
Detect Sense and Avoid Radar for UAV Avionics Telemetry

Item Type text; Proceedings

Authors Seybert, Audrey; Fuller, Jay; Townley, Bryan

Publisher International Foundation for Telemetering

Journal International Telemetering Conference Proceedings

Rights Copyright © held by the author; distribution rights International
Foundation for Telemetering

Download date 19/05/2023 15:40:06

Link to Item http://hdl.handle.net/10150/595802

http://hdl.handle.net/10150/595802


1 
 

DETECT SENSE AND AVOID RADAR FOR UAV AVIONICS 

TELEMETRY 
 

 

Audrey Seybert, Jay Fuller, Bryan Townley 

Advisors:  Dr. Chris Allen, Dr. Carl Leuschen 
Electrical Engineering and Computer Science Department, The University of Kansas 

 

 

 

 

ABSTRACT 

This paper describes the development and test results of a Frequency Modulated Continuous 

Wave (FMCW) L-Band radar testbed designed to detect obstacles in the proximity of an 

Unmanned Aerial Vehicle (UAV).  From laboratory loopback tests, it was calculated that with 

pulse compression and a transmit power of 150 mW (22 dBm), the radar is capable of detecting 

an object with a 0.014-m
2
 radar cross-sectional area at ranges between 500 ft to 1 mi.  Analysis 

shows that post processing of the collected data would reveal information about the obstacle such 

as its range and location relative to the aircraft.  Design and testing procedures are discussed. 
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INTRODUCTION 

A 1.425 GHz to 1.55 GHz FMCW radar with a chirp duration of 120 µs was developed as a 

senior capstone project in the Electrical Engineering Department at the University of Kansas.  A 

future generation of this radar will be installed on a UAV used on research missions.  The 

objective was to design a radar capable of sensing obstacles in the flight path of the UAV at a 

range of 500 ft to 1 mi from the aircraft.  This range indicates the minimum distance that the 

UAV can maneuver around an obstacle in its path to the maximum desired sense range [6].  

Furthermore, per Federal Avionics Administration (FAA) regulations [3], the system should 

detect all obstacles within a minimum angle of 30
o
 above and below the nose of the aircraft and a 
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minimum of 60
o
 to the starboard and port of the aircraft.  Omnidirectional antennas were chosen 

to maximize the visibility around the aircraft.   

Future development of this system, not discussed here, will yield the ability to calculate the 

obstacle’s trajectory, velocity, size, and make flight path predictions.  A device that can provide 

thorough characterization of obstacles in a UAV’s flight path can then be rolled into an autopilot 

system, in which flight-path modifications will be made in response to the data returned by a 

radar system capable of real-time data processing. 

The 1.425 GHz to 1.55 GHz frequency range is used because it is dedicated to avionics telemetry 

by the FCC [2].  Furthermore, it will not interfere with the on-board avionics or research 

equipment. The transmitted power must not exceed 1 W (30 dBm) per FCC regulations [2]. 

Requirements for the mechanical components of the system design are mandated by the FAA.  

All components within the radar box must withstand 10 G’s of force and sustained mechanical 

vibrations [3].  All electrical wiring will be coated with Teflon or other materials that do not 

outgas hazardous vapors in the event of system malfunction due to overheating [3].   

The testbed radar system was not subjected to size or weight requirements.  It is to be installed 

on a piloted C-172 Cessna Skyhawk aircraft that will serve as a surrogate UAV.  This aircraft has 

undergone an inspection by a Federal Avionics Regulations (FAR) representative that has 

certified that the installation of the system does not interfere with the aircraft’s airworthiness.  

This surrogate will fly in the same airspace as a 40% scale YAK-54 UAV which will serve as a 

surrogate obstacle with a radar cross-sectional area [4] of 0.014 m
2
. 

 

THEORY 

Radar is necessary for this application due to its reliability in a variety of environmental 

conditions [4].  FMCW was chosen due to simplicity of design, low required transmit power, and 

availability of RF and digital components.  The waveform generator uses a direct digital 

synthesizer (DDS) and data acquisition module (DAQ) that were developed and built at the 

University of Kansas (KU) Center for Remote Sensing of Ice Sheets (CReSIS); a NSF funded 

research group.  A laptop running IDL software (an ITT Visual Information Solutions software) 

is used to interface with these devices and will be required for testing. 

The theory of operation for FMCW radar is as follows.  A “chirp” waveform is produced by a 

waveform generator.  The DDS is configured to output an “up-chirp,” which is a sinusoid that 

linearly increases in frequency over the radar’s operational bandwidth followed by a “down-

chirp.”  Each up and down chirp is considered as a separate waveform.  This waveform is shown 

in Figure 1a.  The faint portions of the image represent low frequency while the white portions 

represent high frequency. 
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The DDS signal is then fed a band pass filter (BPF) to attenuate unwanted spectral content.  The 

received signal is identical to a time delayed version of the transmitted pulse as is shown in 

Figure 1b.  This time delay is related to the distance to the obstacle. 

  

Figure 1a (left):  Transmitted waveform consisting of an 120 µs “up-chirp” and 120 µs “down-chirp.”  Only 

up-chirps are digitized.  Figure 1b (right):  The transmitted and received waveforms are identical with a time 

delay.  The 125 MHz bandwidth and 120 µs chirp duration shown correspond to those used for this radar. 

The time delay is calculated by finding the reciprocal of the frequency difference between the 

transmitted and received waveforms.  A copy of the transmitted waveform is fed to the local 

oscillator (LO) port of a mixer while the received signal is fed into the RF port.  A signal whose 

frequency is the difference between these two inputs appears at the output port of the mixer.  

This frequency, known as the beat frequency, is used to calculate the distance (d) to the obstacle 

using Equation 1 where f is the beat frequency, τ is the waveform duration, c is the speed of 

light, and B is the pulse bandwidth. 

          (1) 

To remove frequencies higher than the beat frequency associated with the maximum target 

distance, a low pass filtering of the signal is needed before it is fed into the DAQ for processing. 

The distance calculated in Equation 1 is based on the signal received by one antenna.  In order to 

determine the azimuthal location with respect to the aircraft, two antennas are needed to receive 

the signal.  Because omnidirectional antennas are used, the object and its “ghost” image will both 

be visible because they are the same distance from the antennas.  For initial testing, obstacles are 

assumed to be in front of the aircraft.  A third receiver antenna can be used to determine the 

exact location of the obstacle.  The current antenna installation is detailed in Figure 3. 
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Figure 3:  The locations of the antennas on the C-172 aircraft for flight testing [1]. 

Because the DAQ only has one input channel, a switch will be implemented to alternate between 

receiver antennas.  When the radar is initiated, the switch will be delayed to start at 180 µs.  This 

will occur exactly in the middle of the currently unused down-chirp portion of the signal shown 

in Figure 1a.  The switch will alternate between antennas at a frequency of 4.166 kHz which will 

ensure that the switching action will not interfere with the up-chirp. 

Another important characteristic of a radar is its range resolution, or ability to detect subtle 

changes in an obstacle’s movement.  Equation 2 shows the calculation of range resolution.  

         (2) 

Here c is the speed of light and B is the received signal bandwidth.  For a 125 MHz bandwidth, 

the range resolution will be 1.2 m.  This means that a different beat frequency will be able to be 

calculated every time the obstacle moves 1.2 m.  

 

SPECIFICATIONS 

The specifications for this radar system are defined by the 125 MHz bandwidth available in the 

avionics telemetry band.  Due to limitations of the DDS clock frequency, a chirp spanning 226 

MHz to 351 MHz was generated.  The fourth Nyquist zone of this signal spans 1.425 GHz to 

1.55 GHz if the DDS clock frequency is set to 888 MHz.  A frequency domain representation of 

the unfiltered DDS output appears in Figure 4. 
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Figure 4:  DDS output. The fourth Nyquist zone is indicated by markers 2 and 3. 

To ensure only the fourth Nyquist zone is transmitted, a 5
th
 order Chebychev microstrip coupled-

line BPF was designed by the team using Agilent Advanced Design Software.  The goal was to 

attenuate all frequencies less than 1.2 GHz and greater than 1.6 GHz by 50 dB so that the 

baseband signal would be attenuated to the level of the DDS noise floor (see Figure 4).  The 

Chebychev design was chosen for its stable in-band response [5].  The filter appears on the right 

lower corner of Figure 6.  To ensure proper response of the fabricated filter, the distance between 

the microstrip lines and the edge of the board was ten times the thickness of the substrate.  To 

reduce EMI coupling to the board, the filter was placed inside a custom enclosure.  An EMI seal 

was created by using braiding between the box and its lid. 

The block diagram for the RF portion of the radar appears in Figure 6.  During system design, 

four parameters restricted the power levels at the chosen operational bandwidth: 

 DDS output power:  -27 dBm 

 LO port of Mixer:  10 dBm to 16 dBm 

 DAQ received power: -75 dBm to 10 dBm 

 1-dB Compression points of the amplifiers: various: 10 dBm to 22 dBm 

 

Figure 5:  Functional block diagram of the FMCW radar. 
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The first amplification stages to be designed are marked 3 and 8 in Figure 5.  They compensate 

for the loss in the BPF and coupler and combine to drive the LO port of the mixer with a power 

level of 11 dBm.  Next the power amplifier in the transmitter (MiniCircuits part ZRL-2400) was 

chosen.  The radar output power of 22 dBm is equal to the 1-dB compression point of this 

device.  This amplifier was chosen based on budgetary restrictions and the cost of RF 

components.  The radar range equation and pulse compression theory led to the conclusion that 

22 dBm of transmit power would be sufficient to detect the target.  Therefore, purchasing a 

costly device capable of achieving a higher power level was assigned lower priority. 

For the receiver design, the input thresholds of the DAQ were considered along with the 

expected returned signal power after considering propagation losses.  The DAQ saturates at 10 

dBm.  The quantization level of the DAQ is extended down from -75 dBm if pulse compression 

and cross-correlation are used.  Equation 3 shows the pulse compression signal processing gain 

(expressed in dB) which is the time bandwidth product where τ is the chirp duration and B is the 

bandwidth. 

           (3) 

With a bandwidth of 125 MHz and a chirp duration of 120 µs, the improvement to signal to noise 

ratio is 41.8 dB.  This results in a theoretical lowering of the noise level of the DAQ to 

approximately -115 dBm. 

Next, the radar range equation shown in Equation 4 was consulted to determine how much signal 

power would be returned, in dB, if an object with a radar cross-sectional area of 0.014 m
2
 

(represented by a 40% YAK-54 UAV) were detected at a distance of 1 mi.   

       (4) 

In Equation 4, the transmit power, PT, is 0.158 W.  The gain of the transmit and receive antennas, 

GT and GR are equal to 4.8 dBi.  The wavelength, λ, is 20 cm, the cross-sectional area, σ, is 0.014 

m
2
, and the range to the target, R, is 1600 m.  In this scenario, -162.1 dBm of signal power will 

be returned.  If the range is shortened to 152 m, -121.2 dBm will be received. 

The receiver was designed to have approximately 50 dB of gain so the 40% YAK could be 

detected by the DAQ.  After the signal is received, it is passed through a low noise amplifier 

(Mini-Circuits part ZX60-33LN) and a BPF identical to the custom filter discussed in Figure 5.  

Another amplification stage exists to increase the signal power before the mixer.  At the IF port 

of the mixer, a low frequency amplifier and a low pass filter with a cutoff frequency of 16 MHz 

condition the signal before it is passed into the DAQ. 

The system receives external power from a 12 V 18.2 Ah battery that will allow for 3 hour flight 

tests.  Battery power is ideal for this application so the radar is isolated from the aircraft power 

system and provides a clean source. In turn this provides a testing platform that is safe and 
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acceptable for this application.  The battery sources two independent power supplies within the 

radar.  A Mean Well SD-25A-5, switching power supply drives the DAQ and DDS.  All 12 V RF 

components were supplied directly from the battery.  To achieve the optimal noise figures of the 

5 V RF components, a Murata UWR 12 VDC to 5 VDC linear power supply was chosen.  The 

radar draws 2.25 A of continuous current.   

A picture of the completed system appears in Figure 6. 

 

Figure 6:  Complete radar test bed that has passed FAR inspection. 

 

SYSTEM TESTING AND EVALUATION 

To evaluate the system accuracy, a loop back test was performed.  Various copper and fiber optic 

delay lines were used for in these tests whose lengths varied from 36 ns to 1.8 s.  The expected 

beat frequency can be calculated for each delay length by manipulating Equation 1. 

Tests were performed with the 1.8 s fiber optic delay line and a 120 s chirp.  This delay line 

was characterized to attenuate the signal by 34 dB in the 1.5 GHz range.  The delay line was 

attached between the transmitter and receiver with an additional 34 dB of attenuation.  Therefore, 

with transmit power equal to 22 dBm, -46 dB would be fed into the receiver. Because the 

“target” would remain stationary, the radar’s performance was evaluated by varying the 

waveform duration.  Figure 7 demonstrates the signal at the input to the DAQ. 
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Figure 7:  240 µs Marker 3, 120 µs Marker 2,  and 50 µs Marker 1, delay lines. 

The markers are located at the highest visible peak for each of the pulse durations.  The beat 

frequencies were verified based on the known pulse duration and the known delay line length 

and are consistent with the calculations.  Figure 7 demonstrates that as chirp duration increases, 

the beat frequency decreases.  With this test setup, the receiver has a signal to noise ratio of 

approximately 40 dB and a thermal noise floor at -35 dBm. 

The traces shown in Figure 7 are of a higher power than is expected during flight testing.  As a 

proof of concept, cross-correlation and pulse compression were performed on the signal returned 

by a 120 µs pulse through the 1.8 µs delay line (trace 2 from Figure 7).  A graphical user 

interface for the DAQ was written by CReSIS and includes the capability to perform basic real 

time processing of the collected data.  Figure 8 below depicts how cross-correlation and pulse 

compression done in post-processing can improve the signal to noise ratio. 

 

Figure 8:  The cross-correlation amplitude versus number of samples. 

The peak occurs at approximately 130 samples.  With a sampling rate of 62.5 MHz, this 

corresponds to a delay of approximately 1.8 µs. 
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To ensure that the radar would not interfere with the avionics systems of the test aircraft, an 

ambient noise test was performed at Lawrence Municipal Airport.  The test was performed by 

recording the ambient noise on the tarmac using one of the Pasternack antennas.  The spectrum 

analyzer recorded in a max-hold state for two hours.  During the test multiple aircrafts took off 

and communications were sent by the test aircraft.  The trace in Figure 9 reveals that no high 

power signals were broadcast in the radar’s bandwidth.   

 

Figure 9:  Ambient noise collected at the Lawrence Municipal Airport.  Marker 1 is at 1.405 GHz and 

Marker 2 is at 1.876 GHz.   

 

IMPROVEMENTS AND LESSONS LEARNED 

One way to improve the radar would be to take advantage of the dual-chirp capabilities of the 

DDS.  In its current mode of operation, the DDS is producing an “up-chirp” (discussed in this 

paper) that lasts 120 µs.  This up-chirp is immediately followed by a “down-chirp.”  This down-

chirp is a 120 µs sweep from 1.55 GHz to 1.425 GHz and is currently being ignored in signal 

processing.  In this configuration, Doppler shifting will induce a small amount of error into the 

radar as switching occurs.  Because of the time delay between chirps, if only up-chirps are used, 

the target would appear closer than it truly is.  Conversely, using only down-chirps would make 

the target appear to be farther away.  If one antenna is used to collect data from a successive up 

and down chirp, and the next up and down chirp were processed by the other antenna, however, 

the Doppler shifting issue can be resolved in processing. 

An additional improvement would be to change the operating frequency of the radar.  In a 

redesign of the system, an amateur radio band would be used.  The selection of the amateur band 

would be limited by the maximum 1 GHz clock frequency of the DDS and the power available 

from the waveform generator (consider Figure 4). 

The main lesson to be learned from the development of this radar is to place value on thorough 

understanding of theory and proper simulation of the design before building.  Several design 
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setbacks could have been avoided had the characteristics of the radar subsystems been better 

understood from the beginning of the project.   

 

CONCLUSION 

The L-Band FMCW radar discussed is theoretically capable of detecting a 40% YAK-42 UAV 

with a radar cross-sectional area of 0.014 m
2
 at distances ranging from 500 ft to 1 mi by using 

pulse compression and cross-correlation signal processing techniques.  Its 125 MHz bandwidth 

and 120 µs chirp duration will yield a range resolution of 1.2 m.  This system’s reliability can be 

verified during flight testing on a surrogate UAV.  Its performance and accuracy will be 

improved by using the dual-chirp capabilities of the DDS. 
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