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Abstract 

The harmonic radar at UNB was developed to track the Colorado potato beetle over 

an extended range. To overcome the ground backscatter, harmonic radar is used where a 

fundamental signal is transmitted and the second harmonic signal is received and tracked. 

The nonlinear tag on the beetle will re-radiate a portion of the incident power at the second 

harmonic. The thesis objective is to design, fabricate, test and characterize two microwave 

frequency boards, one for upconversion which is the transmitter and the other for 

downconversion which is the receiver. The main objective of the upconversion board is to 

reduce the output harmonics transmitted and on the downconverter, to eliminate the 

fundamental signal leaking into the receiver.  

Most Software Defined Radios (SDR) cannot produce and detect signals beyond 4 

GHz. The gap between the SDR’s maximum frequencies and high frequency needed to 

activate the tag needs to be addressed. These boards act as a bridge between the higher 

microwave frequencies activating the tag and the SDR which work at lower frequencies.  

Microwave conversion boards which upconvert 2 GHz to 10.2 GHz on the transmit side 

and downconvert 20.4 GHz to 1.6 GHz on the receive side have been developed, tested 

and characterized in this work. The use of appropriate microstrip filters, Substrate 

Integrated Waveguides (SIW), diode limiters, mixers, amplifiers and VCO-PLLs are used 

to achieve the conversion while making sure that the output harmonics are kept at a 

minimum and the received fundamental is kept at a minimum.  
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Chapter 1 : Introduction 

1.1 Introduction to Harmonic Radar 

The harmonic radar at UNB was developed to track the Colorado potato beetle over an 

extended range. Conventional radar has been employed to study insect flight behavior 

where the number of insects are high enough to produce a detectable return. In cases where 

individual insects must be tracked, it is necessary to use other radar tracking methods to 

avoid the ground backscatter masking the signals from the insect. To overcome the ground 

backscatter, a harmonic radar is used. In harmonic radar the fundamental signal is 

transmitted and the second harmonic signal is received and tracked. The nonlinear tag will 

re-radiate a portion of the incident power at the second harmonic [1]. 

The pulsed harmonic radar used in the legacy system uses a high power marine radar 

magnetron to produce pulses. It has a 4 kW peak power to transmit a sequence of short 

pulses. Each pulse duration is of 80 ns at a rate of 1 kHz to measure the range. The system 

has a range of 30 m. The transmit chain consists of the magnetron with a directional coupler 

that diverted a part of the signal to be used as the reference. There is no need for 

upconversion of the signal. The transmit signal frequency is 9.41 GHz and the receive 

signal chain is a two-stage downconverter that converts the signal to 20 MHz [2]. One 

major drawback of this system was the weight. To help solve this problem a new system 

was developed that used modern Microwave Monolithic Integrated Circuits (MMICs) for 

the active components and microstrip technology for the passive elements. This allows for 

experimentation of different detection algorithms using Software Defined Radio (SDR). 

Another tangible measure of improvement is the complexity of the system. The older 
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system mentioned in [2] has two-stage downconversion with multiple stages of 

amplification and filtering throughout the system. With improvements in technology over 

the years there are inexpensive, reliable and integrated solutions available that can 

outperform the older system. Hence there was a need to build a newer system that could 

operate effectively and occupy less space. The new system developed is to fit into a 

Unmanned Aerial Vehicle (UAV) which allows for better range and increased mobility.  

 The tag developed for the harmonic radar transceiver has undergone some minor 

revisions over the years. In principle, the target that is to be tracked is fitted with a harmonic 

transponder. This harmonic transponder is an electrically nonlinear device which includes 

a receiving and transmitting antenna. The transponder picks up the fundamental frequency 

and reradiates some of it at the harmonic. The Schottky diode across a resonant loop forms 

the frequency doubler and the short length of wire on either ends form the antenna.  Since 

harmonic tags use diodes for harmonic generation, their conversion loss will depend on the 

power level incident on the tag [3]. A generally agreed upon range of values for conversion 

loss is from 20 dB if the tag efficiency is high to 30 dB with low input power levels. Recent 

optimization for improved tag performance is suggested by varying the lengths of the arms 

of the dipole antenna [4].  

1.2 Description of Overall System  

The overall system designed has six major components. The Software Defined Radio 

(SDR), two conversion boards, two antennas and the tag. The Microstrip Antenna Array 

developed in 2018 has a transmitting antenna array of 16x4 elements with a center 

frequency of 10.2 GHz and a receiving antenna array of 16x4 elements operating at 20.4 
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GHz [5]. The antenna has filters, stubs and amplifiers to help achieve the desired 

performance of harmonic sensitivity. The subsystem to be researched, fabricated, 

assembled and tested in this work are the conversion boards. The SDR is set to replace the 

older standalone Field Programmable Gate Array (FPGA) integrated with a fixed radio 

frontend, thus making it inexpensive and flexible. This SDR has programmable transmitter 

and receiver sections along with an integrated FPGA. This adds flexibility to change the 

radio front-end transceiver IF frequencies [6]. The tags have been described in [1], [7] and 

more recently in [4] with suggested improvements to the tag shape and size. 

 

Figure 1. Block Diagram of upconverter and downconverter 

The SDR is based upon the transceiver AD9364 from Analog Devices which has a 

frequency range of 70 MHz-6 GHz with 56 MHz of instantaneous bandwidth [8]. To 

implement and test Frequency Modulated Continuous Wave (FMCW) or spread spectrum 

techniques, there was a need to upconvert and downconvert the microwave signals to the 

desired frequencies. The selection of frequencies of 10.2 GHz and 20.4 GHz has been 

described in [5]. There are four major constraints on frequency selection they are (i) the 
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size of tag on the insect, (ii) Innovation, Science and Economic Development Canada’s 

spectrum allocation band, (ii) transmit power limitations and (iv) the requirement that the 

transmit and receive antenna be narrow beamwidth to give a good angular resolution of the 

insect’s locations. The selected bands are in the amateur radio band that allow for anyone 

with a license to operate and test the equipment.  

1.3 Self-Interference Limits Performance 

The main problem that this work tries to solve is the problem of self-interference 

between the boards. To better understand the problem of self-interference in a harmonic 

radar system, a summary of a non-linear system model is presented. A linear system is one 

in which the output is a scaled version of the input for which superposition holds true. 

 Devices such as diodes and transistors are non-linear. This property of non-linearity 

is useful in some devices like diodes and transistors and cause problems in devices like 

amplifiers. The non-linear characteristics of the diode are used in the tag to act as a 

frequency doubler. They are also used in our system in mixers to convert frequencies to 

higher or lower values. In some cases, they may have undesirable effects such as the 

generation of spurious frequencies, gain compression, increased losses, signal distortion 

and self-interference [9].  In a general nonlinear network, having an input voltage 𝑣𝑣𝑖𝑖 and 

an output voltage 𝑣𝑣𝑜𝑜 as shown in Eq. 1.1, the output response of a nonlinear circuit can be 

modeled as a Taylor series in terms of the input signal voltage.  

𝑣𝑣0 = 𝑎𝑎0 + 𝑎𝑎1𝑣𝑣𝑖𝑖 + 𝑎𝑎2𝑣𝑣𝑖𝑖2 + ⋯.                                           (1.1) 

Where the first term is the DC output 𝑎𝑎𝑜𝑜, the second term, 𝑎𝑎1𝑣𝑣𝑖𝑖 being the linear scaled 

input and the third term, 𝑎𝑎1𝑣𝑣𝑖𝑖2 is a squared component. For a single input frequency or 
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tone 𝜔𝜔𝑜𝑜, the output harmonic will be a multiple of the fundamental that is 𝑛𝑛𝜔𝜔𝑜𝑜 where 𝑛𝑛 =

0,1,2, … This is the harmonic generated in the tag from the inductive loop and Schkotty 

diode. This harmonic is of interest due to the very nature of the avoidance of backscatter 

in cluttered environments. Since every passive or active RF component will generate some 

level of harmonics of their own in the system there can be self-interference which will be 

discussed later in detail. Consider a two-tone input signal with two frequencies, 𝜔𝜔1 and 𝜔𝜔2. 

𝑣𝑣𝑖𝑖 = 𝑉𝑉𝑂𝑂(cos𝜔𝜔1𝑡𝑡 + cos𝜔𝜔2𝑡𝑡)                                  (1.2) 

Substituting (1.2) in (1.1) we get 

 𝑣𝑣0 = 𝑎𝑎0 + 𝑉𝑉0(cos𝜔𝜔1𝑡𝑡 + cos𝜔𝜔2𝑡𝑡) + 𝑎𝑎2𝑉𝑉02(𝑐𝑐𝑐𝑐𝑐𝑐𝜔𝜔1𝑡𝑡 + 𝑐𝑐𝑐𝑐𝑐𝑐𝜔𝜔2𝑡𝑡)2 + ⋯        (1.3) 

𝑣𝑣0 = 𝑎𝑎0 + 𝑎𝑎1𝑉𝑉0𝑐𝑐𝑐𝑐𝑐𝑐𝜔𝜔1𝑡𝑡 + 𝑎𝑎1𝑉𝑉0𝑐𝑐𝑐𝑐𝑐𝑐𝜔𝜔2𝑡𝑡 + 1
2
𝑎𝑎2𝑉𝑉02(1 + 𝑐𝑐𝑐𝑐𝑐𝑐2𝜔𝜔1𝑡𝑡) + 1

2
𝑎𝑎2𝑉𝑉02(1 +

𝑐𝑐𝑐𝑐𝑐𝑐2𝜔𝜔1𝑡𝑡) + 𝑎𝑎2𝑉𝑉02𝑐𝑐𝑐𝑐𝑐𝑐(𝜔𝜔1 − 𝜔𝜔2)𝑡𝑡 + 𝑎𝑎2𝑉𝑉02𝑐𝑐𝑐𝑐𝑐𝑐(𝜔𝜔1 + 𝜔𝜔2)𝑡𝑡 + 𝑎𝑎3𝑉𝑉03 �
3
4
𝑐𝑐𝑐𝑐𝑐𝑐𝜔𝜔1𝑡𝑡 +

1
4
𝑐𝑐𝑐𝑐𝑐𝑐3𝜔𝜔1𝑡𝑡� + 𝑎𝑎3𝑉𝑉03 �

3
4
𝑐𝑐𝑐𝑐𝑐𝑐𝜔𝜔2𝑡𝑡 +  1

4
𝑐𝑐𝑐𝑐𝑐𝑐3𝜔𝜔2𝑡𝑡� + 𝑎𝑎3𝑉𝑉03 �

3
2
𝑐𝑐𝑐𝑐𝑐𝑐𝜔𝜔2𝑡𝑡 + 3

4
𝑐𝑐𝑐𝑐𝑐𝑐(2𝜔𝜔1 − 𝜔𝜔2)𝑡𝑡 +

3
4
𝑐𝑐𝑐𝑐𝑐𝑐(2𝜔𝜔1 + 𝜔𝜔2)𝑡𝑡� + 𝑎𝑎3𝑉𝑉03 �

3
2
𝑐𝑐𝑐𝑐𝑐𝑐𝜔𝜔1𝑡𝑡 + 3

4
cos(2𝜔𝜔2 − 𝜔𝜔1)𝑡𝑡 + 3

4
𝑐𝑐𝑐𝑐𝑐𝑐(2𝜔𝜔2 + 𝜔𝜔1)𝑡𝑡� +

⋯ ..                        (1.4)  

The standard trigonometric identities have been used to expand the initial expressions. The 

output spectrum consists of the harmonics of the form  

𝑛𝑛𝜔𝜔1 + 𝑚𝑚𝜔𝜔2                                                               (1.5)                                                           

Where 𝑚𝑚,𝑛𝑛 = 0, ±1, ±2, ±3 ….  These are called intermodulation products and can be 

described as follows 

2𝜔𝜔1 Second harmonic 𝜔𝜔1 

2𝜔𝜔2 Second harmonic 𝜔𝜔2 
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𝜔𝜔1 − 𝜔𝜔2 Difference frequency 

𝜔𝜔1 + 𝜔𝜔2 Sum frequency 

The higher order products are undesirable in an amplifier, but in a mixer, the sum 

and the difference frequencies are the outputs that are required. The selection of the right 

frequencies to avoid spurs will be critical in this work. It can be noted that the output of 

second order products is 6 dB below the fundamental. Which can be enough to make a 

significant effect in a harmonic radar receiver chain. With proper frequency selection, the 

spurs can be chosen to be outside the bandwidth of the receiver front end and of the 

Intermediate Frequency (IF) gain stages.  

1.4 Overall Contributions of Thesis 

The project contributions can be divided into two sections, one being the upconverter 

and the other downconverter board. The primary goals of the upconverter are frequency 

conversion, reduction of harmonics and have enough power to drive a power amplifier. 

The downconverter board on the other hand is designed by a primary motivation to reject 

any of the transmitted fundamental from entering the front end while ensuring adequate 

gain and sensitivity for the harmonic signal which is needed for detection of the tag.  

1.4.1 Upconverter Board 

The upconverter board has the mixer, two bandpass filters and two power amplifiers to 

act as a pre-amplifier in the frequency conversion stage. The coupled line filter is reused 

after the amplifiers, to remove any out of band signals and any harmonics generated in the 

amplifier stage. A frequency synthesizer generates the appropriate Local Oscillator (LO) 
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signal to the mixer. A multiplier, filters and amplifier are used in the LO stage to obtain 

the correct frequency and power level.  

 

Figure 2. Block diagram of upconverter 

1.4.2 Downconverter Board 

 The downconverter has a substrate integrated waveguide (SIW) filter at the input 

which rejects the fundamental frequency of the transmitter and is followed by two high 

gain low noise amplifiers (LNAs) cascaded to achieve the required gain. The LNAs also 

act as a bandpass filter as they are specifically chosen to have minimal amplification at the 

fundamental frequency of transmission 𝑓𝑓1 and have maximum gain for the harmonic 2𝑓𝑓1. 

The downconverter chip itself has an integrated LNA for the input and the output along 

with the mixer and VCO-PLL all in a single chip. This integrated circuit helps get the board 
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complexity down while achieving higher performance due to reduced connector losses and 

transmission line mismatches in a custom designed circuit. The downconverter chip is 

controlled via SPI using the raspberry pi and has the designed limiter before the 

downconverter to limit the incoming RF signal to lower than 0 dBm. 

 

Figure 3. Block diagram of downconverter 

1.5 Organization of the Thesis 

The remainder of this thesis consists of five Chapters. Chapter 2 gives background 

information on some of the devices and concepts that were used in this research, such as 

microstrip lines, filters, mixers, amplifiers and phase locked loops. Chapter 3 introduces 

the problem statements of self-interference and power level management and the solutions 

designed addressing them. Chapter 4 details the design and analysis part of the research. 

An overall block diagram of the design process is presented along with a rationalization 

for the architecture of the devices. Following this, Chapter 5 presents the results of the 

board evaluations, a comparison between the simulated and measured performances of the 
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boards, along with an FMCW test to detect the tag. Finally, Chapter 6 summarizes the work 

done, drawing conclusions and explores the future possibilities of research in the arena.  

Chapter 2 : Active and Passive Microwave Circuits 

2.1 Passive Microwave Circuits 

 The basic theory behind transmission lines and selection of the right transmission 

line for each point in the circuit is important in our application, as at high frequencies the 

changes in parameters will have a significant cascading effect on the RF performance. 

Planar microwave transmission lines can be constructed on printed circuit board (PCB) as 

opposed to waveguides and can support Quasi-TEM modes of propagation. In this section 

microstrip transmission line, coplanar waveguides (CPWG), substrate integrated 

waveguide (SIW) and filters are explained as reference for further chapters. Microstrip 

lines are used in the limiter because the diodes can be placed on the transmission line 

without interfering with the field lines. CPWG is used because of the better transmission 

line propagation characteristics and SIW is used as a high pass filter.  

2.1.1 Microstrip Transmission Line 

Microstrip is the most widely used planar transmission line for RF and microwave 

circuits. Most of the fields are between the signal plane and the ground plane with high 

field concentration at the signal conductor edges in air, as compared to strong fields 

between the grounds and signal conductor in CPWG dielectric.  
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Figure 4. Cross sectional view of field lines of microstrip transmission line 

Compared to waveguides and stripline, microstrip lines have higher radiation 

losses. Radiation losses depend on the dielectric constant, substrate thickness, geometry 

and frequency. A lower dielectric constant substrate will have higher radiation losses. 

Thicker substrates or higher frequency of operation yield higher radiation losses. Circuit 

geometry discontinuities in the line can greatly increase radiation losses as well, such as 

with an impedance transformation. The equations for microstrip characteristic impedance 

are given by [9] as shown in Eq. 2.1 and Eq. 2.2. 

𝑍𝑍0 = 60
√𝜀𝜀

ln �8ℎ
𝑊𝑊

+ 𝑊𝑊
4ℎ
� (𝛺𝛺) 𝑓𝑓𝑓𝑓𝑓𝑓 𝑊𝑊

ℎ
≤ 1                              (2.1)     

𝑍𝑍0 = 120𝜋𝜋

√𝜀𝜀�𝑊𝑊ℎ+1.393+0.667 ln�𝑊𝑊ℎ+1.444��
(𝛺𝛺) 𝑓𝑓𝑓𝑓𝑓𝑓 𝑊𝑊

ℎ
 ≥ 1                 (2.2)                                       

These equations help provide an intuition in understanding the relationship between width 

of line (𝑊𝑊), height of substrate (ℎ), dielectric constant of substrate (𝜀𝜀) and characteristic 

impedance (𝑍𝑍0). 

2.1.2 Coplanar Waveguides (CPWG) 

In grounded coplanar waveguides the field lines are concentrated between the 

center strip and the substrate ground plane. Since it has vias connecting the top and bottom 
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ground planes, it is less prone to radiate and has higher isolation than microstrip in 

suppressing unwanted modes of propagation. In CPWG the characteristic impedance is 

determined by the ratio of the center strip width to the gap width between the center strip 

and side ground plane. This can be visualized in Figure 5. Cross talk between adjacent lines 

is weaker as a result there can exist denser CPW circuits compared to microstrip. Further 

improvements in bandwidth are obtained by staggering ground via fences, optimizing the 

pitch, the side ground widths and the separation between interconnect end and start of via 

fence edge [10]. To minimize radiation into free space, the dielectric substrate thickness is 

set to about twice the gap width between the center conductor and the ground planes beside 

it.  

 

Figure 5. Cross sectional view of field lines of CPWG 

2.1.3 Substrate Integrated Waveguides (SIW) 

A standard rectangular waveguide has benchmark characteristics for propagation 

among transmission lines. It has low insertion loss and is highly dispersive. Energy from 

frequencies below cutoff will not propagate within the waveguide because it acts as a high-

pass filter. Substrate Integrated Waveguide (SIW) is a new way of integrating waveguide 

like structures in PCBs. SIWs have the same properties as rectangular waveguides. In a 
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rectangular waveguide, both TE and TM mode waves can propagate. The dominant mode 

for propagation in a rectangular waveguide is 𝑇𝑇𝑇𝑇10 and the cut-off frequency is given by  

𝑓𝑓𝑐𝑐10 =  1
2𝑎𝑎√𝜇𝜇𝑟𝑟ϵ𝑟𝑟

                                                  (2.3) 

 

Figure 6. Dimension of width in rectangular waveguide 

Where 𝜇𝜇𝑟𝑟 and ϵ𝑟𝑟 are medium parameters that fill the waveguide. The longer 

dimension 𝑎𝑎, determines the cut-off frequency. In a SIW structure, the distance between 

via arrays is the longest dimension and will be denoted by 𝑎𝑎𝑠𝑠.The parameters 𝑑𝑑 and 𝑝𝑝 

represent via diameter and distance between the centers of individual vias (pitch) 

respectively [11].  

 

Figure 7. Dimensions of Substrate Integrated Waveguide (SIW) 
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The equations for calculating the parameters are given in [12] are as   

 

as = ad + d2

0.95d
                                        (2.4) 

Where 𝑎𝑎𝑑𝑑 is the width that a dielectric filled waveguide must have to have the same cut-

off frequency as an air filled waveguide and can be defined as 

𝑎𝑎𝑑𝑑 = 𝑎𝑎

√𝜀𝜀𝑟𝑟
                                              (2.5) 

Parameters 𝑝𝑝 and 𝑑𝑑 have to be chosen to minimize leakage losses at operating bandwidth 

[13]. The rule of thumb for selecting the values of 𝑝𝑝 and 𝑑𝑑 are 

𝑑𝑑 < 𝜆𝜆𝑔𝑔
5

                                                       (2.6) 

𝑝𝑝 < 2𝑑𝑑                                                       (2.7) 

Where 𝜆𝜆𝑔𝑔 is wavelength of a guided wave and can be calculated as  

𝜆𝜆𝑔𝑔 = 2𝜋𝜋

��𝜀𝜀𝑟𝑟(2𝜋𝜋𝜋𝜋)2

𝑐𝑐2
�−�𝜋𝜋𝑎𝑎�

2
                                       (2.8) 

It is evident from the equations that varying the width 𝑎𝑎𝑠𝑠 of the SIW changes the cut off 

frequency of the high pass filter like structure. The diameter of the vias 𝑑𝑑 and the pitch 𝑝𝑝 

change the amount of ripple in the passband. Decreasing the pitch and increasing the 

diameter of vias gives a sharper cut off frequency but larger passband ripple while 

increasing the pitch and decreasing the diameter of the via gives a smoother cut off 

frequency but lower passband ripple.  
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2.1.4 Coupled Line Filters 

 Two unshielded transmission lines that are close to each other, can couple power 

due to the coupling of electromagnetic field lines between the two. They are assumed to 

operate in TEM mode of propagation. Coupled line filters can be designed with coupled 

line sections. They typically have bandwidths less than 20%. The spacing between the 

coupled lines dictates the bandwidth and the width is determined by the even and odd mode 

impedances.  

 

Figure 8. Coupled line geometry and filter transfer function 

Coupled line filters are best used for bandpass response with steep cut-offs. They 

function well at higher frequency bands and can provide a comparatively easier form of 

integration with microstrip and CPWGs. They can be used for circuits that require narrow 

bandwidth of operation and easy integration with other components. Their biggest 

disadvantage is the presence of harmonic passband. 

2.2 Active Microwave Circuits 

 In contrast with passive microwave circuits, active microwave circuits can be 

purchased from the market with different levels of integration. The level of integration 

available ranges from complete downconverter block units to individual diodes for 

designing mixers. Selection of the most appropriate components is important not only to 

ensure a design that is feasible to engineer within the scope of this research but also to have 



 

15 

 

a system that can be tailored and specified to our needs. Some basic components such as 

mixers, amplifiers and VCO-PLLs are analyzed and presented to ensure a complete 

understanding of the design rationale in further chapters.  

2.2.1 Microwave Mixer 

RF and microwave mixers are based on the property of nonlinearity provided by 

either a diode or a transistor. A nonlinear component can generate a wide variety of 

harmonics and other products of input frequencies as noted from Eq.1.4. In mixers; filters 

are used to select the desired frequency components, either on or off the chip. 

The local oscillator (LO) signal fed to the input port of the mixer is 

𝑣𝑣𝐿𝐿𝐿𝐿(𝑡𝑡) = 𝑐𝑐𝑓𝑓𝑐𝑐2𝜋𝜋𝑓𝑓𝐿𝐿𝐿𝐿𝑡𝑡                                                 (2.9)  

The intermediate frequency (IF) signal applied to the other mixer input 

𝑣𝑣𝐼𝐼𝐼𝐼(𝑡𝑡) = 𝑐𝑐𝑓𝑓𝑐𝑐2𝜋𝜋𝑓𝑓𝐼𝐼𝐼𝐼                                                 (2.101) 

The output of the idealized mixer is given by the product of the LO and IF signals:  

𝑣𝑣𝑅𝑅𝐼𝐼(𝑡𝑡) = 𝐾𝐾𝑣𝑣𝐿𝐿𝐿𝐿(𝑡𝑡)𝑣𝑣𝐼𝐼𝐼𝐼(𝑡𝑡) = 𝐾𝐾𝑐𝑐𝑓𝑓𝑐𝑐2𝜋𝜋𝑓𝑓𝐿𝐿𝐿𝐿𝑡𝑡𝑐𝑐𝑓𝑓𝑐𝑐2𝜋𝜋𝑓𝑓𝐼𝐼𝐼𝐼𝑡𝑡                   (2.11) 

= 𝐾𝐾
2

[𝑐𝑐𝑓𝑓𝑐𝑐2𝜋𝜋(𝑓𝑓𝐿𝐿𝐿𝐿 − 𝑓𝑓𝐼𝐼𝐼𝐼)𝑡𝑡 + 𝑐𝑐𝑓𝑓𝑐𝑐2𝜋𝜋(𝑓𝑓𝐿𝐿𝐿𝐿 + 𝑓𝑓𝐼𝐼𝐼𝐼)𝑡𝑡]                        (2.12) 

Where 𝐾𝐾 is a constant to account for the voltage conversion loss [9].  
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Figure 9. Upconversion and downconversion using mixer [9]  

The image frequency of the receiver can interfere with the signal and can cause 

problems. The RF signal at a frequency 𝑓𝑓𝑅𝑅𝐼𝐼 mixed with the local oscillator frequency 

𝑓𝑓𝐿𝐿𝐿𝐿 resulting in the intermediate frequency of 𝑓𝑓𝐼𝐼𝐼𝐼 can be denoted as 

𝑓𝑓𝑅𝑅𝐼𝐼 = 𝑓𝑓𝐿𝐿𝐿𝐿 + 𝑓𝑓𝐼𝐼𝐼𝐼                                              (2.13) 

There are not any components which can distinguish a negative frequency from a 

positive frequency. Image frequency can be understood as the frequency band that is one  

𝑓𝑓𝐼𝐼𝐼𝐼 away from the 𝑓𝑓𝐿𝐿𝐿𝐿 on the side that is higher or lower than the 𝑓𝑓𝑅𝑅𝐼𝐼. This can be visualized 

in Figure 10.  

𝑓𝑓𝐼𝐼𝐼𝐼 = |𝑓𝑓𝐿𝐿𝐿𝐿 − 𝑓𝑓𝑅𝑅𝐼𝐼|                                            (2.14) 

Mathematically, the image frequency that is −𝑓𝑓𝐼𝐼𝐼𝐼 is identical to 𝑓𝑓𝐼𝐼𝐼𝐼 because the 

Fourier Spectrum of any real signal is symmetric about zero frequency, thus containing the 

negative frequencies as well as positive. Image response is important because a received 

RF signal at the image frequency is indistinguishable at the IF stage from the desired RF 

signal. Even though the image frequency band might not contain any disturbances, the 
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image frequency band can add to the overall noise figure of the system. Hence suppression 

of the image frequency band is important.  

 

Figure 10. Image frequency problem visualized 

2.2.2 RF Amplifier 

If an ideal amplifier had a gain of 10 dB the relationship between the output power 

and input power is given by 

𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜 = 10𝑃𝑃𝑖𝑖𝑖𝑖                                                (2.15) 

But this relationship does not hold for a realistic amplifier. The relationship 

described holds for only a certain region in the input-output relationship for an amplifier 

called the dynamic range. At low input power levels, the output power is predominantly 

noise. Above the noise floor which is typically from -60 dBm to -100 dBm, the relationship 

that is approximated in Eq.2.15, holds for a certain region called the dynamic range after 

which the amplifier starts to saturate. The input power for which the output is 1 dB below 

the gain specified is called the 1 dB compression point (P1dB).  

From Eq.1.4 it is seen that there are six third order intermodulation products of 

which, 3𝜔𝜔1, 3𝜔𝜔2, 2𝜔𝜔1 + 𝜔𝜔2 𝑎𝑎𝑎𝑎𝑑𝑑 2𝜔𝜔2 + 𝜔𝜔1 lie far away from the bands of interest. But 
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2𝜔𝜔1 − 𝜔𝜔2 𝑎𝑎𝑎𝑎𝑑𝑑 2𝜔𝜔2 − 𝜔𝜔1lie closer and will cause interference in our band. These 

components are hard to be filtered since they are in-band components. This type of 

distortion is called third-order intermodulation distortion. It can also be noted from Eq.1.4 

that as the input voltage 𝑉𝑉0 increases the third order products increases. These are some 

basic metrics to be considered when selecting and integrating amplifiers in the circuit.  

 

Figure 11. P1dB and third order intercept point for a nonlinear component [9] 

2.2.3 Voltage Controlled Oscillator (VCO) – Phase Locked Loop (PLL) 

 

Figure 12. Basic block diagram of a VCO-PLL. 

A local oscillator signal is essential in any frequency conversion operation. 

Desirable characteristics of the local oscillator are frequency stability, low amplitude, low 
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phase noise, and possibly frequency tuning, depending on the application. Any oscillator 

signal will have a finite amount of phase noise. Crystal oscillators have low phase noise 

and good stability characteristics but cannot operate at higher frequencies. Transistor 

oscillators can be used for a higher frequency of oscillation but the output frequency is not 

tunable and tends to drift over time. A problem associated with voltage controlled 

oscillators is the phase noise. Output signal frequency and phase noise are affected by 

system noise, temperature and other process variations. Hence, a phase locked loop (PLL) 

is a control system that generates an output signal whose phase is related to the phase of 

the input signal. A PLL helps keep the input and output frequencies the same. Frequency 

stability, tunability, low phase noise and low cost are some of the advantages of a PLL. A 

phase locked loop works as a synthesizer where a phase/frequency detector compares a fed 

back frequency with a divided down version of the reference frequency. In older PLLs, the 

feedback signals are sent through the low pass filter to filter out the ripple frequencies 

instead of a phase/frequency detector which is used in modern PLLs. A phase detector has 

lower stability with increasing loop gains, has lower stability when the low pass filter cut 

off frequency is reduced and has limited acquisition range. This can be analyzed from the 

stability equation for a type I older PLL. But when a PFD is used, the block functions as a 

frequency detector when the frequency is out of lock and then functions as a phase detector 

when locked. A charge pump uses capacitors and acts as a DC to DC converter to raise or 

lower the voltage using input pulses from the PFD. Some of the important parameters to 

be considered when selecting the PLLs are phase noise, reference spurs and lock time.  
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Chapter 3 : Self-Interference and High Dynamic Range Challenges 

3.1 Problem of Self-Interference 

A Harmonic Radar is fundamentally prone to self-interference because it is designed 

to be responsive to the harmonics of the fundamental frequency. The leakage of the 

fundamental signal into the receiver generates false alarms which directly degrades the 

accuracy of detection [14]. This happens because the leaked fundamental can further 

generate harmonics in the receiver. This is called self-interference. Another way in which 

self-interference can occur is when transmitter harmonics of the fundamental leak into the 

harmonically sensitive receiver [3]. It is also noted that from other designs the main 

challenges in the design of an FMCW harmonic radar are the leakage of the fundamental 

transmitter frequency into the receiver and generations of harmonics due to the receiver’s 

non-linearities [15][3]. Current devices that measure range with the received signal 

strength use high power, longer duration pulses to give better range but they interfere with 

receiver when used at close range. Unlike the pulsed radar system, the FMCW system 

transmits linear frequency chirp, 𝛥𝛥𝑓𝑓 of duration 𝑇𝑇𝑏𝑏. The second harmonic which is also a 

linear chirp of 2𝛥𝛥𝑓𝑓 is frequency shifted by the product of roundtrip time 𝑇𝑇𝑝𝑝. This is 

conveniently described in [16], but the important part in the design of the FMCW version 

of a harmonic radar is the recommendation that the transmitter be devoid of any harmonics. 

In the older systems developed [1], it is also mentioned to have sufficient isolation between 

the transmitted signal and the return signal to prevent the coupling of the transmitter and 

the receiver.  
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Figure 13. Problem of self-interference visualized 

To solve the problem of self-interference, [17] uses a numerical approach that can 

compensate for the parasitic harmonics by estimating and then canceling them to improve 

tag detection performance. However, a static system that has transmit and receive 

frequencies fixed in analog domain does not allow for a flexible post-processing system 

that can be dynamic. A mix of analog and digital approach to the problem that can allow 

for further development is the missing link that can be further explored with the work done 

in this thesis. Multiple works have been done in the past on the harmonic radar signal 

processing part at UNB with FPGAs and Frequency Hopping Spread Spectrum (FHSS) 

techniques[14][18]. Although development in FPGA and MATLAB has its advantages, 

there was the added disadvantage with the radio front end that it cannot be reprogrammed 

to change or lock on to a different frequency altogether. Since the radio frontend has 

historically been an analog fixed entity, this does not allow a proper recourse of 
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development using signal processing. Processing gain using SDRs can reach as high as 30 

dB with oversampling and decimation in spread spectrum techniques. A modern approach 

using MMICs and frequency synthesizers need to be explored. A central computer can also 

be programmed to change the Automatic Gain Control (AGC) of SDRs depending on the 

requirements [19] which is currently not possible with a fixed radio front end that cannot 

form a feedback loop with the FPGA and computer. Also, new improved techniques such 

as adaptive avoidance in cases of cluttered spectrum in the IF section of the receiver could 

potentially be eliminated if the LO frequencies could be reconfigurable [20].  

3.2 Solution to Self-Interference 

It might be a simplistic solution to have a filter bank purchased as mentioned in [16], 

from the market and placed in series. The complexity that can arise with this approach is 

increased insertions loss and creation of spurs from multiple filter’s reflections which can 

be visualized from Figure 14. A reflectionless filter from the market performs well in 

exactly the band of interest would be hard to obtain that, as most designed filters reflect 

out of band frequencies [21]. One conventional filter would not add spurs that interfere but 

a multiple filter bank would increase insertion loss and reflections. It is also noted that the 

reason for the suggestion of multiple filters is to reduce the harmonics that can leak into 

the receiver from the transmitter and block the fundamental in the receiver that is coming 

from the transmitter [16]. Taking these constrains into account, a harmonic reject filter is 

simulated, designed, fabricated and tested. The harmonic reject filter that is chosen is a 

coupled line filter with harmonic reject quarter wavelength open circuit stubs. It is 
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established that a coupled line band pass filter has a harmonic passband by the very nature 

of the resonance that it is principally based on [9].  

 

Figure 14. Two tone response from non-linear system 

To overcome the problem of the existence of a harmonic passband, a coupled line 

filter with harmonic reject quarter wave radial stubs that are open-circuited are placed at 

the two ends of the filter. The designed filter is expected to suppress the harmonic signal 

below the noise floor whilst having a passband insertion loss of less than 3 dB. If an active 

filter is used after the amplifier then the reflections will have a significant effect as the 

amplified and reflected fundamental and harmonic will be sent back to the amplifier which 

will cause the signal to deteriorate further. In section 4.1.4, the details of the design of the 

coupled line filter are further explored. The design of multisection bandstop or bandpass 

filters is easier in microstrip or stripline form, with bandwidths of less than 20% [9].  

 

Figure 15. Coupled line filter with stubs 

 On the downconverter section, the requirements are the opposite, which is, to pass 

the harmonic while rejecting the fundamental as much as possible. The most common type 
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of filters in use at microwave frequencies are bandpass filters, which require careful design 

considerations of parameters. But no matter how much a designer tries to achieve the 

perfect filter there are tradeoffs and fabrication errors. At lower frequencies, these 

manufacturing errors can be low. But at high frequencies the spacing between the lines in 

a coupled line filter and the width of the coupled line sections are a function of the 

frequency of the passband or stopband. Hence the manufacturing errors become apparent 

and can have a significant impact on the performance of the filter. It is also apparent from 

section 5.2.3 that the performance of the coupled line filter designed has substantial 

variations from its simulated performance due to manufacturer tolerances. The filter 

dimensions at 10.2 GHz are small but at 20.4 GHz, they can be too small to realize 

physically and have results that do not comparable well with the simulations, thus having 

a response that can be unpredictable.  

Another important consideration is that the filter insertion loss will have a direct 

impact on the noise figure of the receiver and will be the dominant factor in deciding the 

sensitivity. Taking all these considerations into account, a SIW filter is designed, 

manufactured and tested in the receiver section. It is well established that a rectangular 

waveguide at microwave frequencies can have high-performance characteristics but are 

bulky and hard to integrate with other MMICs that are smaller and use microstrips or 

CPWG as transmission lines on the circuit. But a SIW can offer the relatively high 

performance of a waveguide on a PCB while also being easy to integrate with other 

components and lighter in weight. The inherent nature of a waveguide is that it acts as a 

high pass filter with a cut off frequency that is a function of its longest dimension. The 
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higher frequency band also allows for a quieter spectrum and hence the passband does not 

need a steep roll-off bandpass function.  

 

Figure 16. Cross sectional view of Substrate Integrated Waveguide 

Considering all these advantages, a high frequency SIW filter that acts as a highpass filter 

is designed and described in the thesis. The fabrication tolerances that affect a microstrip 

filter also affect the SIW. Any slight variation in the placement of the vias or width of the 

line can have significant degradation of performance. Tuning is usually used to negate 

these minute fabrication errors but the current scope of the thesis does not allow for the 

design of a tunable SIW filter [22]. The current literature describes the design of a SIW 

with transition to microstrip and CPWG. Both need full wave EM optimizations using 

Computer Aided Design (CAD) tools [23]. 
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3.3 The High Dynamic Range Power Limiting Problem 

 This thesis attempts to solve the problem of high input power which arises in cases 

where the target is too close to the radar. Typically the LNA has a high gain in the receiver 

to achieve the desired range. But if the returned input signal to the receiver in a radar is too 

high then there can be a significant signal amplitude out of the LNA. This can damage the 

devices down the line. RF limiters are specially designed circuits to limit the signals beyond 

a threshold. LNAs are typically sensitive to high power and need protection from high 

power, especially the ones operating at higher frequencies.  

 

Figure 17. Need for power limiting with cascaded LNAs 

3.4 Solution to High Dynamic Range Power Limiting  

A low threshold power limiter is designed and tested to protect the front end 

components in the receiver. Since the range of our system is directly proportional to the 

gain in the transmitter and receiver section, the receiver designed has significant gain. The 

high gain cascaded LNAs along with the selected downconverter chip can damage the 

sensitive SDR as the chosen component has an absolute maximum rating of 0 dB in the 

input section [8], [24]. Most limiters use a PIN diode as they have better performance as 
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limiters, but at high frequencies, Schottky diodes have been found to be more suitable as 

they rectify higher microwave and mm-wave signals because of the absence of minority 

carrier storage effect. The main drawback is the relatively low power handling capability 

[25]. The approach taken is the use of a multistage limiter that can produce a higher degree 

of isolation compared to single stage limiters. These multiple stages of limiting diodes have 

to be placed one-quarter wavelength apart to avoid impedance mismatch [26]. To limit high 

power levels at microwave frequencies, the property of rectification is used in which the 

Schottky barrier diodes function best [27]. The diodes can also be biased to have a lower 

turn-on threshold based on the input power level [28]. Figure 18 shows the characteristics 

of a typical limiter, it shows the input power to the limiter vs the output power from the 

limiter. 

 

Figure 18. Performance characteristics of a typical limiter 
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Chapter 4 : Design and Analysis 

4.1 Selection of Components and Architecture Design for Upconverter 

The design of upconverter and downconverter boards involve basic engineering 

practices to select and design the circuits but require innovation and novelty when solving 

the problem of harmonic reduction and power level management. The first step involved 

in any design procedure is quantifying our design specifications. The frequency, power 

level, type of input signal to be converted and noise level specifications are some of the 

important things that need to be specified which are detailed in Table 1. As seen previously 

in Figure 2, the input signal originates from and the output signal terminates to the SDR. 

A flow chart of the design process taken in this thesis is shown in Figure 19.   

Transmitter architecture can be relatively simpler to construct and design when 

compared to a receiver. The main challenges in the transmitter board is frequency 

conversion, power amplification and reduction of harmonics. For frequency conversion, 

different mixers are compared and evaluated for this particular application.  The purpose 

of power amplification in the designed board is to only act as a driver amplifier. Hence 

internally biased and matched components are preferred. The VCO-PLL section is also an 

important part of the design for the local oscillator section of mixing process. Each 

subheading in the following rest of the chapter explains the design rationale for the 

selection of components and architecture design.  
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Figure 19. Design flow chart used for RF design in this thesis 
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Table 1. Specifications of input signal to upconverter 

Frequency of signal 2 GHz 

Power of signal ~ -3 dBm 

Type of input FMCW or spread spectrum 

Bandwidth of signal 56 MHz 

Since the SDR is an uncalibrated device it is hard to determine the transmit power 

before-hand, but from initial testing, it is observed that at ~2 GHz transmit frequency, the 

output power from the SDR can be set to ~ -3 dBm. The output from the upconverter will 

depend on the type of devices that have been selected and the circuit designed. The block 

diagram of the upconverter is shown in Figure 2.  

4.1.1 Selection of Mixer 

The main components that are to be selected are the mixer, amplifier and frequency 

synthesizer. The mixer that has been selected is LTC5553 from analog devices [29]. This 

mixer is selected because it converts the frequency band of interest while requiring only a 

0 dBm drive power from the local oscillator. Although the conversion loss is high at 9 dB, 

the mixer is doubly balanced with RF baluns which allows for easier integration and 

matching in circuits.  

4.1.2 Selection of Power Amplifier 

The amplifiers chosen are AVA-183+ from mini-circuits [30]. The surface mount 

amplifiers have been chosen such that they have maximum gain at 10.2 GHz and negligible 

gain at 20.4 GHz. They also have simple biasing requirements with integrated DC blocking 

and RF matching. This makes it easy to increase the gain of the conversion circuit while 
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keeping circuit complexity to a minimum. Cascading two of these after the mixer can 

account for the conversion loss of the mixer while allowing for a respectable pre-amplifier 

gain. The P1dB of the amplifiers is 19 dBm, which is low, but functions adequately since 

there will be a need for a power amplifier after the conversion stage to get adequate range 

from the radar. It is also evident from the datasheet that the third order intermodulation 

products increase as the frequency and output power from the amplifier increases. For a 

reasonable performance, the amplifier can be driven up to 15 dBm output power without 

any major degradation of performance or high output harmonics.  

4.1.3 Selection of Frequency Synthesizer 

The selection criteria of a frequency synthesizer are frequency and tuning range, 

power levels, harmonics, spurs, and phase noise. The chosen frequency synthesizer is 

ensured that it can generate frequencies in the desired range and power levels with minimal 

harmonics. Phase noise is the phase jitter that arises because of random phase variations in 

the signal. As phase and frequency are intertwined, phase noise can be seen as random 

frequency variations as well. Each component in the frequency synthesizer contributes to 

the overall phase noise. It can be noted from [31] that the main challenges in designing 

FMCW radars are frequency sweep linearization and controlling the leakage of transmitter 

phase noise into the receiver. When using FMCW radars in applications where detection 

of small targets against a high-density clutter background is important. The leakage of 

transmitter phase noise into the receiver is an important consideration as it contributes to 

the overall noise figure of the receiver. It is also evident that having high frequency-

multiplication by a factor 𝑁𝑁 effectively amplifies phase noise power by a factor of 𝑁𝑁2 that 
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is 20log𝑁𝑁. Phase noise also reduces detection dynamic range in FMCW systems if the 

target is closer [32]. But in a harmonic radar system, the dominant source of noise in the 

system is flicker noise and not residual phase noise which is primarily observed in FMCW 

systems.  Flicker noise is because of self-mixing of the received signal with the 𝑇𝑇𝑋𝑋 leakage. 

It is observed that there is a reduction of flicker noise in a harmonic radar compared to 

conventional radars [33]. But since there is multiplication, amplification and filtering of 

the VCO-PLL signal, the phase noise performance degrades by a factor of 20𝑙𝑙𝑙𝑙𝑙𝑙𝑁𝑁 while 

also adding more phase noise in the amplifier. But this phase noise degradation is relatively 

unimportant in the system because the two frequencies are not harmonically related.  

In a Doppler radar using FMCW, the receiver frequency being measured is the same 

as the fundamental transmitted hence the leakage of phase noise can have serious effects 

on the sensitivity of the receiver. In the case of harmonic radar the frequency band of 

interest is placed one harmonic apart. Hence, this problem can be safely ignored in our 

design. From the datasheet of ADF4350 which is the frequency synthesizer selected [34], 

it is observed that the phase noise at fundamental frequency of 4.4 GHz is ~ -80 dBc/Hz 

for 1 kHz bandwidth and there is an additional degradation of 20𝑙𝑙𝑙𝑙𝑙𝑙2 which is 6 dBc/Hz 

of phase noise in the system because of the added multiplier. Therefore it is expected to 

have a phase noise of ~ -74 dBc/Hz to the input of the mixer, which will further lead to the 

degradation of phase noise in the output of the mixer. But since the transmit signal phase 

degradation is not significant since there is multiplication by a factor of only two and the 

receiver is tuned to receive 20.4 GHz signal, the receiver sensitivity is not affect by the 

transmit phase noise. The VCO-PLL chosen is a frequency synthesizer with integrated 
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VCO. In this thesis the evaluation board is used in place of designing the circuit to test the 

initial prototyping.  

 

Figure 20. Upconverter architecture 

The overall block diagram is shown in Figure 20. The FMCW or spread spectrum 

signal from the SDR will be mixed in the mixer LTC5553. The local oscillator signal is 

generated in the frequency synthesizer ADF4350, which is controlled by a raspberry pi via 

Serial Peripheral Interface (SPI). The signal generated from the frequency synthesizer is 

4.1 GHz, which is filtered, multiplied, amplified and filtered again by devices from 

minicircuits. Multiplication brings up the LO frequency to 8.2 GHz to mix with the IF 

frequency from the SDR which is 2 GHz. The filtering and amplification is needed to 

reduce the harmonic levels and to account for the conversion loss of the multiplier which 

is 12.5 dB. The coupled line bandpass filter, filters out the harmonics and the two AVA-

183+ give 14 dB of gain each to account for the conversion loss of the mixers and the 
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filters. The final bandpass filter cleans up any residual harmonics and is connected to the 

power amplifier.  

4.1.4 Design of Coupled line Filter 

For the design of the filter, the current literature is looked at with a concentration 

on X-band microstrip filters that suppress harmonics [35], [36]. Parallel-coupled line 

microstrip filters suffer from spurious responses located at twice the fundamental 

frequency. These spurious responses can cause response asymmetries. There is also the 

problem of weak lateral coupling between the lines. These filters require small values of 

strip widths with strip spacing being very close to achieve the desired response. 

Manufacturing irregularities in fabrications render the even and odd mode phase velocities 

to be unequal. Jen-Tsai et al. [37] offers a brief overview of the approaches taken to 

minimize harmonics. It can be done by either having different lengths for even and odd 

modes and equalizing the modal phase velocities or connecting a short uncoupled line 

section at either ends of the coupled section. Since the cause of unequal even and odd mode 

phase velocities is the variation in phase velocity in the substrate and air medium [9], 

several methods such as suspending the substrate or providing an overlay have been 

suggested [38]. But these methods add to the cost of the filter. One of the ways that the 

performance of the filter can be improved in this design is by using over coupled resonators 

or extended odd mode lengths [38]. But with experimentation it has been found to be hard 

to extend this method to high frequencies in X-band.  

Some methods such as carving square periodic grooves in the filter seem to have 

some harmonic rejection qualities but the maximum rejection level of harmonic that this 
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method has been able to achieve is 35 dB [39]. A modification of the method presented in 

[40], has been analyzed and used in the current implementation of harmonic reject filter. 

To suppress the harmonics, T-shaped TL open circuit stubs are used, that have a 

transmission zero at harmonic frequencies. A detailed analysis of the stubs can be found in 

[41]. From a compilation of all harmonic reject filter performances, it can be noted that the 

usual suppression values range from 20 dB to a maximum of 40 dB depending on the 

substrate type and filter topology [40]. The design procedure explored in this thesis uses 

radial stubs to reject the harmonics.  

The filter is designed from the template of Chebsev Filter with 0.5 dB ripple and 

20% fractional bandwidth. Once the filter has been tuned and optimized, two quarter 

wavelength, 50 Ohm radial stubs at 20.4 GHz are attached to either end of the filter. The 

line width on which the radial stubs are situated is 50 Ohm at 10.2 GHz. This helps pass 

the 10.2 GHz signal while attenuating the 20.4 GHz signal, thus giving us the harmonic 

rejection property. Figure 22 shows the layout of this approach. This novel way of rejecting 

harmonics has not been explored before and has been found to perform better than the 

current literature shows, as radial stubs have wideband performance compared to T lines. 

The filter is first designed in Keysight’s ADS. This allows initial prototyping for lower 

frequencies.  

 

Figure 21. Equivalent circuit for coupled line filter 
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The next step involves setting the radial stubs at the input and output of the filter. 

Passive filter design and initial optimization in selection between the hairpin and coupled 

line for example can be done on PathWave Genesys configuration in Keysight ADS 

software. Momentum in ADS further allows us to optimize this coupled line filter. Further, 

radial stubs and other types of stubs can be added to the initial prototype by optimizing for 

a select goal to block harmonics.  

 

Figure 22. Coupled line filter on PCB 

 

Figure 23. Simulation of coupled line filter with stubs in ADS. (m1 is the passband insertion loss, m2 

is the harmonic rejection level, m3 is the return loss on the fundamental band) 
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The designed filter layout in ADS is further exported to CST Microwave Studio for 

full-wave EM simulations and further optimized to improve the performance of the filter. 

The transition between the CPWG and microstrip 50 Ohm is optimized for 10.2 GHz and 

simulated.  

 

Figure 24. Microstrip bandpass filter designed and optimized at 10.2 GHz in CST. 

4.2 Selection of components and architecture design for Downconverter 

Downconverter design at this level is primarily selecting the best Monolithic 

Microwave Integrated Circuit (MMIC) for the application. Factors to consider include 

frequency ranges, conversion loss or gain, input and output signal levels, as well as any 

noise and spurious responses added by the chip. Advances in RF and Microwave MMIC 

technology allow for single stage conversion at submillimeter-wave frequencies while 

maintaining low form factor with high performance. An integrated solution to the problem 

would be a better approach because of the reasons described.  

4.2.1 Single-stage and Multi-stage Downconversion 

Multistage downconversion allows for highly sensitive radios but increases circuit 

complexity, mainly because it requires two local oscillator signals while requiring several 

bulky passive filters. Another important problem with dual conversion receivers is problem 
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of the secondary image. One of the reasons for using a dual conversion receiver is to 

maximize channel selection. As seen in the section 2.2.1, there exists the problem of image 

frequency while designing the receiver and one of the ways in which the problem can be 

circumvented is to use high LO frequency. This translates to putting the image frequency 

band further away from the RF and the receiver filter can easily reject the image frequency. 

But this makes it harder to design a high Q filter to select channels in a particular band at 

high frequencies. Since the goal of this project does not involve the design of a 

communication system with bands of information but a radar; the constraint of band 

selection at high frequency is invalid. Usually, dual conversion is used to translate a 

channel to lower IF to maximize channel selection. To overcome the problem of secondary 

image, zero IF receivers, quadrature down converters and sliding receivers have been used 

but exploring those will be unnecessary for this thesis [42].  

In a direct conversion receiver, LO leakage can be a problem compared to a dual 

conversion receiver. One of the priorities when designing direct conversion receivers is to 

select components with low feedthrough effects, as the leakages in direct downconversion 

can have a greater signal degradation effect compared to dual conversion receivers. This 

happens because the LO signals are closer to RF in direct downconversion than in dual 

conversion receiver.  

Another important design consideration is the placement of the SIW filter before 

the LNA. If the SIW filter has significant insertion loss, the overall receiver noise figure 

will be degraded by a significant amount. This architecture is chosen because self-

interference due to harmonics will limit performance to a greater extent than will a less 
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sensitive receiver. Taking into account these considerations, the designed architecture is 

presented in Figure 25. 

4.2.2 Selection of LNA 

The LNAs chosen, (HMC751LC from Analog Devices) are not only for 

amplification with low noise figure of 2.2 dB but are also chosen to function as a bandpass 

filter for 20.4 GHz, as the passband of the LNA is from 17 GHz to 27 GHz [43]. The LNA 

has a gain of 25 dB with minimal biasing requirements. The gain at 10.2 GHz is minimal 

compared to the gain at 20.4 GHz.  

4.2.3 Selection of Downconverter 

The downconverter circuit is designed with a loop filter bandwidth of 60 kHz with 

450 phase margin [24]. Defining a loop filter for a PLL is dependent on several dynamics, 

such as Phase Frequency Detector (PFD) frequency, the N counter value, the tuning 

sensitivity characteristics of the VCO and selected Charge Pump (CP) current. The loop 

filter bandwidth of 60 kHz and 450 phase margin has been selected balancing the integer 

boundary spurs to the in band phase noise performance. Simulations can be done with ADI-

Sim-PLL software. But the recommended values were simulated and were found to 

perform appropriately. The SPI lines are kept further away and perpendicular to the RF 

lines as there can be significant coupling between the two. The limiter designed is placed 

after the two LNAs as the high gain from the LNAs can damage the downconverter chip. 

At the output of the downconverter chip, the internal impedance was 75 Ohms and was 

transformed to 50 Ohms using a quarter wavelength transformer.  
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Figure 25. Downconverter architecture 

4.2.4 Design of Substrate Integrate Waveguide 

 The SIW acts a high pass filter and is defined and designed from the equations 

presented in the section 2.1.3. To integrate a SIW with the rest of the microstrip circuits, a 

transition needs to be designed and implemented on PCB. A simple microstrip to SIW 

transition is explained in [44] and shown in Figure 26. The initial calculations for the taper 

parameters are done and optimized in CST. The taper length is a multiple of a quarter 

wavelength at 20.4 GHz to ensure impedance matching.  

 

Figure 26. Microstrip to SIW transition 

Figure 27 shows the structure of CPWG to SIW transition arranged in a back to 

back configuration. Design equations for the transition can be found in [23]. Via holes are 
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placed on either sides of the CPWG transition to avoid unwanted modes of propagation. 

The fields gradually extend into the SIW due to the linearly tapered central strip. The 

impedance matching can be tuned by the angle and length of the taper line, therefore giving 

a broadband range of operation as opposed to a resonance structure, which have a narrow 

bandwidth of resonance. Generally, full-wave (Electromagnetic) EM simulations with 

optimization goals can be used to design such a transition from a valid starting point. 

Although the impedance inverter matrix method is used in [23], EM simulations give a 

method to prototype faster with minimal involvement. The taper transition from CPWG to 

SIW is a quarter wavelength too.  

 

Figure 27. CPWG to SIW transition 

Some methods of mechanical tuning can be explored to further improve the filter 

transfer function to account for manufacturing imperfections. Coupling resonator 

mechanisms using vias can be used to design a bandpass filter response in SIW structures. 

One common method of tuning regular rectangular waveguide filters is to insert screws to 

form resonators and coupling apertures. But this method cannot be used in planar SIW 

structures and hence a via is inserted into the structure with an offset from the center of the 

resonator [45]. Bandpass filters can also be constructed using this method.  
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Only the SIW without the transition is built and optimized first in CST. This sets 

the benchmark for the optimal performance with the taper. A quarter wavelength transition 

taper for 50 Ohm CPWG is used along with a 50 Ohm CPWG line. The impedance 

transformation is necessary as the impedance difference between the two transmission lines 

is large. The SIW with the CPWG is optimized together and tuned for optimal performance 

characteristics. The vias are placed symmetrically and mirrored to ensure field matching. 

This design is then replicated on the PCB software to ensure reliable tolerance specification 

and realistic positioning. 

4.2.5 Design of Limiter 

Since the saturation power 𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠 of HMC751LC is 13 dBm and the absolute 

maximum power that can be input to the ADMV4420 is 0 dBm, it is necessary to protect 

the downconverter from damage. The damage can occur in two ways, if the boards 

themselves have are placed close to each other and have high self-interference or in case if 

the target is close by and the received harmonic power is too high for the downconverter. 

The schematic adopted in the current design in presented in Figure 28. The diode topology 

provides a DC path to the ground through quarter-wave short circuit stubs. This allows the 

input and output RF signal to not interact with the DC signal that is applied in the biasing. 

The DC biasing voltage is used to lower the signal level necessary to activate the limiter. 

The spice model is used in simulating the limiter in ADS. The corresponding simulation is 

then used to design the limiter on PCB. 
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Figure 28. Schematic of the diode limiter. λ/4 are the quarter wavelength spacing’s and Vdc is the 

bias voltage 

4.3 EMI and Thermal Design Considerations 

Best practices for low Electromagnetic Interference (EMI) are adopted when 

designing the PCB. The ground path is kept continuous for the return current to have a 

continuous path under the RF lines. RF transmission lines are kept straight to avoid any 

bending losses or path losses in discontinuities. Although the size of the PCB increases 

with this approach, for prototyping purposes, it suffices. The digital SPI lines are kept 

perpendicular and far from the RF lines to avoid coupling and digital flicker. Multiple rows 

of staggered vias are used to avoid cross-talk between RF lines where they are the closest. 

The CPWG vias are close and the edge launch is also kept close for quieter RF lines [10]. 

The board is generally covered with vias to ground between the top and bottom ground 

planes to keep the EMI low as possible. The routing of the regulators is done according to 
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the datasheet to maximize heat dissipation. The amplifiers in the transmitter are covered in 

RF shielding to reduce the chances of oscillation caused by coupling between them. 

Chapter 5 : Results 

5.1 Introduction to the Results and Test Setup 

The testing and characterization of both boards is done using a Vector Network 

Analyzer (VNA) and a spectrum analyzer. The VNA has a range that spans up to 26.5 GHz 

but the current calibration standards do not allow for calibrated testing at higher frequencies 

and hence there can be discrepancies in some of the results at higher frequencies. By using 

some best practices in calibration and arrangements, reliable measurements can be 

obtained. All passive circuit measurements in the VNA are double-checked using the 

spectrum analyzer by discounting the cable losses and connector losses. The gain is 

correctly calculated and verified alongside theoretical expectations. In the first section, 

passive circuits are characterized. The S-parameters for the filters and limiters are 

measured using the VNA. The spectrum analyzer and frequency generator are used for the 

limiter power level measurements. In the second section, the completed upconverter and 

downconverter circuits’ gain, frequency and noise are measured using the spectrum 

analyzer and signal generator. Finally, the complete FMCW radar measurements are 

presented in the last section. These measurements are done using the SDR and Horn 

Antennas. Limiter test setup using spectrum analyzer and passive circuit test setup using 

VNA is shown in Figure 29 and Figure 30. 



 

45 

 

 

Figure 29. Limiter power level measurements setup 

 

Figure 30. VNA test setup for passive components 

5.2 Passive Circuit Measurements. 

 The CST simulation results of the upconverter coupled line filter, SIW filter and 

the ADS simulation results of the limiter are presented first and then compared to the 

physical measurements. The VNA is calibrated to discount cable losses and connector 

losses. The upconverter coupled line filter, SIW filter and the limiter are then measured 

using the VNA. The frequency span selected is of a few GHz to improve the resolution of 
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the measurements. Both the fundamental and harmonic frequency bands of interest are 

measured but with different sweeps to improve frequency resolution. The simulated and 

measured results are compared and discussed if any discrepancies are present. For the 

limiter, the power levels simulated are compared against the measured power levels which 

are taken using the spectrum analyzer and signal generator. The differences are noted and 

discussed.  

5.2.1 Coupled Line Filter Results 

The designed coupled line filter has been simulated in CST to obtain more accurate 

S-parameters of the filter compared to the ADS simulations seen in Figure 23. The designed 

filter has been optimized heavily to have the lowest possible insertion loss with the highest 

possible harmonic rejection. The simulated insertion loss at 10.2 GHz is 1.46 dB with the 

return loss of 16.36 dB which is shown in Figure 32. The harmonic rejection level 

simulated is at 71.05 dB. 

The measured results for the coupled line filter centered around 10.2 GHz are 

shown below in Figure 33. At 10.2 GHz the insertion loss measured is 3.01 dB, and the 

return loss is 14.38 dB. There is higher insertion loss than anticipated which is normally 

the case due to manufacturer tolerances but the results do not deviate greatly from what is 

expected. At 20.4 GHz the harmonic rejection is 58.05 dB which is shown in Figure 34. 

The harmonic rejection level is less than expected but will significantly suppress the 

harmonics. 
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Figure 31. Coupled line filter on PCB 

 

Figure 32. Simulated characteristics for coupled line filter in CST over complete frequency band 
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Figure 33. Measured 10.2 GHz filter characteristics with center frequency of 10.2 GHz and a span of 

4 GHz 

 

Figure 34. Measured 10.2 GHz filter characteristics with center frequency of 18 GHz and span of 8 

GHz 
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5.2.2 SIW Filter Results 

The simulated SIW characteristics in CST are shown below in Figure 35. This filter 

should pass the harmonic with little insertion loss but block the fundamental. Any 

fundamental leaking into the LNA will generate harmonics leading to self-interference. As 

discussed, there is a trade-off between the SIW roll-off and the passband ripple. The 

passband insertion loss predicted through simulations is 0.68 dB with a return loss of ~25 

dB which is shown in Figure 35. The suppression at 10.2 GHz was predicted to be 57.5 dB. 

The SIW filter implemented in PCB is shown in Figure 36. The measured characteristics 

for the SIW filter are shown below in Figure 37. The passband attenuation is significantly 

more than the simulated expectation. This is owing to the manufacturing tolerances which 

are currently being studied to be tuned out mechanically [46].  

 

Figure 35. Simulated characteristics of SIW filter with center frequency of 20.4 GHz over complete 

frequency band 
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Figure 36. SIW filter on PCB 

The measured passband insertion loss is 3.78 dB and the return loss is 12 dB. The 

loss factor of the PCB material chosen is 3.66 at 20 GHz. The passband insertion loss is 

higher than expected but lower than microstrip type filters at this frequency. 

 

Figure 37. Measured characteristics of SIW filter with center frequency of 18 GHz and span of 8 

GHz 
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The measured fundamental isolation is presented in Figure 38. The fundamental 

attenuation is quite significant at 57.56 dB and compares well with the simulated results. 

This allows for better self-interference mitigation as discussed.  

This higher insertion loss will add to the overall receiver noise figure and decrease 

the sensitivity of the receiver but the fundamental is suppressed which will decrease the 

self-interference.   

 

Figure 38. Measured characteristics of SIW filter with center frequency of 10.2 GHz and span of 4 

GHz 

5.2.3 Results of Limiter simulation and measurement 

The limiter’s microstrip to coplanar waveguide transition is integrated and 

simulated in Keysight ADS. Since one end of the diode is on the transmission line, the line 

has to be a microstrip and the transition from 50 Ohm microstrip to 50 Ohm CPWG without 

the diodes is simulated and the results are presented in Figure 39. The characteristics of the 
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unpopulated limiter without the diodes measured is shown in Figure 40. The jagged 

discrepancies in simulated and measured results can be attributed to missing physical 

capabilities in the lab. Such as high frequency rated cables and high frequency rated 

calibration standards. There is an observable difference in the passband insertion loss 

which can be seen in Figure 40. The higher passband insertion loss shows the difference in 

simulated and measured dimension tolerances on the PCB.  

 

Figure 39. Simulated limiter characteristics of unpopulated limiter in ADS over complete frequency 

band 
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Figure 40. Measured characteristics of unpopulated limiter characteristics with center frequency 18 

GHz and span of 8 GHz 

The populated limiter characteristics which are shown in Figure 41, has a lot of 

insertion loss at 20.4 GHz which is what was expected. The observed higher attenuation of 

the populated limiter is due to the parasitic capacitance of the diodes.  

 

Figure 41. Measured characteristics of populated limiter with center frequency 18 GHz span of 8 

GHz 
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The insertion loss of the limiter is plotted against the input power at different bias 

voltages, which is shown in Figure 43. The input and output power level is measured and 

the insertion loss of the cable is subtracted from the output of the limiter. The resultant 

output power is subtracted from the input power to calculate the insertion loss and is plotted 

against the input power at different bias voltages. The total cable loss measured at 20 GHz 

is found to be 3.2 dB. The test setup is shown in Figure 42. 

 

Figure 42. Connector losses and cable losses in limiter 

 

Figure 43. Input power vs insertion loss of the limiter at different bias voltages. 
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The primary goal of the limiter was to protect the downconverter chip which has a 

maximum input power of 0 dBm. The downconverter and the LNA both have P1dB below 

13 dB, thus meaning that the devices would saturate before they reach that power level. 

The limiter constructed was found to have an output power of 0 dBm with input power of 

13.9 dBm with bias voltage of 0.4 V. The limiter can thus be said to be functioning 

sufficiently to protect the devices in case of high input powers. Adding the biasing lowers 

the threshold required to turn on the diodes. The 0.0 V bias level has a knee after which 

insertion loss increases at slightly above +10 dBm while in the case of the red curve with 

0.2 V bias level, the diodes turn on at +10 dBm but with higher insertion loss. With a bias 

voltage of 0.4 V the diodes turn on at -40 dBm. This matches the specification of the diode 

on the data sheet as the forward bias voltage 𝑉𝑉𝑓𝑓 is 330 mV [47].  

One of the observations made in [25] is that the spice model did not correctly model 

the diodes and hence the discrepancy. The small-signal insertion loss was higher than 

expected from the literature. This can be attributed to a few factors such as difficultly in 

mounting the diodes on the transmission line, inaccuracy in modeling the feed bias 

transmission line and possible manufacturing inaccuracies.  

5.3 Upconverter and Downconverter Board Measurements 

The test setup for the upconverter and downconverter board’s measurements is 

shown in Figure 45 and Figure 46. In the case of the complete board, the measurements are 

taken using the spectrum analyzer which is directly connected to the board’s output. To get 

the power and frequency at the output of each component, a probe is used by discounting 

the probe cable losses. The fabricated boards are shown in Figure 44. 



 

56 

 

 

Figure 44. Fabricated Test (Leftmost), Upconverter (Top Right) and Downconverter (Bottom Right) 

boards 

 

Figure 45. Test setup for upconverter 
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Figure 46. Test setup for downconverter 

5.3.1 Upconverter Board Results 

The test setup presented in Figure 45 is used to measure the gains of the system. 

The insertion loss of each component in the VCO-PLL chain is presented in Table 2. This 

helps identify the gain at each point in the system. The approximate values are presented 

in the table below.  

Table 2: Insertion loss of VCO-PLL chain 

Component Expected Insertion 

Loss 

Measured Insertion 

Loss 

ADF4350 - - 

VBF4440+ ~ 0.88 dB ~ 0.9 dB 

ZX-90-2-50-S+ ~ 11.48 dB ~ 15 dB 

ZX-60-24-S+ ~ -24.3 dB (Gain) ~- 23.5 dB (Gain) 

VBF8000+ ~ 5.94 dB ~8.85 dB 
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The output spectrum of the VCO-PLL used for the tests is shown in Figure 47. The 

fundamental frequency is locked on to 4.3 GHz and has approximately a power level of 

0.79 dBm and the harmonic is measured to be 22.3 dB below the fundamental. After 

multiplication, amplification and filtering the output spectrum is shown in Figure 48. The 

output power from each component in the VCO-PLL stage is presented in Table 3.   

 This VCO-PLL output stage is the local oscillator signal to the upconverter board. 

For testing purposes, an input frequency of 1.6 GHz with power 0 dBm is input to the IF 

section of the upconverter board. The 1.6 GHz signal mixes with the 8.6 GHz signal from 

the VCO-PLL chain and gives a 10.2 GHz signal with 12.85 dBm; the output power 

spectrum which is shown in Figure 49.  

 

Figure 47. Output spectrum from VCO-PLL 
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Figure 48. Output spectrum from VCO-PLL after filtering, multiplication and amplification 

Table 3: Output power from each component in VCO-PLL chain 

Output from component Measured output power 

ADF4350 ~ +0.79 dBm 

VBF4440+ ~ -0.11 dBm 

ZX-90-2-50-S+ ~ -15.11 dBm 

ZX-60-24-S+ ~ +8.59 dBm 

VBF8000+ ~ -0.28 dBm 
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Figure 49. Final output spectrum from upconverter 

The insertion loss of each component in the upconverter board is shown in Table 

4. The expected insertion loss and measured insertion loss correspond well for the active 

components except for the filter that was designed in this thesis.  

Table 4: Insertion loss through each component in upconverter board 

Component Expected Insertion Loss 

(dB) 

Measured Insertion loss 

(dB) 

LTC5553 ~ 9 dB ~ 9.1 dB 

Bandpass Filter ~ 1.8 dB ~ 3.1 dB 

AVA-183+ ~ -14 dB (Gain) ~ -14 dB (Gain) 

AVA-183+ ~ -14 dB (Gain) ~ -14 dB (Gain) 

Bandpass Filter ~ 1.8 dB ~ 3.1 dB 
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Table 5 shows the output power from each component with input power to the system as 0 

dBm.  

Table 5: Output measured from each component in upconverter board 

Component Measured output power from the board with 

input power 0 dBm (dBm) 

LTC5553 ~ -9 dBm 

Bandpass Filter ~ -12.1 dBm 

AVA-183+ ~ 1.9 dBm 

AVA-183+ ~ 15.9 dBm 

Bandpass Filter ~ 12.8 dBm 

The final output power is 12.9 dBm with 0 dBm input which is what was expected. 

The gain through the upconverter board is 12.8 dB. The output frequency shown in Figure 

51 has some harmonics which are 1.6 GHz apart from fundamental but were found to 

quickly vanish once the input power to the system was lowered. These harmonics do not 

interfere with our system but the most important factor is the complete absence of the 

second harmonic of 10.2 GHz at the output of the completed board which is shown in 

Figure 49.  

5.3.2 Downconverter Board Results 

 The performance of the SIW filter and the limiter have already been evaluated in 

the previous section. In this section, the performance of the downconverter board is 

presented. Factors such as gain, frequency and noise figure of the system are measured and 

evaluated for performance. The gain and frequency measurements are done from the setup 
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shown in Figure 46 and the noise measurements are done from the setup shown in Figure 

50. 

5.3.2.1 Downconverter Gain Measurements 

Multiple readings of gain are taken to ensure accuracy and repeatability. The input 

frequency from the signal generator to the downconverter board is 20.4 GHz and the power 

level that is input is -75.57 dBm to ensure that all the amplifiers are operating linearly 

without running into saturation. The frequency that it is downconverted to is 1.2 GHz. The 

internal voltage controlled oscillator frequency is set to 9.6 GHz and doubled to 19.2 GHz 

which forms the LO frequency. The expected and measured insertion loss through each 

component is given in Table 6. The output out of each component that is measured is 

presented in Table 7.  

The total gain measured throughout the downconverter board using the spectrum analyzer 

and signal generator is 75.6 dB.  

Table 6: Insertion loss through each component in the downconverter board 

Component Expected insertion loss 

(dB) 

Measured insertion loss 

(dB) 

SIW ~0.9 dB ~3.8 dB 

HMC741LC ~-25 dB (Gain) ~-25 dB (Gain) 

HMC741LC ~-25 dB (Gain) ~-25 dB (Gain) 

Limiter ~2.5 dB ~4.2 dB 

ADMV4420 ~-30 dB (Gain) ~-36 dB (Gain) 
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Quarter Wave Transformer 

from 75 Ohm to 50 Ohm 

~0.5 dB ~1.45 dB 

 

Table 7: Output from each component in the downconverter board 

Component The measured output from the board with 

input power -75.54 dBm (dBm) 

SIW ~-79.34 dBm 

HMC741LC ~54.34 dBm 

HMC741LC ~25 dBm 

Limiter ~-29.34 dBm 

ADMV4420 ~ +1.45 dBm 

Quarter Wave Transformer from 75Ohm to 

50 Ohm 

~ 0.1 dBm 

5.3.2.2 Noise Figure Measurements 

For the noise measurements, the board is setup as shown in Figure 50. Due to the 

unavailability of a calibrated noise source at the rated frequency of test the noise levels are 

measured using the spectrum analyzer directly connected to the device under test.  

 

Figure 50. Noise measurements setup on downconverter 
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The noise figure of the device under test can be computed as  

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁(𝑂𝑂) − 𝐺𝐺𝐺𝐺𝑁𝑁𝐺𝐺(𝐷𝐷) + 174 𝑑𝑑𝑑𝑑𝑑𝑑
𝐻𝐻𝐻𝐻

+ 10𝐿𝐿𝑁𝑁𝑁𝑁10(𝐵𝐵𝐵𝐵)          (5.1) 

Where 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 is the noise figure 

 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁(𝑂𝑂) is the noise power density measured in 𝑑𝑑𝐵𝐵𝑑𝑑/𝐻𝐻𝐻𝐻 

 𝐺𝐺𝐺𝐺𝑁𝑁𝐺𝐺(𝐷𝐷) Gain of the device under test in dB 

 𝐵𝐵𝐵𝐵 is the bandwidth in which the noise measurements are taken on the spectrum 

analyzer. 

The total gain measured through the downconverter board is 75.6 dB. 

An average of ten noise markers is taken to ensure a reliable reading of noise which is -

91.6 dBm/Hz.  

Here bandwidth is 1 Hz as it is presented by the spectrum analyzer in 1 Hz interval 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = −91.55 − 75.57 + 174 + 0 = 6.87 𝑑𝑑𝐵𝐵                        (5.2) 

Which is the measured noise figure of the downconverter board. The expected noise figure 

of the system is computed as 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = 𝐼𝐼𝐺𝐺𝑁𝑁𝑁𝑁𝐼𝐼𝐼𝐼𝑁𝑁𝑁𝑁𝐺𝐺 𝑙𝑙𝑁𝑁𝑁𝑁𝑁𝑁 𝑁𝑁𝑜𝑜 𝑜𝑜𝑁𝑁𝐼𝐼𝑁𝑁𝐼𝐼 𝑜𝑜𝑁𝑁𝑙𝑙𝐼𝐼𝑁𝑁𝐼𝐼 + 𝐶𝐶𝐺𝐺𝑁𝑁𝐶𝐶𝐺𝐺𝑑𝑑𝑁𝑁𝑑𝑑(𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑁𝑁𝑜𝑜 1𝑁𝑁𝐼𝐼 𝐿𝐿𝑁𝑁𝐿𝐿 +

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑁𝑁𝑜𝑜 2𝐺𝐺𝑑𝑑 𝐿𝐿𝑁𝑁𝐿𝐿 + 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑁𝑁𝑜𝑜 𝑑𝑑𝑁𝑁𝑑𝑑𝐺𝐺𝐶𝐶𝑁𝑁𝐺𝐺𝑑𝑑𝑁𝑁𝐼𝐼𝐼𝐼𝑁𝑁𝐼𝐼)                     (5.3) 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = 3.8 + 𝐶𝐶𝐺𝐺𝑁𝑁𝐶𝐶𝐺𝐺𝑑𝑑𝑁𝑁𝑑𝑑 (2.2 + 2.2 + 7)                            (5.4) 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = 6.01 dB                                                 (5.5) 

The cascaded noise figure of the three active amplifiers is computed as  

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 10𝑙𝑙𝑁𝑁𝑁𝑁10 �𝐺𝐺1 + ∑ 𝑛𝑛𝑖𝑖−1
∏ 𝑔𝑔𝑗𝑗
𝑗𝑗=1
𝑖𝑖−1

𝑖𝑖=2
𝑀𝑀 �                        (5.6) 

𝐺𝐺𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = ∑𝐺𝐺𝑖𝑖                                                     (5.7) 
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Where  

𝐺𝐺𝑖𝑖 = 10
𝑁𝑁𝑖𝑖
10 

𝑁𝑁𝑖𝑖 = 10
𝐺𝐺𝑖𝑖
10 

The computed cascaded noise figure is 2.2 dB, which when added with 3.8 dB (Insertion 

loss of filter) gives a total noise figure of 6.01 dB. The measured noise figure is 6.87 dB, 

which is a minor deviation. The final output spectrum of the downconverter is shown below 

in Figure 51. The frequency of downconversion is 1.2 GHz with an input power level of -

62.05 dBm.  

 

Figure 51. Final output spectrum from downconverter with 20 GHz, -62.05 dBm input signal 

5.4 FMCW Radar Tag Detection Test 

 It is not enough to characterize the boards to ensure that they work. A complete 

radar test is required to ensure that boards function as designed with very little self-
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interference. The primary aim of the FMCW radar test is to ensure the detection of the tag 

using the boards and the SDR. There are many elements like noise, sensitivity and power 

levels that have to be taken into consideration in the final version of the FMCW radar.   

The FMCW radar tag detection test was not meant to do ranging, only detection. 

The test was conducted in the anechoic chamber. A raspberry pi was used as the main 

computer to operate the SDR and also the frequency synthesizers. Two horn antennas were 

used for transmitting and receiving. The final test up for the FMCW radar tag detection test 

is shown in Figure 52. The gain of the antennas and the transmitted power levels was 

unimportant as only tag detection was important. The noise figure of the receiver would be 

degraded further because of the added insertion loss of the cables. But with a transmitted 

output power of 3 dBm from the SDR the tag was detectable up to distances of 45 cm from 

the antennas. The chamber measurement setup is shown in Figure 53. The transmitted 

FMCW signal is compared with the received FMCW signal with the tag present and the 

tag absent for a 50 MHz bandwidth which is shown in Figure 54. The tag is visible to the 

naked eye and confirms that further testing and development can be done using the 

upconverter and downconverter boards that have been designed. 
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Figure 52. Test setup for the FMCW radar tag detection 

The top figure in Figure 54 shows the expected frequency modulated ramps at 20.4 

GHz receive frequency. The FMCW signal from the SDR is at 2 GHz which is upcoverted 

and mixed on the boards. Since there is no way to look at the output FCMW on the 

spectrum analyzer, the upconversion and mixing mathematical operations are performed 

on the raspberry pi. The expected signal to be received is shown in the top figure. On the 

x-axis is the frequency bandwidth of the transmit signal which is 50 MHz and on the y-

axis is the normalized amplitude in volts. This FMCW signal can be used as a reference to 

compare the received signal with to detect the tag. The figure in the middle shows the 
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received FMCW signal with the tag present and the bottom one with the tag absent. The 

FMCW signal is clearly visible with the tag being present.  

 

Figure 53. Chamber FMCW radar tag detection test 
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Figure 54. FMCW tag detection test input and output waveforms 

Chapter 6 : Conclusion and Future Work 

The primary goal of this thesis was to design two frequency conversion boards that 

minimized self-interference in harmonic radar application. The aim of the upconverter 

board was to reduce the transmitted harmonic frequencies and the aim of downconverter 

board was to block the fundamental frequencies while protecting sensitive circuits. The 

upconverter board converts the SDR frequencies to X-band successfully while minimizing 

the transmitted harmonics using the harmonic reject coupled line filter. The receiver board 

converts K-band frequency to lower frequencies depending on the requirements while 

minimizing leakage of the fundamental into the receiver using SIW filter. The effectiveness 

of the architecture and designed filters has been demonstrated in this work. The limiter has 
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been tested for effectiveness and suppression is achieved by biasing the diodes. An FMCW 

radar tag detection test was done and it demonstrated that the tag can be detected with 

minimal self-interference.  

Further development can be done by building an integrated solution to the radar 

system. Other things such as a complete power supply board, building the frequency 

synthesizer for the upconverter, integration of the transmitting and receiving antennas on 

the boards themselves, buying an off-chip surface mount limiter and putting on a power 

amplifier at the end of upconversion stage could improve the board’s functionality even 

further. 
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Appendix A 

1.1 Test Board Layout 

Test board top view.  
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Test board bottom view.  
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Test board 3D PCB 
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1.2 Upconverter Board Layout 

Upconverter board top view 

 

 

Upconverter board bottom view 
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Upconverter board 3D PCB 

 

 

1.3 Downconverter Board Layout 

Downconverter board top view 
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Downconverter board bottom view 

 

Downconverter board 3D PCB 
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Appendix B 

1.1 Upconverter filter layout 
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1.2 SIW layout 
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1.3 Limiter layout 
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Appendix C 

1.1 Test Board Schematic 
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1.2 Upconverter Board Schematic 
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1.3 Downconverter Board Schematic 
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Appendix D 

1.1 Bill of Materials for Test Board 

Name Designator Quantity Manufacturer 1 
Supplier Unit 
Price 1 (CAD) 

Supplier Subtotal 
1 (CAD) 

PT1,5/2-5.0-H BAT1 1 Phoenix Contact 0.42893 0.42893 

4.7uF 
C1, C2, C3, 
C4, C5 5 Murata 1.05 5.26 

1N4148TR D1 1 
ON 
Semiconductor 0.09975 0.09975 

6037 J1 1 
Keystone 
Electronics 0.83792 0.83792 

PTD901-1015K-
B103 POT1 1 Bourns     
750Ohm R1 1 Panasonic 0.09975 0.09975 
33.2k R2 1 Vishay     
100k R3 1 Vishay Dale 0.61846 0.61846 

LT3042EDD#TRPBF REG1 1 

Analog Devices 
/ Linear 
Technology  7.13  7.13 

32K243-40ML5 (2) 

SMA1, SMA2, 
SMA3, SMA4, 
SMA5, SMA6, 
SMA7, SMA8 8 Rosenberger 13.11 104.86 

Total(CAD) 118.84 
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1.2 Bill of Materials for Upconverter Board 

Name Designator Quantity 
Manufacturer 
1 

Supplier 
Unit Price 
1 (CAD) 

Supplier 
Subtotal 1 
(CAD) 

4.7uF 
C1, C2, C4, 
C5, C7, C8 6 Murata 1.46 8.77 

GRM31CR71H475KA12L 
(2) C3, C6, C9 3 Murata 1.46 4.39 

18pF 
C10, C11, 
C14, C18 4 Murata 0.38331 1.53 

1uF C12 1 Taiyo Yuden 0.13689 0.13689 
5.6pF C13, C17 2 Murata 0.13689 0.27379 
0.1uF C15, C19 2 Murata 0.13689 0.27379 
1000pF C16, C20 2 Murata 0.24641 0.49282 
32K243-40ML5 (2) IF, LO, RF 3 Rosenberger 18.11 54.33 
3.3nH L1, L2 2 Delta 0.32855 0.6571 
AVA183A+ PA1, PA2 2 Mini-Circuits     
200k R1, R6, R11 3 Vishay Dale 0.13689 0.41068 
750Ohm R2, R7, R12 3 Panasonic 0.13689 0.41068 
33.2k R3 1 Vishay     
453k R4 1 Vishay 0.13689 0.13689 
49.9k R5 1 Vishay 0.1874 0.1874 
33.2k R8, R13 2 Vishay 0.1874 0.3748 
453k R9 1 Vishay Dale 2.02 2.02 
49.9k R10, R15 2 Panasonic 0.58865 1.18 
5k R16 1 Vishay Dale 2.02 2.02 

LT3042EDD#TRPBF 
REG1, REG2, 
REG3 3 

Analog 
Devices / 
Linear 
Technology  7.13  21.39 

6037 T1, T2, T3, T4 4 
Keystone 
Electronics 1.15 4.6 

PT1,5/2-5.0-H Term1 1 
Phoenix 
Contact 0.58865 0.58865 

LTC5553 U1 1 

Analog 
Devices / 
Linear 
Technology  53.54 53.54  

      
Total(CAD) 154.39 
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1.3 Bill of Materials for Downconverter Board 

Name Designator Quantity 
Manufacturer 

1 

Supplier 
Unit Price 1 

(CAD) 

Supplier 
Subtotal 1 

(CAD) 
ADMV4420ACPZ U1 1 Analog Devices 70.29 70.29 

Test Point 
VPOS1, VPOS2, 
VPOS3, VPOS4 4    

0.1uF 
C36, C38, C42, 
C45, C49, C55 6 Murata 0.03662 0.36625 

470pF C51 1 Murata 0.2713 0.2713 

4.7uF 

C1, C2, C4, C5, 
C7, C8, C10, 

C11, C13 9 Murata 0.74199 7.42 
4.7Uf C62 1 Murata 1.36 1.36 

6037 J1, J2, J3, J4 4 
Keystone 

Electronics 1.14 4.56 

2.2uF 
C16, C19, C22, 
C25, C28, C31 6 Murata 0.14921 0.89528 

4.7uF C33 1 Murata 0.21704 0.21704 

10pF 
C32, C41, C43, 

C58, C60 5 KEMET 0.03256 0.32556 

10uF 
C34, C37, C44, 
C50, C59, C61 6 Murata 0.25773 1.55 

100pF 

C14, C17, C20, 
C23, C26, C29, 
C35, C39, C46, 

C48, C56 11 Murata 0.0312 0.34319 
1nF CNC 1 KEMET   

0.01uF C47, C57 2 KEMET 1.23 2.47 
C0805C475K4RACTU 

(2) C3, C6, C9, C12 4 KEMET 0.33912 1.36 
10uF C40, C54 2 Murata 0.29843 0.59685 

220pF C53 1 Murata 0.16278 0.16278 

39.9k R7, R9 2 
TE 

Connectivity 0.13565 0.2713 

32K243-40ML5 (2) 
IF OUT, LOIN, RF 

IN 3 Rosenberger 17.95 53.84 
MLG1005S51NJTD25 L1 1 TDK 0.13565 0.13565 

LT3042EDD#TRPBF 
REG1, REG2, 

REG3 3 

Analog Devices 
/ Linear 

Technology 7.13 21.39 

LT3045HDD#TRPBF REG4 1 

Analog Devices 
/ Linear 

Technology 12.38 12.38 
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1000pF 
C15, C18, C21, 
C24, C27, C30 6 KEMET 0.02849 0.28486 

22-11-2042 Molex 1 Molex 0.78676 0.78676 
LTST-C191KGKT DS1 1 Vishay Lite-On 0.35268 0.35268 

6800pF C52 1 Murata 0.13565 0.13565 

1N4148TR D1, D2, D3 3 
ON 

Semiconductor 0.13565 0.40694 
PTD901-1015K-B103 Pot1 1 Bourns 2.28 2.28 

1k 
R8, R10, R12, 

R15 4 Vishay Dale 0.84102 3.36 
100k R11 1 Vishay Dale 0.84102 0.84102 

5k R3 1 Vishay 0.13565 0.13565 

0Ohm 
R13, R14, R17, 

R20, R21 5 Vishay 0.05704 0.57041 
5k R2 1 Vishay Dale 1.46 1.46 

33.2k R6 1 Vishay   
200k R1 1 Vishay Dale 0.13565 0.13565 

680 Ohm R18 1 Vishay 0.13565 0.13565 
1.5k R19 1 Vishay Dale 0.84102 0.84102 

49.9k R16 1 Vishay Dale 0.84102 0.84102 
HMC751LC4 LNA1, LNA2 2 Analog Devices 76.34 152.69 

PT1,5/2-5.0-H BAT1 1 
Phoenix 
Contact 0.58329 0.58329 

330Ohm R4 1 Panasonic 0.58329 0.58329 
Total(CAD) 340.33 
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