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Phase Coding of RF Pulses in Photonics-Aided
Frequency-Agile Coherent Radar Systems

Paolo Ghelfi, Filippo Scotti, Francesco Laghezza, and Antonella Bogoni

Abstract— An  innovative optical scheme to generate
software-defined phase-modulated radio frequency (RF)
pulses with carrier frequency agility from a mode-locked laser
(MLL) is proposed. The technique exploits a direct digital
synthesizer and a Mach-Zehnder modulator to apply an
intermediate frequency modulation to the MLL’s modes. The
heterodyne detection of the optical signal allows the generation
of amplitude- and phase-modulated RF carriers with very
high phase stability, suitable for coherent radar applications.
Further, a single MLL can be used to generate carriers
simultaneously at different frequencies, enabling frequency
hopping or multifunctional radars, with no need to increase
the complexity of the transmitter. Results show chirped and
Barker-coded pulses at around 10 or 40 GHz in a single setup,
without any performance degradation while increasing the
carrier frequency. The proposed technique allows the practical
realization of compressed pulses for coherent radars over a
wide carrier frequency range, allowing the development of
software-defined radar systems with improved functionalities.

Index Terms—Barker code, chirp, coherent radar, laser
mode-locking, microwave photonics, phase modulation.

I. INTRODUCTION

HE EVOLUTION of coherent radars is requiring, among

other technical developments, the improvement of the
system sensitivity and the reduction of the antennas dimen-
sions. To these aims, RF carriers with lower phase noise and
higher frequency are required. Moreover, radar systems are
seeking increased resolution to detect and recognize small
objects, and to this purpose, rather than reducing the duration
of the radar pulses, pulse compression techniques have been
implemented which broaden the signal bandwidth by modulat-
ing or coding the phase of the radar pulse carrier, thus avoiding
the transmission of dangerous high-power RF pulses [1].

To increase the detection probability and to reduce the risk
of false detections in adverse conditions, the transmission of
two or more radar signals at different carrier frequency is often
implemented, thus reducing the target signature fluctuations
and averaging and smoothing the complex echo signals. This
technique, called frequency agility (or diversity), also implies
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additional benefits. In fact, it allows the elimination of the
Doppler blind speed and of the Doppler dilemma. In weather
radars it can be used to build up a composite image of clouds
and rainfalls. Frequency agility is also useful for jamming
immunity, making more difficult to disturb the radar and, if the
system rapidly switches between several frequencies, can ren-
der the jamming ineffective. Finally, radar systems with mul-
tiple carriers are becoming of interest in dual-band multifunc-
tional radars, where surveillance and detection & tracking are
implemented simultaneously using a single radar apparatus [2].

The high phase stability required in modern radar systems is
becoming challenging for the electronic RF signal generation,
since at high carrier frequency the frequency multiplication
processes that are usually exploited reduce the phase stability
of the original RF oscillators. On the other hand, frequency
diversity radars are commonly realized by using two or more
radar transmitters, implying a significant increase in cost and
power consumption [3].

In the last years the use of photonics has been suggested as
an effective way for generating low phase-noise RF carriers
even at high frequency. Among other techniques [4], [5], the
heterodyning of modes from a mode locking laser (MLL)
has proven to generate low-phase noise RF carriers up to the
EHF band (30-300GHz) [6]. The photonics-generated carriers
could then be modulated into phase-coded radar pulses via
electronics methods, which would require frequency-specific
RF components, e.g., the mixers, that become more expensive
at increasing frequency. An alternative modulation and coding
approach based on photonics techniques could instead allow
an agile carrier frequency selection without RF bandwidth
restrictions. Few example of this approach have been proposed
so far, based on wavelength-to-time conversion [7]-[9], on
microwave photonic filters [10], or on the heterodyning of
phase modulated continuous-wave lasers [11]. These works
are all based on rather environmental sensitive setups, as free
space propagation or fiber interferometers, and therefore are
not suitable for coherent radar applications. Recently we have
proposed a more robust architecture that exploits an optical
I/Q modulator in a peculiar configuration, demonstrating the
generation of radar signals with different pulse compression
techniques [12]. But this scheme suffers of limited modulation
bandwidth. Moreover, none of the work cited above has been
demonstrated to allow the frequency agility needed in coherent
radar systems, although a similar concept was expressed in
2002 [13].

In this paper we propose an innovative technique for opti-
cally generating phase-coded RF pulses with flexible carrier
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frequency and, thanks to the use of a MLL, with a phase
stability suitable for coherent radar systems. The idea is
to optically modulate the modes of a MLL at intermediate
frequency, so that RF signals at any multiple frequency of
the MLL repetition rate can be obtained by heterodyning in
a photodiode the modulated MLL modes. The use of a direct
digital synthesizer (DDS) for generating the coding signals
at intermediate frequency allows the implementation of a
software-defined radar transmitter, matching the requirements
of next detection and surveillance systems. Experiments are
also reported, showing the realization of some of the most
common pulse-compression techniques used in radar applica-
tions (i.e. frequency chirp and Barker-codes), applied to RF
pulses at around 10GHz and 40GHz exploiting the same setup.
The results confirm the high phase stability, and the analysis
on transients and spectra prove the effectiveness of the applied
modulations.

II. PRINCIPLE OF OPERATION

To optically generate a phase-modulated RF signal at a
specific carrier frequency f., it is necessary to heterodyne
two stable continuous-wave (CW) lasers with a frequency
detuning Av = f, one of which must be phase modulated.
The practical problem in this procedure is to process the two
lasers independently without affecting their reciprocal phase
stability. In fact, if both the lasers are modulated by a baseband
signal in the same setup, the phase information would be lost
after the heterodyning. In [12] we have solved the problem
exploiting an optical I/Q modulator to simultaneously generate
new CW components on one arm of the modulator, and
modulate the phase of the original lasers on the other arm.
Here we simplify that approach by directly generating new
spectral components which are phase-modulated. In fact, if
two lasers are modulated by a signal centered at intermediate
frequency frr, new sidebands are generated in the optical
spectrum at &f; r from each laser. If the original laser carriers
are not suppressed during the modulation process, after the
photodetection several components are present, including those
centered at frequency Av £ f7r that are the beating between

"/

Experimental setup. Av = 10 GHz, N = 4, and f;r = 100 MHz (Av — f;r = 9.9 GHz) or f;r = 184 MHz (NAv — f;r = 39.816 GHz).

the original unmodulated laser modes and the newly generated
sidebands, which bring the desired modulation including the
phase. Therefore an RF filter centered at Av £ ;r will permit
to select the desired RF signal.

This scheme can be easily extended to generate flexible
carrier radar signals if more than two CW lasers (e.g., the
laser comb provided by a MLL) are modulated by the signal
centered at f;r and heterodyned in a photodiode with suf-
ficient bandwidth (see Fig. 1). In this case, phase-modulated
RF signals are generated at £f;r from any beating frequency
between the considered lasers. Then a set of RF filters can
be used to select the signal at the desired carrier frequency.
A similar approach was used in [12].

The operation of modulating the RF carriers with a signal
at intermediate frequency must not affect the phase stability of
the unmodulated carriers. An interesting solution is generating
the modulating signal with a low-frequency high-quality direct
digital synthesizer (DDS), which also allows to flexibly change
the modulating waveform and the intermediate frequency, thus
realizing a software-defined radar signal.

To better explain the principle of operation, in particular
when the laser comb from a MLL is exploited, we add here
a more formal description of the involved signals. If we take
into account a series of N + 1 laser modes produced by a
MLL, the time domain signal can be expressed as

N
SurLL (t) = Apcos[2r (v +nAv)1] 1)
n=0
where A, is the modes amplitude, v represent the mode optical
frequency, and Av is the mode spacing given by the laser
repetition rate.
Let’s consider a modulating signal centered at intermediate
frequency, whose time domain expression is:

Sir (t) =recty (t)cos 2z firt + ¢ (t)] (2)

where fjr is the intermediate frequency (IF), ¢(¢) is the
phase modulation carried on the IF, and the function rectr (t)
represents the pulsed signal with a limited time duration T and
bandwidth B = 1/T (the typical shape of a radar pulse).
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The amplitude of the optical signal Sysr 7 (¢) is modulated
by the signal S;r(¢) (with a modulation depth M):

Smop () = Syrr (t) -[1 + M - Sy (1)] 3)

that becomes
N
Swop (t) = Z {Bycos[2n (v +nAv)1]
n=0
+Cpcos[2r (v+nAvE fiF)t

+o ()] -rectr ()} (@)

with B, and C, amplitude terms.
After the heterodyning in a photodiode, we obtain the
beatings of all the different carriers, i.e.

N
Spp (1) = D {Dycos 2w (nAv % fip)t + ¢ ()] rectr (1)
n=0
+ E,cos QznAn)} +1[...] ®))

where the first term represents the phase-modulated signal
upconverted to nAv +f;r, and the second term represents the
beatings between the unmodulated carriers; D;, and E,, are the
amplitudes of the components; [...] denotes the omitted beat-
ings between all the sidebands at v + nAv + f;F, the compo-
nent at DC, and the components at twice the optical frequency.
A graphical representation of the optical components at the
input of the photodiode and of the beatings of interest is
reported in Fig. 2.

The frequency carrier desired for transmission can be finally
selected by exploiting an RF filter with central frequency
nAv— fir (or nAv + f7r), with 0<n<N:

Stx (t) = cos[2x (nAv — fip)t + ¢ (t)]rectr (t)  (6)

III. EXPERIMENTAL SETUP

Fig. 1 reports the exploited experimental setup. The laser
source is a regenerative fiber MLL with a repetition rate of
10GHz, an optical bandwidth of 250GHz, and an output power
of about 13dBm. An optical band-pass filter (OBPF) with a
bandwidth of 0.4nm selects a bunch of about five adjacent
modes, which are launched into a Mach-Zehnder modulator
(MZM) biased at its quadrature point. The optical modes
are modulated by the electrical signal generated by a 16-bit
400Msample/s DDS. The modulating signal is a phase-coded
RF pulse centered around f;r = 100MHz or f;r = 184MHz,
which will be used to generate RF signals respectively at
9.9GHz and 39.816GHz, as explained in the following. The
RF pulse has a duration of 5us and a repetition time of 15us.
In the experiment, two different phase codes will be used, the
linear chirp and the Barker code, which will be described in
the following. Fig. 3 reports a time domain representation (at
an arbitrary low frequency, for the sake of clarity) of the RF
pulse in the two considered case.

The modulation produces sidebands around each laser
modes, and when the optical signal thus generated is detected
by a 50GHz-bandwidth photodiode, all the beatings between
modes and sidebands are produced. Two RF filters with
a bandwidth of 40MHz and centered at 9.9GHz and at
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Fig. 2. Optical spectrum before the photodiode. The beatings of interest are
highlighted.

@ (b

Fig. 3. Time domain representation (at an arbitrary low frequency) of
the applied phase-coded RF pulses generated by the DDS, in the cases of
(a) chirp code and (b) Barker code.

39.816GHz are then used to alternately select the phase-
modulated signal when fjF is respectively equal to 100MHz
and 184MHz (in order to match the center frequency of the
filters), and a broadband electrical amplifier with a gain of
27dB allows to perform the analyses.

IV. EXPERIMENTAL RESULTS

First, the phase noise of the signal at 9.9GHz is analyzed to
study the effect of the modulation at f7r on the phase stability
of the carrier. The frequency-shifted signal, generated with
the DDS programmed to emit only a sinusoid at 100MHz,
is measured by means of a signal source analyzer (SSA),
and compared with the signal generated by the beating of the
original laser modes at 10GHz, and with the phase noise of
the shifting signal at 100MHz. The phase noise curves are
reported in Fig. 4(a). As shown by the graphs, the signal
generated by the low-frequency high-quality DDS presents a
lower phase noise than that of the carrier at 10GHz. Therefore
the frequency shift induced on the optical modes does not
affect the stability of the desired carrier at 9.9GHz, which
shows the same behavior as the non-shifted one. Only a higher
noise floor is present for frequency offset above 100kHz,
which is due to the higher thermal noise in the measure and
can be reduced with a more accurate amplification.

In order to compare the phase stability achievable with
the proposed scheme to a conventional electronic generation,
Fig. 4(top) also reports the phase noise of a signal at 9.9GHz
generated by mixing the 100MHz signal from the DDS with
a carrier at 10GHz from a state-of-the-art RF synthesizer
(Agilent E8257D). The optically generated carrier shows a
lower phase noise for offset frequency from 2kHz to 200kHz,
confirming the quality of the photonics-based approach. The
higher noise below 2kHz is due to the mechanical fluctuations
of the exploited fiber-based MLL, but it is possible to strongly
reduce this noise if the MLL is locked to a reference clock
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Fig. 4. Phase noise of the generated carriers, compared with the non-shifted
carrier from the MLL, with the shifting signal from the DDS, and with the
carrier obtained by shifting the signal from a synthesizer in a mixer. (a) Carrier
at 9.9 GHz. (b) Carrier at 39.816 GHz.

in an optical phase-lock loop [14]. Moreover, a MLL with
improved noise performance could be used, as for example the
semiconductor MLL reported in [15], allowing a reduction of
the phase noise.

Nevertheless, integrating the phase noise curves from 1kHz
to 1IMHz, the measured rms time jitter is 14.2fs for the
optically generated carrier and 15.3fs for the conventionally
generated one, confirming the noise performance of the pro-
posed scheme.

By changing the RF-filter and resetting the DDS output to
184MHz, a 39.816GHz carrier is produced. Fig. 4(bottom)
shows that the phase stability of the carrier at 39.816GHz is
also not affected by the shifting process, and the comparison
with the synthesizer curve confirms that the proposed scheme
is suitable for generating high-frequency signals for coherent
radar systems, performing better than an electronic-based
approach. In this case the integration of the curves gives an
rms time jitter of 16.1fs for the optically generated carrier and
16.3fs for the conventionally generated one.

In order to demonstrate the effectiveness of the proposed
scheme, it has been characterized by generating radar pulses
implementing the most used pulse-compression techniques.
The DDS is first set to generate a 25MHz linear chirp around
100MHz, i.e. a linear frequency sweep from 87.5MHz to
112.5MHz, and the RF filter centered at 9.9GHz is used. The
choice of such a frequency deviation is due to the limited
bandwidth of the available RF filters and of the DDS, but
in principle the only bandwidth limitation is given by the
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Fig. 5. Frequency and amplitude transients of the signals measured with the
SSA. (a) Carrier at 9.9 GHz. (b) Carrier at 39.816 GHz.

precise DDS (hundreds of MHz) and by the MLL repetition
rate, which must be high enough to prevent overlaps between
different carrier frequencies.

The modulated signal obtained with the proposed setup is
analyzed by the SSA in terms of frequency and amplitude
transients, as reported in Fig. 5(top). The graph shows that
the signal generated by the DDS is perfectly upconverted to
9.9GHz, producing a linearly chirped pulse across 25MHz.
This proves that the proposed schemes is capable of effectively
upconvert amplitude- and phase-modulated signals. Moreover,
the pulsed amplitude shows an extinction ratio of about 40dB,
even if a minor ripple is present on the right side of the pulses,
caused by the narrow bandwidth of the RF filter. Finally,
Fig. 6(top) reports the electrical spectrum, acquired with a
40GHz-bandwidth electrical spectrum analyzer (ESA), of the
generated signal, compared with the simulated spectrum of
an equivalent ideal chirped signal, showing an almost perfect
match. The spectral broadening of the compressed pulse with
respect to the unchirped RF pulse of the same time duration
is reported in Fig. 6(top). Since the spatial resolution AR of
a radar system is proportional to the inverse of the signal
bandwidth B (AR = c¢/2B), if we use a chirped signal
with a frequency deviation AF the range resolution becomes
AR = ¢/Q2AF). In our case, where the signal bandwidth
of the uncompressed pulse is 200kHz (a Sus pulsed signal)
and the chirp frequency deviation is 25MHz, we obtain an
increased radar resolution from 750m to 6m.

By setting the DDS to generate a chirped signal centered
at 184MHz and replacing the RF filter, a modulated pulsed
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signal at 39.816GHz is produced. The analyses reported above
are applied for this case as well. In Fig. 5(bottom), a lower
extinction ratio is reported on the amplitude transients with
respect to the case at 9.9GHz, which is due to a higher noise
floor of the SSA when measuring high-frequency signals.
The electrical spectrum reported in Fig. 6(bottom) appears
to be tilted with respect to the ideal case, with the spectral
components at lower frequencies slightly weaker than the
higher frequencies. This is caused by the analog bandwidth
of the DDS which is limited to 200MHz: since the chirped
signal runs from 196.5MHz to 171.5MHz, its high-frequency
components are slightly attenuated and transferred to the
carrier at 39.816GHz.

The effectiveness of the employed pulse-compression tech-
nique is also proven by the autocorrelation function (AF),
calculated from a single shot trace acquired with a 40Gsam-
ple/s real-time oscilloscope, and reported in Fig. 7. From the
graph the obtained compression is clearly evident, especially
compared with the AF envelope of an unchirped pulse (dotted
line). Due to the limited bandwidth of the oscilloscope the AF
is related to the 9.9GHz case only but, as demonstrated by the
SSA and ESA traces, there are no reasons to suppose that the
39.816GHz case would be different.

Another frequently exploited pulse-compression technique
is the binary phase coding using the Barker codes. These are
particular sequences of N values a; in the set (—1, +1) for
j=1,2,..., N, such that

N—m
Z ajajym = 1 @)
j=1

for 1<m<N. They are applied to radar pulses by dividing the
pulse in N subpulses of equal duration, and modulating the
carrier phase in each subpulse by 0° or 180° according to
the adopted Barker code. Thanks to the coding, these kind of
radar pulses show an autocorrelation peak N times narrower,
and autocorrelation sidelobes N times smaller [1], than the
AF of the uncompressed pulse. This means that, by analysing
the cross-correlation between the detected radar echo and
the transmitted pulse, an N-times increased resolution can be
obtained with respect to the unmodulated radar pulse, with a
sensitivity improvement of logjoN dB, without reducing the
pulse duration and thus avoiding an increase in the transmitted
peak power. The code length N can range from 2 to 13 bits
and determines the range resolution improvement according to
the equation AR = c¢/2BN. In our experiment we have used
the longest code, i.e. +1, +1, +1, +1, +1, —1, —1, +1, +1,
—1, +1, —1, +1, since it provides the best compression factor
of 1/13 with respect to the uncompressed pulses.

The DDS is set to generate a coded pulse at 100MHz, and
the 9.9GHz RF filter is used. The phase-modulated signal
obtained is analyzed by the SSA in terms of phase and
amplitude transients, as reported in Fig. 8(top).

The graph shows that the signal generated by the DDS is
again perfectly upconverted to 9.9GHz, producing 180° phase
jumps in the pulses. Fig. 9(top) reports the electrical spectrum
of the generated signal, compared with the simulated spectrum
of an equivalent ideal coded signal, showing again an almost

1155

p — Chirped pulse
. /\mw -'n‘n\-vww\/\v\ Chirp simulation
Il

I

5 I

\— - Unchirped pulse

E Tl k
= (./ " \
£ f "
S i — iy
of )1 N
i 1 i
W Iy )
-35 ,‘ud AN
N o il \1
rier 'm .
45 ‘ ‘ el L% : : |
9860 9870 9880 9890 9900 9910 9920 9930 9940
Frequency [MHz]
(a)
5-
|~ Chirped pulse
M"“’"\ Chirp simulation
5 I i \[= - Unchirped pulse||
| |: !
Iy / |
3 15 / '.
= f )
q;o A )
5 25 i =
* W I
/o
-35 L \
’ \
IS4 A
-~
45 ‘ ez’ ‘ BN ‘ ‘ |
39776 39786 39796 39806 39816 39826 39836 39846 39856
Frequency [MHz]

(b)

Fig. 6. Measured electrical spectrum (RBW 100 kHz) of the chirped pulses,
compared with the unchirped RF pulses and the simulation of an ideal chirp.
(a) Carrier at 9.9 GHz. (b) Carrier at 39.816 GHz.
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Fig. 7. AF of the chirped pulses extracted from the real-time oscilloscope
trace, compared with the AF envelope (dotted line) of an unmodulated pulse.
Inset: the simulated AF of the ideal chirped pulse.

perfect match. The spectral broadening of the compressed
pulse with respect to the uncoded RF pulse of the same time
duration, reported in Fig. 9(top), reveals an increased radar
resolution up to 57.7m.

By setting the DDS to generate a phase-coded signal at
184MHz and replacing the RF filter, a phase-coded pulsed sig-
nal at 39.816GHz is produced. The analyses reported above are
applied for this case as well, and are shown in Fig. 8(bottom)
and Fig. 9(bottom).

In Fig. 10 the autocorrelation function of the generated
Barker coded pulse at 9.9GHz is shown. As expected from
the radar theory, the normalized amplitude presents sidelobe
peaks at 0.07 (1/N) and corresponds well to the simulated
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Fig. 8. Phase and amplitude transients of the signals measured with the SSA.
(a) Carrier at 9.9 GHz. (b) Carrier at 39.816 GHz.
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Fig. 9. Measured electrical spectrum (RBW 100 kHz) of the phase-coded
pulses, compared with the uncoded RF pulses and the simulation of an ideal
13-bit Barker code. (a) Carrier at 9.9 GHz. (b) Carrier at 39.816 GHz.

AF of the sequence shown in the inset. So the suitability of
the proposed scheme for producing phase-coded radar signals
is confirmed. With the particular code exploited, the range
resolution is improved by a factor of 13 from 750m (relative
to the unmodulated pulses) to 57.7m.
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Fig. 10. Autocorrelation function of the Barker-coded pulses extracted from
the real-time oscilloscope trace, compared with the envelope (dotted line) of
an unmodulated pulse. Inset: the simulated AF of the ideal coded pulse.

V. CONCLUSION

The proposed method for the generation of
frequency-agile phase modulated RF signals can be of
help in a large number of applications. Besides coherent
radars, it can be used wherever phase modulated RF signals
are needed, as for example in radio-over-fiber systems for the
generation of complex modulation formats (e.g., 64QAM),
or in the removal of the range ambiguity in radars and
lidars [16].

Different applications and scenarios may require different
carrier frequencies and modulation bandwidths, so it is neces-
sary to choose the MLL’s repetition rate carefully. A MLL
with high repetition rate can allow wide-band modulation,
since carrier’s overlap is avoided, but it would reduce the
number of available frequencies since the bandwidth of the
commercial photodiodes is limited to about 100GHz. On the
other hand, a low repetition rate MLL can allow a dense set of
available frequencies, but reduces also the possible modulation
bandwidth.

As demonstrated by our measurements, the phase stability
of the generated RF pulses depends on the timing jitter of the
original MLL. Therefore, the better the MLL, the better the
RF signal. As it is evident, if an ultra-low-noise MLL is used
as laser source [15], then the noise-limiting element becomes
the exploited DDS.

Although the proposed system requires readily available
components, photonic hybrid integration my be helpful to
further reduce the complexity of the setup [17]. This way
all the optical path could be replaced by a single monolithic
structure with reduced footprint, allowing its implementation
even in mobile systems.

In conclusion, we have proposed an innovative scheme that
exploits photonics for generating arbitrary phase-modulated
RF pulses with flexible carrier frequency, and phase stabil-
ity suitable for coherent radar systems. The use of a low-
frequency high-quality DDS permits the maximum flexibility
in the generation of software-defined modulating signals which
are transferred to the modes of a MLL, without affecting their
reciprocal phase stability. The digital signals are generated at
an intermediate frequency, so that after detecting the optical
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signal, phase-modulated RF pulses can be obtained close to
any multiple frequency of the MLL repetition rate, even at
frequency in the EHF band. The reported experimental results
confirm the generation of linearly chirped and phase-coded RF
pulses with carrier frequencies of about 10GHz and 40GHz
with very high phase stability, and demonstrate a spectral
broadening suitable for pulse compression techniques. The
flexibility of the scheme allows to implement any kind of mod-
ulation (e.g., Frank codes) at any carrier frequency. By prop-
erly choosing the MLL repetition rate, frequency agility can be
implemented on close or far frequencies (as in frequency hop-
ping or in multifunctional radars, respectively), or even both,
with the advantage of a single MLL instead of a series of elec-
tronic oscillators for each carrier frequency. The carriers can
be generated simultaneously or alternately, or even changed
continuously. The modulating signal can also be changed
meanwhile, implementing a waveform diversity technique.

Therefore the proposed technique allows the practical real-
ization of compressed pulses for coherent radars over a wide
carrier frequency range, allowing the development of software-
defined systems with improved functionalities.
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