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ABSTRACT 
Photonic networks-on-chip (PNoCs) employ photonic waveguides 
with dense-wavelength-division-multiplexing (DWDM) for signal 
traversal and microring resonators (MRs) for signal modulation, to 
enable high bandwidth on-chip transfers. Unfortunately, DWDM in-
creases susceptibility to intermodulation effects, which reduces sig-
nal-to-noise ratio (SNR) for photonic data transfers. Additionally, 
process variations induce variations in the width and thickness of 
MRs causing resonance wavelength shifts, which further reduces 
SNR, and creates communication errors. This paper proposes a 
novel framework (called PICO) for mitigating heterodyne crosstalk 
due to process variations and intermodulation effects in PNoC archi-
tectures. Experimental results indicate that our approach can im-
prove the worst-case SNR by up to 4.4× and significantly enhance 
the reliability of DWDM-based PNoC architectures. 
 
Categories and Subject Descriptors: C.4 [Performance of Sys-
tems]: Reliability, availability, and serviceability 
General Terms – Reliability, Performance, Experimentation 
Keywords – Process Variations, Crosstalk, Photonic NoCs 
 

1. INTRODUCTION 
Recent developments in the area of silicon photonics have ena-

bled the integration of photonic components with CMOS circuits on 
a chip. Several photonic network-on-chip (PNoC) architectures have 
been proposed to date (e.g., [1]-[3]). These architectures employ on-
chip photonic links that use microring resonator (MR) modulators to 
modulate electrical signals onto photonic signals that travel through 
a silicon waveguide, and MR filter receivers that detect and drop 
photonic signals on to a photodetector to recover an electrical signal. 
Each MR has a unique set of (resonance) wavelengths that it can 
couple to and work correctly with. Typically, silicon waveguides are 
designed to support dense wavelength division multiplexing 
(DWDM), where a large number of wavelengths are multiplexed in 
the waveguide. The use of multiple MRs that are in resonance with 
these wavelengths enables high bandwidth parallel data transfers.  

Prior work indicates that heterodyne crosstalk is a major contrib-
utor of crosstalk noise in DWDM-based waveguides, which reduces 
photonic signal SNR and reliability in PNoCs [4]. Heterodyne cross-
talk noise occurs at a detector MR when it picks up some non-reso-
nant optical power from neighboring wavelengths. The strength of 
the heterodyne crosstalk noise at a detector MR depends on the fol-
lowing three attributes: (i) channel gap between the MR resonant 

wavelength and the adjacent wavelengths; (ii) Q-factors of neigh-
boring detector MRs, and (iii) the strengths of the non-resonant sig-
nals at the detector. With increase in DWDM, the channel gap be-
tween two adjacent wavelengths decreases, which in turn increases 
heterodyne crosstalk in detector MRs. With decrease in Q-factors of 
MRs, the widths of the resonant passbands of MRs increases, in-
creasing passband overlap among neighboring MRs, which in turn 
increases heterodyne crosstalk. The strengths of the non-resonant 
signals depend on the losses faced by the non-resonant signals 
throughout their path from the laser source to the MR detector.  

Intermodulation (IM) crosstalk has the biggest influence on the 
last attribute discussed above, causing loss of non-resonant signals 
in a DWDM waveguide [5]. IM crosstalk occurs when a modulator 
MR truncates and consequently modulates the passbands of the 
neighboring non-resonant signals. Thus the level of heterodyne 
crosstalk and resultant SNR at the detector depends on the amount 
of IM passband truncation at the modulator. This motivates mitigat-
ing the effects of IM passband truncation on heterodyne crosstalk by 
controlling the strengths of the non-resonant signals at the detector.  

Additionally, fabrication process variations (PV) induce varia-
tions in the width and thickness of MRs, which cause resonance 
wavelength shifts in MRs [6][8]. PV-induced resonance shifts re-
duce the channel gap between the resonances of the victim MRs and 
adjacent MRs, which increases crosstalk and worsens SNR. The 
worsening of SNR deteriorates the bit-error-rate (BER) in a wave-
guide. For example, a previous study shows that in a DWDM-based 
photonic interconnect, when PV-induced resonance shift is over 1/3 
of the channel gap, BER increases from 10-12 to 10-6 [9]. Techniques 
to counteract the PV-induced resonance shifts in MRs involve rea-
ligning the resonant wavelengths by using localized trimming [8] or 
thermal tuning [6]. Localized trimming is the more viable technique 
as it enables faster and finer grained control that is also not impacted 
by on-die thermal variations, unlike thermal tuning. However, our 
analysis has shown that localized trimming increases intrinsic opti-
cal signal loss in MRs and waveguides due to the free carrier absorp-
tion effect (FCA). This loss decreases Q-factor of MRs, which in-
creases heterodyne crosstalk in MRs and reduces SNR. 

In this paper, we present a novel crosstalk mitigation framework 
called PICO to enable reliable communication in emerging PNoC-
based multicore systems. PICO mitigates the effects of IM crosstalk 
by controlling signal loss of wavelengths in the waveguide and re-
duces trimming-induced crosstalk by intelligently reducing undesir-
able data value occurrences in a photonic waveguide based on the 
PV profile of MRs. Our framework has low overhead and is easily 
implementable in any existing DWDM-based PNoC without major 
modifications to the architecture. To the best of our knowledge, this 
is the first work that attempts to improve SNR in PNoCs considering 
both IM effects and PV in its MRs. Our novel contributions are:   

 
• We present device-level analytical models to capture the dele-

terious effects of localized trimming in MRs. Moreover, we ex-
tend this model for system-level heterodyne crosstalk analysis; 

• We propose a scheme for IM passband truncation-aware heter-
odyne crosstalk mitigation (IMCM) to improve worst-case 

Permission to make digital or hard copies of all or part of this work for per-
sonal or classroom use is granted without fee provided that copies are not
made or distributed for profit or commercial advantage and that copies bear
this notice and the full citation on the first page. Copyrights for components
of this work owned by others than ACM must be honored. Abstracting with
credit is permitted. To copy otherwise, or republish, to post on servers or to
redistribute to lists, requires prior specific permission and/or a fee. Request 
permissions from Permissions@acm.org. 
DAC '16, June 05-09, 2016, Austin, TX, USA 
© 2016 ACM. ISBN 978-1-4503-4236-0/16/06…$15.00 
DOI: http://dx.doi.org/10.1145/2897937.2898063 



SNR of MRs by controlling non-resonant signal power;  
• We propose a scheme for PV-aware heterodyne crosstalk miti-

gation (PVCM) to improve worst-case SNR of detector MRs 
by encoding data to avoid undesirable data occurrences; 

• We evaluate our proposed PICO (PVCM+ IMCM) framework 
by implementing it on the well-known Corona crossbar PNoC 
architecture [1], [10], and compare it with two encoding based 
heterodyne crosstalk mitigation mechanisms from [12] for real-
world multi-threaded PARSEC benchmarks. 

 

2. BACKGROUND AND RELATED WORK 
DWDM-based PNoCs utilize several photonic devices such as 

microring resonators (MRs) as modulators and detectors, photonic 
waveguides, splitters, and trans-impedance amplifiers (TIAs). The 
reader is directed to [12] for more discussion on these devices.  

An important characteristic of photonic signal transmission in on-
chip waveguides is that it is inherently lossy, i.e., the light signal is 
subject to losses such as through-loss in MR modulators and detec-
tors, modulating losses in modulator MRs, detection loss in detector 
MRs, propagation and bending loss in waveguides, and splitting loss 
in splitters. Such losses negatively impact SNR in waveguides. In 
addition to the optical signal loss, crosstalk noise of the constituent 
MRs also deteriorates SNR. Both modulators and detectors are sus-
ceptible to crosstalk noise in DWDM-based PNoCs.  

Crosstalk noise can be classified as homodyne or heterodyne. 
Homodyne crosstalk usually occurs in MRs used as optical injectors, 
when an injector MR couples optical power of the same wavelength 
from two different ports to a single output port. Heterodyne crosstalk 
occurs in detector and modulator MRs when an MR picks up some 
optical power from non-resonant signals. As discussed in [4], 
homodyne crosstalk may either contribute to the noise or cause 
fluctuation in the signal power, which makes the analysis and 
mitigation of homodyne crosstalk more complicated and beyond the 
scope of this work. Thus this work focuses on heterodyne crosstalk 
and propose solutions to mitigate it. In the rest of the paper, we use 
the term crosstalk to refer heterodyne crosstalk. 

A few prior works have analyzed crosstalk in PNoCs. The effect 
of crosstalk noise on SNR is shown to be negligible in WDM sys-
tems presented in [13] and [14], as these systems use only four 
WDM wavelengths per waveguide. In [5], IM effects are shown to 
be negligible for a WDM link operating at 10 Gb/s. However, in 
PNoC architectures that use DWDM (e.g., Corona [1] with 64 wave-
length DWDM), there exists significant crosstalk noise. The damag-
ing impact of crosstalk noise in the Corona PNoC is presented in 
[15], where worst-case SNR is estimated to be 14dB in data wave-
guides, which is insufficient for reliable data transfers. To mitigate 
the impact of crosstalk noise in DWDM based PNoCs, two encoding 
techniques (PCTM5B and PCTM6B) were presented in [12]. In [7] 
a technique was proposed to increase channel spacing between adja-
cent DWDM wavelengths, to mitigate crosstalk in MR detectors. 
However, none of these works considers the system-level impact of 
IM effects or PV on crosstalk in DWDM-based PNoCs. 

Fabrication-induced process variations (PV) impact the cross-
section, i.e., width and height, of photonic devices such as MRs and 
waveguides.  A few prior works have explored the impact of PV on 
DWDM-based photonic links at the system-level [9][24]. In [9], a 
thermal tuning based approach is presented that adjusts chip temper-
ature using dynamic voltage and frequency scaling (DVFS) to com-
pensate for chip-wide PV-induced resonance shifts in MRs. In [24], 
a methodology to salvage network-bandwidth loss due to PV-drifts 
is proposed, which reorders MRs and trims them to nearby wave-
lengths. All of these PV-remedial techniques are network specific 
and ignore the harmful effects of PV remedies on crosstalk. Our pro-
posed framework in this paper is different and novel as it considers 
the deleterious effects of IM crosstalk and PV-remedial techniques 
that increase crosstalk noise in detector MRs.  

 

 
(a)                                                         (b) 

Fig. 1: Impact of PV-induced resonance shifts on MR operation in 
DWDM-based waveguides (note: only PV-induced red resonance shifts 
are shown): (a) MR as active modulator modulating in resonance wave-
length with PV-induced red resonance shifts (b) MR as active detector 
detecting its resonance wavelength with PV-induced red shifts. 

 

3. PV-AWARE CROSSTALK ANALYSIS 
3.1 Impact of Localized Trimming on Crosstalk 

An MR can be considered to be a circular photonic waveguide 
with a small diameter, not to be confused with the larger DWDM-
based photonic waveguide for which MRs serve as modulators and 
detectors. Variations in MR dimensions due to PV cause a “shift” in 
the resonance wavelengths of MRs. Fig. 1 shows the impact of PV 
on crosstalk noise (as dotted/dashed lines) in MRs. From Fig. 1(a) it 
can be seen that PV-induced red shifts in MR modulators increase 
crosstalk noise in the waveguide and decrease signal strength of non-
resonating wavelengths. Fig. 1(b) shows how PV-induced red shifts 
increase detected crosstalk noise and decrease detected signal power 
of resonance wavelengths in MR detectors, which in turn reduces 
SNR and photonic data communication reliability.  

As discussed earlier, the localized trimming method is essential 
to deal with PV-induced resonance red shifts in MRs. However, the 
use of this method in an MR alters its intrinsic optical properties, 
which leads to increased crosstalk noise and degraded performance 
in PNoCs that use these MRs. In this section, we discuss the effects 
of the localized trimming method on crosstalk and present analytical 
models to capture these effects in MRs. Further, we extend these 
models to generate system-level models for the Corona PNoC [1] in 
order to quantify signal and noise powers in the constituent MRs and 
DWDM waveguides of the Corona PNoC architecture. 

The localized trimming method injects extra free carriers in the 
circular MR waveguide to counteract the PV-induced resonance red 
shifts. The introduction of extra free carriers reduces the refractive 
index of the circular MR waveguide, which in turn induces a blue 
shift in resonance to counteract the PV-induced red shifts. However, 
the extra free carriers increase the absorption related optical loss in 
the MR due to the free carrier absorption effect (FCA) [22]. The in-
crease in the optical loss results in a decrease of MR Q-factor, which 
increases MR insertion loss and crosstalk, as discussed in Section 1. 

We use a PV map (described in more detail in Section 4) to esti-
mate PV-induced shifts in the resonance wavelengths of all the MRs 
across a chip. Then, for each MR device, we calculate the amount of 
change in refractive index ( ) required to counteract this PV-in-
duced wavelength shift using the following equation [21]: 
 

                      (1) 
 

where,  is the PV-induced resonance shift that needs to be com-
pensated for,  is the target resonance wavelength of the MR, ng is 
the group refractive index (ratio of speed of light to group velocity 
of all wavelengths traversing the waveguide) of the MR waveguide, 
and  is the confinement factor describing the overlap of the optical 
mode with the MR waveguide’s silicon core. We assume that the 
MR waveguides used in this study are similar to those reported in 
[22], fabricated using standard Si-SiO2 material with a cross section 
of 450nm×250nm. The values of  and  for these MR waveguides 
are set to 0.7 and 4.2 respectively [22]. 

The required change in the free carrier concentration to induce 
the refractive index change of  at around 1.55μm wavelength 



can be quantified using the following equation [21]: 
 

 
 

where,  and  are the change in free electron concentration 
and the change in free hole concentration respectively. The change 
in the absorption loss coefficient ( ) due to the change in free 
carrier concentration (owing to the FCA effect) can be quantified 
using the following equation [21]: 
 

                 (3) 
 

The Q-factor of an MR depends on this absorption loss coeffi-
cient. The relation between the Q-factor and , assuming critical 
coupling of MRs, is given by the following equation [22], where Q’ 
is the loaded Q-factor of the MR: 
 

                              (4) 
 

where,  is the change in Q-factor and  is the original loss coef-
ficient, which is a sum of three components: (i) intrinsic loss coeffi-
cient due to material loss and surface roughness; (ii) bending loss 
coefficient, which is a result of the curvature in the MR; and (iii) the 
absorption effect factor that depends on the original free carrier con-
centration in the waveguide core. Typically, the localized trimming 
method injects excess concentration of free carriers into the MR, 
which increases the absorption loss coefficient (positive ). As 
evident from Eq. (4), a positive value of  results in a decrease of 
the Q-factor. This causes a broadening of the MR passband, which 
results in increased insertion loss and crosstalk power penalties.  
   We model the MR transmission spectrum using a Lorentzian func-
tion. This function is used to represent coupling factor  in Eq. (5) 
between wavelength i and an MR with resonance wavelength j. 
From Eq. (3) and (4), it can be inferred that an MR’s loaded Q-factor 
(Q’) decreases with localized trimming. This in turn increases  and 
crosstalk noise. Further, using the same function, we determined loss 
factor  in Eq. (6) which is the factor by which signal power of a 
wavelength i is reduced when it passes through an MR whose res-
onance wavelength is j. Through loss of a wavelength in a wave-
guide when it passes through an MR is defined as  times the signal 
power of all wavelengths received before the MR. 

 

 

In the next section, we use the derived values of coupling factor 
 and loss factor  from this section to model worst case crosstalk 

and SNR for the Corona PNoC, in the presence of process variations.  
 

 

3.2 PV-Aware Crosstalk Models for Corona PNoC 
We characterize crosstalk in DWDM-waveguides for the well-

known Corona PNoC enhanced with token-slot arbitration [1], [10]. 
In DWDM-based waveguides, data transmission requires modulat-
ing light using a group of MR modulators equal to the number of 
wavelengths supported by DWDM. Similarly, data detection at the 
receiver requires a group of detector MRs equal to the number of 
DWDM wavelengths. We present analytical equations to model 
worst-case crosstalk noise power, maximum power loss, and SNR in 
detector MR groups (similar equations are applicable to modulator 
MR groups). Before presenting actual equations, we provide nota-
tions for the parameters used in the equations, in Tables I and II.  

     The Corona PNoC is designed for a 256 core single-chip platform, 
where cores are grouped into 64 clusters, with 4 cores in each cluster. 
A photonic crossbar topology with 64 data channels is used for com-
munication between clusters. Each channel consists of 4 multiple-
write-single-read (MWSR) waveguides with 64-wavelength 
DWDM in each waveguide. As modulation occurs on both positive 
and negative edges of the clock in Corona, 512 bits (cache-line size) 
can be modulated and inserted on 4 MWSR waveguides in a single 
cycle by a sender. A data channel starts at a cluster called ‘home-
cluster’, traverses other clusters (where modulators can modulate 

light and detectors can detect this light), and finally ends at the 
home-cluster again, at a set of detectors (optical termination). A 
power waveguide supplies optical power from an off-chip laser to 
each of the 64 data channels at its home-cluster, through a series of 
1X2 splitters. In each of the 64 home-clusters, optical power is dis-
tributed among 4 MWSR waveguides equally using a 1X4 splitter 
with splitting factor RS14. As all 1X2 splitters are present before the 
last (64th) channel, this channel suffers the highest signal power loss. 
Thus, the worst-case signal and crosstalk noise exists in the detector 
group of the 64th cluster node, and this node is defined as the worst-
case power loss node (NWCPL) in the Corona PNoC. 

 

Table I: Notations for photonic power loss, crosstalk coefficients [15] 
Notation Parameter type Parameter value (in dB)

LP Propagation loss -0.274 per cm
LB Bending loss -0.005 per 90o

LS12 1X2 splitter power loss -0.2 
LS14 1X4 splitter power loss -0.2 
LS16 1X6 splitter power loss -0.2 

 

Table II: Other model parameter notations  
Notation Crosstalk Coefficient Parameter Value

Q Q-factor 9000 
L Photonic path length in cm 
B Number of bends in photonic path

j Resonance wavelength of MR 
RS12 Splitting factor for 1X2 splitter 
RS14 Splitting factor for 1X4 splitter 
RS16 Splitting factor for 1X6 splitter 

  

For this NWCPL node, the signal power (Psignal( )) and crosstalk 
noise power (Pnoise( )) received at each detector with resonance 
wavelength  are expressed in Eq. (7) and (8). PS( , ) in Eq. (9) 
is the signal power of the  wavelength received before the detector 
with resonance wavelength . K( ) in Eq. (11) represents signal 
power loss of  before the detector group of NWCPL. ( , ) in Eq. 
(10) represents signal power loss of  before the detector with reso-
nance wavelength  within the detector group of NWCPL. Due to PV, 
crosstalk coupling factor ( , Eq. (5)) increases with decrease in 
loaded Q-factor (Q’, Eq. (4)), which in turn increases crosstalk noise 
in the detectors. We can define SNR( ) of the detector having reso-
nance wavelength of NWCPL as the ratio of Psignal( ) to Pnoise( ), 
as shown in Eq. (12).  

      
 

 

 
  

 
 

                  
 

 
 

3.3. Modeling PV of MR Devices in Corona PNoC 
We adapt the VARIUS tool [23] similar to prior work [24] to 

model die-to-die (D2D) as well as within-die (WID) process varia-
tions in MRs. We consider photonic devices with a silicon (Si) core 
and silicon-dioxide (SiO2) cladding. VARIUS uses a normal distri-
bution to characterize on-chip D2D and WID process variations. The 
key parameters are mean (μ), variance ( 2), and density ( ) of a var-
iable that follows the normal distribution. As wavelength variations 
are approximately linear to dimension variations of MRs, we assume 
they follow the same distribution. The mean (μ) of wavelength var-
iation of an MR is its nominal resonance wavelength. We consider a 
DWDM wavelength range in the C and L bands [14], with a starting 



wavelength of 1550nm and a channel spacing of 0.8nm. Hence, 
those wavelengths are the means for each MR modeled. The vari-
ance ( 2) of wavelength variation is determined based on laboratory 
fabrication data [6] and our target die size. We consider a 256-core 
chip with die size 400 mm2 at a 22nm process node. For this die size 
we consider a WID standard deviation ( WID) of 0.61nm [24] and 
D2D standard deviation ( D2D) of 1.01 nm [24]. We also consider a 
density ( ) of 0.5 [24] for this die size. With these parameters, we 
use VARIUS to generate 100 process variation maps. Each process 
variation map contains over one million points indicating the PV-
induced resonance shift of MRs. The total number of points picked 
from these maps equal the number of MRs in the Corona PNoC. 
 

 
Fig. 2: Transmission spectrum of MR groups with (a) high channel gap 
(CG) (b) low channel gap (CG); (C) IMCM at low channel gap. 

 

4. IM CROSSTALK ANALYSIS   
Intermodulation (IM) crosstalk occurs when a resonance wave-

length of an MR modulator is modulated by the neighboring MR 
modulators. As evident from Eq. (6), signal strength of wavelengths 
in photonic waveguides of DWDM-based PNoCs decrease with in-
crease in loss factor ( . This  increases with a decrease in IM gap, 
which is the gap between resonance wavelengths of an MR in active 
and inactive state. Furthermore, this reduction in signal strength of 
the resonance wavelength also depends on the channel gap (CG) be-
tween two adjacent wavelengths in the DWDM. Fig. 2 shows the 
transmission spectrum of MR groups with high and low CG.  A 
change from low DWDM (Fig. 2(a)) to higher DWDM (Fig. 2(b)) 
reduces the CG and IM gap, which in turn increases IM crosstalk as 
is evident from the intersection of the transmission spectrum of in-
active MRs with wavelengths in the waveguide ( -  IM 
crosstalk increases wavelength signal loss. 

All MR modulators at a node in a DWDM waveguide have neigh-
bors on both sides except the first and the last modulators. So, the 
first ( ) and the last ( ) wavelengths of DWDM have the lowest 
signal losses and highest signal strengths. Thus, the modulated set of 
DWDM wavelengths that travel along a photonic waveguide to the 
target detector node have varying signal strengths. At an MR detec-
tor group, the first ( ) wavelength signal gets filtered and detected 
by the first detector. As a result, the signal strength of the first wave-
length becomes negligible. This negligible signal strength of the first 
wavelength does not significantly add crosstalk noise in the succeed-
ing neighboring detectors. In contrast, the last ( ) wavelength, 
which also has higher signal strength, gets filtered and detected by 
the last detector in the detector group. So, the last ( ) wavelength 
signal has to travel along all the detectors in the group of detector 
rings before being detected. On its way to the last detector, the last 
wavelength signal incurs crosstalk noise in all the detectors across 

the detector group. As the strength of the last ( ) wavelength signal 
is high, the incurred crosstalk noise is also high. 

 

5. IM-AWARE CROSSTALK MITIGATION 
Based on the observations in the previous section, we propose an 

IM passband truncation aware crosstalk mitigation (IMCM) scheme 
to decrease crosstalk noise in MRs of DWDM based photonic links. 
In IMCM, to reduce signal strength of the last wavelength in the 
DWDM, we propose placing an additional MR at each modulating 
and detecting node. This extra MR is tuned near to the last ( ) 
wavelength of DWDM with a tuning distance of half the channel gap 
(CG/2) of the DWDM (as shown in Fig. 2(c)). This extra MR in-
creases signal loss of this last ( ) wavelength and reduces its signal 
strength. Thus, it creates uniform signal loss across all wavelengths 
used in the DWDM. This extra MR (passband of this MR is shown 
with a dotted line in Fig. 2(c)) is always maintained in inactive mode 
and reduces the effects of IM crosstalk on the boundary wavelengths 
of DWDM by reducing their respective signal strengths. This mech-
anism reduces crosstalk in detecting MRs to improve SNR (and thus 
reduce BER). To implement the IMCM technique in the Corona 
PNoC, there is a need to increase the number of MRs in all modulat-
ing and detecting nodes by one on their MWSR and SWMR wave-
guides. The increase in MRs on the waveguides increases through 
loss and laser power. We account for this overhead in our analysis.  

 

 
Fig. 3: Overview of proposed PVCM technique 

 

6. PV-AWARE CROSSTALK MITIGATION 
We also propose a PV-aware trimming-induced crosstalk mitigation 
(PVCM) scheme, which is illustrated in Fig. 3. PV-induced red shifts 
can be realigned using localized trimming, but this process worsens 
crosstalk noise. From Eq. (5), crosstalk in MR detectors of DWDM-
based PNoCs increases with increase in coupling factor ( ) and in-
crease in signal strength of an immediate non-resonating wave-
length. This implies that the trimming-affected crosstalk in a detec-
tor can be reduced by reducing the signal strength of immediate non-
resonating wavelengths. Therefore, our proposed PVCM technique 
decreases the signal strength of the immediate non-resonant wave-
length by modulating a zero (shielding bit) on it, which reduces 
crosstalk noise in the detector. The PVCM technique first divides 
detecting MRs into groups of 8 MRs each. Then, it determines the 
maximum PV-induced resonance red shift ( max) in each MR 
group. As discussed in [17], the PV-induced resonance shifts in MRs 
can be gauged in situ at system initialization by using a dithering 
signal to generate an anti-symmetric error signal that indicates the 
magnitude of PV-induced resonance shifts. The overhead of this in-
situ PV detection technique can be considered to be negligible [17]. 
In our analysis, we model and estimate PV in MRs using the VAR-
IUS tool [23], a description of which was given in Section 3.3.  

Once PV-induced red shifts of MRs are determined, we store in-
formation about whether to enable or disable encoding (i.e., injecting 
shield bits between data bits) for each MR group in a read-only 
memory (ROM) at the modulating node, based on the maximum PV-
induced resonance red shift ( max) value for the group. If this value 
is greater than a threshold red shift value ( th) for an MR group, we 
store a ‘1’ to enable PVCM, else we store a ‘0’ to disable PVCM for 
this MR group. MR groups with max < th are thus not impacted. 
Only MR-groups with max > th employ encoding.  



7. PICO FRAMEWORK: SENSITIVITY ANALYSIS 
We combine the IMCM scheme that mitigates the effects of IM 

crosstalk and the PVCM scheme that mitigates the PV-affected 
crosstalk in PNoCs into a holistic crosstalk mitigation framework 
called PICO. As the number of shield bits used in PICO increases, 
laser power and trimming power of PNoCs also increase. Thus, we 
need to limit the number of shield bits. We performed a sensitivity 
analysis using the Corona PNoC with varying number of shield bits 
per detector node to quantify its effect on worst-case SNR. We ana-
lyzed worst case SNR with 0%, 25%, 50%, 75% and 100% of shield 
bits added to data bits for the Corona PNoC. Based on our analysis 
across 100 process variation maps, we determined the value of th 
to be 0.45nm, 0.88 nm, 1.25nm and 4.25nm, for the cases with 25%, 
50%, 75% and 100% of shielding bits to data bits, respectively.  

 

 
Fig. 4: Sensitivity analysis in terms of worst-case SNR for Corona PNoC 
with PICO allowing 0%, 25%, 50% and 100% ratio of shield bits to data 
bits across 100 process variation maps; average power consumption for 
each configuration is also shown on the top of each bar. 
 

Fig. 4 shows the range of worst-case SNR values across PV maps, 
for different ratios of shield bits to data bits. From the figure it can 
be seen that on average PICO with 25%, 50%, 75% and 100% shield 
bits has 8.2%, 19.77%, 26.5% and 40.9% higher worst-case SNR 
(note: higher SNR is better) respectively compared to the baseline 
(with 0% shielding). Intuitively, higher ratios of shield bits to data 
bits should result in higher worst case SNR, as more shield bits can 
be used to protect data bits, which in turn reduces crosstalk and im-
proves SNR. But, with increase in number of shield bits, the number 
of MRs on the waveguides increases, which increases the through 
losses, requiring more laser power to compensate for the losses. Ad-
dressing PV drifts for high MR counts also requires higher trimming 
power in PNoCs. Fig. 4 shows that average power consumption with 
25%, 50%, 75% and 100% shield bits is 12.6%, 33.5%, 62.2% and 
109.5% higher compared to the baseline. To balance crosstalk relia-
bility and power overheads, we select the 50% shield bits to data bits 
configuration for the rest of our experiments.  

To implement our PICO framework with 50% shielding bits on 
the Corona PNoC, we increase the number of MWSR waveguides in 
each channel from 4 to 6, to maintain the same bandwidth as in the 
baseline case. Additionally each modulating node needs to store 
2,646 bits in its ROM to capture encoding requirements for all the 
remaining 63 detecting nodes. Power and area overheads for these 
modifications are presented in the next section. Lastly, we also con-
sider up to a two cycle overhead for encoding and decoding of data 
in PICO. The first cycle is needed to retrieve data from the ROM 
storage, whereas the second cycle is used only if data is to be en-
coded before sending on the waveguide. 

 

8. EXPERIMENTS 
8.1. Experimental Setup 

To evaluate our proposed crosstalk noise mitigation framework 
PICO (IMCM+PVCM) in DWDM-based PNoCs, we implement 
and integrate it with the Corona [1], [10] crossbar-based PNoC. We 
modeled and performed simulation based analysis of the enhanced 
Corona PNoC using a cycle-accurate NoC simulator, for a 256 core 
single-chip architecture at 22nm. As explained in Section 3.3, we 
generated 100 PV maps to evaluate how PICO performs for different 
PV profiles. We used real-world traffic from applications in the 
PARSEC benchmark suite [11]. GEM5 full-system simulation [16] 

of parallelized PARSEC applications was used to generate traces 
that were fed into our cycle-accurate NoC simulator. We set a 
“warm-up” period of 100 million instructions and then captured 
traces for the subsequent 1 billion instructions. We performed geo-
metric calculations for a 20mm×20mm chip size, to determine 
lengths of MWSR waveguides in the Corona PNoC. Based on this 
analysis, we estimated the time needed for light to travel from the 
first to the last node as 8 cycles at 5 GHz clock frequency. We use a 
512 bit packet size, as advocated in the Corona PNoC. 

The static and dynamic energy consumption of electrical routers 
and concentrators in Corona is based on results from the open source 
DSENT tool. We model and consider area, power, and performance 
overheads for our framework implemented with the Corona PNoC, 
as follows. PICO has an electrical area overhead estimated to be 6.24 
mm2 and a power overhead of 1.14 W, using gate-level analysis and 
the CACTI 6.5 [18] tool for memory and buffers. The photonic area 
overhead is 9.44 mm2, based on the physical dimensions [14] of 
waveguides, MRs, and splitters. For energy consumption of pho-
tonic devices, we adapt model parameters from recent work [15], 
[19], [20], with 0.42pJ/bit for every modulation and detection event 
and 0.18pJ/bit for the driver circuits of modulators and photodetec-
tors. We used optical loss for photonic components, as shown in Ta-
ble I, to determine the photonic laser power budget and correspond-
ingly the electrical laser power. The MR trimming power is set to 
130 W/nm [25] for current injection (blue shift). 

 

8.2. Experimental Results with Corona PNoC 
Our first set of experiments compares the baseline Corona PNoC 

with fair token-slot arbitration [1], [10] but without any crosstalk-
enhancements, with three variants of the architecture corresponding 
to the three crosstalk-mitigation strategies we compare: PCTM5B 
and PCTM6B from [12] and our proposed PICO framework from 
this paper. PCTM5B and PCTM6B are encoding schemes that re-
place each 4-bits of a data word with 5-bit and 6-bit code words. 
These schemes aim to reduce photonic signal-strength of immediate 
non-resonant wavelengths (adjacent wavelengths in DWDM) to de-
crease crosstalk and improve SNR in MR detectors. 

 

 
Fig. 5: Worst-case SNR comparison of PICO with PCTM5B [12] and 
PCTM6B [12] for Corona PNoC considering 100 process variation map 

 

Utilizing the models presented in section 3, we calculate the re-
ceived crosstalk noise and SNR at detectors for the node with worst-
case power loss (NWCPL), which corresponds to MR detectors in clus-
ter 64 for the Corona PNoC. While the worst-case SNR for the base-
line Corona PNoC occurs when all of the 64-bits of a received data 
word in a waveguide are 1’s, for the implementations of Corona with 
PCTM5B, PCTM6B and PICO, this is not the case, i.e., each detec-
tor in cluster 64 has a worst-case SNR for a different pattern of 1’s 
and 0’s in the received data word. We used our analytical models to 
determine these unique worst-case patterns for each of the tech-
niques when used with Corona, for an accurate analysis. 

Fig. 5 summarizes the worst-case SNR results for the baseline, 
PCTM5B, PCTM6B, and PICO. From the figure, it can be observed 
that Corona PNoC with PICO has 4.4×, 2.05×, and 1.2× SNR im-
provements on average, compared to baseline, PCTM5B, and 
PCTM6B respectively. Both the PCTM5B and PCTM6B techniques 
eliminate occurrences of ‘111’ in a data word and have limited oc-
currences of ‘11’, which helps reduce crosstalk noise in the detec-
tors. But these techniques do not consider the impact of IM effects 



and PV resonance wavelength drifts. More specifically, IM can cre-
ate significant additional crosstalk with these techniques in some 
cases where occurrences of ‘11’ are present. PV in MRs also varies 
signal power of wavelengths in DWDM as they propagate through 
the waveguide, so there is need for encoding on specific wavelengths 
where there is high signal loss (due to trimming) which is not con-
sidered in both PCTM5B and PCTM6B. Due to these reasons, 
PCTM5B and PCTM6B have worse SNR degradation. PICO re-
duces crosstalk in the detectors by combining benefits from IMCM 
and using PVCM’s shield bits between data bits. PICO also consid-
ers the PV profile of MRs to intelligently select MRs for shielding. 

 

 
(a) 

 

 
(b) 

Fig. 6: (a) normalized latency and (b) energy-delay product (EDP) com-
parison between Corona baseline and Corona with PCTM5B, PCTM6B, 
and PICO techniques, for PARSEC benchmarks. Latency results are 
normalized to the baseline Corona architecture results.     

Fig. 6 (a) and (b) present detailed simulation results that quantify 
the average network packet latency and energy-delay product (EDP) 
for the four Corona configurations. Results are shown for twelve 
multi-threaded PARSEC benchmarks. From Fig. 6(a) it can be seen 
that on average, Corona with PICO has 12.6% higher latency com-
pared to baseline, and it also has 2.1% higher latency compared to 
both PCTM5B and PCTM6B. The additional delay due to encoding 
and decoding of data with PICO, PCTM5B and PCTM6B contrib-
utes to their increase in average latency. The penalty due to encod-
ing/decoding is 1 cycle in PCTM5B and PCTM6B, whereas PICO 
has a 1 or 2 cycle penalty, which increases its delay overhead.  

From the results for EDP shown in Fig. 6(b), it can be seen that 
on average, the Corona configuration with our PICO framework has 
17.2% higher EDP compared to the baseline. Increase in EDP for 
Corona with PICO is not only due to the increase in average latency, 
but also due to the addition of extra bits for encoding and decoding, 
which leads to an increase in the amount of photonic hardware in the 
architectures (more number of MRs, complex splitters). This in turn 
increases static energy consumption. Dynamic energy also increases 
in these architectures, but by much less. However, EDP for the PICO 
framework is 5.1% and 16.18% lower compared to PCTM5B and 
PCTM6B respectively. Despite the higher latency overhead com-
pared to PCTM5B, PICO saves considerable dynamic energy com-
pared to PCTM5B as it uses lower number of bits for traversal of the 
packet. In a similar manner, although PICO has higher latency com-
pared to PCTM6B, it conserves laser and trimming/tuning power 
due to lower photonic hardware requirements than PCTM6B. 

9. CONCLUSION 
We have presented a novel heterodyne crosstalk mitigation 

framework for the reduction of crosstalk noise in the detectors of 
DWDM based photonic network-on-chip (PNoC) architectures. Our 
proposed PICO framework shows interesting trade-offs between re-
liability, performance, and energy overhead for the Corona crossbar-
based PNoC architecture. Our experimental analysis shows that the 
PICO framework improves worst-case SNR by 4.4× compared to 
the baseline Corona PNoC architecture, and by up to 2.05× com-
pared to the best known PNoC crosstalk mitigation schemes from 
prior work. Thus, PICO represents an attractive solution to enhance 
reliability in emerging DWDM-based PNoCs. 

  

10. ACKNOWLEDGMENTS 
This research is supported by grants from SRC, NSF (CCF-1252500, 
CCF-1302693), and AFOSR (FA9550-13-1-0110). 
 

REFERENCES 
[1] D. Vantrease et al., “Corona: System implications of emerging nano-

photonic technology,” in Proc. ISCA, 2008. 
[2] Y. Pan et al., “Firefly: Illuminating future network-on-chip with nano-

photonics,” in Proc. ISCA, 2009. 
[3] S. V. R. Chittamuru et al., “A Reconfigurable Silicon-Photonic Net-

work with Improved Channel Sharing for Multicore Architectures,” 
in ACM GLSVLSI, May, 2015.  

[4] L.H.K. Duong et al., “Coherent Crosstalk Noise Analyses in Ring-
based Optical Interconnects,” in Proc. DATE, 2015. 

[5] K. Padmaraju et al., “Intermodulation Crosstalk Characteristics of 
WDM Silicon Microring Modulators,” in PTL, 2014. 

[6] S. K. Selvaraja., “Wafer-Scale Fabrication Technology for Silicon 
Photonic Integrated Circuits,” PhD thesis, Ghent University, 2011. 

[7] S. V. R. Chittamuru et al., “Improving Crosstalk Resilience with 
Wavelength Spacing in Photonic Crossbar-based Network-on-Chip 
Architectures,” IEEE MWSCAS, Aug. 2015. 

[8] C. Batten et al., “Building manycore processor-to-dram networks with 
monolithic silicon photonics,” in HotI, pages 21–30, 2008. 

[9] Z. Li et al., “Reliability modeling and management of nanophotonic 
on-chip networks,” IEEE TVLSIS, 20:98–111, 2010. 

[10] D. Vantrease et al., “Light speed arbitration and flow control for nano-
photonic interconnects,” in Proc. IEEE/ACM MICRO, 2009. 

[11] C. Bienia et al., "The PARSEC Benchmark Suit: Characterization and 
Architectural Implications," in PACT, Oct. 2008. 

[12] S. V. R. Chittamuru et al., “Crosstalk Mitigation for High-Radix and 
Low-Diameter Photonic NoC Architectures”, in IEEE D&T, 2015. 

[13]  Q. Xu, B. Schmidt et al., “Cascaded silicon micro-ring modulators for 
wdm optical interconnection,” in Opt. Exp., vol. 14, 2006. 

[14]  S. Xiao et al., “Modeling and measurement of losses in silicon-on-
insulator resonators and bends,” in Opt. Exp., vol.15, no.17, 2007. 

[15] L.H.K. Duong et al., “A Case Study of Signal-to-Noise Ratio in Ring-
Based Optical Networks-on-Chip,” in IEEE D&T, 2014. 

[16] N. Binkert et al.,"The gem5 Simulator," in CA News, May 2011. 
[17] K. Padmaraju and K. Bergman, "Resolving the thermal challenges for 

silicon microring resonator devices," Nanophotonics, 2 (4), 2013.  
[18] CACTI 6.5, http://www.hpl.hp.com/research/cacti/ 
[19] X. Zheng et al., “Ultra-efficient 10Gb/s hybrid integrated silicon pho-

tonic transmitter and receiver,” in Opt. Express, Mar 2011.  
[20] P. Grani and S. Bartolini,“Design Options for Optical Ring Intercon-

nect in Future Client Devices,” in ACM JETC, May, 2014. 
[21]  R. G. Beausoleil, “Large-Scale Integrated Photonics for High-Perfor-

mance Interconnects”, ACM JETC, Vol. 7, No. 2, 2011. 
[22]  K. Preston, et al., “Performance guidelines for WDM interconnects 

based on silicon microring resonators”, IEEE CLEO, 2011. 
[23]  S. Sarangi et al., “Varius: A model of process variation and resulting 

timing errors for microarchitects,” IEEE TSM, 21(1):3 –13, 2008. 
[24]  Y. Xu et al., “Tolerating process variations in nanophotonic on-chip 

networks,’’ in Proc. ISCA, Portland, OR, USA, 2012, pp. 142–152. 
[25] C. Nitta et al., “Addressing system-level trimming issues in on-chip 

nanophotonic networks,” in Proc. HPCA, 2011. 
   



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


