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1
METHOD FOR MEASURING THE RADIAL
VELOCITY OF A TARGET WITH A DOPPLER
RADAR

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application claims the benefit of Netherlands
Patent Application Serial No. 1035066, filed Feb. 22, 2008
which is hereby incorporated by reference in its entirety.

FIELD OF THE INVENTION

The invention is in the field of radar and similar ranging
techniques, which detect remote targets and determine target
parameters such as range and radial velocity. The invention
relates to the signal structure and associated processing tech-
nique that estimates the target range and radial velocity.

BACKGROUND OF THE INVENTION

The remote detection systems determine target parameters
such as range and radial velocity by transmitting a waveform
and comparing, through various processing methods, the
transmitted waveform and the received signal that is echoed
from the target. The range of the target is determined through
the measurement of the time of arrival of the echo and the
radial velocity is measured from the Doppler effect, which is
caused by the signal echoing from a target with non-zero
radial velocity. The Doppler effect manifests itself as a shiftin
the frequency in single carrier radars when the narrow band
signal approximation is valid. To measure the Doppler effect,
the phase ofthe received echo is compared to the phase of the
transmitted signal. The technique used for measuring the
frequency shift depends on the radar waveform.

The important attributes of a radar system, among others,
are the range and radial velocity resolution and ambiguity.
The resolution is the minimum parameter spacing between
the two targets so that they are identified by the radar system
as distinct targets. Ambiguity is the case when the measured
waveform parameter value may correspond to more than one
target parameter value. With the choice of waveform and
processing technique determining the resolution and ambi-
guity, the goal is to measure the target parameters unambigu-
ously for a given maximum range and velocity with high
resolution.

Current tendency in radar systems is to form networks of
radars to improve the system performance through data
fusion. Such networking must be accomplished through a
communication system that is independent of the commercial
communication infrastructure for reliability requirements.
Wireless communication is preferable for the same reason.
Embedding the communication into the radar signal is con-
sidered as a solution that enables the double use of the radar
transmitter, with increased communications security.

In pulsed Doppler radars, the ambiguity in the radial veloc-
ity is solved by varying the pulse repetition frequency (PRF)
or the carrier frequency (RF) from burst to burst. The maxi-
mum unambiguous radial velocity is related to the pulse
repetition frequency and the carrier frequency through the
equation

1
Vimax = zfp/\,
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where 1, is the pulse repetition frequency and A is the carrier
wavelength. Varying any of two results in a different maxi-
mum ambiguous velocity.

The velocity obtained from Doppler processing can be
written as

VEVOHIY, s

where v is the actual velocity, v, is the measured velocity that
is smaller than the maximum unambiguous velocity, and n is
an integer number. When two different maximum unambigu-
ous velocities are obtained through varying the PRF or RF, the
actual velocity can be determined through the equation
above.

The choice of PRF affects the range ambiguity as well. The
maximum unambiguous range that can be measured with
given PRF is

Similar to the Doppler ambiguity, the range measurement
obtained from the range processing can be written as

R=Ryt1R,y s
where R is the actual velocity, R, is the measured velocity that
is smaller than the maximum unambiguous velocity, and n is
an integer number.

Pulsed radars have limited transmission power capability
due to the low duty cycle required for unambiguous and
high-resolution range measurement. Pulse compression tech-
niques increase the average transmitted power by spreading
the pulse energy over a longer portion of the pulse period. One
pulse compression technique is the phase coding of the trans-
mitted waveform, where phase codes can be arranged to
produce favorable range profiles with lower range sidelobes.
The range is measured by the correlation of the transmitted
phase coded waveform with the received echo. The correla-
tion peaks correspond to the locations of the significant
reflectors, and the phase variation of the correlation peaks
from pulse to pulse is used to measure the radial velocity of
the reflectors.

Another pulse compression technique is to transmit a chirp
pulse that sweeps a frequency band for the pulse duration. As
the beat frequency, resulting from the mixing of the replica of
the transmitted signal and the received echo, is governed by
both the delay and the frequency shift due to target radial
velocity, the range and radial velocity measurements are
coupled to each other in linear FM pulsed radar. The radial
velocity ambiguity persists, since the phase variation of the
correlation peaks from pulse to pulse is used to measure the
radial velocity of the reflectors as in phase coded pulsed radar.

Continuous wave (CW) radars can have phase-coded or
frequency modulated signals, similar to pulsed radars. Math-
ematically the CW radar signal can be considered as a pulse
train composed of pulses with 100% duty cycle. The same
pulse compression and Doppler measurement techniques
apply to the CW radar.

U.S. Pat. No. 6,392,588 discloses multi-carrier radar signal
with the emphasis on reduction of the range sidelobes and low
peak to mean envelope power ratio, provided by the use of
specific phase sequences for modulating the carriers. The
phase sequences proposed in the patent, named Multifre-
quency Complementary Phase Coded (MCPC) signal, are
based on the modulation of M sub-carriers by sequences of
length M that comprise a complementary set. The range side-
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lobes are controlled through frequency weighting and use of
additional pulses so that sequences along a carrier constitute
a complementary set in time.

The Doppler tolerance of multi-carrier radar signal is
inspected in the article: G. E. A. Franken, H. Nikookar, P. van
Genderen, “Doppler Tolerance of OFDM-Coded Radar Sig-
nals”, Proc. 3" European Radar Conference, September
2006, Manchester UK. The degradation of the pulse compres-
sion gain for the OFDM waveform is demonstrated in the
article, with the proposal of a bank of Doppler filters,
responses of which intersect at 1 dB compression loss. The
filter bank is proposed to be constructed by using reference
signals in the compression filter that are frequency shifted to
obtain the response explained above.

Dual use of OFDM as the radar waveform and for commu-
nications is inspected in the article: D. Garmatyuk, J.
Schuerger, T. Y. Morton, K. Binns, M. Durbin, J. Kimani,
“Feasibility Study of a Multi-Carrier Dual-Use Imaging
Radar and Communication System,” in Proc. 4” European
Radar Conf, 2007, pp. 194-197. The inspection considers the
SAR imaging with OFDM waveform and communications
through OFDM separately.

U.S. Pat. No. 6,720,909 discloses processing technique for
single carrier pulsed Doppler radar waveform. The technique
solves the Doppler and range ambiguity by staggering the
pulse positions. The staggering enables the solving of the
range ambiguity caused by the pulse interval being shorter
than the maximum range of interest. The staggering also
increases the maximum unambiguous radial velocity to a
higher value, which is determined by the lowest bisector of
the staggered pulse intervals.

In pulsed Doppler radar systems the pulse repetition fre-
quency or the carrier frequency is varied from burst to burst to
resolve the ambiguity in radial velocity. However, as the
radial velocity resolution is determined by the time on target,
the parameter change can be realized only after the required
resolution is achieved with the current pulse burst. This, in
turn, requires the radar beam to spend longer time on target.

The pulse compression techniques based on phase coding
of the transmitted pulse are intolerant to Doppler; the com-
pression gain rapidly decreases with the increasing Doppler
effect. The exacerbating of the pulse compression depends on
the phase shift introduced by the Doppler effect during one
phase chip in the pulse, and significant range side lobe dete-
rioration is reported for phase shifts exceeding 30-40 degrees
per chip in the article: R. M. Davis, R. L. Fante, R. P. Perry,
“Phase-Coded Waveforms for Radar”, IEEE Trans. Aero-
space and Electronic Systems, vol. 43, No. 1, January 2007.

Inthe article above the use of shorter compression pulses or
multiple pulse compression filters with each filter tuned to a
different Doppler frequency is proposed for mitigating the
Doppler intolerance. Shorter compression pulses correspond
to higher pulse repetition frequency if the peak and average
power levels are to be kept constant, which in turn causes
ambiguity in range.

The second approach in the article is to use a bank of pulse
compression filters with each filter matched to the replicas of
the transmitted waveform with different Doppler frequency.
Inthe article the use of the filters is restricted to the mitigating
of'the compression loss; data from different coherent process-
ing intervals is needed to solve the ambiguity in radial veloc-
ity, which corresponds to using multiple trains of pulses.

U.S. Pat. No. 6,392,588, which discloses the multicarrier
MCPC waveform, does not address the radial velocity reso-
Iution, ambiguity arising from the use of the pulsed wave-
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form, the deterioration of pulse compression due to the Dop-
pler effect and possible solutions to the Doppler intolerance
of the pulse compression.

The article: G. E. A. Franken, H. Nikookar, P. van Gen-
deren, “Doppler Tolerance of OF DM-Coded Radar Signals”,
Proc. 3" European Radar Conference, September 2006,
Manchester UK, does not propose any solution to the Doppler
ambiguity. The proposed technique aims to mitigate the com-
pression loss resulting from the Doppler effect only. Further-
more, no structure to implement the Doppler shifted filters is
proposed.

A Doppler radar using two multi-carrier pulses is proposed
inthearticle: J. Duan, Z. He, C. Han, “4 Novel Doppler Radar
Using only Two Pulses”, Radar 2006, CIE 06, October 2006.
The differential phase between the two pulses for each carrier
is measured to determine the radial velocity of the target.
While the article addresses the unambiguous measurement of
the radial velocity, the Doppler resolution is not considered.
Moreover, the carriers are assumed to be recoverable inde-
pendently after the range gate alignment, which does not take
in to account that the frequency components are not orthogo-
nal anymore when the receiving frame is not aligned with the
reflected echo. Possibility of coding on the carriers is not
mentioned, assuming the transmission of the same pulse
twice without any coding. Such pulses have very high Peak to
Average Power Ratio (PAPR), leading to very low average
transmitted power and possibly distortion due to the amplifier
entering the saturation region.

Inthe article: D. Garmatyuk, J. Schuerger, T. Y. Morton, K.
Binns, M. Durbin, J. Kimani, “Feasibility Study of a Multi-
Carrier Dual-Use Imaging Radar and Communication Sys-
tem,” in Proc. 4™ European Radar Conf, 2007, pp. 194-197,
the Doppler effect is not considered, as the Doppler informa-
tion is of no interest for the intended SAR application. Thus,
the focus in the article is on cross-range imaging.

U.S. Pat. No. 6,720,909 is related to the single carrier
pulsed Doppler radar waveforms, where the duty cycle and
the average transmitted power is low. Pulse compression
techniques to improve the average transmitted power are not
considered. An embodiment of the invention disclosed here
solves the Doppler ambiguity by means of Doppler compen-
sation before the pulse compression, at the same time improv-
ing the average power and enabling high signal bandwidth
thanks to the multi-carrier structure.

Failing at combining the multiple functionalities that exist
individually, the prior art teaches that consecutive pulse trains
with different RF or different PRF must be used to solve the
radial velocity ambiguity. This is one of the problems that an
embodiment of the present invention aims at solving.

The method given in the article: J. Duan, Z. He, C. Han, “4
Novel Doppler Radar Using only Two Pulses”, Radar 2006,
CIE *06, October 2006 cannot be applied on the other multi-
carrier waveform schemes that do not consider the Doppler
effect. The proposed method requires transmission of the
same multi-carrier waveform twice without any coding on the
carriers, while the other methods require specific coding of
the carriers.

The guard interval is not considered in the indicated pre-
vious art. Guard interval is a crucial component of the multi-
carrier waveform. The multi-path effects are eliminated from
the waveform when the guard interval duration is longer than
the channel length. Multi-path effects introduce inter-symbol
interference and inter-carrier interference, leading to high bit
error rate in communications.

Introducing cyclic repetition of the waveform as the guard
interval may introduce range ambiguity, a problem that is
solved inherently in an embodiment of the present invention
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due to the receiving scheme being designed to utilize the
cyclic prefix. The cyclic prefix is utilized in the embodiment
as in a communications waveform, with the duration of the
cyclic prefix being longer than the response time from the
maximum range of interest. Such timing constraint enables
the recovery of the carriers’ starting phases, which enables
both the Doppler frequency shift compensation and the pulse
compression.

SUMMARY OF THE INVENTION

An embodiment of the present invention aims to provide a
processing technique that is applicable to a pulse compres-
sion waveform with multi-carrier structure, which includes
an OFDM waveform. The proposed waveform and the corre-
sponding processing technique measures the radial velocity
using a pulse train, without the need for using consecutive
pulse trains with different RF or different pulse repetition
frequencies to solve the radial velocity ambiguity. An impor-
tant idea of the processing technique is based on the deterio-
rating pulse compression gain due to the Doppler effect mani-
festing itself as RF frequency shift.

According to one of its aspects, an embodiment of the
present invention may provide a method for measuring the
radial velocity of a target with a radar. The method includes a
step of transmitting an OFDM waveform including N fre-
quency carriers (P )emeccfo, . . . , -1} transmitted
simultaneously, where N°=°2, the frequency carriers
®r)emeeqo, . . ., ~-1} being coded in order to improve the
Doppler response. The waveform p includes OFDM chips
and guard time intervals that are transmitted successively to
form a continuous wave transmission, the duration T,,,,. of the
guard time intervals being longer than

2Rnax
c

where c is the speed of the light, which is the time necessary
for the waveform p to be reflected from a maximum range of
interestR ,, .. The method also includes a step of receiving the
waveform echoed from the target. The initial phase ¢,,, of each
frequency carrier p,,, is recovered from the waveform echoed.
The recovered initial phase ¢,, of each frequency carrier p,, is
cyclically shifted in order to compensate for the Doppler
effect. The recovered initial phase ¢, of each frequency car-
rier p,, is decoded. A compressed pulse is synthesized from
the decoded initial phases (¢,,)-,-c-(0, . . ., M1}

Preferably, the initial phase ¢, of each frequency carrier p,,
may be recovered from the waveform echoed by virtue of a
Discrete Fourier Transform, which includes multiplying a
vector s containing samples of the waveform echoed by a
Discrete Fourier Transform matrix 3, and which can be
implemented through a Fast Fourier Transform (FFT) algo-
rithm. The recovered initial phase ¢, of each frequency car-
rier p,, may be cyclically shifted by a processing, which
includes multiplying the output from the preceding algorithm
by a matrix C™*, the matrix C representing the shifting of the
frequency carriers (p,,)smee=(o, . . ., ~-13 due to the Doppler
effect. The recovered initial phase ¢,, of each frequency car-
rier p,, may be decoded by a processing, which includes
multiplying the output from the preceding processing by a
matrix P=diag {¢°} where ¢"=[do ¢, @5 . . . dn-_;]. The com-
pressed pulse may be synthesized from the decoded initial
phases by virtue of an Inverse Discrete Fourier Transform,
which includes multiplying the output from the preceding
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6

processing by the matrix I, and which can be implemented
through an Inverse Fast Fourier Transform (IFFT) algorithm.

1

For example, the frequency carriers (p,,)-,,-c-f0, . . ., -1}
may be coded in phase by uniformly distributing their initial
phases (¢,,,)- 0o .., -1} Overa [0; 27 interval. The fre-
quency carriers (pm)omoéo{O _____ -1} may also be coded in
amplitude by applying a set of weightings. For example, the
set of weightings may be a set of Hamming coefficients.

Preferably, the OFDM waveform may include OFDM
chips and guard time intervals that may be transmitted suc-
cessively to form a continuous wave transmission. The dura-
tion T, of the guard time intervals being longer than

2Rumax
c

where ¢ is the speed of the light, which is the time necessary
for the OFDM waveform to be reflected from a maximum
range of interest R, .. Then, the recovered initial phases ¢,,
of each frequency carrier p,, may preferably be cyclically
shifted so as to cover all velocities of interest. This may enable
to generate Doppler profiles that cover only the velocity range
corresponding to the cyclic shift, thus solving the Doppler
ambiguity.
Preferably, the energy in the ambiguity corresponding to

Af

fd:(5+1)(1+w)

may be lowered down to

A | . ST
OFDM = SIHC( )|
S’ 1+a/l

where s is a positive integer and « is the ratio of the duration
T.,. of the guard time interval to the duration of the OFDM
chip.

BRIEF DESCRIPTION OF THE DRAWINGS

Non-limiting examples of the invention are described
below with reference to the accompanying drawings in
which:

FIG. 1 illustrates a pulse burst Doppler processing scheme;

FIG. 2 illustrates a comparison of timing and range profile;

FIG. 3 illustrates a modification of the ambiguities in the
case of a uniform pulse train, in the case of a single OFDM
chip and in the case of an OFDM pulse train;

FIG. 4 illustrates an example of scenario;

FIG. 5 illustrates range profiles for Doppler Fast Fourier
Transform (FFT) outputs;

FIG. 6 illustrates a Doppler processing solving the ambi-
guity, overall response;

FIG. 7 illustrates a Doppler processing solving the ambi-
guity, FFT for different Doppler compensation;

FIG. 8 illustrates a Doppler processing solving the ambi-
guity, Doppler compensation response;

FIG. 9 illustrates a Doppler processing solving the ambi-
guity, ambiguity in the FFT response.



US 8,081,105 B2

7
DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The signal structure utilizes multiple carriers forming the
OFDM waveform. The OFDM waveform p(n) is the sum of
carriers p,(n), presented in discrete form as

N-1

pim) = . smexplid,expl2mma (5 T}

m=0

M

wherex,, exp{jd,,} is the amplitude and phase of the complex
symbol modulating the carrier m, N is the number of carriers,
and T=1/Afis the symbol duration with Af'the carrier spacing.
Thus, carrier m has amplitude x,, and initial phase ¢,,. The
complex symbols modulating each carrier can be considered
as being transmitted in parallel. The processing method pre-
sented here imposes no limitations on the choice of the phases
of'the symbols, covering all phase coding schemes as applied
in radar and communication applications.
The carriers are said to be orthogonal under the relation:

AL LS j2rmAf —jor @
[T meexp{jqﬁm}exp{ n }exp{ n }
n=0 m=0 (N—I)T (N_l)k

The mathematical relationship between the orthogonal car-
riers hold only when the waveform, which is called an OFDM
chip, is of duration T=1/Af. Thus, the carriers are orthogonal
at the receiver when the received frame is of duration T and
completely overlaps with the transmitted chip.

To provide robustness against the multipath effects in the
communication applications, the OFDM chip is preceded by
a guard time interval, which has time duration longer than the
channel response. The guard time interval is usually gener-
ated by copying a section with the required time duration
from the end of the OFDM chip. Such guard time interval is
called a cyclic prefix.

The timing of the transmission and reception, and their
comparison with the range profile is given in FIG. 2. The
transmitted OFDM chip is preceded by the cyclic prefix with
duration

©)

where R, is the maximum target range that the radar has to
detect the target, and c is the speed of the light. The OFDM
chips constituting the pulse burst are transmitted successively
without any interruptions; the transmitted waveform is actu-
ally continuous wave.

The received echo from a point target after down-conver-

sion is

)

i 2v 2R
N-L ]ZRmAf(l - —)([— —) -
¢ ¢

i 2R . 2y
B T

c c

s() = exp

m=1

where R is the range and v is the radial velocity of the point
target, and £, is the RF carrier frequency. In this expression the
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time t starts at the beginning of the transmission of the actual
OFDM chip. The receiving of the echoes starts as soon as the
cyclic prefix ends and the actual chip starts being transmitted,
and the receiving duration is equal to the chip duration. A key
element of the OFDM scheme disclosed here is the carrier’s
being orthogonal to each other. The cyclic prefix extends the
waveform duration such that that the echo received from the
most distant target constitutes a complete OFDM chip during
the received frame.

The pulse compression is accomplished by compensating
the carriers for their initial phases. This operation concen-
trates the energy in the received echo around the time domain
sample corresponding to the range of the target; thus, the
OFDM waveform with zero initial phases on all carriers can
be regarded as a pulse in time domain. Most of the energy of
the waveform is concentrated on a narrow time span, which is
determined by the bandwidth of the waveform. As in pulsed
Doppler radar, the Doppler profiles are obtained as the out-
puts of the DFT over the compressed pulses for each range
bin, since the phase variation from the peak of one pulse to the
next gives the Doppler shift of the waveform.

OFDM waveform is composed of a number of orthogonal
carriers, and the Doppler effect on the OFDM waveform can
be considered as the shift of the spectrum by an amount
determined by the radial velocity of the reflector. The spec-
trum property of the OFDM enables the Doppler compensa-
tion in a straightforward manner by implementing a cyclic
shift of the FFT output in the receiver. In this manner no
separate hardware is needed to implement the Doppler com-
pensated matched filtering banks or to generate frequency
shifted replicas of the reference signal.

The Pulse Burst Doppler processing scheme is presented in
FIG. 1. The Pulse Burst Doppler processing is presented here
in matrix form. The received samples can be organized into a
vector s such that

s =yl PAg, ®)

where

= expf-jons1 - %)ZTR}

N—l}

©

[ =diag{l,y, 7%, ... .7

and
B { ot v 1 }
Y = &Py It e ¢ NASD
1 1 1 1
1 B Nz BN
p=|1 B A BAN-1)
1 gNt gv-b ﬁ(N—l)z
and
i 2vy 1
pB= exp{—]Zn(l - ?]ﬁ}’
A =diag{l, @, o2, ... oV
and
_ oA (1 ZV]ZR
o=l nas(i- 2%},
o =[do ¢ b2 ... vl

where [ 7 is the transpose. The shifting of the carriers due to
the Doppler effect is apparent in I" and [ matrices. The
matrix is the same as an Inverse Discrete Fourier Transform
(IDFT) matrix when 2v/c<<l. The received signal model
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includes the time scaling due to the Doppler effect, which
modifies the IDFT matrix in the OFDM transmitter scheme.
The time scaling is neglected here by replacing  with the
IDFT matrix 37"

The Doppler compensation aims to compensate for this
shifting of the carriers due to the Doppler effect coming from
the high frequency carrier. The Doppler compensation is
accomplished by cyclically shifting the carriers back into
their true locations. The received vector s is processed as

y=PC'Ss, @)
where P is the phase compensation matrix, C™* is the inverse
cyclic shift matrix, and J is the Discrete Fourier Transform
(DFT) matrix, which is implemented by the FFT algorithm.
Submitting s in (5) into (7) yields

y=UPCISTS  4¢ (8)
For the velocities:

2
> _ ke
¢ Af

)

where k is an integer, multiplication of I with T from the
right, as seen in (8), is equivalent to cyclical shifting of the
rows of 3. The cyclical shifting of the rows of the IDFT
matrix can be represented in another form as

y=WPCICIS 4, (10)

where C is the cyclic shift matrix. The cyclic shift matrix C
represents the shifting of the carriers due to the Doppler
effect. The IDFT matrix is implemented by an Inverse Fourier
Transform (IFFT) algorithm. Hence, the inverse cyclic shift
compensates for the effects of the Doppler, enabling the com-
pensation of the initial phases correctly.

The phase compensation matrix P is such that

P-diag{¢*} ()

where [ |* is the complex conjugate. A matrix being diagonal
allows the changing of the orders of the A and P matrices. As
aresult, the phase compensation cancels the beginning phases
and only the elements of the matrix A is left in the resulting
vector y, which is processed by an IDFT matrix. This pro-
cessing technique is valid when the received waveform is
oversampled in the frequency domain by zero padding before
the FFT.

The deterioration of the pulse compression gain due to the
Doppler effect is exploited to solve the ambiguity arising
from the pulse repetition frequency of the pulse burst wave-
form. The change in the pulse compression gain due to Dop-
pler shift can be determined by considering the ambiguity
function of the OFDM waveform. The ambiguity function is
defined as

ol 12
(T )= f plOp (1 - 7)explidnforlds 12

where p(t) is the transmitted waveform, t is the delay and £, is
the Doppler frequency. The processing method disclosed here
is equivalent to the discrete form of the ambiguity function.
Given in the matrix form in (5), s(n) is equivalent to the
delayed and Doppler shifted version of the p(n). Thus, we
may write the ambiguity function for single OFDM chip as

5

10

15

25

30

35

40

45

55

60

10

N-1

D expl—jd Jexpl- kA fr)
=

a3

j2mmA f(t - ZTR] -

T
X(r ) = f
0

2R .
jznch - expljd,,}

. 2y 2R
J fc?(f— T]

which can be written as

14

. 2R
]ZﬂmAf([ - —) -
c
N-1 N-1 7| 2R
expl  jonf = -
X, )= Zf . c dt
=0 m=0 JO jZﬂfcg(t— %)
c c
expljd,, jexp{—jé, exp{— j2rkA fi}
(m — k) —
J2rAf [ 2R ]—
N-L N-1 ¢
exp i 2R
= 2nfe— — dr
c
k=0 m=0 <0 % IR
22
c c
expljd,, Jexpi—jé; }
where
2v
Ja=—Fe
c
and

When completely random phases are used such that the
expected value of the phase vectors in the complex plane is
zero, the terms where m=k are eliminated.

et ~jo ST
X7, fa) = Zexr){ 2R } f exp ary (4
L ar+fo—|J, (, _ T)
N-L Ead T orf.
- - j2nfe
= Z exp A+ 2R expy  2v dr
m=0 (1 - g] o 0 ?[
C

The magnitude of the ambiguity function can be simplified
further to

N-1

AREE

[x(@, fo)l = | 'm=0
T . 2v
f exp{—]Zﬂfc—t}dt
o ¢

(16)
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-continued
N-1 Af + fe

2t

m=0

Isinc(x £, T)|

= Nisine{ f;T),

This ambiguity function for single OFDM chip forms the
basis for the ambiguity function of the pulse burst

sin(z fz KT(1 + @)
Ksin(z f;T(1 +a)|

. an
[x(7, fa)lg = Isinc(nfa D)l

which is derived in N. Levanon, “Radar Principles”, Wiley
1988.

The compression gain modifies the ambiguity that is asso-
ciated with the pulse repetition frequency of the pulse train, as
depicted in FIG. 3. In the figure, the ambiguities associated
with the pulse burst are separated by

Af

“Uray

18
P (18)

where « is the ratio of the guard time interval to the actual
OFDM chip length T=1/Af, while the nulls of the sinc(x)=sin
(x)/x function are separated by

£,=Af,

The ambiguities resulting from the use of the uniform pulse
train are modified by the ambiguity of the single OFDM chip,
which is a sinc function in the zero delay cut due to the use of
completely random phases. The improvement is related to c.,
the ratio of the guard time interval to the actual OFDM chip
length, through the equation

a9

N | A
OFDM = smc( )|
> 1+a/l

where A, rpa,is the amplitude of the ambiguity correspond-
ing to

Af
fa=(s+ 1)m,

s being a positive integer called the number of the ambiguity.
The ambiguity occurs at each multiple of the pulse repetition
frequency. The first ambiguity corresponds to s=1.

While with no guard time interval the ambiguities seem to
be eliminated, the carriers of the OFDM waveform are not
orthogonal anymore in that case. The pulse compression
scheme, which relies on the carriers’ being orthogonal, does
not work anymore.

The Doppler compensation’s acting as a filter provides a
way of solving the ambiguity using one burst of pulses. As the
pulse compression gain deteriorates with mismatched Dop-
pler compensation, the ambiguous velocities requiring differ-
ent Doppler compensation are separated from each other.
Thus, the Doppler compensation provides a means to both
improve the pulse compression by the compensation for the
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Doppler shift and solve the Doppler ambiguity in the final
Doppler profiles resulting from the very low PRF.

Further improvement of the range response is possible by
the proper selection of the initial phases of the carriers instead
of uniformly distributed random phases and by applying
weighting on the carrier amplitudes. Initial phases can also be
arranged so as to reduce the PAPR.

The standard frequency tapering techniques can be applied
as weighting of the carriers. Such tapering of the spectrum
reduces the relative level of the range sidelobes. An example
of such tapering techniques is Hamming window applied on
the carriers. The Hamming weighting coefficients are gener-
ated through the equation

A, =054 0.46cos(2n%), (20)

wheren={0,1,2,...,N-1} is the carrier number and A, is the
coefficient corresponding to the carrier n. Lower sidelobes are
observed with widening of the main lobe of the zero Doppler
delay cut of the ambiguity function, while the zero delay
Doppler cut is not modified significantly.

The maximum velocity that can be measured unambigu-
ously by this processing technique corresponds to the Dop-
pler frequency that is equal to the bandwidth of the transmit-
ted OFDM signal,

_ Jac _cNAS
V"_Z_fc_ T

@D

At this point the FFT coefficients are cyclically shifted by
N to their original positions, which correspond to zero radial
velocity.

Following is an example of the OFDM waveform and the
results of the processing according to an embodiment of the
invention. The waveform parameters and the target param-
eters used in the example are given in the tables 1 and 2 below.
The scenario for the example is given in FIG. 4.

TABLE 1

Waveform parameters

Parameter Description Value
N No of carriers 1024
M No of samples 4* N =4096
f, RF carrier 10 GHz
Af Carrier spacing 1 kHz
R, e Maximum range 37.5 km.
Tputse Pulse period 1.25 ms.
TABLE 2

Target parameters
Parameter Description Value
R, Target 1 range 4000 m
R, Target 2 range 20000 m
R; Target 3 range 20000 m
' Target 1 velocity 3 mfs
Vs Target 2 velocity -3 m/s
V3 Target 3 velocity 21 m/s
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The unambiguous Doppler defined for conventional pulse
burst processing is given as

o,
=+ 2

TAL

Vunam

where 1, is the pulse repetition frequency and f, is the high
frequency carrier. For the continuous waveform including
OFDM chips and cyclic prefix guard time intervals, the unam-
biguous Doppler is modified to

cAf
Vinam = £ Jo—————,
4f.(l+a)

where Af'is the carrier spacing and o is the ratio of the length
of'the cyclic prefix to the actual chip length. For the numerical
values given in Tables 1 and 2, the unambiguous velocity for
the pulse burst Doppler processing is given as

3x 108 %x10% 6
== .
Ix10°x1.25 s

Vunam

The unambiguous radial velocity for the single pulse Dop-
pler processing is not defined, for the phenomenon observed
in that processing technique is high sidelobes, which
resemble the Sinc shape.

The resolution is related to the time on target through the
equation

C
2T weut fe

VI‘ES =

For single pulse processing with the parameters as given
above in Table 1, the radial velocity resolution is

3x 108 % 10°
Vies = —————— = 15 m/s
2% 1010

and for pulse burst Doppler processing the radial velocity
resolution is

3x 108 % 10° 12
= — mfs,

T OX125xKx100 K

VI‘ES

where K is the number of pulses.

The processing scheme as seen in FIG. 1 generates range
profiles for each pulse and for different amounts of cyclic
shift, denoted by Sfft. The process can be implemented such
that the acquired data is arranged in a 3-D matrix structure,
where each row holds the information for one pulse, each
column corresponds to one range bin and each page corre-
sponds to an Stft value. Thus, the output of the FFT for each
pulse is stored in the memory of the receiver; to be shifted
cyclically and processed further to extract radial velocity
information after all the pulses are received.

The range profiles for the Doppler FFT outputs, corre-
sponding to the velocities of the targets, are given in FIG. 5.
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Summing the Doppler FFT outputs for all Sfft’s that are
searched generates the range profiles. The target ranges
R,=4000 m and R,=R;=20000 m are visible in the range
profiles.

The cyclic shift by Sfft functions by decreasing the pulse
compression gain for targets with radial velocities mis-
matched to the Sttt value. The absolute value of the outputs of
the Doppler processing FFT along K=12 pulses for the range
bin corresponding to R=20000 m are arranged to give the
pulse compression gain behavior for the targets 2 and 3 for
Stft values in FIG. 6. The figures are generated with 8 times
over-sampling by the zero-padding block before the FFT.

The views of FIG. 6 from different directions are given in
FIG. 7, FIG. 8, and FIG. 9 for clarity. The contours in FIG. 7
show the two distinct peaks for the two targets at ambiguous
velocities. The velocity ambiguity is evident from the peaks
being located at v=-3 m/s, which can be observed in FIG. 9,
and the ambiguity is resolved in the Sftt axis due to the change
in the pulse compression gain, as seen in FIG. 8, where the
sinc shaped pulse compression gain behavior is apparent.

For this example, the maximum unambiguous velocity that
can be measured is

_ Jac

=37

_cNAS

o 2%

_ 3x10° x10° x 1024
2x 101

Vll

= 15360 s,

when the cyclic shift equals to the number of carriers and is
equivalent to applying no cyclic shift.

The invention claimed is:
1. A method for measuring a radial velocity of a target with
a radar, within a maximum range R, ,,, comprising the steps
of:
transmitting an Orthogonal Frequency Division Multiplex-
ing (OFDM) waveform p, the waveform comprising:
N frequency carrier signals (p,)meqo, . . ., ~-1} transmitted
simultaneously, where N=2, the frequency carrier sig-
nals (Py)meqo, . . ., ~-1} coded in order to improve a
Doppler response; and
aplurality of OFDM chips and guard time intervals that are
transmitted successively, on at least a portion of the N
frequency carrier signals, to form a continuous wave
transmission, wherein:
aduration T, of the guard time intervals is longer than

Tnaxs

2Rumax
c

which is a time necessary for the waveform p to be
reflected from a maximum range of interest R
where ¢ is a speed of light;
receiving an echoed waveform from the target, to pro-
duce a received echoed waveform;
recovering an initial phase ¢,, of each frequency carrier
signal p,, from the received echoed waveform, to pro-
duce a recovered initial phase ¢,,;
cyclically shifting the recovered initial phase ¢,, of each
frequency carrier signal p,, by a cyclic shift in order to

Tnaxs
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compensate for a Doppler effect, to produce a recovered
and shifted initial phase ¢,,,;

decoding the recovered and shifted initial phase ¢,,, of each
frequency carrier signal p,,, to produce a plurality of
decoded initial phases (§,,)eqo, . . ., o1

synthesizing a compressed pulse from tﬁle plurality of
decoded initial phases (§,,)eqo, . . ., o1

wherein the step of recovering the initial pﬁase ¢,, of each
frequency carrier signal p,, from the echoed waveform
further comprises a step of multiplying a vector s, con-
taining samples of the echoed waveform, by a Discrete
Fourier Transform matrix 3

wherein the step of cyclically shifting the recovered initial
phase ¢,, of each frequency carrier signal p,,, further
comprises a step of multiplying the recovered initial
phase ¢, by a matrix C™*, wherein the matrix C™" is an
inverse of a matrix C that represents a shift of the fre-
quency carrier signals (p,,)mefo ~-1} due to the
Doppler effect;

wherein the step of decoding the recovered and shifted
initial phase ¢,, of each frequency carrier signal p,, fur-
ther comprises a step of multiplying the recovered and
shifted initial phase ¢, by a matrix P=diag{¢*} where
¢"=[0o ¢, ¢, ... N-1]; and

wherein the step of synthesizing the compressed pulse
from the plurality of decoded initial phases further com-
prises multiplying the plurality of decoded initial phases
by a matrix J~', wherein the matrix 37! is an inverse of
the matrix ¥

wherein the recovered initial phases ¢,, of each frequency
carrier signal p,, is cyclically shifted so as to cover sub-

-----
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stantially all velocities of interest, to generate Doppler
profiles to cover the velocity range corresponding to the
cyclic shift.

2. The method according to claim 1, wherein the frequency
carrier signals (p,)mefo, . . . , ~-13 are coded in phase by
uniformly distributing the initial phases (¢,,)e(0, . . ., No1}
over a [0; 27| interval.

3. The method according to claim 1, wherein the frequency
carrier signals (p,,)uefo, . . ., ~-1} are coded in amplitude by
application of a set of weightings.

4. The method according to claim 3, wherein the set of
weightings is a set of Hamming coefficients.

5. The method according to claim 1, wherein an energy in
an ambiguity corresponding to

Af
fa=(s+ 1)m

is lowered to

A | . ST
LOFDM = smc( )|
* 1+a/l

where s is apositive integer and ais aratio of the duration T ...

of the guard time interval to a duration of the OFDM chip.



