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Abstract

Many radar applications today require accurate, real-time, unambiguous measurement of
target range and radial velocity. Obstacles that frequently prevent target detection are the
presence of noise and backscatter from other objects, referred to as clutter.
In this thesis, a method of static clutter suppression is proposed to increase detectability
of moving targets in high clutter environments. An experimental dual-purpose, single-mode,
monostatic FMCW radar, operating at 108 GHz, is used to map the range of stationary targets
and determine range and velocity of moving targets. By transmitting a triangular waveform,
which consists of alternating upchirps and downchirps, the received echo signals can be
separated into two complementary data sets, an upchirp data set and a downchirp data set. In one
data set, the return signals from moving targets are spectrally isolated (separated in frequency)
from static clutter return signals. The static clutter signals in that first data set are then used to
suppress the static clutter in the second data set, greatly improving detectability of moving
targets. Once the moving target signals are recovered from each data set, they are then used to
solve for target range and velocity simultaneously.
The moving target of interest for tests performed was a reusable paintball (reball). Reball
range and velocity were accurately measured at distances up to 5 meters and at speeds greater
than 90 m/s (200 mph) with a deceleration of approximately 0.155 m/s/ms (meters per second
per millisecond). Static clutter suppression of up to 25 dB was achieved, while moving target
signals only suffered a loss of about 3 dB.
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Chapter 1.

Introduction

Radar systems have been used for decades to remotely acquire information about targets
of interest such as their range and relative velocity. Various transmit modes and waveforms have
been developed to increase radar effectiveness in specific situations, but each method has its
limitations. Some obstacles that frequently prevent target detection regardless of radar
parameters are the presence of both internal and external noise and backscatter from objects
other than the target of interest. Efforts have been made in recent years to overcome these
challenges by implementing various noise reduction and clutter suppression techniques [1].
The radar system used throughout this project is referred to as a dual-purpose radar
because it is intended to find the range of stationary targets while simultaneously determining the
range and velocity of moving targets in the midst of static clutter. These two purposes will be
achieved by implementing stretch processing while operating in FMCW mode at a center
frequency of 108 GHz.
FMCW mode was preferred over other transmit modes because it allows for the
implementation of stretch processing and because of the benefits it provides when dealing with
close-range targets. For instance, blind-range and eclipsing—both of which put limitations on
pulse duration—need to be considered for pulse and chirp radar systems, but they are not
significant factors for FMCW radar. The decision to operate in W-Band (75 – 110 GHz) is more
for practical reasons. Specifically, transmitting mm-wavelength signals allows for relatively
small transmit and receive antennas to be used, making the radar system more suitable for a
larger range of applications.
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Similar dual-purpose radar systems have been developed for use in the automotive and
aerospace fields, and some of these use waveforms and methods similar to those proposed in this
thesis [2]–[4]. However, two aspects of this radar system that set it apart from most others are
the frequency offset introduced between the transmit signal and reference signal—which makes
it easier to distinguish positive and negative Doppler—and the method of clutter suppression that
this frequency offset enables.
The proposed clutter suppression method suppresses return signals from all static targets
(after range information has been obtained) so that moving targets can be detected more easily.
This requires that the transmitted signal be a triangular waveform with equal upchirp and
downchirp durations. When this is the case, the received echo signals can be separated into two
complementary data sets, an upchirp data set and a downchirp data set. Static clutter in the
downchirp data set will always yield positive beat frequencies, while static target beat
frequencies in the upchirp data set will be mirrored across the frequency offset (or across DC if
no offset exists). By manipulating chirp duration, it can be ensured that moving target beat
frequencies will either be positive in both data sets, or negative in both data sets. This means
that one data set will contain signal data in which the moving target signal is spectrally isolated
(separated in frequency) from the static clutter in that data set. Because the clutter signals from
this first data set will be mirror images of the clutter signals from the second data set, they can
then be used to suppress the clutter in the second data set, greatly improving moving target
detection in that data set. Once the moving target signals are recovered from each data set, they
can then be used to solve for moving target range and radial velocity simultaneously and
unambiguously.
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Chapter 2.

System Design and Signal Progression

This radar system is comprised of two channels as shown in the diagram in figure 2-1
below. The Tx-channel supplies the transmit antenna with a 600 MHz bandwidth triangular
waveform centered at 108.48 GHz. The Rx-channel provides a reference signal to the receive
antenna, which is nearly identical to the signal produced in the Tx-channel, but with a +3 MHz
offset. The reason for the offset is discussed at the end of this chapter.

Figure 2-1: Component level block diagram of Radar System

A similar diagram containing the signal power at the output of each component is
provided in Appendix B. Additionally, select component manufacturer datasheets can be found
in Appendix C. Names and descriptions of the various components are listed in table 2-1 below.
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Table 2-1: System block diagram component descriptions.

Symbol

Name

Description

a

Signal Generator

N9310A 9kHz-3.0GHz RF Signal Generator from Agilent

b

Digital
Synthesizer

AD9915 Direct Digital Synthesizer (DDS) from Analog Devices

c

Bandpass Filter

ZFBP-2400-S+ 2300-2500MHz bandpass filter from Minicircuits

d

Mixer

ADRF6780 wideband RF mixer from Analog Devices

e

Signal Generator

68147B 10MHz-20GHz Synthesized Sweep Generator from
Wiltron

f

Bandpass Filter

ZVBP-8250-S+ 8025-8475MHz bandpass filter from Minicircuits

g

Signal Generator

68247B 10MHz-20GHz Synthesized Signal Generator from Anritsu

h

Mixer

M2B-0226 triple-balanced mixer from Marki Microwave

i

Bandpass Filter

FB-1500 12-18GHz bandpass filter from Marki Microwave

j

Amplifier

Zx60-183A-S+ 6-18GHz Wideband Amplifier from Minicircuits

k

X6 Multiplier

WR10AMC-I amplifier/multiplier chain from Virginia Diodes

l

Antenna

WR-10 75-110GHz Conical Horn Antenna from Virginia Diodes

m

X6 Mult/Mix
Assy.

WR10MixAMC-I mixer/amp/multiplier chain from Virginia Diodes

The first component (a) in the block diagram in figure 2-1 is a signal generator which
serves as a 2 GHz external clock for the Direct Digital Synthesizer (DDS) in each channel.
Feeding both DDSs with a single clock helps to ensure that both channels stay synchronized
while the system is in operation.
Focusing now on the Tx-channel, the next component in the radar system is the DDS (b).
This DDS has been programmed to output a triangular waveform centered at 430 MHz with a
4

bandwidth of 100 MHz. The waveform consists of an upchirp with a start frequency of
380 MHz and stop frequency of 480 MHz, followed immediately by a downchirp with a start
frequency of 480 MHz and a stop frequency of 380 MHz. The DDS produces the upchirp
portion of the triangular waveform by making a finite number of small incremental steps (32768)
over the course of 0.5 milliseconds. Each step is approximately 3.05 kHz, but these frequency
jumps are relatively small compared to the total 100 MHz bandwidth, and are made in such short
amounts of time that the result is a good approximation of an analog chirp. The downchirp is
produced in a similar manner, also over 0.5 milliseconds, making the total waveform duration
1 ms long. But since this radar system operates in Continuous Wave (CW) mode, the triangular
waveform just described is transmitted continuously during operation.
Because the DDS is fed with an external clock frequency (𝑓𝑐𝑙𝑘 ) of 2 GHz, the DDS
output consists of the initial 430 MHz signal and images at integer multiples of 2.0 GHz
(± 430 MHz) such that a frequency component exists in each subsequent Nyquist zone as seen in
figure 2-2.
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Figure 2-2: Spectrum analyzer shows the 430 MHz signal (indicated by marker M1) and it’s subsequent images
produced in each Nyquist Zone. Plot (a) contains the unfiltered DDS output. Plot (b) shows the filtered DDS output
leaving only the desired image centered at 2.43 GHz (indicated by marker M2). This signal lies in the 3rd Nyquist
zone, between the 2 GHz DDS clock frequency (𝑓𝑐𝑙𝑘 ) and 3𝑓𝑐𝑙𝑘 /2.
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To remove any unwanted signal components, it was necessary to place a bandpass filter
(c) at the output of the DDS. A filter was selected such that the passband allowed only the signal
image in the 3rd Nyquist zone to pass through, while greatly attenuating the other images. The
resulting frequency spectrum, with the strongest signal centered at 2.43 GHz, is seen in figure
2-2b.
It was advantageous to work with the signal image lying in the 3rd Nyquist Zone because
that image is separated from DC by an additional 2 GHz over the 430 MHz baseband signal.
The reason that separation is important is because the next stage in the radar system (d)
upconverts the signal by mixing it with a 6.0 GHz carrier frequency produced in a separate signal
generator (e). Mixers are typically susceptible to some amount of LO leakage, meaning that
along with the desired RF signal output that comes as a result of mixing the IF signal with
6.0 GHz, there will also be a 6.0 GHz signal at the output of the mixer which can be difficult to
filter out if it is too close in frequency to the desired signal. But with the added separation from
DC that comes from selecting the 3rd Nyquist Zone image, when it is upconverted by the
6.0 GHz carrier frequency, the signal of interest will appear at 8.43 GHz instead of 6.43 GHz.
The increased separation between the desired signal and the LO leakage makes it significantly
easier to filter out the 6.0 GHz leakage signal, as can be seen in figure 2-3 below.
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Figure 2-3:Spectrum analyzer shows the ADRF6780 mixer output before and after passing through filter.

After the 8.43 GHz RF signal passes through the bandpass filter, it is upconverted via
another mixer (h), this time with a 9.65 GHz carrier frequency produced by a tunable frequency
generator (g). The reason a tunable frequency generator was used for the LO input into the
8

second mixer (h) was because it added flexibility into the overall system design by increasing the
radar operating range to include all W-Band frequencies (75-110 GHz).
Although the system can operate at any W-Band frequency, through trial and error, with
the current filters and amplifiers in place, it was determined that the system performed best with
the tunable frequency generator set to 9.65 GHz, which resulted in a mixer RF output center
frequency of 18.08 GHz (see figure 2-4).

Figure 2-4: Spectrum analyzer shows final 18.08 GHz signal before passing through the WR10AMC-I x6 multiplier.

This signal passes through a final bandpass filter (i) before being amplified (j) to levels
appropriate for the x6 multiplier chain (k), which jumps the signal center frequency up to
108.48 GHz. Another effect of the x6 multiplier is that the total bandwidth of the signal is also
increased by a factor of 6. Now, instead of having a 100 MHz bandwidth, the resulting signal is
transmitted with a bandwidth of 600 MHz, which will improve spatial resolution and impact beat
frequency, as will be discussed shortly.
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As previously stated, the Rx-channel produces a signal identical to the Tx-channel, but
with a 3 MHz offset. The only other notable difference between the two channels is that the x6
multiplier chain in the Rx-channel also includes a mixer (m). This is so that once the transmitted
signal is received by the Rx-channel antenna (l), the resulting signal can be compared to (mixed
with) the reference signal produced by the Rx-channel, and the difference between the two
signals can be analyzed to yield information about target range and velocity.
The final component in the system diagram is a Keysight DSO-X 3024A oscilloscope
which was used for collecting and recording signal data. Because final signal data will lie in the
region of 2.9 MHz to 3.1 MHz, the oscilloscope needed to have a sampling rate of at least
6.2 MHz to satisfy Nyquist sampling theory. For this oscilloscope, the sampling rate is limited
by various factors including the number of active input channels while recording and the amount
of time that is being recorded. Certain tests were performed using two active input channels and
sampling for up to 150 ms, which limited the sampling rate to 10 MSPS. Other tests also
required two active input channels but only 100 ms of recording time, allowing for a sampling
rate of 20 MSPS. Therefore, all tests performed allowed for a sampling frequency high enough
to satisfy the Nyquist sampling rate.

10

Chapter 3.

Stretch Processing

Beat Frequency
The method used here to determine target range and velocity is known as Stretch
Processing and results in what is referred to as a Beat Frequency (𝑓𝑏 ). The term “beat
frequency” gets its name from the acoustic phenomenon which takes place when two audible
tones of different frequencies are played simultaneously. When this occurs, the sound waves add
constructively and destructively to produce a third tone with a frequency equivalent to the
difference between the two original tones. If the two original tones are close enough in
frequency, a periodic beat can be heard [5].
A similar effect can be achieved in electromagnetics when two signals of different
frequencies are multiplied together using a mixer. The product of the signals consists of
numerous terms, the dominant of which are a sum and a difference term. The sum term is
merely a signal which has a frequency equal to the sum of the two original frequencies, while the
difference term is equivalent to their difference. The benefit of taking the difference between
two signals is that data contained in a high frequency signal—which can be difficult to process—
can be brought down to a much lower and more manageable frequency if it is ‘mixed’ with
another signal of a slightly different frequency. For instance, if the signal of interest were
12.2 GHz, and this were mixed with a 12.0 GHz signal, the dominant resulting terms would be
one signal at 24.2 GHz and another signal at 0.2 GHz (200 MHz). The difference term in this
example is not specifically a ‘beat frequency’, but these steps are applied directly in the process
of obtaining the beat frequency.
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Beat frequency is, essentially, the instantaneous difference in frequency between a
transmitted signal and the reference signal. In a radar system, once a known signal is
transmitted, the most important thing about the return signal is how it varies from what was
transmitted. This difference is what gives information about the range and radial velocity of a
target, based on the round-trip travel time and any Doppler shift in the return signal. If a signal
is received simultaneously using two or more receivers, the difference between each of the
received signals will yield additional information about the angle of elevation and azimuth to the
target, as well as the direction the target is moving.
With one transmitting antenna, a separate co-located receiving antenna, and a stationary
target, the method for finding the target beat frequency is illustrated in figure 3-1. Once beat
frequency is known, determining the range of a stationary target is trivial.

Figure 3-1: Plot depicting the difference in a transmitted FMCW signal and corresponding return signal as a function
of time, and how to use their relationship to obtain a beat frequency (Transmitted signal is in green, received signal
is in red).
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The green trace in the plot above represents a transmitted signal whose frequency
increases from an initial frequency (𝑓1 ) to a set upper frequency (𝑓2 ) over a predetermined
amount of time. This type of linear frequency modulation is known as an upchirp, and it is
repeated continuously in an FMCW system. The slope of the line (𝑘) is determined by both the
chirp duration (𝜏), and the bandwidth (𝐵) of the transmitted signal. The red trace in the figure
represents the return signal that would be obtained if the transmitted signal had scattered off a
stationary point target at some distance (𝑅) before being picked up by a radar receiver that is colocated with the transmitter. The round-trip travel time (𝑇) is equal to the time it would take for
a signal moving at the speed of light (𝑐) to travel to and from the target. This difference in time
is shown as the horizontal separation between each transmitted chirp (in green) and the
subsequent return signal (in red).
By taking the difference in frequency between the two traces at any given point in time,
the beat frequency (𝑓𝑏 ) can be obtained. In practice, this is done by mixing a copy of the
transmitted signal with the time-delayed return signal and looking at the difference, as shown in
figure 3-2 below.
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Figure 3-2: A copy of the transmit signal 𝑓𝑡 (𝑡) is sent to the mixer LO port and is mixed with the received signal
𝑓𝑟𝑒𝑐 (𝑡) at the mixer RF port, resulting in a downconverted IF signal where the target beat frequency 𝑓𝑏 (𝑡) can be
determined.

Once the beat frequency has been obtained, assuming the target is stationary, the range
(𝑅) to the target can easily be derived by rearranging the beat frequency equation as follows:

𝑓𝑏 = 𝑘𝑇 =
𝑅=

2𝐵𝑅
𝜏𝑐

𝑓𝑏 𝜏𝑐
2𝐵

(3.1)
(3.2)

At this point, all values on the right side of equation (3.2) are known. Beat frequency (𝑓𝑏 ) is
known because it is measured at the IF output of the final mixer. Chirp duration (𝜏) and
bandwidth (𝐵) are also known because they are set system parameters. And the speed of light
(𝑐), for the purposes of this project, can be approximated as 3x108 m/s.
However, if the target does have some non-zero velocity with respect to the radar system,
the target return signal will have an additional frequency shift based on its Doppler frequency
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(𝑓𝐷 ), which is proportional to the velocity (𝑣) of the target and the operating frequency (𝑓𝑐 ).
Doppler frequency can be determined as:

𝑓𝐷 = −

2𝑣
𝜆

=−

2𝑣𝑓𝑐

(3.3)

𝑐

where velocity is defined to have a negative value for targets moving towards the radar system,
and a positive value for targets moving away from the radar system.
In the case that the target is moving, the equation for obtaining the beat frequency takes
on a second term to account for the added Doppler frequency. Therefore, equation (3.1) can be
rewritten to describe the beat frequency of a moving target as:

𝑓𝑏 = 𝑓𝑏𝑅 + 𝑓𝐷 =

2𝐵𝑅
𝜏𝑐

−

2𝑣𝑓𝑐
𝑐

(3.4)

where 𝑓𝑏𝑅 is the beat frequency due to range and is equivalent to 𝑓𝑏 in equation (3.1).
The addition of the second term includes two more variables, velocity (𝑣) and center
frequency (𝑓𝑐 ). Just like the other system parameters, center frequency is also known.
Therefore, the only unknown variables are range and velocity, which are dependent on the target.
These remaining two variables are coupled together in the sense that neither range nor velocity
can be determined without some prior knowledge of the other. If the target’s range is known to
be constant, the second term drops out, and target range can be identified. But if the target is
moving at some unknown velocity, there will be no way to determine what portion of the
measured beat frequency is due to target range, and what portion is due to its velocity.
Therefore, using the method described above, range and velocity cannot be unambiguously
determined.
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This problem was overcome by transmitting a triangular waveform instead of a sawtooth
waveform. A triangular waveform is comprised of alternating upchirps and downchirps. This
waveform is preferable because the return signal received during an upchirp is different than the
signal received during a downchirp. Now, despite the target having essentially the same range
and velocity from one upchirp to the subsequent downchirp, the calculated beat frequency will
be different. See figure 3-3 below.

Figure 3-3: A triangular waveform yields two different beat frequencies (fb_up & fb_dn) for the upchirp and downchirp
portions of the waveform. Both beat frequencies are accurate and can be used together to determine the range and
velocity of a target. If a target is stationary, the Doppler component of the beat frequency is equal to 0, therefore
𝑓𝑏_𝑢𝑝 = −𝑓𝑏_𝑑𝑛 .
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The upchirps and downchirps in the triangular waveform depicted in figure 3-3 have the
same chirp duration and absolute bandwidth. However, with beat frequency (𝑓𝑏 (𝑡)) defined as
the received signal (𝑓𝑟𝑒𝑐 (𝑡)) minus the transmit signal (𝑓𝑡 (𝑡)), the range component of beat
frequency (𝑓𝑏𝑅 ) takes on a negative value during the upchirp portion of the waveform. This
means that the recovered beat frequency will alternate between two different values (𝑓𝑏_𝑢𝑝 &
𝑓𝑏_𝑑𝑛 ) according to equations (3.5) and (3.6) below.

𝑓𝑏_𝑢𝑝 = −
𝑓𝑏_𝑑𝑛 =

𝐵2𝑅
𝜏1 𝑐

𝐵2𝑅
𝜏2 𝑐

−

−

2𝑣𝑓𝑐
𝑐

2𝑣𝑓𝑐
𝑐

(3.5)
(3.6)

Having two different beat frequencies for a single target is beneficial because now there
are two equations which can be used to solve for the two unknown variables, range and velocity.
Note that having the chirp durations (𝜏1 & 𝜏2 ) set to equal lengths is not necessary to determine
range and velocity, but doing so simplifies static clutter suppression.

3 MHz Offset
When performing Stretch Processing, it is typical to use a copy of the transmit signal as a
reference with which to compare the target echo signal at the receiver, as shown in figure 3-2.
However, it became necessary to introduce a frequency offset between the transmit signal and
reference signal for two reasons.
First, if the transmit signal 𝑓𝑡 (𝑡) and reference signal 𝑓𝑟𝑒𝑓 (𝑡) are the same, then the
relationship 𝑓𝑏_𝑢𝑝 = −𝑓𝑏_𝑑𝑛 , as stated earlier, still holds for stationary targets. But when this is
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true, it is difficult to determine which data was the result of an upchirp and which was from a
downchirp. To illustrate this point, consider the following scenario where a triangular waveform
is used to detect point targets set at ranges R1, R2, R3 & R4. The resulting spectrum would
resemble figure 3-4a below, with the beat frequencies for each target collected during upchirps
appearing as negative frequencies, and the target beat frequencies collected during downchirps
appearing as positive frequencies.

Figure 3-4: Targets are detected at ranges R1, R2, R3 & R4 using a triangular waveform with no frequency offset
between the transmit signal and reference signal. Stationary target beat frequencies overlap once they are aliased
across DC.

As seen in figure 3-4b, the negative beat frequencies are aliased over the 0Hz axis and
perfectly overlap the positive beat frequencies, making 𝑓𝑏_𝑢𝑝 and 𝑓𝑏_𝑑𝑛 indistinguishable. This is
adequate when viewing objects that are known to be stationary—range can still be determined
without consequence—but when viewing moving objects, it is important to be able to determine
which data set is comprised of upchirps and which is comprised of downchirps, as will be shown
in a later section.
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The second reason for implementing a frequency offset was because receiver module
interference was observed at approximately 120 kHz, with subsequent harmonics appearing up to
2.5 MHz (see figure 3-5). The source of the interference could not be eliminated, so placing a
filter at the receiver output was considered. However, it was determined that the signals could
not be filtered without also filtering the target beat frequencies, which were expected to appear in
the 100 kHz region based on predetermined chirp duration and signal bandwidth parameters.

Figure 3-5: Unwanted signals generated within the WR10MixAMC receiver mixer/multiplier/amplifier chain.

To avoid the problem area, a frequency offset of 3 MHz was applied to the transmit
signal. It is important to note how adding the 3 MHz frequency offset to either the transmit
signal or the reference signal affects the final system output. Let the offset Δ𝑓𝑐 be defined as the
difference between the center frequency of the transmitted signal (𝑓𝑡_𝑐 ) and the center frequency
of the reference signal (𝑓𝑟𝑒𝑓_𝑐 ).
19

(3.7)

𝛥𝑓𝑐 = (𝑓𝑡_𝑐 − 𝑓𝑟𝑒𝑓_𝑐 )
The beat frequency must also be redefined to account for an added frequency offset.
Therefore, equations (3.5) and (3.6) become:

𝑓𝑏_𝑢𝑝 = −
𝑓𝑏_𝑑𝑛 =

2𝐵𝑅
𝜏𝑐

2𝐵𝑅
𝜏𝑐

−

−

2𝑣𝑓𝑐
𝑐

2𝑣𝑓𝑐
𝑐

(3.8)

+ 𝛥𝑓𝑐

(3.9)

+ 𝛥𝑓𝑐

Now, for the case that a +3 MHz offset is applied to the transmit signal, it follows that,

𝛥𝑓𝑐 = (𝑓𝑡_𝑐 + 3 𝑀𝐻𝑧) − 𝑓𝑟𝑒𝑓_𝑐 = 3 𝑀𝐻𝑧

(3.10)

such that 𝑓𝑏_𝑢𝑝 and 𝑓𝑏_𝑑𝑛 will simply be shifted to the right by 3 MHz. And since the target
return signals from the downchirp data set initially had positive values while the target return
signals for the upchirp data set had negative frequency values, once they are offset by +3 MHz,
the upchirp beat frequencies will appear below 3 MHz, and the downchirp beat frequencies will
appear above 3 MHz, as seen in figure 3-6a.
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Figure 3-6: Illustration of what the spectrum might look like if targets were detected at ranges R1, R2, R3 & R4
using a triangular waveform with a 3 MHz offset between the transmit signal and reference signal. Applying the
+3 MHz offset to the reference signal (a) has an effect opposite to if it were applied to the transmit signal (b and c).

If, instead, a +3 MHz offset were applied to the reference signal, it is apparent that Δ𝑓𝑐
would be negative as seen here,

𝛥𝑓𝑐 = 𝑓𝑡_𝑐 − (𝑓𝑟𝑒𝑓_𝑐 + 3 𝑀𝐻𝑧) = −3 𝑀𝐻𝑧

(3.11)

and both 𝑓𝑏_𝑢𝑝 and 𝑓𝑏_𝑑𝑛 would be shifted to the left by 3 MHz (see figure 3-6b). Once again,
because negative frequency is not very physically meaningful, it is necessary to take the absolute
value of the signal spectrum. However, by doing so we see in figure 3-6c that the target beat
frequencies corresponding with the downchirp data set are now less than 3 MHz, while the target
beat frequencies from the upchirp data set are greater than 3 MHz. Thus, applying the +3 MHz
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offset to the reference signal yields results opposite to what was seen when the transmit signal
was offset by +3 MHz.
Regardless of which channel is offset, the resulting signal is sufficient to determine target
range and velocity because, in both cases, the upchirp data set and downchirp data set are
distinguishable. This means that the decision of which channel has a frequency offset is
arbitrary, but it must still be known and accounted for to determine which data was collected
during an upchirp and which was collected during a downchirp. Unless otherwise stated, all tests
and experiments discussed in this paper were done with a +3 MHz offset applied to the transmit
signal 𝑓𝑡 (𝑡), such that the resulting data and plots that are shown herein are most closely
represented by the depiction shown in figure 3-6a.

22

Chapter 4.

Test Setup & Results

Test Procedure & Data Processing
A series of tests were conducted to calibrate the radar system and ensure that both range
and velocity detection capabilities were functioning properly. The radar system was
programmed to continuously transmit a triangular waveform (0.5 ms upchirp & 0.5 ms
downchirp) with 600 MHz bandwidth, centered at 108.48 GHz. Return signal data was collected
by mixing the target echo signal (offset by +3 MHz) with the reference signal and routing the
mixer output to an oscilloscope where it was then recorded at a sampling rate of 20 MSPS.
While the triangular waveform is being output by the DDSs, each DDS also sends a
trigger signal to the oscilloscope. The trigger signal is comprised of a series of impulses, each of
which mark the beginning of an upchirp or downchirp. The trigger signal and the
downconverted received signal are recorded simultaneously by the oscilloscope so that each
sample of received signal data can be properly characterized as to whether it occurred during an
upchirp or a downchirp. Knowing when each upchirp and downchirp begins is especially
important because it dictates the beginning and end of the data segments on which fast-time
FFTs are performed. After the signal data is recorded by the oscilloscope, they are then saved in
binary format and post-processed using MATLAB. A plot of 100 ms of recorded signal data
overlaid with the DDS trigger signal is shown in figure 4-1 below.

23

Figure 4-1: Unprocessed signal data overlaid with the DDS trigger signal.

As seen in figure 4-1, based on the raw signal data and DDS trigger alone, it is
impossible to determine whether each 0.5 ms segment corresponds to an upchirp or a downchirp.
However, by performing FFTs on the first two segments and analyzing the frequency content
around 3 MHz, the upchirp/downchirp classification can be determined for the whole 100 ms
data set. This is done by first verifying that the target being observed is stationary. A stationary
target will always satisfy the condition that the measured beat frequency from one segment will
have the same absolute value as the beat frequency measured during an adjacent segment
(i.e. 𝑓𝑏_𝑢𝑝 = −𝑓𝑏_𝑑𝑛 ). Once stationarity is confirmed, the segment that corresponds to an upchirp
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will be the segment that yields a negative beat frequency. It then follows that every other
subsequent segment will also correspond to an upchirp. The whole data set can then be parsed
into two separate sets of data, as seen in figure 4-2. The set that is comprised of data received
during upchirps will be referred to hereafter as an upchirp data set, and data collected during
downchirps will be referred to as a downchirp data set.

Figure 4-2: Received signal data separated into upchirp and downchirp data sets.

Static Target Range Finding and Radar Calibration
To verify that target range was being detected accurately, the radar system was placed at
one end of a room while a 3.2-inch trihedral (RCS ~ 7.7 dBsm) and a 6-inch trihedral (RCS ~
18.7 dBsm) were positioned at varying known distances in front of the radar antennas, as seen in
figure 4-3. By evaluating the range equation for stationary targets, target range can be
determined once beat frequency is measured. Rearranging equations (3.5) and (3.6) and setting
velocity equal to zero gives the following relationship between target range (𝑅) and upchirp and
downchirp beat frequencies.

𝑅=−

𝑓𝑏_𝑢𝑝 𝜏𝑢𝑝 𝑐
2𝐵
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=

𝑓𝑏_𝑑𝑛 𝜏𝑑𝑛 𝑐
2𝐵

(4.1)

Figure 4-3: Stationary target range detection test setup for two trihedrals placed at ranges R1 and R2.

For this test, the 3.2-inch trihedral was placed at a range (R1) of 4.75 meters, and the 6inch trihedral was placed at a range (R2) of 6.45 meters. If these ranges are plugged into
equation (3.4), along with transmit signal bandwidth (600 MHz) and chirp duration (0.5 ms), the
expected beat frequencies for the trihedrals at R1 & R2 are approximately ±38.0 𝑘𝐻𝑧 &
±51.6 𝑘𝐻𝑧, respectively. However, accounting for the 3 MHz offset between the received
signal 𝑓𝑟𝑒𝑐 (𝑡) and the reference signal 𝑓𝑟𝑒𝑓 (𝑡), the expected target beat frequencies become
3 𝑀𝐻𝑧 ± 38.0 𝑘𝐻𝑧 for the 4.75 m target, and 3 𝑀𝐻𝑧 ± 51.6 𝑘𝐻𝑧 for the 6.45 m target. Since
the 3 MHz offset exists in all data collected for this project, it can simply be subtracted from the
measured beat frequency to determine the actual beat frequency due to target range and velocity.
Figure 4-4 shows the resulting signal data with the 4.75 m and 6.45 m targets in place.
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Figure 4-4: Target beat frequencies from the upchirp and downchirp data sets are approximately symmetric about
the 3 MHz offset, confirming that these are stationary targets. Any differences between target beat frequencies in
the two data sets are most likely because the radar system is not calibrated. The figure heading indicates that no shot
was fired (NSF) during this test.

In figure 4-4, an upchirp data set and a downchirp data set are shown. Each data set
contains two distinct peaks (labelled R1 and R2) and their associated beat frequencies after the
3 MHz offset has been subtracted out. The pair of beat frequencies labelled R1 both belong to
the same target, despite having slight differences. The pair of beat frequencies belonging to the
target at R2 are similarly different. This should not be the case for stationary targets. Taking the
average of the individual pairs of beat frequencies for each point target reveals that they are
actually centered around 3.00048 MHz. This additional 0.48 kHz offset could be due to the
effects of fluctuating temperature on various radar components, or it could be a result of finite
word-length rounding errors within the DDSs. A more likely cause of the 0.48 kHz offset could
be extra signal delay in either the transmit channel or the reference channel due to uneven
transmission line length. A difference of about 6 cm between the signal paths could account for
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this. To correct for this error, the radar system can be calibrated by subtracting 0.48 kHz from
all future beat frequency measurements.
After accounting for the 0.48 kHz offset, the upchirp and downchirp beat frequencies for
the targets at R1 & R2 are ±39.7 kHz and ±53.1 kHz. Inserting these values into equation (4.1)
suggests that R1 = 4.96 m and R2 = 6.63 m. Note that these calculated ranges are different from
the previously measured ranges by 21 cm for R1 and 18 cm for R2, or a mean error of about
19.5 cm.
Several things could contribute to this error, but the likely explanation is that there is a
range bias which is dependent on how the distance between the radar system and the target is
defined. In this case, target range was measured from the center of the trihedral to the midpoint
between the transmit and receive antennas. Defining range this way assumes that the signal
originated between the two antennas, neglecting the fact that it was actually produced within the
DDSs and travelled through several lengths of transmission line, which may not be equivalent
between the two signal paths. If transmission line length within the radar system is unchanged,
the resulting 19.5 cm range bias will be constant and can be subtracted from the calculated
ranges for R1 and R2.
Even after calibration, range calculations still differ from measured range by about
±1.5 cm. This remaining error could be the result of using a soft measuring tape to measure the
distance to the trihedrals, meaning that there could be error in the physical range measurements
rather than those obtained from the radar. Another small factor that could contribute to range
error is that the data shown in figure 4-4 represents a set of discrete frequency values (not
continuous). This means that if the actual beat frequency lies between two discrete points, the
nearest frequency element will be selected as the beat frequency. Error resulting from discrete
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data will always exist, but it can be minimized by increasing the sampling rate, or by zeropadding when performing FFTs.
The calibration methods described in the preceding paragraphs should be performed
when physical changes are made to transmission line length within the radar system. This kind
of radar calibration is necessary to account for time the signal spends propagating through the
system before it enters free space. Radar calibration helps maintain accuracy in range and
velocity measurements and improves the clutter suppression techniques that will be described in
chapter 5.

Target Velocity Test Setup & Results
The next tests that were performed were designed to verify that the radar system could
accurately measure radial velocity. These tests required that an object with a relatively high
velocity pass through the antenna beam at a known angle. Several methods for projecting fast
moving objects were considered, but ultimately it was decided that firing reballs (re-useable
paintballs) from a paintball gun would provide the simplest and most repeatable experiment.
The selected paintball gun was capable of firing the reball with initial velocities of up to 110 m/s
(246 mph). However, because muzzle velocity can be adjusted by increasing or decreasing the
pressurized-air valve capacity, actual muzzle velocity was unknown.
In the space limited by the test environment, a reball travelling at an average velocity of
92 m/s would be in flight for less than 100 ms before impact. As stated previously, for the
oscilloscope to maintain a sampling frequency high enough to satisfy the Nyquist sampling rate,
the amount of time that could be recorded was limited to about 100-150 ms. This means that to
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record signal data while the reball is in motion, the oscilloscope would need to be triggered at
approximately the same time that the reball was fired. To accomplish this, an IR (infrared)
sensor was designed and fixed to the barrel of the paintball gun such that when the reball left the
barrel it would pass through the IR sensor beam, as seen in figure 4-5.

Figure 4-5: Oscilloscope remote trigger system diagram. (a) upon firing, reball passes through IR sensor. (b) an
Arduino registers the break in the IR beam and prompts transmitter. (c) 433 MHz signal is transmitted and received.
(d) second Arduino triggers oscilloscope to begin recording. Delay between IR sensor event and oscilloscope
trigger is approximately 3.4 ms. Reball travels 0.31 m during that time. (e) Oscilloscope begins recording reball
return signal data.

The IR sensor was wired to an Arduino Uno board with attached Adafruit Feather 32u4
Radio & RFM69HCW module. Once the Arduino registers a break in the IR sensor beam, a
433 MHz signal is transmitted to an identical receiver that is located next to the oscilloscope.
When this signal is picked up at the receiver, a second Arduino sends a signal to one of the
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oscilloscope input channels, triggering the oscilloscope to begin recording. The delay time from
the firing event until the oscilloscope begins recording is approximately 3.4 ms, corresponding to
a distance of about 0.31 meters travelled by the reball.
Because initial reball velocity could not be precisely known, and because inherent
differences between reballs could alter their velocity from shot to shot, efforts were made to get a
better idea of the range of velocities that could be expected. Assuming the reball will travel
towards the radar system at speeds of 80-110 m/s (or 179-246 mph), the Doppler frequency
equation (3.3) suggests that frequencies on the range of 58.4-80.3 kHz should be seen.
To confirm this, the radar system was reconfigured with microwave signal generators
(instead of DDSs) to operate in CW mode so that target range would be ignored and the only
difference between the received signal and the reference signal would be the artificial 3 MHz
offset and a Doppler frequency shift due to target velocity. The main differences between this
test environment and the test environment used for the previous test is the removal of the two
trihedrals and the addition of a sheet that was positioned about 0.5 m in front of the radar system
to protect it from the incoming reball (see figure 4-6).

31

Figure 4-6: CW mode test setup for measuring target velocity while ignoring target range. A sheet is hung on a
frame to protect radar system from incoming projectiles while still allowing the transmitted signal to pass through.

The results of this test can be seen in figure 4-7 below. An important note for this shot is
that, contrary to most tests, the +3 MHz offset was applied to the reference signal instead of the
transmit signal. Therefore, even though a shot fired towards the radar system will always yield a
positive Doppler frequency, we see that it appears below the 3 MHz offset because of how that
offset was applied.
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Figure 4-7: Surface plot of frequency spectrum that results from a shot fired towards (SFT) the radar system. As
time increases, Doppler frequency moves closer to the 3 MHz offset, indicating that the reball is decelerating. The
reball is initially detected (1) at 64 ms with a Doppler frequency of 69.8 kHz, which corresponds to a velocity of
95.6 m/s. Impact occurs at about 92 ms (2) when the reball has a Doppler frequency of 66.1 kHz, suggesting a final
velocity of 90.5 m/s. If deceleration is constant, the average velocity between points 1 and 2 is 93.05 m/s, and
distance travelled during 28 ms of observation is about 2.61 m.

According to the data shown in figure 4-7, the reball was first detected 64 ms after the
shot was fired and had a Doppler frequency (𝑓𝐷 ) of [3 𝑀𝐻𝑧 − 2.9302 𝑀𝐻𝑧] or 69.8 kHz, which
corresponds to a velocity of 95.57 m/s. At time of impact (appr. 92 ms), 𝑓𝐷 had dropped to
66.1 kHz, corresponding to a velocity of 90.5 m/s. This means that over the course of 28 ms, the
reball’s speed decreased by 5.07 m/s, a deceleration rate of about 0.181 m/s/ms (meters per
second per millisecond). Based on the 28 ms of observed flight-time, deceleration appears to be
approximately linear with respect to time. Assuming that is the case, the muzzle velocity can be
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calculated by extrapolating backwards from the time the reball was initially detected. Doing so
yields a muzzle velocity of 107.15 m/s and an overall average velocity of 98.83 m/s.
Data was collected for two additional shots with the radar system under the same
configuration and operating in CW mode. Using the same method described above, average
velocities for these shots were calculated to be approximately 101.04 m/s and 96.41 m/s.
Relevant target data for all three shots can be seen in table 4-1 below. The results of these tests
provide a baseline for expected reball velocities in future tests and will help to verify system
accuracy when calculating range and velocity using target beat frequency.

Table 4-1: Reball firing data collected during three separate shots while operating in CW mode.

Shot 1

Shot 2

Shot 3

𝒕𝒊𝒏𝒊𝒕

64 ms

65 ms

63 ms

𝒇𝑫_𝒊𝒏𝒊𝒕

69.8 kHz

68.1 kHz

71.1 kHz

𝒗𝒊𝒏𝒊𝒕

95.57 m/s

93.24 m/s

97.35 m/s

𝒕𝒇𝒊𝒏

92 ms

93 ms

86 ms

𝒇𝑫_𝒇𝒊𝒏

66.1 kHz

64.6 kHz

68.0 kHz

𝒗𝒇𝒊𝒏

90.5 m/s

88.45 m/s

93.11 m/s

𝒎𝒂𝒙 𝒓𝒂𝒏𝒈𝒆

2.61 m

2.19 m

2.54 m

𝒅𝒆𝒄𝒆𝒍𝒆𝒓𝒂𝒕𝒊𝒐𝒏

0.1809 m/s/ms

0.1711 m/s/ms

0.1845 m/s/ms

𝒗𝒎𝒖𝒛𝒛𝒍𝒆

107.15 m/s

104.37 m/s

108.98 m/s

𝒗𝒂𝒗𝒈

98.83 m/s

101.04 m/s

96.41 m/s
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Chapter 5.

Measuring Moving Target Range & Velocity

To measure both range and velocity of a moving target, the radar system was
reconfigured as shown in the system diagram in figure 1. For this test, the DDSs were
programmed to produce triangular waveforms comprised of 1 ms upchirps and 3 ms downchirps.
The bandwidth of the transmit signal in this case was 240 MHz, and the center frequency was
approximately 108.36 GHz.
With no trihedrals in the scene, a reball was fired directly away from the radar system.
Various stationary objects within the room such as tables, chairs, and the back wall provided
significant backscatter which is clearly visible in the collected data, plotted in figure 5-1.

Figure 5-1: Surface plots of data collected over 115 ms resulting from a shot fired away (SFA) from the radar
system. In figures (a) and (b), point 1 indicates the detection of the reball, while point 2 shows return signals from
various stationary objects (static clutter). The upchirp and downchirp static clutter beat frequencies are not
symmetric about 3 MHz in this test because τup ≠ τdn.
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Both plots (a) and (b) in figure 5-1 show the return signals from the reball (marker 1) and
from the static clutter in the room (marker 2). To show how altering bandwidth and chirp
duration can affect target beat frequency, the return signal from the stationary objects will be
examined. Note that, unlike the results portrayed in figure 4-4 where upchirp and downchirp
durations were equivalent, the upchirp and downchirp beat frequencies here are not symmetric
about the 3 MHz offset. With differing chirp durations (𝜏𝑢𝑝 ≠ 𝜏𝑑𝑛 ), the upchirp and downchirp
beat frequency equations (3.5) and (3.6) become:

𝑓𝑏_𝑢𝑝 = −

𝑓𝑏_𝑑𝑛 =

2𝐵𝑅
𝜏𝑢𝑝 𝑐

2𝐵𝑅
𝜏𝑑𝑛 𝑐

−

−

2𝑣𝑓𝑐
𝑐

2𝑣𝑓𝑐
𝑐

(5.1)

(5.2)

This means that for static targets (𝑣 = 0), 𝑓𝑏_𝑢𝑝 is not equal to −𝑓𝑏_𝑑𝑛 , but they will
instead be scaled versions of each other proportional to the ratio of 𝜏𝑢𝑝 to 𝜏𝑑𝑛 . In this case, with
𝜏𝑑𝑛 = 3𝜏𝑢𝑝 , we find that, for stationary targets, 𝑓𝑏_𝑢𝑝 = −3𝑓𝑏_𝑑𝑛 . This relationship is easier to
see in figure 5-2, which is a closeup of the frequency spectrum of the data set from figure 5-1.
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Figure 5-2: Frequency spectrum of static clutter for the 1 ms upchirp data set (a) and the 3 ms downchirp data set
(b). The main peaks, labelled -15 kHz in (a) and 5 kHz in (b) are beat frequencies from the same target. Having
beat frequencies fb_up = -3fb_dn, implies that τdn = 3τup.

The strongest signal in subplot (a) of figure 5-2, located at 2.985 MHz, has a beat
frequency (𝑓𝑏_𝑢𝑝 ) of -15 kHz, while the corresponding peak in subplot (b), located at 3.005 MHz,
has a beat frequency (𝑓𝑏_𝑑𝑛 ) of +5 kHz. If each beat frequency and associated chirp duration
(1 ms for upchirp and 3 ms for downchirp) is plugged into the range equation (4.1), it is
determined that both beat frequencies resulted from the same object at a range of 9.37 m. This is
a good example of how static target beat frequencies can be manipulated by simply increasing or
decreasing chirp duration. The implications of this will be discussed in chapter 6.
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Focusing now on the reball, figure 5-3 is a close-up of the portion of the frequency
spectrum containing the reball echo signal beat frequency.

Figure 5-3: Reball upchirp beat frequency vs downchirp beat frequency.

By observation of subplots (a) and (b) in the figure, the beat frequency can be determined
throughout the observed flight time of the reball. Although the change in beat frequency appears
to be continuous over time, it is important to remember that between every 1 ms upchirp data
sample, there is a 3 ms gap when a downchirp was being transmitted (and vice-versa).
It was shown in Chapter 2 that for moving targets, when transmitting a triangular
waveform, the upchirp and downchirp beat frequencies can be used together to solve for the two
unknown variables, range and velocity. This was somewhat of a simplification; it fails to
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account for the gap that exists between chirps because upchirps and downchirps cannot be
transmitted simultaneously. If chirp durations (𝜏𝑢𝑝 & 𝜏𝑑𝑛 ) are very small, it could be assumed
that intermediate changes in target range and velocity will be negligible, but for greater accuracy,
the following method can be applied.
Figure 5-4 shows how the upchirp and downchirp beat frequency data samples alternate
back and forth over time. These beat frequencies can be parsed into two different arrays—an
upchirp array and a downchirp array—where each array contains either even or odd beat
frequency indices, depending on whether an upchirp or downchirp was sampled first. To
illustrate this method, suppose we wanted to use these data to determine the reball range and
velocity 20 ms after it was fired. An upchirp beat frequency sample 𝑓𝑏_𝑢𝑝 (𝑛 + 1) was recorded
at approximately 20 ms, but the two closest downchirp beat frequency samples 𝑓𝑏_𝑑𝑛 (𝑛) &
𝑓𝑏_𝑑𝑛 (𝑛 + 2) occurred at about 18 ms and 22 ms, respectively.

Figure 5-4: Reball return signal beat frequency vector. The upchirp and downchirp beat frequencies shown here
correspond to the data shown in figure 5-3a and 5-3b, respectively. The values in red are the index numbers for that
transmit/receive event. Three time-adjacent data points are required to calculate range and velocity at a single point
in time.
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Because we have knowledge of the beat frequency immediately before and after the time
of interest, we can use 𝑓𝑏_𝑑𝑛 (𝑛) & 𝑓𝑏_𝑑𝑛 (𝑛 + 2) to approximate what the downchirp beat
frequency would have been, had a downchirp also been sampled at 20 ms. This is done by
taking the average of 𝑓𝑏_𝑑𝑛 (𝑛) & 𝑓𝑏_𝑑𝑛 (𝑛 + 2), which is done mathematically as follows:
Begin with 𝑓𝑏_𝑑𝑛 (𝑛) & 𝑓𝑏_𝑑𝑛 (𝑛 + 2),

𝑓𝑏_𝑑𝑛 (𝑛) =
𝑓𝑏_𝑑𝑛 (𝑛 + 2) =

2𝐵(𝑅𝑛 )
𝜏𝑑𝑛 𝑐

−

2𝐵(𝑅𝑛+2 )
𝜏𝑑𝑛 𝑐

2(𝑣𝑛 )𝑓𝑐
𝑐

−

2(𝑣𝑛+2 )𝑓𝑐
𝑐

(5.3)

(5.4)

Where 𝑅𝑛 , 𝑅𝑛+2, 𝑣𝑛 and 𝑣𝑛+2 are the unknown range and radial velocity of the reball at the time
samples (𝑛) and (𝑛 + 2) were taken. The average of equations (5.3) and (5.4) is found by
adding them together and dividing by 2.

𝑓𝑏_𝑑𝑛 (𝑛)+𝑓𝑏_𝑑𝑛 (𝑛+2)
2

=

2𝐵(𝑅𝑛 ) 2(𝑣𝑛 )𝑓𝑐 2𝐵(𝑅𝑛+2 ) 2(𝑣𝑛+2 )𝑓𝑐
−
+
−
𝜏𝑑𝑛 𝑐
𝑐
𝜏𝑑𝑛 𝑐
𝑐

2

2𝐵(𝑅𝑛 ) 2𝐵(𝑅𝑛+2 )
2(𝑣 )𝑓 2(𝑣
)𝑓
+
]−[ 𝑛 𝑐 + 𝑛+2 𝑐 ]
𝜏𝑑𝑛 𝑐
𝜏𝑑𝑛 𝑐
𝑐
𝑐

[

=

=

=

2
2𝐵
[(𝑅𝑛 )+(𝑅𝑛+2 )]
𝜏𝑑𝑛 𝑐

2
2𝐵 [(𝑅𝑛 )+(𝑅𝑛+2 )]
𝜏𝑑𝑛 𝑐

2

−

−

2𝑓𝑐
[(𝑣𝑛 )+(𝑣𝑛+2 )]
𝑐

2
2𝑓𝑐 [(𝑣𝑛 )+(𝑣𝑛+2 )]
𝑐

2

(5.5)

At this point, if we assume that changes in range and velocity are approximately linear
(small acceleration) over the 4 ms interval between samples (𝑛) & (𝑛 + 2) —as data collected
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up to that point would lead us believe—and if we acknowledge that the midpoint between the
two samples is the same point in time that sample (𝑛 + 1) took place, then the following
statements should be true:

𝑅𝑛+1 ≅

[(𝑅𝑛 )+(𝑅𝑛+2 )]

&

2

𝑣𝑛+1 ≅

[(𝑣𝑛 )+(𝑣𝑛+2 )]
2

(5.6)

Where 𝑅𝑛+1 and 𝑣𝑛+1 are the range and radial velocity of the reball at the time that the beat
frequency sample 𝑓𝑏_𝑢𝑝 (𝑛 + 1) was taken. Therefore, if we plug (5.6) into (5.5), the
approximate downchirp beat frequency 𝑓𝑏_𝑑𝑛 (𝑛 + 1) that would be expected if a downchirp had
been sampled at the same time as 𝑓𝑏_𝑢𝑝 (𝑛 + 1), could be defined as:

𝑓𝑏_𝑑𝑛 (𝑛 + 1) =

𝑓𝑏_𝑑𝑛 (𝑛)+𝑓𝑏_𝑑𝑛 (𝑛+2)
2

=

2𝐵(𝑅𝑛+1 )
𝜏𝑑𝑛 𝑐

−

2(𝑣𝑛+1 )𝑓𝑐
𝑐

(5.7)

Which can be used in conjunction with the equation for the upchirp beat frequency,
𝑓𝑏_𝑢𝑝 (𝑛 + 1), defined as:

𝑓𝑏_𝑢𝑝 (𝑛 + 1) = −

2𝐵(𝑅𝑛+1 )
𝜏𝑢𝑝 𝑐

−

2(𝑣𝑛+1 )𝑓𝑐
𝑐

(5.8)

Note that the negative sign associated with the range component in (5.8) is due to 𝑓𝑟𝑒𝑐 (𝑡) being
less than 𝑓𝑡 (𝑡) during an upchirp (see figure 7).
There are now two equations (5.7) & (5.8) which refer to upchirp and downchirp beat
frequencies for a single point in time. By repeating this process for each set of adjacent upchirps
and downchirps, approximate beat frequency values can be found for each gap that resulted from
alternating between upchirps and downchirps. A plot of the complete upchirp and downchirp
beat frequency sets can be seen in figure 5-5.
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Figure 5-5: A plot of upchirp and downchirp beat frequencies, similar to that found in figure 5-4. Measured values
are indicated by black symbols, while interpolated beat frequencies are indicated by red symbols. Excluding first
and last samples, there are now corresponding upchirp and downchirp beat frequency values for each time interval.

Since the velocity components of both equations are equivalent, if we take the difference
between the upchirp and downchirp beat frequencies, the velocity terms will cancel, and the only
remaining terms will be the beat frequency components due to range. The difference between
𝑓𝑏_𝑑𝑛 (𝑛 + 1) & 𝑓𝑏_𝑢𝑝 (𝑛 + 1) will be referred to as Δ𝑓𝑏 (𝑛 + 1), which is defined as follows:

Δ𝑓𝑏 (𝑛 + 1) = 𝑓𝑏_𝑑𝑛 (𝑛 + 1) − 𝑓𝑏_𝑢𝑝 (𝑛 + 1)
2𝐵(𝑅𝑛+1 )

=(

=

𝜏𝑑𝑛 𝑐

−

2𝐵(𝑅𝑛+1 )
𝜏𝑑𝑛 𝑐

2(𝑣𝑛+1 )𝑓𝑐
𝑐

+

) − (−

2𝐵(𝑅𝑛+1 )

=

𝜏𝑢𝑝 𝑐

𝜏𝑢𝑝 𝑐

2(𝑣𝑛+1 )𝑓𝑐

−(

2𝐵(𝑅𝑛+1 )
𝜏𝑑𝑛 𝑐

2𝐵(𝑅𝑛+1 )

+
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𝑐

2𝐵(𝑅𝑛+1 )
𝜏𝑢𝑝 𝑐

−

−

2(𝑣𝑛+1 )𝑓𝑐
𝑐

2(𝑣𝑛+1 )𝑓𝑐
𝑐

)

)

=

2𝐵(𝑅𝑛+1 )
𝑐

(𝜏

1

𝑑𝑛

Δ𝑓𝑏 (𝑛 + 1) =

1

+

𝜏𝑢𝑝

)

2𝐵(𝑅𝑛+1 ) 𝜏𝑢𝑝 +𝜏𝑑𝑛

(𝜏

𝑐

𝑑𝑛 𝜏𝑢𝑝

)

(5.9)

Note here that the only unknown variable in equation (5.9) is the reball range (𝑅𝑛+1 ).
Rearranging equation (5.9) to solve for range gives:

𝑅𝑛+1 = Δ𝑓𝑏 (𝑛 + 1)

𝜏𝑑𝑛 𝜏𝑢𝑝

𝑐

(
2𝐵 𝜏

𝑢𝑝 +𝜏𝑑𝑛

)

(5.10)

Now, since range is known, reball radial velocity (𝑣𝑛+1 ) can be determined by simply evaluating
equation (5.8), using the known range in place of 𝑅𝑛+1 , and solving in terms of 𝑣𝑛+1, which
results in the following equation:

𝑣𝑛+1 = −

2𝐵(𝑅𝑛+1 )
)𝑐
𝜏𝑢𝑝 𝑐

(𝑓𝑏_𝑢𝑝 (𝑛+1)+
2𝑓𝑐

(5.11)

Alternatively, velocity can be determined independent of range by taking the average of
the upchirp and downchirp beat frequencies at any given time. Doing so will cause the range
dependent terms to cancel, leaving only the terms dealing with reball velocity. If upchirp and
downchirp durations are not equivalent, as is the case for this data set, then a weighted average is
required. This is found by factoring the ratio of upchirp duration to downchirp duration into the
beat frequency equations before adding them together, and then dividing their sum by the total
triangular wave form duration, as follows:

𝑓𝑏_𝑤_𝑎𝑣𝑔 (𝑛 + 1) =

𝜏
𝑓𝑏_𝑑𝑛 (𝑛+1)( 𝑑𝑛 )+𝑓𝑏_𝑢𝑝 (𝑛+1)
𝜏𝑢𝑝

𝜏𝑑𝑛 +𝜏𝑢𝑝
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(5.12)

where 𝜏𝑑𝑛 & 𝜏𝑢𝑝 are in milliseconds.
Applying equation (5.12) to the current test data, recall that 𝜏𝑑𝑛 = 3 𝑚𝑠 and 𝜏𝑢𝑝 = 1 𝑚𝑠.
Then 𝜏𝑑𝑛 /𝜏𝑢𝑝 = 3, and 𝜏𝑑𝑛 + 𝜏𝑢𝑝 = 4 𝑚𝑠. With 𝜏𝑑𝑛 = 3𝜏𝑢𝑝 , the downchirp beat frequency
defined in equation (5.7) can be rewritten in terms of 𝜏𝑢𝑝 , resulting in:

𝑓𝑏_𝑑𝑛 (𝑛 + 1) =

2𝐵(𝑅𝑛+1 )
3𝜏𝑢𝑝 𝑐

2(𝑣𝑛+1 )𝑓𝑐

−

𝑐

(5.13)

The weighted average of the upchirp and downchirp beat frequencies can now be found by
inserting equations (5.13) and (5.8) into equation (5.12).

𝑓𝑏_𝑤_𝑎𝑣𝑔 (𝑛 + 1) =

3𝑓𝑏_𝑑𝑛 (𝑛+1)+𝑓𝑏_𝑢𝑝 (𝑛+1)
4

2𝐵(𝑅𝑛+1 ) 2(𝑣𝑛+1 )𝑓𝑐
2𝐵(𝑅𝑛+1 ) 2(𝑣𝑛+1 )𝑓𝑐
−
)+(−
−
)
3𝜏𝑢𝑝 𝑐
𝑐
𝜏𝑢𝑝 𝑐
𝑐

3(

=

4
2𝐵(𝑅𝑛+1 ) 6(𝑣𝑛+1 )𝑓𝑐
2𝐵(𝑅𝑛+1 ) 2(𝑣𝑛+1 )𝑓𝑐
−
)+(−
−
)
𝜏𝑢𝑝 𝑐
𝑐
𝜏𝑢𝑝 𝑐
𝑐

(

=

4

=

6(𝑣𝑛+1 )𝑓𝑐 2(𝑣𝑛+1 )𝑓𝑐
−
𝑐
𝑐

−

4

𝑓𝑏_𝑤_𝑎𝑣𝑔 (𝑛 + 1) = −

2(𝑣𝑛+1 )𝑓𝑐
𝑐

(5.14)

Or equivalently,
𝜏𝑑𝑛 𝑓𝑏_𝑑𝑛 (𝑛+1)+𝜏𝑢𝑝 𝑓𝑏_𝑢𝑝 (𝑛+1)
𝜏𝑑𝑛 +𝜏𝑢𝑝

=−
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2(𝑣𝑛+1 )𝑓𝑐
𝑐

= 𝑓𝐷 (𝑛 + 1)

(5.15)

Where 𝑓𝐷 (𝑛 + 1) is defined to be the Doppler frequency of the reball at the time sample (𝑛 + 1)
was taken.
Equations (5.14) & (5.15) make it apparent that by taking the weighted average of the
upchirp and downchirp beat frequencies, radial velocity can be determined without regards to
range. And since values are known for every variable other than 𝑣𝑛+1 , equation (5.15) can be
rearranged to solve for radial velocity.

𝑣𝑛+1 = − (

𝜏𝑑𝑛 𝑓𝑏_𝑑𝑛 (𝑛+1)+𝜏𝑢𝑝 𝑓𝑏_𝑢𝑝 (𝑛+1)
𝜏𝑑𝑛 +𝜏𝑢𝑝

𝑐

) 2𝑓

𝑐

(5.16)

By applying equations (5.10) and (5.16) to each beat frequency sample in figure 5-5,
range and radial velocity can be determined for each upchirp/downchirp beat frequency pair.
Note that the first and last beat frequency samples cannot be used because each interpolated
upchirp (or downchirp) was dependent on both a prior and subsequent upchirp (or downchirp) to
have occurred. Therefore, the first and last beat frequency samples do not directly result in range
or velocity measurements. The range and velocity values that could be determined for the
current test are plotted in figure 5-6.

Figure 5-6: Reball range and radial velocity over time. Each plot is overlayed with a 1st order trendline and
associated line equation. Taking the derivative of the range function indicates an average velocity of 90.4 m/s, while
taking the derivative of the velocity function suggests an accelleration rate of -0.155 m/s/ms.
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Both plots in figure 5-6 are overlaid with a 1st order trendline and associated line
equation. Taking the derivative of the range function found in the plot on the left, results in a
velocity of 90.4 m/s, which would be the average velocity of the reball over the observed flight
time. That value closely matches the average velocity of 90.9 m/s that can be derived from the
plot on the right by adding the final and initial velocity measurements and dividing their sum by
2. By taking the derivative of the velocity function, acceleration is determined to be 0.155 m/s/ms.
For this test, reball beat frequency, range and velocity were all found during the postprocessing phase from data that had been previously recorded. However, the process described
above could also be implemented in real-time because the range and velocity for any given
sample can be calculated as soon as the next upchirp or downchirp occurs. If this process were
actually happening in real-time, the exact delay would depend mainly on upchirp and downchirp
duration (𝜏𝑢𝑝 & 𝜏𝑑𝑛 ), and in the case that 𝜏𝑢𝑝 ≠ 𝜏𝑑𝑛 , it would also depend on whether an upchirp
or downchirp was currently being transmitted.
Assuming the fast-time FFT is performed on data collected over an entire upchirp or
downchirp, the time of the resulting beat frequency, range and velocity measurements will
correspond to the time at the midpoint of the associated chirp, or 𝑡 = 𝑡𝑠𝑡𝑎𝑟𝑡 + 𝜏/2. But before
the range and velocity at that time can be determined, the following chirp must be completed,
and the beat frequency measured. This means that the range and velocity information for any
given beat frequency sample would not be available until [𝑡 + 𝜏𝑢𝑝 /2 + 𝜏𝑑𝑛 ] for an upchirp, or
[𝑡 + 𝜏𝑑𝑛 /2 + 𝜏𝑢𝑝 ] for a downchirp. However, projectile motion is very predictable so future
target range and velocity could be approximated before additional data are processed, and then
those data could be used to either verify projected range and velocity, or correct any error.
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If real-time processing is not necessary for a particular radar application, an alternative
post-processing method can be used. For instance, if the recorded data for an entire event were
analyzed together instead of only looking at three consecutive beat frequency samples, more
accurate range and velocity information could be obtained and expressed as a function of time.
The benefit of this is that good approximations of range and velocity can be given at every point
in time for the observed event. Also, based on target range and velocity trends, anomalies can be
ignored and intermittent signal data that could not be recovered due to noise or interference can
be interpolated.
For the current test, since it took place in a low clutter environment and the reball signal
was easily detectable in both the upchirp and downchirp data sets, little would be gained by
implementing the post processing method just described. The range, velocity and beat frequency
trends in figures 5-4 and 5-6 are already linear and consistent over the observed time. But to
show how these trends could be used, see figure 5-7 below.

Figure 5-7: 1st Order equations have been fitted to the upchirp and downchirp beat frequencies, to show how the
reball beat frequency changed over time. By taking the weighted average of the beat frequency trendlines, the reball
Doppler frequency can be determined as a function of time.
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In figure 5-7, the upchirp and downchirp beat frequencies are expressed by 1st order
equations, 𝑓𝑏_𝑢𝑝 (𝑡) & 𝑓𝑏_𝑑𝑛 (𝑡), to describe how they both change as a function of time. If the
change in beat frequency did not appear to be linear, the functions could be altered to include
higher order terms to make the line-fit more accurate. The red dashed line in the figure shows
the reball Doppler frequency as a function of time, denoted as 𝑓𝐷 (𝑡). This function was
determined using the same reasoning that led to equation (5.15), which was by taking the
weighted average of the upchirp and downchirp beat frequencies at any given time. When
applied to a function over a continuous time interval rather than a finite vector of discrete
elements, equation (5.15) becomes:

𝑓𝐷 (𝑡) =

3𝑓𝑏_𝑑𝑛 (𝑡)+𝑓𝑏_𝑢𝑝 (𝑡)
4

=−

2𝑣(𝑡)𝑓𝑐
𝑐

(5.17)

Where 𝑣(𝑡) is the reball velocity as a function of time. By solving equation (5.17) for 𝑣(𝑡),
velocity can be determined at any time during the 50 ms that the reball signal was detected.

𝑣(𝑡) = −

𝑐𝑓𝐷 (𝑡)
2𝑓𝑐

(5.18)

Range can be determined from the functions in figure 5-7 in two different ways. The first
is analogous to the process that led to equation (5.10), which was used when dealing with
discrete vectors. In continuous or discrete time, taking the difference between the upchirp and
downchirp beat frequencies leaves only the beat frequency component due to range because the
Doppler frequency component will be the same in both. The previously defined vector Δ𝑓𝑏 (𝑛)
can be adapted to continuous time as the function Δ𝑓𝑏 (𝑡), and defined to be the difference
between 𝑓𝑏_𝑑𝑛 (𝑡) & 𝑓𝑏_𝑢𝑝 (𝑡).

Δ𝑓𝑏 (𝑡) = 𝑓𝑏_𝑑𝑛 (𝑡) − 𝑓𝑏_𝑢𝑝 (𝑡)
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(5.19)

Using equation (5.19), a range equation comparable to equation (5.10) can be defined as:

𝑅(𝑡) =

Δ𝑓𝑏 (𝑡)
2𝐵

𝜏𝑑𝑛 𝜏𝑢𝑝

(𝜏

𝑢𝑝 +𝜏𝑑𝑛

)

(5.20)

Where the ratio (𝜏_𝑑𝑛 𝜏_𝑢𝑝)/(𝜏_𝑢𝑝 + 𝜏_𝑑𝑛) is the factor that accounts for differing upchirp and
downchirp durations.
The second way to find R(𝑡) is by recognizing that Doppler frequency is a component of
beat frequency which can be removed simply by subtracting 𝑓𝐷 (𝑡) from 𝑓𝑏_𝑢𝑝 (𝑡) or 𝑓𝑏_𝑑𝑛 (𝑡). In
doing this, we are left only with the beat frequency component due to range, so a continuous
time form of the range equation (4.1) is appropriate to use here. Define the range component of
beat frequency for upchirps and downchirps as 𝑓𝑏𝑅_𝑢𝑝 (𝑡) & 𝑓𝑏𝑅_𝑑𝑛 (𝑡).

𝑓𝑏𝑅_𝑢𝑝 (𝑡) = 𝑓𝑏_𝑢𝑝 (𝑡) − 𝑓𝐷 (𝑡)

(5.21)

𝑓𝑏𝑅_𝑑𝑛 (𝑡) = 𝑓𝑏_𝑑𝑛 (𝑡) − 𝑓𝐷 (𝑡)

(5.22)

After inserting (5.21) & (5.22) into the range equation in place of 𝑓𝑏 , equation (4.1) becomes:

𝑅(𝑡) =

𝑓𝑏𝑅_𝑑𝑛 (𝑡)𝑐𝜏𝑑𝑛
2𝐵

=−

𝑓𝑏𝑅_𝑢𝑝 (𝑡)𝑐𝜏𝑢𝑝
2𝐵

(5.23)

Where the negative sign on the right side of (5.23) is the result of subtracting the Rx signal from
the Tx signal, which has a higher frequency during an upchirp (see figure 3-3).
Now, with range and velocity expressed as functions of time in (5.18) and (5.23), not
only can both parameters be determined throughout the observation time of the target, but good
approximations can also be made about range and velocity after the target is no longer
detectable.
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Chapter 6.

Static Clutter Suppression

Spectral Isolation
The previously discussed methods of obtaining the range and velocity of a moving target
work well as long as the echo signals from static clutter do not yield the same total beat
frequency as the moving target of interest. When this occurs, the moving target signal beat
frequency can become obscured. Looking again at the beat frequency equation (3.4),

𝑓𝑏 =

2𝐵𝑅
+ 𝑓𝐷
𝜏𝑐

we see that if the first term (the contribution due to range) is much larger than the second term,
the Doppler frequency shift (𝑓𝐷 ) becomes less significant, meaning that stationary targets and
moving targets will have very similar beat frequencies and be more difficult to differentiate.
However, by manipulating the signal bandwidth and chirp duration, the range component
can be reduced, giving objects with no velocity (𝑓𝐷 = 0) a small beat frequency. But for targets
with a relatively high radial velocity, 𝑓𝐷 can be much larger than the first term, therefore, these
targets will have a much higher beat frequency causing them to become spectrally isolated
(separated in frequency) from the static clutter, as illustrated in figure 6-1 below.
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Figure 6-1: MATLAB simulation of a reball being fired away from the radar system with initial range of 0.5 m and a
constant velocity of 90 m/s, in the presence of static clutter. Simulation compares the series of beat frequencies
from stationary and moving targets under varying transmit signal bandwidth and chirp duration parameters. The
reball signal spread in (a) and (b) is due to the reball beat frequency changing over time as range increases.

Figure 6-1 is a MATLAB simulation showing the frequency spectrum you might see if a
reball were fired away from the radar system at an initial range of 0.5 m and a constant velocity
of 90 m/s. The reball signal appears multiple times in each figure because data for ten
consecutive upchirps is being plotted and the reball range is increasing over time. In figure 6-1a,
the signal bandwidth (𝐵) is 600 MHz, and the upchirp duration (𝜏𝑢𝑝 ) is 0.5 ms. Stationary
objects are detected at ranges of 4, 8, 12, and 16 meters, each of which has a radar cross section
(RCS) about 56 dB larger than the reball. It is apparent from figure 6-1a that the 12 m point
target has a beat frequency similar to that of the reball. The signal overlap from the stationary
target obscures the reball return signal, making it more difficult to extract accurate range or
velocity information from the reball.
However, by reducing the bandwidth to 240 MHz and increasing the chirp duration of the
transmitted signal to 3 ms, the range component of beat frequency becomes considerably
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smaller. As a result, the return signals from the stationary clutter are compressed more towards
the 3 MHz reference. The range component of the reball beat frequency is also affected but,
because of its large Doppler frequency, the reball signal becomes spectrally isolated from the
static clutter (see figure 6-1b). In this case, even stationary objects 75 m away have a beat
frequency too small to interfere with the reball signal, and the return signal from more distant
objects would likely be too faint to obstruct the echo signal from the reball.
Changing the bandwidth and chirp duration in this manner may have unwanted sideeffects. For instance, reducing signal bandwidth also degrades range resolution ∆𝑅 (see
appendix B for range resolution equation), which can make it impossible to distinguish between
objects that are too close together. Additionally, an increase in chirp duration means more time
will pass between subsequent chirps, ultimately decreasing the rate at which target information is
obtained. Whether or not these side-effects are acceptable depends on the radar application.
When range resolution and data rate cannot be sacrificed, other steps may need to be taken to
prevent the moving target echo signal from being lost in the clutter. One such method for
increasing moving target detectability is static clutter suppression via signal processing, which
will be discussed in the following section.

Static Clutter Suppression
The way in which clutter suppression was implemented for this project requires the
transmitted signal to be a triangular waveform with equal duration upchirps and downchirps, and
for a frequency offset (∆𝑓𝑐 ) to exist between the transmitted signal and the reference signal. The
frequency offset should be chosen so that it is greater than the maximum possible beat frequency
which could be obtained from any target within the antenna beam. When this is the case, the
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return signal from all stationary objects will yield two beat frequencies (𝑓𝑏_𝑢𝑝 & 𝑓𝑏_𝑑𝑛 ) which will
appear at equal distances above and below the frequency offset (see figure 3-6).
However, the added Doppler shift of moving targets, which does not change signs with
the alternating upchirp/downchirp cycle, ensures that moving target signals will not be perfectly
mirrored across the frequency offset. In fact, if the Doppler frequency shift is large enough, as is
the case with the reball from previous tests, both upchirp and downchirp beat frequencies from
the moving target will appear on the same side of the frequency offset. This scenario, in the case
that the reball is moving away from the radar system, can be seen in figure 6-2.

Figure 6-2: An illustration of the combined upchirp and downchirp return signals obtained over a short period of
time when transmitting a triangular waveform with τup = τdn and frequency offset ∆fc = 3 MHz. Three static targets at
ranges R1, R2, & R3 are in the scene simultaneously with a high-velocity target (reball) that is moving away from
the radar system. The echo signal from the reball is being obscured by the echo signal from static targets.

It appears from figure 6-2 that both the upchirp and downchirp return signals from the
reball are being obscured by static clutter from the stationary targets. But if the signal data from
figure 6-2 were separated based on whether it was collected during an upchirp or a downchirp, it
would be apparent that only the moving target downchirp beat frequency is being obscured, as
shown in figure 6-3.
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Figure 6-3: Upchirp and downchirp beat frequency data after being parsed into two different data sets. The reball’s
downchirp beat frequency signals are isolated from the static clutter, but its upchirp beat frequency signals are still
obscured.

We can see from figure 6-3 that after parsing the received data into the upchirp and
downchirp data sets, the reball return signal within the downchirp data set is already spectrally
isolated from the static clutter. However, the reball signal from the upchirp data set is still being
obscured. In this scenario, the downchirp data set alone is sufficient to detect the reball. But, as
previously discussed, before range and velocity can be determined, the reball return signal from
both data sets needs to be recovered.
Knowing that all static clutter from the downchirp data set is mirrored in the upchirp data
set, we can use the downchirp data above the 3 MHz offset to suppress the static clutter in the
upchirp data set and improve the reball detectability. The steps needed to achieve this are shown
visually in figure 6-4 below.

54

Figure 6-4: (a) Downchirp data above frequency offset is folded over the frequency offset. (b) The portion of the
downchirp data vector that was folded over is then inverted. (c) Both data sets are added together, causing static
clutter to cancel.

To explain the method depicted in figure 6-4 more mathematically, the process by which
static clutter can be effectively suppressed without significantly affecting the reball signal is as
follows. First, for each downchirp, define a vector containing the complex voltage values that lie
above the frequency offset.

𝜒𝑑𝑛 (𝑓) = 𝑉𝑑𝑛 (𝑓)𝑒 −𝑗𝜑𝑑𝑛(𝑓)

for (∆𝑓𝑐 < 𝑓 ≤ 𝑓𝑚𝑎𝑥 )

(6.1)

Where 𝑉𝑑𝑛 (𝑓) and 𝜑𝑑𝑛 (𝑓) are the magnitude and phase of the complex voltage at frequency 𝑓
for the downchirp data set.
Likewise, for each subsequent upchirp, define a vector containing the complex voltage
values that lie below the frequency offset.

𝜒𝑢𝑝 (𝑓) = 𝑉𝑢𝑝 (𝑓)𝑒 −𝑗𝜑𝑢𝑝(𝑓)

for (𝑓𝑚𝑖𝑛 ≤ 𝑓 < ∆𝑓𝑐 )

(6.2)

Where 𝑉𝑢𝑝 (𝑓) and 𝜑𝑢𝑝 (𝑓) are the magnitude and phase of the complex voltage at frequency 𝑓
for the upchirp data set. For equations (6.1) and (6.2), 𝑓𝑚𝑎𝑥 and 𝑓𝑚𝑖𝑛 are pre-determined upper
and lower frequency bounds, selected such that any possible beat frequencies of interest will be
in the domain of 𝑓. These bounds should also be chosen so that the vector lengths of 𝜒𝑢𝑝 (𝑓) and
𝜒𝑑𝑛 (𝑓) are equivalent. In other words, |∆𝑓𝑐 − 𝑓𝑚𝑎𝑥 | = |∆𝑓𝑐 − 𝑓𝑚𝑖𝑛 |.
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In the example illustrated in figure 6-4, it is the static clutter from the upchirp data set
that needs to be suppressed. This will typically be the case when the high-velocity target is
moving away from the radar system and therefore has a large negative Doppler shift. To
suppress the clutter in the upchirp data set, the clutter from the downchirp data set will be used.
These clutter signals are contained in the vector 𝜒𝑑𝑛 (𝑓), defined in equation (6.1). However, the
order of the elements in 𝜒𝑑𝑛 (𝑓) need to be reversed so that the clutter signals contained in it will
line up with the corresponding clutter signals in 𝜒𝑢𝑝 (𝑓).

𝜒𝑑𝑛 ([𝑓], [𝑓 + 1] … [𝑓𝑚𝑎𝑥 ]) → 𝜒𝑑𝑛_𝑟𝑒𝑣 ([𝑓𝑚𝑎𝑥 ], [𝑓𝑚𝑎𝑥 − 1] … [𝑓])

(6.3)

For best results, both upchirp and downchirp vectors need to have identical (but
conjugate) phase information, so that 𝜑𝑑𝑛 (𝑓) = −𝜑𝑢𝑝 (𝑓). Therefore, the phase of each element
of 𝜒𝑑𝑛_𝑟𝑒𝑣 (𝑓) was removed and replaced with the conjugate of the phase of the corresponding
element from 𝜒𝑢𝑝 (𝑓). This results in a new complex vector that can be used to suppress static
clutter in the upchirp data set. The upchirp clutter suppression vector 𝜒𝑐𝑠_𝑢𝑝 (𝑓) is defined as:

𝜒𝑐𝑠_𝑢𝑝 (𝑓) = |𝜒𝑑𝑛_𝑟𝑒𝑣 (𝑓)|𝑒 +𝑗𝜑𝑢𝑝(𝑓)

for (𝑓𝑚𝑖𝑛 ≤ 𝑓 < ∆𝑓𝑐 )

(6.4)

Now that the upchirp and downchirp data vectors are properly aligned and each pair of
corresponding elements has conjugate phase information, the clutter suppression vector can be
subtracted from the upchirp data vector, element by element.

𝜒′𝑢𝑝 (𝑓) = 𝜒𝑢𝑝 (𝑓) − 𝜒𝑐𝑠_𝑢𝑝 (𝑓) for (𝑓𝑚𝑖𝑛 ≤ 𝑓 < ∆𝑓𝑐 )

(6.5)

Where 𝜒′𝑢𝑝 (𝑓) is the upchirp data vector after static clutter has been suppressed.
By following these steps, the only signal data that should be suppressed will be those that
meet the condition that 𝜒𝑢𝑝 (𝑓) = −𝜒𝑑𝑛 (𝑓), which can only be true for objects whose relative
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radial velocity is equal to zero. The results of applying this method of static clutter suppression
on actual data can be seen below.
Figure 6-5 contains two plots showing 100 ms of beat frequency data after it has been
parsed into separate upchirp and downchirp data sets, before enabling clutter suppression. The
reball was fired away from the radar and is detectable for approximately 50 ms of flight time.

Figure 6-5: Reball echo signal data recorded over 100 ms in a clutter-heavy environment. Upchirp and downchirp
durations are both 0.5 ms so that, for stationary targets, fb_up = -fb_dn. Because of the large negative Doppler
frequency shift due to the reball travelling away from the radar, the reball’s return signal appears below 3 MHz in
both data sets.
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In the downchirp data set, because the reball is travelling away from the radar system, its
negative Doppler shift separates the reball signal from the static clutter which has a positive beat
frequency. In the upchirp data set, both the reball and the static clutter have comparable negative
beat frequencies, resulting in the reball signal being obscured by the static clutter. Applying a
peak detection algorithm to the upchirp data set reveals how the clutter makes it more difficult to
accurately determine range and velocity. The results of calculating range and velocity based on
the upchirp and downchirp data prior to clutter suppression can be seen in the following figure.

Figure 6-6: Upchirp and downchirp data sets with no clutter suppression enabled. A peak detection algorithm is
used in MATLAB to select the strongest return signal for each 0.5 ms upchirp and downchirp. These are marked
with X’s in the top two plots. The bottom two plots show the point-by-point range and velocity calculations for the
marked points, using equations (5.10) & (5.16).

As shown in figure 6-6, the range and velocity information are unreliable in this case
because the interference from the clutter compromised the ability to consistently track the reball
signal. After enabling clutter suppression, the static clutter in the upchirp data set is greatly
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attenuated, and the ability to calculate range and velocity is substantially increased, as can be
seen in figure 6-7 below.

Figure 6-7: Reball signal from upchirp and downchirp data sets after enabling clutter suppression. Ability to
measure range and velocity is significantly improved when compared to results from figure 6-6.

While the clutter signals in this test were suppressed by upwards of 20 dB, making the
reball more easily detectable, the reball signal is also affected by the suppression process. This is
most likely because the upchirp data vectors that were used to cancel the downchirp clutter also
contained the complex voltage values of the noise at each point in the observed frequency range.
As a result, the reball SNR dropped by about 3 dB, and the reball’s overall signal quality was
slightly degraded, leading to the non-linearities seen in the bottom left plot of figure 6-7.
However, the resulting data is enough to show that for this shot, the reball had an initial velocity
of about 94 m/s, deceleration of 0.16 m/s/ms, and that it was detectable at a range of up to about
5.3 meters.
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The range and velocity plots in figures 6-6 and 6-7 were derived from equations (5.10)
and (5.16), both of which only take into account the current upchirp or downchirp and its two
neighboring chirps. As previously discussed, this method simulates the degree of accuracy that
could be expected if range and velocity were being determined in real time.
More accurate results can be obtained during post-processing if the entire beat frequency
vector is analyzed together. By doing so, a first order equation can be derived using MATLAB
or Microsoft Excel to express the reballs upchirp and downchirp beat frequencies as functions of
time. Equation (5.17) can then be used to derive a function for reball Doppler frequency, as
shown in figure 6-8 below.

Figure 6-8: Reball beat frequency and Doppler frequency expressed as functions of time.

At this point, the functions 𝑓𝑏_𝑢𝑝 (𝑡), 𝑓𝑏_𝑑𝑛 (𝑡), and 𝑓𝐷 (𝑡) can be inserted into equations
(5.18) and (5.23) to determine functions for both range and velocity. If functions 𝑅(𝑡) and 𝑣(𝑡)
are plotted over the same time duration that the reball was detected, these functions can be
60

compared to the initial results seen in the range and velocity plots from figure 6-7. This is done
in figure 6-9 below.

Figure 6-9: A comparison between obtaining each range and velocity measurement using three subsequent beat
frequency samples, as described in figure 5-4, versus deriving range and velocity functions from the beat frequency
and Doppler frequency functions seen in figure 6-8. The vectors v(n) and R(n) can be obtained in real time, while
the functions R(t) and v(t) are obtained in post-processing.

Figure 6-9 illustrates how the derived range and velocity functions give a better
approximation of the actual range and velocity for a moving target. This is especially true when
the moving target signal is not fully recoverable, or if the signal quality was degraded during the
clutter suppression process, as was the case for this test.
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Chapter 7.

Conclusion

A dual-purpose W-Band radar system was configured to operate in FMCW mode,
transmitting a triangular waveform. DDS trigger signals were recorded, along with target echo
signals, so that echo signals that occurred during upchirps could be separated from those that
occurred during downchirps, allowing for the creation of two data sets. Stretch Processing was
implemented, and FFTs performed on each data set. When the upchirp duration and downchirp
duration of the triangular waveform were equivalent, the beat frequencies of stationary targets
were shown to be equal and opposite in magnitude in both data sets (fb_up = -fb_dn), while the beat
frequencies of moving targets were not.
A frequency offset of 3 MHz was introduced between the transmit signal and the
reference signal, so that when Stretch Processing was performed, the resulting target beat
frequencies would be centered around 3 MHz instead of DC. This made it easier to distinguish
between positive and negative Doppler, and made it possible to determine which data set
contained upchirp signal data, and which contained downchirp signal data. The frequency offset
also enabled clutter suppression to be performed by taking the static clutter return signals from
one data set, reflecting them across the frequency offset, and subtracting them from the other
data set. Using this method, static clutter suppression of up to 25 dB was achieved, while
moving target signals suffered only a 3 dB loss in SNR.
The moving target of interest for tests performed was a reusable paintball (reball). Reball
range and velocity were accurately measured at distances up to 5 meters and at speeds ranging
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from 84 – 109 m/s (188 - 244 mph) with decelerations of approximately 0.155 m/s/ms (meters
per second per millisecond).
Future work for this project might include investigation of signal phase continuity when
alternating between upchirps and downchirps using a DDS. If there is phase discontinuity
between chirps, it could explain why using phase information from both upchirp and downchirp
data sets had undesirable results, while copying phase values from one data set to the other data
set greatly improved clutter suppression.
Improvements could also be made in the frequency granularity of the return signals when
FFTs are performed. Once the data enters the digital domain, a finite number of elements are
used to describe a continuous frequency spectrum. This was a problem when trying to obtain
two data vectors that were symmetric about the 3 MHz offset for clutter suppression. If one of
the elements in the discrete frequency spectrum were exactly 3 MHz, or if the two elements
above and below 3 MHz were equidistant from 3 MHz, the clutter signals contained in the
upchirp and downchirp vectors would line up better, element by element, and clutter suppression
would be even more effective. Achieving perfectly symmetric data vectors is unlikely, but it
could be improved by increasing the sampling rate, or by further zero-padding the FFT.
Other future work could be to implement the described waveforms, frequency offset, and
clutter suppression methods on a radar system with multiple receive antennas, so that stationary
and moving targets could be mapped in elevation and azimuth, in addition to mapping range.
This would also make it possible to determine the direction of moving targets. Other waveforms,
which the current DDSs were unable to produce, could also be experimented with. These might
include sawtooth waveforms with alternating chirp durations or non-linear waveforms.
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APPENDIX A
Radar System & Test setup:

Rx antenna (left) & Tx antenna (right)

Aluminum plate with mounted components

Shot fired away from radar system (SFA)

Shot fired towards radar system (behind sheet)

Ripple in sheet increases sheet’s RCS
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Additional test results for shots fired towards and away from radar system:

Composite signal spectrum before suppression

Composite signal spectrum after suppression

Upchirp surface plot before suppression (SFA)

Upchirp surface plot after suppression (SFA)

Surface plot of 3 ms downchirp data set (SFA):

Surface plot of 1 ms upchirp data set (SFA):
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Downchirp data set before suppression (SFT)

Upchirp data set (SFT)

Downchirp data set after suppression (SFT).
Return signal from sheet appears stronger after
contact because ripple in sheet increases it’s RCS.
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Composite upchirp and downchirp data sets.
Reball beat frequencies converge as reball
range approaches zero. At this point, upchirp
and downchirp beat frequencies are equivalent.

Reball RCS calibration test results:
Given RCS for calibration targets:
6” Trihedral RCS @ 108 GHz: ~ 18.7 dBsm
4” Sphere RCS @ 108 GHz: ~ -20.9 dBsm

Expected RCS of conductive sphere with diameter of 0.6875 inches: ~ -36.2 dBsm

Reball return signal strength is approximately 52 dB lower than trihedral, and 12 dB lower
than sphere. Therefore, measured reball RCS is ~ -33 dBsm at 108 GHz. This is in close
agreement with theoretical RCS for sphere of diameter 0.6875 in.

68

APPENDIX B
System block diagram:

System block diagram with power levels at the input and output of each component:

Oscilloscope parameters and FFT lengths for 240 MHz and 600 MHz signal bandwidths:
240 MHz

600 MHz

Sampling Rate

10 MSPS

20 MSPS

Record Time Duration

150 ms

100 ms

Sample points per 0.5 ms

5k

10 k

Chirp Duration

1 ms

3 ms

15 ms

0.5 ms

FFT Length

216

217

220

65536-point (216 )

Relevant equations not found in text:

Range Resolution: ∆𝑅 =

𝑐

Range Accuracy: 𝛿𝑅

2𝐵

Root Mean Squared Error: 𝑅𝑀𝑆𝐸 = √

≅

(𝑎1 −𝑏1 )2 +(𝑎2 −𝑏2 )2 +⋯+(𝑎𝑛 −𝑏𝑛 )2

Product of two signals: cos(𝜔1 ) cos(𝜔2 ) =

𝑛

cos(𝜔1 +𝜔2 )+cos(𝜔1 −𝜔2 )
2
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∆𝑅
√2𝑆𝑁𝑅

APPENDIX C
Select Component Datasheets:

70

71

72

73

74

75

