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distributed over the pulses.

SRR VNEEEN
R 5. sas ALy
O
A

C an a dg http:vopic.ge.ca - Ottawa-Hull K1A 0C9 - atp.//cipo.ge.ca OPIC

OPIC - CIPO 191




WO 2009/141408 A1 |[HIL 1! HED D HID AAORON A R R

CA 02725524 2010-11-23

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization l{,f:”_ﬂ""’%\
International Bureau wjf J

(43) International Publication Date
26 November 2009 (26.11.2009)

(10) International Publication Number

WO 2009/141408 A1l

(51)

(21)

(22)

(25)

(26)
(30)

(71)

(72)
(75)

International Patent Classification:

GO1S 13/24 (2006.01) HO4L 27/26 (2006.01)
GO1S 13/28 (2006.01) GOGF 17/10 (2006.01)
GO1S 13/58 (2006.01)

International Application Number:
PCT/EP2009/056191

International Filing Date:
20 May 2009 (20.05.2009)

Filing Language: English
Publication Language: English
Priority Data:

1035463 23 May 2008 (23.05.2008) NL
08162594.9 19 August 2008 (19.08.2008) EP

Applicant (for all designated States except US):
THALES NEDERLAND B.V., Zuidelijke Havenweg
40, NL-7550 GD Hengelo (NL).

Inventors; and
Inventors/Applicants (for US ornly): LELLOUCH,
Gabriel [NL/NL]; Soestdyjksekade 527, The Netherlands,
NL-2574 BE Den Haag (NL). ERKOCEVIC-PRIBIC,
Radmila [NL/NL]; Molenmeesterstraat 11, NL-2645 GH
Delgauw (NL).

(74)

(81)

(84)

Agents: LUCAS, Laurent ¢t al.; Immeuble Visium, 22,
Avenue Aristide Briand, F-94117 ARCUEIL Cedex (FR).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
CA, CH, CN, CO, CR, CU, CZ, DE, DK, DM, DO, DZ,
EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO,
NZ, OM, PG, PH, PL, PT, RO, RS, RU, SC, SD, SE, SG,
SK, SL, SM, ST, SV, SY, TJ, TM, TN, TR, TT, TZ, UA,
UG, US, UZ, VC, VN, ZA, ZM, ZVW.

Designated States (unless otherwise indicated, for every
kind of regional protection available). ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
/W), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,
TM), European (AT, BE, BG, CH, CY, CZ, DE, DK, EE,
ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, SE, SI, SK, TR),
OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW, ML,
MR, NE, SN, TD, TG).

Published:

with international seavch report (Art. 21(3))

(34) Title: A METHOD FOR ESTIMATING THE POSITION AND THE SPEED OF A TARGET WITH A RADAR EMITTING
AN OFDM WAVEFORM

B - "o random phase

Frequency

R (f1...fNdopp ) for Doppler processing

o

S IR

(57) Abstract: There i1s disclosed a method
for estimating the position and the speed of
a target with a radar. The radar emits a
wavelorm comprising a train of pulses, each
pulse comprising an OFDM chip construct-
ed from subcarriers, the subcarriers cover-
ing the whole bandwidth of the radar. Upon
receipt of the echoed pulses, some of the
subcarriers are used n a step of Doppler
processing, each of said subcarriers being
fixed over the pulses. Upon receipt of the
echoed pulses, other subcarriers, that are
not used for Doppler processing, are used in
a step of High Range Resolution process-
ing, the said subcarriers being randomly dis-
tributed over the pulses.
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A method for estimating the position and the speed of a target with a
radar emitting an OFDM waveform

The present invention relates to a method for estimating the
position and the speed of a target with a radar emitting a waveform of the
Orthogonal Frequency Division Multiplexing type (OFDM). The invention is
applicable to many radar applications.

In modern radar networks aiming at surveillance applications, the
combination of a growing number of features to face up a growing number of
needs Is the new challenge. The demands for better performances, faster
reaction in more complex environments foster this approach. Namely, the
new scenario has to circumvent electromagnetic interferences while
compounding with vital resources like Doppler estimation and High Range
Resolution (HRR).

The electromagnetic frequency band under use can be subject to
degradation, misleading the comprehension of the environment. As a
conseguence, the presence of targets may not be detected. This is one of the
technical problems that the present invention aims at solving. In a short
range radar network for example, the source of this degradation can be either
channel imperfections or mutual interferences between neighboring telecom
stations. In the prior art, this situation is best avoided when the radar carrier
frequency swaps within a band from emission to emission, just like in the
concept of cognitive radio.

The Doppler effect is by nature a scaling of the carrier frequency
proportionally to the radial speed of the target. In the prior art, when the
waveform is a pulse burst or a train of pulses, the Doppler frequency Is
commonly obtained after comparing the phase of the received echoes with
that of the local oscillator; at least when the same carrier is used along the
burst. However, if the carrier frequency changes, the Doppler frequency
changes accordingly and the conventional Fourier analysis IS no longer
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adapted to perform the Doppler processing. In that respect, in the common
solutions from the prior art, frequency agility and Doppler processing have
always been isolated in different operational modes. This is one of the
technical problems that the present invention aims at solving.

5 After detection, the decision to regard a target as a friend or as a
foe implies that enough information over the target is known. Such a
thorough radar signature is obtained when the system has a high resolution.
If the processing in the receiver responsible for the range is based on the
Pulse Compression (PC) technique known from the prior art, basic range

10 resolution in the sense of the system is equivalent to wide bandwidth in the
sense of the waveform. In that respect, in the common solutions from the
prior art, frequency agility and HRR have always been isolated in different
operational modes. This is one of the technical problems that the present
Invention aims at solving.

15 Until now, only few Mono-Carrier radar systems have been
supporting frequency agility together with Doppler processing and HRR.
None has ever merged them into one single operational mode. This is one of
the technical problems that the present invention aims at solving.

20
The emergence of Multi-Carriers (MC) signals In the
communications has invited the radar community to focus on these novel
digital waveforms and analyze their radar properties.
Developments for ground penetrating radar applications have
25 made use of Multi-Carrier stepped-frequency waveforms to synthesize a wide
bandwidth. In that concept, each pulse consists of several widely spaced
frequencies produced by different IF frequencies. The method is detailled in
the article “A Multi Frequency Radar for Detecting Landmines: Design
Aspects and Electrical Performance” (P. van Genderen and al., In
30 Proceedings European Microwave Conference 2001, October 2001).
However, this article focuses on HRR, it does not even address the issue of
frequency agqility.
The US patent No. 6,392,588 B1 reports investigations on the
Multi-Carrier Phase Coded (MCPC) waveform. It is demonstrated that the
35 MCPC structure offers opportunities to lower the autocorrelation sidelobes



10

15

20

25

30

35

CA 02725524 2011-10-28

3

and therefore enhances detection capabilities. However, this patent does not
even address the issue of frequency agility.

The most famous MC waveform is the so-called Orthogonal
Frequency Division Multiplexing (OFDM) waveform, which is simply
generated by means of Inverse Fast Fourier Transform (IFFT), a digital
technique that makes it extremely flexible. OFDM has been suggested for

~ultra wideband wireless communication standard 802.11a. In the article

"Frequency Agility in OFDM Active Radar” (P. Tran, MSc Thesis, October
2006) the same OFDM or MCPC waveform is used to introduce the concept
of digital MC agile waveform. Various agility patterns are suggested and
tested. Several criteria such as spectrum occupation, cross-correlation,
resolution in range and Doppler estimation are used to assess the best agile
waveform for radars. This article deals with frequency agility, however it does

not address the issue of combining frequency agility with Doppler processing
or HRR.

The present invention aims to provide a flexible waveform which
may be used to overcome at least some of the technical problems described
above. At its most general, the present invention proposes a new radar
waveform concept suitable for solving simultaneously Interference issues by
providing frequency agility together with Doppler processing and/or HRR.
The concept relies on the structure of an OFDM signal as it is used in the
communications, by exploiting its unique time/frequency pattern.

More specifically, the present invention provides a method for
estimating the position and the speed of a target with a radar, the radar
emitting a waveform comprising a train of M pulses where M = 2, each pulse
comprising an OFDM chip constructed from Ng. subcarriers, where Ng.°2°2. the
subcarriers covering the whole bandwidth of the radar, the method comprising,
upon receipt of the echoed pulses:

among the Nsc subcarriers, Ngop, Subcarriers where Nyoop < Ngc are
used in a step of Doppler processing, each of said Ndopp subcarriers being
fixed over the M pulses;

among the Nsc - Ngop Subcarriers that are not used for Doppler
processing, Nuyrr subcarriers where Nyrr £ Ng. - Naopp are used in a step of
High Range Resolution processing, the said Nyrr subcarriers being randomly
distributed over the M pulses.
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Preferably, the Doppler processing may include applying an FFT
on each received pulse, so as to select the subcarriers to be used. A step of
compressing the pulses echoed by the target may follow the step of Doppler
processing.

Preferably, a step of compressing the pulses echoed by the target
may precede the step of High Range Resolution processing. The step of
High Range Resolution processing may also include removing the apparant
random distribution of the subcarriers.

In one exemplary embodiement, the waveform may embed
messages indicating that a target has been detected, the messages being
exchanged throughout a radar network. Then, the Bandwidth-Time product
may be greater than 10*. The method may be implemented in a short range
radar adapted to detect human beings.

It Is to be understood that variations to the examples described
below, such as would be apparent to the skilled addressee, may be made
without departing from the scope of the present invention.

Thus, an advantage provided by the present invention in any of its
aspects is that the combination of frequency agility and HRR is an added
value for the system’s reliability in the context of interferences.

A non-limiting embodiment of the invention is described below with
reference to the accompanying drawings in which :

- the figure 1 schematically illustrates an exemplary waveform
specified for a short range radar;

- the figure 2a schematically illustrates exemplary grouped
subcarriers hopping in the case of a single chip per pulse;

- the figure 2b schematically illustrates exemplary spread
subcarriers hopping in the case of a single chip per pulse;

- the figure 3 schematically illustrates an exemplary OFDM structure
enabling to combine frequency agility and Doppler processing;
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the figure 4 schematically illustrates an exemplary complex down
conversion scheme;

the figure 5 schematically illustrates an exemplary Doppler
processing for pulse radar after pulse compression;

the figure 6a schematically illustrates an exemplary received
OFDM pulse burst;

the figure 6b schematically illustrates an exemplary Doppler
processing per subcarrier;

the figure 7 schematically illustrates an exemplary Doppler
spectrum for MC compared to Single Carrier (SC);

the figure 8 schematically illustrates an exemplary frequency agile
stepped OFDM waveform;

the figure 9 schematically illustrates an exemplary receiver for
HRR;

the figure 10 schematically illustrates an exemplary agile HRR
processing concept;

the figure 11 schematically illustrates an exemplary OFDM chip
uBB, continuous and after sampling at the range gates for 3
targets;

the figure 12 schematically illustrates an exemplary sampling of the
received echoes coming from different ranges;

the figure 13 schematically illustrates an exemplary compressed
OFDM chip for two closely spaced targets;

the figure 14 schematically illustrates HRR exemplary profiles for
two close point targets (R1=2001, R2=2002), the results being
folded back in the available IFFT window;

the figure 15a schematically illustrates an exemplary OFDM agile
radar transceiver block-scheme;

the figure 15b schematically illustrates a zoom on the signal
processing block of the exemplary transceiver;

the figure 15c¢ schematically illustrates a zoom on the signal
processing block of the exemplary transceiver, when the three
features are combined.
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In the figures, like reference signs are assigned to like items.

AN OFDM WAVEFORM

Figure 1 schematically illustrates an exemplary waveform
specified for a short range radar. The illustrated waveform is a train of 330
pulses, commonly refered to as a “pulse burst”. The pulses of the burst are
numbered from 1 to 330. The pulse numbered 331 is the first pulse of the
next burst. The invention is exemplified on a waveform designed for short
range radar with the background of radar network. The intention is to embed
communication messages, for example messages indicating that objects
have been detected, into the radar waveform so that information is shared
between the various stations. Accordingly, the total bandwidth B,, is much
higher than conventional systems, for example B, may be equal to 300
megahertz (MHz). Needs for high resolution in Doppler suggest a long
observation time or a Coherent Processing Interval (CPIl). In the illustrated
example, the duration Tyyse Of €ach pulse may be equal to 1 microsecond
(us) and the Pulse Repetion Time (PRT) between two consecutive pulses
may be 100 us. As a result, if the first pulse is emitted at an instant t1=0, then
the 330" pulse is emitted at an instant t330=32.9 ms and the CPI is equal to
33 milliseconds (ms) for the examplary burst of 330 pulses. This demands
treating the true Doppler effect instead of its narrowband approximation. In
the illustrated example, the Bandwidth-Time product (BT) may average about
10, which is extremely high compared to usual BT products averaging about
10%. Such a waveform offers good properties of Low Probability of
Interception (LPI) when processed by Pulse Compression, since the
instantaneous power can be limited. The consequence of the high BT
product will be to introduce range walk at the receiver even for relatively low
speed targets averaging about 15 meters per second (m/s). Range walk
describes the drifting of the received echoes over the range gates. If range
walk Is not mitigated, it is harmful to the Doppler processing. That is why
‘range-walk compensation” techniques are usually applied beforehand. In the
llustrated example, the targets of interest are human being in very slow
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motion, whose radial velocity under 10 m/s induces no range walk. Although
the illustrated example is based on a high BT product waveform with its
specific scenario of low targets, the invention also suits more classic radar
scenarios with lower BT product of about 10* for example and higher speeds
of about 500 m/s for example.

Each pulse of the exemplary waveform is an OFDM pulse,
commonly refered to as an “OFDM chip”. A common set of Ns frequency
carriers i1s used to construct each of the OFDM chips. The time/frequency
structure of the pulse burst is tailored in accordance with three different
patterns: one pattern for frequency agility, one pattern for Doppler processing
and one pattern for HRR.

Figure 2a and Figure 2b schematically illustrate exemplary
grouped subcarriers and exemplary spread subcarriers, respectively, hopping
In the case of a single chip per pulse. All three patterns are based on the
available Ng. subcarriers associated with the OFDM pattern. With OFDM, two
consecutive subcarriers are separated by Af=1/Ts where T Is the duration of
one OFDM symbol. This is the property of orthogonality that characterizes
the spectrum of an OFDM signal. These Ns. subcarriers capture the total
available bandwidth B,, according to By,=Nsc.Af.

Starting with the frequency agility constraint alone, an OFDM agile
waveform is easily obtained if frequency hopping schemes are used from
chip to chip. An infinite number of schemes can be figured out, as illustrated
by Figure 2a and Figure 2b, but here one constraint is to have a same
number N of subcarriers for each chip (N<Ns.). In the exemplary figures 2a
and 2b, Ns =40 and N=8. In the concept, one chip Is a concatenation of
symbols (vertical) while one pulse is a concatenation of chips (horizontal).
For t satisfying (I-1)XT, <t <IxXT., where [€(1..L) is the chip index, the

expression sorpmp) for an agile OFDM pulse at baseband is given by:

NSC
L il T Af -
Sorpm (1) = Zwk,z‘?J H A (1)
k=1
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where:
- w,, and ¢, are the weight and the phase code, respectively,

associated to the k" subcarrier and the [™ chip;
- the frequency agility information is carried by {Wk,l }kzl...N that will

have only N non-zero values.

The pulse duration Tpyise In the proposed scenario is small (1us), such that a
single chip fits within the pulse (L=1). That is the reason why, in the following,
the chip index [ Is replaced by a pulse index m, where me (1..M), M being
the number of pulses in the burst. At each pulse, the N non-zero values of
the single chip are randomly distributed, so that the Ns. possible subcarriers
are covered over the burst of M pulses. Consequently, the total bandwidth By
IS also covered over the burst of M pulses. This defines the frequency agility
pattern.

When sampled at the critical sampling rate fs=Bw=Ns/Ts, the discrete form of
Soeon (M —1)-T.|, with ne (1L..N_ ), becomes:

NSC
T -0
SoFpm [ej n]: ch,m e (2)
k=1
where 6, =27Af -(n—1)T, andc,,, =w,,, PR

This expression resembles the definition of an Inverse Fast Fourier

Transform (IFFT). Indeed, an OFDM signal is remarkable in the sense that it
s easlly generated by applying a digital IFFT over the complex symbols ¢, ,, .

AN OFDM WAVEFORM ADAPTED TO DOPPLER
PROCESSING

The figure 3 schematically illustrates an exemplary OFDM
structure enabling to combine frequency agility and Doppler processing. If on
top of the agility pattern, Naopp fixed subcarriers are superimposed, their
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Doppler modulations due to the target can be tracked along the received
burst and it becomes possible to use the classical Fourier theory to retrieve
them. Then, the radial velocity v, can easily be computed. In the exemplary
figure 3, the fixed subcarriers dedicated to Doppler processing are SC1popp,
SC2popp @Nd SC3popp (Naopp = 3). They are not submitted to the above

mentioned random distribution: they are fixed over the M pulses. Denoting by

C:{Ck,m }kill...zxjc the matrix that contains the time/frequency information of the

burst, one example where random agility and Doppler are combined is given
by

4y a1,6 g
4 s Uy ° X 10
4 a1,7 9 a2,10
‘ a2,3 ‘ ° ;g a3,10
C = dl,l d,, d, d1,4 dis dg d1,7 dig dy d
d,, d,, d,; d2,4 dys d,g d2,7 dyg d,, d2,10
Ay, Uy - i, 5 a,
dy; Uyy a4 (s ¢
Ay, Uys ;4
as, . . Ay, Oy N . . - 3)

Each column of C corresponds to one pulse, while each row of C
corresponds to one subcarrier. The dots refer to zeros. The coefficients

responsible for frequency agility and Doppler are denoted by the matrices
A:{(Jk’m}kzl...N andD:{dksm}kﬂ...N@p}, respectively. The numbers used In this

m=1..M m=1..M

example are arbitrary Nsc=10, N=3, Ngopp=2 and M=10. In order to process
Doppler, it is necessary that all Ngopp Subcarriers show coherency from pulse
to pulse. Therefore, the coefficients along the rows in D should be equal.

The concept for the processing at the reception of such an OFDM
agile pulse burst is now described. Only one single point target is assumed In
the scenario and propagation losses are excluded in the model.
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At transmission, the digital signal presented in (2) is transformed
by a Digital-to-Analog Converter (DAC) into an analog signal before it is up-

converted, here at X-band. At Radio-Frequency (RF), every agile pulse
U (t) 1S expressed by:

Upprx (1) = Ugg(t =1, ) e’™
N, -1 |
where, (1) = chame"k”ﬁf 20 rect . (1)

(0 1 =T /2<t<T /2
rec =
s 0 elsewhere (4)

The time ty, is taken to be the moment at which the exact middle of pulse mis
transmitted, e.g. to=T1</2 and t1=PRT+Ts/2. For the sake of coherency from

one pulse to the next, the PRT is assumed to be an integer multiple of the
carrierperiod 7, =27/ w, .

DOPPLER PROCESSING: THE OFDM WAVEFORM ECHOED

At reception, if the point target is initially separated from the radar
by a distance R and moving with a radial velocity v, the complex expression
for each received pulse m is given by:

U pr gy (1) = U g o (O11 — 7))
— ej(@c+a)p Nt—17) 'M?B(O'(f . ’Z') . tm )

()

v, |<<c

where o=(c—v J(c+v.) = 1-2v /c is the time scaling factor used to
describe the true Doppler effect and w, =—2v /c)w. is the Doppler

modulation on the RF carrier. Receding targets (v.>0) induce negative

Doppler while closing targets (v,<0) produce positive Doppler. The two-way
travel time delay 7 is given byr=2R/(c-v, )=2R/c.
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Figure 4 schematically illustrates an exemplary complex down
conversion scheme. A received signal Sge(t) is mixed down with a local
oscillator 10 into a signal sgg(t), then sampled by an Analog-to-Digital
Converter 11 (ADC) into sgg[tn], before it is gated as illustrated by an item 12

5 of Additive White Gaussian Noise. The latter means that only few samples
corresponding to the range gates are picked. This Is usually equivalent to
down sampling but the actual behavior does not matter here.

10 Finally, the samples are lead through a pulse compression filter to
perform the range processing in a Digital Signal Processor 13 (DSP).

Figure 5 schematically lllustrates an exemplary Doppler

15 processing for a pulse 1 to a pulse P after pulse compression, in a
conventional system. The down converted signal «}, .. (1) 1S expressed by:

(1) =e 1% Ty (ot —T)—t ) (6)

20 The range gates are conventionally separated by a range cell, whose size is
equal to the range resolution (dR=c/2-:07 , with 87 =1/By. If during each PRT

there are P range gates (t1...tp) the full range gate matrix R, will be R :%-T,

where:

t, -
25 T = : : (7)
(M -1)-PRT +t, -+ (M -1)-PRT +1t,

f the delay 7 is within the interval [tp,to.1], the received pulse u}; ., Wwill have

ts Nsc samples taken at the time Instants (¢,,,..1,,, )and provided that the

offset between the first sampling instant and the delay is At =¢ ,, —7, the Nt

30 sample is given by:
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NSC
m=1 _ —ioT | jop(AT+Hn-l )OT) . Jk 27 Af (ATHn—1 )07
MBBRX(tpﬂfz ) — € € : :Ck,Oe (8)

k=l

In (8), the scaling of the pulse itself is neglected that is why the frequency
terms Iin the summation are not affected, according to (3). However, the

scaling of the PRT cannot be ignored and the echo of the next pulse will
appear drifted on the range gate scale. Calling 7, the time instant of its

reception, it follows:

(2 :Tl+PRT(1+V?,) (9)

If very low radial speeds are assumed, then 7, can be assumed to be within

the corresponding interval [PRT+t,, PRT+t5,4]. In that case the new delay
A7, Is equal to:

At, =PRT +t,, -7, =At, —v, - PRT (10)

Taking 7, =7, Ar, = A7. With the condition that all echoes are falling into the

same range cell, meaning there is no range walk, the Doppler processing will
operate over the MxNs. samples available. Expanding (10) to all echoes:

At =At, —v -(m—1)PRT (11)

DOPPLER PROCESSING OF THE OFDM WAVEFORM
ECHOED

Figure 6a schematically illustrates an exemplary received OFDM
burst of 330 pulses. Figure 6b schematically illustrates an exemplary Doppler
processing per subcarrier. An expression equivalent to (8) can be sorted out
for each sample n from pulse m:

NSC
m _ —jor _jon(At—v (m—1 )PRT+n—1)57) k270 Af (AT—v (m—1 )PRT +(n—1 )57
MBBRX(tp+n)_€ e | ch,me (12)

k=l
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Based on the assumption of no range walk, the algorithm disclosed proposes
a Doppler processing per subcarrier. Since the two processes are linear they
can be reversed. Therefore, the Doppler processing is considered on the raw
samples introduced in (12) before pulse compression. The idea of the
Doppler processing is to follow the phase evolution of all Ngope Subcarriers
according to (3) along the CPI or from PRT to PRT.

To retrieve the Ngopp phases at each PRT, the first step of the algorithm

consists in applying an Ng FFT points over all M sets of samples

{ug*BRX(tW )}21:1“‘1\( . In the output, the phase contains the information, therefore

the Ngopp phases are kept in the vector ¢, =( Drs P, ) while the other

Ni,.—N,,, aredisregarded. Then the phase matrix ® is formed.
Pi 0 Ping,,
O-| : .
Pua  Pu N,

(13)

The second part of the algorithm is again a Fourier analysis since M FFT
points are performed over each of the Ngopp cOlumMns in ®. The Ngopp DOppler
spectra are produced and collected in the matrix F:

f1,1 f1,Nd0PP

fM,l o fM,Ndopp )

Figure 7 schematically Illustrates one exemplary Doppler
spectrum.

AN OFDM WAVEFORM ADAPTED TO HRR
PROCESSING
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The OFDM structure also enables the combination of frequency
agility and HRR. To this end, a different time/frequency pattern than in the
previous case will be proposed. The general idea behind HRR is to
synthesize a higher range resolution than the theoretical range resolution
(OR=c/2B), which iIs limited by the bandwidth. In the current analysis, the
imiting factor is not the bandwidth (B,=300MHz in the scenario) but the
needs for frequency agility. Indeed, in the context of interference, the
reduction of the instantaneous bandwidth is necessary. In that sense, the
concept of HRR is compatible with the frequency agile wideband radar. The
combination of agility and HRR requires an adapted waveform. The proposed
solution makes use of grouped subcarriers for each pulse and allocates to
each group different sub bands. Over the burst, the full band is covered in a
random fashion.

Figure 8 schematically illustrates an exemplary frequency agile
stepped OFDM waveform. Only a small set of Nygrr neighboring subcarriers
IS used in each chip to form a pulse. The frequency fn=nm-Af specifies the
frequency band for pulse m. Therefore, the frequency agility information is
now contained in the vector A=(n4...ny). Note that no overlap between these
bands is considered in the current analysis. For the sake of coherency,

neither phase coding nor frequency coding is applied on the OFDM signal,
.e. ¢,,=0 and wy =1. Similar to (3), a time/frequency matrix of the coefficients

C is showed as an example in (15):

1,9
' 1,10

h1,6

1,8

(15)
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Only one subcarrier is dedicated to HRR but the concatenation of more
subcarriers is an option when more frequencies are available.

HRR PROCESSING: THE OFDM WAVEFORM ECHOED

The HRR processing is clear when the expression of the
transmitted RF pulses in (4) is slightly modified as in (16) and (17). Each
10 pulse has its own carrier frequency f.+fm, also used as local oscillator to do

the down mixing at the receiver:

ul(t)=e’ u (t—t )

T AT
where, MBB(t) _ ZeJ 27 Af (t+T /2 )
19 Uy (1) = €7 - U (1)

16
-recty (1) 16)

(17)

For the sake of coherency, the PRT is assumed to be an integer multiple of
the carrier period T.=21m/Ww.. Assuming very slow moving target (no range
walk), the complex expression for each received pulse m is given by:

20

U gr gy (1) = Ugp o (011 — 7))

Pt
L o

(18)

ej(a)c"'a’D Ni=T) MEIB(O.([ . ,z.))

Figure 9 schematically illustrates an exemplary receiver for HRR.
25 It comprises a Local Oscillator 20 (LO) and a Pulse Compression block 21.
After down mixing, each pulse is expressed by:

Ugp rx (1) = Ugp rx (1)~ €

—-j(o.+m, )t (1 9)

30 By substituting the m™ term of (16) and (18) for u™. .. , it follows:
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U (1) = €T g (1 —7) (20)
Where:
g (t)=e’u_(t—7—1t ) (21)

If the target’'s speed is high, the received waveform suffers from scaling. The

PRT of the received burst is modified and in that case, it would be more
correct to introduce 7, as the delay for the m™ pulse. Although the wideband

Doppler analysis is introduced here, an invariant delay 7z is taken for all
pulses. The short pulses are not affected by scaling neither, therefore the
Doppler modulations on the Nyrr subcarriers can be neglected like in (18).

The basic range resolution of the signal ugg in (16) is determined
by pulse compression. The impulse response hm=h of the pulse compression
filter iIs matched to the shape gn=q of the received pulse. Therefore, In
principle it is given by:

h(t)=q( —1) (22)

where the line indicates complex conjugation. The function g is defined as
the convolution of the received pulse g and the impulse response h of the
receiver:

o)

8(1)= | q(t - ah(a)da (23)

—Q0

All choices in the design of the pulse shape and the pulse compression filter
that are relevant to HRR are captured in the function g. For a stationary
target as in the next simulations, it is equal to the autoconvolution of the
OFDM pulse shape:

O

g(t) = IuBB(t—a)uBB( —-a)da (24)

—QC0
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The signal x, at the output of the receiver due to the m™ pulse is the
convolution of the mixer output «;... and the impulse response h of the

pulse compression filter. It can be expressed in terms of the function g:

x (t)=e T T ot — T —1 ) (25)

The output x,, of the receiver is also the input to the part of the processing
that is specific to the HRR. Therefore (23) is a key to the design of this
processing. In principle, this design is based on a detailed analysis of the first
factor, but ignores the second one. The actual choice of the function g and
the sampling of the function x,, must be such that the second factor can be
regarded as a constant function of the pulse number m. To avoid extra phase
perturbations it is convenient if the compressed pulse is real. A sufficient
condition to have the compressed pulse g being real I1s that the
uncompressed pulse ugg Is complex symmetrical. To be complex
symmetrical, a pulse p should verify:

p( —t)=p(t), te R (26)

The OFDM pulse ugs has this property. In this theoretical analysis the
receiver output signal xm, 1S assumed to be sampled at the exact moments
At=(7 +t1 ... 7 +tn).

HRR PROCESSING OF THE OFDM WAVEFORM ECHOED

With the sampling Instants Aty the data samples x (At ) In the

time domain are now meaningtul in the frequency domain. Their expression
X (w ) obeys:

X (o )=x (At )

— e—j@mf .e—j(ﬂcf , g(o)

(27)
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Only the first term has a dependency on m. This remark is the basis of HRR
analysis. Since the agility pattern A=(ny...ny) introduced above, is known at
the receiver, compensation for the non-linear frequency steps is possible
before the HRR processing is effective.

Figure 10 schematically lillustrates an exemplary agile HRR
processing concept. An Agility Pattern block 30 reorders the sequence
X (w ).X,(w,) into a new sequence (Y,(Q,).Y,(Q, ) such that

(Qm)m=1..m follows a linear progression. Thereafter, the new set of samples
can be processed by an IFFT block 31. The output vector (y (7, ).y, (7, )
provides the HRR range profile. The burst considered in the example is
composed of a small number of pulses (M=10) and the same agility pattern
ike In Figure 8 Is usedq.

Figure 11 schematically illustrates an exemplary OFDM chip ugg,
continuous and after sampling at the range gates for 3 targets including a
target 1 and a target 2. A third target corresponds to dark samples obtained
at the zero-crossings, where range coincide with a multiple (k) of the range
gate. The specifications for the design of the OFDM chip ugg, as used in the
simulations, are reported in a table 1:

Parameter | Value | Dimension

Total Bandwidth B,, 300 [MHZ]
Number of subcarriers available | N,. 300
Frequency spacing Af 1 I[MHZ]
Symbol duration T 1 [s]
Bandwidth per pulse B 30 [MHZ]
Number of subcarriers per pulse | Nygrr 30
Sampling frequency fs=B 30 [MHZz]

Table 1: OFDM specifications

Since in practice, the receiver processes one sample per range gate, where
each range gate has a width equal to the range resolution after pulse
compression, the simulations are performed with a sampling frequency
fs<=1/07 =B. As illustrated by Figure 11, if the range of one target coincides
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with a range gate, the central sample exhibits a high spike and the rest is
zero. At this time instant, the phases of all subcarriers add constructively. In
the rest they add destructively.

Figure 12 schematically illustrates an exemplary sampling of the
received echoes coming from different ranges. If the range does not coincide
with any range gate, then the samples collected are no longer zero. In that
case the sampling instants are Atn+& where € is the difference between the
first range gate and R. In the simulation, two point targets are located at
ranges R{=2001m and R,=2002m from the radar transceiver. The sampling
of both echoes following the explanation of Figure 12 is also reported in
Figure 11.

Figure 13 schematically illustrates an exemplary compressed
OFDM chip for two closely spaced targets. If both echoes were processed

separately, the output x¢(t) of the pulse compression would be identical to
Figure 13. Note that the reference signal u,,;( — @) in (24) corresponds to the

dark samples in Figure 11. Because their separation in range is less than the
resolution after pulse compression (0r=om), the two targets fall in the same
bin and cannot be resolved. Therefore, the additional HRR is needed to
discriminate between them. The range resolution is improved by M,
OrHrr=0I/M.

Figure 14 schematically illustrates HRR exemplary profiles for two
close point targets (R1=2001, R2=2002), the results being folded back in the
available IFFT window. The HRR profiles (y,(7, ).y, (7, )) of these two
targets are plotted. The peaks are now located two bins apart so that the two
targets can be resolveaq.
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AN OFDM WAVEFORM ADAPTED TO DOPPLER AND
HRR PROCESSING

The combination of the three features becomes possible when the

time/frequency pattern of the emitted waveform includes all three

characteristics, as in the exemplary matrix C:

h1,9
' hl,lO
h .
. . . . . . . h . .
C _ dl,l d1,2 d1,3 d1,4 dl,S d1,6 h’1,7 — d1,7 d1,8 d1,9 dl,lO (28)
d2,1 d2,2 d2,3 hl,4 — d2,4 d2,5 d2,6 d2,7 d2,8 d2,9 d2,10

- h ;
LRI
h

hl,S

Figure 15a schematically illustrates an exemplary OFDM agile
radar transceiver block-scheme. It comprises a digital block 40 providing
baseband software functionalities and an analog block 41 providing RF
hardware functionnalities. The digital block 40 comprises a Wideband Signal
Processing block 42. Figure 15b and Figure 15¢ schematically illustrate a
zoom on the Signal Processing block 42 of the exemplary transceiver. The
Signal Processing block 42 comprises a Doppler Processing block 60, a
Pulse Compression block 61, a Pulse Compression block 62 and an HRR
block 63. Figure 15c schematically illustrates a zoom on the Signal
Processing block 42, when the three features are combined, the Signal
Processing block 42 being fed by an FFT block 64. It is worth noting that the
invention disclosed suits any conventional OFDM transceiver for wireless
communications. In the transmitter, a serial data stream or code,
depending on the type of information to be transmitted, is first made parallel
by a Serial-to-Parallel block 43 (S/P), then modulated in a block 44 and
assigned to subcarriers 1 to Nsc. The assignement of the symbols is dictated
by the Frequency Agile pattern. The frequencies intended to process the
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Doppler are not coded. Such a modulated signal in the discrete frequency
domain is transformed into the time domain by an IFFT block 45, and the
parallel data stream is made serial again by a Serial-to-Parallel block 46
(S/P). Such a discrete —time agile OFDM signal is converted to its analog
version by a Digital-to-Analog Converter 47 (DAC), then up-converted to the
main carrier by an Up-Conversion block 48 and finally sent by an antenna 49
to the air. In the receiver, the reverse process is perfomed by virtue of an
antenna 50 and a Down-Conversion block 51, until digitization by an Analog-
to-Digital Converter 52 (ADC). Then the samples are fed to the Signal
Processing block 42 where they undergo simultaneously Doppler and HRR
processing according to the invention.

At the receiver, the set of subcarriers dedicated to the Doppler
processing D =1d, , f«-1.v.,, are selected and separated from the other set of

m=l...M

subcarriers necessary to perform HRR, H:{hk,m}k:_ll...jj\{fm. This selection

requires an extra block that converts the received echoes into the frequency
domain, as lillustrated in Figure 15c. It is also worth noting that the Doppler
analysis works with the uncompressed samples: as illustrated by Figure 15D,
the Doppler Processing block 60 may operate prior to the Pulse Compression
block 61.

It Is to be understood that variations to the examples described
herein, such as would be apparent to the skilled addressee, may be made
without departing from the scope of the present invention. The invention is
not restricted to the field of short range radar network. It can be extended to
conventional radar systems where the constraint over the Bandwidth and the
CPI are less stringent than in the situation exposed above.

By increasing the amount of digitization in the transceiver, the
flexibility of the radar architecture is improved.
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The embodiments of the invention Iin which an exclusive property or

privilege is claimed are defined as follows:

1. A method for estimating the position and the speed of a target with a
radar, the radar emitting a waveform comprising a train of M pulses where M 2 2,
each pulse comprising an Orthogonal Frequency Division Multiplexing (OFDM)
chip constructed from Nsc subcarriers, where Nsc°2°2, the subcarriers covering

the whole bandwidth of the radar, the method comprising, upon receipt of the

echoed pulses:
among the Nsc subcarriers, Ndopp subcarriers where Ndopp < Nsc are used

in a step of Doppler processing, each of said Ndopp subcarriers being fixed over

the M pulses;
among the Nsc - Ndopp subcarriers that are not used for Doppler

processing, NHrr subcarriers where NHRrR < Nsc - Ndopp are used in a step of High
Range Resolution processing, the said NHrr subcarriers being randomly

distributed over the M pulses.

2. The method according to claim 1, further comprising a step of

compressing the pulses echoed by the target following the step of Doppler

processing.

3. The method according to claim 1 or 2, wherein the Doppler processing
includes applying a Fast Fourier Transform (FFT) on each received pulse, so as

to select the Ndopp subcarriers to be used.

4. The method according to claim 1, further comprising a step of
compressing the pulses echoed by the target preceding the step of High

Range Resolution processing.

5. The method according to any one of claims 1 to 4, wherein the step of
High Range Resolution processing includes removing the apparant random

distribution of the subcarriers.
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0. The method according to any one of claims 1 to 5, wherein the waveform
embeds messages indicating that a target has been detected, the messages

being exchanged throughout a radar network.

/. The method according to claim 6, wherein the Bandwidth-Time product is
greater than 104.

8. The method according to claim 6, wherein the method is implemented in a

short range radar adapted to detect human beings.
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