 

Bandwidth MHz 218 525 

IEEE Gain dBi 19.1 18.1 

Realized Gain dBi 18.7 18.0 

Beamwidth at H-field ° 6.4 6.2 

Beamwidth at E-field ° 24.4 25.8 

SLL at H-plane dB −15.1 −13.5 

SLL at E-plane dB −11.8 −9.3 

Front-to-back Ratio dB 20.74 14.41 

Directivity dBi 22.1 20.0 

Excitation Signal Type - Gaussian Gaussian 

𝑷𝒊𝒏 Average Power W 0.5 0.5 

Maximum E-field  𝑉/𝑚 47.2 43.6 

Maximum H-field 𝐴/𝑚 0.125 0.116 

Maximum Power Density  𝑊/𝑚2 5.92 5.04 

Radiation Efficiency % 50.35 64.71 

Total Efficiency % 45.92 64.27 

Length 𝑚𝑚 265 137.5 

Width 𝑚𝑚 114 63 

Mesh Cells - 22,254,288 25,097,436 
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Chapter 5 

Results 

Antenna testing was done in an anechoic chamber as shown in Figure 43.  The return 

loss of the antenna was measured using a calibrated vector network analyzer (VNA), and 

the radiation pattern was measured using the same VNA by utilizing two of its ports and 

spacing the two antennas by a distance of 2𝐷2/𝜆 to ensure that the range antenna is in the 

far field of the Antenna Under Test (AUT), where 𝐷 is the largest dimension of either 

antenna.  Gain measurements are obtained using the gain transfer method by replacing the 

AUT by an antenna with a known gain.  When measuring the radiation pattern the received 

signal has to be above the noise floor of the VNA and this is accomplished by reducing the 

IF bandwidth of the instrument to 5 𝑘𝐻𝑧 and using a sweep time of 100 𝑚𝑆. 

 

 

Figure 43: Antenna test setup 
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5.1 Fabricated Antennas 

Three antennas were fabricated toward producing the final results.  The first fabricated 

antenna was the transmitting antenna while the second antenna was an active antenna same 

as the first antenna with the introduction of staggered power amplifiers to increase the ERIP 

of the transmitter.  Finally the receive antenna was fabricated to receive the harmonics 

scattered by the nonlinear transponder.  All of the fabricated antennas have a 50 Ω SMA 

connecter attached to its main input, the SMA connector has a maximum VSWR of 1.05 in 

the X band and 1.5 in the K band.  The passive transmitting antenna design yielded a center 

frequency of 10.2 GHz which was also expected to be the center frequency of the active 

transmitting antenna.  Subsequent to the transmitting antenna fabrication and testing a 

receive antenna was designed to operate at 20.416 GHz. 

Figure 44 (a) shows the fabricated transmitting antennas, while Figure 44 (b) shows the 

fabricated transmitting antenna with the addition of the staggered power amplifiers and its 

DC biasing circuit.  The receiving antenna is shown in Figure 45. 

 

Figure 44: Fabricated transmitting antennas 

(a) Passive Transmitting antenna (b) Transmitting antenna with power amplifiers 
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Figure 45: Fabricated receiving antenna  

The radiation pattern plots were measured for both the H-plane and the E-plane with 

antennas separated by 440 𝑐𝑚 for the X band measurements and 190 𝑐𝑚 for the K band 

measurements to ensure that the far field of the AUTs is being measured.  The orientation 

of the antenna for each plane measurement is as illustrated in Figure 46. 

 

Figure 46: Antenna orientation for radiation pattern measurements 
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The gain transfer method was used to measure the gain of the fabricated antennas by 

comparing the gain of the AUT to an antenna of a known gain [21].  This method requires 

a range antenna and a reference antenna with a known gain.  The used reference antennas 

are presented in Table 5. 

Table 5: Used reference antennas 

Antenna Type Band Manufacturer Model Number Gain (dBi) 

Horn [48] X NARDA 640 16.4 at 10.3 GHz 

Horn [49] K A − INFO 𝐿𝐵 − 42 − 25 23.9 at 20.5 GHz 

5.2 Transmitting Antenna 

The return loss of the first fabricated antenna was measured to verify the impedance 

match of the antenna to a 50 Ω line.  Figure 47 compares the measured return loss versus 

the simulated.   

 

Figure 47: Measured return loss of the transmitting antenna in the X band 

 



 

54 

 

The measured antenna has a center frequency of 10.09 GHz which is 1.1% lower than 

the 10.2 GHz expected from the simulation, which might be because of the tolerance of the 

fabrication process or it could be because of the added SMA connector as it was not 

included in the 3D simulated model.  The ripples shown in the measured frequency 

response suggests the presence of a multipath.  Such as that caused by the SMA connector. 

The measured gain pattern compares very well to the simulated as shown in Figure 48. 

The plots do not exactly fit due to the feed cable that was used in the measurements and 

was not part of the simulations.  The measured SLL in the H-plane is 1.7 dB higher than 

that simulated while it is the same as the simulated in the E-plane.  A 0.4 dB lower gain 

was observed in the measurement while the HPBW matches in the H-plane.  The measured 

beamwidth is 1.3° narrower in the E-plane.   

 

Figure 48: Measured gain pattern of the transmitting antenna at 10.1 GHz 

The measured realized antenna gain in the X band is presented in Figure 49. 
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Figure 49: Measured realized antenna gain in the X band 

The measured 3 dB return loss of the transmitting antenna at the harmonic frequency 

(20.4 GHz) shown in Figure 50 confirms the filtering ability of the short circuited harmonic 

stubs as most of the signal will be reflected when transmitting at the harmonic frequency.   

 

Figure 50: Measured return loss of the transmitting antenna in the K band 
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As expected the harmonic filters are effective in suppressing the signal in the 20 to 

21 𝐺𝐻𝑧 band as the measured radiation pattern presented in Figure 51 shows that the antenna 

is inefficient in radiating frequencies in the K band from the top layer as the filters are 

introduced to the feed network before the signal is transported to the top layer.  Most radiated 

energy is radiated from the bottom layer of the antenna where the radiation from the bottom 

layer is because of the standing wave that is formed on the portion of the feed network prior 

to the harmonic filter stage. 

 

Figure 51: Measured realized gain pattern of the transmitting antenna at 20.2 GHz 

The measured maximum realized gain of the transmitting antenna in the K band is 

shown in Figure 52.  The maximum realized gain was observed to be always at the back 

side of the antenna. 
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Figure 52: Measured realized gain of the transmitting antenna in the K band 

5.3 Transmitting Antenna with Distributed Power Amplifiers 

The addition of eight distributed PAs to the transmitting antenna provided better 

impedance match in the X band.  The improved impedance match can be largely attributed 

to the 90° offset in the amplifier feed network resulting in any amplifier reflections 

cancelling.  

Adding the PAs also resulted in an enhanced radiation pattern in terms of SLL, radiation 

from the back side and front to back ratio.  Less radiation was observed from the feed 

network which might be because of the implemented staggered configuration that 

prevented standing waves from being created on the transmission lines that were used in 

the bottom layer.  Gain was also increased by 0.7 dB at 10.1 GHz which might be just 

because of the accuracy of the amplitude measurements.  The measured realized gain 

pattern at 10.1 GHz is shown in Figure 54.  
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Figure 53: Measured return loss of the transmitting antenna with PAs in the X band 

 

Figure 54: Realized gain pattern of the active antenna at 10.1 GHz 

The realized gain for the antenna with the PAs is presented in Figure 55. 
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Figure 55: Measured realized gain of the Tx antenna with PAs in the X band 

Two voltage sequencers were implemented and tested to meet the external bias 

requirements for the pHEMT power amplifiers, the first sequencer is a low current voltage 

dependent controller and was implemented using MAX881REUB+.  This option is ideal 

to power one amplifier.  However, using this approach to power 8 amplifiers was 

challenging due to the fact that each amplifier requires a different gate voltage to be 

properly biased.  The second option was successfully implemented and tested using an  

LM3880MF which provides a constant time delay of 240 ms between the gate and the drain 

allowing sufficient time for each gate of the power amplifiers to reach the required negative 

voltage.  Fine tuning the bias currents was achieved using SMT potentiometers where the 

current of each amplifier was measured using 5 mΩ current sense resistor. 

Since the major power consumption occurs when the drain voltage is applied, a 

reduction in power dissipation of the amplifiers is required to reduce the temperature of the 

structure and to increase the battery life where this can be achieved by keying the +6 volts 
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voltage regulator using a control signal.  The drain of the amplifiers needs 4 𝑚𝑠 to rise and 

1 𝑚𝑠 to fall as shown in Figure 56, which introduces a limitation on the allowed switching 

frequency (𝑓𝑠) and the used duty cycle (𝐷) as below equation: 

𝑓𝑠 ≤
𝐷 

5 𝑚𝑠
 

The body of the amplifier was connected to the two internal ground layers and the 

grounded copper on the top layer which act as a heat sink.  No fans are required to provide 

air ventilation when the amplifiers are operating with a duty cycle of less than 30%.  

However, operating with such duty cycle will reduce the spatial sampling resolution when 

operated from a UAV.  Therefore, using fans or making sure that a good air flow is present 

will permit the amplifiers to safely operate at higher duty cycles. 

 

Figure 56: Vgg rising edge and falling edge 

(5.1) 
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5.4 Receiving Antenna 

The measured center frequency of the receiving antenna has a frequency shift that is 

4.6% below what was expected from the simulations, a lower gain and higher SLL than 

expected were also observed.  This might be due to the errors introduced by the material 

tolerance and the tolerance of the fabrication process or it might be due to the imperfect 

matching of the SMA connector to the antenna at the K band.  Tolerances in the fabrication 

process cause larger errors in the receiving antenna because at the double the frequency the 

wavelength is half.  The return loss of the Rx antenna in the K band is shown in Figure 57. 

 

Figure 57: Return loss of the Rx antenna in the K band 

The realized gain pattern of the Rx antenna at its center frequency of 19.7 GHz is 

presented in Figure 58.  
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Figure 58: Measured realized gain pattern of the receiving antenna at 19.7 GHz 

The realized gain of the receiving antenna in the K band is plotted in Figure 59. 

 

Figure 59: Measured realized gain of the Rx antenna in the K band 

Although, the receiving antenna was designed to operate at 20.2 GHz, the measurements 

indicate peak performance at 19.7 GHz.  The spectrum allocation dictates that the 
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frequency of operation of the receiver must fall in the 20 to 21 GHz band, so performance 

at 20.1 GHz was recorded.  The gain pattern of the Rx antenna was also measured at 20.1 

GHz and is illustrated in Figure 60. 

 

Figure 60: Measured realized gain pattern of the receiving antenna at 20.1 GHz 

 

5.5 System Level Measurements 

5.5.2 RF Measurements 

Since the active transmitting antenna is not perfectly linear; second harmonics are expected 

to be generated and possibly radiated to free space.  This is undesired as the radiated 

harmonics from the transmitter will interfere with the receiver and limit the ability of the 

radar to detect tags.  The received signal from the tag by the receiving antenna (𝑃𝑟𝑇) 

relative to the received harmonics radiated from the transmitter (𝑃𝑟𝑆𝐼) forms a signal to 

self-interference ratio (SIR) described by equation 5.2: 
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𝑆𝐼𝑅 =
𝑃𝑟𝑇

𝑃𝑟𝑆𝐼
 

The same tag from [6] was successfully detected in an anechoic chamber using the 

fabricated antenna system when the fabricated transmitting and receiving antennas are 

placed side by side as they would be mounted on a UAV as shown in Figure 61 where the 

shaded arrows indicate the direction of the signal’s propagation. 

 

 

 

Figure 61: Tag detection setup 

The purpose of this test is to identify the frequency in the 10 to 10.5 GHz range that yields 

the best SIR; this will be selected as the operating frequency (𝑓𝑜). 

The SIR is presented in Figure 62 and was measured by applying a 0 dBm signal from 

the signal generator (SG) with an edge to edge separation of the antennas of 45 𝑐𝑚 while 

the tag was 130 𝑐𝑚 away from both of the antennas.  A spectrum analyzer (SA) was set to 

zero frequency span and a resolution bandwidth of 7.5 𝐻𝑧 with a noise floor of −130 dBm 

and a sweep time of 2 seconds while the amplifier had a 50% duty cycle with its 𝑓𝑠 set to 
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0.5 Hz. The measured SIR shows that selecting the frequency of operation 𝑓𝑜 to be 

10.05 GHz is the ideal choice as it has the highest SIR. 

 

Figure 62: SIR vs fundamental frequency 

The level of radiated harmonics varies with the transmitted power, as injecting more 

power to the antenna will cause the power amplifiers to saturate which results in a clipped 

waveform of the output signal, causing the transmitter to produce more harmonics.   

The power level of the harmonics received by the receiving antenna without the 

presence of the harmonic tag (𝑃𝑆𝐼) was measured for different power levels with an edge 

to edge separation between the transmitting and the receiving antennas of 45 𝑐𝑚.  𝑃𝑆𝐼 

versus the input power is plotted in Figure 63. 

Having selected the optimum frequency of 10.05 GHz the next step is to quantify the 

interference signal which will enable the system designer to predict the overall range 

performance.  In this case we see that an increase in input power from 0 dBm to +2 dBm 



 

66 

 

yields a 5 dB increase in the received harmonic interference signal while the level of 

radiated harmonics are the same when the input power is between +2 and +4 dBm. 

 

Figure 63: Radiated harmonics vs input power 

Operating with an input power of 4 dBm produced a peak transmit power (𝑃𝑡) of 

31.9 dBm.  The measured output power is 3.1 dB lower than the expected value and this is 

because of using a bias current of 1000 mA for each amplifier instead of the 1400 mA bias 

current that was recommended by the manufacturer.  Setting the bias current to a lower 

value produced a system that is less sensitive to temperature variations.  

5.5.2 Weight Measurements 

A weight reduction of 90.98% was achieved and confirmed when the main components 

of the legacy system were weighted and compared with the weight of the fabricated 

microstrip antennas that will be used in the system as shown in Table 6. 



 

67 

 

Table 6: A weight comparison between the weight of the old system and the new system 

Parameter Component Type 
Weight 

(gram) 

Total Weight 

(gram) 

Old 

System 

Magnetron Vacuum Tube 422.16 

1837.53 
Transmitter PCB 315.80 

Tx Antenna Parabolic 634.75 

Rx Antenna Horn 464.82 

New 

System 

Tx Antenna Microstrip 94.10 - 

Tx Antenna 

with PA 
Microstrip 137.78 

165.81 

Rx Antenna Microstrip 28.03 

5.6 Final Measured Results 

Table 7 shows a summery of the measured results with 𝑓𝑐 based on the impedance for 

the transmitting and receiving antennas while it is based on the maximum gain for the 

active transmitting antenna.  Table 8 presents the measured results at 𝑓𝑜 to show the 

performance of the antennas at the selected frequency of operation. 

Table 7: Measured results at 𝒇𝒄 

Parameter Unit Tx Antenna 
Tx Antenna 

with PA 
Rx Antenna 

Center Frequency (𝒇_𝒄 ) GHz 10.09 10.11 19.68 

Return Loss at (𝒇_𝒄 ) dB −26.0 −14.3 −19.8 

Impedance Bandwidth MHz 130 1327 880 

3 dB Gain Bandwidth MHz 408 308 1430 

Realized Gain dBi 18.3 19.0 15.9 

Beamwidth at H-field ° 6.40 6.62 6.53 

Beamwidth at E-field ° 23.10 23.58 23.61 

SLL at H-plane dB −13.4 −13.3 −11.4 

SLL at E-plane dB −11.8 −14.0 −7.27 

Front-to-back Ratio dB 21.6 17.0 9.2 

Weight gram 94.10 137.78 28.03 
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Table 8: Measured results at 𝒇𝒐 

Parameter Unit 
Tx Antenna 

with PA 
Rx Antenna 

Operation Frequency(𝒇𝒐) GHz 10.05 20.10 

Return Loss at (𝒇𝒐 ) dB −13.7 −11.0 

Realized Gain dBi 18.3 12.8 

Beamwidth at H-field ° Same as 𝑓𝑐  6.48 

Beamwidth at E-field ° Same as 𝑓𝑐  26.63 

SLL at H-plane dB Same as 𝑓𝑐  −11.2 

SLL at E-plane dB Same as 𝑓𝑐  −3.38 

Front-to-back Ratio dB Same as 𝑓𝑐  19.0 

5.7 Results Verification  

The measured results for the transmitting antennas agree very well with the design 

specifications.  The designed system was able to detect a milligram harmonic transponder 

in an anechoic chamber within a distance of 437 cm.  However, the receiving antenna 

suffers from high SLL and a shifted center frequency.  Table 9 shows how well the 

measured results agree with the design specifications: 

Table 9: Comparison between the design specifications and the measured resutls 

Specification Unit 
Tx Antenna with PA Rx Antenna 

Target Measured Target Measured 

Operation Frequency (𝒇𝒐) GHz 10 𝑡𝑜 10.5 10.11 20 𝑡𝑜 21 20.10 

Return Loss at (𝒇𝒐) dB < −10 −14.3 < −10 −11.0 

Beamwidth at H-field ° 5 6.62 5 6.48 

Beamwidth at E-field ° 25 23.58 25 26.63 

SLL at H-plane dB < −10 −13.3 < −10 −11.2 

SLL at E-plane dB < −10 −14.0 < −10 −3.38 

SIR dB 
As high as 

possible 25.21 − − 

Weight gram Lightweight 137.78 Lightweight 28.03 
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Conclusions 

 

Weight reduction of the harmonic radar system was successfully achieved using 

microstrip technology, antenna array theory and the modern 3D EM simulation tools by 

designing 64 element lightweight transmitting and receiving antenna arrays to replace the 

heavyweight antennas allowing the radar to be carried by a UAV.  The fabricated antenna 

system was able to detect a harmonic transponder within a distance of 437 cm.  The 

fabricated active transmitting antenna has a center frequency of 10.09 GHz and was 

engineered to produce a fan shaped beam of 6.62° in the H-plane and 23.58° in the E-plane 

with a reduced SLL which was archived by tapering the amplitude at the array edges.  The 

transmitting antenna also features an integrated microstrip harmonic filter to lower the 

levels of the self-interference caused by the radiated harmonics due to the nonlinearities of 

the transmitter and was implemented using quarter wave length short circuited stubs.   

A second design was fabricated and measured that integrates eight SMT pHEMT power 

amplifiers to increase the detection range of the radar by increasing the ERIP of the 

transmitter which contributed to an increased dynamic range of the radar.  The active 

transmitting antenna has a mass of 137.78 grams including the built-in voltage sequencer 

making it ideal for UAV applications.  The voltage sequencer was successfully integrated 

into the antenna using an LM3880MF that is able to provide constant time delay of 240 𝑚𝑠 

allowing the gates of each amplifier to reach its negative voltage before applying the 

positive drain voltage.  
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A 28.03 grams receiving antenna was also designed, simulated, fabricated and tested. 

The fabricated antenna suffers from a reduced gain, high SLL and a 4.6% frequency shift, 

which is likely due to the dielectric material permittivity not matching the simulated values 

along with tolerances in the manufacturing process. 

The fabricated antenna system was able to detect a milligram harmonic making the 

fabricated antennas a good replacement to the parabolic and horn heavyweight antennas 

that were used by the legacy system. 

6.1 Future Work 

Due to the large size of the problem, the given time frame was insufficient to provide a 

better system such as implementing a separate bias controller for each amplifier.  Biasing 

the amplifiers with the same controller made the transmitting antenna subject to major 

failures where the failure of one amplifier might cause other amplifiers to be damaged.  

Another area of future work is building a microcontroller system to monitor the current of 

each amplifier using the integrated current sense resistors and shutdown the system if the 

bias current exceeded 1400 𝑚𝐴 for any of the amplifiers using an analog comparator and 

a crowbar circuit.  The microcontroller can be used to monitor the battery voltage and the 

temperature of the board and implement an adaptive duty cycle to reduce the spatial 

sampling resolution when the battery is low in charge.  The receiving antenna can be further 

improved by using the measured results to provide a more accurate 3D EM model at the 

K band. 
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Appendix A 

Antenna Layout 

1.1 - Transmitting Antenna - Array Elements Layer: 
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1.2 - Transmitting Antenna – Top Ground Layer: 
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1.3 - Transmitting Antenna – Bottom Ground Layer: 
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1.4 - Transmitting Antenna – Feed Network Layer: 

`
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2.1 - Transmitting Antenna with Power Amplifiers – Array Elements Layer: 
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2.2 - Transmitting Antenna with Power Amplifiers – Top Ground Layer: 
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2.3 - Transmitting Antenna with Power Amplifiers – Bottom Ground Layer: 
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2.4 - Transmitting Antenna with Power Amplifiers – Feed Network Layer: 
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3.1 - Receiving Antenna – Antenna Elements Layer: 
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3.2 - Receiving Antenna – Top Ground Layer: 
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3.3 - Receiving Antenna – Bottom Ground Layer: 
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3.4 - Receiving Antenna – Feed Network Layer: 
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Appendix B 

Antenna Dimensions 

1) Transmitting Antenna: 

 

 

 

 
 

 

 

 

Symbol Parameter Value (mm) 

𝜶 𝑨𝒏𝒕𝒆𝒏𝒏𝒂 𝑳𝒆𝒏𝒈𝒕𝒉 265.0 

𝜷 𝑨𝒏𝒕𝒆𝒏𝒏𝒂 𝑾𝒊𝒅𝒕𝒉 114.0 

𝜸 𝑳𝒆𝒇𝒕 𝑪𝒍𝒆𝒂𝒓𝒂𝒏𝒄𝒆 16.30 

𝜹 𝑹𝒊𝒈𝒉𝒕 𝑪𝒍𝒆𝒂𝒓𝒂𝒏𝒄𝒆 16.30 

𝜺 𝑻𝒐𝒑 𝑪𝒍𝒆𝒂𝒓𝒂𝒏𝒄𝒆 13.70 

𝜻 𝑩𝒐𝒕𝒕𝒐𝒎 𝑪𝒍𝒆𝒂𝒓𝒂𝒏𝒄𝒆 80.65 
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2) Receiving Antenna: 

 

 

 

  

 
 

 

 

Symbol Parameter Value (mm) 

𝜶 𝑨𝒏𝒕𝒆𝒏𝒏𝒂 𝑳𝒆𝒏𝒈𝒕𝒉 137.5 

𝜷 𝑨𝒏𝒕𝒆𝒏𝒏𝒂 𝑾𝒊𝒅𝒕𝒉 63.0 

𝜸 𝑳𝒆𝒇𝒕 𝑪𝒍𝒆𝒂𝒓𝒂𝒏𝒄𝒆 10.325 

𝜹 𝑹𝒊𝒈𝒉𝒕 𝑪𝒍𝒆𝒂𝒓𝒂𝒏𝒄𝒆 10.325 

𝜺 𝑻𝒐𝒑 𝑪𝒍𝒆𝒂𝒓𝒂𝒏𝒄𝒆 10.20 

𝜻 𝑩𝒐𝒕𝒕𝒐𝒎 𝑪𝒍𝒆𝒂𝒓𝒂𝒏𝒄𝒆 19.20 
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3) 2x2 sub antenna array 

 

 

 

 

 

 

 

 
 

 

 

Symbol Parameter 
Value (mm) 

Tx Rx 

𝜶 𝑷𝒂𝒕𝒄𝒉 𝑳𝒆𝒏𝒈𝒕𝒉 7.6 3.8 

𝜷 𝑷𝒂𝒕𝒄𝒉 𝑾𝒊𝒅𝒕𝒉 7.4 4.35 

𝜸 𝑰𝒏𝒔𝒆𝒓𝒕 𝑳𝒆𝒏𝒈𝒕𝒉 3.1 1 

𝜹 𝑰𝒏𝒔𝒆𝒓𝒕 𝑮𝒂𝒑 0.2 0.2 

𝜺 𝑻𝑳𝟏 𝑳𝒆𝒏𝒈𝒕𝒉 5.6 3.5 

𝜻 𝑻𝑳𝟏 𝑾𝒊𝒅𝒕𝒉 1.1 0.3 

𝜼 𝑴𝒊𝒕𝒆𝒓𝒆𝒅 𝑳𝒆𝒏𝒈𝒕𝒉𝟏 0.9 0.3 

𝝑 𝑿 𝑺𝒑𝒂𝒄𝒊𝒏𝒈 15 7.5 

𝝂 𝒀 𝑺𝒑𝒂𝒄𝒊𝒏𝒈 18 9 
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4) Four-way Unequal Power Splitter: 

 

 

 

 

 

 

 

 

 

 

 

 

Symbol Parameter 
Value (mm) 

Tx Rx 

𝜶 𝑻𝑳𝟐 𝑾𝒊𝒅𝒕𝒉 1.1 0.3 

𝜷 𝑸𝑾𝑻𝟏 𝑾𝒊𝒅𝒕𝒉 2.3 0.8 

𝜸 𝑸𝑾𝑻𝟏 𝑳𝒆𝒏𝒈𝒕𝒉 4.2 2.2 

𝜹 𝑻𝑳𝟑 𝑾𝒊𝒅𝒕𝒉 0.6 0.3 

𝜺 𝑻𝑳𝟑 𝑳𝒆𝒏𝒈𝒕𝒉 4.25 2.15 

𝜻 𝑸𝑾𝑻𝟐 𝑾𝒊𝒅𝒕𝒉 1.3 0.7 

𝜼 𝑸𝑾𝑻𝟐 𝑳𝒆𝒏𝒈𝒕𝒉 4.2 2.2 

𝝑 𝑻𝑳𝟒 𝑾𝒊𝒅𝒕𝒉 1.8 1 

𝝂 𝑻𝑳𝟒 𝑳𝒆𝒏𝒈𝒕𝒉 4.25 2.15 

𝛽 

 

휀 

𝛼 

𝛿 

𝜐 

𝛾 

 

휂 

휁 

𝜗 
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5) GCPWG Equal Power Splitter 1 – Tx Side: 

 

 

 

 

  

 

 

 
 

 

 

Symbol Parameter Value (mm) 

𝜶 𝟐 ∗ 𝒀 𝑺𝒑𝒂𝒄𝒊𝒏𝒈 36 

𝜷 𝑻𝑳𝟓 𝑾𝒊𝒅𝒕𝒉 3 

𝜸 𝑻𝑳𝟓 𝑳𝒆𝒏𝒈𝒕𝒉 8 

𝜹 𝑻𝑳𝟔 𝑾𝒊𝒅𝒕𝒉 3 

𝜺 𝑻𝑳𝟕 𝑾𝒊𝒅𝒕𝒉 1.2 

𝜻 𝑻𝑳𝟕 𝑳𝒆𝒏𝒈𝒕𝒉 4.9 

𝜼 𝑸𝑾𝑻𝟑 𝑾𝒊𝒅𝒕𝒉 3 

𝝑 𝑸𝑾𝑻𝟑 𝑳𝒆𝒏𝒈𝒕𝒉 4.3 

𝝂 𝑴𝒊𝒕𝒆𝒓𝒆𝒅 𝑳𝒆𝒏𝒈𝒕𝒉𝟐 0.5 

 

 

휁 

𝛽 

𝛾 

𝜈 

𝛼 

𝛿 

휂 

휀 

𝜗 
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6) GCPWG Equal Power Splitter 1 – Rx Side: 

 

 

 

 

 

 

 

 

 

 

 

Symbol Parameter Value (mm) 

𝜶 𝟐 ∗ 𝒀 𝑺𝒑𝒂𝒄𝒊𝒏𝒈 18 

𝜷 𝑻𝑳𝟔 𝑾𝒊𝒅𝒕𝒉 1.1 

𝜸 𝑻𝑳𝟕 𝑾𝒊𝒅𝒕𝒉 1.2 

𝜹 𝑻𝑳𝟕 𝑳𝒆𝒏𝒈𝒕𝒉 5.05 

𝜺 𝑸𝑾𝑻𝟑 𝑾𝒊𝒅𝒕𝒉 2.8 

𝜻 𝑸𝑾𝑻𝟑 𝑳𝒆𝒏𝒈𝒕𝒉 1.9 

𝜼 𝑴𝒊𝒕𝒆𝒓𝒆𝒅 𝑳𝒆𝒏𝒈𝒕𝒉𝟐 0.5 

 

 

 

 

휁 

𝛽 

𝛾 

𝛼 

𝛿 

휂 

휀 
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7) Harmonic Filter: 

 

 

 

 

 

 

  

 

 

 

Symbol Parameter Value (mm) 

𝜶 𝑻𝑳𝟖 𝑾𝒊𝒅𝒕𝒉 1.2 

𝜷 𝑻𝑳𝟖 𝑳𝒆𝒏𝒈𝒕𝒉 24.8 

𝜸 𝑺𝒕𝒖𝒃 𝑳𝒆𝒏𝒈𝒕𝒉 4 

𝜹 𝑺𝒕𝒖𝒃 𝑾𝒊𝒅𝒕𝒉 1.2 

𝜺 𝑺𝒕𝒖𝒃 𝑺𝒑𝒂𝒄𝒊𝒏𝒈 4.5 

𝜻 𝑽𝒊𝒂𝒔 𝑺𝒑𝒂𝒄𝒊𝒏𝒈 2.56 

𝜼 𝑽𝒊𝒂𝒔 𝒐𝒇𝒇𝒔𝒆𝒕 1 

𝝑 𝑺𝒕𝒖𝒃 𝑮𝒂𝒑 0.6 

 

 

 

 

𝛾 

휀 

 

𝛼 

 

𝛽 

휂 

𝜗 

휁 

𝛿 
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8) GCPWG Equal Power Splitter 2: 

 

 

 

 

 

 

 

 

 

 

 

 

 

Symbol Parameter 
Value (mm) 

Tx Rx 

𝜶 𝟐 ∗ 𝑿 𝑺𝒑𝒂𝒄𝒊𝒏𝒈 30 15 

𝜷 𝑻𝑳𝟖 𝑾𝒊𝒅𝒕𝒉 1.2 N/A 

𝜸 𝑻𝑳𝟗 𝑾𝒊𝒅𝒕𝒉 1.2 1.2 

𝜹 𝑸𝑾𝑻𝟒 𝑾𝒊𝒅𝒕𝒉 1.9 2.3 

𝜺 𝑸𝑾𝑻𝟒 𝑳𝒆𝒏𝒈𝒕𝒉 4.3 2.1 

𝜻 𝑻𝑳𝟏𝟎 𝑾𝒊𝒅𝒕𝒉 1.2 1.2 

𝜼 𝑻𝑳𝟏𝟎 𝑳𝒆𝒏𝒈𝒕𝒉 5.1 11.7 

𝝑 𝑮𝒓𝒐𝒖𝒏𝒅 𝑮𝒂𝒑 0.6 0.6 

𝝂 𝑴𝒊𝒕𝒆𝒓𝒆𝒅 𝑳𝒆𝒏𝒈𝒕𝒉𝟑 0.9 N/A 

 

 

 

 

𝜗 𝛽 

𝛼 

 

𝛿 휂 

𝜈 
𝛾 

휀 

휁 



 

97 

 

9) GCPWG Unequal Power Splitter - A: 

 

 

 

 

 

 

   

 

 

Symbol Parameter 
Value (mm) 

Tx Rx 

𝜶 𝟒 ∗ 𝑿 𝑺𝒑𝒂𝒄𝒊𝒏𝒈 60 30 

𝜷 𝑻𝑳𝟏𝟏 𝑾𝒊𝒅𝒕𝒉 1.2 1.2 

𝜸 𝑻𝑳𝟏𝟏 𝑳𝒆𝒏𝒈𝒕𝒉 12 5.8 

𝜹 𝑸𝑾𝑻𝟓 𝑾𝒊𝒅𝒕𝒉 2.5 2.3 

𝜺 𝑸𝑾𝑻𝟓 𝑳𝒆𝒏𝒈𝒕𝒉 4.3 1.9 

𝜻 𝑻𝑳𝟏𝟒 𝑾𝒊𝒅𝒕𝒉 1.2 1.2 

𝜼 𝑻𝑳𝟏𝟓 𝑳𝒆𝒏𝒈𝒕𝒉 7.7 4.4 

𝝂 𝑴𝒊𝒕𝒆𝒓𝒆𝒅 𝑳𝒆𝒏𝒈𝒕𝒉𝟒 0.9 0.9 

 

 

 

 

 

 

𝛽 

𝛼 

 

𝛿 휂 
𝜈 

 

𝛾 

휀 

휁 
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10)  GCPWG Unequal Power Splitter - B: 

 

 

 

  

 

 

  

 

 

Symbol Parameter 
Value (mm) 

Tx Rx 

𝜶 𝑻𝑳𝟏𝟐 𝑳𝒆𝒏𝒈𝒕𝒉 13 6.5 

𝜷 𝑻𝑳𝟏𝟐 𝑾𝒊𝒅𝒕𝒉 1.5 1.5 

𝜸 𝑻𝑳𝟏𝟑 𝑳𝒆𝒏𝒈𝒕𝒉 13 6.5 

𝜹 𝑻𝑳𝟏𝟑 𝑾𝒊𝒅𝒕𝒉 1 0.7 

𝜺 𝑸𝑾𝑻𝟔 𝑾𝒊𝒅𝒕𝒉 1.3 1.3 

𝜻 𝑸𝑾𝑻𝟔 𝑳𝒆𝒏𝒈𝒕𝒉 4.3 2.3 

𝜼 𝑸𝑾𝑻𝟕 𝑾𝒊𝒅𝒕𝒉 1.1 1.1 

𝝂 𝑸𝑾𝑻𝟕 𝑳𝒆𝒏𝒈𝒕𝒉 4.4 2.3 

 

  

𝛽 

𝛼 

 

𝛿 휂 

𝜈 

𝛾 

휀 

휁 
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11) GCPWG Equal Power Splitter 3: 

 

 

 

 

 

 

 

 

 

 

 

Symbol Parameter 
Value (mm) 

Tx Rx 

𝜶 𝟖 ∗ 𝑿 𝑺𝒑𝒂𝒄𝒊𝒏𝒈 120 60 

𝜷 𝑻𝑳𝟏𝟒 𝑾𝒊𝒅𝒕𝒉 1.2 1.2 

𝜸 𝑻𝑳𝟏𝟓 𝑾𝒊𝒅𝒕𝒉 1.2 1.2 

𝜹 𝑸𝑾𝑻𝟖 𝑾𝒊𝒅𝒕𝒉 1.9 2.5 

𝜺 𝑸𝑾𝑻𝟖 𝑳𝒆𝒏𝒈𝒕𝒉 4.3 1.8 

𝜻 𝑻𝑳𝟏𝟔 𝑾𝒊𝒅𝒕𝒉 1.2 1.2 

𝜼 𝑻𝑳𝟏𝟔 𝑳𝒆𝒏𝒈𝒕𝒉 8.05 8.2 

𝝑 𝑴𝒊𝒕𝒆𝒓𝒆𝒅 𝑳𝒆𝒏𝒈𝒕𝒉𝟓 0.9 0.9 

 

 

 

 

 

𝛽 

𝛼 

 

𝛿 휂 

𝜗 

 

𝛾 

휀 

휁 
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Appendix C 

Bill of Quantities  

 

Item 
Quantity 

Tx Rx 

𝑨𝒏𝒕𝒆𝒏𝒏𝒂 𝑬𝒍𝒆𝒎𝒆𝒏𝒕𝒔 64 64 

𝑻𝒓𝒂𝒏𝒔𝒎𝒊𝒔𝒔𝒊𝒐𝒏 𝑳𝒊𝒏𝒆𝒔 265 201 

𝑸𝒖𝒂𝒓𝒕𝒆𝒓 𝒘𝒂𝒗𝒆 𝒕𝒓𝒂𝒏𝒔𝒇𝒐𝒓𝒎𝒆𝒓𝒔 51 51 

𝑬𝒒𝒖𝒂𝒍 𝑷𝒐𝒘𝒆𝒓 𝑺𝒑𝒍𝒊𝒕𝒕𝒆𝒓𝒔 45 45 

𝑼𝒏𝒆𝒒𝒖𝒂𝒍 𝑷𝒐𝒘𝒆𝒓 𝑺𝒑𝒍𝒊𝒕𝒕𝒆𝒓𝒔 18 18 

𝑴𝒊𝒕𝒆𝒓𝒆𝒅 𝑬𝒅𝒈𝒆𝒔 106 164 

𝑻𝒉𝒓𝒐𝒖𝒈𝒉 𝑽𝒊𝒂𝒔 358 90 

𝑩𝒍𝒊𝒏𝒅 𝑽𝒊𝒂𝒔 1141 689 

𝑴𝒐𝒖𝒏𝒕𝒊𝒏𝒈 𝑯𝒐𝒍𝒆𝒔 9 10 

 

 

 

 

 

 

 

 

  



 

101 

 

Appendix D 

Voltage Sequencer Schematic  

1) Main Diagram: 

   

 

4.3 𝑚𝑚 3.4 𝑚𝑚 9.95 𝑚𝑚 

𝑉𝑑𝑑1 

𝑉𝑑𝑑2 

𝑉𝑑𝑑3 

𝑉𝑑𝑑4 

𝑉𝑑𝑑5 

𝑉𝑑𝑑6 

𝑉𝑑𝑑7 

𝑉𝑑𝑑8 

𝑉𝑔𝑔1 

𝑉𝑔𝑔2 

𝑉𝑔𝑔3 

𝑉𝑔𝑔4 

𝑉𝑔𝑔5 

𝑉𝑔𝑔6 

𝑉𝑔𝑔7 

𝑉𝑔𝑔8 

𝑆𝑀𝐴 

 𝐶𝑜𝑛𝑛𝑒𝑐𝑡𝑜𝑟 

𝐹𝑖𝑙𝑡𝑒𝑟 8 

𝐹𝑖𝑙𝑡𝑒𝑟 7 

𝐹𝑖𝑙𝑡𝑒𝑟 6 

𝐹𝑖𝑙𝑡𝑒𝑟 5 

𝐹𝑖𝑙𝑡𝑒𝑟 4 

𝐹𝑖𝑙𝑡𝑒𝑟 3 

𝐹𝑖𝑙𝑡𝑒𝑟 2 

𝐹𝑖𝑙𝑡𝑒𝑟 1 

𝑃𝑖𝑛 

𝑃𝑖𝑛1 

𝑃𝑖𝑛2 

𝑃𝑖𝑛3 

𝑃𝑖𝑛4 

𝑃𝑖𝑛5 

𝑃𝑖𝑛6 

𝑃𝑖𝑛7 

𝑃𝑖𝑛8 

𝑃𝑜𝑢𝑡1 

𝑃𝑜𝑢𝑡2 

𝑃𝑜𝑢𝑡3 

𝑃𝑜𝑢𝑡4 

𝑃𝑜𝑢𝑡5 

𝑃𝑜𝑢𝑡6 

𝑃𝑜𝑢𝑡7 

𝑃𝑜𝑢𝑡8 
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2) Voltage Regulation Stage 

 

 

 

𝑅01 

𝑉𝑖𝑛 

𝑇𝑟𝑖𝑚+ 

𝑇𝑟𝑖𝑚− 

 
𝑆ℎ𝑑𝑤𝑛 

𝑃𝐺𝐷 

𝑆𝑒𝑛𝑠𝑒+ 

𝑆𝑒𝑛𝑠𝑒− 

 
𝑉𝑜𝑢𝑡 

6 

2 

9 

5 

4 

7 

8 

1 

𝐺𝑁𝐷 𝐺𝑁𝐷 

3 10 

𝑅1 

𝑅2 

𝐶1 𝐶2 

𝑅𝑒𝑔1 

𝑅𝑒𝑔2 

𝑉𝑖𝑛 𝑉𝑜𝑢𝑡 

𝐺𝑁𝐷 

1 3 

2 

𝐶3 

𝐽1 
𝐵𝑎𝑡𝑡𝑒𝑟𝑦 

𝑄2 𝑅11 

𝐽2 

𝑅02 

𝑅03 

𝑅04 

𝑅05 

𝑅06 

𝑅07 

𝑅08 

𝐽5 

𝐽3 𝐽4 

𝐷𝑟𝑎𝑖𝑛 𝐶𝑇𝐿 

𝑅𝑠1 

𝑅𝑠2 

𝑅𝑠3 

𝑅𝑠4 

𝑅𝑠5 

𝑅𝑠6 

𝑅𝑠7 

𝑅𝑠8 

+5 𝑉 

𝐶4 

+11.1 𝑉 

+6 𝑉 

𝑉𝑑𝑑1 

𝑉𝑑𝑑2 

𝑉𝑑𝑑3 

𝑉𝑑𝑑4 

𝑉𝑑𝑑5 

𝑉𝑑𝑑6 

𝑉𝑑𝑑7 

𝑉𝑑𝑑8 

𝑉𝑔𝑔 

𝑉𝑑𝑑 
𝑅𝑔𝑔5−8 

𝑅𝑔𝑔1−4 

𝑆𝑦𝑠𝑡𝑒𝑚 𝑂𝑁/𝑂𝐹𝐹 

𝑅09 

𝑅010 

𝑅𝑒𝑔2 𝐸𝑁 
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3) Voltage Sequencing Stage 

 

  

𝑅3 

𝑆𝑦𝑠𝑡𝑒𝑚 𝑂𝑁/𝑂𝐹𝐹 

𝐶5 

𝐶6 

𝐼𝐶1 

𝑂𝑝𝑡𝑖𝑜𝑛 𝐴 

𝑂𝑝𝑡𝑖𝑜𝑛 𝐵 

𝑉𝑖𝑛 
𝐶1+ 

𝐶1− 

𝑁𝐸𝐺 

𝑆𝐷𝑁̅̅ ̅̅ ̅̅  

𝑃𝑂𝐾̅̅ ̅̅ ̅̅  

𝑂𝑈𝑇 

𝐹𝐵 

1 

2 

3 

5 

8 9 

𝐺𝑁𝐷 𝐺𝑁𝐷 

4 

7 

6 

𝐶8 𝑅5 𝑅10 

𝑄1 

𝐶7 𝑅7 

𝑅8 𝑉𝑔𝑔 

𝑅𝑒𝑔2 𝐸𝑁 

+5 𝑉 

𝑉𝑜𝑢𝑡 

 
𝐺𝑁𝐷 

𝑉𝑖𝑛 

𝐶1+ 

 
𝐶1− 

 
𝐸𝑁 

𝑉𝑐𝑐  

𝐺𝑁𝐷 

𝐸𝑁 

𝐹1 

𝐹2 

𝐹3 

𝑉𝑔𝑔 

𝑅𝑒𝑔2 𝐸𝑁 

+5 𝑉 

+5 𝑉 

+5 𝑉 

+5 𝑉 

𝑅17 

𝑅18 

𝐶11 

𝐶9 

𝐶10 

1 

 
2 

3 

5 

 
6 

4 

1 

 
2 

3 

5 

 
6 

4 

𝑆𝑦𝑠𝑡𝑒𝑚 𝑂𝑁/𝑂𝐹𝐹 

𝑅18 

𝑅15 

𝑅16 

𝑅14 

𝐼𝐶3 

𝐼𝐶2 
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4) Power Amplification Stage 

 

 

 

𝑃𝑖𝑛𝑥  

𝑃𝑜𝑢𝑡𝑥 

𝐶𝑥25 𝐶𝑥10 𝐶𝑥09 

𝐶𝑥27 𝐶𝑥15 𝐶𝑥16 

𝐶𝑥22 𝐶𝑥04 𝐶𝑥03 

𝐶𝑥21 𝐶𝑥01 𝐶𝑥02 

𝐶𝑥26 𝐶𝑥13 𝐶𝑥14 

𝐶𝑥29 𝐶𝑥18 𝐶𝑥17 

𝐶𝑥30 𝐶𝑥20 𝐶𝑥19 

𝑉𝑔𝑔𝑥 

𝑉𝑔𝑔𝑥 

𝑉𝑔𝑔1𝑥 

𝑉𝑔𝑔2𝑥 

𝑉𝑔𝑔3𝑥 

𝑉𝑑𝑑3𝑥 

𝑉𝑑𝑑2𝑥 

𝑉𝑑𝑑1𝑥 

𝑉𝑑𝑑4𝑥 

𝑉𝑑𝑑𝑥 

1 

 2 

 3 

 4 

 5 

 6 

 

18 

 17 

 16 

 15 

 14 

 13 

 

24 

 

23 

 

22 

 

21 

 

20 

 

19 

 

7 

 

8 

 

9 

 

10 

 

11 

 

12 

 

𝑁𝐶 

 𝑁𝐶 

 𝑁𝐶 

 𝑅𝐹𝑖𝑛 

 𝐺𝑁𝐷 

 𝑉𝑔𝑔1 

 

𝐴𝑚𝑝 𝑥 

 

𝑉𝑔𝑔2 

 

𝑉𝑔𝑔3 

 
𝑁𝐶 

 

𝑁𝐶 

 

𝑉𝑑𝑑4 

 

𝑉𝑟𝑒𝑓 

 

𝑁𝐶 

 

𝑁𝐶 

 

𝑉𝑑𝑑1 

 

𝑉𝑑𝑑2 

 

𝑉𝑑𝑑3 

 

𝑁𝐶 

 𝑁𝐶 

 𝑁𝐶 

 𝑅𝐹𝑜𝑢𝑡 

 𝐺𝑁𝐷 

 𝑁𝐶 

 𝑉𝑑𝑒𝑡 

 

𝑅𝑥2 

𝑅𝑥3 
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Appendix E 

Tx Antenna Bill of Materials 

Designator Description Value Manufacturer Part Number Quantity 
𝑱𝟏 Connector 2 𝑃𝑖𝑛𝑠 Phoenix Contact 1935776 1 

𝑱𝟐 Connector 3 𝑃𝑖𝑛𝑠 Molex 0022232031 1 

𝑱𝟑 Connector 10 𝑃𝑖𝑛𝑠 Molex 0022232101 1 

𝑱𝟒 Connector 8 𝑃𝑖𝑛𝑠 Molex 0022232081 1 

𝑱𝟓 Connector 2 𝑃𝑖𝑛𝑠 Molex 0022272021 1 

𝑹𝟎𝒙 Resistor 0 Ω Yageo RC1206JR-070RL 8 

𝑹𝟎𝟗, 𝑹𝟎𝟏𝟎, 
 𝑹𝒙𝟐 

Resistor 0 Ω TE Connectivity CRG0603ZR 10 

𝑹𝟏 Potentiometer 200 Ω Nidec Copal Electronics SM-42TW201 1 

𝑹𝟐 Resistor 50 Ω Vishay Dale CRCW0603150RFKEAHP 1 

𝑹𝟑 Resistor 4.7 KΩ 
Panasonic Electronic 

Components 
ERJ-PA3F4701V 1 

𝑹𝟓, 𝑹𝟏𝟎,  
𝑹𝟏𝟏, 𝑹𝟏𝟒 

Resistor 56 KΩ Yageo RC0603FR-0756KL 4 

𝑹𝟕, 𝑹𝟏𝟕, 
𝑹𝟏𝟖, 𝑹𝒙𝟑 

Potentiometer 2 KΩ Nidec Copal Electronics SM-42TW203 11 

𝑹𝟖, 
𝑹𝟏𝟓, 𝑹𝟏𝟔 

Resistor 100 KΩ 
Panasonic Electronic 

Components 
ERJ-3GEYJ104V 3 

𝑹𝒔𝒙 Resistor 5 mΩ Ohmite MCS1632R005FER 8 

𝑪𝟏, 𝑪𝟐 Capacitor 22 𝜇𝐹 AVX Corporation F931C226MAA 2 

𝑪𝟑, 𝑪𝟒 Capacitor 15 𝜇𝐹 AVX Corporation F931C156KAA 2 

𝑪𝟓, 𝑪𝟔 Capacitor 0.22 𝜇𝐹 
Murata Electronics 

North America 
GRM319R71H224KA01D 2 

𝑪𝟖 Capacitor 100 𝑛𝐹 
Murata Electronics 

North America 
GRM319R71H104KA01D 1 

𝑪𝟗 Capacitor 1 𝜇𝐹 TDK Corporation C1608JB1V105K080AB 1 

𝑪𝟏𝟎, 𝑪𝟏𝟏 Capacitor 2.2 𝜇𝐹 TDK Corporation C1608JB1V225K080AC 2 

𝑪𝟕, 𝑪𝟏𝟐𝟏, 
𝑪𝟏𝟐𝟐, 𝑪𝟏𝟐𝟓, 
𝑪𝟏𝟐𝟔, 𝑪𝟏𝟐𝟕, 
𝑪𝟏𝟐𝟗, 𝑪𝟏𝟑𝟎 

Capacitor 4.7 𝜇𝐹 
Murata Electronics 

North America 
GRM31CR71H475MA12L 57 

𝑪𝟏𝟎𝟐, 𝑪𝟏𝟎𝟑, 
 𝑪𝟏𝟎𝟗, 𝑪𝟏𝟏𝟒, 
 𝑪𝟏𝟏𝟔, 𝑪𝟏𝟏𝟕,  

𝑪𝟏𝟏𝟗 

Capacitor 100 𝑝𝐹 
Murata Electronics 

North America 
GRM1555C1H101JA01D 56 

𝑪𝟏𝟎𝟏, 𝑪𝟏𝟎𝟒, 
 𝑪𝟏𝟏𝟎, 𝑪𝟏𝟏𝟑, 
 𝑪𝟏𝟏𝟓, 𝑪𝟏𝟏𝟖, 

 𝑪𝟏𝟐𝟎 

Capacitor 10 𝑛𝐹 
Murata Electronics 

North America 
GRM155R71H103KA88D 56 

𝑹𝒆𝒈𝟏 Regulator − GE Critical Power NSR020A0X43Z 1 

𝑹𝒆𝒈𝟐 Regulator − 
Murata Power Solutions 

Inc. 
OKI-78SR-5/1.5-W36-C 1 

𝑰𝑪𝟏 Bias Supply - Maxim Integrated MAX881REUB+ 1 

𝑰𝑪𝟐 Power Sequencer - Texas Instruments LM3880MF-1AD/NOPB 1 

𝑰𝑪𝟑 Voltage Inverter - Texas Instruments LM2662MX/NOPB 1 

𝑸𝟏, 𝑸𝟐 MOSFET 𝑁 ON Semiconductor BSS138LT3G 2 

𝑷𝒊𝒏 SMA Connector 50 Ω Amphenol 901-10512-1 1 

𝑨𝒎𝒑 𝒙 
Power 

Amplifier 
𝑋 𝐵𝑎𝑛𝑑 Analog Devices HMC952ALP5GE 8 
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Appendix F 

Voltage Drop Across Rs 

Amplifier 
𝑽𝒔 (mV) 

𝑰𝒅𝒅 = 𝟏𝟐𝟎𝟎 𝒎𝑨 𝑰𝒅𝒅 = 𝟏𝟑𝟎𝟎 𝒎𝑨 𝑰𝒅𝒅 = 𝟏𝟒𝟎𝟎 𝒎𝑨 
𝑨𝒎𝒑 𝟏 9.5 10.3 11.1 

𝑨𝒎𝒑 𝟐 9.6 10.3 11.1 
𝑨𝒎𝒑 𝟑 9.6 10.4 11.2 
𝑨𝒎𝒑 𝟒 9.6 10.2 11.0 
𝑨𝒎𝒑 𝟓 9.7 10.5 11.5 
𝑨𝒎𝒑 𝟔 9.7 10.5 11.3 

𝑨𝒎𝒑 𝟕  9.6 10.3 11.1 

𝑨𝒎𝒑 𝟖 9.5 10.3 11.1 
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