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| Present and Future Perspectives of Passive Radar

GNSS-based passive radar

... as a Synthetic
Aperture Radar

 Basic concepts (SAR)

— SAR fundamentals
— Intro to passive SAR using GNSS

— GNSS-SAR image formation and
experimental results

O Advanced future concepts:

— CCD - Coherent Change Detection

— Multi-perspective imaging
— Multi-static imaging

... as a radar

(d GNSS-passive radar for maritime
surveillance:

— Intro to using GNSS for passive
sea target detection;

— Basic/advanced processing and
experimental results
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SAR Fundamentals

The basics

+ Synthetic Aperture Radar (SAR):
An imaging radar that can generate 2-D
images

* How it works:
Mount radar on moving platform(s)

If transmitter/receiver antennas co-located:
monostatic SAR. If not, bistatic SAR

As the platform moves, radar collects
echoes from an observed scene

Echoes are “focused” in forward and :
lateral ranges using DSP to give a 2-D Images © DLR
image (radar reflectivity map) of the scene

Main point: Through DSP, a “synthetic” antenna aperture is formed that is equal to the physical
length travelled by the platform- SAR requires motion of transmitter of receiver (or both)
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GNSS-based SAR

. 3 o
P " 3 "oy e

— Airborne

N < Receiver

» A bistatic, and passive SAR

» Transmitter: A navigation satellite (GPS,
GLONASS, Galileo, Beidou etc.)

* Receiver: On or near the Earth’s surface,
can be fixed or moving.

» 2-channel receiver:

* One antenna looking towards the satellite(s)- EEESEEEEEEEE S |
signal synchronisation [ =

» One towards the imaging scene- image
formation

« Same configuration for all passive/bistatic
SAR

Receiver
(Stationary
/moving)
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Why GNSS?

Advantages

Low cost— receiver only,
standard navigation receiver
(even lower).

Covert operation.

Persistent and global
monitoring — at any time of the
day, at any point on Earth, there
are 6-8 satellites overhead, and
up to 32 when all 4 GNSS
systems are fully operational.

Choice of optimal positions of

Challenges

« Coarse resolution— 30m for
GLONASS L1,15m for
GALILEO E5a/b band (quasi-
monostatic). Not good for hi-res
applications, but good enough
for Earth Observation.

« Low Signal-to-Noise Ratio
(SNR)- due to low GNSS power
flux density near the Earth. But
can be fixed by long dwell times
on target (5mins to see
buildings up to few km range)

the satellites— better resolution
and less shadowing.

Clearly, active SAR is better in terms of
resolution/power budget. But GNSS structure offers
features not currently available with active systems

Multi-angle and multi-static
capabilities
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Geometry and signal model

Direct signal (Heterodyne Channel):
ominal trajectory « R i 2
k? (xrlu), yr(u), zr{u)) " " ,W o Real trajectory SHe (t' u) =P {t B [ B(u) + teRx + teatm }exp {_] [TT[ Rs (u) + Pers + Qoeatm]}
A z .,}.ri-’""/
1 /_A,Rcccivcr with motion errors .
DA Reflected signal (Radar Channel):
ey I'-II wiu

Rr(u) + Rp(w)

S

src(t,u) =p {t - [ Tt lep, T teatm]} X exp {_] [277-[ (RT(u) + RR(u)) + P, T (Peatm]}

Pt C
_ N Aﬂx
Receiver wilhuul\ z< /
tion errors g 1
motion errors™ t, fa st time

ER

—

(0, y(u) h) "/ .
’ u, slow time

o ¢, the speed of light
e A, the wavelength
(o Y 2] Rg(u), the instantaneous transmitter-receiver baseline
R (u), the instantaneous transmitter-target range
Ry (u), the instantaneous receiver-target range
ten,, time delay errors due to receiver artefacts

An example of GNSS-based SAR geometry Pep,, Phase errors due to receiver artefacts
(with airborne receiver) te,.ms time delay errors due to atmospheric propagation
Pe,,.m, Phase errors due to atmospheric propagation

"-Sam]litu ground track
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Signal processing

\\4 Receiving

hardware
Direct signal Y
HC » Synchronisation
Delay/phase
reference
Reflected signal . Image
> RC » Image formation |—»
A
Tx/Rx
co-ordinates

Tx co-ordinates are taken from the
|mage formation block diagram online database (Satellite Ephemerides)

« Direct signal is collected by antenna looking at the satellite (Heterodyne Channel, HC)
« Reflected signal is collected by helical antenna looking at the observed area (Radar Channel, RC)
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Synchronisation

*  SNR at HC antenna output: ~-25 dB, so cannot correlate HC and RC signals directly

»  Signal synchronisation: Tracks direct signal properties, then creates a local, noise-free replica- very much same
as navigation receiver processing

* This local signal is then used for range compression

P
Received direct signal /
(HC) Delay/Coarse frequency Medium frequency _| Fine frequency tracking

tracking tracking (secondary code)

\ (secondary code) / (secondary code)

Y

I
[ Direct signal

i Navigation message } tracked parameters
[

- Delay tracking = Phase tracking . ,
o (primary code) o (primary code) i .extractmn
! (if necessary) ‘r
| I
L S J B
Synchronisation Block Diagram &
5°
s
Doppler frequency £o
exp(jwyit) FET g
FET (o Pk 1o -
search Doppler, kHz 1950 Time, ms
HC signal N FFT . . . .
First stage of satellite signal detection
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Synchronisation
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Image formation via back-projection

RC data = Range FFT
Range compressed
data
L Back-projection
Tracked delay Delay errovr : > RangeIFFT » with integrated
= G 7 MoComp
4 Y
Synchronisation Reference signal
outputs 2 K ¥ generation *| Range FFY
Tracked A Phase
phase ervor
Transmitter/ . HC delay/phase
HC co-ordinates history

Reference signal:
SO(t' u’) = p[t - (teRx + teatm)]exp[_j((peRx + (peat‘m)]

Phase error = (fpeRx + (peatm)

Delay error = (t,, + te,,. )

Range-compressed RC data:

B Ry (u) + Rp(u) { 2T
. exp

r6w = Ryt ~j 5 Re (@) + R )]}

Image
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Image formation via back-projection

RC data = RangeFFT
Range compressed
data Image
L Back-projection
Tracked delay Delay error ; = RangeIFFT = with intagrated e
- - - 2 i MoComp
: v
Synchronisation Reference signal
outputs 5 " generation *| Range FFY
Tracked A Phase
phase ervor

16y = [[{rw e 760 + Ren} | axay

Transmitter/ o HC delay/phase x,y
HC co-ordinates history \

Scene grids Range compression output Phase
compensation

« Long dwell-time on target (5mins)- satellite trajectory not a straight line, so
frequency-based, more efficient algorithms not so straightforward

« Coarse resolution, limited scene size- not so much data to be processed,
B PA'7 so despite bigger computational complexity, the actual difference in
processing time can be neglected for offline processing.
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Point Spread Function (PSF)

80

Z direction
60}

|x(A,B)=|p

40

20
A, the desired point reflector to be evaluated

B, an arbitrary position of another reflector in the vicinity of A
[, the bistatic angle 200
O, a unit vector in the direction of the bisector
wg, the equivalent angular speed

=, the equivalent motion direction “oor
¢, the speed of light

y axis [m]
o[

® direction
4OF d

.80 L L | | . i
-80 -60 -40 -20 0 20 40 60 80

A, the wavelength X axis [m]
Satellite Cross-sections
BSAR Geometry . \‘ 08 / & / |
: B % 06 / \ gi: N { \ N
] Al
Receiver g *
{ T v wh ]
r=B-A E)60 -40  -20 0 20 40 60 -3?1}] U -5 " 0 \5

Range Direction / m Azimuth Direction / m
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Experimental prototype

Receiver prototype
2-channel, super-heterodyne receiver
Digital 1/Q outputs
All channels locked on same clocks/L.O.’s
GLONASS /GPS/GalileoE5

RF front-end
(filter+LNA)

High- (RC) and low-gain (HC) antennas
(15 dBi, 6 dBi) — RHCP and LHCP (dual-pol)
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Experimental PSF

Satellite signal
Signal bandwidth
Carrier frequency

Equivalent PRF
Dwell time

Satellite elevation during
acquisition(relevant to HC antenna)

Experimental PSF

100
80
60
40

20

20
40
60
80

-100
-100 - -60 40 20 0 20 40 60 80

X, m

Tab.1 Experimental parameters of the fixed receiver trail

Parameters Value

Satellite GLONASS COSMOS 736

P-code
5.11 MHz
1600.875 MHz
1 KHz
300s

70.6°-72.7°

BP simulated PSF
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Experimental images- fixed receiver

Experimental setup

‘J~,

=& RC antenna ‘
: S ih'

$2°27'21.30% N 1°56'23.15" Wi-elev 160'm.

-
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Experimental images- fixed receiver

1500 m
1300 m|
1100 m|

900 ll

;

700 m|

500 m | P

300 m

[ T [ I I
500 m 250 m Om =250 m =500 m

Y, m
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Experimental images- moving receiver
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Experimental images- moving receiver

* Image blurry and de-focused
* First attempt- lack of accurate helicopter

B ™ positioning and a lot of motion errors
\“‘I\! ~ * Also, dense area not so suitable for our
- resolution
» Even so, main reflectors in the image visible
* Currently planning second set of trials
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GNSS-based passive radar

... as a Synthetic
Aperture Radar
(SAR)

(d Basic concepts ... as a radar

— SAR fundamentals
— Intro to passive SAR using GNSS

— GNSS-SAR image formation and

_ (d GNSS-passive radar for maritime
experimental results

surveillance:

d Advanced concepts: — Intro to using GNSS for passive

— CCD - Coherent Change Detection sea target detection;
— Multi-perspective imaging — Basic/advanced processing and
— Multi-static imaging experimental results
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Coherent Change Detection

« Can we compare temporally separated GNSS-based SAR images to detect surface
1500 m — -

displacements?

Target
1300 m —

1100m —
900m —

100m -

Synchronization /
Antenna s 3
e Q B " R

300m —

Transmitter

100m —

1 \ | |
500 m 150m Om 250m -S00m
* Need a strong reference target (high SNR) — like a building for proof of concept.

* We also need a controlled displacement- we cannot move the building! But we can move
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AR displacement

=

=

£
=
=
=
~
-l

-100

Coherent Change Detection

3N/4

» Use a single satellite, acquire images at satellite revisit

204

» First measurements at zero displacement- master

1M/4

« Then shift receiver to emulate target displacement of fraction of

o4

MOl M02 MO3 MO4 MOS MO6 MO7 MOS8 MOS M10 M1l M12 Wavelength’ and take Slave Images
Then compute coherence between master and slave images and their phase difference,

and use that to translate to actual phase shift

Master - Slave 1 Master - Slave 2 . ‘ ‘
" g 9 "+ Bxmmens ok
NB1 SEFAR TN & N | )
07 V7 .
" 06 _o0sf ! 8
: 5 = 5 t I
e =9 14 s i I 1
g \ 03 : I
\ ™ 02 Tt 7
A 1 01
AN W O N
00 60 M0 T B0 EEERES
Renge [m] Range m] oa ‘ ‘
A / 4 A / 2 Ar variation
«  Coherence map threshold 0.7 « Correlation coefficient: Experiment vs model
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Coherent Change Detection

Parameter

Measured
phase

Measured AR

Expected AR

Error in AR

Phase error

 Under good SNR conditions, small (cm) emulated target displacements are detected with

<Cm accuracy

* And only with a ground based receiver that would be stationary in reality

» Could be useful for persistent monitoring applications in local areas
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Multi-perspective/multistatic GNSS SAR

« Two different strategies of the single bistatic data can be adopted

— The information contained in the single images can be extracted and then combined

‘ Multi-perspective GNSS-based SAR

— Very little restriction on separation between satellites

— The set of images can be combined, and then the information can be extracted directly from the

multistatic image

‘ Multistatic GNSS-based SAR

— Imposes more strict limits on angular separation among the transmitters
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Multi-perspective SAR imaging

* Images of the same scene obtained at different bistatic angles naturally look different
 Can this be used as a degree of freedom to enhance image information space?
 Current area of research: terrain classification using multi-perspective GNSS-based

SAR
D1 D2 D3
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Bi-/Multistatic image response

Bistatic PSF is approximately an ellipse with resolution cell area around 100 m? 2 ‘
Tx A Tx B

£ =)
> =}
+ R
=] t=3

2
=]
[N]
=]
T

L,

North axis [m]
North axis [m]

=201

)
=3
T

40+

IS
=3
T

-60

&
(=]
.

60 40 20 0 20 40 60 S0 A 20 0 20 40 60
§ - RS N East axis [m]

=)
S

'S
=)

A non-coherent combination of the individual images results in a

[
=]

multistatic image whose resolution cell area is the overlapping

North axis [m]
<

) segment of the single bistatic PSFs, and therefore may be essentially
) - reduced
g e s s PSF AREA
e PSF A PSF B MPSF
98 m? 80 m? 17 m?
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Multistatic image of two close point scatterers

« Example #1 - improved resolution allows to resolve multiple scatterers

. - . . - - 0
« BSAR #1 «BSAR #2 o MSAR
40t a0t 40
é’: [ é 0 / ’/ _';ri 0 -10
Z: 204 Z: 220 Z: 20
-40 40} -40 45
0 40 20 0 20 2 60 0 40 20 0 2 20 50 o 40 20 0 2 20 S 20
East axis [m] East axis [m] East axis [m]
«  Example #2: - false target positions due to intersection of PSF from different scatterers (ghosts)
. : . . : . 0
o+ BSAR #1 «BSAR #2 «+MSAR
40 40 40
= 20 \ T 20 7 20
Zg 20 ZE 20 i% 20
40 40 -40 =43
-60 -60 -60
0 40 20 0 20 10 60 0 40 20 0 20 %0 60 0 40 20 0 2 S P 20

East axis [m]

 Point-features of the image are extracted by means of an ad-hoc CLEAN technique

Fast axis [m] East axis [m]

« Such a technique jointly exploits spatial resolution improvement provided by the MSAR image and the phase

information preserved in the BSAR images to correctly recover the features of the scene
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Joint bi-/multistatic CLEA

» lterative procedure comprising the following steps: ' T) :
]M : osition ( ise) & litud ;
. . . . Peak selection preuse') a.mp ftude !
1. Brightest point of the MSAR image is selected i (rough) estimations :
! |
2. Scatterer’s position and the N amplitudes (absolute : (Alk ----- Am) (é.7,) :
. o . : (Starting point) (final estimate) !
values, one for each bistatic image) are estimated :L_________________________________________________________________________1'
. . |
from the multistatic image SR sttt S s T '
i | I . © Al Al Ayl (i) |
3. To recover the complex amplitudes information, a 1 Complex E e = = '
P P | amplitudes - s = I, e INI ];jl {
cost function is defined by using both bistatic (still | estimation i T I T | :
I : . . . . .
preserving phase information) and multistatic : |l x| i
_ ! & & b
images OSSO SNSRI SPSOTRIIIN SO :
I : A L 4 A : 1
s s a e : ealli :
4. Bistatic images are updated by coherently : 0 Sdors)| (56| [5:Ewménn) F— |
1 : 2
. . : : 1
subtracting estimated scatterer’s responses | e - | |
| updating ’ L |
. .. 2 | L =S, | s | =S | s | L= Sk !
5. Updated bistatic images are non-coherently added i - s i : :
Pyl i b 1
to update the multistatic image : ' '
! W ()12 112 1()12 :
«  Process carries on until residual energy threshold is | MSAR : ;
I updating y v |
| !
reached ! + :
SRS ___________l__________ ______ i
i Stop? Y , end
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Experimental bistatic image 1

A
1
1
1
i
Sat. #732 R
/’ ” 'l
Py 4 \Q;*Q/'
p : \“\/z'
\ /" : \he:/’
| '

" Azimuth = 98°

" Ground plane Elevation = 53°

_______________________________________________________

70 ==

35 |

mi \
- 3g°

<70 mde

East axis [m]
(=]
1
|

North axis [m]

Experimental
Bistatic PSF #1

East direction [m]

-1400 -

-1150- ©

-250

North direction [m]
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Experimental bistatic image 2

4
1
i / West
1
Sat. #736 '/'“E:;, T
L E &
’/ 1 é >
: A\
/ 1 d
i ! A
South .~
"~ Azimuth = 75°
" Ground plane Elevation = 75°
70 == : . . . i i . 0
354 a P
E
=
g 0 == 0
=% |2 | |
S | Bt 100° | [,
S wn - _
Q a
£ S . _
) 0k o — ; o - 5
Q S ! 1 1 1 1
g‘ (%)) -70 -35 0 35 70
w o North axis [m]

-1150=1 =

East direction [m]
o
o
o
1
|

North direction [m]

European Microwave Week 2017 EuRAD




WE-01 | Present and Future Perspectives of Passive Radar

Experimental multistatic image

- - - - - -1400* b <
« Different orientation of the bistatic PSFs
- improved resolution
153 84 39 -1150F &
«  We expect improved capability to discriminate features of the &
scene g
o . . < 900 4
« Joint bi/multi-static CLEAN applied to correctly recover point =
=]
features §
=
70 = : - . . . : ; 0
354 | a P -650 ==
E
'; 0+ 10
Ll -
w4 |3
-IE .2 -35 i I | -15
QB -400 =
E S : _
c 2 TO ke — e — — 30
QX I T T T 1
Q S 70 35 0 35 70 . .
S S North axis [m] North direction [m]
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Experimental results

B |solated trees in the middle of a grassy area facing toward the receiver
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Tree lines-bistatic Iimages
BSAR #1 BSAR #2

_900 . . '900

o
&
S
®
1
%
o0
S
T
%

East axis [m]
%
%*
*
%*
%*
%*
oo
%*
o
®
East axis [m]
%*
%*
%*

%o
2
@
¥
%*
°
g

-840 :
-840 : :
0 50 100 150 0 S0

North axis [m] North axis [m]

100

3¢ Actual tree location

A number of scatterers have been extracted from the BSAR images

« The accuracy of their localization is severely affected by the coarse resolution
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Tree lines-multistatic image

MSAR 5p BSAR #1 5p BSAR #1 5p MSAR
# tree
[m] [m] [m]
1 2.10 - 1.01
2
3 4.56
4 4.90
5 3.93 5.04 4.32
6
7 8.91 2.14 1.91
-900 ' ' 8 2.20 6.48
- 9
g, 880t ]
= * % 10 7.11 - 5.22
5 * dode e il * 11
bir *k * o k%K
Z -860+ * % * ¥ 12 3.52 4.29
K %*
13
_8400 - - * o 14 0.95 - 0.90
*Actual tree location INorth s ] = - = =
Mean error 4.60 4.18 4.04
- Enhanced accuracy of estimated locations T ¢ 5/15 i 9/15

 Alimited number of artifacts have been extracted

« Agreater number of trees has been sensed, allowing a more detailed scene reconstruction
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GNSS-based passive radar

... as a Synthetic
Aperture Radar
(SAR)

(d Basic concepts ... as a radar

— SAR fundamentals
— Intro to passive SAR using GNSS

— GNSS-SAR image formation and

_ (d GNSS-passive radar for maritime
experimental results

surveillance:

D' Advanced concepts: — Intro to using GNSS for passive

— CCD - Coherent Change Detection sea target detection;
— Multi-perspective imaging — Basic/advanced processing and
— Multi-static imaging experimental results
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GNSS-based radar... for target detection

__ GNSS
I'ransmitter

Receiver
on a balloon

- Reeeiver
{ on_ax buoy

Maritime vessel
to be detected A

.-

Passive Bistatic Radar (PBR) system exploiting GNSS (Galileo, Glonass, GPS)
constellation signals for maritime surveillance purposes.
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Direct
signal

Signal
synchronization

Reference_

signal
Surveillance
signal

Range
matched filter

~_~

T

Processing techniques

«———
1st batch nt" batch Nt batch
range compressed data
v v v
Basic technique Long integration time technique
R R e 4
I Compensated FFT, :
- _l _____________ i _____________ l - : RD maps formation I :
: I I range migration :
i RD maps formation FFTy : : compensation :
I RD, I I v I
I RD maps integration > I ' compensation :
|(-)] I I
Cl A Y L7 !
| : || T et T bbb |
: 2 : : RD maps integration ()7 |
_______________ l_______________ | 4 l:
RD integrated map RD," : > |
e = l _______________ |
RD integrated map RD, "
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Experimental results (High RCS target)

£

| »  Experimental trials in Plymouth Harbour, UK
(e t » Two Galileo transmitters
Satellite GSAT0203
o, R ad »  High RCS target (ferry) equipped with Automatic Identification
' System (AIS)
Basic technique - T, ,,.,=2.55, T,,.=10 s
; satellite GSA"‘I'OVZOIV Satellite 1 Satellite 2

‘ : Azimuth: 163.8° ~ 163.9°
N (Azimuth=0°) 4 Y Elevation:18.9° ~ 18.2°

E (Azimuth=90°)

Direct signal and side-lobes Direct signal and side-lobes

Doppler [Hz]
Doppler [Hz]

LN

Radar antenna

1-20
Reference antenna

Sea clutters

0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
Bistatic range [m] Bistatic range [m]

v' Target visible in both maps

v" Clutter reflections from satellite 1 is weaker than that from satellite 2
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Experimental campaign (Low RCS target)

»  Experimental trials in July 2015
»  Aberystwyth, Wales, UK
» Single GLONASS transmitter
»  Receiver prototype by UoB team
» Cooperative target equipped with GPS
receiver
« ,‘ié?ce(\?er
7005 Parameter Value Unit
ol AN 16h50m44s number 732 -
carrier frequency 1603.6875 MHz
500+ q
Satellite azimuth (clockwise from N) 3.0~6.8 deg
% I 16h52m43s | elevation 73.2~73.1 | deg
x 300F sampling frequency 50 MHz
sl | ) pulse repetition interval 1 ms
N Processing dwell time 118
100} N+ 1GES ok B parameters batch duration (CPI) 3 s
o | | N/1_#_wititinsoquisition time non-coherent processing interval 60 s
150 100 50 0 -50 -100 -150

y axis [m]
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Experimental results (Low RCS target)

 Frame duration: 1 s 4t —Vy |
= 3f v
* Non-coherent integration time: 60 s %f :
£ ~-0.5 m/s |
. . . 3 W\W\
* Integrated maps pertaining the actual target velocity 2ol -
30_2_
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B Bright spots corresponding to target actual locations

B The target can be isolated from the disturbance background

... and for more results on GNSS-based target detection stay tuned!
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Conclusions

= GNSS- one of the possible illuminators of opportunity
= Very limited range compared to other illuminators
= But

— Global, persistent coverage anywhere in the world (even poles, open sea
etc)

— Inherently multi-static/multi-perspective system

= S0 plenty of scope for more local applications, as a gap filler to other
systems etc

= The vision for the future of GNSS radar
— Multi-perspective/multi-static radar/SAR.

— Not only for GNSS, but also other systems, active or passive. When all
constellations fully operational, 24-48 satellite transmitters in space- ideal
for exploring capability

— Already started, but only scratched the surface!
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