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Adaptive non-uniform photonic time stretch for blind RF signal
detection with compressed time-bandwidth product
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Abstract: Photonictime stretchsignificantlyextends the effective bandwidth of existing lagao-digital
convertorsby slowing down the input higlspeedRF signak. Norruniform photonic time stretcturther
enables time bandwidth product reduction in RF signal detelstiaelectively stretching higliequency
features more. Howevglt requires the prior knowledge of spectramnporal distributiorof the input RF
signaland has to reconfigure the time sthefitter for different RFHnput signals Here we propose for the
first time an adaptive nomniform photonic time stretch method based on microwave photonies pre
stretching that achievdsdind detection of higlspeed RFsignalswith reducediime bandwidthproduct.
Nonruniform photonic time stretch using both quadraind cubic group delay response has been
demonstrated and time bandwidth prodootnpression ratios 0f2% and 56% ha been achieved
respectively.

Keywords. Analog to digital conversiojata compressiorgispersion, ncrowave photonis, photonic
time stretch,itme bandwidth product

1. Introduction

Microwave photonics [1, 2 studies interaction between microwave and optical wameshas foundich
applications in imaging, instrumentaticand communications. Photonic time strhS) also known as
dispersive Fourier transform (DFT3][ which converts broadband spectrum of an ultrashort optical pulse
into a time stretched waveform using chromatic dispersion, has become aringnaadenabling
technique for various microwave photonics applications [4]. In particular, photonistiieteh analoge-
digital conversion (PTS-ADC) provides a promising solution to difficulties in cororeadtADC systems,
such as jitter effectral limited sampling bandwidth due to electronic bottlengck6]. This is made
possible byusing chromatic dispersion to stretble highlystable RFencoded optical pulses to effectively
slow down the fast RF signal before being captured by conven#df@s [7]. Improving the jitter and
speed performance being one aspect, it is @lswucial importanceto limit the overall captured data
volume, i.e., time bandwidth product (TBWP) of teptured signalDespite that PT&DC techniques
offer greatly redcedeffective Nyquist sampling rafé-10], the record time has been increased by the same
factordue to the signal stretchingesulting in an unchanged TBWP.

Recently,non-uniform photonic time stretch, also knownasamophic stretch transform (AST11-13],
has been proposed to addréss tssue based on selective stretchihg information rici{high-frequency
regionof the input signais stretched more with ndimear group delaguch that it can be sampled with
finer resolutionthan theslowertemporalfeatures [1# With a normal uniform samplingt a backend
ADC, the total volume of recorded data for a given RF signal, and hence TBWP of theyat@@can
be significantly compressetHowever, ASThased methods need to have ghior knowledge of the
spectraittemporal profileof the input RF signah order to design thsignalspecific AST filter [19, which



is usually not feasible and practical in raate detection of unknown higepeedRF signas. Moreover,
the AST filter needs tbe reconfigured for new RF signals with different instantaneous frequerfdgqr
making the implementation of AST filter witbngineeredhonlineargroup delay response even more
challenging. Therefore a generalizzghptive non#niform photonic time sétch desigtior blind detection

of arbitrary RF signals with TBWP reduction is highly desired.

In this paper, we propose, for the first tiraa,alternative system which can overcome this limitahanks

to the joint use of a microwave photomicase fiter for prechirping the input RF signal arah AST filter

to non-unifornty stretchthe optical pulse carrying transformed RF signal. The microwave photonic phase
filter with frequencydependent time delay separates the high frequency (inforrratignpart of an
unknown RF signal from its low frequency components across the entire duration oethmtied signal.

A following non-uniform photonic time stretch systehhe AST filter)is designed based dhe spectra
temporal distribution pre-defined by the microwave photonic stretching filteWithout the neesl of
knowing the spectraiemporal distribution of the unknown RF sigirahdvance and reconfiguring then-
uniform stretcHilter for different RF signalsthe proposed approach enables reduction of TBWHnd
detectionof time-limited RF signalsising non-uniform photoniénhe stretch
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Fig. 1. Schematic diagram of the proposed adaptive non-uniform photonic timke system. AST: anamorphic
stretch transform, ADC: analdg-digital convertor, DSP: digital signal processing.

Schematic diagram of the proposed adaptive non-uniform piedime stretch system félind detection

of arbitraryRF signas with compressed TBWP is shown in Fig. 1. Ultrashort optical pgksesrated from

a passively modéocked lasemare pre-stretched by a first dispersive element. The initially time strdtche
optical pulse serves as theasicontinuous waveptical carrierDifferent from pevious PTSADC [7-10]
and AST [1115] systems, in the proposed methoditiput RF signal idirst pre-stretched by a microwave
photonic phase filter with frequendiepenent time delayesponsebefore direct modulation on the



stretched optical carrieat an electraptical modulatar Thanks tothe large microwave dispersion
introduced by the microwave photonic phase filter, the high frequency (inforamatigrcomponent®f
the unknown RF signal is separated from its low frequency elements in time, |eaaliingguencychirped
RF signalwith its spectratemporal profile mainly determined by the microwave photonic phase Tiher
transformedRF signal then modulatelse optical carrier at the modulator.

A second dispersive elemesgrving as the AST filtefurther stretches the modulated optical pulse to slow
down the higkspeed RF signal such that the hgpeed RF signal can be captured usihgwer-speed
photodetector (PD) and electronic ABJo achieve the reduction of TBWP for the photonic RF signal
detection systemhe AST filter has a neaniform group delay response such that particular pattieof
optical spectrum carrying higinequency componentéine features) of the RF signal will be selectively
stretched (slowed down) more than those carryingftegquency RF elements. Therefore, TWBP of the
detected RF signal can be greatly reduced. Design of AST filter is usualg}Fdependenin previous
systemg11-15. In the proposed system, as the time frequency distribution of the modurRdisignal is
uniquely determined by the microwave photonic ptidise, the AST filtercan be designed based on the
time delayresponseof the microwave photom phasefilter, which is independent on the unknown RF
signak.

Finally the mon-uniformly stretched optical pulsehich carries theelectivelyslowed RF signal is detected
by a lowspeed PQvith a reduced TBWFRF signal recovery is implemented in thgital domain. Signal
recovery algorithm consists of two steps: inverse AST processing and inFepbasge filtering. Note that
an optical calibration processhere arun-modulatedptical pulsegpasses through the same AST filier,
included to removéhe effect of Gaussian envelope of the optical cameshown in Fig. 1.

3. Results and discussions

Numericalsimulations are implemented using a commercial simulation tool (VPIphotonics) to stest@n
the utility of the propose@pproachin TBWP-reducedblind detection of arbitrary RF signals the
proposed system, an in@E signalunder tesis firstly prestretched by a microwave ploaic phase filter,
which provides deliberatelglesignednonlinear phase response corresponding ftequencydependent
time delay, or microwave dispersion. The ps&etched RF signal then modulates an optical carrier at a
MachZehnder Modulator (MZM), which is biased at quadrature point to ensure linearitintens
modulation. The optical carrier is obtained by stretching ultrashort optizad<ian pulses from a 50 MHz
passively moddocked laser witHull-width at halimaxim (FWHM) pulse widthof 800 fs using a first
dispersive element with totgktoup velocitydispersionfGVD) of 1050 ps/nmAn optical AST filter with
deliberately designed nonlinear time delay respoimse selectively slows down the RiRcoded optical
pulse to compress the TBWP of the detected RF signal.

3.1AST filter with quadratic time delay

As a proofof-the-concept demonstration time-limited RF signal involving both high frequency features
(a narrow Gaussian spike) and low frequency components (a slow Gaussian ewtbldipeited time
duration) is used as th@rst original inputRF signal under test, ahown in Fig. 2(a)Figure 2(c) shows
the spectrogranof the input signalfrom which we can see thatost RF frequency components are
confined within anarrowtime window.



The microwave phtonic phase filters designed to providguadratt phase response corresponding to a
linear frequencydependent group delay of 2 GHz/iespite thamicrowave photonic filtersormally
provideamplitudeonly variation with linear phase response or constantowavedelay[16], microwave
photonic phaseilters with tunable highly nonlinear phase response, hdreguencydependengroup
delay response up to several GHz/ns have been reported based on nonlinear opticat chsperaion
[17, 18] and successfully applied in chirpatcrowave waveform conmpssion [19

Enabled by microwave frequency-dependent time delay, the high frequenciaBaske in the original
input RFsignalis shifted with longer delay anstretched as per the designed chirp.rAtea resultthe
instantaneous frequencpmporentsof the transformed RF signate separated in ascending order as
shown in Fig. 2(b). Figure 2(gresentghe spectrogram of the RF signal after microwave photorge
stretching clearly showing a frequency chirp rate2@@Hz/ns. Therefore, signifiant microwave dispersion
from the microwave photonic phase filter has transformed the input RF signal with unkegwency
profile to a linearly chirped microwave waveform with its spetg#graporal profile determined by the
microwave photonic filterNote that despite the increased TBWP for the transformed chirped microwave
signal due to prestretching overall TBWP compression will be achieved thankshe following non-
uniform optical time stretch at the designed AST filter.
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Fig. 2.Simulation results on the microwave photonic phaseifiljei@a) Theoriginalinput RF signal under test. (b)
Stretched RF signal by the microwave photonic phase filteranlitrearfrequency-dependent time delay response.
(c) Spectrogram of the origihRF signal.(d) Spectrogram of the RF signal after microwave photonic filtering,

showing a frequency chirp rate of3Hz/ns.

The prestretched RF signal themodulates an optical carrieratt MZM. The stretched optical pulsarrier
also has aempord Gaussian shape as shown in Fig. 3(a), which verifies the dispardiaced
wavelengthto-time mappind20]. After intensity modulation at the MZM, the observed modulated optical
pulse is shown in Fig. 3(b) and the corresponding optical spectrum is shéwgn 3(c). By comparing the
spectral and temporal representations of the modulated optical pulse, a letezrsieip betweenrtie and



frequency is obtained ahown in Fig. 3(d)Thanksto this oneto-one mapping, we casee that the RF
signal is enoded oto the optical spectruwf the pulse carrier
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Fig. 3 (a) Time stretched optical pulse by the first dispersive elerfi@m@ptical pulse modulated with the pre-
stretched RF signal. (c) Corresponding optical spectruifyirey that the RF signal is also encoded in to spectral
domain. ) Oneto-one mapping between time and frequency according to (b) and (c).
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Fig. 4 (a) The ime delay function of the designed AST filter with quadratic group delay. (bJuNdormly
streached optical pulse by the AST filtec)(The reconstructed RF signal following the signal recovery algaorith
implemented in digital domaiiid) Spectrogram of AST stretched optical pulse after pteteetionshowing the

non-uniform photonic time stretch.



To achieve the desired TBWP compression throughumiiorm optical time stretch, an AST filter
providing quadratic time delagfirst designed according to the quadratic phase responseroidiavave
photonic filter. The group delay response of A®T filter is given by

Ar(f) =K, x(f - f) 1)

wheref is the instantaneous optical frequerfeylenotes the central optical frequency with zero time delay,
andK; is thesecondorderdispersion coefficient of the ASWhich can be determined by the chirp rate of
the microwave photonic phase filter. Tiv@e delay characteristics of the designed AST filter is shown in
Fig. 4(a).The central frequendy is carefully selected such that the whole optical pulse spedc#iismn

the frequency regioh> fo. Therefore, higher optical frequency components of the modulated optical pulse,
which also carry higher RF frequency information, will experience highendtic dispersion and hence
being stretched more than those carrying lower RF frequency. As a tiesutipdulated optical pulse is
selectively stretched due to nonuniform dispersion in the AST filter and TBWf oésulting signal can

be greatly compressed.

Figure 4(b)hows the nomniformly stretched optical pulse by the AST filt€he selectively stretched RF
signal is detected using a higpeed PD and its spectrogram is shown in Fig. 4(d). Welearlysee that

RF frequency chirp becomes nonlinear and higher frequency components have been stretehed mor
compared to lower frequency parf8WP of the captured RF signa reduced in our propodesystem.

Table! summariesTBWP of the original RF signgk1) and thenon-uniformly stretchedsignal in our
proposed system. We can see that TBWP value has been reduced by 28%, correspondmpgrassion

ratio of 72%.

TABLE|l. TBWPREDUCTION FOR TWO DIFERENTRF SIGNALS USINGAST FILTER WITH QUADRATIC TIME DELAY

Original RF Sretched RF | Original RF | Stretched RF
Parameters signal #1 signal #1 signal #2 signal #2
Time duration 25 ns 45 ns 25ns 40ns
Max frequency 15GHz 6 GHz 15GHz 7GHz
Time-bandwidth 375 270 375 280
product

Reconstruction of the original RF signal from the captsteetched RFsignalis implemented in digital
domain following twosteps: (l)inverse AST processing, whialecoveriesthe prestretched RF signal
before AST stretchind?2) inverse RF phase filteringvhich transforms the prgtretched RF signalackto
the original one according to the microwave photonics filter respditde thata small portion of pre
stretched optical pulse bypasses MZM but goes through the same AST filtewtaraoptical calibration
process, whichemoveghe effect of Gaussian envelope of the optical caffiee.reconstructed Rétgnal
is shown in Fig. 4). Compared to the signal as shown in Fig. 2(aypad match with the original RF
signal has been clearly evidenced.

To demonstrate that the proposggproachs valid for different RF signals with unknown instantaneous
frequency profilea secondRF sgnal#2 with high frequency informatiomccurring at differenpositionis
selected as the original input signal, as shown in Fig. 5(a). Figure 5(b) dteypve-stretchedRF signal

by thesamemicrowave photonic phase filter with a chirp rat2dbHzhs Figures 5(c) and 5(d) present



the corresponding spectrografos the original and filtered RF signals respectivdllge recovery results
for the second RF signate shown in Fig..6The reconstructed RF signal matches well with the original
signal as sbwn in Fig. 5(a). Characteristics of raniform time stretch for the second RF signal are also
summarized in Table I, and TBWP reduction by 25% has been achigves been verifiedhat the
proposed method works fame-limited RF signals with differ& spectratemporal profiles.
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3.2 ASTfilter with cubic time delay

To explore the capability of the proposed approachdterTBWP reduction in highrequency RF signal

detection, a secondST filter providingcubictime delayresponséias been designed. The group delay
response of the ASfilter is given by



Ar(f)=K,x(f—f,) 2)

whereK: is thethird-orderdispersion coefficient of the ASfilter, which can be determined by the chirp
rate of the microwave photonitase filter. The characteristof the designed AST filter is shown in Fig.
7(a). The central frequency is selected such that the whole pulse spectrum fadlsagitmf > fo. The RF
signal#las shown in Fig. 2(a) is usadainas the original inputignal Figure 1b) preserg themodulated
optical pulsecarrying the transformed RF signal after bawog-uniformly stretched by the AST filtevith
cubic time delay response. Its spectrogram is shown in7f&dgy. We canclearly see thaR[F frequency

chirp becomes nonlinear and higher frequency components have been stretched more corpeeed t
frequency parts.
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Fig. 7. (&) Time delay as a function of optical frequencthiea AST filter withcubic group delayesponse. (b) Non-
uniformly stretchedptical pulsecarrying RF signaby the AST filter. (c) The reconstructed RF signal following
the signal recovery algorithm implemented in digital dom@hSpectrogram afion-uniformlystretched optical

pulse confirming TBWP reduction of the captureddrinal

Due to the largaonlineartime delay produced by the AST filter, the resulting -narformly stretched
optical pulse has a longer time duration (140 ns). At the same time, the maximueg &ty carried by
the stretched optical pulse has beeduced to 1.5 GHz. Therefore, theerall effect is thaTBWP of the
captured RF sigras reduced in our proposed systémanks to the highly nonlinear time delay at the AST
filter. Table Il summaries the TBWP of the original RF signal and ¢beesponding non-uniformly
stretchedsignalin the case c&An AST filter with cubictime delayresponseWe can see that TBWP value
has been reduced by 44®Reconstruction of the original RF signal is implemented in digital domain
following the two abovenentionedsteps, with the result shown in Fig{c), whichmatctes wellwith the
original RF signal as shown in Fig. 2(a).



TABLE Il. TBWP REDUCTION FOR HE FIRSTRF SIGNALS USINGAN AST FILTER WITH CUBIC TIME DELAY

Original RF | Stretched RF
Parameters signal #1 signal #1
Time duration 25ns 140 ns
Max frequency 15GHz 1.5 GHz
Time-bandwidth 375 210
product

The AST filter with cubic time delay is also tested with a different input RF si@sd shown in Fig. 5(a)

to demonstrate that the proposed system is independent of the instantaneous frequnoy thefnput
RF signals The samenicrowave photonic phasdtér with a chirp rate of &Hz/ns is used to pretretch
the input RF signal before modulating the optical carkegure8(a) shows the modulated optical pulse
after nonuniform stretchingatthe AST filter. We can sebatthe high frequency components have been
stretched futier, evidenced byTBWP reduction of 44%The recovery resufor the second RF signa
shown in Fig. 8(b). It can be seen that the proposed method works for RF signals with diffezent
frequency distributions.
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Fig. 8 (a) Modulated optical pulse afteoon-uniform stretching with the AST filtewith cubic time delay(b) The
recoveredRF signal#2 after digital signaprocessing

3.3Discussions

The utility of the proposed adaptive approach in RF signal detection with cedBWP has been
demonstrated using numerical simulations. The most important element in the sytermisrowave
photonic phase filter with frequency dependent time delay, which transforragatieatemporal profile

of the RF signal. The designed microwave photonic phaseddtrebe implemented based on nonlinear
optical chromatic dispersion [17,[1®ptical delay to microwave delay conversjtf], andnon-uniformly
spaeddelayline filter [21].

A second key element in the proposed system is the AST Diéspite extensive theoretiGid simulation
studies on the AST approadaicluding this work quite little experimental study on this topic has been
reported so far, mainly due to the lack of goptical filter offeringan engineeredroup delayr dispersion
profile. Potentialgoodcandidates to achieve the particularly designed AST filter indudsmizdfibre
Bragg gratings 14, 22, 23, chromemodd dispersion mechanisif24] with the aid of nodeselective
excitation[25], andphotonic crystal fibr¢PCF)with preciséy controled chromatic dispersion profil6].



In the presented demonstrations, only timated RF signals have been tested using the proposéutin

This is due to the limited time apertuwethe photonic time stretch system, which is the reciprocal of the
pulse repetition ratePassively modéocked laser has a repetition rate in the order of 10 MHz,
corresponding to a time aperture of 100 ns, which would sufficedorl highfrequency RF signals. Note
that our proposed system can also operat®minuous time using a segmeiua-interleaving structure
[27]. In such a cas@ multiple channel AST filter havingeliberatelydesignedgroup delay response for
individual channels is required, whidan be implementedsing aspatially discrete chirped fie Bragg
grating[28].

4. Conclusion

Non-uniform photonic time stretch enables time bandwidth pro@UBWP) reductionin high-speed RF
signal detection by selectively stretching RE spectrum of interestiowever,prior knowledge of the
spectratemporal profile of the RF signal is always needed. In this papeewadaptive photonic time
stretch schemby pre-chirping the input RF signalsing a microwave photonic phase shift is proposed to
overcome thigimitation. Using the proposed approach, blind detection of RF signals with different spectra
temporal profilehrave been demonstrated. TBWP compression ratios of 72% and 56% have been achieved
using noruniform time stretch filters with quadratic and cubic time delagpeetively.The proposed
adaptivephotonic timestretch system works without the knowledge of the unknown RF signals, hence
providing amore promising solution for redime detection of arbitrary RF signal with reduced TBWP.
The concept developed can be adapted to address data compression issues in widermfiatdsgbeic
speed communicationsltrafast measurement anthssive sensor network.
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