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Antenna Patterns / Beam Maps

sidelobes and nulls
change with frequency

) -:\\

15 wavelength Di}J\

Coffee-can Feed
Figure 1

Paul Wade (W1GHZ) 2009

Kuhn et al. Dne Bem I\/Iang
of the TONE Radio Dish Array 2025
see also Tyndall et. al. 2024
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What We yuilt
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We basically split a VNA in half

« for complex beam m |
(magnitude, phase, po

* adjustable timing and
spectral resolution
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he Drone
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Transmitter RFSoC 4x2 under Drone
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"

Telescope”/Antenna, Mount, and Cart
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Flight Paths and Testing Location

Daniel C. Jacobs and the
ECHO Team at ASU
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Why? Radio Astronomy / Cosmology

Hydrogen is most common element.
“Spin-flip” transition

— 21cm (1420 MHz) emission
_Before

_Electron

I’ 1 Proton ..-]

Credit: Jodrell Bank
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Cosmological Redshift Stretches It

THE BIG BANG

INCREASING WAVELENGTH

1 Wavelength

- ‘ | &

Y

2025-09-09 GRCon25 Credit: Roman Space Telescope/NASA
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Looking out is also looking back in time

Time Since the Big Bang
N (Billions of Years)

2025-09-09 GRCon25 Credit: Sloan Digital Sky Survey (SDSS) 15



Map hydrogen in the past just by tuning

Years after the Big Bang
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[ | -. G » T F * | - I W " | L '\:i =
The Big Bang UG oA i ; ° \ ‘\
[ ; | Rns . ‘ T - .r’_” . i
m Q h ‘ - - i L]
— gg *-.f_ " / . \ a
3 S 50 e Y4 s n W 7
O 3 S i 7 N ~ . 2
= " I
o Qg - - - i ™ @
% ot : - ™ ¥ i - O £ * - 3
g g8 2 B » - ¥ » o
(5] 0 =n, * i i - =
@ ngl- a % \V -& 5 - L .
LT iy \WS « Dark Energy
Reionisation . ) . g
Fully ionised Neutral «——++——+——"—+» Fulyionised ‘ effects here h’ﬂ
| | . P - | . Y -
1000 100 10 1

Redshift + 1
(stretch factor)

Credit: National Astronomical Observatory of Japan
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CH | M E Canadian Hydrogen Intensity Mapping Experiment
400-800 MHz; 1024 dual-pol; 1024 frequency channels

MIT News May 25, 2023 about Fast Radio Bursts
Credit: CHIME/FRB Collaboration, with artistic additions by Luka Vlajic.
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C H O RD Canadian Hydrogen Observatory and Radio-transient Detector
300-1500 MHz (future 512 6 m dishes; basically CHIME++)
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2025-09-09 GRCon25 artist’s rendering https://www.chord-observatory.ca/




2025-09-09 GRCon25

Murchison Widefield Array in Western Australia
70—-300 MHz for Epoch of Reionization; 30° fov

https://www.mwatelescope.org/

Jason Gallicchio <jason@hmc.edu>
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!! L B ls T R O S Array of Long Baseline Antennas for Taking Radio Observations from the Sub-antarctic/Seventy-ninth parallel

1.2-125 MHz in Marion Island / Canadian Arctic
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Long Wavelength Array (LWA) antennas; Credit: H. Cynthla Ch|ang, Anthony Zerafa

2025-09-09 GRCon25 Jason Gallicchio <jason@hmc.edu>




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)

2025-09-09 GRCon25 Jason Gallicchio <jason@hmc.edu>
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LFSR idea that | pushed in 2014

11 1314 16

« Small FPGA running a fast LFSR; digital output pin

« Maybe “up-converted” via XORing fast clock to center of band

2025-09-09 GRCon25 Jason Gallicchio <jason@hmc.edu>
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LFSR and its FFT

QUT! F-_'_|_|T

LFSR -- 255 bits of +1s and -
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abs(fft) of LFSR
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“Analog

A few bits
of LFSR

2025-09-09 GRCon25

Jason Gallicchio <jason@hmc.edu>

" LFSR square-steps

>R as "a

spectrum

50 ) signal
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steps & spectrum

“Analog” LFSR square-

A few bits
of LFSR

-1800 -800-600-400-200 0 200 400 600 80O

600 MHz
Fast clock
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log” LFSR square-steps & spectrum

LFSR as square-step

A few bits
of LFSR

XOR modulation clock
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abs(fft) of LFSR as "analog” square-step signal

absifft) of XOR modulation as "analog” signal (see 3rd harmonic)
[

200

sample number at

LFSR XOR modulation clock

abs(fft) of modulated XORed upconverted LFSR as "analog” signal

800=-600=-400-200 D 400 600 800

frequ




“Analog” LFSR square-steps & spectrum

abs(fft) of LFSR as "analog” square-step signal

LFSR as square-step

A few bits
of LFSR

umber at the really fast “analog

XOR modulation clock 5 absifft) of XOR modulation as "analog” signal (see 3rd harmonic)
[

Y4
(&
9o
(&
)
)}
@®©
LL

300 400
really fast "analog” rate

LFSR XOR modulation clock absi(fft) of modulated XORed upconverted LFSR as "analog™ signal

Digital outputs
don't go fast
enough on
“small” FPGASs

sample number at the really fast "analog™ rate




Bite the Analog Bullet with RFSoC 4x2

DACA

DACB

ADCA

ADCB

ADCC

ADCD

SYNC
IN

CLKIN

2025-09-09 GRCon25

MicroSD

RFSOC 4X28: . . oy

PYNQ™

. ﬁ E

LEDs, Buttons; i
3 sSwitches B

Ethernet

QSFP28

USB3 Host

USB 3 composite

Mini-DisplayPort

Power status LEDs

4x 14-bit RF ADCs up to
5.0GSPS

2x 14-bit RF DACs up to
9.85GSPS

10 MHz & 1pps for timing
50Q SMA in/out

ARM boots Linux
(ssh from ground)

PYNQ python environment
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Zadoff-Chu as Ideally-Sampled Chirps

4% WIKIPEDIA

3  The Free Encyclopedia

Zadoff—Chu sequence i 5 laiiagEs

a— * LSt a chirp for u=1

From Wikipedia, the free encyclopedia

A Zadoff-Chu (ZC) sequence, also referred to as Chu sequence or Frank-Zadoff-Chu (FZC) sequence,''' 152 is a con od D O u b I e C h I rp for u— 2, etC
mathematical sequence which, when applied to a signal, gives rise to a new signal of constant amplitude. When cyclically shifted versions of a

Zadoff-Chu sequence are imposed upon a signal the resulting set of signals detected at the receiver are ur ted with one another. (b ut eX a Ct |y O rt h O g O n a I)

They are named after Solomon A. Zadoff, David C. Chu and Robert L. Frank.

Looks like noise for high u

Description {edi)

Zadofi—-Chu sequences exhibit the useful property that cyclically shifted versions of themselves are orthogonal to one another. M M
Delta-function autocorrelation

A generated Zadoff-Chu sequence that has not been shifted is known a& root sequence.

The complex value at each position n of each root Zadoff-Chu M
Ll TR Always magnitude 1

sequence parametrised by u is given by (Il (| !

au(r) = exp (5T 120 il N (good for DACs and amps)
o< n< Mo ISR © cxactly flat FFT spectrum
0 < u < Ngc and ged(Nze,u) =1, |

L N - Uscd in LTE, 56, radar

qgeZ,

R = =35
NZ(' = length of sequence. Plot of a Zadoff-Chu sequence for u=7, N=353
Zadoff-Chu sequences are CAZAC sequences (constant amplitude

zero autocorrelation waveform).

Note that the special case ¢ = 0 results in a Chu sequence, U151 setting g # 0 produces a sequence that is equal to the cyclically shifted




Example: Mapping CHIME's Beam

e Transmit one
copy from drone

* Plug another
copy into correlator
(or digitally re-generate)

 Parameters:

400-800 MHz
1024 freq bins

2.56 ys repeating
data-taking
time window

2 windows get
cross correlated
and averaged

~42 ms ~24 Hz
write to storage

2025-09-09 GRCon25

Jason Gallicchio <jason@hmc.edu>

CHIME collaboration
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Procedure for CHIME Step 1: choose Nzc

Zadoff-Chu Sequence FFT Spectrum

1024 bins;
400 MHz wide;
phase not plotted

41



Procedure for CHIME Step 2: paste FFT

Bandpass (real) interpolated Zadoff-Chu Spectrum
L —— e

abandpass abs

2.56 us @ 4 GSPS
=10,240 samples

—

10000




Procedure for CHIME Step 3 FPGA

25 github.com/Xilinx/RFSoC-MTS & & Incognito

[0 README &a  MIT license

Inspired by Xilinx PYNQ
Multi-Tile Sync (MTS) example

Block diagram with a few Verilog blocks

.~ Without MTS, -~ MTS Enabled

Python for parameters & memory access

° Tra n S m itte r: same. Three ADC chan m t;nwr.:ur'v StCI‘I"iI';g 64
. R R R kilosamples, with the f ep capture” module, One can
- little modification; load int16 array and go. use the PLORAM (0 save sam
* Receiver:

- “Accumulate and Dump” int32 array
- with no gaps (the only custom Verilog block)

2025-09-09 GRCon25 Jason Gallicchio <jason@hmc.edu> 43



Receiver’'s “Accumulate and Dump”
OO WYY 00500 iz chi

CHIME parameters

lewn (ol.do-L_.p\o..w-li.f‘) — the buffer size (N 32 ll.)

. mw\iple 0‘p IQ Ol.nd mwlﬁ W onc WP“"
NSemple>s —dwindow s:&t_( i ot Power o lOB |

10,240 samples; 2.56 ps | @ 4 GSPS
PPl AP oD Jeo v AP o |
’ 2 ':' "," r )

)
’ .
- ,"f-‘l

lines 1-Y
*g_.ddc.d

Average 2'* copies of same chirp, different noise. Do FFTs later in python
2025-09-09 GRCon25 Jason Gallicchio <jason@hmc.edu>




Accumulate and Dump for Drone Flight
AVAVAVAVAYIVIYITIT

Test parameters len (OLa""-P‘“-‘I*"") — fhe bufler Size (N %2 u_) !
| |

) mwitipie of 16 angd pmwaipWw oNT Samplc
NSemple> —dwindow 5‘*‘-( i + of power of 10) -

all 32k samples; 8.19 ps (high spectral resolution) @ 4 GSPS
| (P oy Jerky AP b |

,/;'J, ".:"‘,'""Ii
‘
g /-.:,-.',J-,- r
i B 12
| lines |-Y
e.dded
‘--
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Our First Test Flight: spins, up&down

vehicle local position over time
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vehicle_local_position [m]

vehicle_attitude [deg]

Our Test Flight in Time: spins, up&down

vehicle_local position over time

&

vehicle_attitude over time
180 +

90

~180

t T T T T t T T T T T
50 100 150 200

timestamp_sample [sec]

&

— roll [deq]
pitch [deg]

— yaw [deg]

ol P e L LLLL

" Time -
2025-09-09 GRCon25

50 100 150 200

timestamp_sample [sec]
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Our Test Flight in Time: spins, up&down

vehicle_local position over time
] #n
40 o
E g3
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o
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2
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-10 -
] T T T T T T T T T T T T T T T T T
0 50 100 150 200
timestamp_sampie [sec]
vehicle_attitude over time YaW Spln
L
180 *
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'%-; g0 - pitch [deg]
5, — yaw [deg]
41]
=
=
=] 0 I & S e
o
D
X
=
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" Time —
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Our Test Flight in Time: spins, up&down

vehicle_local position over time d d
- up own up own "
40 _ e
] — x (East)
E, 30 3 y (Morth)
2 — z {up)
wm
o 20
o
kG
_E—_; 10 3
L f)
B e
: it
=
10 7 - -—
T T I T T T T T T
50
timestamp_sampie [sec]
vehicle_attitude over time
My
e

— roll [deq]

180
U pitch [deg]

90

— yaw [deg]

ol P e L LLLL

vehicle_attitude [deg]

-80 -

-180
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50 100 150 200

T T T
" Time — " o
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First Waterfall (PSD of each dumr

PSD over time (waterfall) for NS receiver polarization ~ PSD over time (waterfall) for EW receiver polarization

500 1000 2000 ao 1000 2000

" Freq -



Sideways Waterfall (full 0-2GHz range

PSD over time for NS receiver polarization

PSD over time for EW receiver polarization
.

Al

b |




Sideways Waterfall zoom 600-1200 MHz

_ PSD over time for NS receiver polarization
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Sideways Waterfall zoom into Yaw Spin

PSD over time for NS receiver polarization

1000
N
=y

PSD over time for EW receiver polarization

1000




Polarization & Power during Yaw Sp

PSD power at 825 MHz

]

3.

=@ EW Pol Receiver Channe

45 50 55

1500e+5

1.000e+5

5.000e+4

0.000e+0

PSD power magnitude [linear arbitrary unit

time (sec)

Time -

vehicle_attitude over time

=

— yaw [deq]

L

vehicle attitude [deqg]

timestamp_sample [sec]
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yaw components over time
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Correlation of one dump against chirp

correlation of one accumulation period with the ZC chirp
8.000e+5

£.0008+5
4000845

2.000e+5

0.0008+0

—2.000e+5

-4.0008+5

-5.000e+5

T T T T
10000 15000 00 | 30000

T T
.
T” I Ie —) Sample number [at 4 GSPS]

correlation of one accumulation period with the ZC chirp (zoomed)

B.0008+5
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4000845
2.0008+5
0.0008+0

-2.0008+5

-4.0008+5

-5.000e+5
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Correlation of each dump against chirp

Correlation with ZC sequence chirp for NS receiver polarization

Correlation Strength
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Normalized correlations against chirp

Normalized Correlation with ZC sequence chirp for NS receiver polarization

Normalized Correlation Strength
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Correlation maximum: shift over time

antenna_distance, correlation shifts, and corrected_correlation_shift over time

— correlation shift for NS polarization

4

correlation shift for EW polarization

= antenna_distance

Distance or

E
=9
=
=

w
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time into flight [sec]
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Correlation shift with drift correction

antenna_distance and optimized correlation shifts over time

] = correlation shift for NS polarization, correctec
correlation shift for EW polarization, comrectec

1 = interpolated_antenna_distance

&

:L

:OT
1@ —~
10O

:Cg
1 O 4=
1 42 S=
1.9 =
100V

1
50

) Tlme (S) - time into flight [sec]

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

* <TmW spread across
600-1200 MHz

Earth — based
) Window
Galatic

Nr - * looks like 300K a few

ionosphere
Galactic pole

. hundred meters away

temperature

[
@
=]

=
©
o
[= N
5
o

2
&=
[

o
=

=T

Beam
angle
from

zenith

2.7 K primordial fireball
temperature
1 MHz 10 MHz 100 MHz 1 GHz 10 GHz 100 300
Frequency

300 100m 10m im 100 mm 10 mm
Wavelength
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GNU Radio Prototype

https://github.com/QuantumQuasars/DroneBeamMappingRFSoC

2025-09-09 GRCon25 Jason Gallicchio <jason@hmc.edu>
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File Edit View Run Tools Help

= | [ ==y 3 — = ]
=By {10 s @ ~ e°®rm = S5 @B @c
Options Variable QT GUI Range QT GUI Range QT GUI Range Variable
Title: Zadoff C...en'.mns.uator 1D: samp_rate ID: center_freg 1D: tx_gain ID: rx_gain 1D: vector_size
Shiaele el Value: 25M Default Value: 915M | | Default Value: 40 | | Default Value: 40 | | Value: 1.024k
Copyright: 2025 BSD License e Start: 50M Start: 0 Start: 0 = =
Output Language: Python 2 leads to : A F sequence chirp
rate O:tln‘:r Fg.:. Gul lots of underflows Stop: 66 Stop: 70 Stop: 70 repeats after this
5 Step: 5M Step: 1 Step: 1 many samples.

FFTs and cormrelations
Python Module are processed

5 in chunks of this size
D:2c sedence-code UHD: USRP Sink

| :::::a p:g:c':‘m type=b200 QT GUI Time Sink
Number of Points: 1.024k

samp rate (Sps): 25M |async_msas| Sample Rate: 25M

ChO: Center Freq (Hz): 915M Autoscale: Yes

Cho: Gain Value: 40

ChO: Antenna: TX/RX
it| Complex to Mag

full range center_freq

Import
Import: np

QT GUI Time Sink
Number of Points: 1.024k

Vector Source QT GUI Time Sink

Sa Rate: 25M Vector to Strea
Vector: zc_sequence code.z... Number of Points: 1.024k .ﬁu::::ale' I:o
Tags: Sample Rate: 25M 2
Repeat: Yes Autoscale: No i inti
epe scal Correlation (in time) QT GUI Frequency Sink
show ZC sequence QT GUI Range FFT Size: 1.024k
‘Chill'r" TE = 1D: samples_offset Center Frequency (Hz): 0
real and imaginary 5 =
FFT Size: 1,024k ::al"a:‘llks\fl;hle. 0 Bandwidth (Hz): 25M
Forward/Reverse: Forward Sto _'512 IFFT and here FFT again
Window: window.rectangular... L rectangular window for cyclic signal
Shift: No Step: 10m
2 FFT
Num. Threads: 1
FFT Size: 1.024k
Multiply Const Multiply Const
Multiply Conjugate Sl nn o S LR L Forward/Reverse: Reverse
Vector Length: 1,024k Constant: np.exp(-2j*np.pi... Constant: [Livector_size]*... Window: window.rectangular,
UHD: USRP Source i Vector Length: 1.024k Vector Length: 1.024k ;
Device Arguments: type=b200 FFT SHlft &
Syne: PC Clock FFT Size: 1.024k linear phase shift: normalize the spectrum Num. Threads: 1
yne: e: 1. compensate by hand for
Samp rate (Sps): 25M Forward/Reverse: Forward mis-aligned samples IFFT: take the comrelation spectrum
nd) cho: Center Freq (Hz): 915M Window: window.rectangular... and tum it into a correlation in time
ChO: AGC: Default Single Pole IIR Filter Shift: No
ChO: Gain Value: 40 Alpha: 10m Num. Threads: 1 v r to Stream

ChO: Antenna: RX2 Vector Length: 1.024k

QT GUI Time Sink
Number of Points: 1.024k
Sample Rate: 25M

Autoscale: No

average repeatnig sample windows,
with exponentially decreasing
weights into the past

QT GUI Frequency Sink
FFT Size: 1024

Center Frequency (Hz): 0
Bandwidth (Hz): 25M

QT GUI Range
1D: IIR_alpha Skip Head

Default Value: 10m Num Items Complex To Mag These Fast Multiply Const
Start: 0 h ‘ Constant: 57.2958
Stop: 1 a cheap way of

e doing fftshift radians to degrees
p: to centerthe 0 QT GUI Constellation Sink
frequency bin

Useful for spectrum magnitude [in] Number of Points: 1.024k
Annoying discontinuity in Autoscale: No
the middle for phase

QT GUI Time Sink
Number of Points: 1.024k
Sample Rate: 25M

Autoscale: No

QT GUI Time Sink
Number of Points: 1.024k
Sample Rate: 25M

Autoscale: No

alpha averaging parameter
alpha=1] is no averaging
alpha=0 is averaging forever back
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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?

2025-09-09 GRCon25 Jason Gallicchio <jason@hmc.edu>
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Drone Direction Finding Project

Dual GPS

*d Flight

Controller

Herelink
8 Telemetry Link RS

Payload
Hardware

2025-09-09 GRCon25 Jason Gallicchio <jason@hmc.edu>
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Drone Humanitarian Demining Magnetometer

http://sokil.io
2025-09-09 GRCon25 Jason Gallicchio <jason@hmc.edu> 73



Thank You

* Undergraduate Students: » Collaborators / Discussion Partners:
- Kathryn Chan - Cynthia Chiang's Group (McGill)
- Gabriel Zwillinger
- Zoe Worrall - Laura Newburgh's Group (Yale)
- Kai Dettman - Danny Jacobs’s Group (Arizona State University)

- Lillian Vernooy

- Domenico Ottolia - Emily Kuhn (NASA JPL)
- Henry Pick * Funding

- Allison Marten

- Sage Santomenna

- |sabelle Winnick
- Gabe Menendez de Alencar

- MIT
g LINCOLN

- Max Gerber

- Joaquin Gonzalez-Salgado
- Spencer Michaelson

- Michael Burch

- Will Sedo

&

-..____________ . _____________..—-'
Pence & e.c:txl\("w‘gg
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Advantages compared to methods in use

» Theoretically 16x better/faster * VNA “through” amplitude & phase

than noise on/off - near field measurements with

- No on/off subtraction modeling to far field

- No gaps — Fixed TX on ground to measure

- Phase information drifts of RX chain

e Simultaneous dual-pol TX with

* Repeat at exactly the FFT window orthogonal signals

rate of the correlator:

- No issues synchronizing long
random noise (FFT is cyclic)

- No FFT window (signal is cyclic)

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

2025-09-09 GRCon25 Jason Gallicchio <jason@hmc.edu> 76
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