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My (dis?) qualifications:
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Antenna Patterns / Beam Maps

Paul Wade (W1GHZ) 2009 
Kuhn et al. Drone Beam Mapping 
of the TONE Radio Dish Array 2025
see also Tyndall et. al. 2024

sidelobes and nulls 
change with frequency
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What We Built
● We basically split a VNA in half

● for complex beam mapping 
(magnitude, phase, polarization)

● up to 2 GHz wide (4 GSPS)

● adjustable timing and 
spectral resolution
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The Drone
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Transmitter RFSoC 4x2 under Drone
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“Telescope”/Antenna, Mount, and Cart
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Daniel C. Jacobs and the 
ECHO Team at ASU

Flight Paths and Testing Location

Simple Flight Plan on Google Earth
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Why? Radio Astronomy / Cosmology 
Hydrogen is most common element.
“Spin-flip” transition 
           → 21cm (1420 MHz) emission

Credit: Jodrell Bank
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Cosmological Redshift Stretches It

                                              Credit: Roman Space Telescope/NASA
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 Looking out is also looking back in time

Credit: Sloan Digital Sky Survey (SDSS)
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Map hydrogen in the past just by tuning

Credit: National Astronomical Observatory of Japan

(stretch factor)

Dark Energy 
effects here
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MIT News May 25, 2023 about Fast Radio Bursts
Credit: CHIME/FRB Collaboration, with artistic additions by Luka Vlajić.

CHIME Canadian Hydrogen Intensity Mapping Experiment
400–800 MHz; 1024 dual-pol; 1024 frequency channels
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Credit: CHIME/FRB Collaboration, with artistic additions by Luka Vlajić.

CHORD Canadian Hydrogen Observatory and Radio-transient Detector
300–1500 MHz  (future 512 6 m dishes; basically CHIME++)

artist’s rendering https://www.chord-observatory.ca/
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https://www.mwatelescope.org/

MWA Murchison Widefield Array in Western Australia
70–300 MHz for Epoch of Reionization; 30° fov
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ALBATROS Array of Long Baseline Antennas for Taking Radio Observations from the Sub-antarctic/Seventy-ninth parallel

         Long Wavelength Array (LWA) antennas;                                           Credit: H. Cynthia Chiang; Anthony Zerafa

1.2–125 MHz in Marion Island / Canadian Arctic
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What to transmit?

● Single tone on/off
● Wide-band analog noise source on/off
● Random digital noise to correlate against
● LFSR (repeat at exactly the data-taking window)
● Analog Chirp (also repeat)
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LFSR idea that I pushed in 2014

● Small FPGA running a fast LFSR; digital output pin
● Maybe “up-converted” via XORing fast clock to center of band
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LFSR and its FFT

image credit: Siswanto and Rudiyanto 2017
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“Analog” LFSR square-steps & spectrum
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“Analog” LFSR square-steps & spectrum
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“Analog” LFSR square-steps & spectrum
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Digital outputs 
don’t go fast 
enough on 
“small” FPGAs
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Bite the Analog Bullet with RFSoC 4x2
● 4x 14-bit RF ADCs up to 

5.0GSPS
● 2x 14-bit RF DACs up to 

9.85GSPS
● 10 MHz & 1pps for timing
● 50Ω SMA in/out
● ARM boots Linux 

(ssh from ground)
● PYNQ python environment
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Zadoff-Chu as Ideally-Sampled Chirps

0

● Just a chirp for u=1
● Double chirp for u=2, etc 

(but exactly orthogonal)
● Looks like noise for high u
● Delta-function autocorrelation
● Always magnitude 1 

(good for DACs and amps)
● exactly flat FFT spectrum
● Used in LTE, 5G, radar
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Example: Mapping CHIME’s Beam
● Transmit one

copy from drone
● Plug another

copy into correlator
(or digitally re-generate)

● Parameters:
– 400–800 MHz
– 1024 freq bins
– 2.56 µs repeating 

data-taking 
time window 

– 214  windows get 
cross correlated 
and averaged 

– ~42 ms  ~24 Hz  
write to storage

CHIME collaboration
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Procedure for CHIME Step 1: choose NZC

NZC=1024

1024 bins;
400 MHz wide;
phase not plotted
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Procedure for CHIME Step 2: paste FFT

2.56 µs @ 4 GSPS
=10,240 samples
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Procedure for CHIME Step 3: FPGA
● Inspired by Xilinx PYNQ 

Multi-Tile Sync (MTS) example
● Block diagram with a few Verilog blocks
● Python for parameters & memory access
● Transmitter:

– little modification; load int16 array and go.
● Receiver:

– “Accumulate and Dump” int32 array
– with no gaps (the only custom Verilog block)
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Receiver’s “Accumulate and Dump”

10,240 samples;  2.56 µs

214 =

16,384

@ 4 GSPS

Dump every ~42 ms  at ~24 Hz

CHIME parameters

400–800 MHz chirp

Average 214 copies of same chirp, different noise.     Do FFTs later in python
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Accumulate and Dump for Drone Flight

all 32k samples;  8.19 µs (high spectral resolution)

10,000
@ 4 GSPS

Dump every ~82 ms  at ~12.2 Hz

Test parameters

600–1200 MHz chirp 
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Our First Test Flight: spins, up&down

Ti
m

e 
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Our Test Flight in Time: spins, up&down

Time →
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Our Test Flight in Time: spins, up&down

Yaw spin

Time →
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Our Test Flight in Time: spins, up&down
    up              down           up          down

Time →
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First Waterfall (PSD of each dump)

Tim
e →

Tim
e →

Freq → Freq →
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Sideways Waterfall (full 0–2GHz range)

Time →

Fr
eq

 →
Fr

eq
 →
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Sideways Waterfall zoom 600–1200 MHz

Time →

Fr
eq

 →
Fr

eq
 →
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Sideways Waterfall zoom into Yaw Spin

Time →

Fr
eq

 →
Fr

eq
 →
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Polarization & Power during Yaw Spin

Time →
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Phase information during up&down

Time →

Fr
eq

 →

Ph
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e 
→
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Correlation of one dump against chirp

Time →
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Correlation of each dump against chirp

Time (s) →

Sh
ift

 (n
s)

 →
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Normalized correlations against chirp

Sh
ift

 (n
s)

 →

Time (s) →
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Correlation maximum: shift over time

Time (s) →

Di
st

an
ce

 o
r 

Sh
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 (m
) →
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Correlation shift with drift correction

drift rate linear fit in the up-down-up-down region:
~ 1 m/s   or   ~ 3 ns/s
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Signal to Noise Ratio too high?
● <1mW spread across 

600–1200 MHz
● looks like 300K a few 

hundred meters away

Rochat et al. reworked from Kraus, 1986
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GNU Radio Prototype
https://github.com/QuantumQuasars/DroneBeamMappingRFSoC
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Complex ZC Chirp

 ← Correlation against Chirp

Cross Spectrum (no fftshift)

Phase of Cross Spectrum

50 MHz BW 
(40x narrower than RFSoC)

Time →

Freq →

Freq →
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Next Steps
● Fix GPS “spoofing” and “jamming” issues (even with no payload)
● Fix drone flight controller freakouts
● Fix clock drifts (10 MHz ref)
● 1pps to start TX and RX
● Doppler compensation?
● Mixers? Higher Nyquist zones?
● Actually measure an antenna pattern!
● Flights to compare to tone, noise, on/off and LFSR
● Simulate/measure antenna pattern and spectrum of drone itself
● Go to a real radio telescope!
● Publish where? Talk where else? Get $ from where?
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Drone Direction Finding Project
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Drone Humanitarian Demining Magnetometer

http://sokil.io
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Thank You
● Undergraduate Students:

– Kathryn Chan
– Gabriel Zwillinger
– Zoe Worrall
– Kai Dettman
– Lillian Vernooy
– Domenico Ottolia
– Henry Pick
– Allison Marten
– Sage Santomenna
– Isabelle Winnick
– Gabe Menendez de Alencar
– Max Gerber
– Joaquin Gonzalez-Salgado
– Spencer Michaelson
– Michael Burch
– Will Sedo

● Collaborators / Discussion Partners:
– Cynthia Chiang’s Group (McGill)
– Laura Newburgh’s Group (Yale)
– Danny Jacobs’s Group (Arizona State University)
– Emily Kuhn (NASA JPL)

● Funding
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Advantages compared to methods in use 
● Theoretically 16x better/faster 

than noise on/off
– No on/off subtraction
– No gaps
– Phase information

● Repeat at exactly the FFT window 
rate of the correlator:
– No issues synchronizing long 

random noise (FFT is cyclic)
– No FFT window (signal is cyclic)

● VNA “through” amplitude & phase
– near field measurements with

modeling to far field
– Fixed TX on ground to measure  

drifts of RX chain

● Simultaneous  dual-pol TX with 
orthogonal signals 

Aaronia PowerLOG® PRO
300 MHz - 3 GHz;  8.8 kg;  €€€€€ eBay 400 MHz – 6 GHz $249
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