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Abstract—This paper presents a experimental
platform that allows comparing objectively any
radar waveforms. This is realized by equating
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. ESTABLISHMENT OF THEEQUIVALENCE BETWEEN
DIFFERENT RADAR WAVEFORMS

The equivalence will be established through radar

radar characteristics, using the same test-benchyrinciples and technical issues.
HYCAM-Research, the same signal processing

and also insuring the reproducibility of the

A. Radar Principles

experiments. The experimental measurements on A basic description of a radar system is given bg t

linear chirp and multitones are analyzed through
distance and velocity imaging.

Keyword: OFDM, Multitones, Chirp, active radar, Ultra tfe
Band, Measurements, distance-velocity image

. INTRODUCTION

Over the past few years the active-radar commulméty
taken an interest in the multicarrier signals erédly designed
for telecommunications. Copying telecommunicatimmals to
mask radar activity is of the utmost importance ridar Low
Probability of Interception. This also facilitatd® insertion of
the signal into the overcrowded spectrum. Also iuld
facilitate the implementation of multifunction rade.g. dual
use of telecommunication and radar functions. Tde,da
multitones as active radar signals have been mastigied
through simulations. Levanon et al. in [1][2][3ludied crest
factor reduction by phase modulation and ambigfiityction
optimization. Prasad et al. in [4] simulate targkttection
capabilities of multicarrier signals. Franken et al [4]
simulate the Doppler tolerance of OFDM-coded sign8bme
experimental results can be found in [5][6][7][@lllected with

HYCAM-RCS measurement system and HYCAM-Researc

version 1. This paper will present the HYCAM-Resbar
version 2. The primary function of this test-beigko validate

experimentally that multitones can be used as radgarals.

The particularity of version 2 is that it can ogeravith any

waveforms. Hence it will allow comparing multicarisignals
with the chirp which is the reference in radarstif all, in

order to analyze the differences in performancelitierent

signals, it is essential to start by establishingvaveform-

independent equivalence. Then the experiment pfeh the

test-bench will be described. Finally an analysis tloe

experimental results will be presented.

distance ambiguitylR, the distance resolutiaiR, the velocity
ambiguity 4v, the velocity resolutiondv, the Pulse
Compression Factor (PCF) and the Power Budget (FP8).
obtain an equal description for different waveforimgplies
that the pulse repetition perio@, the pulse width I the
Bandwidth B, the centre frequencf, the number of pulse
integrationsN and the mean pow&,..,have to be equal in the
different signals.

B. Technical issues

Since the analysis is based on radar waveformsanthe
radar itself, the radar set-up HYCAM-research Wil strictly
identical for all the measurements. Also sinceasmit possible
to measure the different signals simultaneouslye th
experiments will have to be reproducible.

I1l.  PRESENTATION OFHYCAM-RESEARCH TEST BENCH

The test bench is designed to test arbitrary signal
waveforms with a bandwidth up to 800MHz thus reaghi
submetric distance resolution. HY CAM-Research srcifirrent
configuration emulates a X-band radar. It can hokdm down
into three distinct parts. The DA/AD interfacelig tcore of the

tﬁladar reconfiguration capability. It also dimensiothe RF

ardware necessary to emit the signal and rechwethoes.
These echoes are then processed to extract aadistatocity
image.

A. DA/AD Interface Description

The signal generator is a Tektronix AWG7102. It is
equipped with two 10-bits DAC channels and hasraptiag
frequency fspac of 10GHz. This device has an analogue
bandwidth of 5.8GHz. The digitizer is a Tekmicroptie II.



It is equipped with two 10-bits ADC channels ands e
sampling frequencyfsapc of 2GHz. This device has an
analogue bandwidth of 3.3GHz. Because the AD/DArfate
can't generate X-band frequencies directly, thardckquency
plan is defined with Intermediate Frequencies (IF&)so
before digitization an anti-aliasing filter is nesary to reject
the frequencies outside the useful bandwidth. The &re
defined in the second Nyquist band of the ADC (fig@) to
take advantage of the performance of band passsfilh higher
frequencies and also avoid the flicker noise indtugtizer [5].
Hence IF ranges from 1.1GHz to 1.9GHz. The sigeaidin
the second Nyquist band implies that the frequenai#l be
downsampled. Since the Nyquist-Shannon samplingyéme is

respectedfsapc> 2B, there is no information loss. However

downsampling means that the frequencies are mifrareund

half thefsapc as shown in figure 1. Knowing the IF, the radar

hardware can be dimensioned.

B. HYCAM-Research hardware description

A simplified schematic of the radar hardware impdamation
is shown in figure 2. The AWG7102 generates the H@M
synchronization signal for all the devices and thHggers
enabling generation and digitization. The localiltstors LO1
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T is the pulse width and is known as the orthogpesiod for
MT. B = K- df, of = T ' = 2MHz is the MT’s frequency step
andK = 400is an integer number of carriefin the case of
MT is known as the orthogonal period. Since the $itihal has
to respect signal orthogonality to get the bestseul
compression (PC) performance, the discrete-timm fof (2)
contains only integers except for the phase caeffic
Rewriting the equations in discrete time, (1) aB) fecome
respectively (3) and (4).

is the Newmann Phase Code [6].] [O;T[,

where@ =

c(m)= exp[i 2 chﬁko +K [42%] D,\%j (3)
MT (m) = :ex;{i D?I]T[é(ko +k)EI'$)+¢L) ()

wherem is the sample number and belongs to [0,M].

and LO2 are respectively HP8671B and HP8672A VCO

frequency synthesizers. They are both set @t= 8.9GHz
This frequency was chosen in order to reject sppr® the &
order outside the bandwidth of interest both focanversion
and downconversion. The IF generated are upcordde
Radio Frequencies RF ranging from 10GHz to 10.8@Ha
its mirror image arounélo. The RF are filtered and amplified
through a Low Noise Amplifier (LNA1). At the LNA dput, a
20dB directional coupler is placed. The coupledhauteads
to the reference path and the direct path leadsthto
transmitter (Tx) 20dB horn antenna. At the receiex) front
end is another 20dB horn antenna. The signal ifrRthpath is
then amplified by a second LNA2 and filtered. Thmth the
reference signal and the received signal are domwerted to
their original IF and are filtered to avoid aliagirbefore
digitization. The acquired data are then storecha@omputer
for off-line signal processing. However before harle
signals to be analyzed will be defined.

C. Radar signals under study

The radar operates in continuous-wave (CW) mod#) wi
the following basic signal parameter§ = T,=0.5us
B =800MHz f.=10.4GHz This implies 4R =75m
J0R =0.1875m4v = 28846m/sandPCF = 26dB The pulses
will be integrated over 0.2s, thus a theoreticegnation gain
of N = 56dB However the digitizer is limited in memory, so
the data acquisition is gated to be able to obssloxe targets.
The gate repetition period is 5kHz thuw = 72m/s and
N = 30dB The radar waveforms, studied in this paper, lage t
Linear Chirp (C) and the Newmann Phase Coded Mok
(MT). Their analogue equations are respectively:

Now that the signals are equivalent with respetinte and
frequency, the equivalence in Signal-to-Noise Rats to be
established. For this, the mean povi®f.., of both signals
needs to be equalized. Only the real part of tapdex signal
is generated through the DAC, meaning that thelablai
power is limited as well as a limited dynamic rangso only
the real part of the complex signal is generatdulsTit is
essential to minimize the Peak-to-Mean Power RR{EPR)
to maximize the outpWea, FOr a quantized signa(m)with
M samples

®) [7]

PMEPKSs) =100og,,

The PMEPR is calculated using quantized samplea of
normalized signal. The nominal PMEPR value of timedr
Chirp is 3.01dB and 5.43dB for the multitones. Depieg on
the number of bits, the PMEPR variations are showfigure
3. It shows that from 6bits, both signals are wefiresented
with regard to PMEPR. From 6bits, the error betwdiea
simulated and nominal values of PMEPR is less thahdB.
To confirm these simulations, measurements weréoipmeed
for both waveforms with pulse length [Q@H Sus, 5Qus, 50Qis,
1ms] and bandwidth [1IMHz, 10MHz, 150MHz, 800MHzheT
PMEPR with respect to pulse length, bandwidth andlver of
bits was measured and confirmed the fact that &fteits the
signals are well represented with respect to PMBRR.our
example T=T,=0.5us B =800MHz the signals are
normalized:

P,ea{MT) _ PMEPKC)
P...(C) PMEPRMT)

mean

(6)

=-24dB
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This means that when generating a C, the DAC oytpak

voltage will be set at 75.8% of the peak voltagedufor the
MT signal. This will guarantee the equivalence adthb
waveforms with respect to SNR for DACs having &adste
6bits. A value of 76.2% was found experimentallyhwpower

meter readings at the Tx LNAL output. This meara the

chirp exploits the DACs better than the multicariie linear.

Now that the signals are equivalent, this will tfeally give

equivalent results on the same targets througlsahee signal
process.

D. Description of the Signal Processing

The signals under study could be considered aswhand
since the fractional bandwidthy=0.077. In [9], the
UltrawideBand definition specifies a minimum@©£5 Hence
the narrowband approximations for Doppler shift is
apparently valid in this case. However a calcufataf the
Doppler shifts at 10GHz and 10.8GHz shows a diffeee
varying linearly with velocity4=5.33-v At v =10m/s 4=
53.33Hz Hence with an integration time of 0.2s and thus a
frequency resolution of 5Hz, the signals can’t basidered as
narrowband with respect to this signal processretdy, only
one technique is implemented to process the dafahwik
developed originally for narrowband signals. Knogvithe
process is not optimum, it doesn’t change a thiog the
analysis as long as both signals are computeceisdime way.
The data processing is shown in figure 4. The egigg and
received samples have their spectrum calculated ave
orthogonal period by Fast Fourier Transform (FFT). Then the
reference spectrum complex conjugate is computhds t
obtaining the matched filter transfer functionp#trtially takes
into account amplitude and phase distortions causgd
hardware. These two spectra are then multiplieth tey term.
The result is the matched filter impulse respond®) (n
frequency domain. Then it is transposed back ire tdomain
by an Inverse FFT (IFFT), thus giving an IR wittspect to
delay. N IRs are accumulated and an IFFT is appledss the
IR for every delay. It generates N Doppler filteentered at
fan = n/(N-T)whenn belongs td0,N-1]. The result is a delay-
Doppler image easily converted into distance-véyocThe
equivalence in data processing has been estahlisbadonly
remains the description of the experiment envirammend
target.

E. Description of the experiment

The HYCAM-Research experiment was done inside
ONERA's premises. The parking area shown in Figbres
useful to test the radar because it has low clutidar cross
sectionRCS = -12dB/fh The area is radiated with two Horn
antennas separated by 0.5m (bistatic angle < &5&d) with
radiation absorbent material (RAM) to improve tiselation
between the Tx and Rx antenna. Their isolation auttRAM
is -70dB and with RAM -76dB. They are positioneadteight
H = 16.68m the azimuth is -70°, and the elevation is 35he T
antenna footprint is approximately 560mThe trihedral
reflector (TR), positioned at the center of thensgés distant
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of D = 27.75m. It has a RCS = 30dBm2 thus givirgpatrast
of approximately C = 59dB between the reflector ahd
clutter. This configuration is used to -calibratee thadar
meaning to set the phase origin and deduce the &@@&her
targets from the RCS of the reflector. The othegatwas a
plastic fan. These two targets allow for reprodigcib
experiments since the reflector is a static tasget the fan
always rotates at the same velocity. Now thathalgarameters
are set, the measurement results will be analyzed.

IV. ANALYSIS OF THEMEASUREMENTS

Two kinds of measurements were performed. The first
consists in measuring a static 30dB-TR to analysedistance
impulse response of both waveforms. The secondistens
measuring a rotating fan to analyse the resistariceoth
waveforms with respect to velocity. Also in bothsea the
received signal was processed with the measurditaegnd
the theoretical replica. After analysis, the diffiece in
measurement between both processes is 0.1dB mas. orty
the measurement with a measured replica will bdiestunext.
These results show that when the Tx LNA is usedinear
mode, the reference channel isn’'t necessary.

A. Trihedral reflector measurement

The TR has an RCS of 30dBmnd is placed at 30.95m from
the antennas. First, an observation of figure éwshweery
similar behaviours. On the main peak and sideloligs,
amplitude variations between the Chirp and Mulésn
response is less than 0.1dB. This experience alwitly
another involving two TR reflectors were repeatedrahree
days always vyielding the same performances. SiheeTR
appears to the radar as a punctual target, thendd#-can be
measured. For both waveforms, its value is 0.188richvis
consistent with the theoretical values of 0.187%is0 the
distance between the calibrator and the target cae
measured 5.121m which is coherent with the distance
measured physically 5.197m.

B. rotating fan measurement

The rotating fan is placed at 25.75m from the amsnFor
this measurement, it was very windy. Despite thather,
figure 7 shows that the chirp and multi-tones resps in
velocity display the same velocity peaks. Howevée t
differences in amplitude reach up to 5dB sometiinggvour
of the chirp and sometimes in favour of the OFDM.



V. CONCLUSION

The use of Multitones as a radar signal has bedidated
experimentally. It was shown that the chirp thatksts low
PMEPR exploits fully the DAC’s available averagemgo as

opposed to multitones which has a higher PMEPR un o

example the difference with the chirp is about 2dBvas also
determined through theory and validated experintignthat
both waveforms were sufficiently well representeithvébits

(1]
(2

(3]

with respect to PMEPR. The HYCAM-Research test-henc[4]

has been tested successfully with both chirp antlicatrier
signals and the results obtained in linear amplifan are very
similar for both waveforms. For the specified s, the
differences noted are up to 0.1dB in range andoupdB in
velocity. However in order to explain in a detaileghnner
those differences more analysis are required asd @lore
experiments. Upcoming experiments involve changimgTx
amplifier by a 10W solid-state amplifier and 200¥&vielling
wave tube amplifier to study the distortion tolezarof both
waveforms. The range of operation will also be ezl from
50m up to 2.5km.

ACKNOWLEDGMENT

| would like to thank everyone who participatedniiaking
this experiment possible: J.C. Castelli, A. GhalébCoudrain,
L. Picard and A. Cheraly. And also I'd like to ttkafhektronix
and Techway who helped a great deal with the exmsial
equipment.

(5]

(6]
(7]

8l

19

REFERENCES

E. Mozeson, N. Levanon, “Radar Signals”, John Wileterscience,
2004

E. Mozeson, N. Levanon, “Multicarrier radar signafsh low peak-to-
mean envelope power ratio”, IEE proceedings: Radanar and
navigation, , vol. 150, no2, pp. 71-77 , 2003.

N. Levanon, “Multifrequency radar signals”, Radaon®erence, 2000.
The Record of the IEEE 2000 International, pp 688;6Alexandria,
VA, USA, 07-12 may 2000

N. N. S. S. R. K. Prasad; V. Shameem; U. B. Desai N Merchant ,
“Improvement in target detection performance ofsputoded Doppler
radar based on multicarrier modulation with Fastrfes Transform
(FFT)", IEE proceedings. Radar, sonar and navigatio
vol. 151, no1l, pp. 11-17,: 2004,

Y. Paichard, J. C. Castelli, P. Dreuillet, G. Baitil “‘HYCAM: a RCS
Measurement and Analysis System for Time-Varyinggéts”, IMTC
2006 - Instrumentation and Measurements, Technoldggference,
Sorrento, ltaly 24-27 April 2006

Y.Paichard, “Microwave Camera for Multi-Dimensiorfgialysis of the
RCS of Time-Varying targets”, PhD thesis, Orsay)20

Vignaud L., Ghaleb A., J.-M. Nicolas, Le Kernec JRadar high
resolution range and micro doppler analysis of hummntion”, Radar
2009, ,Bordeaux, France, 12-16 october 2009

A. Ghaleb, L. Vignaud, J.-M. Nicolas, “Fine micrappler analysis in
ISAR imaging”, Geoscience and Remote Sensing Sympps2007.
IGARSS 2007. IEEE International pp.574-577 ,BameldSpain, 23-28
July 2007

Federal Communications Comission, “FCC 02-48", Ug2april 2002



