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ABSTRACT range over which they can operate. The initial JTRS
program limited the applicability of SDR to frequgrbands
To fully realize its promise of an all-encompassingbelow 2 GHz. The requirement has now shifted teeco
communications device, special attention must newiben  applications supported by satellites or terrestsi@ladband
to the radio frequency (RF) front end of SoftwarefiBed  wireless services operating up to 60 GHz. Altho&iPR
Radio (SDR). While much work has been done to enablcan be implemented below 6 GHz using conventional
most air interfaces to be digitally implemented signal  electronics, it is increasingly difficult to do s the higher
processors, SDR's still use conventional RF dedmyriheir  operating frequencies. Moreover, the ideal micrasvav
front end, and thus can only operate over limitedjfiency source needs to be frequency-agile, tunable oveida
ranges. The ideal SDR RF unit would be frequergilea range of frequencies and could be incorporatectitijrénto
tunable and could be incorporated directly intoadio to  a radio to replace multiple banks of conventionarowave
replace multiple banks of microwave sources, tledsicing  sources, thus reducing the size, weight and idezaist of
the size, weight and (ideally) cost of the unitisTis a the unit. This is a daunting task in the electrabamain and
daunting task in the electrical domain and a pgradshift — a paradigm shift may be in order.
may be in order.
Optical technology can emulate many of the fumdio
In this paper, progress made towards the developmenormally seen in electronic circuits and is an ideadidate
of a high-quality, optically-generated SDR transeeiis to perform many of the tasks described above. @iptic
presented. Microwave source designs, capable afrgéng heterodyning (a process similar to RF mixing wheve
a carrier tunable to more than 50 GHz, will be iedealong  optical signals of different wavelengths are beat &
with techniques for RF filtering in the optical daim. The photodetector in order to generate a microwaveatigs an
initial steps towards the design of a photonic graed appealing technique to generate microwave signats a
circuit (PIC), which combines the different compotse very large frequency range - from MHz to THz. Hoeev

required to make an optical device feasible in &sS@ill  the primary difficulty in generating a high-qualisignal
also be presented. with this approach is the need to narrow the infere
linewidth of semiconductor lasers (typically a MHigwn
1. INTRODUCTION to values more practical for a communications syste
SDR technology has made significant advancementtbee In this paper we will review a few approaches being

past decade. From the Speak-Easy radio to the Joimvestigated by Communications Research Centre itsnd
Tactical Radio System (JTRS) program, the technolms  collaborators towards the development of a highityua
moved from demonstrator to field deployable un¥ost of  optically-generated SDR transceiver. It is our ritn to
the evolution, however, has been made on the signahow that all of the elements traditionally asstiawith
processing side of the radio. Faster and largecgssors, RF reception and transmission can be reproducedadpt
faster analog-digital converters, more efficiengnsil- Microwave source designs based on non-linear up-
processing algorithms and improved digital hardwareonversion, dual frequency lasers and optical pheded
architectures have focused most of the attention. loops (OPLL's) will be detailed. The former has rbee
experimentally shown to generate a microwave aarrie

If SDR is to fully realize its promise of an all- tunable up to more than 50 GHz using off-the-shelf
encompassing radio, covering a variety of air fates over components. Techniques for RF filtering in the cgdti
multiple frequency bands, special attention to thdio domain will also be examined. Optical amplifiers, a
frequency (RF) front end is now required. Whilmast any common commercial component, will be briefly men&d.
waveform or air interface can be emulated digitadlyrrent  Finally the significance of photonic integration toe
radio implementations are still limited by the foeqcy practical implementation of SDR will be discussed.
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2.OPTICAL RFIMPLEMENTATION spectra of a 50-GHz mm-wave signal generated with a
microwave drive signal at 12.5 GHz. The solid Isfews
2.1 Source Development the drive signal, while the dashed-line shows figaad at
the output of the photodetector. Note that evemughothe
Optical generation of microwave signals by hetenidly  laser linewidth is on the order of a MHz, the liridth of the
the outputs of two narrow-linewidth lasers has beemptically-generated 50 GHz signal is only limited that of
demonstrated numerous times in the past [1]. Witk the 12.5 GHz drive signal, see Figure 2. The piymar
optical approach, the electrical RF signal resfriten the  difficulty with this design is the poor conversiefficiency.
beating of two optical waves, separated by therelésnm- PC

wave frequency, on a square-law photodetector.hé t s OO0 MZM

frequency difference of the two optical signals evstable FBG filter

and their phases correlated, the generated elacsignal ryT— [

would have a narrow linewidth and stable centegufescy - source b bCbas

a requirement for most system applications. Howeie SSMF
most approaches the beat signal produced usualisepses Optical path .

a linewidth that is comparable to the sum of theicap ———  Electrical path S
linewidths, typically a few MHz for semiconductaskrs. [P0} Esa

This is because the phase noise of the two lasera® is ) ] ] -

not correlated in any way. As such, the instantaseo Figure 1: Experimental setup for optical generatiom-wave

frequency difference can vary by the extreme low ef signals using the non-linearity of an optical matiol (TLS:
A . tunable laser source, MZM: Mach-Zehnder modulafeb,FA:

one laser speptral distribution to the high enthefother. If erbium-doped fiber amplifier, PA: power amplifi@SA: optical

the phase difference between the two lasers werbeto gpectrum analyzer, PD: photo-detector, ESA: eteattrpectrum

highly correlated then a very narrow RF linewidduld be  analyzer, SSMF: standard single mode fiber).

achieved even with large linewidth optical sourcEsree -40 T ]
implementations, all of which use off-the-shelf gmments, -50 : “h
are suggested to reduce the linewidth of the bgaak -eof—‘ ot } ’h}' n
g -70
[a]
2.1.1 Non-linear Optical Modulator s & ) V/;V yé\b\ “\
One way to ensure that the phase correlation bathee g L AMA ¥ A
two optical carriers is identical is to use a sintgser to & 0o VRN L LS AL
generate both. This can be done by relying onrtherently Eg y M [ W
30

non-linear response of an electro-optic modulatdnich
allows both carrier generation and harmonicallyegated
frequency up-conversion [2]. Taking advantage @f tip-
conversion aspect can dramatically lower the etedtr Figure 2: Comparison of the optically-generated Gz signal
requirements for the modulator drive signal. (optical signal) to the 12.5 GHz electrical drivigrsl. Note that
center frequencies have been normalized to allowpaoison of
Using this technique we have demonstrated a simpfg® inewidths.
approach to optically generate continuously-tunable2.1.2 Optical phase-lock loop (PLL)
microwave and mm-wave signals. The proposed system second approach to microwave source design iscbas
consists of a commercially available 10-Gbps eteoptic  a discriminator-aided, PLL [3, 4]. The discriminats used
intensity modulator driven by an RF signal. Theeirsity  to maintain the frequency separation between tioeldsers
modulator is biased at a DC voltage adjusted sbdbd-  within the relatively narrow capture range of tHe PThis
order optical sidebands are suppressed. A fibergddra essentially finds the right operating frequency andrsely
grating (FBG) is employed to filter out the optiaarrier, locks on it. The PLL can then be used to reduce the
which is at the wavelength of the optical sourcediieg the linewidth of the microwave output to a value suigafor
modulator. As such, the only significant remainimgtical communications system applications.
components are the two second-order sidebandsinBeat
these harmonics at a photo-detector generates retirioe Both the frequency discriminator and the PLL anenfs
unconverted electrical signal. A tunable, low-phasése, of electronic feedback that compare the output bigaial to
mm-wave signal that ranges from 32 GHz to 60 GHz ia microwave reference, and then feed a correctipmals
generated when the reference microwave sourcenisdtu back to one of the lasers. The design retainethisproject
from 8 GHz to 15 GHz. was similar to the one proposed in [3], but all éhectronics
and the external-cavity lasers (ECL) used in thestoction
Figure 1 illustrates the experimental setup usad f are commercially available. A schematic diagramtlod
testing the source, while Figure 2 shows the eétadtr design is shown in Figure 3.

20 -10 0 10 20 30 40 50
Signal bandwidth (Hz)
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fabricating a device with one common gain mediumt b
The outputs of the master and slave lasers areatlpt with two concentric cavities, see Figure 5. Suctesice
mixed and allowed to beat on two photodetectorse Thmay be able to take advantage of the potential enois
output of one photodetector is amplified and usedhee  correlation between adjacent modes [5]. However tu
RF/microwave output signal. The output of the seéc@én the gain competition and the large threshold gansgivity,

used to provide feedback for the discriminator/PLL. a dual-wavelength ECL may exhibit mode switching,
especially when the two lasing wavelengths are etyos
Nm spaced. Although polarization separation technicjuese
been proven to be very effective in stabilizing telosely-
Output .
Seve ECL 2 Photodetector  ggnal spaced modes [6], they usually require free-space
olarization controlling devices, which make theegration
RF signal ah,-\, P Ue g ar
Phase L ock L oop a non-trivial task.
Splitter __-100
% ® optical i -20.0 \
Active L ow- [ electrical @ 200 \
passFilter B, -30. \
Frequency Discriminator _% -40.0 v"\_\
o
gt s ()
Active 8 600 i V/\V/\ Pa I\“ A
Lonpass & [AYANRIVASWA
Filter -70.0 ¥ V"v V
-80.0
Figure 3: Schematic diagram for the optical PLL. 0 10 20 30 40 50

S . N F Offset [H
The purpose of the discriminator is to minimizes th requency Offset [Hz]

variation in frequency difference between the nraasted  Figure 4: Optical PLL phase noise at an operatiagifency of
slave laser, thereby producing a stable microwavipur  11.224 GHz.
signal. It does this by comparing the beat signah ffixed

reference, generating a DC correction signal basedhe wavelcla_n%rt]g Z;ﬁmem vsvgflgengm
difference between these two. This comparison eaddme Activeregion A grating ™\ TEQ\—(—  grating

in a number of ways, but the technique employedhis < ”””” ””[m

project is the use a microwave delay line. The edion ‘

signal is then passed through an active, low-piéies &nd R lengd | | SMF28
injected into one of the lasers to vary its opamti = e fiber |

wavelength. Once the active, low-pass filter andetda
responses have been measured, then the feedbatk fiev | .
proper discriminator operation can be established. § Long cavity

Short cavity%

After establishing the coarse lock, then the liiithv  Figure 5: Schematic representation of the ECL. [ker chip has
can be reduced by the PLL. This portion of the wutrc a high-reflectivity (HR) coating on one facet amdamti-reflection
consists of a voltage-controlled oscillator (whintour case ~ (AR) coating on the other. Each grating forms aitgain the
is the laser), a phase detector (mixer), and aplass filter. lensed fiber, with a phase adjustment section ketieem.

Both passive and active loop filters are widelydusePLL We have experimentally demonstrated that two tjose
design. The passive filter is simple to implementl @  spaced lasing wavelengths can co-exist for shorbge
satisfactory for many applications, but an activepl may even without the assistance of a polarization setjoar
provide better tracking performance. The primarytechnique [6], see Figure 6. However, when the two
disadvantage of the active loop is the additiomappgation  wavelengths are closely spaced (~0.3 nm), opticah g
delay, a detrimental parameter, introduced by igb-gain  competition can suppress one of the two lasing leagehs,

DC amplifier. The applied results of the PLL ar@wh in  and a slight change in the cavity can cause thgitladinal

Figure 4. lasing mode to switch. In addition, we experimdstal
. verified that the external optical feedback at blking
2.1.3 Dual-frequency External Cavity Laser (ECL) wavelengths must satisfy an in-phase relation with

Rather than using two independent lasers, effat® been residual feedback from, for example, the gain daiget in
made to produce a dual-wavelength ECL. In suchser)a order to obtain a true dual-single-mode emission.
two wavelengths are allowed to co-exist. This isi@dy
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Figure 6: Microwave output of the dual-frequencylEC

2.2 Tunableall-optical microwavefilters

The previous section clearly establishes that aawiave
signal can be generated in the optical domain fBfIR
frequency translation. In addition, the square-f@sponse
of a photodetector effectively acts as a mixer. Tieat
component addressed in the optical RF designiitea f

All-optical microwave filters proposed in the pdst
years were primarily based on incoherent manipariatf
optical carriers with only positive taps [7]. Aschuy only
low-pass filtering functionality could be realizdebr many

applications, such as SDR systems, bandpass attopfla

filters are required. To overcome this limitatiosgveral
techniques have been proposed.

the beating between the carrier and the lower siugb
However, as shown in Figure 7, if the modulatedicapt
signal passes through a dispersive device, the ephas
relationship between any two optical frequency congmts
will change due to chromatic dispersion. When this
dispersed optical signal is fed to a photodetectbe
modulating signal can be recovered, which implrest the
PM is converted to IM by the dispersive device. Mor
interestingly, when D>0 (the upper case in Figuyetiie
higher optical frequency component experiences mbase
shift than that of the lower frequency componemid a
eventually the PM—IM conversion is fully achievetem all
three frequency components are exactly in phaseth®n
contrary, when D<O0 (the lower case in Figure 7@, dwer
frequency component will experience more phase #idh
the higher one, and the PM—IM conversion is fultyained
when the two sidebands have the same phase butare
of phase with the carrier. Consequently, the rewm/é&F
signals from the different dispersive devices millve ar
phase inversion, which can be directly appliedrplement
negative coefficients in an all-optical microwaueef.

Atter After
Dispersive Device Photodetector Amplitude
1
t
—
Diractly dstected by a photodetector | oc
: >
™ :
1 —
w | @
ar !
Lo 7= —>
do T = i S,
[l
1
r Group : '
Delay 1 L

Recently, Yao et. al. [7] reported a method for

implementing an all-optical microwave bandpasefilith
a simple structure. The baseband resonance ofyiical
low-pass filter is eliminated by using an electpio phase
modulator (EOPM) combined with a dispersive devitao
et. al. [8] also proposed a novel method for rgadian all-
optical microwave bandpass filter with
coefficients. Positive and negative coefficients abtained

Figure 7: lllustration of the recovered RF modulgtsignals that
sustain a positive, zero, or negative chromatipatision.

From the analysis above, a basic architecturettfer
proposed filter is presented in Figure 8. Opticalriers
from an array of N laser diodes (LDs) emittinghati; ...

negatively are combined via an optical combiner and applea t

phase modulator. Through an optical circulator, the

through PM-IM conversion by reflecting the phase-modulated optical signals are demultiplexed by aayad

modulated optical carriers from linearly chirpedolefi Bragg
gratings (LCFBG's) with positive or negative digens.

waveguide grating (AWG) and fed to N LCFBG's vithei
the short-wavelength or the long-wavelength port,
depending on whether the LCFBG's are employed to

The fundamental concept is shown in Figure 7. Undeimplement positive or negative taps. The reflected

small signal modulation conditions, the phase-matzal
optical spectrum is illustrated on the left sidetiod figure,
which consists of an optical carriesf and two first-order
sidebands doton,, w0, where o, represents the
modulating microwave frequency). At the output bEt
phase modulator, the two sidebandsmaoet of phase. If the
phase-modulated signal is directly detected with

dispersed optical signals are then multiplexed Heygame
AWG and sent to a photodetector to recover the riatidg

RF signal. The recovered RF signal can be expressen
vector summation of the resulting electrical sigrfabm the

N carriers. The length difference between the apfaths
determines the central frequency of the pass band.
d herefore, by altering the laser wavelengths thenfilter

photodetector (PD), the modulating signal cannot beesponse can be tuned.

recovered, and only a DC signal is observed bedaestng
between the carrier and the upper sideband exaatlgels
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@ carriers from the regular LCFBG's with positivenagative

ﬁ::r rerma GD slopes. A two-tap microwave bandpass filter vdtie
o [ —— e negative tap was demonstrated, it has a better -twain
Fombine [ opu ° e e cro i sidelobe ratio (MSR) compared to the bandpass-atguit
| e Lcroom filter with all-positive taps. More taps with eithgositive or
7o ] negative weights can be easily realized by simplgirey
- more LCFBG's, which provides the possibility of
[ v amavaer | implementing microwave bandpass filters with a-figd

response and a high MSR.

2.3 Optical Amplifiers

LCF‘E;G#‘[ LCFBG#2

~ 40 L T N Finally, an optical transceiver would not be corgple
& N \ without an amplifier. Optical amplifiers use a ghlength of
2 s ! H h optical fiber doped with the rare-earth elemenierbas a
§ i ' gain medium. Also called an erbium-doped fiber afiepl
S 50 5 [ (EDFA), they act as optical or IR repeaters thabdvdhe
= : H intensity of a modulated laser beam directly, withopto-
:::: Rl I ! electronic/electro-optical conversion. The EDFA suse
% & i } semiconductor pump laser to introduce a powerfahbat a
P’ shorter wavelength, typically 980 nm or 1480 nmipia
R T X T section of doped fiber a few meters long. The puigipt
Wavelenath fam excites the erbium atoms to higher orbits, and1s&0 nm

input signal stimulates them to release excessggnas
coherent photons at the same wavelength. EDFA's are
commonly used in long-range optical fiber commuiiices
systems to compensate for the loss of long fibansp

3.PHOTONIC INTEGRATION

Monolithic integration provides a means for combgi
multiple functions and devices onto a single cleipabling
significant reduction in cost, footprint and powesile at
the same time improving overall reliability and
355 : 4 % n 5 performance. Photonic integrated circuits (PIC's®) the
Frequency (GHz) monolithic integration of two or more optical elemt&on a

Fi . . . single substrate. They are the photonic equivaleht

igure 9: Experimental results of the two-tap filteith one g0 o5 integrated circuits, however, insteadgoiding
negative coefficient. (a) Measured optical spectigolid curve) L e - 2
when, is reflected by LCFBG#1 from the short wavelengtit p C“”er?tv a photon_lc mtegrated CIrCUIt. gwdes lj.gl.]ke. n
and), is reflected by LCFBG#2 from the long-wavelengtirtp € microelectronics industry, photonic integratiifl give
(b) Frequency responses: measured (solid curve)sandlated fise to vastly improved functionality, reduced sosind
(dotted curve), showing a bandpass filtering witle oegative tap.  improved reliability.

Normalized frequency response (dB)

'thTo prove thet.above cfcfj_nperit, atwo-_taplmlcro;/vgm_lfl Until recently, factors such as high propagatioss]
\LVICFBgr']e negfatjl\{e tcge I'(t:r;en Wa;s llmp erlnen t?itsﬁ WOmaterial limitations and the absence of a large reacket
07 SBart?] a rtlpa © C’g:'FBaG;in rad VIY?:\IIZeB?#%Z h made it difficult to justify the capital expendies required

7 nm. Both gratings ( - and ) have %o implement the integration process. However, with
length of 8 cm and the average d|sper3|ons arelagd to renewed interest in high-volume, low-cost composdat
be .1350 and —1327 ps/ nm, rgspecnvely. Two wn&ble, the metro market, together with recent advancesaterial
emitting ath, and, with identical output power levels and .\ oo and device layouts, the situation agpearbe
a typical linewidth of 150 kHz, are applied as tight changing '
sources. '

Monolithic integration of optical components offer
many advantages over assemblies of discrete comfsone
and is the key to any future deployment of optitcSDR.
Since the introduction of PIC's in the mid 199fis, optical

In summary, the optical RF filter has a simpleicture
with positive or negative coefficients obtainedotigh PM—
IM conversion by reflecting the phase-modulatedioapt
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component industry has slowly been migrating frdre t cases, can provide much greater versatility in gigio. For

manual assembly of discrete optical devices toraated,
semiconductor wafer-processing techniques andesictyp
solutions. The material systems of choice for mitniol
integration are InP and InGaAsP, which allow theigie of
both the active and passive waveguides for operatidghe
spectral ranges of interest.

In the past, we have adopted a building block @gqdn
to system design both in optical RF circuit desigd in the
development of integrated components. While théouar

example, optics-based sources can easily geneaaters
with up to THz frequencies. As photonic integration
progresses, this technology will be more prevalant
everyday applications. Communications Research r€ent
and its collaborators will continue their team agmh to
complete an all-optical microwave front end for SDR
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Single-laser Heterodyne Scheme

Optical  Electrical
Spectrum  Spectrum
Analyzer  Analyzer
——— Optical path
——— Electrical path

PoI

Laser Optical HHHHH C\ l\
Modulator L

Fiber Erbium-doped  Photodetector
Bragg Fiber Amp
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Microwave DC bias
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Operating Principle

f-3f, fo2f, f-f, f, fq+f, f+2f, f+3f
f-2f, f, f 421,
f-2f, f 421,
41,

_CENTRE DE RtLH(E%gj Ef’ﬁt

RESEARCH Cli

Modulator output

DC biasing

Optical filtering

f,: electrical drive signal frequency
f,: optical carrier frequency
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Power (dBm)

Experimental Results

Drive signal:12.5 GHz (-48 dBc/Hz@10Hz)
Local electrical signab0 GHz (-35.5 dBc/Hz@10Hz)
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Laser cavity 1

Laser cavity 2

Optical fiber
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Phase Control in Cavity

Optical Domain Electrical Domain
(for 17.4°C)

RF beat signal spectrum
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External Cavity Laser Details

Laser Diode configuration:

APODIZED GRATINGS:

* Peak reflectivity is 80%

* 3-dB bandwidth is 0.1 nm

e pitch L = 1.07 mm

» Bragg wavelength difference was
around 0.25 nm

45 mm

-

Nensed, AR coated SMF-28 fiber ;

GAIN CHIP:

* Inphenix Model No. IPSGC 1550

« outer facet HR coated (95%) TEC:

« inner AR coated (0.01%) * TEC under each FBG.

* 6-mm-wide TEC under the bare fiber
section to act as a feedback phase

controller
SOA configuration:
) 11em (4
— ¢TI Sy I IOy —

SOA:
* Inphenix Model No. IPSAC-1503.
« Similar to laser diode with both facets AR coated.

[:

0 .
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Grating Performance and Multiple  exc

Reflections In Cavit

grating #1  grating #2
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Optical RF Filter Response

Tapped delay-line device (FIR)
Delay Weighting
Electro-Optic element
Phase Do Square Law
Modulator - l/b . Photodetector
« o | s D€ | P e
- —_ . . o ——
: : . | E
RI:in © m D—»M O RI:out
;
y(t) = x(® * h(t) = X bx(t —k7)
k=0
) 1
U) —
S At
o
2 ~_~——
| transform
FAY YAl /\ 2\
time — frequency —

_CENTRE peRECH &%%ﬁ{fﬁhﬁtf&[ o)

RESEARCH CENTRE




Feed-hack electronics

Fully
Integrated in
MQW
InGaAsP

Partially A collaboration with

Integrated in

uOttawa

= ":: wg\\ws,n\a\c.'i.
A TR

Silica UNIVERSITE DE
| Ed SHERBROOKE

53¢ DALHOUSIE

University

'{C

Discrete
Components

Short Term > Long Term
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Modal Distribution in Linear  cxc
Waveguides

waveguide
Jantum

substrate
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Fabrication of PIC Elements

fri

multiple waveguides on substrate Mode-locked Laser Collaboration with
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Summary

 Flexible RF hardware is a key feature to enable ful |
potential of SDR,

* Optical technology can provide a continuously tunab le
modulated carrier up to 50 GHz using COTS component s
and can potentially work to beyond 1000 GHz,

* Proof-of-concept has been performed in the lab,

 Work has been initiated on the fabrication of a pho  tonic
integrated circuit for high volume production.
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CRC = Innovation
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