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ABSTRACT
An ice-penetrating software-defined radar has been developed that operates with a chirp
frequency of 140–160 MHz and 20 W of output power. The system was designed to be compact,
portable, flexible, and adaptable to future project goals. Commercial-off-the-shelf components
were used where possible to ensure a short development time and a cost-effective approach with
the modular PXI platform. A software-defined radio approach was employed, using sub-Nyquist
sampling to downconvert the return signal to baseband. Hardware coherent signal integration and
real-time matched filtering operations are accomplished using the system’s Virtex-5 FPGA.
The system is simulated using Agilent’s SystemVUE simulation software to evaluate
system power levels across the transmitter, glacier, and receiver signal paths. Network analyzer
measurements were made on the components to confirm simulation with physical system
response. The system was coded and integrated in a manner such as to allow for modifications to
be made in the future to allow porting of system capabilities to other needed tasks. Component
selection is reviewed as well as ice electromagnetic properties relevant to the work conducted
here.
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Chapter 1. Introduction
In recent years it has become viable to develop radar systems that exceed previous limits
of portability, flexibility, adaptability, and functionality. To the modern systems engineer, these
are some of the “-ilities” that allow for design tradeoffs to be made as a system is tailored to a
particular application. With the advent of tools that allow for the simulation and quick
development of such systems, it is possible for small groups of engineers on a limited budget to
create these turn-key systems. Additionally, by bringing together individuals from various
disciplines, it is possible to collaborate in a manner that yields a system better suited to
implement available technology and to address the scientific goals of interest to ensure the
success of the project. The ground-penetrating radar (GPR) developed at The Pennsylvania State
University, named Ice Radar, is capable of being deployed to remote glaciers in order to collect
data that will yield better estimates of features such as ice thickness, bedrock elevation, mass
balance, and movement of the glacier.
1.1 Motivation
Glaciers are important to research because of their impact on global climate change. The
Antarctic and Greenland ice sheets hold immense amounts of water that will lead to sea level rise
as the average global temperature continues to rise and the glaciers melt. According to the
Intergovernmental Panel on Climate Change (IPCC 2007) “Warming of the climate is
unequivocal as is now evident from observations of increases in global average air and ocean
temperatures, widespread melting of snow and ice and rising global average sea level” [Bernstein
et al., 2007]. Temperature data over the past several decades show a consistent increase in
average global temperature. Figure 1-1 shows the steady increase in temperature and sea level as
well as the decline of the ice mass balance for the northern hemisphere.
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Figure 1-1: Changes in Temperature, Sea Level, and Northern Hemisphere Snow Cover
[Bernstein et al. 2007]. Used with permission.
Additionally, based on information from the National Snow & Ice Data Center, NASA
announced on August 2012 that “Arctic sea ice melted to its lowest extent breaking the 2007
record and still has 2 weeks before ice begins to accumulate again” [Vina, 2012]. With this
available evidence, an effort is needed to understand these dynamic glaciers that are retreating
every year and to assess the impact that this change will have on the living conditions of Earth.
1.2 Contributions
The work presented here has led to the development of an affordable, compact, and realtime matched filtering system that is able to sound thick glaciers and ice sheets. The functionality
of the system was increased beyond its initial design scope because of the versatility of the
reconfigurable hardware of a National Instrument’s (NI) FlexRIO card installed in a PXI system.
2

This miniature system enables field scientists to quickly verify the acquired data to ensure proper
test configuration with real field data. The system image shown in Figure 1-2 provides an
orientation of how the completed system will look in the field.

Figure 1-2: Ice Radar System.
Ice Radar is constructed using only commercial-off-the-shelf components (COTS), which
allows for quick design and implementation. To further increase the adaptability and flexibility
requirements of this system, a PXI platform, which allows for quick exchange of PXI modules,
was selected in order to allow for the possibility of expansion and upgrade in the future. Ice
Radar consists of a software radio front-end that uses a sub-Nyquist sampling scheme in order to
demodulate the signal. Furthermore, the baseband signal is integrated in hardware up to a total of
65,536 times followed by application of a matched filter in real-time. The number of coherent
averages performed can be 2N, where N = 7, …, 16 with a minimum of N = 7 in order to give the
matched filtering operation enough time to render its output. This real-time signal processing
enables high resolution results to be displayed in real-time and reduces the post-processing time.
More importantly, this function gives the operators feedback to determine if the collected
3

measurements are what they expect. The system has a pulse repetition frequency of 15.253 kHz.
The systems engineering “V” model has been followed through this development and
components were simulated using Agilent’s SystemVUE software. Furthermore, components
were tested in the laboratory and the results exceeded the performance expected from the design
and simulations.
1.3 Thesis Overview
This thesis outlines all tasks completed to ensure proper documentation of the design,
simulation, test, and assembly of the components allowing future researchers to understand the
system and to improve upon it. In Chapter 2, the background performed through a literature
review is presented showing how recent advances and implementations of field-programmable
gate arrays (FPGA) systems have outperformed computer and microcontroller systems. The
background and important topics of software-defined radio are also outlined in this chapter.
Subsequently, the electromagnetic equations and results are presented to compare theoretical
versus simulated results. In Chapter 3, the system design approach taken for Ice Radar is
reviewed by discussing initial goals of the system, selection of RF front-end components, timing
and synchronization, chirp generation, real-time processing, and post-processing operations on
the data. This chapter also presents simulation results that were initially performed in floating
point, but were subsequently implemented in fixed point in order to optimize the functionality of
the FPGA. Chapter 4 explains the tests performed on the components including testing of the
transmit chain, receive chain, and calibration path for field-system test. Chapter 5 analyzes the
performance of the system and identifies optimum operational cases in which the high power and
real-time availability of the data play a vital role. To conclude the thesis, Chapter 6 offers
conclusions and recommendations for future work that can be used by future members of SDL to
extend the functionality of the system to its full potential.
4

Chapter 2. Background
2.1 Modern Systems Development Approach
There is a significant shift in the systems design paradigm currently taking, which is
using the elements of software-defined radio (SDR) to provide a system with the capability to
communicate on different frequency bands and to reconfigure the hardware by only updating
code and segmenting available hardware resources for certain tasks. There is considerable
published literature that reviews the advantages and challenges of achieving a truly softwaredefined radio [e.g., Mitola, 1995 and Abidi 2007]. Major advantages highlighted are the
flexibility that such systems offer, such as being capable of switching the receive frequency as is
the case with the proto-SDR receiver mentioned by Abidi [2007]. The advantage of pursuing an
SDR approach is that the system can be changed relatively quickly and cheaply by only
modifying the software and possibly in obtaining alternate front-end components. As mentioned
by Andraka et al. [1999], Lyons [2004], and Abidi [2007], the major advantage of going with a
digital front-end to do the downconversion of an RF signal is that channel mismatch, drift
problems, and 90° phase difference, for the case of complex downconversion, are not problems in
the SDR domain.
For the application of a ground-penetrating radar (GPR), an SDR approach offers vast
amounts of flexibility due to its capability of switching the output wave duration from the chirp
generator, controlling the output power, altering the frequency of operation up or down, and
increasing the bandwidth. All of these changes can be implemented with minimal modifications
to the hardware. In the case of a change in frequency, if the change is considerable and antenna
efficiency will drop significantly, a swap in the antenna element and any required bandpass filters
(BPF) will suffice to have the new system fully operational. It is these small adaptations that give
the SDR-based Ice Radar GPR its value.
5

The most important component of an SDR system is its field-programmable gate array
(FPGA) as it allows for parallel operations to take place, reducing the post-processing time and
increasing the timing capabilities for operations that require a high degree of synchronization.
The high degree of synchronization that the FPGA interface provides occurs as a result of the
determinism that FPGAs offer; that is, finishing a task in the exact amount of time each time and
running at clock frequencies that are effectively faster than most computers. Additionally, when
compared to DSP chip performance and power consumption, the FPGA is the better option
[Bilsby et al., 1998; Duren et al., 2007; Montani et al., 2003; and Yu et al., 2006]. It has also
been shown that DSP approaches to parallelization are possible as is the case with the Texas
Instruments TMS320C80 DSP board. However, Bisby et al. [1998] is keen to point out that even
though there are four parallel processors integrated with a master processor, the true
parallelization is very dependent on not choking the data transfer lines as this can starve any of
the parallel processors and effectively halt their performance. This will not happen in an FPGA
once the code has been compiled.
When the factor of programming time and learning curve to get the first prototype system
together is taken into account, DSP technology has the upper hand. Nevertheless, many popular
programming languages such as Simulink®, LabVIEW™ FPGA module, Java™, and C/C++ are
providing high-level programming tools to interface with FPGAs, which are easier to learn with
the availability of free vendor training online courses containing video instructions as is the case
with LabVIEW. This availability of programming tools reduces the burden of having to learn
VHDL or Verilog as these have very long learning curves.
The digital downconversion offered through the implementation of sub-Nyquist sampling
schemes offers the advantages of using slower sample rates and thus consuming less power. The
required components of this process have been discussed extensively in the literature [Rodney,
1991; Guirong et al., 1998; Somann et al., 2006; and Bernal et al., 2008]. Sub-Nyquist sampling
6

takes the Nyquist criterion and turns it on its head by using the fact that sampled signals cannot be
distinguished from integer multiples of the sampling frequency. This is best illustrated by Lyons
[2004] who takes a time-domain signal at frequency f0, digitizes it, and then shows that for a
sampling rate of fs Hz and for any integer k,
“…we cannot distinguish between the sampled values of a sinewave of f0 Hz and a
sinewave of (f0 + kfs) Hz.”
For this reason, one must always know what sample frequency was used in order to make use of
sampled data. The field of sub-Nyquist sampling offers many interesting perspectives into how
multiple signals at different frequencies can be shifted to baseband simultaneously while ensuring
that they do not alias each other. This is accomplished by leaving guard bands in between the
spectrum replicas in the sampled domain, which prevent cross-signal aliasing of various subNyquist bands passed to the system through this technique.
With proper frequency selection before the components are purchased, it is also possible
to implement half-band filters in the FPGA for real-time processing as mentioned in Lyons
[2004]. This leads to a system that is very efficient and that can provide the operator with data
that is nearly instantly processed.
2.2 Electromagnetics
It is instrumental in the development of a GPR to seek a theoretical insight into how the
system components will behave and what the available field signals will be. To this end, the
expected reflected power is computed in this section and is compared to simulation results later.
The wave equation can be stated as [Griffiths, 1989]

∇ 2 E = µε

∂2 E
∂E
,
+ µσ
2
∂t
∂t

∇ 2 B = µε

∂2 B
∂B
,
+ µσ
2
∂t
∂t

(2.1)

where μ is the permeability (H/m) and ε is the permittivity of the medium (F/m). In Equation
(2.1) the electric and magnetic fields have been decoupled and are derived from Maxwell’s
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equations. This form can further be converted into plane wave solutions yielding the following
result

E ( x, t ) = E 0e j (kx−ωt ) , B( x, t ) = B 0e j (kx−ωt ) ,

(2.2)

where k is the wave number and ω is the angular frequency. This is the preferred form of the
wave equation as it allows for quick manipulation for computation purposes and it is possible to
solve for the wave number, which is given by [Zahn, 1985]


σ 
k 2 = ω 2 µε 1 +
,
jωε 


(2.3)

where σ is the conductivity of the material (S/m) and ε = ε0εr is the permittivity of the material
(F/m) with εr the relative permittivity and ε0 = 8.85×10−12 F/m the permittivity of free space.
Note that the relative permittivity contains a positive real part and a negative imaginary
component as shown later in Equation (2.9). This fact is important when evaluating Equation
(2.3). Further decomposition of the wave number into its real and imaginary parts leads to the
following form [Griffiths, 1989]

k = k + + jk − ,

(2.4)

where k+ is the real component (m−1) and k− is the imaginary component (m−1). Once in this
form, the plane wave equations found in Equation (2.2) can be rewritten to the more descriptive
form shown below
.

E ( x, t ) = E 0 e − k− x e j (k+ x −ωt ) ,

B( x, t ) = B 0 e − k− x e j (k+ x −ωt ) .

(2.5)

It may be noted from Equation (2.5) that the imaginary component is responsible for the
extinction of the wave as it propagates through the medium while the real component is
responsible for various properties of the wave such as the phase velocity and wavelength. Due to
the transverse characteristics of transverse electromagnetic waves (TEM), it is interesting to point
out that the direction of this extinction is orthogonal to the direction of movement. Once the
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phase velocity of the wave is known, as measured in situ by the delay to receive the transmitted
signal at the other side of a medium, it is possible to relate this to k+ through the following
components

v=

ω
k+

λ=

,

2π
,
k+

n=

ck +

ω

,

(2.6)

where v is the phase velocity (rad/s), λ is the wavelength (m), n is the index of refraction, and c is
the speed of light. With knowledge of Equation (2.5), it is also possible to extrapolate ice
conductivity by measuring the amplitudes of the electric and magnetic fields returning to the
receive antenna and measuring the loss, which is affected by the conductivity of the medium.
Conductivity in the ice is attributed to the acidity and crystal orientation, which have major
contributions to the wave extinction and thus can provide the value of the complex wave number
once the return power is measured as mentioned in Paden et al. [2005] and Dunson [2005]. With
knowledge of these electromagnetic equations, it is possible to compute the theoretical expected
received power based on system parameters and environmental characteristics.
2.3 Theoretical Received Power
In order to properly determine the required output power needed to detect the bedrock
return, it is necessary to place all component parameters into the radar range equation shown
below which is constructed with the idea of a three-material boundary (air, solid ice, and bedrock)
and is obtained from Dunson [2005]
2

Gt G r T122
 λ 
Pr = Pt 
R23

2
 4π  2(h + z n 2 ) L2ice

2

,

(2.7)

where Pr is power received (dBm), Pt is power transmitted (dBm), Gt is the gain of the transmit
antenna (dBi), Gr is the gain of the receive antenna (dBi), T12 is the transmission coefficient from
medium 1 (air) to medium 2 (ice) and is set to 1, h is the height of the phase center of the antenna
taken with respect to the ice and is tabulated to be 1.36 m, z is the distance to the bedrock taken to
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be 3000 m, n2 = 1.78 is the index of refraction of the ice, Lice is the one-way loss through the ice,
and R23 is the spatial average of the reflection coefficient from the bedrock. The R23 value is
obtained from Peters et al. [2005], which has a table compiled for different materials. The phase
center information is taken from a schematic shown in Paden [2006]. The reflected power from
the bedrock depends on its smoothness and for the analysis here, the smoothness component will
be that used by Peters et al. [2005] as these measurements relate to real field data and apply to the
field operations that will be employed once Ice Radar is deployed.
The temperature used for this analysis was −15 °C (258 K) and is reasonable for the field
season temperature experienced in Antarctica. To compute the conductivity, it is required to find
the imaginary component of permittivity given by [Matsuoka et al., 2000]

σ = 2πfε oε ′′ ,

(2.8)

where f is the carrier frequency (Hz) and ε″ is the imaginary component of the complex
permittivity (F/m) shown below which is also derived from Matsuoka et al. [2000]

ε r = ε ′ − jε ′′ .

(2.9)

To obtain the complex relative permittivity values ε′ and ε″, Matsuoka et al. [2000] provides the
following formulas

ε ′ = 3.1884 + 9.1× 10 −4 T ,
ε ′′ =

A
C
+ B( f G ) ,
fG

(2.10)
(2.11)

where T is the temperature (°C), fG is the carrier frequency (GHz), and A , B, C have been
measured by Matsuoka et al. [2000] for a range of temperatures. The values used here are for the
temperature of −15.15 °C (258 K) and are A = 1.728 × 10−4, B = 4.696 × 10−5, and C = 1.056.
The reflected power is now computed using an approach presented in Dunson [2005].
Solving Equation (2.9) using Equations (2.10) and (2.11) gives the complex permittivity value of
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εr = 3.17 + j(1.16 × 10−3) F/m. The conductivity proceeds to be σ = 9.68 × 10−6 S/m. The
complex wave number is solved for and yields k = 5.596 – j(2 ×10−3) m−1, which is in the form of
Equation (2.4). Next, λ = 1.123 m using Equation (2.6). To compute the loss through 3000 m of
ice we use Dowdeswell [2004]
3000

Lice = e

−

∫ k − dx
0

(2.12)

,

which yields a value of Lice = 403.43 = 26.06 dB, which corresponds to a two-way loss of
52.12 dB. As mentioned in Dunson [2005], this calculated value can be corroborated with field
data as measured by Paden et al. [2005], which estimates a two-way loss of 49.8–52.7 dB over
the frequency range of 110–500 MHz. To find the reflection from the bedrock, another equation
is introduced below from Dunson [2005]

R23

2

2

= R23 e −4 β

2

cos(θ i ) S 2

(2.13)

,

where |R23|2 is the smooth interface power reflection coefficient found to be −28 dB for frozen
bedrock [Peters et al., 2005], β is the phase constant (rad/s) and is equivalent to β = 2π/λ, θi is
incident angle, and S is the scattering coefficient, which is taken to be 0.1λ as per Dunson [2005].
Note that the S value used here is the average, as exact scattering coefficients will change with
bedrock roughness. The incident angle, considering a z value of 3000 m, is approximated to be
zero, which is reasonable considering both the transmit (Tx) and receive (Rx) antennas are
pointing at nadir and their separation is 4 m. Evaluating Equation (2.13), R23

2

= −34.86 dB.

Using Table 2-1 to determine the remaining parameters of Equation (2.7), it is possible to
obtain the reflected power Pr = 43 dBm – 20.98 dB + 8 dB + 8 dB + 0 dB – 52.12 dB – 70.56 dB
– 34.86 dB = −119.52 dBm. It is shown later that this value is very near the simulated received
power of −110 dBm, which was obtained using the Pr/Pt two-way loss value of 175 dB provided
by Paden et al. [2005].
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Table 2-1: Received Power Calculation.
Range Equation Parameter

Value

Units

Pt
λ
Gt
Gr
T12

20
1.123
8
8
1
−34.86
1.36
3000
1.78
26.06
−119.52

W
m
dBi
dBi
—
dB
m
m
—
dB
dB

R23

2

h
z
n2
Lice
Pr

A sensitivity analysis can also be conducted on the scattering coefficient parameter S to
determine its effect in Equation (2.13). This is an important step as the bedrock can fluctuate
from a smooth to a rugged interface in some portions of the surveyed terrain. Figure 2-1 shows
the value of the spatial average of the reflection coefficient as a function of the scattering
coefficient. It also includes a plot of the sensitivity analysis, which was obtained by taking the
partial of Equation (2.13) with respect to S. A logarithmic scale is used in order to illustrate the
changes in a comparative manner to the result given by the radar range equation. It is observed
that the range of 0.02λ–0.15λ provides the region of nearly constant sensitivity with the sensitivity
increasing rapidly as the S value passes 0.2λ.

12
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Figure 2-1: Spatial Reflection Coefficient Sensitivity with Respect to S.
2.3 Loop Sensitivity
In order to ensure that the system will detect bedrock echoes, a loop sensitivity analysis
of the transmit (Tx) and receive (Rx) paths is performed. Factors displayed in in the previous
section are further inspected through the loop sensitivity equation [Dunson, 2005]

LS =

Pt Gt Gr N avgGPC
Pnoise

,

(2.14)

where Pt = 43 dBm, Gt = 8 dB, Gr = 8 dB, Navg = 65,536 is the number of coherent averages,
GPC = 200 is the pulse compression gain. The noise power is determined by

Pnoise = kTB(NF) ,

(2.15)

where k = 1.38×10−23 J/K is Boltzmann’s constant, T = 290 K, B = 20 MHz, and NF is the noise
figure, which is computed using Friis’ formula for noise using the noise factor, i.e.,
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F = F1 +

n
(F − 1) ,
F2 − 1 F3 − 1
+
+ ... = 1 + ∑ i −1i
G1
G1G2
i =1
∏Gj

(2.16)

j =0

where F is the total noise factor, Fi is the noise factor of the ith stage (linear), Gj is the gain of the
jth stage (linear), n is the number of stages, i is the index in summation of stage terms, and j is the
index in product of pre-stage gains with G0 = 1. The relationship between noise figure, NF, and
noise factor, F, is

NF = 10 log10 ( F ), noise figure = 10 log10 (noise factor) .

(2.17)

It is important to note that, as explained by Vizmuller [1954], “insertion loss before first gain in
the signal path adds its loss to the noise figure of the gain stage decibel for decibel.” Using
Equation (2.16) to determine the noise factor and the components selected for the receiver stage,
Table 2-2 has been compiled to calculate total noise figure.
Table 2-2: Calculation of the Noise Figure for Ice Radar Using Component Data Sheets.
Component

G (dB)

NF

Directional Coupler
Pre-LNA BPF
LNA
Switch 1
Switch 2
3-dB Attenuator
Amplifier
Step Attenuator
3-dB Attenuator
Amplifier
BPF
Limiter
Total

0
0
1.0
0
0
0
1.3
0
0
2.6
0
0

−0.3
−1.3
36
−0.9
−0.9
−3
34.5
−0.42
−3
23
−1.3
−0.45
81.93

NF
0.3
1.6
2.6
2.6
2.6
2.6
2.6
2.6
2.6
2.6
2.6
2.6
2.6

As explained by Vizmuller [1954], a well-designed receiver should have the noise figure
set by the first few components, which is the case for this system. Using this information, the
noise power is computed to be Pnoise = −98.37 dBm. It is now possible to evaluate Equation
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(2.14) to compute the loop sensitivity and this value is found to be LS = 228.55 dB. To
determine whether this loop sensitivity is sufficient, it has be to be determined if it will overcome
the two-way loss present in glacier ice. Paden et al. [2005] has measured the two-way loss to be
in the range 166.8–174.6 dB for the frequency range 110–500 MHz with loss increasing as
frequency increases. To ensure proper echo detection, the maximum loss case of 175 dB is
selected and as the loop sensitivity exceeds this maximum two-way loss value by more than 10
dB, it is verified that this system will be able to detect the bedrock returns.
2.4 Range Resolution
In pulse-compressed radars, the range resolution is inversely related to the bandwidth of
the signal being transmitted. This is due to the inverse relationship between the time and
frequency domains as shown via the Fourier Transform: a long duration time signal implies a
small frequency resolution signal in the frequency domain and a large bandwidth frequency
signal implies a small time duration signal in the time domain. The current system will be able to
transmit either a 3-μs or 10-μs chirp with a constant bandwidth of 20 MHz allowing for variations
in the average power that is transmitted with the 10-μs chirp case allowing for the lower average
power. Theoretical calculations of the range resolution can be derived using the equation

R=

c
,
2B

(2.18)

where c is the speed of light in the medium and B is the bandwidth. These values are 3 × 108 m/s
(for free space) and 20 MHz, respectively. It can be noted that the form of Equation (2.18) takes
on the familiar form of

R=

cτ
,
2

(2.19)

which corresponds to a pulse radar with pulse duration τ seconds. The relation between τ and B is
readily seen to be an inverse one as proposed by the Fourier Transform uncertainty. Using
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Equation (2.18), the range resolution is found to be theoretically 7.5 m. When the actual sample
rate is taken into account, the resolution degrades and a new resulting equation arises as provided
in Richards et al. [2010], i.e.,

R =κ

c
,
2B

(2.20)

where κ ≥ 1 accounts for unintentional degradation of the signal. Once again, this variable
accounts for the sample rate limitation of the system and requires additional simulation to gain a
more accurate range resolution value.
The matched filtering algorithm has been implemented in LabVIEW in order to
determine what the nearest location can be between returning pulses to allow for differentiation of
the two as a function of time, which can then be translated to distance. Using Equation (2.6) and
the real component of the complex wave number found in the sample calculations for the
theoretical received power, the propagation velocity of the wave through the ice medium is found
to be v = 0.56c, where c is the speed of light in free space. In determining the range resolution, it
is important to note that, when noise is introduced into the returning wave, the output of the
matched filter will not be as clear and will have lower amplitude of the peak, thus leading to
spectral leakage, which means that a strong peak may completely envelope a neighboring peak
concealing its presence if it is too close to a larger detected return. No noise was used during this
range resolution determination using LabVIEW.
The signal used is the 10-μs chirp case in which the matched filter output has been
generated in LabVIEW and the distances are shown below in Figure 2-2, with an 8-ns resolution
since the sample rate is set to 125 MHz. Note that two returns of equal amplitude were placed at
locations of 25 μs and 26 μs in order to see how they appear when their spacing is much larger
than the available resolution.
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Figure 2-2: 10-μs chirps at 25 μs and 26 μs.
Now the signals were placed as close as possible to determine when their peaks are
discernible from each other and the spacing between the two points is calculated as the range
resolution using the known propagation velocity. This is done through an iterative process in
LabVIEW and the spacing at which the last overlap of the peaks occurs is when the second return
is 48 ns with respect to the first peak. This process can be seen below in Figure 2-3 in which the
top image shows the minimum distance at which the peaks are merged into a single detection.
Thus, since the spacing of 56 ns gives a clear distinction between the two returns, this leads to a
range resolution of 9.43 m for the bandwidth of 20 MHz. Thus, referring back to Equation (2.20),
the value of κ is 1.257 as this gives the correction factor due to the unintentional degradation
brought about by the sample rate being used. This is shown below in Figure 2-3.
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Figure 2-3: 10-μs Chirp Spacing of 48 ns (top), 10-μs Chirp Spacing of 56 ns (bottom).
2.5 Along-Track Resolution
In order to improve the SNR ratio, coherent averages are performed in real-time as
returns are collected by the system. To optimize the processing of the data, radix-2 averages are
performed with a minimum of 128 and a maximum of 65,536 averages. While the maximum
number is desired for enhanced SNR, the cost of this enhancement is the degraded along-track
resolution due to each return collection taking 65.536 μs. The loop in the FPGA code that
performs the coherent averaging is explained in Section 3.9.3.2, but the analysis of the tradeoff
between coherent averages and along-track resolution is covered below.
A brief summary of how the coherent averaging is conducted is as follows: as sets of two
samples are collected, they are immediately added to block memory to the corresponding address
that is used for that particular sample index, this is repeated Navg times, which corresponds to the
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radix-2 average, then the loop requires 49.33 μs to perform a shift-logical on each sample that has
the accumulated sample values. For example, in the case of the maximum number of averages, a
total of 65,536 × 65.536 μs + 49.33 μs = 4.30 s are required to obtain the trace, which is the
average of the returns collected, out to the controller to be stored for later inspection. The value
of the shift-right logical portion cannot be reduced and is a constant overhead regardless of the
number of coherent averages beings performed. With this knowledge, Figure 2-4 below shows
the tradeoff of along-track resolution (m) to coherent averages performed using a velocity of
10 km/hr. This velocity is the displacement velocity of the radar system on the surface of the
glacier. Note that this analysis includes only the effects of averaging time and velocity, and not
effects due to antenna beam width volume, etc.
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Figure 2-4: Along Track Resolution vs Wave Averages at Velocity of 10 km/hr.
If there is no requirement placed on the along-track resolution, it would be advantageous
to tune the coherent averaging parameter in the field to a value that yields reasonable signal
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detection in order to ensure that the SNR is sufficiently high. Once the signal is detected, the
number of coherent averages can be reduced to allow improved along-track resolution. This
system tuning will be very dependent on field conditions such as the water content of the glacier,
porosity of the ice, and bedrock roughness conditions as large values of these will result in signal
degradation, which will require additional coherent averages to improve the signal quality.
2.6 Convergence of Specular Radar Range Equation to Standard Form
The use of the specular radar range equation (RRE) from Dunson [2005] as shown in
Equation (2.7) can also be found in the literature with similar forms [e.g., Peters et al., 2005 and
Paden et al., 2005]. Of interest is how the form of this equation differs from the standard form of
the radar range equation [Richards et al., 2010], which is given as

Pr = Pt

Gt Gr λ2σ
,
(4π )3 z 4 Lice 2

(2.21)

where σ is the radar cross section (RCS) of the target (in m2). The major differences between
these two forms of the radar equation are in the power of z found in the denominator as well as in
the transformation from RCS to the spatially averaged reflection coefficient, which arises due to
the nature of the target in each equation.
Referring to Peters et al. [2005], there is another form of the specular radar range
equation, which is referred to as the near-nadir backscattering (scattering) radar range equation
and is given as

λ 2 Gt G r T122 L2iceσ 23 Ac
,
Prs = Pt
(4π )3 n 2 2 (h + z n 2 )4

(2.22)

where Prs is the instantaneous backscattered power, σ23 is the scattering coefficient for the
subglacial interface (m2/m2), and Ac is the area of the radar resolution cell (m2). Note that this
equation has a fourth power dependence in the range parameter, as does Equation (2.21). The
product σ23Ac can been related to the RCS value in Equation (2.21) since σ23 has units of cross
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section per unit area of surface. Both of these values have been set to 90 m2, which was selected
so that Equation (2.21) and Equation (2.22) yield similar magnitudes and is reasonable as the
illuminated radar area is quite large and the bedrock target is considered stationary. Given these
values for cross-section, the received power results for each of the three forms of the radar
equation as a function of distance is shown below in Figure 2-5.
Radar Range Equations (RRE) vs Distance
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Figure 2-5: Radar Range Equations.
The relationship between the Scattering RRE and the Standard RRE is explicit as their
difference is less than 5 dB. However, in the case of the Specular RRE there is significant
deviation from the standard form by more than 50 dB at surface distances. Considering the
dynamics of the ice sheets and including the multiple reflection locations from which the bedrock
returns of the transmitted chirp originate, it is more accurate for glaciology purposes to utilize the
specular form of the radar equation as has been shown in Paden et al [2005], Dunson [2005], and
Paden [2005]. Thus, considering the larger area illuminated by the specular RRE, there is not an
exact match with the standard form; yet the scattering RRE, which is valid for near-nadir scatter
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points, provides a very near match to the standard RRE. This validates the use of the specular
radar range equation as has been show in the literature. Hence, care should be taken when
interpreting absolute power returned values, as opposed to range results.
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Chapter 3. System Design
The top-level design requirements for this software radar are for the system to be
portable, flexible, and reconfigurable. To meet these requirements, a PCI eXtension for
Instrumentation (PXI) platform was selected as it offered modular components as well as a robust
chassis that could be easily deployed to the harsh environmental conditions of Antarctica and
Greenland. Furthermore, the integration of modules within the chassis is designed to transfer data
at speeds in excess of 250 MB/s, which is very beneficial. In this chapter, the components used
are presented as well as their interactions with each other. The RF front-end is presented for the
receive (Rx) and transmit (Tx) signal path of the radar loop. Processing algorithms and output
wave selection are reviewed.
3.1 PXI Components
All PXI components used in this system were acquired from National Instruments as they
included the ability to be programmed using LabVIEW, which is a programming environment
used extensively in the Systems Design Lab (SDL) at Penn State. Furthermore, the recent
availability of the LabVIEW FPGA Module for programming the FlexRIO card acquired to do
the in-line signal processing was of great benefit as it eliminates the need to master VHDL or
Verilog programming to get the FlexRIO card performing the required tasks. There are
additional advantages as to programming with the LabVIEW FPGA Module when compared to
standard FPGA boards [Keharnavaz et al., 2012]. The code that has already been developed in
the LabVIEW FPGA programming environment can easily be transferred as the architecture of
these boards is identical to the PXI assembly. In order to have a strong, compact, built-in system,
the NI PXI-1031 DC four-slot chassis was selected. This chassis was modified to run directly off
a 12-V car battery and will use a 12-V regulator to ensure a proper power supply. This was
accomplished by reducing the standard operating voltage of 18–30 V down to a new minimum of
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12 V. The power line used contains a 30-A fuse to prevent excess current from being drawn into
the chassis and its inserted modules. The chassis has built-in signals, which include the Star
trigger, a 10-MHz PXI backplane clock, and the PXI trigger bus 0–7 [www.ni.com, 2009]. These
lines are most often referred to as real-time system integration (RTSI) 0–7 and will be referred in
this manner from here onward.
The embedded controller selected was the NI PXI-8102 loaded with the Windows XP
operating system as well as a hard-drive upgraded to a 256-GB 2.5-in MLC solid-state hard drive
in order to accommodate faster transfer speeds and to safeguard the collected data. Terrain in
Antarctica, weather conditions, and the transportation of the equipment to the field site were
considerations in selecting the solid-state hard drive. The solid-state drive is the best choice to
ensure safe arrival and return of the system along with the precious data. This embedded
controller easily installs into slot 1 of the chassis having a width of 2U and is able to
communicate with the rest of the modules through the chassis backplane. Through the operating
system in this controller, it is possible to connect to it remotely via the use of an Ethernet cable
and through configuration of Windows Server.
The PXI waveform generator selected for the chassis was the NI PXI-5422 as it offered a
20-MHz bandwidth output and is able to reach the required output frequency range of 15–
35 MHz. The maximum output frequency for this waveform generator is 80 MHz, allowing for
quick changes to be made in the future if a frequency shift is desired. This waveform generator
also offers two programmable function input/out (PFI) lines in the front cover providing easy
accessibility and connectivity to other components via its SMB connectors. The PFI lines are
mainly used to serve as markers, allowing triggering to take place with other components in a
seamless manner. These lines can also be used to export a sample clock. For the application of
our system, the waveform generator will produce a 15–35 MHz chirp and will use its PFI 0 line to
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serve as the blanking enable for the Rx side and the PFI 1 line to determine whether field
operation or calibration will be performed.
The receiving components of the PXI system are the NI PXI-7954r FlexRIO module and
the NI PXI-5761 digitizer inserted into the FlexRIO adapter module slot. The digitizer is able to
sample at a maximum rate of 250 M samples/s with a 500-MHz bandwidth allowing for the
undersampling of signals up to the 4th Nyquist zone. This is the approach taken with this software
radar and is what qualified this digitizer to accomplish the goals sought. Using this combination
of reprogrammable hardware integrated with the digitizer allows for in-line data processing,
which saves time and renders results in much a shorter time scale. Additionally, the three direct
memory access (DMA) channels integrated into this FlexRIO allow for large transfer speeds to be
achieved when moving data to the embedded controller. The digitizer also contains eight PFI
lines that are able to control the value of the step attenuator on the Rx side of the RF chain. Later,
it will be shown that the matched filtering operation can be performed 3× faster using the
reconfigurable hardware than if the samples are processed by the embedded controller.
All of the component mentioned, except for the embedded controller, can be programmed
to run off the 10-MHz PXI clock that runs along the backplane of the chassis. The PXI clock has
a phase stability of 25 ppm, which is the same as the waveform generator’s internal clock. The
FlexRIO contains a less accurate phase stability of 100 ppm and the digitizer has the most stable
clock with phase stability of 1 ppm. Due to the large fluctuation in phase stability, all
components have been synchronized to run off the 10-MHz PXI backplane clock as this will
ensure consistent sample acquisition and processing.
In the following paragraphs further detail is given into how the PXI system was
programmed as well as how the RF front-end was designed. Table 3-1provides a summary of the
system’s components.
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Table 3-1: Ice Radar System Parameters.
Radar Type

Linear Frequency Modulated

Frequency Range
Bandwidth
PRF
Transmit Chirp
Peak Transmit Power
Number of Coherent Integrations
Sampling Frequency
Antenna

140–160 MHz
20 MHz
15,253 Hz
3 μs, 10 μs
20 W
65,536
125 MHz
Log-periodic 105–1300 MHz

3.2 Tx Front-End
The transmit design was created using guidelines in Richards et al. [2010] and using a
prior ground-penetrating design created by Lohoefener [2006] from the CReSIS research group at
the University of Kansas. Additionally, the frequency selection of 140–160 MHz was chosen
based on the report by Dowdeswell [2004]. The initial design consideration of making the system
portable called for a design that could deliver only 20 W of power. To achieve this, the ZHL50W-52S power amplifier from Mini-Circuits was selected as it can deliver a maximum power
output of up to 75 W and it is compact. To avoid overheating of the amplifier, a safe margin was
given that would allow this amplifier to operate in its stable low-strain region. The Tx path for
the radar is shown Figure 3-1.
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Tx cal

Tx out

Figure 3-1: Tx Path of Ice Radar.
Attenuators have been placed in between component as per Richards et al. [2010] in
order to mitigate VSWR and improve component performance. The signal source shown
corresponds to the NI PXI-5422, which will deliver a 15-to-35-MHz chirp at a power level of
−12 dBm. A low pass DC-to-38-MHz filter located at the output of the waveform generator
assures that only frequencies in the desired range go into the level-4 mixer from Mini-Circuits.
The chirp is mixed with a 125-MHz signal coming from a 0.1-ppm Miteq crystal, which is passed
through a 6-dB attenuator. The output signal power of the crystal is 10 dBm and thus is lowered
to the appropriate level as it reaches the LO input of the mixer when it passes through the 6-dB
attenuator. Bandpass filters from Lark Engineering have been employed that have a pass band of
135–165 MHz and have a guaranteed minimum rejection of −30 dBc at 78 MHz and 219 MHz.
This sharp cutoff allows the upconverted chirp to continue through the transmit path with
minimal interference from its upconverted image. The Tx chain also contains a switch that is
capable of routing the signal directly to the Rx side if a calibration is desired in the field. Note
that if a calibration is taking place, the power amplifier is not accessed and the blanking
mechanism of the Rx chain is not enabled either, allowing for the signal to be sampled by the
digitizer almost instantly.
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3.3 Rx Front-End
The receiver was constructed using the minimum number of components to ensure proper
downconversion and sampling of the signal returning from the glacier. The Rx chain is shown in
Figure 3-2.

Rx in
Rx cal

Rx out

Figure 3-2: Rx Path of Ice Radar.
The return signal passes through a coupler that allows for automatic test and calibration
of the system once in the field. This helps ensure that no components were damaged during
shipping and that weather conditions are not altering the behavior significantly. Furthermore, by
taking calibration data when in the field it can be used during post-processing to determine if
further correction to the collected field data must be made. There is a bandpass filter located right
before the low-noise amplifier (LNA), which improves the behavior of the LNA by eliminating
high frequency signal components that cause reflection within the amplifier Vizmuller [1954].
The Miteq AU-1114 LNA is used, which has a gain of 36 dB and is capable of receiving
maximum power input signal of 30 dBm. If the input signal exceeds 30 dBm into the LNA, it
may be permanently damaged. This LNA also has the capability to recover from powerful
receptions within a time span of no more than 1.2 μs, as will be the case when the chirp is
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transmitted through the Tx antenna. There are two blanking switches, which have a switching
time of 6 ns and are used to protect the digitizer along with the limiter. The limiter has a
negligible loss and does not contribute to the noise figure of the receive chain and was deemed
appropriate given its low cost. Furthermore, during testing of the Rx chain in the lab with the
network analyzer, the limiter protected the network analyzer in case of user error in inserting
larger signals than required during testing. The step attenuator has two operation settings: during
field use, it will be set to 0.45 dB, which is its insertion loss, and when used for calibration, it will
be set to 30 dB in order to keep the digitizer from saturating.
3.4 Antennas
The Tx and Rx front-end paths send and receive, respectively, their RF signals from a
pair of CLP 5130-2 log-periodic antennas designed by Create and that have a bandwidth of 105–
1300 MHz. The antennas have a total of 17 elements each and can be seen in Figure 1-2 at the
sides of the sled that will move them across the glacier ice. These were selected due to their
bandwidth covering the frequency range of operation (140–160 MHz) and because they offer a
gain of 8 dBi. They can easily be mounted with horizontal or vertical polarization allowing for
the possibility of upscaling the system to detect variations in polarization similar to how they was
accomplish by Kosistsky [1999]. The antennas have a power rating of 500 W and should have no
difficulty radiating 20 W of output power for which the system is designed at 50-Ω output
impedance.
3.5 Maximum Direct Input Power
In this section the coupled power from the Tx to the Rx antenna is inspected as well as
the reflected air-ice surface interface reflection from the Tx to the Rx antenna. This is used to
identify whether the LNA will enter saturation and to determine if further separation between the
antennas is required.
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3.5.1 Direct Arrival Power
To calculate the power that will be delivered from the Tx antenna to the Rx antenna upon
transmission, it is required to know the gain of the antenna, the transmit power, the radiation
pattern, and the medium attenuation. Considering that the distance between the antennas will
only be 4 m, the air attenuation is assumed to be zero. At this close distance, the near-field
behavior of the antennas has to be taken into effect to ensure that energy is not being transferred
through stored energy, which is how the radiation pattern behaves in the near field. For this
analysis, this stored energy transfer has been assumed to be zero and only the radiation energy
will be considered. Only the azimuthal radiation pattern was provided by the antenna vendor.
Considering that the elevation radiation pattern tends to be more circular for the log-periodic
antenna, the azimuth radiation pattern has been used for the elevation pattern as well. With
knowledge of this, it is now possible compute the arrival power into the Rx antenna using the
following

Pr =

Pt Gt,ϕ1 Gr,ϕ2
Lair

,

(3.1)

where Pt is the transmitted power, Gt,φ1 is the gain of the Tx antenna in the direction φ1 of the Rx
antenna, Gr,φ2 is the gain of the Rx antenna in the direction φ2 + 180° of Tx antenna, and Lair is the
loss of the transmission medium, which in this case is air. Using the values of Pt = 43 dBm, Gt,φ
= Gr,φ = −30 dB at 90°, Lair = 0 dB, the received power is computed to be Pr = −17 dBm. The
radiation pattern used in this analysis was conducted at a constant frequency of 300 MHz and thus
minor variations may exist given the difference in operational frequency range. Additionally, the
bandpass filter that follows the LNA is rated for a peak power of 20 W, which will not be reached
since be Pr < 7 dBm. This received power is very small and will not affect the performance of
any of the components.
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3.5.2 Air–Snow Reflection Arrival Power
To calculate the power that will be delivered from the Tx antenna to the Rx antenna after the
signal has been reflected from the surface of the glacier, it is necessary to obtain the incidence
angle based on the layout of the antennas. Using the 4-m separation between the antennas and a
height of 0.5 m from the bottom tip of the antenna to the surface it is possible to calculate the
incidence angle. This is found to be 75.96° and was found by using the midpoint of the length of
the boom of the antenna as well as the midpoint of the 4-m separation. Using this angle of
incidence, the gain of the antenna in this direction, referred to as Gt,φi below, is found to be
−15 dB using the data sheet included with the antennas. The reflection coefficient is also
computed using the following formula
2

Γ=

ε air − ε snow
,
ε air + ε snow

(3.2)

where εair is the permittivity of air and εsnow is the permittivity of snow. Using the values of 1 F/m
and 1.5 F/m for relative permittivities of air and snow, respectively, the reflection coefficient is
found to be Γ = −20 dB. This value has to be included in the numerator of Equation (3.1) in order
to account for the degradation of the signal as it reflects from the non-ideal snow interface. Using
the modified version of Equation (3.1) shown below to get the power received from the surface

Prs =

Pt Gt,ϕi Gr,ϕi Γ
Lair

,

(3.3)

where φi represents the incidence angle, Γ is the reflection coefficient, and Gt,φi = Gr,φi= −15 dB,
the power received from the surface is computed to be Prs = −7 dBm. In this case, the LNA is
within its safe operating range and the bandpass filter following the LNA will just be able to stay
within its boundaries of peak power. However, line losses in the receiving path have not been
considered thus far and since 15 m of low-loss coaxial cable will be used to feed the Tx and Rx
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antenna independently, the Rx path will introduce 1–2 dB of loss and this will keep the receiver
within its safe margin.
3.6 SystemVUE Simulation in Glacier Mode
In order to estimate the power requirements of the RF front-end components, an
simulation was performed using Agilent SystemVUE software. It was also possible to create the
schematics shown in Figure 3-1 and Figure 3-2 using this software. In order to obtain the most
realistic results, the parameters from the data sheets of the RF components were inserted into the
properties of the SystemVUE devices. For the Miteq crystal, the phase noise information from its
data sheet was inserted in order to properly model the variations in upconversion frequency,
which will be present when the system is taken to the field. A test was performed to determine
the required waveform generator output power in order to achieve the required 20 W at the output
of the power amplifier. The graph in Figure 3-3 illustrates the Tx power values.

Figure 3-3: SystemVUE Power Levels through Glacier Path.
It is observed through simulation that a waveform generator power of −2 dBm is required
in order to achieve the output power of 43 dBm (20 W). The results in Figure 3-3 show a small
deviation in output power from that desired and this readily can be attributed to errors arising
from computation. The glacier path is simulated using a 175 dB loss through the glacier, as
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found in Paden et al. [2005], and this gives a received signal power at the input of the digitizer of
−41.6 dBm. During processing of the signal, a gain of 48.2 dB (coherent integration) and 23.0
dB (pulse compression) are attained bringing this detected signal to 29.6 dBm, which will render
a very clean signal.
3.7 SystemVUE Simulation in Calibration Mode
The signal going through the calibration path was also simulated using SystemVUE in
order to ensure that the digitizer would not saturate. Note that the step attenuator was set to a
value of 30 dB, which will be the value set when this calibration is performed in the field. Figure
3-4 shows the results and includes the integration gain after the digitizer.

Figure 3-4: SystemVUE Power Levels through Calibration Path.
In this simulation the input power saturated the second Miteq amplifier (AU-1543) and
thus it is required to lower the input power of the waveform generator by 10 dBm. This will
ensure a power to be received at the input of the digitizer of about 5.2 – 10 dBm = −4.8 dBm.
After integration gain, this signal will be clearly visible and will allow the field operators to
determine if the system is ready to collect glacial data.
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3.8 Intermodulation Products
Using SystemVUE it is possible to plot the spectrum along the path of the signal in order
to adequately select filters that will eliminate the effect of intermodulation products and other
harmonic signals in the system. Due to the small separation between the upconverted signal,
which has a frequency range of 140–160 MHz, and its image, in the range of 90–110 MHz, it was
required to use very narrow bandpass filters. To illustrate the effect of intermodulation products,
a simulation was performed in SystemVUE and the results are shown below with the image and
the signal having a magnitude of −8.4 dBm. The test point was placed at the RF port of the mixer
and the spectrum can be seen below in Figure 3-5 for the frequency range of DC–309 MHz,
which shows the signals with the largest magnitude.

Figure 3-5: Intermodulation Products at RF port of Mixer.
To ensure a significant attenuation is being placed on the image of the upconverted signal
as well as other intermodulation products, the spectrum of the signal was inspected right before it
was fed into the power amplifier. The results of this can be seen below in Figure 3-6, which
displays an attenuation of 51.7 dB on the image that is shown to the left of the main signal.
Additionally, there is a 1 dB of attenuation at the ends of the signal, which is due to the narrow
bandpass region of the filters used. This should not produce any major issues with the collection
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and identification of the signal as most of the power is concentrated near the center frequency as
was seen when performing power measurements of the power amplifier.

Figure 3-6: Intermodulation Products at the Input of the Power Amplifier.
3.9 Hardware/Software Programming
The ice-penetrating radar system developed was programmed using the included
LabVIEW FPGA module software package and was divided into two parts; the host side, which
receives the coherently integrated data and controls the settings of the waveform generator, and
the FlexRIO side, which coherently averages the returns and performs the matched filtering.
Synchronization takes place in the beginning stages of program execution and this is controlled
using interrupt requests (IRQ) 0 and 1. To show the flow of tasks between these two
components, Figure 3-7 is shown below.
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Figure 3-7: Host and FlexRIO Startup Sequence.

There are two major ways to send information between the host and the FlexRIO module:
through programmatic front panel communication (PFPC) or through a direct-memory access
(DMA) transfer. The DMA transfer is also referred to as a first-in-first-out (FIFO) as mentioned
in Keharnavaz et al. [2012] and this is the notation given to this transfer when being coded in the
FPGA module software. The PFPC does not guarantee that every value passed will be read, thus
it is only there to trigger events that are not time critical. Everything that is shown before the
“Start AWG” block in Figure 3-7 is non-critical for the case of the current system as these steps
only prepare the modules and software to begin acquiring data. Below is a sequence of steps that
take place upon system start:
1. Host program loads the bitfile into the FlexRIO.
2. Host program waits until the IO Module, which is the digitizer, is fully initialized.
3. Host proceeds to compute the Fast Fourier Transform (FFT) of a sampled chirp, which
has the duration being used, and then passes these coefficients to the FlexRIO via DMA.
Note that this wave has been sampled directly from the waveform generator using the
digitizer in order for the matched filtering operation to render an image that correctly
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identifies the location of the chirp. There are stored copies of the 3-μs and 10-μs chirps
loaded into the program and only one is selected upon system start. There is also a 132coefficient Kaiser bandpass filter (BPF) applied to the coefficients with Fc1= 12 MHz,
Fp1 = 15 MHz, Fc2 = 38 MHz, and Fp2 = 35 MHz. This BPF is employed to further
suppress noise outside the original baseband and to render more defined peaks in the
matched filtered graph. Additionally, this operation was employed in order to maximize
the fast convolution approach taken to perform the matched filtering.
4. Host acknowledges IRQ 0.
5. FlexRIO loads the computed matched filtering coefficients and bandpass filter
coefficients, which have been combined into a single set of coefficients through the fast
convolution approach, into block memory.
6. Host clears the DMA channels that will be used from any information placed on them
from the previous use.
7. Host acknowledges IRQ 1.
8. Host sets the arbitrary waveform generator’s parameters including power output,
frequency range, PFI output configuration to be used in determining system use or system
calibration, and sets the PRF.
9. FlexRIO waits until its RTSI 0 line is triggered to begin acquiring waveforms. The RTSI
0 line is held high for 10 ns. This line is checked each time a pulse is collected by the
FlexRIO at a PRF of 15,253 Hz.
10. FlexRIO collects data by performing coherent averages of 65,536 returns and then
passing the result to the Host as well as to a different part of the FlexRIO that computes
the matched filtered result, which is also passed to the Host.
11. Host receives both the coherent averaged waveform (called a Trace) and the matchedfiltered result, displays the matched filter result to the user, and saves them to disk.
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12. Steps 9–11 repeat until the Host “stop” button is pressed and system operation is
terminated.
There are two interrupt requests that have to be used in the sequence and this occurs
because the FlexRIO runs very fast when compared to the Host processor and, in essence, the
FlexRIO is halted until the Host is able to catch up. This explains why the FlexRIO “IRQ Wait”
is much longer than the equivalent “ACK IRQ” (acknowledge IRQ) on the Host side in Figure
3-7. Once IRQ 1 is acknowledged, the system collects waveforms at full speed and it takes 4.297
seconds to receive a trace as well as the matched filter result at the Host side.
3.9.1 Host Operations
The Host runs on the embedded controller and it serves as the graphical user interface (GUI) to
the user. It is also responsible for loading the bitfile into the FlexRIO, starting/stopping the
waveform generator, and for receiving traces while the system is running. It pre-computes the
matched filter and bandpass filter coefficients, which are loaded into the FlexRIO block memory
to be used during the matched filtering process. Since the matched filtering is done through fast
convolution, it can be shown that the bandpass and matched filter operation can be combined into
a single operation. Thus, the Host takes that reference chirp to be used and computes an 8,192element FFT while also taking the 132 Kaiser coefficients and computing an 8,192-element FFT.
These two FFTs are multiplied together and scaled properly and the result is passed into the
FlexRIO with the real and imaginary component following each other in this order. These
coefficients are stored in block memory of the FlexRIO and are called each time a new matched
filtering takes place.
The Host has the ability to load a new chirp to be used during matched filtering each time
it operates. In the present case, a 3-μs and a 10-μs chirp, 375 and 1250 samples, respectively, are
stored in memory and were obtained by sampling the output from the arbitrary waveform
directly. This helps ensure that the coherent data obtained in the field will match these sampled
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waveforms and the peaks detected by the matched filter will render a high resolution peak.
Furthermore, by following this approach of reloadable chirps, the ability to change the output
waveforms is fairly easy to do and only requires changing the chirp in the waveform generator
settings, sampling the wave for a given duration, and pasting these samples in place of the prestored 3-μs and 10-μs chirps. This approach gives this software radar a high degree of flexibility
and decreases the down-time before a new configuration can be tested. Alternately, these
coefficients, which would need to be stored in the 8,192-element FFT equivalent, could be stored
into the block memory of the FlexRIO directly. This, however, would result in the requirement
of recompiling a new bitfile each time a new waveform was desired to be used and this could be
tedious to keep track of and time consuming as each compilation can take anywhere from 40 to
60 minutes.
Next, the host proceeds to flush the DMA channels, which will be used to pass the trace
from the FlexRIO onto the Host’s hard drive. The matched filter result is also passed back
through a distinct DMA channel and this must also be flushed. After this step, data will be passed
back to the Host in a synchronized fashion such that each set of data passed corresponds to a new
trace.
3.9.2 Waveform Generation
The configuration of the waveform generator is done through the GUI. Here, the settings
of the waveform are controlled by choosing the power output, frequency start, frequency stop,
PRF, and marker modes. The PRF is set to 15,253 Hz, which allows for a nearly 100% collection
time given the sample rate and number of samples collected per wave. The collection time comes
to be 65.536 μs, whereas the pulse repetition interval of the radar is 65.561 μs. This PRF can be
increased easily to 20 kHz and higher if desired. The tradeoff is that, as the PRF increases, fewer
data samples are collected per period and, if the matched filtering operation is still desired, zero
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padding has to be included in the processing. For the purposes of the current setup, the original
goal to achieve a minimum 10-kHz PRF was exceeded.
The waveform generator has an output bandwidth of 20 MHz and an operational range of
DC–80 MHz. When outputting 80 MHz, however, the output power has to be decreased to keep
signal integrity as shown in the specification sheet of the NI PXI-5422. A method known as
scripting, which is provided with the NI FGEN software, allows for multiple waveforms to be
stored in the 8 MB on-board memory of the waveform generator. Once the waveforms are stored,
any of them can be called by passing a script file to the waveform generator at run-time and this
script will be executed only once. Functions such as while loops are allowed in the script file and
this is how the single wave is repeated continuously until the program is halted and the waveform
generator is stopped. This continuous repetition is used with the current system.
The waveform generator has two PFI outputs with SMB connectors on its hardware front
panel. In the present system configuration, PFI 0 is used to blank the receiver and this is used
because it has a smaller jitter time than PFI 1. This signal output is configured in software by
naming this signal with a marker, marker0, and calling it when toggling is desired. This toggle is
repeated each time a new chirp is outputted, keeping the blanking signal high throughout the
duration of the chirp, and toggling the TTL signal when the chirp transmission has ended and the
receiver is allowed to pass the echoes returning from the glacier. The operation of these signals is
shown below with the square signal representing the blanking and the chirp being 10-μs in
duration with no window applied in this case
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Figure 3-8: 10-μs Signal and the Blanking Signal through PFI 0.
In the final set up of the desired output chirp that will be used, a Hanning window was
applied across the length of the chirp, 325 points for 3-μs and 1250 points for 10-μs, which is also
used by Li [2009]. This window allows for a smoother transition when converting the signal into
the frequency domain in order to apply the matched filter. Use of the window also eliminates
sharp discontinuities at the beginning and at the end of the matched filter output due to the
smoother transition in the time to frequency conversion. The windowed graph is shown in Figure
3-9 for the 3-μs and 10-μs chirp cases.
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Figure 3-9: 3-μs chirp (top) and 10-μs chirp (bottom) with a Hanning Window Applied.
It is shown in later sections that the measured propagation delay through the components
up to the LNA is longer than 46 ns and thus the blanking scheme using PFI 0 will protect the
receiver from sampling the strong signals. These strong signals would originate from the direct
arrival of the Tx antenna to the Rx antenna as well as from the return of the surface.
3.9.3 FlexRIO Parallel Loops
The FlexRIO code which is written using the LabVIEW FPGA module is divided into
five major sections: initialization, acquisition, coherent integration, matched filtering, and PFI
line control. The first code portion, initialization, handles the stages of the FlexRIO portion
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shown in Figure 3-7, which takes place before acquisition is started. During the initialization,
coefficient values for the matched filtering are obtained and stored in block memory and
acquisition parameters such as samples per wave, number of waves to acquire, number of
coherent averages to perform, and step attenuator value are passed into each loop. These values
are used by the other four portions of code, which are explained in more detail below.
3.9.3.1 Acquisition Loop
This loop contains two cases in its case structure: wait for trigger and acquire. It runs at a
frequency of 125 MHz, which is the exact sample rate, and it is employed through a single-cycle
timed loop (SCTL). In the “wait for trigger” case, the loop reads the RTSI 0 line until it finds a
rising edge. It also stores the current sample value, which is fed through any of the analog inputs
(AI) 0–3 corresponding to the four available sample channels on the digitizer. Once the trigger is
found, 8192 samples are collected using the single-sample component-level intellectual property
(CLIP) included with the FPGA module 2010 version. Sampled values are placed in an internal
FIFO that delivers the sampled data to another portion of the FLexRIO code. Before these values
are passed out of the loop, they are placed into a feedback node and upon the next iteration of the
loop they are stacked into a pair (current sample first then previous sample), converting the I16
values into a U32 value (this is split at the receiving end into two I16 values for coherent
integration). This is performed in order to reduce the effective transfer rate of data to 62.5 MHz,
which is required because the coherent averaging loop executes within a loop that operates at
83.08 MHz. In order to ensure that no data is dropped, the post-processing loops coming after the
acquisition loop must execute faster so that sample values can be accepted without overfilling the
FIFO’s size and creating a timeout. As the triggering case is very basic, a screenshot of the G
code is shown in Figure 3-10 depicting the actual sample retrieval case.
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Figure 3-10: Acquisition Loop Showing the Collected Samples being sent to
Coherent Averaging Loop via FIFO 1.
The screenshot in Figure 3-10 demonstrates how values are sent to the coherent
averaging loops two at a time and that the trigger is only checked again after the number of
samples per wave (8192) have been collected. The reason for collecting 8192 samples is because
this is the maximum FFT size that can be computed using the 64 DSP processors included with
the LX 110 Virtex-5 FPGA embedded in the FlexRIO card. This number of samples can be
reduced and this is entirely controlled by setting the value of “Samples Per Wave (Div by 2)”
shown in Figure 3-10 to a lower number, which would force modifications to the
bandpass/matched filtering loop in order to zero pad the results when computing the 8,192 FFT
points. Alternatively, the number of FFT points could be reduced with a decrease in frequency
resolution.
3.9.3.2 Coherent Averaging Loop
Once the acquisition loop is triggered, it passes two samples at a time to the coherent
loop. The reason for this is to reduce the effective loop rate to 62.5 MHz in order for the coherent
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averaging loop to process each value as it is passed in since it is running faster at 83.03 MHz,
which is shown in Figure 3-11.

Figure 3-11: Accumulation Portion of Coherent Averaging.
Only the cases of interest are shown in which a sample is read from FIFO 1, it is then
split to separate the two samples it contains, and these values are stored directly into block
memory. For the first waveform collected, the reference waveform shown by the “First Wave =”
indicator on Figure 3-11 will be “False” and thus no value will be read from this memory. This is
the same memory in which the values are being stored and serves to implement the circular buffer
approach, which is used in this system in order to process values as they arrive. As each I16 data
sample is extracted from the FIFO, it is extended to an I32 data point so that accumulation can
take place without creating any overflows. Thus, when values are pulled back out of memory to
continue adding newly incoming values, the values read out of memory are in U64 format (two
I32 values) and they can then be summed with the newly extended I32 value. This loop then
proceeds to check what sample number has been received and increments the wave number until
the number of samples per waves has been passed out of FIFO 1. The loop remains in this storing
and summing state until 65,536 waves have been collected and the averaging can take place by
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implementing a shift right logical (SRL) of 16 bits and keeping the 16 least significant bits (LSB)
of the result. A screenshot of the SRL loop is shown in Figure 3-12.

Figure 3-12: SRL Portion of Coherent Averaging.
It is observed in the SRL loop that the samples are pulled out of the block memory two at
a time, identically to when they were in the circular buffer, and they are then split into each
sample in order to shift by 16 bits. The result is passed back to the host via the “Trace” DMA and
to the matched filtering loop via the “FIFO 3” FPGA internal FIFO. On the Host side, when this
averaged wave is received, it is held until the matched filter shown in Section 3.9.3.3 is
completed. This time is negligible by Host processor standards and thus the wait is not
noticeable.
3.9.3.3 Bandpass/Matched Filtering Loop
In order to enable real-time processing of the data to identify where the echoes are
located in the recorded return data, a matched filter is implemented with an integrated bandpass
filter. This approach takes advantage of the fast convolution processing method, which allows for
prior multiplication of the Kaiser filter coefficients with the coefficients of the chirp being used.
This can be done in the Host processor and systematically eliminates out-of-band signals that
46

make it through the coherent averaging stage. Additionally, this approach reduces processing by
eliminating the stand-alone tap multiplications required to perform the bandpass filtering
operation separately. Figure 3-13 below shows the setup of the loop with the various in-line
components and cases of interest shown.

Figure 3-13: Matched/Bandpass Filtering Loop.
As is observable in this loop, the coherently averaged samples are pulled out of FIFO 3
only when the FFT subVI is ready to accept data. There are handshaking signals going between
the FIFO 3 case structure, the FFT subVI, and the FFT−1 subVI. Furthermore, the handshaking
signal coming from the FFT block directs the block memory to read the next value to be used in
multiplication with the output of the FFT to achieve fast convolution. Due to the one-cycle clock
delay for reading block memory, a value is always read and if it is not used it is discarded and the
same memory address is read again until the block memory address is incremented. This code is
very similar to the approach taken in the coherent averaging of Figure 3-11 except that here every
coefficient value is passed out during every sample of the trace that undergoes this matched
filtering operation (whereas in Figure 3-11 the running averaged was pulled out of memory,
updated, and written back to the same address).
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It is necessary to use a complex multiplier in order to preserve the phase value of the
output. The samples are then converted into signed, 24-bit length with a 24-bit integer word
length (<±,24,24> for short), which will be converted back into the time domain via the FFT−1
algorithm. Finally, once the FFT−1 subVI produces a valid output, its “output valid” line goes
HIGH allowing values to be passed into the case structure that contains the “FIFO 5” DMA and
allows for data to be sent back to the host through a DMA channel. Given that the FFT blocks
are configured for a throughput not equal to 1, as there is not a sufficient number of DSP48e
available, there are a required 122,888 clock cycles in order to render the complete matched
filtered output. At a clock rate of 20 MHz, this corresponds to a duration of 6.144 ms, which is
approximately the time it takes the Host processor to perform the same operation. The advantage
of performing this on the FlexRIO board is that if a more powerful FPGA were available, one
with about twice the number of DSP48e units, it would be possible to enable the “1 sample per
cycle” option of the Fourier Transform blocks allowing for a continuous input to be supported
and providing an output FFT value during each cycle execution. This can become very
advantageous once the system is up scaled to multiple channels as it would allow for much higher
filtering processing speeds than is currently available through computer processing. Another
advantage of performing the matched filtering out in the field is that it cuts down on the postprocessing time. The quality of the rendered output is in near comparison with a floating-point
implementation and thus can be used as a final processing step of the data. Further details on
how to implement the handshaking and FFT implementation are provided in Keharnavaz et al.
[2012].
3.9.3.4 PFI Step Attenuator Loop
The step attenuator is controlled via the use of the PFI lines located in the digitizer.
These lines can be programmed in the FlexRIO so that they can be updated even after the
programs runs. Though the intent of the step attenuator is to reduce the power in the received
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signal when performing calibration, if the power of the amplifiers in the prior stages of the
receive stage were increased, this step attenuator could serve to implement sensitivity time
control (STC) as mentioned in Richards et al. [2010]. This could serve to reduce the attenuation
by a r˗1 (m) factor, which would aid in improving the sensitivity and detection of weak layers just
above the bedrock. The implementation of this loop is shown in Figure 3-14.

Figure 3-14: PFI Loop for Step Attenuator Control.
The while loop by itself runs at a nominal rate of 40 MHz and it slowed down to a rate of
5 Hz via the use of a wait subVI. This loop receives an activation notice via the T/F control and
sets each channel as either write or read depending on the “PFI Write Enable” U8 value. A value
of “1” corresponds to a “Write” channel. Finally, the PFI Output contains the actual “1” for
HIGH or “0” for low values to be written on the channels which are configured to write. For this
implementation, only six channels were used to control the step attenuator leaving two channels
as spares.
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Chapter 4. System Test
To ensure that the system will perform as modeled, the Tx path, Rx path, and calibration
paths were connected and signal upconversion was checked using a Rohde & Schwarz signal
generator as the source of the crystal signal. Additionally, the specifications sheet provided
information for some amplifiers operating at a nominal voltage of 15 V but having the possibility
to operate down to 12 V. To ensure proper characterization of these amplifiers performance at
12 V, they were powered at this level in the laboratory.
4.1 Tx Network Analysis
Using the Agilent E5071C network analyzer, it was possible to feed a signal into the Tx
chain beginning with the 3-dB attenuator after the mixer. The mixer was not used in this test
because the results did not show properly on the analyzer as feeding a 15 MHz signal would
generate a 140 MHz frequency due to the upconversion. To avoid this, the signal from the
analyzer was feed in directly in the range of 100–200 MHz and the gain and bandwidth is shown
in Figure 4-1 below.
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Figure 4-1: Tx Frequency Operation and Gain 100–200 MHz.
The network analyzer graph shows a good flatness in the range of 140–160 MHz.
Additionally, due to the small passband of the bandpass filters there is a significant attenuation at
100 MHz and 200 MHz of −40 dB. Based on this test and in order to meet the required input
power of −7 dBm needed at the input of the power amplifier, it is noted that the required output
power of the waveform generator should be −16.6 dBm, which is significantly smaller than what
was shown in the SystemVUE simulation. However, noting that the signal was inserted at the
output of the mixer as shown in Figure 4-1 and that there would be an additional 11-dB loss in the
signal, it is noted that this loss has to be added to the computed waveform generator value so that
the new output waveform generator value should be −5.6 dB. Referring back to the SystemVUE
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value (found in Section 3.6) of −2 dBm, the implementation is off by 2.6 dB, which is reasonable.
For the purposes of this system and for safety, the value of −5.6 dBm will be used for the
waveform generator when in Glacier mode and if weak echoes are detected, it will be increased
slowly so as to not exceed −2 dBm based on the simulations. Figure 4-2 provides a zoomed in
version of amplitude in the frequency range 140–160 MHz.

Figure 4-2: Tx Frequency Operation and Gain 140–160 MHz.
In the zoomed in version there is 0.5-dB variation in gain over the passband with the peak
occurring at the carrier frequency. Overall, this flatness is acceptable and will allow for the
matched filtering procedure to work.
4.2 Rx Network Analysis
The receiver was also tested starting with the input at the bandpass filter and extending to
the output of the limiter. This was done in order to ensure proper operation and filtering over the
bandwidth of the carrier frequency. Figure 4-3 below shows the test setup as well as the network
analyzer results.
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Figure 4-3: Rx Frequency Operation and Gain 100–200 MHz.
It is noted that the receive path also has a relatively smooth passband of 140–160 MHz.
Additionally, the rejection of −15 dB at 100 MHz and 200 MHz is very useful in keeping noise
out of the system. It is noted here that the step attenuator was set to 30 dB considering that the
network analyzer had a minimum excitation power of −55 dBm, which would bring the signal
power to an excess of 20 dBm at the limiter and possibly damage it. Thus, the real gain shown in
Figure 4-3 is 42.12 dB + 30 dB = 72.12 dB. When this gain is compared to the gain shown by
Figure 3-2 and only accounting for the components after the coupler and before the data
acquisition, this gain is seen to match identically. Figure 4-4 shows a screenshot of gain in the
frequency range of 140–160 MHz.
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Figure 4-4: Rx Frequency Operation and Gain 140–160 MHz.
The frequency range shows a passband that varies in gain by up to 1.5 dB. This can be
accounted for in the field by passing a chirp through the closed loop path and using this
waveform as the reference chirp to conduct the matched filtering.
4.3 Calibration Loop Network Analysis
To understand the results that would be visible when the system was field calibrated, the
closed-loop RF front-end was tested in the laboratory with the Agilent E5071C network analyzer.
This time, the signal was fed at location shown in Figure 4-5 below and the signal was read just
after the limiter on the Rx stage.
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Figure 4-5: Closed Loop Field Calibration Lab Test
For the test setup, the step attenuator was set to a value of 30 dB to prevent saturation of
the limiter and of the network analyzer, which has a maximum input power rating of 26 dBm.
Figure 4-6 shows gain results for 100–200 MHz frequency range.

Figure 4-6: Closed Loop Calibration Path Gain.
The overall gain of the closed loop path is 22 dB as shown by the three markers located
on the plot. The non-desired frequencies are seen to be suppressed to −40 dB at both extremes of
the graph.
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4.4 Signal Upconversion
The mixer was tested independently to ensure that it would properly upconvert the chirp
from a frequency of 15–35 MHz to the required 140–160 MHz. To accomplish this, a 10-dBm
sinusoid signal generated by a Rohde & Schwarz signal generator was used to represent the
crystal signal. The NI PXI-5422 waveform generator was used to generate the chirp and the
output signal of the bandpass filter at the end of the Tx stage (just before the power amplifier)
was checked with a spectrum analyzer in order to determine the frequency range that was
available after being filtered. Results are presented in Figure 4-7 below.

Figure 4-7: Spectrum Analyzer at Tx Bandpass Filter Output with
100–200 MHz (left) and 140–160 MHz (right).
The output of the Tx path is seen to properly represent the frequency of interest and the
image of the upconversion process which is located at 90–110 MHz is not visible in this
screenshot. This proves that the small bandpass range of the bandpass filter is able to pass only
the frequencies desired and they effectively attenuate all other frequencies.
4.5 Delay Line Testing
To ensure proper determination of the matched filtering algorithm to detect the locations
of the echoes, a delay line test was set up using RFC400 coaxial cable. The test was separated
into two parts: the first passed the chirp through the coaxial spool and the second included using
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two additional lengths of coaxial cable in order to check that the location of the chirp would
always be given to the closest multiple of the digitizer sample period. Given the digitizer sample
rate of 125 MHz, this corresponds to a period of 8 ns. The results are shown in Table 4-1 and
were collected using the Agilent E5071C network analyzer in group delay mode with no gating as
the signal’s location was very clear.
Table 4-1: Delay Testing Comparisons for Network Analyzer and Ice Radar System.
System

Time (μs)

Network Analyzer
Ice Radar
Network Analyzer (2 SMA ext.)
Ice Radar (2 SMA ext.)

1.0628
1.0640
1.0779
1.0800

Length (ft)
(v = 0.85c)
889.15
889.93
901.79
903.54

The delay line testing results show that the chirp can be identified to within the closest
sample multiple ensuring minimum error. Since the resolution of the radar system is 8 ns, at a
propagation velocity of 0.85c, this translates to a resolution of 6.69 ft.. In both test setups, the
error to the network analyzer value is less than 3.35 ft, which reinforces the statement that Ice
Radar is able to discern the location of the chirp to within its closest value.
4.6 Blanking Switch
The blanking switch is driven by the NI PXI-5422 arbitrary waveform generator. As
soon as the chirp is sent through CH 0 on the front panel of this device, the PFI 0 signal goes
HIGH and both signals travel through their own 1-m cable until they arrive at the RF front-end
box. At this point, it is required to check that the propagation delay of the chirp will not exceed
the time required for the blanking switch to be fully engaged. Many designs strategies, such as
suggested by Richards et al. [2010], suggest a small time difference from when the blanking
signal is activated to when the output chirp is sent. In Ice Radar’s current setup, the delay of the
signal through the components was taken into account so as to not need this advanced activation
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of the PFI signal. The time required to activate the blanking switch using the PFI 0 is about
46 ns, as is shown in Figure 4-8 and was measured by connecting the chirp signal directly to the
RF_in port of the switch and connecting the output of this switch to the oscilloscope.

Figure 4-8: Settling Time of Blanking Switch using PFI 0.
The channel output of the switch (through which the signal travels) is shown in Figure
4-8. This channel is the one that becomes active when the switch is triggered and serves to see
what the actual switching delay is and the signal is impacted by this transition. The delay time
now has to be measured to ensure that the blanking time will be sufficient so that no signal will
be amplified and passed to the digitizer prior to the switch being engaged. To ensure this safety,
the delay from the mixer output to the LNA output was measured using the network analyzer.
Note that to obtain a clean reading, a gating window from 0–90 ns had to be used to eliminate the
noise that was showing in the display as negative time. The setup for the image was to feed the
signal into the 3-dB attenuator after the mixer output (on the Tx side of Figure 3-1), connect
“Tx_out” signal into the “IN” port of the coupler, and feed this signal via the “OUT” port of the
coupler into the LNA and measure the propagation delay up to this point. Because there is 30 m
of low-loss cable that will be used to feed the Tx and Rx antennas and a propagation delay of ~13
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ns through the air, it is safe to say that the blanking switch will be triggered and fully engaged
before the LNA outputs the direct arrival signal. In case of a minor delay, the limiter should
cover this surge of power while the blanking switches are fully engaged.
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Chapter 5. Discussion
During the system test, there were several behaviors observed that exceeded the
expectations of system performance. For example, the bandpass filters performed very well as
was seen on the spectrum analyzer image in which only the 140–160 MHz chirp is passed out to
the power amplifier. It is remarked here again for clarity that the actual Miteq crystal was not
used but rather a Rohde & Schwarz signal generator was used to generate the 125-MHz sinusoid
signal required. This signal was verified on an oscilloscope to ensure its sinusoidal nature and its
output power. The output power was about 1–2 dB lower than expected, such that when the
actual crystal is used in the final system, the conversion loss of the mixer will be smaller than
anticipated.
It was also seen that the input power of the PXI waveform generator can be smaller than
simulated in SystemVue. The reason for this is due to components having smaller loses than
expected as well as amplifiers having a higher gain. The Tx and Rx paths both have a nearly flat
gain response in the140–160 MHz range, Exception when the closed-loop calibration path is
used. It was seen that using the closed-loop field-test calibration path Tx–Rx, there was a 1.7-dB
variation in the gain of the chirp. Due to this variation, it might be necessary to store a specially
sampled “closed-loop chirp” in order to use during calibration so that the path effect can be taken
into account when calibrating the system. This will not be a problem during actual glacier use
because the coupling path will not be used and instead the Tx and Rx antennas will transmit and
receive the signal, respectively.
Another important result of the test was the behavior of the AU-1114 and the AU-1543
Miteq amplifiers, which were connected to 12 V instead of their 15-V nominal rated voltage and
continued to perform very well. As the Ice Radar system will use portable car batteries to power
the system, having components operate in this voltage range is an advantage that guarantees
system stability and consistent performance through field operations.
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The final GUI will give the user the ability to select the number of coherent averages to
perform, the output power of the waveform generator signal, the step attenuator value, the signal
to be used for triggering the digitizer, the chirp duration, the use mode (calibrate vs. glacier), and
the input channel to be used. The digitizer will only use one channel as input in this
implementation, but later revisions to this system might include the capability to gather data from
all four channels in order to post-process the data with interferometry. Figure 5-1 below is a
screenshot of the GUI.

Figure 5-1: Ice Radar GUI.
The data shown in Figure 5–1 above represent a closed loop connection, which directly
connects the waveform generator to the digitizer. The matched filtered result shown in the green
graph is very accurate and displays the peak location of the waveform at exactly 50 μs, which was
the applied delayed as seen on the “Hanning Windowed Chirp” graph on the left. Delays from
the waveform generator to the digitizer were negligible in this case.
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Chapter 6. Conclusion and Future Work
A portable radar system has been developed and the work required to design, test, and
validate the finished system has been documented in this thesis. The radar is implemented in a
very small form factor and gives the user the flexibility to exchange hardware relatively easily by
adjusting the frequency output of the waveform generator and replacing the required bandpass
filters. This work uses the methodologies presented in Mitola [1995] and Abidi [2007] giving
this system an advantage to be easily updated as newer technology becomes available. The
system is planned to be tested in Antarctica in late 2012, providing field validation data and
scientific measurements on the movement of glaciers. However, there is still work to do in
preparation for the field season and for leaving the system well documented for the next
researcher to take over system programming and tuning. Some future tasks that remain are:
1. Extend the system to include multiple channels so that all four input channels of the
NI PXI-5761 can be used.
2. Transfer current connectorized components to SMT technology in order to improve
signal integrity and reduce size of the RF front-end box.
3. Integrate the RF front-end into a PXI module board so that all components can be
safely housed inside the PXI chassis.
4. Develop real-time strategies to compute subsets of the receiving antenna array in
order to render 3D images of the collected data through the use of interferometry.
While it would be advantageous to design in-house antennas that are tuned to the
bandwidth of interest, the cost, effort, and manufacturing cost makes this a tricky proposition.
Thus, for the time being, focusing on extending the processing capabilities of the system is the
first priority on the list of extensions to the system. This expansion would employ the capabilities
of the LX-110 Virtex-5 FPGA available on the FlexRIO board to their full extent.
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Appendix A: Bill of Materials
Table A-1: Bill of Materials.
Callout

QTY

Description

Supplier

Supplier Part #

LPF

1

DC – 30 MHz fco = 38 MHz

Mini-Circuits

XTAL LO REF

1

125 MHz OCXO 0.1 ppm

Miteq

Mixer Level-4

1

Frequency Mixer 10 – 1000 MHz

Mini-Circuits

ZX75LP-30+
XTO-05-125-G15P
ZX05-10L+

Switch

3

Mini-Circuits

ZYSWA-2-50DR

BPF

4

Lark
Engineering

MC150-30-3AA

PA

1

Mini-Circuits

ZHL-50W-52-S

Antenna

2

Directional Coupler

1

Universal
Radio Inc.
Mini-Circuits

1825 or LP51302N
ZDC-20-1+

LNA

1

Miteq

AU-1114

post-LNA Amp

1

Miteq

Au-1543

Step Attenuator

1

Mini-Circuits

ZSAT-31R5

post-LNA Amp

1

Mini-Circuits

ZX60-3018G-S+

Limiter

1

Mini-Circuits

VLM-52-S+

SMA M-M Barrels

10

Mini-Circuits

SM-SM50+

NI CMD to singleended pigtail

1

NI

781717-02

Mini-Circuits

NM-SF50+

N/A

N/A

Antenna Connector
Adapter
Antenna Mast

1

Switch SPDT
3-dB BW = 30 MHz
50-dB attenuation @ 66
and 230 MHz
Gain 50 dB with P1dB 48 dBm
*Includes heat sink
dim 10×7.3×6.3 in3
Case Style: BT1165
Create Log-Periodic 5130-2N
105 – 1300 MHz
25 – 400 MHz, 20 dB
5 – 500 MHz Gain = 36 dB
P1dBm = 11 dBm, NF = 1
1 – 500 MHz Gain = 34 dB
P1dBm = 14, NF = 1.3
10 – 1000 MHz Gain = −31.5 dB
20 – 3000 MHz Gain = 22.8 dB
P1dBm = 12.8 dBm, NF = 2.7
P1dBm = 10 dBm
Pin_max = 20 dBm
SMA-SMA M-M Barrel
Micro-D connector for 5761 PFI
line access to control step
attenuator, 1 m
From PA to Antenna N-type
connector
Build in shop

Coupler Adapter

3

BNC male to SMA female

Mini-Circuits

SF-BM50+

pre-PA amplifier

1

Broadband Amplifier

Mini-Circuits

ZFL-500B+

Mixer Level 4

1

Double Sided Mixer 4 dBm input

Mini-Circuits

ZX05-10L-S+

2

Appendix B: RF Front-End Photographs
The RF front-end box is laid out in a box that measures 17×10×2 in3 and that gives the
components enough space to separate the Tx path into one side of the box and the Rx path into
the other side. This is show below in Figure B-1 where input-output ports labeled with arrows.

PFI1

Grommet

Tx

Tx in

Rx out

PFI0

Tx out

Rx

Rx in

Figure B-1: RF Front-End Inside RF Box.
The various components marked are those that require a hole drilled through the front
side of the RF box (10×2 in2 dimension) and a Sketchup diagram was made to show how these
would be laid out prior to the actual cutting. When working with these aluminum materials, it is
always better to measure twice and cut once as it is commonly said in the mechanical field. The
Sketchup diagram is shown below in Figure B-2 and shows the layout of the components.
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Figure B-2: Front Layout of RF Box.
It is noted that a power distribution block will be required to deliver the +5 V and −5 V to
the RF front-end to power the three switches. The grommet is there to allow the cable delivering
the 8 PFI signals from the digitizer to the step attenuator.

65

References
“What Signal Speeds Do My PXI Chassis Trigger Lines Support?” Internet:
http://digital.ni.com/public.nsf/allkb/892204272FF2C0BE862575C500636AF6?OpenDo
cument, Jun. 3, 2009 [accessed Aug. 31, 2012].
Abidi, A., “The Path to the Software-Defined Radio Receiver,” IEEE Journal of Solid-State
Circuits, Vol. 42, no. 5, pp. 954–966, May 2007.
Andraka, R., and A. Berkun, “FPGAs Make a Radar Signal Processor on a Chip a Reality,” in
Proc. of the Asilomar Conference on Signals, Systems, and Computers, 1999, pp. 559–
563.
Bernal, D., P. Closas, and J. Fernandez-Rubio, “Digital I&Q Demodulation in Array Processing:
Theory and Implementation,” in Proc. of 16th European Signal Processing Conference,
2008.
Bernstein et al., “Climate Change 2007: Synthesis Report.” IPCC Fourth Assessment Report.
IPCC technical paper VI, 2007.
Bilsby, D., R. Walke, and R. Smith, “Comparison of a Programmable DSP and a FPGA for RealTime Multiscale Convolution,” presented at the IEE Colloquium on High Performance
Architectures for Real-Time Image Processing, 1998.
Dowdeswell, J. A., and S. Evans, “Investigations of the Form and Flow of Ice Sheets and Glaciers
Using Radio-Echo Sounding,” Scott Polar Research Institute, Cambridge, 2004.
Dunson, D., “A Wideband Synthetic Aperture Radar for Ice Sheet Basal Measurements,” M.S.
Thesis, University of Kansas, USA, 2005.
Duren, R., J. Stevenson, and M. Thompson, “A Comparison of FPGA and DSP Development
Environments and Performance for Acoustic Array Processing,” in 50th Midwest
Symposium on Circuits and Systems, 2007, pp. 1177–1180.
Fujita, S., T. Matsuoka, T. Ishida, K. Matsuoka, and S. Mae, “A Summary of the Complex
Dielectric Permittivity of Ice in the Megahertz Range and Its Applications for Radar
Sounding of Polar Ice Sheets,” in Physics of Ice Core Records, T. Hondoh, Ed., Sapporo,
Japan: Hokkaido University Press, 2000, pp. 185–212.
Griffiths, D. J., Introduction to Electrodynamics, 2nd ed. Upper Saddle River, New Jersey,
Prentice Hall, 1989.
Guirong, G., Z. Zhaowen, and W. Feixue, “Mixer-free All Digital Quadrature Demodulation,” in
Proc. of the 4th Int’l. Conf. on Signal Processing, 1998, pp. 1704–1707.
Keharnavaz, N., and S. Mahotra, Digital Signal Processing Laboratory: LabVIEW-Based FPGA
Implementation, Boca Raton, Florida, BrownWalker Press, 2012.
Li, J., “Mapping of Ice Sheet Deep Layers and Fast Outlet Glaciers with Multi-Channel-HighSensitivity Radar,” Ph.D. Dissertation, University of Kansas, USA, 2009.
66

Lohoefener, A., “Design and Development of a Multi-Channel Radar Depth Sounder,” M.S.
Thesis, University of Kansas, USA, 2006.
Lyons, R., Understanding Digital Signal Processing, 2nd ed. Upper Saddle River, New Jersey,
Prentice Hall, 2004.
Mitola, J., “The Software Radio Architecture,” IEEE Communications Magazine, Vol. 33, no. 5,
pp. 26–38, May 1995.
Montani, M., L. Marchi, A. Marcianesi, and N. Speciale, “Comparison of a Programmable DSP
and FPGA Implementation for Wavelet-Based Denoising Algorithm,” in Proc. of the 46th
IEEE IMSoC&C, 2003, pp. 602–605.
Paden, J. D., “Synthetic Aperture Radar for Imaging the Basal Conditions of the Polar Ice
Sheets,” Ph.D. Dissertation, University of Kansas, USA, 2006.
Paden, J. D., C. T. Allen, S. Gogineni, K. Jezek, D. Dahl-Jensen, and L. B. Larsen, “Wideband
Measurements of Ice Sheet Attenuation and Basal Scattering,” IEEE Geoscience and
Remote Sensing Letters, Vol. 2, No. 2, pp. 164–168, 2005.
Peters, M. E., D. D. Blankenship, and D. L. Morse, “Analysis Techniques for Coherent Airborne
Radar Sounding: Application to West Antarctic Ice Streams,” Journal of Geophysical
Research, Vol. 110, No. B6303, pp. 1–17, 2005.
Richards, M., J. Scheer, and W. Holm, Principles of Modern Radar: Basic Principles, Raleigh,
North Carolina, Scitech, 2010.
Somann, J., and Y. Kim, “Characterization of In-Phase/Quad-Phase Digital Downconversion via
Special Sampling Scheme,” in 13th IEEE International Conference on Electronics,
Circuits and Systems, 2006, pp. 224–227.
Vina, M., “Arctic Sea Ice Shrinks to New Low in Satellite Era,” Internet:
www.nasa.gov/topics/earth/features/arctic-seaice-2012.html, Aug. 27, 2012 [accessed
Aug. 31, 2012].
Vizmuller, P., RF Design Guide: Systems, Circuits, and Equations, Norwood, Massachusetts,
Artech House, 1954.
Yu, H., M. Leeser, G. Tadmor, and Siegel, “Real-Time Particle Image Velocimetry for Feedback
Loops Using FPGA Implementation,” in Journal of Aerospace Computing, 2006.
Zahn, M., Electromagnetic Field Theory: A Problem Solving Approach, New York, Wiley &
Sons, 1985.

67

