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Abstract—A record performance metric waveguide grating
router (WGR) design with a 200 GHz free spectral range (FSR)
capable of resolving sub-GHz resolution spectral features is devel-
oped for a fine resolution photonic spectral processor (PSP). The
WGR’s FSR was designed to support subchannel add/drop from
a superchannel of 1 Tb/s capacity. Due to fabrication imperfec-
tions, we introduce phase corrections to the light beams emerging
from the 250 waveguides of the WGR output using a liquid crys-
tal on silicon (LCoS) phase spatial light modulator (SLM) placed
in an imaging configuration. A second LCoS SLM is located at
the Fourier plane, for arbitrary spectral amplitude and phase ma-
nipulations. The PSP is utilized in multiple system transmission
experiments, such as flexible spectral shaping and subcarrier drop
demultiplexing with sub-GHz spectral resolution.

Index Terms—Optical communication, optical filters, optical
planar waveguide components, optical waveguide components,
wavelength division multiplexing.

I. INTRODUCTION

INEAR optical signal processing operations can assist op-
L tical communications in performing myriads of operations
such as wavelength multiplexing, wavelength selective switch-
ing (WSS), and complex spectral filtering for channel selection,
dispersion compensation, and signal shaping. Adaptive filtering
operations are of particular interest, enabling tuning of the cen-
ter wavelength, selected bandwidth, dispersion compensation
level and signal format conversion. Performing these operations
with a spatial light modulator (SLM) operating on spatially dis-
persed light has been demonstrated [1]-[3]. These and similar
experiments are based on a WSS platform, using a dispersive
free-space optics arrangement with a bulk diffraction grating and
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lenses (an optical arrangement originating from ultrashort pulse
shaping [4], [5]), and replacing the channelized micro-mirror
SLM [6] with a liquid crystal on silicon (LCoS) SLM for finer
control [7]. The performance of these WSS based instruments
is set by the spectral resolution of the dispersing arrangement
(typically 5-10 GHz) and the pixel pitch determining spectral
addressability (few GHz). Such spectral resolution and address-
ability is sufficient for DWDM channel selection, which is the
target application of a WSS. However, these spectral specifi-
cations fall short of those required to optimally support intra-
channel filtering requirements in telecom applications (e.g. Ref
[2] tried unsuccessfully to optically shape a transmitted signal
with a WSS-based instrument, whereas in [8] a specialized fil-
ter extended the reach of a duobinary signal). Improved optical
resolution metrics can be obtained by replacing the bulk diffrac-
tion grating dispersive element with a waveguide grating router
(WGR) [9], [10] or a virtually imaged phased array (VIPA)
[11], [12], both of which can be designed to provide larger dis-
persion values over a finite free spectral range (FSR). These
larger dispersion devices provide finer optical resolution for
intra-channel spectral filtering, giving the filtering apparatus the
moniker photonic spectral processor (PSP). Our PSP is based
on a hybrid guided wave and free-space optics arrangement,
where the WGR, implemented in silica waveguides, angularly
disperses the light. The diffracted light is then focused by a
Fourier lens onto an LCoS, two-dimensional phase SLM. With
the LCoS SLM we are able to prescribe phase and amplitude
onto the signal’s spatially dispersed spectral components. In this
Paper, we vastly improve the fine-resolution filtering attributes
of a WGR-based PSP.

Our new PSP implementation is based on a WGR designed
to obtain 0.8 GHz optical resolution over a 200 GHz FSR
(Fig. 1). Similar resolution was demonstrated before for a WGR
demultiplexer (demux) over a 16 GHz FSR [13]. Obtaining
such resolution attributes requires very large delays within the
WGR, while still maintaining phase accuracy at the output. Un-
fortunately, these requirements are beyond standard fabrication
tolerances, resulting in the WGR having excessive phase errors
which completely destroys the constructive phased array inter-
ference at the output. In [13], individual waveguides were phase
trimmed with ultra-violet (UV) irradiation after hydrogen load-
ing. We employed a phase compensation technique based on a
phase SLM to correct the individual waveguide’s phase errors
and obtain the true optical resolution of the fabricated WGR,
similar to that first reported in [ 14] where we used a 50 GHz FSR
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Fig. 1. Waveguide grating router with sub-GHz optical resolution. Top: De-
sign layout with 250 waveguides (dimensions ~4 x 5 cm). Longest waveguide
colored magenta, shortest in green, for better visualization. Bottom: WGR with
1/0 fiber attached and cylindrical lens to collimate output radiating light in the
guided (vertical) direction.

WGR consisting of 63 waveguides. In that previous work [14]
we did not obtain the WGR’s designed resolution, yet were able
to achieve 1 GHz resolution metric. We have since improved
our correction scheme, and performed it over 250 waveguides
covering a 200 GHz FSR, as first reported in [15], and provide
the full technical details in this paper.

The record performance metrics of the PSP allow synthesiz-
ing complex spectral filtering functions with extremely sharp
features nearly matching ideal characteristics. We demonstrate
our fine resolution PSP in telecom applications, demonstrating
the utility of fine resolution adaptive optical filters in novel joint
photonic-digital receiver (Rx) signal processing applications.

II. FINE RESOLUTION WAVEGUIDE GRATING ROUTER DESIGN

WGRs were originally developed for optical demultiplexing
functionality in wavelength division multiplexing (WDM)
systems [16]-[18]. A WGR demux employs a first star coupler
(free space region) allowing an input waveguide to radiate
into the waveguide array, followed by a second star coupler
where the dispersed light emerging from the waveguide array is
coupled to individual demultiplexed output waveguides. Such
demux WGRs are attractive in that they are compact, easily
packaged and robust, due to guiding in high refractive index
contrast waveguides allowing sharp bends on a planar lightwave
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circuit (PLC). The dispersive medium we utilize for our PSP
application is an unconventional WGR, where we discard the
second slab lens region that demultiplexes to output waveg-
uides. The grating arms terminate at the PLC edge, allowing
the light to radiate into free space. This forms a phased-array
output that experiences angular dispersion on account of
wavelength-dependent phase delays in the waveguide array.
Using an external Fourier lens, we obtain spatially dispersed
light allowing for manipulation in free space with an SLM.
The key design features of a WGR are its incremental path
length increase, AL, between successive waveguides and num-
ber of waveguides, N, within the array. The former sets the FSR
according to vpsg = ¢/(n, - AL) (where n, is the group in-
dex of the waveguide propagating mode and c is the speed of
light) and the latter sets the spectral resolution 105 = vpgR /N.
The WGR was designed with 200 GHz FSR and 250 wave-
guide arms to support spectral super-channels of 1 Tb/s ca-
pacity [19]. The WGR was implemented in a silica on silicon
platform with 2% index contrast waveguides of 4 x 4 y/m cross-
section (Fig. 1-bottom) with neg =2 1.46 (neg is the effective
index of the waveguide propagating mode at the design wave-
length). The WGR’s N = 250 waveguide arms have a relative
path length difference of AL = m - Ao /nex =~ 1 mm (where
m = 935 is the diffraction order), for a total WGR path length
difference of N - AL = 250 mm. The inverse of the time delay
(At =N - AL/v, = 1.25 ns) matches our 0.8 GHz target res-
olution, in line with time-bandwidth uncertainty principle. To
obtain a compact WGR design for such a long path difference,
the waveguides are folded three times within the PLC (total size
is 5 x 4 cm) (Fig. 1-top). Light from an input waveguide excites
the 250 waveguide arms via a confocal slab lens of ~8 mm
radius. Power distribution across the waveguides was Gaussian,
with edge waveguides having approximately 10 dB lower power
than central waveguides. The waveguides taper out at the slab
lens to efficiently collect 75% of the input power. Following
the slab lens, the waveguide arms are routed with differential
lengths to the edge of the PLC (Fig. 1). Waveguide spacing
within the WGR was chosen so that coupling between adjacent
routes is negligible. The pitch p at the output (at the PLC edge)
is 18.6 um, and the waveguides are adiabatically broadened to
size Ay = 17 pum. The optical field at the WGR’s output facet
is described by the contribution of each waveguide i in the array
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where ¢; is the Gaussian amplitude apodization, applied over
all waveguides, which originates from WGR’s star coupler (see
dashed line in Fig. 2-top), ¢(*) represents a Gaussian mode of
an individual waveguide located at £ = 7 - p, with an accumu-
lated phase (argument of the exponent) that is dependent on the
diffraction order, effective and group refractive indexes, and the
optical temporal frequency. The phased array light output of
the WGR at the PLC facet is Fourier transformed with lens f,
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Fig. 2. Top: Depiction of Gaussian apodization of a WGR output with a
waveguide pitch p. Bottom: The Fourier transform of WGR output, where
the envelope is the Fourier transform of a single waveguide Gaussian mode.
The diffraction orders exist underneath this curve. Blue: Diffraction orders
at the designed v frequency. Purple: Diffraction orders at the vy + FSR/2
frequency.
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where the Gaussian mode, ¢, of the individual WGR’s waveg-
uides of size A, determines the far field interference pattern en-
velope (the first term in Eq. (2), see dashed line in Fig. 2-bottom).
The sum term is the constructive interference of the Gaussian
apodized WGR output, with the -m’th diffraction order being
of interest. Since the apodization is Gaussian, the construc-
tive interference is too. Each spectral component creates multi-
ple diffraction orders, each of size Aoy &4 - A - f/(7 - Awgr)
where Awgr is the WGR overall output mode size, their spac-
ing being inversely proportional to the waveguide array pitch,
p. The number of excited diffraction orders depends on the ex-
tent of the far field interference pattern envelope. Hence having
narrow waveguides relative to the waveguide pitch would un-
desirably result in the excitation of many diffraction orders. To
minimize the diffraction order excitation count, we adiabati-
cally broaden the waveguides at the WGR output from 4 pm to
Ayg = 17 pm, on p = 18.6 um pitch.

From Eq. (2) we calculate the spatial dispersion by simple
differentiation:

dr_c-m-f ng

i 3
dv 1/3 ‘D Mg 3)
Our Fourier transform lens is of f = 50 mm, thus obtaining
spatial dispersion of 20 ym/GHz. For efficient coupling to the
input/output fiber, a mode converter section was used to match

the mode shapes of the 4 x 4 um waveguide and the single mode
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Fig. 3. Experimental setup for compensation of WGR phase errors with an

LCoS phase modulator and spectral processing in the Fourier plane.

fiber. Fiber to PLC coupling loss of —0.5 dB was achieved. A
total loss (one way) of ~2 dB was observed. This additional loss
derives mostly from the star coupler in the WGR design. The
PLC facets were polished, and a 1.5 mm focal length high NA
cylindrical lens was attached at the output facet to collimate the
light in the guided (vertical) direction.

The far field radiation from the WGR should be spectrally
resolved, as predicted by Eq. (2), and allow filtering by an SLM.
In practice, we did not observe a spectrally resolved signal due to
phase errors on each waveguide. Many factors may contribute to
the sources of phase errors, such as lithography/etching errors,
core thickness variations, refractive index inhomogeneity and/or
stress.

III. ACTIVE PHASE ERROR COMPENSATION WITH AN
LCoS SLM

To circumvent the phase error problem, we devised an op-
tical arrangement that first images the PLC output facet onto
an LCoS SLM at a secondary plane with a magnification factor
of M = 3 (labeled ‘image plane’ in Fig. 3). This magnifica-
tion factor was chosen to map the WGR array output width
(18.6 pm x 250 = 4.65 mm) to ~14 mm, efficiently spanning
the LCoS SLM width (Holoeye Pluto, 1920 x 1080 pixels
at 8 um/pixel = 15.36 x 8.64 mm). The waveguide pitch of
18.6 pm is thus magnified to 55.8 pm, equaling 7 pixels on the
SLM. Each waveguide output mode occupies a unique position
on the SLM, and we can modulate the phase of the individual
reflected light beams by applying a voltage onto the underlying
pixels. The 7 pixel span also helps reduce the fringing field im-
pact between adjacent LCoS pixels at different voltage setting.
The reflected light from the image plane, consisting of the phase
modulated waveguide array spots, is then Fourier transformed
onto the spectrally resolved plane (labeled ‘Fourier plane’ in
Fig. 3). If the phase of each output waveguide in the array is
properly adjusted, then the constructive interference pattern of
the waveguide array focuses to a tight spot (at the -m’th order)
with adjacent diffraction orders present (per Eq. (2), when ex-
cited by single frequency light). Different wavelengths accumu-
late differential phases from each waveguide, thus focusing to a
tight spot at a displaced location due to the linear phase variation
across the array, thereby leading to the spatial dispersion. Our
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Fig. 4. Top: Direct image of light at the PLC output facet. Vertical axis is

stretched due to cylindrical collimating lens. Bottom: Location of waveguides
on SLM. A few waveguides have imperfections effecting light transmission
through them.

free-space solution currently supports one polarization state, but
polarization diversity can be easily introduced to handle both
polarization states which has not been attempted in this work.

Prior to setting the phase LCoS SLM to adjust the waveguide
phases, we place an infrared (IR) camera at the image plane to
directly observe the PLC output facet (Fig. 4-top). The image of
the output waveguide array is obtained. The waveguide modes
are vertically elongated due to the cylindrical collimation lens
affixed to the PLC. The intensity of light across the array is
Gaussian distributed, as expected through a slab lens excitation,
with few waveguides exhibiting excess loss due to lithography
imperfections. These amplitude variations, amounting to the a;
terms of Eq. 1, can modify the constructive mode shape at the
Fourier plane. Since they are few their impact is minimal.

The procedure for establishing the amount of phase correc-
tion per waveguide in the array begins by first placing the LCoS
SLM at the WGR image plane and moving the IR camera to the
Fourier plane (in place of the spectral plane SLM seen in Fig. 3).
The locations of the individual waveguides on the image plane
SLM pixels were registered by writing a phase ramp pattern
five pixels wide (to tilt the light falling on the SLM towards the
pickup mirror and spectral plane) and scanning it across the SLM
while registering the power reaching the camera, from which we
deduce the waveguides center locations (Fig. 4-bottom). Next,
we broaden the rectangle to capture two waveguides modes at
a time (14 pixels wide), and examine the interference pattern
in the Fourier plane for each successive waveguide pair. This is
analogous to Young’s double slit experiment; when the waveg-
uides are in phase the interference pattern forms a dominant
central lobe and weak side lobes on either side. When the two
waveguides are out of phase (shifted by 7), the interference pat-
tern is that of two equal peaked lobes (with a null in the center).
Images of these interference patterns collected by the camera
are shown in Fig. 5.

By modifying the reflected phase of one waveguide from the
pair while monitoring the far field interference, we can set the
two waveguides to be in equal phase. This is done by adding a
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Fig. 5. Interference pattern of a waveguide pair of the imaged PLC observed
at the Fourier plane camera, used to bring the waveguides into identical phase.
‘Waveguide pair in phase (Top) and 7 out of phase (Bottom).

7 pixel wide phase offset to one of the two interfering beams,
in addition to the phase ramp for selecting the two beams. All
the waveguides” phases were set to reflect a constructive in-
terference using this technique, and the phase correction terms
collected. This procedure starts from the center (most intense)
waveguide, and proceeds right to the array edge one waveguide
at a time to set equal phase as the predecessor, and then cor-
recting the left half starting from the center in the same manner.
Greatest sensitivity was obtained by comparing the area beneath
the two side peaks.

When encountering an inactive waveguide (no light emerg-
ing), the interference is collected between the waveguides before
and after the inactive zone. This increases the spatial modulation
frequency on the far field beam, but the symmetry criterion can
still be identified, to maintain phase continuity across the gap.

The phase corrections that are required for each waveguide are
thus completely known and can now be applied simultaneously
on the LCoS SLM to correct the phase response of the entire
WGR output. The correction values and the LCoS phase pattern
are shown in Fig. 6.

These phase corrections appear quite random, spaced be-
tween 0 and 27 across the array (with possible multiples of 27
which we cannot distinguish). These phase errors are the expla-
nation as to why the phased array did not function as planned,
as they constitute a random phase realization as opposed to
equal phase, and the far field pattern of a random phase distri-
bution is spread out instead of focusing to a spot. One of the
advantages of the phase correction with the LCoS SLM is that
we can independently access each waveguide with one single
device. Alternatively, one could place individual thermo-optic
(TO) modulators on each waveguide to phase correct them one
by one [20]. However, such TO modulators are power hungry,
and can cause thermal crosstalk between adjacent waveguides.
Similarly, the waveguide array could be implemented in electro-
optic waveguide material, allowing electrical tuning [21]. Still
electro-optic tuning typically operates over single polarization.
Alternatively, the waveguides can be permanently trimmed with



2222
Phase Shifts Relative to Middle Waveguide
7 200
(o]
@
-, 150
o
L
= 100
w
]
£
o 50
0
50 100 150 200 250
Waveguide nr.
Applied Phases on SLM
250
. 200
£
2 t {150
a
S 100
5
= 50
- . 0
500 1000 1500
Horizontal Pixel nr.
Fig. 6. Top: Waveguide phase errors relative to the centermost waveguide.

Bottom: Phase shift pattern written to the SLM.

Fig. 7.  Far field radiation patterns for CW excitation laser wavelength. Left:
with applied phase correction. Right: without phase correction.

a UV laser [22], however this operation can be optimized for
one polarization only. In the free-space solution we employed,
it is possible to treat each polarization separately by introducing
a polarization diversity solution in the form of a walkoff crystal
and a half-wave plate, such that the output light is divided to
two co-propagating beam arrays of the same polarization. The
imaging arrangement would observe two sets of WGR outputs,
one per polarization.

With the camera still mounted at the Fourier plane, we can
now directly observe the far field radiation pattern of the en-
tire array (as opposed to the pair-wise radiation pattern of
Fig. 5). When phase corrections are applied, the far field pattern
constructively focuses to a spot with the corresponding higher
orders (Fig. 7-left). Tuning the center wavelength causes the
focus spot position to shift, linearly with wavelength, in ac-
cordance with the spatial dispersion. If we turn off the LCoS
phase compensation and directly image the cumulative far field
radiation pattern (with the phase errors), we observe a random,
speckle-like interference pattern spanning a wide field (Fig. 7-
right), which still shifts in location with wavelength, but is not
spectrally resolved.
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Fig. 8.  Phase function written to the SLM, for selecting 20 GHz wide band,

including light falling on adjacent diffraction orders for flat spectral responsivity
across the WGR’s 200 GHz wide FSR.

IV. FINE RESOLUTION PSP CHARACTERIZATION

To complete the PSP construction, we replace the IR camera
at the spectral plane with a second LCoS SLM to return all
the light back to the first LCoS SLM and then to the WGR
and output fiber. The SLM was placed at a slight tilt diverting
all light out the optical path (to eliminate the cover glass back
reflection). An attenuation lookup table was created to calibrate
the linear phase ramp on the SLM for a selected coupling loss.
The look up table was made by first locating the beams’ vertical
center on the SLM by a O/ phase step scan, then proceeding
to register the attenuation from different linear phase ramps (tilt
angles). Since each spectral component excites few diffraction
orders, we back reflect them all to collect all the energy. This is
done by repeating the frequency selection pattern on the SLM
with offsets corresponding to the diffraction orders (Fig. 8). The
diffraction orders are spatially separated by A¢ - f/p equaling
521 LCoS pixels (see Eq. (2)). Selecting a frequency band in
this manner achieves uniform performance no matter where the
frequency band occurs with respect to the WGR’s 200 GHz wide
FSR, and that indeed the response is periodic (Fig. 9-top).

The hallmark of our processor is its spectral resolution, hence
it is important to define this metric and how it can be experi-
mentally assessed. The dispersed optical signal is described by
Eq. (2). Each spectral component is focused to a Gaussian spot
size of A,y = 2wy at a unique position (we now neglect the
additional diffraction orders for brevity), and the spectra is lin-
early dispersed as set by dx/dv. We propose to define the spec-
tral resolution as the ratio relating the beam radius to the spatial
dispersion term, according to v .5 = wy/(dx/dv). We next
prove this spectral resolution metric is sensible for assessing the
performance of a PSP.

Let the LCoS select a spatial extent Ax about x,. (the position
of center frequency v.). Performing the overlap integral over
the spatial coordinate x, yields the coupling strength for every
spectral component [6]:

)l = & <erf [f (BE+ G- >)]

et [ (B2 e, ) ) @

wo 2 dv
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within the 200 GHz FSR. Bottom: Resolution metrics of 0.8 GHz, measured
from —0.5 dB (10%) down to —10 dB (90%).

where erf(¢) is the error function. Substituting Az = (dz/dv)
- Av and using our resolution definition for 1., we obtain

)’ =5 (erf [ﬁ (F+0- >>]

Each error function in Eq. (5) defines the spectral roll-off
at the corresponding spectral edge. (Note that Eq. (5) slightly
differs from the equation provided in Ref. [23] which uses a
metric o, due to differing definitions of our resolution metric,
Vyes, Which essentially equals 20 but is directly measurable as
demonstrated next.) Under the assumption that the two edges
do not overlap (which occurs for sufficiently large bandwidth
selection, Av, relatively to 1), then each error function de-
fines the edge roll-off independently. Many metrics may be used
to assess the roll-off from the pass-band to the block-band. Us-
ing the 90%-10% transition (analogous to —0.5 dB to —10 dB
transition), we evaluate the erf(¢) values in Eq. (5) leading to
the target measures, and find that the difference in the two ar-
guments is 1.436. Hence the transition occurs over a bandwidth
of 1.436 - vyes/ V2~ Vres. The 90-10 transition bandwidth is
easy to identify and measure (Fig. 9-bottom) and is equivalent
to directly measuring the dispering optics” resolution. Like-
wise, we can also predict the transition from —0.5 dB down to
—20 dB (1.4 - 1¢5) and down to —30 dB (1.667 - v,.s). If we
wish to maintain —40 dB isolation between adjacent channel
components we can adopt a 1.9 - v, metric for WDM sig-
nal separation, which can be rounded to 2 - 1,4 for the transi-
tion bandwidth between two separate channels (with a safety
margin).
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Image plane |
LCoS

Fig. 10. Photo of the experimental setup for compensation of WGR phase
errors with an LCoS phase modulator and spectral processing in the Fourier
plane.

In addition to the resolution metric, a PSP is also character-
ized by the positional accuracy at which it is possible to encode
a spectral function on the LCoS SLM. This positional accuracy
is defined by the spectral addressability. Knowing the spatial
dispersion term and LCoS pixel size, the spectral addressabil-
ity is (LCoS pixel size)/(dxz/dv). In our PSP implementation
the LCoS pixel size is 8um and the spatial dispersion equals
20 pm/GHz, yielding 400 MHz addressability for our PSP.

All our PSP characterization was performed with a swept laser
interferometry technique (using a Luna Technologies optical
vector analyzer), as instruments such as grating based optical
spectrum analyzers do not offer sufficient spectral resolution.
The 0.8 GHz spectral resolution was confirmed by measuring the
90-10 transition bandwidth, which is in line with the resolution
definition 1405 = wy /(dz/dv), where A.yy, = 2wy = 32 pm.

The focused spectral spot shows some deviation from a
smooth Gaussian characteristic (defined by Eq. (5)) as witnessed
by a lobe in the transition band occurring about —20 dB down
(Fig. 9-bottom). This may be due to imperfect phase compen-
sation or the amplitude deviations from Gaussian apodization.
The pixel to frequency mapping shows that a 400 MHz address-
ability was obtained.

With this current setup (Fig. 10) the measured loss is
—14 dB. The identified loss mechanisms are as follows: WGR
fiber coupling efficiency (x2) —6 dB, LCoS SLM (x3 reflec-
tions) —4 dB and optical circulator (x2) —2 dB. The total known
loss amounts to —12 dB, leaving unaccounted losses of 2 dB
that are likely from inefficiency of optical collimation and fo-
cusing back to WGR. While this loss is high, it can be improved
by employing two WGR (eliminating the circulator) [24], and
with WGR techniques not involving the LCoS SLM [22], to a
~—6 dB level. We also observe that our dispersed spectra is
slanted in all our images (Figs. 5 and 7). This is most likely due
to a small roll angle between the attached cylindrical lens and
the PLC, which probably accounts for some of the unaccounted
losses.

V. PROCESSING OPTICAL COMMUNICATION SIGNALS

To demonstrate the capabilities of the fine resolution pro-
cessor, we performed various tests using synthesized optical
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communication signals with digitally-fed D/A converters driv-
ing a nested IQ-modulator (single polarization), and processed
the optical signal with the fine resolution processor for applica-
tions such as transmitter-side all-optical Nyquist shaping, and
OFDM subcarrier selection out of a wideband superchannel.
The received optical signals were pre-processed by an optical
modulation analyzer (OMA) and the optical responses of the
PSP were captured with an optical vector analyzer.

We first demonstrate the PSP ability to optically filter out
DAC harmonic images and compensate for its inhomogeneous
frequency response, by placing our PSP at the transmitter end,
in order to shape a 20 GHz wide optical multi-sub-band channel
featuring 16 sub-bands. The signal was digitally synthesized,
based on the recent filter-bank based sub-band DSP paradigm
[26]. Each 1.25 GHz-wide sub-band contained an effective
Nyquist-shaped carrier, digitally generated by DFT-spread
OFDM [27] with 64 subcarriers per sub-band, each 16-QAM
modulated (thus 1024 OFDM subcarriers over the full channel,
carrying an aggregate rate of 80 Gb/s over a single polarization).

One of the 16 sub-bands (located mid-band) was dedicated
to carrying a lone pilot tone, for frequency offset compensation
and linear and nonlinear phase recovery at the receiver [28]. The
PSP was used to filter out the baseband DAC image (20 GHz
wide) as well as equalize the frequency response throughout
the signal by applying the inverse DAC frequency response (see
Fig. 11). The generated signal exhibited improved BER, as mea-
sured by the OMA, for long haul systems.

We next set the PSP for transmitter shaping of Nyquist WDM
signals, realizing raised-cosine optical filters with various roll-
off factors (see Fig. 12). The 20 GHz wide filters were used to
shape the output optical signal from the modulator when fed by
a20 Gbaud, 16-QAM data stream (one sample per symbol). The
signal was again analyzed with an OMA, which performed the
digital signal processing (DSP) and estimated the error vector
magnitude (EVM), with minor performance degradation even
as the roll-off factors decreased and the filter exhibited sharper,
more rectangular edges. The filter optical impulse response was
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Fig. 12.  Nyquist-shaping via optical filtering for 20 Gbaud QAM-16 genera-
tion. (a) 20 GHz wide raised-cosine shaping filters. (b) Detected power spectrum
with and without shaping filters. (c) Coherent receiver EVM as function of raised
cosine roll-off factor. (d) Filter’s finite impulse response.

measured by transmitting a symbol corresponding to single bit
embedded in multiple null symbols, and coherently detecting
the lone symbol response; after spectral shaping, the resulting
temporal response for the 20 GHz-wide rectangular filter shape
appeared sinc-like, even as the filter was narrowed down to
4 GHz. At very narrow filter settings, the finite fine resolution
resulted in temporal pulses with no sidelobes, demonstrating
that the shaping filter is capable of sharp narrowband Nyquist
shaping down to several GHz.

We next demonstrated matched optical filtering for OFDM
subchannel extraction from a multi-carrier superchannel having
overlapping spectral extent. We synthesized a 20 GHz wide su-
perchannel having multi-carrier OFDM signal. QPSK OFDM
subchannels were digitally synthesized with 5, 8 or 12 subcarri-
ers at 4, 2.5 and 1.5 GHz respective spectral spacings, forming
arectangular power spectrum. We then placed our PSP ahead of
a coherent receiver for selective extraction of individual OFDM
subcarriers out of a 20 GHz full channel (Fig. 13). The photonic
processor was programmed for sinc-shaped matched optical fil-
tering to a chosen subcarrier, by scaling the sinc shape to the
baud rate and placing it a spectral offset tuned to the particular
selected OFDM subcarrier. The spectral filter is encoded by the
phase LCoS SLM in amplitude by angle detuning the reflected
beam and with positive/negative phases of the sinc lobes with
0, 7 phase jumps. Following the optical matched filtering, the
signal is detected by a “slow” QPSK single-carrier coherent
receiver, which samples in time at the open eye position and
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Fig. 14. DFT-S OFDM drop-demux cherry picks sub-band + distant pilot
tone. Top: Narrow bandwidth optical filters extract single 1.25 GHz sub-band
plus a pilot tone 5 sub-bands away. Bottom: Detected spectra without and
with optical filters with respective 4, and 2 GHz bandwidth. (Inset) Received
16- QAM constellation.

measures the EVM metric [25]. The dominant identified im-
pairment was the laser phase noise, enhanced by the very low
baud rates (walkoff over long duration symbols).

A final example demonstrated sub-band add/drop capabilities
of our PSP for the same signal used to demonstrate spectral flat-
tening (with 20 GHz wide spectrum consisting of 16 Nyquist
shaped sub-bands, each 1.25 GHz wide, carrying 16-QAM sin-
gle polarization modulation). In order to establish an initial
baseline, we coherently demodulated the full 20 GHz channel
and performed in DSP filter-bank based sub-band decomposi-
tion and DFT-despreading as per [26], with one extension: The
lone pilot in the mid sub-band extracted by a digital filter in
the filter-bank arm, and the filtered pilot was used to demodu-
late all the other sub-bands. Finally, we demonstrated a novel

2225

drop-demultiplexing capability, extracting at-will any one of the
1.25 GHz wide sub-bands out of the 20 GHz channel spectrum
while filtering away the remaining sub-bands, with the excep-
tion of the sub-band containing the lone-pilot-, which was also
photonically extracted (see the two peaks in Fig. 14-Top). Us-
ing the lone pilot in the DSP domain to robustly demodulate
the dropped sub-band, resulted in nearly perfect cancellation of
the laser phase noise and frequency offset out of the dropped
sub-band, as the phase-noise/frequency-offset impairments are
common to both the sub-band data and the lone pilot hence
their subtraction upon demodulation yielded nearly null resid-
ual phase noise. This demonstrated a robust detection method
for the 1.25 GHz dropped sub-band. The 5 Gb/s sub-band signal
quality was measured to have been just slightly decreased upon
propagation via the dropping filter; EVM increasing gradually
from 16.2% at broadband to 20.1% at 2 GHz width.

VI. CONCLUSION

We introduced a fine resolution spectral processor based on
a WGR dispersive element having 200 GHz FSR with a phase
SLM used for imparting arbitrary amplitude and phase transfer
functions. To achieve fine resolution, the WGR incorporates
long waveguides that are susceptible to phase errors. Those fab-
rication phase errors were corrected with an active LCoS phase
SLM in the image plane of the WGR output. By properly cor-
recting the phase errors we obtain the WGR’s spectral resolving
power. This allowed performing spectral manipulation with
0.8 GHz resolution and 400 MHz addressability within a
200 GHz FSR. The novel PSP capabilities were demonstrated
in a several data-transmission contexts, such as spectral shap-
ing, sub-band demux and matched filtering with nearly ideal
characteristics. Such capabilities are required to support 1 Tb/s
superchannel transmission with subcarrier optical add/drop
capabilities.
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