
 

 
 

INTEGRATION AND TESTING OF AN UWB AIRBORNE RADAR SYSTEM FOR 

POLAR ICE SOUNDING 

 

by 

JARED SUTPHIN 

JIE-BANG YAN, COMMITTEE CHAIR 

DREW TAYLOR 

JORDAN LARSON 

 

A THESIS 

 

Submitted in partial fulfillment of the requirements 

for the degree of Master of Science in the  

Department of Electrical and Computer 

Engineering in the Graduate School of 

The University of Alabama 

 

 

TUSCALOOSA, ALABAMA 

 

2021 

 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright Jared Sutphin 2021 

ALL RIGHTS RESERVED



 

ii 
 

 

 

ABSTRACT 

An ultra-wideband, airborne radar system is developed to further advance polar region 

research. The polar regions are the best place to detect and predict future climate due to their 

sensitivity and responsiveness to climate change. Ice sounding radars can detect ice thickness, 

basal topography, and englacial layers to help aid in these future predictions. Very-high 

frequency and ultra-high frequency radar systems have proven capable of providing deep internal 

layering and bedrock topography measurements. This thesis includes the work done on the 

design, integration, and testing of such a radar system. The radar is an 8-channel, modular 

system operating from 170-470 MHz. It is designed to operate from a DHC-6 Twin Otter aircraft 

platform and map near bed layers at 3-3.5 km thick ice. These measurements will provide data 

for 3D ice-bed topography and basal conditions, long-term accumulation rates, flow dynamics, 

and ice-shelf melt rates. This data is used to help develop ice models which can reveal more 

about how the polar regions affect the Earth. 
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CHAPTER 1: INTRODUCTION 

1.1 Motivation 

The polar regions are essential to Earth’s climate system with the Antarctic and Artic 

being most receptive to global warming. These polar regions are the best place to detect and 

predict future climate due to their sensitivity and responsiveness to climate change. Recent 

awareness of the polar regions indicates the urgency to better understand the changes taking 

place and to find scientific solutions [1]. Current science needs involve high resolution bed and 

ice-layer measurements; however, polar region mapping is somewhat sparse, and it is one of the 

least understood areas on Earth [2]. Aerial surveying with high resolution allows for an efficient 

method to capture bed and ice-layer measurements of these critical regions. These measurements 

provide valuable information to help develop ice models which can reveal more about how the 

polar regions affect the Earth. 

An ultra-wideband airborne radar system is developed for the Korean Polar Research 

Institute (KOPRI) for polar surveys. The system is developed with three major objectives in 

mind. First, to measure the thickness of ice to generate 3D topography of the ice-bed in certain 

areas and 2D reflectivity maps of the ice-bed for determining basal conditions. Next, to map 

near-surface internal layers with a fine resolution of 50 cm as well as deep internal layers with a 

1-2 m resolution to determine long-term accumulation rates and to understand flow dynamics. 

Finally, to collect data estimating the surface melt rate and bottom melt rate of ice shelves with 

wide-swath imaging and fine-resolution capabilities of the radar. 
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1.2 Thesis Organization 

This thesis consists of six different chapters. Chapter 2 examines the system requirements 

and the link budget of the radar system. In Chapter 3, the overall system design is described, and 

the integration of the system is discussed in detail. Chapter 4 covers the laboratory testing done 

to verify the performance of the radar system. Work on the predistortion of the transmitter is 

discussed in Chapter 5. Chapter 6 provides a summary of the work presented and looks at future 

developments that can be made. 
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CHAPTER 2: BACKGROUND 

2.1 Previous Radar Systems 

There are several methods that can be used to capture ice measurements including lidar, 

gravimetry, seismic experiments, magnetometry, and radar [3]. Initial concepts of 

radioglaciology were proposed in the 1970s, but the technology was limited. Advancements of 

these technologies have allowed for glaciological studies to have radar usage in place for several 

decades. Before radar surveys, glacier and ice-sheet bed information was captured from seismic 

data, but these techniques were time consuming. As radar surveying became more relevant, the 

advancement in instruments, platforms, and infrastructure gave way for data collection of 

Greenland and Antarctic ice sheets [4]. Coastal airstrips combined with more capable airborne 

systems allowed for an efficient way to collect data with high accuracy and resolution. In these 

areas, radar sounding has shown the ability to detect ice thickness, basal topography, and 

englacial layers. Determining the location of the bed reflector allows for mapping basal 

topography or estimating the volume of ice sheets and sea-level potential. Early systems 

experimented with various power configurations, bandwidths, and frequency ranges. Systems in 

the VHF and UHF bands have been proven successful for ice bed mapping. While low frequency 

waves have better penetration into the ice, they involve longer wavelengths and increased size of 

antennas that can be difficult for airborne platform integrations. In [3], a 160-230 MHz airborne 

system was developed for sounding and imaging the ice-bedrock interface. The system was 

optimized for imaging the ice-bed interface of 3 km thick ice as well as sounding fast-flowing 

glacier and ice-sheet margins. Vertical resolutions were around 6 m and 20 m depending on the 
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platform and antenna configurations. A test flight over the South Pole was successful at 

measuring 3 km thick ice from a DC-8 aircraft. The data from this flight is shown in Fig. 2.1. 

 

Fig. 2.1: Echogram data collected at the South Pole on the DC-8 aircraft [3]. 

The radar produces good results; however, improvements can be made to achieve higher 

resolution for deep layer measurements. High-gain antennas with an increased bandwidth can 

help to accomplish this. By extending to a higher frequency range, the bandwidth will increase, 

and the overall antenna size will remain manageable for airborne applications. Additionally, 

using an antenna array can help to increase gain and provide enhanced measurement results. 

Combining this with a new radar system will allow for an enhanced vertical resolution to sound 

deep internal layers of ice. 

2.2 System Requirements 

Based on each of the goals of the system, technical requirements are created. The ice 

thickness should be measured at an accuracy of 1 m and water layer thickness at 0.5-4 mm. The 

internal layer depth accuracy should be 60-100 cm and bottom melt rates should have an 
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accuracy of 50 cm or better. Near bed layers should be mapped from ice 3-3.5 km thick while 

using an airborne platform [5]. A high signal-to-noise ratio is needed to meet these requirements. 

This involves a high transmit power, high gain antennas, and a receiver with a low noise figure. 

In addition, a wide bandwidth should be utilized to obtain a fine vertical resolution and meet the 

required measurement accuracy. The transmitter should be designed for a high transmit power 

and wide bandwidth. The receiver design should focus on a low noise figure while maintaining 

the same frequency range.  

2.3 Link Budget 

 The goals and technical requirements are used to calculate a link budget for the radar. 

The link budget will determine the specific values needed to design the system. The radar range 

equation is used to calculate these parameters needed for the airborne system to map layers from 

ice of 3-3.5 km thick. Equation 2.1 accounts for all the gains and losses in the radar system when 

sounding polar regions. This includes the radar system and airborne platform from which it is 

operating as well as the medium it is operating through. 

𝑃𝑟 =
𝑃𝑡𝐺𝑡𝐺𝑟|Γ𝐼𝑅|

2(1−|Γ𝐴𝐼|
2)𝐿

(4𝜋2)(2ℎ)2
 2.1 

The power received can be found from the transmitted power (𝑃𝑡), antenna transmit and receive 

gain (𝐺𝑡𝐺𝑟), reflection coefficient from ice to rock interface (|Γ𝐼𝑅|
2), reflection coefficient from 

air to ice interface (|Γ𝐴𝐼|
2), ice loss (𝐿), the first spreading loss term (4𝜋2), and the second 

spreading loss term ((2ℎ)2). All these variables must be accounted for when designing the 

system to achieve accurate results. Values can be calculated to determine the reflection 

coefficients at different interfaces in the measurement medium. This includes the air to ice 

interface as well as the interface from ice to rock. Additionally, the spreading loss term should be 
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considered from the height of the aircraft. Once these parameters are confirmed, the remaining 

values defining the radar system can be solved for. 

The final calculated link budget values are detailed in Table 2.1. A 62 dBm transmit 

power is used in combination with a 28 dB 2-way antenna gain on an aircraft at a height of 500 

m. To reach the proper measurement depth, an ice thickness of 5 km is assumed to have a loss of 

22 dB/km for a total of 110 dB loss. Additionally, the radar will operate at a center frequency of 

320 MHz with a bandwidth of 300 MHz. A signal-to-noise ratio of 29.03 dB can be calculated 

from the link budget parameters. 

Table 2.1: Radar Link Budget [6] 

Parameter Value Unit 

Center Frequency 320 MHz 

Bandwidth 300 MHz 

Transmit Power 62 dBm 

Antenna Gain (2-way) 28 dB 

Wavelength -0.56 dB m2 

Interface return loss 20 dB 

Spreading loss term 1 21.98 dB 

Ice thickness 5 km 

Aircraft height 500 m 

Spreading loss term 2 85.39 dB 

Total ice loss 110 dB 

Pulse compression gain 31.76 dB 

Integration gain 40 dB 

Noise power -85.2 dBm 

Signal to noise ratio 29.03 dB 
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CHAPTER 3: RADAR SYSTEM DESIGN 

3.1 System Overview 

 Based on the link budget calculations and requirements, a system overview can be 

determined. A DHC-6 Twin Otter aircraft platform is selected for its size, weight, access, and 

power. This platform allows for preexisting digital systems and racks to be easily mounted. The 

aircraft is large enough to allow for a 16-element antenna array [7] to be positioned on each 

wing. One of these antenna arrays is used for transmitting and receiving while the other is for 

receive only. The radar system consists of a digital system, 8 transmitters, 8 high-power transmit 

receive switches [8] and 16 receivers. These components have additional power and control 

subsystems as well. 

 

Fig. 3.1: System schematic. 

The digital system generates a 10 μs chirp with a PRI of 5%. The transmitter amplifies and filters 

the chirp. The high-power switch passes the signal to the 16-element antenna array. The signal is 

transmitted and the high-power switch changes to receive. The T/R 16-element antenna array 

passes the received signals through the high-power switch to the receiver. The receive only 
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antenna array passes the signal directly to separate receivers. Following the receivers, the signal 

is passed to the digital system and recorded. Two TTL signals are used to provide switch timing 

of the system. The Tx TTL turns on 1 μs before the chirp and turns off 1 μs after the chirp. The 

receivers use the same TTL timing but with an inverted signal. This turns the receivers off when 

transmitting the signal and on when the system is done transmitting. Fig. 3.2 shows the system 

timing of the TTL signals with the chirp. The voltage levels have been adjusted for easier 

viewing. 

 

Fig. 3.2: System timing. 

3.2 Digital System 

 An “ARENA” digital system purchased from Remote Sensing Solutions is used as the 

digital transceiver. The system has 8 transmit channels and 16 receive channels and fits inside a 

7U standard rack. The digital to analog converter uses an AD9129 base chip with a sampling rate 

of 2.4 GSPS. The analog to digital converter uses the AD9680 base chip and has a sampling rate 

of 1.2 GSPS. The system provides an adjustable TTL signal for transmit and receive switch 
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timing as well as a 10 MHz clock signal. Additionally, .bin files can be uploaded and used for 

the signal generation. The system also has an adjustable output power for the transmit channels. 

This allows for the creation of custom signals and fine tuning their power levels to get a precise 

desired output. 

 

Fig. 3.3: ARENA Digital System. 

3.3 Transmitter Design 

 The transmitter sections follow the output of each of the eight transmit channels of the 

digital system. This section is used to deliver the correct power levels and frequency band to the 

antennas. To provide a single channel with a 53 dBm power output, two power amplifiers are 

used. These power amplifiers must have an input power of 22-26 dBm, so two driver amplifiers 

are selected to meet this requirement. Additionally, proper filtering must be done to get the 

desired frequency band of 170-470 MHz. A custom 700 MHz lowpass filter is used at the 

beginning of the transmit chain to attenuate unwanted higher frequency signals from the digital 

system. After amplification, a custom high-power balun and bandpass filter attenuates signals out 

of the desired band. 
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Fig. 3.4: Transmitter block diagram. 

The PAs generate unwanted harmonic signals that affect the system performance. A push-pull 

configuration of the transmit chain is used to help lower the second harmonics starting at 340 

MHz while the bandpass filter attenuates the third harmonics starting at 510 MHz. 

 A 7th order lowpass filter is designed with lumped components. A cut off frequency of 

around 700 MHz is used to attenuate higher frequencies while also allowing for low passband 

insertion loss. The insertion loss method can be used to calculate initial inductor and capacitor 

values to meet the passband and stopband requirements. Additionally, capacitor and inductor 

manufacturers have developed software that can help design filters as well using their 

components. Once these preliminary values are found, a S-parameter simulation can be done 

using Advanced Design System (ADS), RF design software developed by Keysight. The 

software allows for optimization to calculate inductor and capacitor values that will meet the 

goals of the design. Once optimized, further tuning is done to replace inductor and capacitor 

values with real component values. These components have their own S-parameter files that can 

be used to provide a more accurate simulation. A layout is created using the component 

footprints. The board is designed for a FR4 substrate with a 50-ohm transmission line. A 

prototype board is fabricated in house to verify the design. After the components are soldered, 

the filter is tested, and the S-parameters are measured and compared to the simulation. The cut 
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off frequency has shifted slightly, however, for this application the value is still acceptable. A 

maximum insertion loss of 0.3 dB is seen at 470 MHz. The filter has met the design requirements 

and is complete. 

 

Fig. 3.5: Lowpass filter simulated vs measured S-parameters. 

 

Fig. 3.6: Fabricated lowpass filter. 

A preliminary connectorized component design is used for testing the transmitter. This 

consists of the lowpass filter, two connectorized driver amplifiers, and another connectorized 

board created for the balun. This setup is good for testing, but in the actual system, a smaller 
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design is needed. To help minimize hardware size, a printed circuit board is designed for the 

driver stage of the transmitter. This includes the lowpass filter, driver amplifiers, and balun. S-

parameter simulations of the components are done in ADS to verify the design. The proper 

results are confirmed, and a layout of the board is designed. A 0.8 mm FR4 substrate with double 

sided 1 oz. copper is selected for the design. This substrate has a dielectric constant of 4.2 and a 

loss tangent of 0.015 at 1 GHz. A coplanar waveguide transmission line is used for the design. A 

prototype board is developed to confirm the design. This board is fabricated in-house using a 

laser and through-hole plating machines. The prototype uses a wide design on the output SMA 

connectors to provide a direct connection to the PAs. This design is later changed in the final 

board layout to a more compact size. 

 

Fig. 3.7: Fabricated prototype transmitter board. 

The final boards are professionally fabricated by Custom Circuit Boards with a consistent 

fabrication process to ensure they function properly. A solder mask layer is added for additional 

protection to the boards. The final fabricated board is shown in Fig. 3.8. 



 

13 
 

 

Fig. 3.8: Fabricated transmitter board. 

The S-parameters of the fabricated board are compared with the simulation. The S21 values have 

a close match within 1 dB and show that the board is functioning as desired. S11 values match 

up well with the measured results averaging slightly below the simulated values. 

 

Fig. 3.9: Measured vs simulated S-parameters of the transmitter board. 

3.4 Receiver Design 

 The receiver takes the input of reflected signals from the antennas and adds amplification 

and filtering. The receiver is used to bring the minimum detectable signal above the quantization 
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noise floor of the analog to digital converter. There are a few important specifications to consider 

when designing the receiver. The noise figure of the receiver aids in determining its minimum 

detectable signal. The noise figure is mainly based on the low noise amplifier (LNA) and any 

components that come before it in the receiver. In addition, video leakage from the high-power 

switch must be considered. This must be suppressed and will determine the type of switch used 

in the receiver. 

The receiver consists of a limiter, CMOS switch, bandpass filter, LNA, and lowpass 

filter. Both the limiter and CMOS switch prevent large voltage signals from damaging the 

receiver components. A single TTL signal is used to turn the high-power T/R switch and CMOS 

switch on and off at the appropriate times. When the TTL signal is high, the high-power T/R 

switch is set to transmit and when the signal is low, it is set to receive. The receiver includes an 

additional inverter so when the signal is in transmit mode the CMOS switch is off and when set 

to receive it will be on. A bandpass filter provides the proper input frequency band from the 

antenna. The LNA amplifies the received signal to the proper power level. Finally, a lowpass 

filter is used to get a sharp cutoff to limit bandwidth to 300 MHz allowing for the A/D converter 

of the digital system to effectively digitize the signal. 

 

Fig. 3.10: Receiver block diagram. 

 To obtain a low noise figure for the receiver, the components before the LNA are 

minimized and carefully selected to have a low insertion loss. Only three components are needed 

before the LNA, the limiter, switch, and a bandpass filter. This allows for initial circuit 
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protection, proper switch isolation, and filtering needed to attenuate any resonant frequencies 

from the antennas. Both the limiter and switch have a low insertion loss. For filtering, a custom 

bandpass filter is designed. This allows for precise control over the frequencies needed as well as 

limiting the insertion loss. The filter is designed and optimized in ADS and uses the same FR4 

substrate as previously used for the layout. This filter differs from the lowpass in that it uses 

inductor and capacitor pairs in parallel that are grounded from the transmission line. The S-

parameters of the fabricated filter are compared to the simulation. The cutoff frequency of the 

measured filter has shifted down by around 20 MHz. The filter does not have a sharp cutoff on 

the higher frequencies and the insertion loss still remains low, so this provides an acceptable 

design. 

 

Fig. 3.11: Bandpass filter S-parameters. 
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Fig. 3.12: Bandpass filter prototype. 

The receiver also uses a custom lowpass filter after the LNA. The lowpass filter design is similar 

to the filter in the transmit board, but with a lower cut off frequency. The filter is a 7th order 

lowpass lumped element filter with a 510 MHz cutoff frequency. The fabricated filter is 

compared to the measured result. The S-parameters match up very closely with only a small shift 

in the cutoff frequency. This filter helps give the bandpass filter a sharper cutoff frequency to 

attenuate out of band signals. 

 

Fig. 3.13: Lowpass filter S-parameters. 
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Fig. 3.14: Lowpass filter prototype. 

A connectorized component setup is used for initial receiver testing. A board is created for the 

limiter and switch followed by the bandpass filter, a connectorized LNA, an attenuator, and the 

lowpass filter. The setup is tested and provides the desired results, so it can now be miniaturized. 

The S-parameters of the components are simulated in ADS to confirm the design. The expected 

results are obtained and match up well with the connectorized component measurement. A layout 

can now be developed to help reduce the hardware size. The same FR4 substrate and general 

design as the transmitter board are used in the receiver. A prototype board is developed in house 

using a laser machine and through-hole plating machine. This prototype board can be seen in 

Fig. 3.15.  

 

Fig. 3.15: Receiver prototype board. 
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The completed board is tested to verify it meets the design constraits. A comparison of the S-

parameters is shown in Fig. 3.16. There is a small drop in the measured S21 at higher 

frequencies, but a good match is met at the lower frequencies and confirm the board is fuctioning 

as intended. 

 

Fig. 3.16: Receiver S-parameter simulation and measured result comparison. 

3.5 Power Design 

 The radar system has a 52V AC to DC converter that connects to an uninterrupted power 

supply (UPS) powered by the airplane. This is the main power supply that will power all the 

components in the system. There are several different voltages that are needed to power the 

system. For the transmit chain, the driver amplifiers require 9V and the power amplifiers require 

-3.2V, -3.3V, and 50V. The high-power switch needs -50V, 5V, and 15V. Finally, the receiver 

requires 2.5V for the CMOS switch and 8V for the LNA. There are five different power boards 

developed to obtain each of the needed voltages and all the eight channels in the system have 

their own power boards. This design allows for less overall wiring when packing the system but 

makes for a slightly more complex power design of each of the channels. Additionally, this helps 
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to spread heat coming from the power components throughout the system, rather than having all 

the power components in a single place. First, the PA power board converts the 52V input to a 

50V output. The second board provides 8V for the receivers, 9V for the transmit board, and -

3.2V and -3.3V for the PAs. The third board provides 2.5V for the CMOS switch, 5V and 15V 

for the high-power switch. The fourth board provides -50V for the high-power switch. Finally, a 

switch driver board is used to power the T/R switch. An additional control board has a 

microcontroller for proper turn on sequencing of each voltage and clock distribution for 

synchronization. 

In a single channel, two PAs require 50V for the drain voltage and pull around 2A of 

current. The PA power board uses a LT8645S step-down regulator to drop the voltage to around 

51V. This regulator is chosen for its low noise performance as well as its ability to synchronize 

to an external clock source. This is followed by 4 TL783 LDO regulators in parallel which can 

provide a high current and high voltage output. This allows for a 50V output with a maximum 

current of 2.8A. 

 

Fig. 3.17: PA drain voltage board block diagram. 

The second board also uses a LT8645S step-down regulator and drops the 52V input to a 12V 

output. From this output, LDO regulators are used to power the transmit board, two receiver 
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LNAs, and the four PA gate voltages. The LT3045 is an ultralow noise linear regulator that is 

used for the transmit board and receivers. The LT3045 can take input voltages up to 20V and 

output a maximum current of 500 mA from 0V to 15V. The transmit board operates at 9V and 

draws around 800 mA. Three LT3045s in parallel provide 9V and up to a programmed current 

limit of 1.2A for the board. Additionally, a LT3045 is used for each of the receivers that operate 

at 8V and draw 240 mA. The LT3045s provide a programmed current limit of up to 385 mA for 

the receivers. Finally, the PA gate voltages use a LT8570 inverter followed by four separate 

LT3094 ultralow noise linear regulators. The LT8570 takes the 12V input and inverts it to an 

output of -5V. From the -5V input, the LT3094s provide a -3.2V and -3.3V output for each of the 

PAs.  

 

Fig. 3.18: Transmitter, receiver, and PA gate voltage board block diagram. 

The gate voltages will vary ±5% on each PA and must be easily tunable to achieve the proper 

gate current. The LT3094 uses a low tolerance resistor to provide an accurate output voltage. By 
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putting two resistors in parallel, the output voltage accuracy can be improved. An additional 

series resistor is added to one of the parallel resistors. This allows for a high accuracy voltage as 

well as limiting the needed resistance values for proper tuning. Using a 1 M-ohm resistor in 

parallel with a 30 k-ohm resistor, a series resistor ranging from 930 ohm to 6.3k ohms can be 

used to meet the ±5% criteria. This gives an equivalent resistance ranging from 30k ohms to 35k 

ohms which tranlates to voltages ranging from -3.0V to -3.5V. When testing the PAs it is found 

that this value is typically in the -5% range. Additionaly, the -3.2V input has more control over 

the current than the -3.3V input. This allows for the -3.3V input to be set to a constant value for 

all PAs. This leaves only two resistors that need to be adjusted and these values are typically 

around 1k ohms. 

 

Fig. 3.19: PA gate voltage tuning configuration. 

Simulations of these components can be done in LTspice to verify they will work as intended. 

First, the proper components are selected and simulated for each of the individual ICs. These 

components are used to determine parameters such as rise time, voltages, current limits, and 

more. Once these are working as intended, a full simulation can be done to ensure all the 

components function together. For the 50V PA board, the TL783 components do not have spice 
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models so only the LT8645S is simulated. A clean output at around 51V is shown by the 

simulation, confirming that it is working as intended. 

 

Fig. 3.20: PA power board simulation. 

The transmit and receive power board is simulated with the 52V input. The simulation shows this 

is properly converted to 12V. From there the 9V and 8V outputs are shown to be working 

correctly. The inverter is properly generating the -5V output followed by the -3.2V and -3.3V 

outputs. The final outputs all show a low noise level at the proper voltages. 

    

Fig. 3.21: PA and TX RX power board simulations. 
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Layouts for these two boards are designed using the same FR4 substrate previously used, but 

with techniques for power design. Additionally, the boards must be limited in size to keep the 

overall system design as small as possible.  

   

Fig. 3.22: PA (left) and TX RX (right) power board layouts. 

3.6 Integration 

 The radar system must be packaged in a compact size for field deployment. A modular 

design of eight separate channel enclosures is developed to fit inside one 7U rack. The modules 

are positioned in two rows and four columns with a user interface on one side and the main 52V 

power supply in the back. Each of the eight modules contains the components needed for one 

transmit input and two receiver outputs to the digital system. A module is split into two separate 

sides, one side contains the RF components, and the other side has any other needed components 

such as power, clock, and switching signals. One of these modules has a width of 2.5 in, height 

of 4.5 in, and length of 19 in. In the event of the failure of a module, the remaining modules will 

continue working as intended. Additionally, modules can be easily replaced when in the field 
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with a slide and lock system. This is highly beneficial when deployments are in harsh 

environments where troubleshooting can be difficult. 

 

Fig. 3.23: Full system integration [6]. 

The RF side is laid out starting with the transmit board followed by the two PAs which 

are directly connected to the balun. The high-power T/R switched is positioned vertically at the 

back of the enclosure. The back of the enclosure has an output that goes from the T/R switch to 

the antennas. The two receivers are positioned below the transmitter and routed back to the front 

of the module. Connections on the front of the module include the transmit input and the two 

receiver outputs. 

 

Fig. 3.24: Single channel module RF side [6]. 
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The remaining power and control components are placed on the opposite side of the 

module. The sequencer board is located at the front of the module followed by the transmitter 

and receiver power boards. The T/R switch power and driver boards are located near the back of 

the enclosure. Power inputs are located on the back of the system and include 52V DC, ground, 

10 MHz clock, and the TTL control signal. 

 

Fig. 3.25: Single channel module power and control side [6]. 
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CHAPTER 4: LAB TESTING 

4.1 Loopback Test 

 Full radar system testing can be done in the lab with a loopback test. This involves 

transmitting a signal from the digital system, through the radar, and back to the digital system to 

be recorded. A 3.4 km delay line as well as added attenuation can be used to simulate the 

operation of the radar. The full system is set up in the lab with the high-power switch connected 

to a delay line where it would normally be connected to an antenna. The delay line is used to 

delay the signal, simulating the time passed from when a transmitted signal would be reflected 

and received. A coupler is used between the input and output of the delay line to send the signal 

into the delay line and back to the high-power switch. Additional attenuation is added after the 

switch to simulate the power level of a weaker reflected signal. This signal then travels into the 

receiver where it is connected to the digital system and recorded. A block diagram and the full 

lab setup can be seen in Fig. 4.1 and Fig. 4.2. 

 

Fig. 4.1: Lab testing block diagram. 
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Fig. 4.2: Full lab testing setup. 

To simplify this test, the high-power switch can be bypassed. This allows for a more 

straightforward testing setup by removing the switch, its power boards, and the coupler. The 

switching can be ignored, and the complexity of the voltage sequencing is reduced with fewer 

power components and connections to manage. The insertion loss from the switch as well as the 

attenuation from the coupler should be considered when they are removed. The output of the 

transmitter chain is now attenuated and connected directly to the delay line. The output of the 

delay line goes to the input of the receiver which is connected to the digital system to record the 

data. A block diagram of this simplified setup is shown in Fig. 4.3. 

 

Fig. 4.3: Lab testing block diagram with bypassed switch. 

Another test can be done with this setup to confirm the minimum detectable signal of the 

receiver. Before the input of the receiver, attenuation is added at increasing levels. The output of 

the receiver is recorded by the digital system and post processing is done. Pulse compression is 
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performed on each of the recorded data sets with varying attenuation levels. The signal is 

observed to see if it is visible above the noise floor. This confirms the LNA in the receiver is 

providing the proper power level to the digital system. 

 

Fig. 4.4: Lab testing setup with bypassed switch [6]. 

The loopback test provides data on the impulse response and loop sensitivity of the radar. 

The full system loopback sensitivity including all eight channels and antennas is calculated to be 

261.96 dB [6]. The single channel loop sensitivity without antennas is found to be 224.96 dB. 

The single channel lab test was found to be 223.5 dB, a little less than 1.5 dB from the calculated 

value confirming the expected result. The small difference can be attributed to be cable losses 

from connections to each component. The impulse response of the chirp after pulse compression 

is shown in Fig. 4.5. There are some repetitive peaks that can be assumed to be reflections in the 

system since they are occurring at regular intervals. 
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Fig. 4.5: Impulse response after pulse compression [6]. 
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CHAPTER 5: PREDISTORTION 

5.1 Single Tone 

To improve the undesired harmonics from the PAs, predistortion can be applied to the 

transmit signal digital system. A single tone is represented by a cosine wave. In theory, this 

cosine wave can be cancelled by adding it with another cosine wave of the same amplitude but 

180 degrees out of phase. This same principle can be used to mitigate unwanted harmonics. A 

fundamental tone of 200 MHz through the transmit chain will produce harmonics at every Nth 

frequency with N = 2,3,4, etc. For a 200 MHz fundamental tone, only the second harmonic at 

400 MHz will be of concern. Frequencies that are above 470 MHz can be filtered in hardware. 

There are multiple factors that need to be considered before applying predistortion. The transmit 

chain will slightly change the input signal. This must be accounted for to ensure the proper signal 

is being applied. The harmonic signal will also have its own amplitude that will need to be 

matched. Additionally, the phase of the harmonic needs to be identified and shifted 180 degrees. 

The single tone hardware setup uses the transmit driver board followed by a single PA. 

The wideband testing uses the full transmitter including both PAs followed by the balun as 

shown in Fig. 5.1. The input to the transmitter chain is a single transmit channel from the digital 

system. The output of the transmit chain goes into a high-power 30 dB attenuator followed by a 

lower power 30 dB attenuator for a total of 60 dB attenuation. These help to protect the 

oscilloscope and spectrum analyzer that are used for recording data and analyzing results. 
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Fig. 5.1: Transmitter chain hardware. 

A simulation can be done in MATLAB to confirm the harmonic signal can be cancelled. 

Only the amplitude and phase of the harmonic need to be considered for this simulation since the 

transmit chain is not being used to inject the pre-distorted signal. First, a 10 μs cosine wave pulse 

is created in MATLAB and a .bin file is exported. This file is loaded onto the digital system, 

passed through the transmit chain, and measured with an oscilloscope. A .csv file is exported 

from the oscilloscope with the saved data from a single cosine wave. This data is plotted in 

MATLAB as shown in Fig. 5.2. The FFT is performed on the time domain data to view the 

frequency spectrum. This provides an easy way to view the harmonic levels relative to the 

fundamental tone. The fundamental tone can be seen at 200 MHz normalized at 0 dBm followed 

by the second harmonic at 400 MHz at -8.7 dBm.  
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Fig. 5.2: Time (left) and frequency (right) domain of a 200 MHz tone through the transmit 

chain. 

The harmonic tone needs to be isolated so that the amplitude and phase can be matched by a new 

cosine wave. A digital filter can be applied to separate the second harmonic at 400 MHz from the 

others. A new cosine wave is created at 400 MHz that will be used to cancel out the harmonic. 

The two waves are graphed together, and the phase is adjusted until a very close match is found. 

The new wave is then shifted 180 degrees. The amplitude of the waves must now be considered. 

The amplitude of the harmonic signal changes over time, but for now a value close to the average 

amplitude of the harmonic is used for the new wave. The phase matched and shifted waves are 

shown in Fig. 5.3.  The red wave is the recorded data, and the blue wave is the cancellation 

wave. 
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Fig. 5.3: Phase matching (left) and shifting (right) of 400 MHz harmonic. 

Now that the amplitude and phase have been accounted for, the new wave can be combined with 

the original recorded data. The new 400 MHz wave is added to the 200 MHz signal recorded 

after the transmit chain from Fig. 5.2. The FFT of these combined waves is performed to view 

the frequency domain results. The 400 MHz harmonic has been greatly reduced and is now down 

to -38.75 dBm relative to the fundamental tone confirming that this is a viable solution. The 

harmonic was originally at -8.7 dBm and has been lowered an additional 30 dBm by the addition 

of this new wave. 

 

Fig. 5.4: 400 MHz harmonic cancellation. 
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These results come from using an average amplitude throughout the 10 μs length. A better match 

can be made to the amplitude to further reduce the harmonic. The envelope of the original 

filtered 400 MHz harmonic tone can be captured. The upper and lower envelopes are shown in 

Fig. 5.5 by the red and green lines. Since the oscilloscope is set to record data at 10 GSPS, the 

wave needs to be down-sampled five times to match the sampling frequency of the cancellation 

wave. This will allow for the envelope to be applied to the new wave. 

 

Fig. 5.5: 400 MHz harmonic envelope match. 

Once the sampling frequency is matched and the wave properly aligned, the envelope can 

now be multiplied by the cancellation wave. This will match the harmonic waves amplitude 

change over time. The amplitude also needs to be slightly scaled to ensure the peak values are 

matching. Now, instead of using an average amplitude, the amplitude more accurately matches 

the harmonic amplitude that changes over time. This new cancellation wave is now added back 

to the original 200 MHz signal through the transmit chain. This results in an improved harmonic 

reduction down to -48.66 dBm as shown in Fig. 5.6. An additional 10 dBm of suppression is 

achieved by accurately matching the amplitude of the harmonic instead of using an average 
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value. From these simulations a precise 180-degree phase shift will greatly suppress the 

harmonic, and the amplitude should also be accounted for with envelope matching to provide the 

best results. 

 

Fig. 5.6: 400 MHz harmonic cancellation with envelope. 

This predistortion can now be applied to the system while it is in operation. First, changes 

from the transmitter must now be accounted for. Since the predistortion wave must be applied 

through the transmit chain, the output wave will be slightly changed. A preliminary test can be 

done to avoid this issue and see how well the harmonic signal will be suppressed while the 

system is operating. This test uses the same transmit chain hardware, but the output is connected 

to combiner. A separate transmit channel from the digital system is used to transmit the 400 

MHz pre-distorted signal to the other input of the combiner. The allows the harmonic signal to 

bypass the effects of the transmit chain and to see how well it is suppressed.  
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Fig. 5.7: Combiner setup block diagram. 

 

Fig. 5.8: 200 MHz signal (left) vs predistortion (right). 

Before the pre-distorted signal is applied, the 400 MHz harmonic is measured 9.5 dBm down 

from the fundamental. After predistortion is applied, this value drops to a 29 dBm difference 

from the 200 MHz signal. An extra 19.5 dBm of suppression is obtained by the addition of 

predistortion with the combiner. 

 Now, a single channel will be used from the digital system, so any changes from the 

transmitter must be identified. A 10 μs cosine wave at 200 MHz with a 0.8 amplitude scale is 

measured through the transmitter again. A digital filter is applied to isolate the 200 MHz tone 

from the harmonics to see how the wave has changed. An amplitude change can be seen from the 

original flat cosine wave. The output has large ripples that need to be reduced to provide a more 
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constant amplitude over time. Fig. 5.5 shows a comparison of the clean input wave and the 

filtered 200 MHz output wave from the transmit chain. 

 

Fig. 5.9: Cosine wave input (left) and output (right) from transmit chain. 

To reduce these ripples, the amplitude of the input wave should be adjusted. The digital system 

will not allow for a wave with an amplitude greater than 1 Vpp. An original amplitude of 0.8 

Vpp is used to allow for a suitable range of adjustments to be made. The envelope of the output 

wave can be captured and inverted to reduce the ripples. By inverting the envelope, the high 

points of the amplitude are reduced, and the low points are increased to help provide a more 

constant output. The inverted envelope is then multiplied by the original 0.8 Vpp cosine wave. 

This new wave is put through the transmit chain and reduces the ripples giving a cleaner and 

more uniform signal. The inverted input wave and resulting output wave are shown in Fig. 5.10. 
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Fig. 5.10: Pre-distorted cosine wave input (left) and output (right) from transmit chain. 

Now that the output is more consistent, the harmonic signal can be addressed. By using the same 

process simulated in MATLAB, the second harmonic can be reduced while the system is 

operating. However, in practice the cancellation is not as good as the simulation. The transmit 

chain hardware will not provide a constant, unchanging amplitude and phase. The baluns used in 

the transmit board have phase and amplitude unbalances of 2.48 degrees and 1.1 dB at 500 MHz. 

Additionally, the power of the system is constantly varying at a small value. These factors make 

the amplitude and phase difficult to match to constant values. Preliminary estimates of the 

amplitude and phase are found, and further tuning is required to confirm a good match. By 

applying an envelope to match the amplitude, tuning the phase value, and adjusting for the 

transmitter effects, a 26.5 dBm harmonic suppression is achieved. Although the suppression is 

not quite as good as the combiner setup, only a single channel from the digital system is needed 

for this method. 
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Fig. 5.11: 200 MHz Predistortion. 

5.2 Wideband Results 

 The actual radar signal is a wide band chirp signal with a phase varying as a function of 

frequency. This is a new factor that must be accounted for in the predistortion. A linear chirp is 

created by using equation 5.1. 

𝑥(𝑡) = [𝜙 + 2𝜋(
𝑐

2
𝑡2 + 𝑓0𝑡)]  5.1 

This equation allows for the creation of a signal with a specified bandwidth. In the equation, 𝜙 

represents the phase and 𝑡 is the time. The variable 𝑐 is equal to the final frequency, 𝑓1, minus the 

starting frequency, 𝑓0, divided by 𝑇, the length of the chirp. 

Another MATLAB simulation is used for the wideband testing. A 170-230 MHz chirp is 

measured through the transmitter. A 340-460 MHz harmonic is created that must be amplitude 

and phase matched, then shifted 180 degrees. The same envelope technique previously used is 

applied but now the change in phase over frequency must be adjusted. The harmonic signal is 

applied with single phase values to find which frequencies are being cancelled. The proper phase 
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values cancelling the signal are recorded at 10 MHz intervals. These values can then be 

interpolated to produce a vector of the phase values. The varying phase values are applied to the 

harmonic cancellation chirp. The maximum harmonic value from the recorded data is around -21 

dBm. Applying the pre-distorted signal brings the maximum value down to about -31 dBm with 

most values falling much lower. 

  

Fig. 5.12: 170-230 MHz chirp (left) vs. pre-distorted chirp (right). 

The simulation is effective and can now be tested with the system in operation. A 170-

180 MHz chirp is created and passed through the transmit chain generating a 340-360 MHz 

harmonic. The chirp equation is used to create the 340-360 MHz signal along with the previous 

predistortion techniques to match the amplitude. A single-phase value is used to test the 

predistortion. At this 20 MHz bandwidth, the single-phase value works well, and interpolation is 

not necessary. The maximum harmonic value is reduced by about 10 dBm. 
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Fig. 5.13: 170-180 MHz chirp (left) vs. pre-distorted chirp (right). 

A wider bandwidth chirp from 170-230 MHz is created and recorded. This time a 340-460 MHz 

harmonic is generated. A new chirp is created to match the harmonic, and a single-phase value is 

tested. At this bandwidth, the single-phase value is not effective, with only a small part of the 

harmonic being suppressed. Interpolation must be applied to properly suppress the harmonic 

over the full bandwidth. Different single-phase values are tested to find the frequencies that give 

the best suppression. This data is recorded every 10 MHz and a linear interpolation is used to 

create a phase vector that changes over frequency. Once complete, more testing and tuning is 

done to get a better suppression. The predistortion works well within the middle of the harmonics 

from 360-440 MHz. These values are reduced to below -32 dBm throughout this range. The first 

and last 20 MHz are not lowered as much as the middle band. The phase at these values does not 

provide a great match so the amplitude was further tuned to provide a better match. 
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Fig. 5.14: 170-230 MHz chirp (left) vs. pre-distorted chirp (right). 
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CHAPTER 6: CONCLUSION 

6.1 Summary 

 This thesis covers the design, integration, and testing of an airborne UWB radar system 

for polar sounding. Based on the initial goals of the radar system, a link budget is developed. 

This helps to determine the parameters needed for the design of the system. With the link budget 

each subsystem is designed, prototyped, and individually tested. S-parameter, frequency domain, 

and time domain measurements are done to verify each subsystem is functioning properly. All 

subsystems are combined for a full single channel system loopback test to confirm they are 

working together properly. Power and control boards are designed to provide the needed 

voltages, currents, and sequencing for the transmit chain, high-power switch, and receiver. A 

modular design is used to package the full radar system. Eight separate channel modules are 

positioned in a 7U rack. This allows channels to be easily swapped out in the field to avoid 

troubleshooting in harsh environments. Predistortion is developed for a single tone and wideband 

chirp from the transmit chain. 

6.2 Contributions 

There are many contributions that I have made toward this project. Two lowpass filters 

and a bandpass filter were designed for the transmit and receiver boards. A layout was created 

and prototypes were fabricated and tested for all of these filters. The transmit board design, 

layout, prototype fabrication, and testing was carried out. Twenty of the transmit boards were 

ordered from a high-quality PCB manufacturer and confirmed to be functioning properly. 

Additionally, the receiver board design, layout, prototype fabrication, and testing were 
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performed. Power board designs and layouts were created and fabricated for the power 

amplifiers, transmit boards, and receivers. Full laboratory radar system testing, and 

troubleshooting were performed regularly. Assistance was provided for the hardware integration 

and design of the single channel module including the component placement and input and 

output connections. Development was done for the predistortion of a single tone and a wideband 

chirp. I am also a co-author on the paper, “200-Watt Transceiver Design for Polar Airborne 

Ultra-Wideband VHF Radar Ice Sounding” [9]. 

6.3 Future Work 

 In future development of this system, there are a few areas that can be improved upon. 

The design of the single channel module enclosure can be further minimized and improved. The 

power side of the module can be combined into a single multilayer board. This will allow for a 

smaller size enclosure with less external wiring between separate boards on the power side. 

Additionally, thermal enhancements and EMI shielding should be utilized to ensure that 

acceptable levels are maintained within a module and the overall system. Since there are many 

ICs generating heat in a single module, a custom heatsink can be applied to these ICs to help 

provide appropriate heat distribution while keeping a low profile. Finally, a complete system 

stress test should be done in the lab. This test would involve the entire system running for a full 

day while monitoring power and temperature levels to ensure the system is ready for 

deployment. Several of these improvements are currently in development at the UA Remote 

Sensing Center. 
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