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ABSTRACT 

   Recent success with an ultra-high frequency airborne radar system designed for measuring 

near surface annual accumulation layers has inspired the design and development of a ground 

based, high-power, ultra-high frequency, radar system. In order to fully validate the concept of 

ultra-high frequency ice sounding, and to help determine basal conditions in the Greenland and 

Antarctic ice sheets, the radar system would need to be capable of sounding more than 3 km of 

ice with fine vertical resolution. The work completed in the context of this thesis encompasses 

the design, integration, and field deployment of such a radar system. The radar is an 8-channel 

system operating from 600 to 900 MHz with a peak output power of 600 W per channel. An 

electrically large monopole antenna array, arranged in a 16 m × 17 m Mills cross configuration 

together with the high output power of the radar system was used to achieve a fine internal layer 

resolution of 60 cm. The radar system was first deployed to EastGRIP in Greenland during the 

2018 field season with a peak output power of 100 W per channel. The system was then 

upgraded to 600 W per channel and redeployed to EastGRIP in 2019.
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CHAPTER 1: INTRODUCTION 

1.1 Motivation 

 The Greenland ice sheet (GrIS) and Antarctic ice sheets (AIS) are the two largest potential 

contributors to global sea level rise. Recent surveys have shown that the GrIS has been losing 

mass much faster than glacial models have predicted [1-3]. It is generally accepted that the stress 

conditions at the ice sheet’s base and seaward margin are difficult to model. Different factors 

such as slipperiness of sediments, or the pressure of the ice sheet on subglacial meltwater can 

cause wild variance in model predictions  [4]. It is also unlikely that these conditions will remain 

constant over centurial or even decadal time scales. Despite radar sounding surveys in the 1990s 

to map the basal topography of the ice sheet, the basal topography conditions are still poorly 

understood. With recent accelerations in Greenland’s ice melt it has become imperative to gain a 

better understanding of these boundary conditions. High resolution glacial bed topography 

mapping paired with detailed basal conditions are required to accurately constrain the boundary 

conditions at the bed. 

 This ultra-high frequency (UHF) multichannel radar system was developed as part of the 

East Greenland Ice-coring Project (EGRIP) [5], led by the University of Copenhagen, to assist in 

the study of ice flow mechanics and their contribution to sea level rise. Ultimately, the radar 

system was designed to accomplish the following goals: 1). Sound and image ice that is more 

than 3 km deep; 2). Map internal layers from the surface of the ice sheet to the bed with a 

resolution of less than 100 cm; and 3). Using our fine resolution, detect thin water layers between 

the ice and bedrock to better understand basal conditions. 
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1.2 Thesis Organization 

 This thesis is organized into eight chapters. A brief history of VHF and UHF ice sounding 

radar systems, as well as the fundamental concepts behind the radar range equation, are 

discussed in Chapter 2.  Chapter 3 covers the design and integration of the radar system based on 

the link budget calculated in Chapter 2. The antenna criteria, and design process are discussed in 

Chapter 4. Final lab tests conducted on the radar system and antenna are covered in Chapter 5. In 

Chapter 6 the 2018 and 2019 field deployments are discussed in detail, including initial field 

tests, antenna assembly, and data collection process. The results from the field deployments are 

presented in Chapter 7 in the form of radar echograms of the Greenland ice sheet. Chapter 8 

summarizes the work and presents possible future projects. 
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CHAPTER 2: BACKGROUND 

2.1 Previous UHF Ice Sounding Radar Systems 

 Remote sensing of polar ice sheets is traditionally conducted using radar systems operating in 

the Very High Frequency (VHF) band from 30 to 300 MHz. VHF is preferred because of its low 

scattering and dielectric loss in ice. However, because antenna size is proportional to the 

operational wavelength, it is difficult to deploy high-gain, wideband VHF antennas to Polar 

Regions. Due to the lower gain and spatial selectivity of VHF antennas, it is difficult to achieve 

the fine vertical resolution of less than 100cm.    

 

Figure 2.1: Dielectric Loss of Ice as a Function of Frequency 
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Ice sounding at the UHF band counteracts most of the disadvantages of VHF. Shorter 

wavelengths allow for more complex, electrically large antenna arrays that can be easily 

integrated into various formats and deployed to Polar Regions. These electrically large antennas 

are able to obtain a high gain and spatial selectivity.  It is also easier to design the antenna at 

UHF frequencies for wideband or ultra-wideband (UWB) operation.  While UHF band does have 

relatively higher scattering loss in ice, it has similar dielectric loss, as seen in Figure 2.1. Finally, 

the UHF band is more sensitive to the thin water film at the ice bed interface. Figure 2.2 shows 

reflectivity verses water film thickness for 900 MHz and 200 MHz. Reflectivity is high overall 

for 900 MHz and much higher than 200 MHz for thinner layers. 

 

Figure 2.2: A plot of reflectivity vs. water layer thickness 

 

 In the early 2000s Gogineni and Kanagaratnam [6] proposed using an UHF, UWB, radar for 

snow accumulation measurements. They then developed an airborne, Frequency Modulated 
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Continuous Wave (FMCW) radar that operated from 600 to 900 MHz. The radar system was 

proven to map the internal layers of shallow low loss ice with fine resolution [7]. The radar 

system was later upgraded to operate in pulsed chirp mode and was included in the 2017 

Operation Ice Bridge (OIB) Mission to Greenland [8]. The results of the OIB mission further 

proved that the “Accumulation” radar could sound low loss ice, and when configured properly, 

could sound up to 1.2 km of ice with a modest peak output power of 1 W. A sample echogram 

from the 2017 OIB mission can be seen in Figure 2.3.  [9].  

 

Figure 1.3: Echogram data collected by UHF “accumulation” radar in Greenland (2017) 

 

 While the UHF accumulation radar results were promising, its peak transmit power was too 

low to effectively sound deeper internal layers. It was determined that designing a new radar 

system with higher peak transmit power and an electrically large antenna array would give a 
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better understanding of UHF sounding capabilities. In addition, A new electrically large antenna 

could be more easily designed, integrated, and tested with a ground-based radar system. 

2.2 System Requirements 

 The general design requirements can be inferred from the project goals in Section 1.1. To 

obtain the high signal-to-noise ratio (SNR) that is required to sound the bed and the bottom most 

internal layers under 3 km of ice, the radar system needed a high-power transmitter and a 

sensitive receiver. The radar system also needed an electrically large, high-gain antenna to 

achieve the sensitivity required to map the internal layers of the ice sheet with a fine resolution, 

and to compensate for the high scattering loss of the UHF band in ice. Despite the higher 

scattering loss, operating at UHF band allowed for a wider bandwidth (which gave finer vertical 

resolution), and increased sensitivity to higher loss from impurities such as water.  

Multichannel phased array radar systems have the advantage of beamforming, creating a 

narrow main lobe and increasing directivity, as well as allowing for more advanced signal 

processing techniques to extract as much information as possible from the data collected. Finally, 

a ground-based radar system traveling at a relatively slow velocity would allow for higher 

quality Synthetic Aperture Radar (SAR) images of the bedrock topography to be produced.   

 2.3 Radar Link Budget 

 Although the general requirements are known, the system design cannot begin in earnest 

until the radar link budget is calculated. The radar link budget can be estimated by the radar 

range equation, which accounts for propagation loss, transmit power, and two-way gain of the 

antenna. Once the link budget is calculated for the bottommost layers of ice, the transmitter, 

receiver, and antenna can be designed to maximize the SNR. 
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 The radar range equation has many forms, but for this radar system a modified version of the 

planar range equation was used. The equation can be seen below as Equation 2.1  [10].  It is 

specifically designed for approximating the SNR of an ice sounding radar system.  

                                                 (
𝑆

𝑁
) =  

𝑃𝑇𝐺𝑇𝐴𝑒(1 − |𝛤𝑎𝑓|
2

)2|𝛤𝑏|2𝐶𝑁𝐶𝑝𝑐

4𝜋(2ℎ)2𝐿𝑖𝑠𝐾𝑇𝐵𝐹
                                             2.1 

The SNR is dependent on the transmitted power (𝑃𝑇), transmitter antenna gain (𝐺𝑇), the effective 

aperture of the receive antenna (𝐴𝑒), the reflection coefficient at the air-ice and ice-bed interfaces 

(|𝛤𝑎𝑓|
2

) and (|𝛤𝑏|2), respectively, the coherent integration gain (𝐶𝑁), the pulse compression gain 

(𝐶𝑝𝑐), and the two-way loss through the ice (𝐿𝑖𝑠). With our 300 MHz bandwidth centered at 750 

MHz, and assuming a manageable peak output power of 100 W, we can iteratively calculate the 

required antenna gain.  

 Table 2.1 gives an overview of the completed radar link budget. With an output power of 50 

dBm, and a 2-way antenna gain of 60 dBi, an SNR of 65 dB and 5 dB can be obtained at the ice-

bed interface, and bottommost layers respectively. As implied by the use of a planar radar range 

equation, the ice-bed interface and bottommost layer are treated as planar surfaces under the 

antenna aperture. As mentioned before, one of the main goals of this radar system was to sound 

ice 3 km thick. The ice was assumed to have a one-way loss of 15 dB/km, giving a total loss of 

90 dB. In 2019 the peak transmit power per-channel of the UHF radar system was increased to 

57 dBm (approximately 600 W). Recalculating the link budget with the same antenna gain yields 

an SNR of 77 dB for the ice-bed interface, and 17 dB for the bottommost layer.  
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Table 2.1: Radar link budget 

 Bed 

Bottommost 

Layer 

Frequency 750 MHz 750 MHz 

Pulse length 10 us 10 us 

Bandwidth 300 MHz 300 MHz 

Transmit Power 50.0 dBm 50.0 dBm 

Antenna Gain (TX=RX=30dBi) 60.0 dBi 60.0 dBi 

Wavelength -8.5 dB -8.5 dB 

Air-ice power trans. coeff. (2-way) -0.7 dB -0.7 dB 

Total ice loss (1-way: 15dB/km) 90 dB 90 dB 

Ice-rock reflection coeff.  -20.0 dB -80.0 dB 

Pulse compression gain 34.8 dB 34.8 dB 

Integration gain (hardware) 12.0 dB 12.0 dB 

Spreading loss term 1 22.0 dB 22.0 dB 

Spreading loss term 2 70.6 dB 70.6 dB 

Noise figure 3.0 dB 3.0 dB 

Noise power -86 dBm -86 dBm 

Received signal power -51.0 dbm -111.0 dbm 

Post processing integration gain 30.0 dB 30.0 dB 

SNR  65 dB 5 dB 
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CHAPTER 3: RADAR SYSTEM DESIGN 

3.1 System Overview 

 A general system overview can be developed from the system requirements and link budget 

calculations. Table 3.1 gives a look at this initial system overview. The radar system has an 

operating center frequency of 750 MHz, and a bandwidth of 300 MHz. One of the goals of this 

project is to test ice sounding at the frequencies used in the previous UHF accumulation radar, 

and so the same frequency range was selected. As mentioned previously, the wide bandwidth 

was selected to give smaller range resolution, as range resolution is inversely proportional to the 

bandwidth as given by Equation 3.1 [10]  

 𝛿𝑟 =
𝑐

2𝐵
 3.1 

Table 3.1: Overview of System Parameters 

 

 However, from the link budget calculation, the SNR is also inversely proportional to 

bandwidth; To increase the resolution, the SNR must be reduced, and vice versa. To make up for 
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the loss in SNR, the receive pulse can be pulse compressed by the digital system to increase the 

gain of the radar system. This gain was accounted for in the link budget calculation with the term 

𝐶𝑝𝑐, and is given by Equation 3.2. 

 𝐶𝑝𝑐 = 𝑘
𝜏𝑢

𝜏𝑐
 3.2 

Where 𝜏𝑢 and 𝜏𝑐 are the compressed and uncompressed pulse widths in seconds, and k is a factor 

less than 1 which accounts for weighting to reduce range sidelobes [10]. The peak transmit 

power and antenna gain were selected to meet the requirements specified in Section 2.2: A high 

transmit power is required to sound 3 km thick ice, and a high antenna gain is required to achieve 

the fine vertical resolution mentioned in the project goals. The number of T/R channels allows 

for a larger antenna array, which can enable more precise beamforming. In addition, multiple 

receive channels allows for coherently combining data from each channel to increase the final 

SNR.   

3.2 Digital System 

 The digital system that was selected is an 8-channel “ARENA” from Remote Sensing 

Solutions [11] and its sampling rates are listed in Table 3.1. The ARENA’s sampling rate fits 

neatly within the waveform generation requirements based on the Nyquist criterion which states: 

“A signal of bandwidth BW must be sampled at a rate equal to or greater than twice its 

bandwidth in order to preserve all signal information”[12]. Since the system bandwidth is 300 

MHz, it allows the ARENA’s 1.2 GSPS analog-to-digital converter to sample the received chirp 

in the second Nyquist zone. So long as the sampled signals are restricted to a single Nyquist 

zone, the waveforms will not experience any aliasing.  

The digital system consists of eight digital transceiver cards, a control and timing (CTU) 

module, and a GPS module. The CTU module can output up to twelve transistor-transistor logic 
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(TTL), for use throughout the radar system signal. The system is housed in a 4U chassis and 

weighs approximately 30 pounds. The system is shown in Figure 3.1.  

 

Figure 3.1: 8-Channel ARENA Digital system 

 

3.3 Transmitter Design 

 The purpose of the transmitter is to filter and amplify the output from the Arbitrary 

Waveform Generator (AWG), to ensure that a clean high-power signal is delivered to the 

transmit antenna. Below in Figure 2.1 is a high-level block diagram of the 2018 transmit chain. 

The output power from the digital system is 0 dBm; To reach the 50 dBm output power per 

channel required by the link budget, the transmitter is composed of three amplifier stages: an 

initial driver amplifier (DA) from Pasternack, a second driver amp from CREE, and finally a 

power amplifier (PA) also from CREE. A 3 dB pad was included between DA2 and the PA to 

prevent the PA from saturating and generating harmonics. Throughout the transmit chain, the 

signal is filtered using three low pass filters from Mini-circuits. Before the signal is output to the 

antenna, it passes through a T/R switch from Skyworks. The T/R switch opens after transmitting 

to protect the transmit chain from reflections while receiving. It is controlled via TTL signal “TX 

SW” generated by the Arena Digital System.  
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Figure 3.2: Block Diagram of UHF Transmit chain (2018) 

 For the 2019 field season, two major changes were made to the transmit chain: 1) The 

Skyworks T/R switch was removed, and 2) The 100 W CREE power amp was replaced with a 

600 W power amp from Broadcast Concepts, bringing the peak output power up to 57.7 dBm.  

 

Figure 3.3: Block Diagram of UHF Transmit Chain (2019) 

 The new PA could be switched on and off using a timed logic signal, and since the “TX 

SW” was no longer being used by the Skyworks switch signal it was used to control the PA. In 

addition, minor adjustments were made to the locations of filters and attenuators. Notably, the 

first low pass filter was replaced with a 600-900 MHz bandpass filter from TTE. A block 

diagram of the 2019 transmit chain is shown in Figure 3.3. 
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3.4 Receiver Design  

 The receiver performs the important tasks of filtering and amplifying the low power 

reflections from the ice. The sensitivity of the receiver is determined by the noise figure of the 

selected low noise amplifier (LNA). Once the noise figure is known, the minimum detectable 

signal (MDS) can be calculated using Equation 3.3: 

 𝑀𝐷𝑆 =  10𝐿𝑜𝑔10 (
𝑘𝑇

1𝑚𝑊
) + 𝑁𝑜𝑖𝑠𝑒 𝐹𝑖𝑔𝑢𝑟𝑒 + 10 𝐿𝑜𝑔10(𝐵𝑎𝑛𝑑𝑤𝑖𝑑𝑡ℎ) + 𝑆𝑁𝑅  3.3 

The MDS of the receiver can be compared the power received parameter from the link budget to 

determine if the receiver will be sensitive enough to detect the weakest reflections from the 

bottommost layers of ice. 

 The first components at the input of the receiver are a low pass and high pass filter to initially 

block out-of-band signals from entering the receiver. Next, a high-power RF switch was placed 

to protect the sensitive low noise amplifiers (LNAs) from the initial incident wave from the ice 

when the pulse is transmitted. The high-power switch is followed by a 2-W limiter, a second low 

pass filter, and an isolation switch to further filter and protect the sensitive LNAs from high 

power incident signals. After the isolation switch the signal is passed to the first stage LNA. The 

LNAs perform the important task of setting the noise figure of the receiver and amplifying the 

weak reflected signal to improve the final SNR. Another set of low and high pass filters filter the 

signal before it is delivered to the second LNA. The final signal is then passed to the DAQ to be 

digitized. Three digital step attenuators (DSAs) were placed in the receiver at two different 

points: 1) between the LNAs, in the case that the received signal is saturating the second LNA, 

and 2) between the second LNA and the output to the DAQ, to prevent the DAQ from saturating. 

A block diagram of the 2018 version of the receiver can be seen in Figure 3.4. 
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Figure 3.4: Block Diagram of UHF Rx chain (2018) 

 

 The filters, the limiter, and the LNAs were purchased from Mini-circuits. The two RF 

switches were from Analog devices, and the three DSAs were manufactured by Qorvo.   

 Ultimately, it was determined that DSAs were not needed and so for the 2019 field season 

they were removed from receiver chain to save on weight and space. The attenuators each 

required a 5 V bias, and two logic control signals, and so removing them allowed for better cable 

management inside the UHF radar chassis. It also reduced the potential for the transmit signal to 

be coupled into the receiver. A block diagram of the 2019 version of the receiver can be seen 

below in Figure 3.5 
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Figure 3.5: Block Diagram of UHF Rx Chain (2019) 

 

3.4.1 ADS Simulation 

 Before the physical receiver was assembled a S-parameters simulation was performed in 

Keysight’s Advanced Design System (ADS). The simulation performed two functions: 1) Verify 

that the selected components will give the required gain, and 2) Ensure that the components are 

well matched and that the VSWR between components is low. The results of the simulation can 

be seen below in Figure 3.6. The gain is an adequate 25 dB, and the components are well 

matched with an |S11| well below –10 dB. No S-Parameter files were available for the three 

digital attenuators, so they were not included in the simulation.  
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Figure 3.6: Receiver S-Parameter Simulation Results 

 

3.4.2 DSA PCB Design 

 Due to time constraints, connectorized components were used to assemble the receiver. 

However, the digital attenuators did not have any test boards available, so they had to be 

designed and manufactured. First a suitable substrate was selected and then the circuit was laid 

out in ADS. AWR’s Txline utility was used to calculate the required gap and trace width given        

the dielectric constant of the substrate. Two versions of the attenuators were designed, a board 

with two attenuators, and a board with one. The circuit layout was designed for standard 60 mil 

FR4, which has a dielectric constant of 4.6. Both circuit layouts can be seen in Figure 3.7. An 

EM co-simulation of the layouts was conducted in ADS to verify that the circuits were properly 

designed with 50-ohm transmission lines. 

 Ten of each board were manufactured in house at the University of Alabama and shipped 

with the radar system to Greenland. After the shipment, ten more of each board were ordered 
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from circuit board manufacturer Bittele and brought to EGRIP as back-up in case any of the in-

house boards failed. The manufactured boards are shown in Figure 3.8.    

 

Figure 3.7: Layout View of DSA Boards 

 

Figure 3.8: Fabricated DSA Boards: In-House (Bottom); Bittele (Top)
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3.5 Integration 

 This section will examine how the transmitter and receiver were integrated into a radar 

chassis. The power requirements, logic signal paths, and mechanical integration will be covered 

in detail.  

3.5.1 Version 1: 2018 

 The first version of the radar system was split into two 4U chassis, with each chassis 

containing four complete radar channels. The transmit components were mounted onto tiered 

plates, with each stack of three plates containing a complete transmit chain. The transmit stacks 

were then mounted into the chassis directly behind the four front panel fans to allow for 

maximum airflow over the driver and power amps.  

 

Figure 3.9: Four UHF Transmit Channels Mounted Inside the Chassis. 



19 

 

Four of the transmit channels can be seen mounted inside the chassis in Figure 3.9. Power was 

delivered to each stack via terminal blocks mounted to the rear of the top plate. 

 Each receiver channel was mounted onto a rectangular, aluminum plate, which in turn was 

mounted onto an aluminum shelf. The shelf was mounted to the sides of the chassis and had 

vertical plates attached to the bottom which provided isolation between each transmit channel 

and helped support the weight of the receive channels. At the front of the shelf were gaps to 

allow for SMA cables from the transmit chain to reach the front panel SMA ports. Power was 

delivered to each receive channel via a terminal block at the back of the plate. The RF switch 

TTL cables were routed towards the front of the chassis and tied down, while the digital 

attenuator logic cables were routed underneath each plate. Figure 3.10 shows a top-down view of 

the receiver plates mounted inside the chassis. The gaps in the shelf can be seen on the right side 

of the figure.  

 

Figure 3.10: Receiver Channels Mounted Inside the Chassis. 
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Aluminum stand-offs and plates were used to minimize the total weight of the chassis. 

Vibrations during transport are a very real issue when mounting components with screws and 

nuts. To ensure that the mounted components would not fall off during transport to the field site 

nylon nuts were used to secure each component. 

 An overview of the power connections inside the chassis is shown in Figure 3.11. For power 

requirements, the total power consumption of each radar chassis was 110.83 W. Most of the 

power was consumed by the PA and second DA with 56 W and 12.48 W per chassis, 

respectively. Both chassis required three different voltages: 1) 50 V, for the second DA, the PA, 

and the chassis fans. 2) 12 V, for the first DA and T/R switch driver board, and 3) 5 V for the 

two LNAs, three DSAs, two RF switches, and for the T/R switch driver board.  

 

Figure 2.11: Chassis Power Schematic and Calculations 
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 To supply power to the chassis, two 50 V, AC-to-DC power supplies were mounted at the 

back. The 50 W supply was used to power the fans, and the 150 W supply was used to power the 

remainder of the chassis. The output of 150 W supply was split into two paths, one would deliver 

power to a switching voltage regulator, which converted the 50 V to 12.7 V to be delivered to 

four low drop-out (LDO) regulators. Two of the LDO regulators converted the voltage to 5 V, 

while the other two converted the voltage to 12 V. The other path delivered power to a 50 V 

regulator, which in turn powered the second DA and PA.  The four LDO regulators, switching 

regulator, and voltage regulator were mounted to a single plate, to form a sort of “regulator 

power bank”. The power bank was then mounted at the back of the chassis. Figure 3.12 shows a 

top-down view of one of the power banks. The switching regulator is not visible as it is mounted 

underneath the voltage regulator.  

 

Figure 3.12: Voltage Regulator Bank. 
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 In addition to the dc voltages, nine different 5 V TTL signals were distributed throughout the 

chassis to control the T/R switch, RF switches, and DSAs. A 30 pin Amphenol connector was 

used to bring the signals into the chassis from the ARENA system. The signals were then passed 

to a distribution board and delivered to the components in each channel. To keep the logic signal 

wiring consistent from chassis to chassis, a color code was developed, and pin numbers and 

names were assigned based on the purpose of the signal. The color code and connector receptacle 

can be seen in Figure 3.13. The logic signals are shown in Section 3.3 as part of the Transmit and 

Receive block diagrams. 

 

Figure 3.13: TTL Color-Code and Amphenol Connector. 

 An example of a typical timing profile is shown in Figure 3.14. The T/R switch is switched 

on to allow the chirp to transmit, then switched off shortly after the pulse ends. The high-power 

receiver switch is switched on almost immediately after the T/R switch is turned off, while the 

isolation receiver switch is delayed for 5 µs. The DSAs were not regularly used but depending on 

the logic combination could apply up to 18 dB of attenuation in 6 dB steps.   
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Figure 3.14: Example TTL Timing Diagram 

 As mentioned before, the chassis used to house the radar system is a standard 4U size. 4U 

server rack dimensions are as follows: 19 inches wide, 7 inches in height, and 17.8 inches deep. 

A completed UHF Chassis can be seen in Figure 3.15. The LEDs on the front panel were used to 

monitor different voltages: blue for 50 V, yellow for 12 V, red for 5 V, and green for ac power.  

 

Figure 3.15: Completed UHF T/R Chassis 
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 The top switch turned on everything inside the chassis except for the power amps, which 

were turned on via the bottom switch. Proper power sequencing is important, as the power amp 

can be damaged if a signal is applied to the transistor without the drain voltage being switched 

on. Above the LEDs the TTL Amphenol connector and wiring can be seen.    

3.5.2 Version 2: 2019  

 In 2019, the radar system was upgraded to operate with a peak transmit power of 600 W. The 

new high-powered amplifiers came with a few design hurdles to overcome: 1) the amplifiers 

were much larger than the previous 100 W PAs, 2) the new amplifiers would run very hot when 

operating continuously, and 3) the PAs require a large supply current, which increases as the 

amplifier heats up. A new chassis needed to be assembled to hold to new power amps, as they 

would not fit where the old amps were mounted. An inside and outside view of the completed 

chassis can be seen below in Figure 3.16  

 

Figure 3.16: Completed PA Chassis 

 All eight amplifiers were mounted inside of the chassis and split across two tiers. The 

amplifiers had heatsink size and air flow requirements specified by the manufacturer to keep the 

operating temperature at a manageable level, however, when operating continuously the 
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amplifier would overheat. The manufacturer was consulted again, and it was discovered that 

adjusting the gate bias voltage on the amplifier, and applying a logic signal to control pulsed 

operation would greatly reduce the maximum operating temperature and current requirements. 

The TX SW logic signal was used to control the transmit time of the amplifier and was routed 

into the chassis via an SMA port at the back of the chassis. The eight power amps required 

approximately 1600 W in total to operate. The load was split across two 1600 W power supplies 

mounted at the back of the chassis, each with their own ac switch. Power was delivered to the 

PAs via two wall mounted distribution blocks at the back of the chassis. A 12 V power supply 

was used to power the eight fans mounted inside the chassis. The PAs were powered on by two 

switches at the front of the chassis. Each switch would turn on four PAs.   

 With the 100 W CREE PAs removed from the transmit chain, the eight transmit channels, 

and all eight receiver channels were able to be consolidated into a single UHF chassis from the 

2018 season. The transmit channels were remounted onto shorter 2-tier stacks, with two channels 

per stack, and the shelf that held the receiver channels was shortened. The receiver channels 

were again mounted on top of the shelf, but with shorter stand-offs to allow for four channels per 

stack. Figure 3.17 and 3.18 show the new transmit and receive chains mounted inside the chassis. 

 Again, power was delivered to the channels via terminal blocks mounted onto the stacks.  

The digital attenuators were removed from the receiver, which made wiring the consolidated 

chassis far simpler as there were only two different logic signals to distribute. The TTL signal 

TX SW was passed directly to an SMA connector at the back of the chassis and delivered to the 

PA chassis. The switching voltage regulator and 50 V regulators were removed and replaced 

with a 12 V and 5 V power supply. The LDO regulators were left in place but were instead 

powered by the two new power supplies rather than the switching voltage regulator.  
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Figure 3.17: 2019 2-Tier Transmit Channel Ctack 

 

Figure 3.18: 2019 Receiver Channel  
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Figure 3.19: Completed 2019 UHF T/R Chassis 

 

A view of the UHF T/R chassis front panel is shown in Figure 2.17. Eight SMA ports 

were added to the front of the chassis to accommodate the new channels, and the fans were 

moved from inside the chassis to outside. With the PAs removed, the bottom switch was 

disconnected
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CHAPTER 4: ANTENNA DESIGN 

 The antenna had a number of design constraints, first and foremost from our link budget 

calculation our antenna needed a two-way gain of 60 dBi. To meet the logistical requirements of 

transporting a large antenna array to polar regions, the antenna needed to be light weight, easy to 

transport, and easy to assemble once in the field. Conventionally, Yagi-Uda and patch antennas 

are used with ice sounding radar systems due to their high gain, however, a Yagi-Uda antenna 

with the required gain would be too large and bulky at UHF frequencies to deploy to Polar 

Regions. The other option, simple patch antennas, while lightweight, cannot meet our fractional 

bandwidth requirement of 40 % for 600-900 MHz. A new low-profile, light-weight, high-gain 

antenna array design was required. This section details the design and assembly of such an 

antenna array.  

4.1 Configuration 

   From Equation 4.1, it is clear that the gain of an antenna is directly related to the effective 

aperture of the antenna, 𝐴𝑒.  

 
𝐴𝑒 =  

𝐺𝑅𝜆2

4𝜋
  4.1 

Therefore, a larger effective aperture will give higher antenna gain resulting in a higher SNR. 

One metric of radar performance that is often used is the power aperture product, which is 

simply the average power, 𝑃𝐴, multiplied by the effective aperture. To keep the effective aperture 

large, but still meet the logistical requirements of operating in polar regions, we designed a large 

16 m x 17 m antenna array arranged in mills cross configuration. Figure 4.1 gives a detailed view 
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of the antenna configuration. The receiver (RX) can be seen in the along-track and is composed 

of eight 64x4 monopole elements, and the transmit (TX) array can be seen in the cross track and 

is composed of 4 x 64 monopole elements. Both TX and RX antenna arrays are composed eight 

subarray panels with thirty-two monopole elements on each panel. The thirty monopole elements 

are connected to the corresponding radar channels via a 32-to-1 Wilkinson power 

divider/combiner 

 

Figure 4.1: Mills Cross Antenna configuration 

 Figure 4.2 shows the arrangement of the monopole elements on the two different types of 

sub-array panels, as well as the dimensions of a single monopole element. The cross-track panels 

are a transpose of the along-track panels so that the transmit and receive polarization are the 

same. The monopole antenna design was selected because it was simple and cheap to 

manufacture, as well as easy to design for the required 300 MHz bandwidth. 
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Figure 4.2: (a) AT and (b) CT Sub-Array Panel; (c) Printed UWB Monopole Antenna Element 

 

 Each monopole element was manufactured on standard 60-mil FR4, and are bonded to a 

rigid, 2.5-inch-thick rigid foam sheet. A ground plane made of thin aluminum sheet was bonded 

to the backside of the panel 2.5 inches from the monopole elements to direct the radiation to the 

broadside (nadir) direction and to obtain the required gain. A thin aluminum strip was also 

bonded to the front of the panel to connect all the local monopole grounds. The monopole 

element spacing was iteratively selected to obtain maximum gain and reduce grating sidelobes 

across the entire operational bandwidth. Figure 4.3 shows the gain for different monopole 

element spacings, as well as when no ground plane is present at the back of the panel.  

 

 

 

a) 

b) c) 
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Figure 4.3: Realized Gain of a Single UWB Monopole Element. 

 

4.2 Simulation 

 To verify the design of the antenna an infinite array simulation was performed on a 1x4 

element section of the along-track array, and a 4x1 element section of the cross-track array. The 

simulation showed that the gain of these sections was approximately 13 dBi at 750 MHz. The 

gain of the full array can be calculated using antenna theory Equation 4.2.  

                                𝑇𝑜𝑡𝑎𝑙 𝐴𝑟𝑟𝑎𝑦 𝐺𝑎𝑖𝑛 =  13 𝑑𝐵𝑖 +  10𝑙𝑜𝑔10(8) + 10𝑙𝑜𝑔10(8)                        4.2      

Using Equation 4.2 the full array one-way gain can be calculated to be 31 dBi, this adds to 62 

dBi for the two-way gain of the antenna and meets the link budget requirement for our antenna. 

In addition to the infinite array simulation, the VSWR of four of the along-track subarray panels, 

and four of the cross-track array panels were simulated and can be seen below in Figure 4.4. The 

VSWR is at or below 2 for our operational bandwidth of 600 to 900 MHz. 
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Figure 4.4: Simulated VSWR of Four Along-Track and Cross-Track Sub-Array Panels. 

 

4.3 Fabrication and Assembly 

 As mentioned previously, the antenna panels were manufactured using rigid foam sheets 2.5 

inches thick. The monopole elements were mounted on one side, and a 32-to-1 Wilkinson power 

divider was mount to the backside of the panels. The feed cables were routed through the 

antenna panels to the power divider. Extra foam panels were milled where needed placed on the 

Front and back of the panel to cover the monopole elements and power divider. Figure 4.5 shows 

the completed panel with its monopole elements and feed network. The panels were then covered 

with epoxy resin and cured to ensure that they were water proof. An N-type connector port was 

built into the back of the antenna panel to connect the power divider to the radar system. The 

entire completed sub-array panel weighs approximately 9 kgs, light enough to be carried by a 

single person. 
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Figure 4.5: Top and Bottom of a Completed Sub-Array Panel. 
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CHAPTER 5: LAB TESTS 

 As the radar system and antenna were being assembled, a number of laboratory tests were 

performed to ensure that the radar and antenna were functioning as designed. This chapter details 

method and results of those tests.  

5.1 Radar System Tests 

 Before the receiver and transmit channels could be integrated into the final radar chassis, 

they had to be individually tested to ensure that they were working properly. For the transmit 

channels, the most important parameter to test was the output power.  

 

Figure 5.1: 100 W (left) and 600 W (Right) Transmit Waveforms  

 

  The channels were each connected to a high-power, 50 dB attenuator and then passed to an 

oscilloscope. The peak-to-peak voltage was measured and then converted to dBm using a 
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conversion table. Once the peak power was verified, the transmit channels were connected to a 

spectrum analyzer to examine their frequency spectra and ensure that no harmonics or

 out-of-band noise would be transmitted. Figure 5.1 Compares the 100 W and 600 W transmit 

signals in the time domain, and Figure 5.2 compares the signals in the frequency domain. 

 

 

Figure 5.2: Frequency Spectra of 100 W (Top) and 600 W (Bottom) Transmit Signals 

 

 In Figure 5.2 markers 1 and 2 denote the frequencies 600 and 900 MHz, respectively, and 

marker 3 is on approximately 1.2 GHz. Examining the spectra reveals that the 100 W PA is 
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generating more out-of-band noise than the 600 W PA. A low frequency signal can be seen on 

the left, and a harmonic on the right at 1.2 GHz. However, these signals are far outside the 

antenna’s operational bandwidth and can be left alone. These signals do explain why the 100 W 

has uneven amplitude fluctuations in Figure 5.1. 

  All eight transmit channels were examined using these methods before they were integrated 

into the chassis. A vector network analyzer was used to verify the receiver channels, by 

measuring their 𝑆11 and 𝑆21 response. Comparing the measured S-parameter response shown 

Figure 5.3 with the S-parameter simulation results shown in Figure 3.6 shows that they are in 

good agreement. The 𝑆21 response differs by approximately 1 dB and is likely due to losses 

between connectors. The 𝑆11 shows the VSWR is slightly worse, but it is still well below -10 dB. 

After all the receiver channels were verified and the complete radar system was integrated into 

the chassis, the radar loopback test could be performed as a final verification that the radar was 

working as intended.  

 

Figure 5.3: Measured S-parameter Response of Receiver 
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5.1.1 Radar Loopback Test 

 The purpose of a radar system loopback test is to measure the impulse response of the radar 

and to verify the final loop sensitivity. It consists of a fiber-optic delay line, which simulates a 

point target at a distance, and attenuators, to simulate the loss the signal would experience as it 

travels through a medium. For our system we used a fiber-optic spool which simulated at point 

target at a distance of 7.3 km, and a total of 160 dB of attenuation to simulate the signal loss 

through the ice. Figure 5.4 Shows the impulse response of the chirp after pulse compression and 

coherent integration has been performed. The sidelobes are 40 dB down from the peak of signal, 

which is adequate for measuring the ice bed and internal layers’ response. With a SNR of 35 dB 

and our two-way antenna gain, the total loop sensitivity is approximately 255 dB. The radar 

system impulse response was re-characterized in 2019. With the upgraded 600 W PAs, the loop 

sensitivity increased to approximately 268 dB. The new impulse response is shown in Figure 5.5. 

 

Figure 5.4: UHF system loopback impulse response (2018)        
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Figure 5.5: UHF system loopback impulse response (2019) 

 

5.2 Antenna Response Tests 

 To verify the antenna design, the antenna VSWR and radiation pattern were measured using 

Keysight Field Fox signal analyzer. However, before a full panel was constructed a 2x4 test 

panel was assembled and its active VSWR was measured. Figure 5.6 shows the test panel and the 

active VSWR of its eight monopole elements. From the measured VSWR it was confirmed that 

the antenna could support operating frequencies from 600 to 900 MHz. After the antenna array 

concept was verified, 16 sub-array panels were fabricated. The VSWR was measured for 10 sub-

array panels including power dividers and N-type field cables. The measured results can be seen 

in Figure 5.7 (top). The results show that the VSWR remains at an acceptable level over our 

operational bandwidth. The measured results were then time-gated to remove the effect of the 
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fields cables. The time-gated VSWR can also be seen in Figure 5.7 (bottom), and match well 

with our simulated VSWR.  

 

Figure 5.6: a) 2×4 Fabricated Test Panel; b) Measured active VSWR 

 

Figure 5.7: (Top) Measured VSWR of Panels; (Bottom) Time-Gated VSWR of Panels  
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 The broadside radiation pattern of a cross-track array was measured at 5-degree increments 

using the Field Fox Network Analyzer and a horn antenna. The measured radiation pattern is 

compared to the simulated radiation pattern in Figure 5.8. The measured pattern matches well 

with the simulated data.           

     

 

Figure 5.8: Simulated and Measured Broadside Radiation Pattern of A CT Panel. 
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CHAPTER 6: FIELD DEPLOYMENT 

 The radar system and antenna were deployed for field testing at the EGRIP campsite during 

the 2018 field season, and again the following year in 2019. This section details the field testing 

procedures, and the issues that were encountered during the deployment.   

6.1 EGRIP 2018 

 The 2018 field test occurred during August, and spanned two and-a-half weeks. Data 

collection was conducted from August 14th to August 20th. In total approximately 96 km were 

surveyed, and roughly 20 TB of multichannel data was collected. Upon arriving in the camp 

preparations were started for field tests. First, the return loss of each antenna panel was measured 

to verify that their operational frequency remained unchanged. The radar system was then set up 

inside of our weather port tent verify that each channel was operating properly. 

 

Figure 6.1: Inflatable Sledge with Antenna Panels Mounted 
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After measuring the antenna panels, we mounted them onto a 30 cm thick inflatable 

sledge and secured them with paracord. 16 m N-type cables were connected to the antenna and 

run down the length of the antenna. Figure 6.1 shows the assembled antenna outside of the 

weather port. The N-type cables were connected to a cross bar junction, where shorter cables 

carried the signal to the radar system inside of the weather port. After testing the radar inside the 

weather port, it was installed inside a Pisten Bully track vehicle. Once installed inside the Pisten 

Bully, the radar system was powered through an uninterrupted power supply (UPS), which in 

turn was powered by a generator mounted to the top of the Pisten Bully cabin. Figure 6.2-b 

shows the antenna being towed by the Pisten Bully and figure 6.2-a shows the radar system, 

digital system, data storage server, and UPS installed inside the rear cabin.  

 

Figure 6.2: (a) Radar Racks Inside the Cabin; (b) Antenna Array Being Towed 

 

 Although the field deployment was largely successful, a number of issues arose during field 

testing: 1) There were a few power failures when out on a survey; 2) The ARENA system’s 

channel 2 would spontaneously corrupt the data that was being digitized from the receiver, 

resulting in the channel’s data being discarded; 3) Spurious reflections were found in the data 

b) a) 
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after the field deployment was over; 4) Data processing and transfer speeds were very slow, and 

5) The rear half of the Mills cross array would fall into the track left by the Pisten Bully, causing 

the narrow antenna beam to swing off nadir. Figure 6.3 shows the Mills cross array after it had 

fallen into the Pisten bully track.  

 

 

Figure 6.3: Mills cross antenna warping 

 

6.2 EGRIP 2019 

 The deployment took place in mid-July. The same pre-survey procedures were followed as 

the previous year. Two UPSs were required to power the entire system due to the large power 

requirement of the PA chassis. By the 2019 field deployment, a few of the major issues were 

resolved. First, the ARENA transceiver card was replaced by Remote Sensing Solutions shortly 

after the equipment returned to the lab. Next, the data processing algorithms were improved to 

decrease time between data collection and echogram generation. A spare field server was sent to 

the field to decrease server transfer speeds. The servers have swappable hard drive bays, and 

after a survey they would be removed and placed into the other server for backup. To solve the 
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antenna beam warping issue, the antenna was reconfigured into a T-shape. A metal truss was 

also added to the top of the antenna to improve rigidity. The number of antenna elements 

remained the same, and so the two-way gain did not change. However, the beam width increased 

as a result.  

 

 

Figure 6.4: 2019 T-shape Antenna array configuration 

. 
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CHAPTER 7: RESULTS 

 After the data was collected, it was processed in MATLAB to generate the final radar 

echograms. The processing flow and radar echograms will be presented in this section. 

7.1 Data Processing 

 The radar signal processing conducted to generate the echograms followed a relatively 

standard processing flow. An overview of the processing steps can be seen in Figure 7.1.  

 

Figure 7.1: Signal Processing Flow Chart 

The raw data was first filtered digitally with a digital bandpass filter to remove unwanted 

and out-of-band signals. After digital filtering, any DC offset was removed, and the data was 
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pulse compressed in the range domain. The data was then aligned with GPS data using time 

stamps written into the files by the digital system. After the data was GPS aligned, it could be 

SAR processed. The time-domain back projection (TDBP) algorithm was employed for most of 

the UHF radar data. After the SAR processing was completed an echogram was generated from 

each receiver channel. These echograms were then phase and amplitude equalized so that they 

could be combined to improve SNR. Finally, the data was incoherently averaged to further 

improve the SNR, and a new echogram was generated. 

 

7.2 Radar Echograms 

 The radar echograms are presented in two sets. Those from the 2018 field survey and those 

from the 2019 field survey. As mentioned before, data was collected from various areas around 

the EGRIP camp, but for comparison’s sake the echograms presented here are from nearby 

survey tracks.  

 

7.2.1 Field Survey: 2018 

 The echogram presented in this section is from a 6 km survey track shown in Figure 7.2. 

 

Figure 7.2: 2018 UHF Radar Survey Track 
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The single channel echogram can be seen in Figure 7.3. The bottommost layer of ice can be 

clearly seen in the echogram at around 2.5 km. Ultimately the radar achieved a fine vertical 

resolution of approximately 60 cm, generating the high-resolution internal layers seen in the 

echogram. As mentioned earlier, the SNR can be further improved by coherently combining the 

echograms from each receive channel in to a single echogram. Figure 7.4 shows the results of 

combining eight channels.   

 

Figure 7.3: Single Channel Echogram from 2018 Field Survey 

Ice-bedrock interface at ~2.7 km 

Bottommost layer 

at ~2.5 km 
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Combining the eight channels into a single echogram increases the SNR ice bed by about 

6.4 dB as seen in the A-scope comparison in Figure 7.4. Under ideal conditions the maximum 

gain that can be achieved by combining the eight channels is 9 dB. As part of the motivation for 

this project was to improve on the OIB accumulation radar, Figure 7.5 compares echograms from 

the OIB mission and EGRIP.  

 

 

Figure 7.4: Single and Multi-Channel Echograms (Left), and the Radar A-Scope (Right) 
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Figure 7.5: Comparison of OIB and EGRIP Echograms from the same Survey Track. 

It can be seen from Figure 7.5 that the EGRIP UHF radar system has much finer vertical 

resolution, and higher sensitivity. The internal layers throughout the ice sheet, and especially 

those at the bed are much more clearly defined. The 2018 field survey proved the efficacy of 

sounding ice with a UHF radar system and allowed for the upgraded 4.8 kW system to expand on 

the results in 2019. 

7.2.2 Field Survey: 2019 

 The survey track for the echogram presented in this section can be seen in Figure 7.6. The 

survey track is overlaid on an ice stream velocity map to give a better understanding of where the 

data is collected from relative to the ice stream. The upgraded 2019 radar system was able to 

detect volume scattered signals from the bottom 200 km of the ice sheet. These signals can be 

seen in the echogram in Figure 7.7. The two other radar systems that surveyed the same track did 

not detect the volume scattered signals although they had greater or similar peak transmit power. 
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This suggests that these signals can only be detected by higher frequencies. Further, these signals 

may indicate that there is a mixing of ice occurring near the bed.   

 

Figure 7.6: 2019 UHF Radar Survey Track. 

 

 

Figure 7.7: View of Volume Scattered Signals Detected by the UHF Radar System 
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CHAPTER 8: CONLUSION 

8.1 Summary 

 The design, integration, testing and deployment of a ground-based UHF radar system was 

presented in this thesis. The radar system and antenna were designed from the ground up based 

on system requirements outlined in the first chapter. The radar system was integrated into two 

custom 4U chassis in 2018, and then later upgraded with new components in 2019, while still 

maintaining the two 4U chassis footprint for the second field survey. The radar system was 

thoroughly tested before after assembly to ensure that it was operating properly, including S-

Parameter, transmit power, and loopback measurements. Similarly, the antenna array was 

simulated, assembled, and tested. The Field Fox Network analyzer allowed for return loss 

measurements to be taken before shipment and in the field to ensure that the antenna panels were 

working properly. Ultimately the field surveys proved the efficacy of sounding ice sheets at UHF 

frequencies and helped prepare for future ice sounding work using UHF radar systems. 

8.2 Future Work 

 For future radar developments, the current Mills cross operating frequency is limited to 600-

900 MHz due to fixed filter. If the receiver chain were to be miniaturized to modular X-

Microwave circuits the filters could be swapped easily allowing for use over wider frequency 

bands. The success of the UHF radar system during the 2018 and 2019 field tests opens up new 

possibilities in airborne and space borne ice sounding. The UA Remote Sensing Center is 

currently developing advanced radar ice sounders to be deployed on airborne platforms.
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