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Software defined
radio based
Synthetic

Aperture noise

perture ok Why a SDR-based RADAR ?
e kaoak - Can we range the house opposite to our balcony using available hardware, namely
im e w. @ two DVB-T and two WiFi antennas — OED e e

Fee o PlutoSDR + Ettus Research B210 frequency swept RADAR!

mroducion @ Splitter and attenuator !RAdio Detection And Ranging

L e mm—— \': ' ‘A ¥ "'- R 4 ‘\“‘ .
View from the balcony Aerial map of the area: balcony to house=48 m ?
French Geographic Institute (geoportail) claims 48 m: is that correct ? 2/2
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RADAR basics

RADAR design — general principles

Spectrum spreading the emission: AR = c/(2B)
® could be chirp (LO frequency sweep),

® OFDM!/WiFi (sum of well defined adjacent frequency components),
® noise RADAR: pseudo random phase fluctuation while keeping amplitude constant (see

GPS/CDMA for PRN phase spread spectrum)
® Correlate reference signal with measured (delayed) signal=sum

| FT(xcorr(r,s)) = FT(r) - FT*(s) ~ FT(r)/FT(s) |
TX RX

Noise modulated dual—channel
frequency source receiver
Lol Lo GNU Radio <5t LO2

M. Braun, OFDM Radar Algorithms in Mobile Communication Networks
(2015) at publikationen.bibliothek.kit.edu/1000038892/2987095

of echoes:

A Proposed Technique for the Im-
provement of Range Determination
with Noise Radar*

Incertain radar systems continuous wide-
band noise signals are transmitted and tar-
get-range determination is made by cross
correlating the returned signal with a de-
layed duplicate of the transmitted signal.
The target range corresponds to the delay
time giving the maximum in the resulting
cross correlation. For white noise the cross
correlation is of the form of a delta function
and the maximum is easily located. In prac-
R. Bourret, A proposed technique
for the improvement of range
determination with noise radar,

Proc IRE 45 (12) 1744-1744 (1957)
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Software defined

radio based
Synthetic . . .
Apertre oise RADAR design — general principles
and OFDM
(W) RADAR - Spectrum spreading the emission: AR = ¢/(2B)
M rriee, w.  ® noise RADAR: pseudo random phase fluctuation while keeping amplitude constant (see
R GPS/CDMA for PRN phase spread spectrum)

lireq OlnterFrlqnul(y(Nl) o [freal . .
Fixed magnitude (power) and

vt e 3 m
B pseudo-random definition of
A Banduiath; 204 phase in the Magnitude and
ey | Phase to Complex block

variable || Variable Cho: Gain Type: Absclute (48)
1d: samp.rate | | 1 ¢ Cho: Antenna: kX2
Value: 271 | | Value: 8601

Random Source
Minimum: 0
Maximum: 2
Num Samples: 1+
Repeat: Yes

with PlutoSDR

1 Flowchart for checking the spectrum spreading capability . lut
of the PlutoSDR and simultaneous data collection by the ‘ | f‘-!“'“'"g
B210 (= max samp_rate with no sample loss) (T o AT W

background

Spectrum collected by the B210 —
noise level




Software defined

radio based
Synthetic c T 1
st i RADAR design — GNU Radio implementation
(i keort B limited by USB to about 2.7 MHz=56 m range resolution:
1w rrede w. SWeep LO to concatenate multiple spectra and extend B following multiple sequential sweeps i
e i
OMKI;IR Language: Python :I-Iue ™ Value: 860M
UHD: USRP Source - z"f":‘om o |ed
SDR RADAR Tl 22| gt (e s rate
e DGR

Cho: Gain Value: 60
Command| Cho: Gain Type: Absolute (d8)
Cho: Antenna: RX2

Ch1: Center Freq (Hz): 860M
Ch1: AGC: Default

Ch1: Gain Value: 60

Ch1: Gain Type: Absolute (dB)
Ch1: Antenna: RX2

Keep 1in N

Vec Length: 2k

N: 10 Address: tcp://127.0.0.1:5555

Timeout (msec): 100
Pass Tags: No

Vec Length: 2k

Multiply Const

PlutoSDR Sink
110 context URI:
LO Frequency: 850M

Sample Rate: 2.7M
mag ; RF Bandwidth: 20M
Magnitude and Phase To Complex o

— Cyclic: False

Attenuation TX1 (dB): 30
Filter:
Filter Auto: True

Constant: 3.1415 245

Random Source
Minimum: 0
Maximum: 2
Num Samples: 1k
Repeat: Yes

Int To Float
Scale: 1

Long Form: True

e Collect time series — program next LO frequency — repeat until full B has been swept
e No known way of synchronizing data collection with LO sweep in GNU Radio Companion
= benefit from external data collection and processing program (GNU Octave): streaming
using ZeroMQ from GNU Radio to Octave

1S. Prager & al., Ultrawideband Synthesis for High-Range-Resolution Software-Defined Radar, |IEEE Trans.
Instrumentation and Measurement 69(6), 3789-3803 (2019): “frequency stacking”
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SDR RADAR

RADAR design — GNU Radio implementation 2

Python generated by GNU Radio Companion
#1/usr/bin/env python3
class t(gr.top-block)

|
def set.f(self, f):

self . f = f
self.iio_pluto.sink.0.set_params(self.f, self.—
<>samp.rate, 20000000, 30.0, ’’, True)

self.
self.

uhd_usrp-source_0.set_center-freq(self.f,
uhd_usrp_source_0.set_center-freq(self.f,

0)
1)

def main(top_block.cls=t, options=None):

tb = top-block-cls ()

def sig_handler(sig=None, frame=None):
tb.stop ()
th. wait ()
sys.exit(0)

signal.signal(signal.SIGINT,
signal.signal (signal .SIGTERM,

sig-handler)
sig-handler)

th.start ()
Callback functions defining PlutoSDR and B210
LO frequency f

GNU Octave & ZeroMQ toolbox

total_length=140000; % [samples/measurement]
Nfreq=50;

pkg load zeromq

for frequency=1:Nfreq

sockl = zmgq-socket (ZMQSUB);

zmg-connect (sockl,"tcp://127.0.0.1:5555");
zmgq._setsockopt (sockl, ZMQSUBSCRIBE, "");
recv=zmq.recv(sockl, total_length*8%2, 0);
value=typecast(recv,"single complex");
x(:,frequency)=value (1:2: length (value));
m(:, frequency )=value (2:2: length (value));
zmgq-close (sockl);

end

® zmg-recv: number of bytes
(*8 complex, *2 interleaved channels)

® typecast: char — complex float
® socket-connect-opt-close = 130 us

TCP client: sockets toolbox
pkg load sockets

sc=socket (AF_INET, SOCK.STREAM, 0);
s=struct("addr","127.0.0.1","port" ,4242);
connect(sc,s);

for frequency=1:Nfreq

wait PlutoSDR
to stabilize

send(sc,’+’); %
pause (1.0) %
end
send(sc,’q’);

2J M. Friedt, W. Feng, Noise RADAR implementation using so}’tware defined radio hardware, SDRA 2020 6/24
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SDR RADAR

RADAR design —

Options
Tt Not tted yot
Ot Umeee o

rate Options: 0T

Vec Lengths 2 048k

Signal Source Timeout (meec): 100

Sample Rate: 10
Waveform: Cosine

B reenc QT GUI Frequency sink
4 FFT Sizes 02k
e T UHD: USRP Sin 5] Canter Frequency (a): o =1
nitil Phase (Radians) | Bt e

pet
n- Aferinit

Code Snippet: pin._sart)

Properties: Python Snippet

D7 B & Not titled yet

Main - After init I

W P

hreading. Thread(target=epy_module_0.jmf_server,arg: tart
jmfriedt@rugged: ~

Jmfrledt@ruggad “$ telnet localhost 4242

Trying ::1

Trying 127.0.0.1.

Connected to localhost

Escape character is '

Reljtive Gain (dB)

i

Frequency (MHz)

ZMQ PUB Sink
Address: tcp127.00.15355| 1

Pass Tags: o

AR AL AR AN
-0.0660.0460.02(0.0000.0200.0400.0600.080

GNU Radlro‘ mplementation

1 : into your Flowgrap
2 aport socket

3 import string

4

s

6

7

8 to

9 19, 13, 5, 6 1

o ouTPUT)

1

12

13 ket socket (socket .AF_INET, socket.SOCK_STREAM)

Sock. setsackopt (socket - S0L. SOCKET
4232))

socket.S0_REUSEADDR, 1)

ck.accept ()

mData0

w00

Python Module in GNU Radio Companion to add TCP

increment, antenna position with PyGPIO)

server receiving commands from Octave (LO reset, LO
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R RADAR design — GNU Radio implementation

andOFDM ~ 7 7 = =~ = ==~~~

- 1 . .
(WiFi) RADAR i PlutoSDR/WiFi
mapping ]
J.-M Friedt, W. I
Feng 1 _10dB
1
1 coupler
- _____>PRN_ _ (ZEDC-10-2B)
R
SDR RADAR 1
1
| RX
1
1
|
I
o SHYl- oo 2o
a I
2]
L2 GNU Radio Companion/Python

0MQ TCP/IP
Matlab/Octave

)
=
&
B

=
=)
@

® = functional frequency sweep ...
® .. but need to wait for unknown delay between LO programming and settling = 1 s
between programming the PlutoSDR 2 and recording
® if LO not settled, no pseudo-random modulation = single carrier carrying all energy with
no range resolution (threshold test) 8/2
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st i Range measurement (noise, 2450+50 MHz)

(WiFi) R.ADAR
} M’":"_”'d"gw e Well resolved multiple echoes: 24,
e 285,465 495 54 m

(30 measurements, bold=average)

SDR RADAR

reflecter power (a.u.)

range (m)

® However, hard to identify the source
of the reflections:

® ~50 m is probably associated with
the house/roof (red arrow)

e ~25 m probably associated with the
nearby covered parking boxes (yellow
arrow)
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radio based

Synthetic ="
pomt e Range measurement (WiFi, ch 1 to 11=55 MHz)
(WI,ZQ,,FSQEAR ¥ ® 20 MHz-wide OFDM with 64 sub-carrier structure: unused 0 (avoid DC
J-M Friedt, W. after downconversion), -32 to -27 and 27 to 32

Fene ® 20 MHz/64 = 0.3125 MHz subcarrier spacing
® USB bandwidth: offset RX LO by 3 MHz wrt WiFi center TX frequency,
sample at 6.25 MS/s, keep 5 MHz

SDR RADAR

= ® OFDM structure creates sidelobes: replace FT(meas) - FT(ref)* with

 FT(meas)/FT(ref) to cancel varying magnitude
‘ e ‘ ‘ ‘ ‘ 8.125 MHz

3 3
- g g
5 Q &5 a
g oy i g2 i
@ v |7 F
j -
trequency (MiHz) ® = 20 MHz
® ability to combine digital > O
a o o o ) = (=
communication with ranging: o 9
8 T ! ! ! . % ©
= A =
H ? g
2 J =
: z g
2 2 o
8 == 1
B \ Nog
AN NI f 5
20 40 60 80 100
ranae (m) jan] 10/24



Software defined
radio based

Ao e Azimuth measu rement

<V3?S>ORF(E£1R ® Focus narrow beam in a known direction to identify azimuth of target
JMmip,:dth ® Beamwidth oc wavelength A/antenna diameter D
s ® Antenna array: replace single wide antenna with array of small antennas
® Synthetic Aperture RADAR (SAR): simulate D my moving a single
small antenna along a path of length D

® For an N antenna array with elements separated by distance d: - Wikipedia;/XS’R,g
Synthetic
?sp:;;”e FADAR Y348 = O./\Sle = 0.891 2(;).12 = 80 mrad = 4.5°

or 8 m azimuth resolution at 100 m at 2.45 GHz (A = 12 cm) with rail length 1.4 m

Replace one-dimension analysis (range compression by
correlation) with two-dimensional analysis (range and
azimuth compression)

Scale for positioning the antenna every \/4 —



Software defined
radio based
Synthetic
Aperture noise
and OFDM
(WiFi) RADAR
mapping

J.-M Friedt, W.
Feng

Synthetic
Aperture RADAR
(SAR)

Signal processing basics
L_{nif_(}rm Linear Array: a plane wave reaches each antenna with an additional phase delay
k-d=22dsin(9)
For the nth antenna, the received time series S;(nd) has become

- :::\Zf?: - Si(nd) - exp <j 27;"0])

T Y9y WY Y o¥
which can be read as the Fourier transform of S; with the phase being the translation
= azimuth compression is inverse Fourier Transform (FT) along the antenna position

Cross-correlation is inverse FT of product of transmitted signal FT with complex conjugate

received signal FT antenna position

. L . SI(1) S2(1) S3(1) -
= range/azimuth compression is inverse Fourier transform of the SI2) $2(2) S3(2)
matrix with column=time series and line=antenna position SI(3) S2(3) S3(3) -
range resolution only determined by signal bandwidth
azimuth resolution only determined by antenna displacement
range: no degree of freedom in mapping to real scale # azimuth compression

time

4see last appendix slide for antenna motion step demonstration meeting the sampling theorem

range compression

12/24
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Synthetic
Aperture RADAR
(SAR)

Full demonstration

@ 2D-FT of exp(j27f, - yo) X exp(j2mfx - xo) 20FT, 3(x0,¥0) s0° we must separate fq (frequency — range ro)
——

target
and x, (antenna position — azimuth )

s(p,q) o< exp j%” fq - Rp(ro,90) | with R, = \/(Xp — rpsin 190)2 + (ro cos¥g)? where xg = rgsin g and
~~ —~—
RCS target

Yo = rocos g (cartesian — polar coordinates)

Xp—a

o — . . .
(3] o ( (xp — a)2 + b2> = o \/azibz at xp ~ 0 = Taylor expansion R, >~ ry — xp sin ¥g since

a2+b2:rg

s(p, q) o exp ('/477T fa - (ro — xpsing)) ~ exp | j2m(2fy - ro/c — 2xpsin¥o/Ac) | assuming that
—_——— — ——
range o azimuth 3
fq/c =1/X >~ 1/Xc the wavelength at center frequency since % =>,(=1)"-(x=1)"~1around x ~ 1
(keep only n = 0)

O r = a x c/(2fy) and sinfy = B/(2\c) in polar coordinates or
@ xo =rosindg =af - c-Ac/4 and yp = rp cosYg = ca/2cos(asin(Ac(8/2)) in cartesian coordinates:

conversion from (fg, xp) to (xo, yo) using 2D-FT thanks to variable separation.

Shttps://hforsten.com/synthetic-aperture-radar-imaging.html
13/24
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Introduction
RADAR basics
SDR RADAR
Synthetic
Aperture RADAR
(SAR)

Interferometric
displacement
measurement

Conclusion

Map
Nf=100
Na=73
c=3e8

Azimuth compression

{angle-range} — X-Y:
% number of frequencies
% number of ant. pos,
% speed of light

f=2.45¢9 % center frequency (azimuth compression)

df=1e6;
lambda=

% freq. sweep step => total bw is 100%1=100 MHz

c/f

dx=lambda /4; % antenna moved by quarter

r = (0:

fs.a =
alpha =

1/df;
Nf—1)xfs_r /Nfxc/2;

1/dx;
(0:Na—1)xfs_a /Na—fs_a /2;

sin-thta=alphaxlambda /2;

wavelength steps

[R,ST]|=meshgrid (r,sin-thta(abs(sin-thta)<=1));
X = R.#ST;Y = R.#sqrt(1—ST."2);
Z=Img_focus (:,(abs(sin_thta)<=1));
pcolor(X.",Y.",10x10g10(Z));

Top left: range-position map

Top right: range-angle map (iFFT along antenna pos.)

Middle left: range-azimuth map

Middle right: range-azimuth backprojection

Bottom: range-azimuth backprojection with

windowing

14 /24
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Synthetic
Aperture RADAR
(SAR)

15/24




Software defined
radio based
Synthetic

Aperture noise
and OFDM

(WiFi) RADAR
mapping

J.-M Friedt, W.
Feng

Synthetic
Aperture RADAR
(SAR)
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® e Targets match geographic
features: roof edges & cars
® No freedom in scaling image:
— ® azimuth fully defined by
(ASTE)WE RADAR Nd /X + orientation of
balcony rail
® range given by frequency
span

® QGis Freehand raster
georeferencer plugin to scale,
rotation and translate raster
picture over geoereferenced
aerial images (Google Maps)

17/24
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Synthetic
Aperture RADAR
(SAR)

6gi‘chub.c

\.
?‘!’//‘ 7

om/bastibl/gr-ieee802-11

Replace PlutoSDR configured as
noise generator with WiFi emitter

Each WiFi channel is 20 MHz wide
with center OFDM sub-carrier unused

Frequency offset between emitted
and received signal: 3 MHz

Sampling rate : 5 MHz

Scan 11 channels with 5 MHz steps:
55 MHz=3 m range resolution

WiFi in Monitor mode & continuous
emission using B. Bloessl's
PacketSpammer ©

/tree/maint-3.8/utils/packetspammer

18/24
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R Interferometric displacement measurement (noise

and OFDM
(WiFi) RADAR

g InSAR)

SM P W e Assuming the antenna is always positioned at the same location, the phase to the target is

a fine (< A) indicator of its position:

- 4rr 47r - 1,
o =2kr=

cos g = ——— cos g
Ae c

= varying r varies ¢ with sub-X resolution BUT A/2 (7) uncertainty
® Known moving target: corner reflector *

Interferometric
displacement
measurement

Static target (roof) 30 cm corner reflector Positioned corner reflector

"Corner reflector and rail fabricated by P. Abbé (FEMTO-ST/Time & Frequency, Besangon, France)

19/24
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InSAR)
® Assuming the antenna is always positioned at the same location, the phase to the target is
a fine (< A) indicator of its position:

e Anr-f
o =2kF= Ircosﬂochosﬂo
c

= varying 7 varies ¢ with sub-\ resolution BUT A/2 (7) uncertainty
e Known moving target: corner reflector *

Interferometric
displacement

g 1 8 R ]‘W“\“ —

Rail for automated scanning

90 v.s 95° angle

Motor
Microcontroller for motor control receiving cmds from computer (could be Raspberry Pi4) — 1 h/1.4 m sweep
(3.2 cm/step: 30 min displacement/30 min acquisition)

7Corner reflector and rail fabricated by P. Abbé (FEMTO-ST/Time & Frequency, Besancon, France)
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RADAR basics
SDR RADAR
Synthetic

Aperture RADAR
(SAR)

Interferometric
displacement
measurement

Conclusion

0 « 20 o ) « &
x(m)

Phase difference with arrow indicating corner reflector location: 1 cm, 2 cm and 0 cm

Interferometric displacement measurement

wl . / 1
\
Eao | ’ 4
Al
W/
i

Left: magnitude (all target
reflections)

Right: magnitude difference
with corner reflector position
highlighted (arrow)

angle 35 (no movement)

008
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= 4 T
=
S 2
5
= 0
) @

Interferometric o 2k

displacement ‘_g_

measurement 2 4 1/2 wavelength E
© raw phase to posjtion eXpe —
2 sl Cteq =6.12 cm @ 2450 MHz |
5 unwrapped phase to position
[Z]
© -8 | -
1 reference position
E L L

4 6
wanted displacement (cm)u‘
Corner reflector range: 40 m .
Reference=phase at roof
position (47.5 m range)

22/24
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Interferometric
displacement
measurement

Electronics

Tentative error budget (4 mm/day)

® |mpact of local oscillator phase noise: TX LO is cancelled
but time delay between reference and measured signals

allows for phase fluctuations.

® Minimum delay given by sampling rate (1/b1 = 1/2.7 MHz)

® Maximum delay given by correlation integration duration

(1/b2 = 20 ms)

® [ntegrate oscillator phase noise (measured at output of
AD9361) over this frequency offset interval

T assomz
—| roommz
2450 MHz

™ | RX
I A coupler +
. W, | attenuator
Ed ey - refefence recejved
3 VL/‘L‘ Mo |
3 \ [
3100 - =
@ ",
2 . 25 0| ‘ |
5.0 . LI TXLO RXLO
& i
o ST N DAC ADC ADC
. | Xcorr
" PRN
generator| range & azimuth
o o " trquency atset (He) ' B " PlutoSDR AD9364 B210 AD9361

0 =/ [2 S,(F)df ~1.3° = dr =

f‘%dcp =0.1 mm

Weather/propagation
Impact of temperature and moisture on ve-
locity of electromagnetic wave in air

P Pe 5 Pe
N = (n—1 =77,6—-—6—+3,75-10° —
(n—1)ppm 77 + T2

x X
XX XXX XXX XXX XXX
X X X 3 x 3 X % X ¥ X

15 20

2380
n340 xlxxXxX*x;(

XH XXX KK KX KX E XK X KX KKK XXX KX
2300
5260

[

o2 KXHKH

218F %

18« x X “

gu’g XK x ¥ x X ixiéxixxxXxXxxxXxi
£ 10 15 20

N

E3 X

£2 x x

<l

£ 1 5 0

51005 SERF T ET R EREXEXERES <
Saol e, o oxxF

F x g X x ¥ X

10 15 20

=1017
gwmsE xxX"X*X§

time (h)
Ambiant pressure (1013 hPa=1013 mbar):
temperature variation dK; = 77,6 X p/T =
77.6 x 1013/273 = 287 ppm and dK;/dT =
287/T ~ 1 ppm/K around ambiant temper-
ature. 10 ppm=0.6 mm © 60 m 23,24
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and OFDM

(e #a0AR - Software Defined Radio for active RADAR prototyping (B210 receiver, PlutoSDR or WiFi

J-M Friedt, W. emitter with carrier frequency sweep)
s ® separate functions and delegate to most
efficient framework (GNU Radio, Python,

Octave)

® Extended range measurement to azimuth
measurement by implementing Synthetic
Aperture RADAR (SAR) processing

® Extended SAR processing to interferometric
Conelusion displacement measurement on corner reflector

® 4-mm baseline stability on displacement
measurement, mm accuracy with departure )
from expected displacement attributed to poor A&
corner reflector positioning & weather

® github.com/jmfriedt/active_radar

Perspective: can we apply this knowledge to Copermcus satelllte (Sentlnel l) datasets 7
https://scihub.copernicus.eu/dhus/ 242
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Antenna displacement step

Assumption: TX antenna is fixed and RX antenna is moved with x, step:

2””? where R = \/(xp — x0)2 + ¥@

@ Received signal phase is o =2 X

® We have discussed far field R >~ ry + Xp - sin?d

© = p~2x2nf.-ry/c+2 X 2w f/c-xp - sintg
—_—— -

static At

@ avoid ¢ ambiguity with 2x,/Ac <1 <

Notice that if both TX and RX move (as opposed to keeping TX fixed and moving RX),

then

Spatial equivalent to sampling theorem

25 /24



	Introduction
	RADAR basics
	SDR RADAR
	Synthetic Aperture RADAR (SAR)
	Interferometric displacement measurement
	Conclusion
	Appendix

