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Background

o Synthetic aperture radar (SAR) was started In
1950s

— It has tremendous military and commercial applications
as an all weather and all time sensor

— To achieve long distance imaging, a pulse with long
enough time duration is used to carry enough energy

— The received pulses from different scatters are
overlapped each other and cause energy interference
between different scatters

— To mitigate the interference and achieve a good
resolution, a transmitted pulse is coded using frequency
or phase modulation, i.e., LFM and step frequency
signals, or random noise type signals
» Leads to LFM, step frequency, or random noise radars (or SAR)
e Coincides with the spread spectrum idea in communications g



Comparison Between Radar
and Communications

 Radar (SAR)

e Solution
— Transmit: spread spectrum idea

— Receive: matched filtering
e To get J; in radar

* To get s in communications (single user de-spreading
IN communications when ISI| 1S not too severe) 4



Comparison Between Radar
and Communications

e How severe Is IRCI Iin radar and/or ISl In
communications?

— In radar, it depends on the range resolution
and the number of range cells in a swath (or a
range line).

* The range resolution depends on the transmitted
signhal bandwidth: the wider the signal bandwidth

IS; the higher range resolution is; and the more
range cells a swath has.

 The wider bandwidth is; the more IRCI Is.

— In communications, it depends on channel
bandwidth

 The wider bandwidth iIs; the more severe of the ISI
S. 5
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What Has Happened in Communications? &8

he most important task in the past in
physical layer communications is to deal
with the ISI iIssue

— In wired systems, such as from computer
modems (time domain methods to deal with the
ISI| by using more bandwidth efficient coding
called trellis coded modulation (TCM) and
decision feedback equalizer (DFE)) to high
speed cable modems (OFDM);

— In wireless systems, it moves from the second
and third generations of TDMA/CDMA to the
forth generation of OFDM



Wired Computer Modems e

< 9.6 kbs/s equalization  (Lucky 60s) Squeeze more bits
t bol
9.6 kbs/s TCM +equalization (DFE) 0 & Symbo
14.4 kbs/s
28.8 kbs/s TCM + equalization
56 kbs/s
Asymmetric Digital Subscriber Line (ADSL) Esedmc_)(;eh
6 Mbs/s orthogonal frequency division andwidt

multiplexing (OFDM)
or called discrete multi-tone (DMT)



Wireless Communications Systems:

Number of Multipath vs. Modulation Method &&=

2G (IS-95)

3G (WCDMA
CDMA2000)

IEEE 802.11b (LAN)

IEEE 802.11a (LAN)

IEEE 802.11n (LAN)

4G LTE

5G

1.23 MHz

<11 MHz

similar to 3G

20 MHz

20 & 40MHz

20 MHz

100 MHz

‘RSITY or

Almost optimal for single path

6--8 multipath
almost the break point to use CDMA

16 multipath
OFDM

40MHz doubles everything in 20MHz
OFDM

16 multipath
OFDM and SC-FDE

OFDM
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Digital Wireless Standards
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vs. Bandwidth (#of Multipaths) '

e A standard is determined by a bandwidth (so far)

o 2G: 1.23MHz, almost the highest for non-1SI
— Both TDMA and CDMA (DS spread spectrum) work well

e 3G: ~10 MHz, a few multipaths

— Due to the ISI and wireless varying channels, time domain
equalization may not work well, TDMA is not used, but CDMA (DS
spread spectrum) is used in all standards since it is good to resist
a few chip level time delays (RAKE receiver --- matched filtering to
all the multipaths)

e 4G: 20 MHz, more multipaths

— Even CDMA RAKE receiver (matched to all paths) may not
work well due to non-ideal sidelobes of codes/waveforms
— OFDM is adopted (down link)

» 25% data overhead for the cyclic prefix (CP) is used to deal
with the multipath

— The key of OFDM is to convert an ISI channel to multiple I1SI-free
subchannels, when a sufficient cyclic prefix (CP) is added 9



What Has Happened in Communications

Generations

2G 3G 4G 5G
>
TDMA
CDMA CDMA OFDM
! >

Narrowband _ l _ Broadband
Systems More signal/thannel bandwidth Systems
~1.2 MHz 20 MHz or more

~10|MHz

Only a few multipaths exist

Spread spectrum idea

LFM/step-frequency radar is like frequency hopping

Random noise radar is like direct sequence .
1
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What Has Happened in Radar (SAR)

o |t still uses the spread spectrum idea

— Transmitter: LFM, step frequency (frequency hopping), random noise
signals (direct sequence)

— Receiver: Matched filtering (corresponding to the single user detection in
CDMA systems in 2G)

— The 2G and 3G technology in communications
* It works well only when there are not too many range cells in a
swath (similar to that CDMA works only for a few multipaths)
e |s aradar signal bandwidth large enough to use OFDM?
— A good range resolution may require a high signal bandwidth
— leads to have too many range cells in a swath

— non-ideal sidelobes of a radar signal in the matched filtering (range
compression) cause IRCI in a SAR image

« The sidelobe level is about /| for alength N pulse/signal (or the
range compression gain N)

11



L D s

2

L -

3 ..t\'.u.éll'?_:"".i'-f.. %
'j:'ml:-" %. g



Can We Go Beyond 2G/3G in Radar?

* A high resolution SAR requires a high bandwidth -
more severe IRC| - motives us to adopt OFDM
signals

 There have been many OFDM signalings in radar

alreadyi Levanon’00,Franken’06, Garmatyuk’08, Sturm et al’09, Sen-Nehorai’09, Wang-Hou-Lu’09,
Berger et al’10, Wu-Rishk-Glisson’10, Sit et al’12, Riche et al’12, Kim et al'13 ......

— For most of them, OFDM signals are just treated as a
different kind of signals at the transmitter and the
conventional matched filtering is used at the receiver.

* The matched filter is optimal in terms of SNR where the IRCI is
treated as the signal part but is clearly not desired.
— The matched filtering may not be optimal in terms of less IRCI.

 The key of the OFDM that converts an ISl channel to multiple ISI
free subchannels is not used.

* There still exists IRCI across range cells among a swath.

 Yes, we can! - IRCI free range reconstruction.

13



Range Cells vs. Multipaths
One Pulse Range cells g

One range cell One path in
>

- <€ - -
In a swath communications

14



CP-based OFDM Comm. and Radar

8

Ta

CP

OFDM block

CP

OFDM block

CP

OFDM block

Communications
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Eeceive window

(b)

CP ‘ OFDM block CP ‘ OFDM block ‘

Radar

[
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SAR Geometry SR
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Transmit and Receive Signal Models ¥ L

(Altitude)

ng? ot i
Mﬁ)’lﬂu )
Radar transmitted signal
s1(t) = { Z Srexp {j2m f;j}} e [0, T+ TC"} : i
\/— k=0 N @%
[ L %
Tg, s the guard interval length |
(the analog time length of the CP) -
And Wl” be SpECIerd Iater n';'th range cell
(X Yms 0)
Radar return signal from the mth range cell e “%%
footprint ’

um(t.?;r] = gm'ﬂ-‘a(?}f]ex[:' {_J'Ll’_ffm}
E;JITZE - H;Lexp{ [t— _Cur_]} +u(t,7), te [zﬂ.nm;_ zﬁ',;.:.m‘.- +T+T;;-;]

C

Radar return signal from a swath: W(t,m) Z U (t.n)
m 17



Discrete Received Signal Model Sk

Swath width

t ?? Z u'-;l',-]_ t ?;I' *‘tr — ——— - — ——— — — — — — i

m

c c
antenna Eo

f— 2Rm(n) — f 2(Ho(n)+mpy ) Eu1
=t — to(n) — mT, - I

: Ry (m) Y I
A
-

[E
[

M range cells

M—1
= Z ApSi—m +v;, 1=0,1,..., N +2M — 3,
=0
R,.(n) Radar Cross Section (RCS)
dm: m Wa _I;lrc . ..
gmll (n}exp{ Jamf C } Coefficients related

j2m |
s; = s(iTy) = Z S;bexp{ {A?} i=0,1..... N+ M -2,
VN =



Cyclic Prefix (CP) Length SR

Swath width

«- - — - — - —— >
gm

Ena

antenna £ I ‘

e o R

K 1 k—

~ Pr _
~

M range cells
At least
M range cells < = - -> M paths
X | M_ l
//
Tprr /
/
To Receive window 4
/
Radar cp ‘DFDM block cp ‘DFDM block ‘
[

For a wide swathwidth, the CP length needs to be maximized, i.e., N-1, for N
subcarrier OFDM 19
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CP Removal at Recelver ETAALE
Received First M-1  Useful N Last M-1
signal samples samples samples
\‘n\\ — — ~—"—
. T AT Transmitted
Transmitted K 3 -
e~ B o e I B pulse
A \ / / ¥
CP [ OFDM block |, ,/ | cp| oFDMblock |
-7 AN 7
_’ - T, /Receive window r
s’ 4 \ 7
A/ < ]},}_{ \\ //
/
M- 1 samples / v

~ Remove M — 1 samples

/
/

»
/
Un — d n ® Sn Linear convolution becomes

/ Cyclic convolution

S, is a shifted version of S,of amount M-1 .



Range Reconstruction SR

N-point FFT:
{/'T_:c = D;ﬂ;g;f + H;T;L E=0.1.... \ N -1

M—1 :
—12mmk
D.is.: — mz=:[] de'.Kp { / ﬁlr }

Frequency domain RCS coefficient estimation

7 Us Uy Dyt Wi {— 72mk(M — 1) }
kE— &= — - . o — k —~ Exp AT
S S (BT} T, N
RCS coefficient estimation .
) { N-1 Ok In order not to enhance the noise,
_ Z Dyexp ST the subcarrier weights Sk should
" VN — N have constant module.
dp = VNdp + @' . m=0,...,M—1 ----» |IRCI free

An ideal zero sidelobe can be achieved. 21
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Range Reconstruction: Remark

 The CP based OFDM range
reconstruction/compression is not the same
as the matched filtering

« Although the matched filtering is optimal
when IRCI Is also treated as a signal part,
which may not be optimal when IRCI Is
considered as non-desired interference that
IS the case here

22



SAR Imaging Comparison
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Compressed Compressed Compressed
data data data
() (b} (¢y Random noise
and the conventional
CP Based OFDM SAR LFM SAR

OFDM SAR 23



Simulation Results: Some Parameters &P

PRF = 800 Hz,

s bandwidth is B = 150 MHz,
camer frequency f. — 9 GHz,

sampling frequency f, = 150 MHz,

platform velocity is v, = 150 m/sec,

platform height of the antenna 1s H, = 5 km

# range cells is M — 96 in a swath

CP length 15 95 that 15 sufficient and the CP time duration 1s T % ps 72 0063 ps.

T = 3% ps =~ 341 ps, then the number of subcarriers for the OFDM signal is N = 512.

the time duration of an OFDM pulse is T, = 55 us =0 4.05 ps

24



Simulation Results

Amplirade (dB)

Range profile of the spread function

-130 |

rI-a
=
T

=230 -

—300 -

| | | |
L |.| I'i.‘ '

'J"’l'”JL |'1..'|.'r W n|= i F';i"’l'l‘ pu ol "*Lhn' "h!,' “‘i

‘"l""

.........

— — — - LFM
----- — CP based OFDM
Conventional OFDM

Random noise

5
5
5
5
5
5
5
5
5

—40
TOGE T0GE

kA

7070 LIk 7074 1076

—400
G800

I
G850

I ]
6800 6450

]
7000 7050 7100 7150
Range (m)

Range profile of a point target

I I I
7200 7250 7300

25



Amplitude (dB)

Simulation Results

=

Azimuth profile of the spread function
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Simulation Results
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Original tank image
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Amplitude (dB)

Amplitude (dB)

Simulation Results
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Mean square error

Simulation Results

ITYor

0 0.2M 0.4M 0.6M 0.8M
CP length

The mean square errors for insufficient CP lengths.
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Pulse Length Problem for Wide Swath SAR a FIAWARE,

I, jl( Eecetve window

CP | OFDM block ||

(Altitude)

At least At least
M- 1 M

OFDM transmitted pulse
length is at least 2M -1

|
? M is the number of range cells in a swath that
3 Could have thousands of range cells
Too |0ng Question: Can we have arbitrary length CP based OFDM

pulses? 30




Arbitrary Length OFDM Pulses: Idea

To make the CP part all zero-valued:

s(t)=0fort € |0,T5) and t € (T, T + T

‘ CP ‘ OFDM block ‘

1 1
\

|
|
Zeros : 76ros
|
v

to transmit:  s(t) fort [T, T]

Tai IS determined by the swath width, but T can be arbitrary,
so the OFDM pulse length T-Te can be arbitrary

31
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Arbitrary Length OFDM Pulses: Zero Head and Tail
EIAWARE.

Property

Since the range reconstruction only depends on the discrete

subcarrier weights Sk in the discrete frequency domain, or

equivalently discrete time domain sequence,

S':[Smsl’”"SmM—z]T

we only need to generate a discrete seguence
Sl:[O’“.’O’SM—l’“.’SN—l’O"”’O]T

to correspond to the zero CP OFDM waveform, i.e., the

following zero head and tail property:

T T
[Sos-* Sm2] =[Sy s Snsm 2] :O(M—1)><1

‘ CP ‘ OFDM block ‘

I\/I;l N !
M- 1 zeros M- 1 zeros




Arbitrary Length OFDM Pulses: Zero Head and Tail
Property
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e |f a pulse s(t) has its discrete sequence s» to satisfy
the zero head and tail property, it will be equivalent to
a pulse with the zero CP property, and is also
equivalent to an OFDM pulse such that its sampled

Version IS
| M-
sp=sinly) =— % Sipexp {

I
VN =0

j2mkn

A } n=01,.... N+ M -2,

e From this property, to design an arbitrary length
OFDM pulse, we only need to design subcarrier

weights Sk In the frequency domain such that its time
domain discrete sequence sn satisfies the zero head
tail property

33
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Arbitrary Length OFDM Pulses: Design Criteria:

 To design an OFDM pulse, to design subcarrier weights Sk,
k=0,...,N-1, In frequency domain and to design time domain
seqguence sn, n=0,...,N-1, are equivalent

* Design criteria

— The time domain sequence { sn} satisfies the zero head and talil
property

— In order to achieve the maximum SNR after the range reconstruction,
the frequency domain sequence { Sk } should be as constant module
as possible (otherwise, the noise will be enhanced in the RCS
coefficient estimation)

— The analog time domain waveform s(t) should have as low peak-to-
average power ratio (PAPR) as possible for radar to implement
easier, otherwise a delta &t) pulse would serve the above 2 criteria
perfectly

e There is, unfortunately, no closed-form solution for the above

design problem
34



Arbitrary Length OFDM Pulses: Design al@“’““m’

Time domain: 8 = [0 D" s s, L SN

Frequency domain: S — {S{)? Sl; SRR SN—JT

Oversampled time domain sequence of L times to measure the PAPR

{ )’m}. n—=0.. .. LN_1.

5n = LN
SNR degradation factor
Maximize Smin = Min |Sk| <= Minimize ¢ = SNR,, N?
ST\;R”-!HJ'.VH "-:}__"] -E--"Ik|_-.}
9 k=0
max  |S,|
Minimize ~ PAPR — ~= LN 1

- LN-1 _

n=>0



Arbitrary Length OFDM Pulses Design:
An Iterative Method

Block diagram of the
OFDM sequence
design algorithm.
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Simulation Results

Q: lteration number
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Simulation Results
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&

Number of subcarrier sequences Sk, k=0,1,..., N-1.

¢>_01dB | ¢>-02dB | ¢>-044d8 | SNRdegradation
- factor
PAPR < 2 dB 4 5 7
PAPR < 2.5 dB 145 1511 2134
PAPR < 2 dB 615 35036 69735
Total number of trials: 5 = 10°
Sinin = E].ﬁﬁ:’? Smin = c]..ﬂ.aj.’__? Gonin = [}_.5::.’_? Frnin = [}_.5:_.1__?
7 371 14415 353782

Total number of trials: 5 = 10°
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Simulation Results

SINR (dB)

N=128 M= 96, ::sﬂ?fcs 2_8dB

B | ¥ LFM, —6— OFDM| i | |
m% | oo ? Iy e fg I ?
ooy, *ﬁlfﬁiw' | %l %ﬁ" R
il || 5 i’*%ﬁ | i i‘£f %E
P £ " *'H# | ;::&

_5 % * y | A;* N
4 o J\
-m% R S 4
10 20 30 40 50 60 70 8O 90
Range cell

N=128, M= 96, nﬂ,‘?m 2-8dB

15 - T
* LFM, —=— OFDM it
— .
10 A @ \ g
XS? {Pffhﬁ" %57 ;i |I %'} % |
\ b ! ! !
Sr# | ﬁiﬁ I'ﬁ\u'i.-( II I| |I * | |II | |II
* \ 01 * V[
e | d,j * |I | \ II \ II| i
iy | | | i
Or d'f { | | | ':!:' ]
#* | I il *
ﬁll /gk :'1 | g +
“5F | f
LR
Lok * * ]
50 55 60 65 70 75 80
Range cell

SINRs after the range reconstructions using an LFM pulse and a designed OFDM pulse

39



OFDM ISAR Imaging Sy

R, 10km Ncp 511
M. Wu, Xia, Xing 2015 B /5S0MHz | N 512
T, 0.7us 1. 9.6GHz
PRF 200Hz f. 750MHz
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Target translational velocity and acceleration are 100 m/s and 5 nv/s?, respectively. 20
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MIMO Radar

e Co-located MIMO Radar

— Cannot achieve the spatial diversity (one antenna signal
IS poor, the others may not)

e Statistical MIMO Radar

— Signal waveforms of the same bandwidth from different
Tx antennas may have different time delays and thus
may not be orthogonal in time domain

 They may not achieve the spatial diversity if the range resolution
IS not reduced, I.e., all the waveforms from all the Tx antennas
have the same bandwidth.
— In order to have the orthogonality of the waveforms from
different Tx antennas in time domain, the waveforms
need to have non-overlapping frequency bands

* Their bandwidths are reduced and thus their range resolution is

reduced.
42



CP Based MIMO-OFDM Radar LA

o Sufficient CP based OFDM radar can be extended to

MIMO radar

— Orthogonality of the transmit signals across multiple
transmit antennas hold in the discrete frequency domain,
which is not affected by the time delays from different
transmit antennas in the time domain

— All transmit signals from multiple transmit antennas may
share the same bandwidth, and thus, the range resolution is
not reduced

— Subcarrier weights Sk in single transmit OFDM radar
becomes subcarrier weight matrices Sk

« Constant module subcarrier weights Sk for single transmit OFDM
radar with arbitrary pulse length are hard to achieve and thus lead to
the SNR degradation after the IRCI free range reconstruction

« Unitary subcarrier weight matrices Sk are very easy to construct and
can be parameterized and thus the SNR is not degraded 41
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CP MIMO OFDM Waveforms
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CP MIMO OFDM Waveforms

Orthogonal design based approach SiSc =17

Orthogonal Design: X XX = () f + x4t o1 [0 X=X X ATX]

Alamouti code for 2 Tx antennas

X SO g® Sh Sh.
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CP Based MIMO-OFDM Radar

Orthogonal design In discrete frequency domain
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p is the CP OFDM pulse index
Here is 4 CP OFDM bpulses toaether to form a block



CP MIMO-OFDM Radar

&

2 Tx antennas, 309 subcarriers, 10 targets over 96 range cells, PAPR=2dB

Non-zero pulse length is 40Ts,

compared with polyphase code, p-code
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Presentation Notes
不同信噪比下发射-接收对（1,1）的 距离像恢复效果
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Conclusions

o Sufficient CP based OFDM SAR may be a promising
technique to improve range resolution with zero sidelobes (or
IRCI free) in the range reconstruction

— Adding sufficient CP at transmitter
— Use a new range reconstruction (not matched filtering)

« Sufficient CP based MIMO-OFDM has advantages for MIMO
radar to overcome the existing MIMO radar shortcomings, in
particular for statistical MIMO radar
— Can collect full spatial diversity
— No range resolution is reduced

o FRHMENEEEIE R

* In communications business, OFDM has become the most
updated standard (5G, 4G) and the spread spectrum is
already the past (2G and 3G)

— We are still spread spectrum radar
— What will happen to OFDM radar? 48
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