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ABSTRACT
Photonic devices fabricated with back-end compatible silicon photonic (BCSP) materials can provide independence from the complex
CMOS front-end compatible silicon photonic (FCSP) process, to significantly enhance photonic network-on-chip (PNoC) architecture
performance. In this paper, we present a detailed comparative analysis of a number of design tradeoffs for CMOS front-end and backend compatible devices for silicon photonic interconnects. A crosslayer optimization of multiple device-level and link-level design parameters is performed to enable the design of energy-efficient on-chip
photonic interconnects using BCSP devices. The optimized design of
BCSP on-chip links renders more energy-efficiency and aggregate
bandwidth than FCSP on-chip links, in spite of the inferior opto-electronic properties of BCSP devices. Our experimental analysis compares the use of BCSP and FCSP links at the architecture level, and
shows that the optimized design of the BCSP-based Firefly PNoC
achieves 1.15× greater throughput and 12.4% less energy-per-bit on
average than the optimized design of FCSP-based Firefly PNoC.
Similarly, the optimized design of the BCSP-based Corona PNoC
achieves 3.5× greater throughput and 39.5% less energy-per-bit on
average than the optimized design of FCSP-based Corona PNoC.

Categories and Subject Descriptors: [Networks] Network on
chip; [Hardware] Integrated Circuits/Interconnect: Photonic and optical interconnect

Keywords: Photonic network on chip; design tradeoffs; optimization; aggregate bandwidth; energy efficiency

1. INTRODUCTION
Recent advances in silicon photonics (SiP) based on the siliconon-insulator (SOI) process have produced high performance building
blocks such as modulators, detectors, filters, and switches that are
highly desirable for high-bandwidth and energy-efficient on-chip
photonic interconnects [1]-[4]. However, the SOI platform restricts
SiP circuits to a single layer, which limits the number of devices that
can fit on a chip. Also, the modern SOI process offers a very thin
layer of buried oxide (BOX) (200nm thick BOX at 45nm and thinner
for advanced technology nodes), which does not provide the necessary optical isolation required to guide light into SiP devices, resulting in large optical losses due to scattering [5]. To address these issues, recent efforts have proposed back-end integration of SiP devices with CMOS logic. In [6], electro-optic polymer and germanium, and in [7] III–V compounds are used as the active materials.
However, fabrication of SiP devices using polymer based or III-V
Permission to make digital or hard copies of all or part of this work for personal 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.
SLIP '16, June 04 2016, Austin, TX, USA
© 2016 ACM. ISBN 978-1-4503-4430-2/16/06…$15.00
DOI: http://dx.doi.org/10.1145/2947357.2947362

compound based materials requires heterogeneous integration with
CMOS logic, which is very costly, requiring specialized foundries.
As a solution to these limitations, Lee et al. in [5] discussed the
use of back-end compatible silicon nitride (SiN) material to produce
low-loss passive optical waveguides and the use of excimer laser annealed (ELA) quasi-single-crystalline polysilicon (pSi) and polycrystalline germanium (Ge) to produce active microring modulators and
detectors. Traditionally, the photonics community has largely ignored
pSi due to the challenges introduced by its high optical losses and
inferior electrical properties. Similarly, the stress issues complicating
the deposition of SiN films thick enough for guiding in the telecom
wavelength range have limited the use of low-loss SiN waveguides
only for visible wavelengths [5]. However, recent advances in backend integration technology have led to several pSi and SiN devices
being demonstrated with performance and loss values comparable to
front-end integrated crystalline silicon (cSi) devices [8]-[11].
In this paper, we refer to SiP devices made of pSi and SiN materials as back-end compatible SiP (BCSP) devices, whereas we refer to
SiP devices made of front-end integrated cSi material as front-end
compatible SiP (FCSP) devices. BCSP devices provide independence
from complex CMOS front-end processes. Moreover, the possibility
of low-temperature multi-layer deposition of pSi and SiN materials
on top of CMOS metallization layers, as demonstrated in [9], enables
multi-level integration for 3D photonic networks-on-chip (PNoCs) on
a logic chip. Thus, BCSP has a multitude of benefits over FCSP,
which favors the use of such devices in the PNoCs of the future.
The design and characteristics of active and passive SiP devices
control the feasibility, reliability, and performance of the entire SiP
PNoC. Therefore, the designers of PNoCs should follow a strict set
of device-level design guidelines to ensure good system performance.
Existing device-level design guidelines, as presented in [12] and [13],
are prepared for FCSP-based devices and systems. But the optical and
electrical properties of BCSP devices are different from those of
FCSP devices [5], which implies that a distinct set of design guidelines are required for BCSP systems. For the first time, in this work
we analyze a number of device-level tradeoffs for BCSP devices to
derive design guidelines for BCSP-based PNoC architectures.
From our analysis of device-level tradeoffs, we observed that the
design of energy-efficient, low-noise, and high-aggregate-bandwidth
BCSP interconnects requires cross-layer optimization of a number of
interdependent device-level and link-level parameters. In recent
years, several works have discussed such cross-layer optimization of
parameters for FCSP interconnects [14]-[17][39]-[41]. In [39] and
[14], the impact of fabrication-induced process variations and powerinduced thermal variation on FCSP devices and its impact on the reliability, power dissipation, and performance of FCSP PNoCs was
studied. Mohamed et al. in [15] presented analytical models of FCSP
devices and analyzed the design tradeoffs for their applications at the
network level. In [16], a high-aggregate-bandwidth microring link is
analyzed to determine energy-efficiency and bandwidth-density for
the link using best-of-class FCSP devices. Hendry et al. in [17] present physical layer analysis and modeling of FCSP-based dense
wavelength division multiplexed (DWDM) bus architectures. In [40]
and [41], optimized photonic link architectures comprised of FCSP
devices are used to achieve high-bandwidth and energy-efficient data

transfers between core and off-chip memory. Unlike any of these
prior works, we perform a cross-layer analysis of design tradeoffs for
BCSP interconnects and compare the results of this analysis with the
results of a similar analysis for FCSP interconnects. Our results provide a better understanding of available design choices for realizing
energy-efficient and terabyte-per-second scale PNoCs.
We summarize the key contributions in this paper as follows:






We present and analyze a number of device-level design tradeoffs
for BCSP devices involving Q-factor, optical power loss in microring cavity, and modulator bit-rate as a function of radius;
We characterize interdependence between various device-level
and link-level design parameters of BCSP devices, and perform
cross-layer optimization of these parameters, to realize energyefficient and high-aggregate-bandwidth BCSP on-chip links;
We perform a similar cross-layer analysis and optimization for
FCSP devices and compare results with those for BCSP devices;
We evaluate the impact of optimized designs of FCSP and BCSP
links on the performance and energy-efficiency of two wellknown PNoC architectures: Corona [18] and Firefly [19].

2. ANALYSIS OF DESIGN TRADEOFFS
A typical PNoC consists of microring resonators (MRs) that are
coupled to one or more photonic DWDM bus waveguides (WGs)
[42]-[44]. These MRs serve as modulators, filters, and switches. We
direct the reader to [15] for more details on MR design and operation.
The feasibility, reliability, energy-efficiency, and performance of
PNoCs depend on various device-level and link-level design parameters. Our goal in this section is two-fold: (1) to understand and analyze the tradeoffs present among various device-level and link-level
design parameters of PNoCs; (2) to understand how these tradeoffs
differ between BCSP and FCSP based PNoCs. As a first step towards
achieving these goals, we present analytical models of BCSP and
FCSP devices (Section 2.1). Then, using these models, we analyze
the tradeoffs among various device-level (Section 2.2) and link-level
(Section 2.3) design parameters for BCSP and FCSP devices.

2.1 BCSP and FCSP Device Modeling
In a PNoC, MRs are coupled to one or more DWDM bus WGs,
and serve as modulators, filters, and switches [15]. For a passive component such as a filter, the MR can be considered as a looped photonic
WG with a small diameter. For an active component such as a modulator, the MR’s looped WG is doped such that it may be addressed
as a PN junction device. The tradeoffs among the design parameters
of a DWDM bus WG are mostly straightforward. In contrast, the resonant nature of an MR creates several complex tradeoffs among its
design parameters. For this reason, in this subsection we present analytical device models for passive and active MRs. These models are
equally relevant for BCSP and FCSP types of MRs, as they both have
similar geometry, and work on the same principle.
Models for Passive Microring Resonators:
A passive MR acts as a bandpass filter, the characteristics of which
are defined by the resonant wavelength (λr), round-trip optical loss
(a2), and Q-factor. The Q-factor of a passive MR that is coupled to a
WG is known as loaded Q-factor QL [21], which is inversely proportional to the full width of its passband at half the maximum (FWHM)
transmission. The QL, a2, and λr parameters, assuming a critical coupling of the MR to a WG, can be expressed as [21][24]:
𝑄𝐿 =

2𝜋 2 𝑛𝑔 𝑅𝑎
,
𝜆𝑟 (1 − 𝑎2 )

(1)

𝜆𝑟 = (2𝜋𝑅𝑛𝑒𝑓𝑓 )⁄𝑚,

(2)

𝑎 = exp(−2𝜋𝑅(𝛼𝑖 + 𝛼𝑏 + 𝛼𝑑 )),

(3)

𝛼𝑏 = 𝐶1 ∗ exp(−𝐶2 ∗ 𝑅),

(4)
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where, R is MR radius; m is the resonant mode number; neff, ng, C1,
and C2 are constants; and 𝛼𝑖 , 𝛼𝑏 , and 𝛼𝑑 are loss coefficients. The
definitions and typical values of these constants are given in Table 1.

From Eq. (1)-(4), the device-level parameters of a passive MR device
such as round-trip optical loss (a2), resonant wavelength (λr), and
loaded Q-factor (QL) ultimately depend on the MR radius (R).
Models for Active (Doped) Microring Resonators:
A doped MR acts as a modulator, a filter, or a switch, the characteristics of which are defined by the values of 𝜆𝑟 , 𝑄𝐿 , a2, bit-rate, freespectral range (FSR), and modulation shift (𝛥𝜆𝑟 ). Similar to passive
MRs, Eq. (1)-(4) hold for doped MRs too. So, the values of 𝑄𝐿 and
𝑎 2 depend on 𝑅 for doped MRs as well.
Doped MRs are doped in a similar manner as PN junctions. The
free carrier concentration in a PN junction based MR can be
controlled by applying forward or reverse biased voltage across the
junction. The change in free carrier concentration alters the optical
properties of the MR owing to the free carrier dispersion (FCD) and
the free carrier absorption (FCA) effects [25]. The FCD effect alters
the refractive index 𝑛 and the FCA effect alters the absorption related
loss coefficient 𝛼𝑑 . The change in 𝑛 in turn leads to a shift in the
passband of the MR. The passband shift affects the light transmission
from the source to the MR output, thereby achieving modulation,
filtration, or switching of the input light signal. We assume the PNjunctions of doped MRs to be reverse-biased, as the doped MRs with
reverse-biased PN-junctions render faster electrical response for high
bandwidth modulation [27]. We also assume the doping
concentrations of Na = Nd = 3×1018 cm-3 (Nd for electrons in N-region
and Na for holes in P-region), as assumed in prior work [8].
We also study the effect of MR radius on bit-rate of a doped MR.
As discussed in [27], the bit-period (and hence bit-rate) of a reversebiased PN-junction based MR is limited either by the RSCJ time constant (where CJ is junction capacitance and RS is series resistance) or
by the photon lifetime of the MR, depending on which of the two is
greater. CJ depends on the junction area, which in turn depends on
the MR radius. The photon lifetime for an MR device is given by
𝜏𝑝 = (𝑄𝐿 𝜆𝑟 /2𝜋𝑐), which is a function of 𝑄𝐿 [27]. As explained earlier, 𝑄𝐿 of the MR depends on the radius (R), which implies that the
photon lifetime of an MR also depends on R. Moreover, the resonance
of an MR cavity is cyclic in nature, and the free spectral range (FSR;
wavelength range between two successive resonances of an MR), is
defined as [21]: 𝐹𝑆𝑅 = 𝜆2 ⁄2𝜋𝑅𝑛𝑔 .
In summary, the device-level parameters of a doped MR such as
round-trip optical loss (𝑎2 ), loaded Q-factor (𝑄𝐿 ), bit-rate (RSCJ time
or photon lifetime), and FSR ultimately depend on the MR radius (𝑅).
Table 1: Definitions and typical values of some constants for MRs
Value
Definition
BCSP FCSP
2.49
2.45
neff Effective refractive index of MR [22]
Group refractive index of MR [22]
4.26
4.21
ng
1.48
nSiO2 Refractive index of SiO2 cladding [8]
Refractive index of an MR’s looped WG core
pSi
cSi
n
[37][38]
3.48
3.47
132
126
C1 Coefficients based on the material and
10
10.1
C2 geometry of MR [22]
Series resistance of MR [8][28] (in Ω)
750
250
Rs
Intrinsic optical loss due to bulk defects and
3.87
2
αi
surface roughness in MR [8][23] (in cm-1)
-1
Optical absorption loss in MR (in cm )
0.23
0.23
αd
Bending loss due to MR curvature
Eq. (4)
αb
Cross-section dimensions of MR’s looped WG 450nm×250nm
-

2.2 Device-Level Design Tradeoffs
In this subsection, first, we present design tradeoffs for doped and
passive MRs and then we present tradeoffs for passive WGs, for both
FCSP and BCSP types of implementations.
Active/Passive Microring Resonators:
As concluded in Section 2.1, various device-level design parameters of passive and active (doped) MRs ultimately depend on MR radius (R). This dependence of design parameters on R exists for both

BCSP and FCSP MRs, because MRs in both cases operate on the
same principle. The values of coefficients C1, C2, 𝛼𝑖 , 𝑛𝑔 , RS and 𝑛𝑒𝑓𝑓
decide the degree by which various design parameters depend on R.
The values of C1, C2, 𝑛𝑔 and 𝑛𝑒𝑓𝑓 depend on the refractive index of
MR materials and the device geometry.
BCSP MRs are made of pSi (core)-SiO2 (cladding), whereas FCSP
MRs are made of cSi (core)-SiO2 (cladding), with both types of MRs
having the same device geometry. The optical properties of pSi and
cSi are marginally different, as pSi exhibits high intrinsic optical loss
due to surface roughness, grain boundaries, and dangling bonds [5].
As a result, values of C1, C2, 𝛼𝑖 , 𝑛𝑔 , RS and 𝑛𝑒𝑓𝑓 differ between FCSP
and BCSP MRs, causing the degree by which various device-level
design parameters depend on R to differ for BCSP and FCSP MRs.
For this study, we modeled BCSP and FCSP MRs (both active/doped and passive) with the cross-sectional dimensions of
450nm×250nm, using the finite difference method [22]. For these
models, we used the refractive index values n and nSiO2 from Table 1
and calculated the values of C1, C2, 𝑛𝑔 and 𝑛𝑒𝑓𝑓 for λ = 1600nm,
which are also given in Table 1. We explain the reason behind using
λ = 1600nm later when we explain the design tradeoffs for WGs. Using these values of the coefficients, we calculated the values of various design parameters using the equations presented in Section 2.1.
Figure 1 shows the various device-level design parameters such as
RSCJ time delay, photon lifetime, round-trip optical loss (𝑎2 ), loaded
Q-factor (𝑄𝐿 ), and FSR versus the MR radius (R) for BCSP and FCSP
MRs. We use the equations given in [26] to model CJ for BCSP and
FCSP MRs. From the figure, it can be observed that the degree by
which the values of 𝑄𝐿 , 𝑎2 , RSCJ, FSR and photon lifetime depend on
the MR radius (R) differs between BCSP and FCSP MRs. The roundtrip cavity loss (𝑎2 , shown with red lines in Figure 1(a)) of a BCSP
MR is greater than that for an FCSP MR for all values of R. This is
due to the higher loss coefficients for BCSP MRs (Table 1). The
larger value of round-trip loss in case of a BCSP MR results in a
smaller value of 𝑄𝐿 (green lines in Figure 1(a)). The smaller 𝑄𝐿 of a
BCSP MR results in a broader passband compared to an FCSP MR,
which leads to higher insertion loss for a BCSP MR. Nevertheless,
our analysis in Section 3.4 finds that the optimal design of BCSP links
made of BCSP MRs renders more energy-efficiency than the optimal
design of FCSP links made of FCSP MRs.
As described in [27], the rise-time and fall-time, and hence the bitperiod of an MR is controlled by either the RSCJ time delay or the
photon lifetime, depending on which one of the two is greater. From
Figure 1(b), the photon lifetime (blue lines) of FCSP and BCSP MRs
is greater than their RSCJ time delay (green lines), which implies that
the bit-rate (inverse of bit-period) of BCSP and FCSP MRs is limited
by the photon lifetime. In addition, the photon lifetime of FCSP MRs
is greater than BCSP MRs, which leads us to the important conclusion that the bit-rate of BCSP MRs is greater than bit-rate of FCSP
MRs for all values of MR radius.

Passive Waveguides (WGs):
Next, we discuss the design tradeoffs of FCSP and BCSP passive
WGs. Typically, FCSP WGs are fabricated using cSi core and SiO2
cladding, whereas BCSP WGs are made of SiN core and SiO2 cladding. The SiN-SiO2 WGs have very high propagation loss (about
6dB/cm) in the C-band due to N-H and Si-H bond absorption harmonics, therefore, SiN-SiO2 WG systems are typically operated in
the L-band (near 1600nm) where they exhibit lower propagation loss
(about 1dB/cm) [5]. Because of this reason, we analyze all the devicelevel parameters discussed in the preceding subsection for the
1600nm operating wavelength. As discussed in [5], due to the ability
of multilayer integration, superior coupling characteristics, and comparable propagation loss, the BCSP SiN-SiO2 WGs outperform the
FCSP cSi-SiO2 WGs despite having higher scattering losses.
Furthermore, the maximum allowable optical power (MAOP) in

SiN-SiO2 and cSi-SiO2 WGs is limited due to the emergence of nonlinearity effects at higher optical power, which incurs additional signal loss and degrades the performance of these WGs. The BCSP SiNSiO2 and FCSP cSi-SiO2 WGs exhibit different types of nonlinear
optical effects. The dominant nonlinear optical effects in the FCSP
cSi-SiO2 WGs are the two-photon absorption (TPA) effect and the
resulting FCD and FCA effects [13]. The TPA induced FCA effect
limits the MAOP in an FCSP cSi-SiO2 bus WG to 100mW [13][17].
In contrast, due to the absence of free carriers in SiN material, the
TPA effect and the resulting FCA effect are not present in BCSP SiNSiO2 WGs [29]. However, the dominant nonlinear optical effects in
the FCSP SiN-SiO2 WGs are the second and third harmonic generation, which limits the MAOP in a BCSP SiN-SiO2 bus WG to 350mW
[29]. It will be evident from the discussion in Section 2.3 that a higher
value of MAOP ultimately results in a larger number of DWDM channels in a SiN-SiO2 BCSP bus WG than in FCSP cSi-SiO2 WGs.

(a)

(b)
Figure 1. (a) Loaded Q factor, round-trip cavity loss, FSR, (b) RSCJ time
delay, photon lifetime, and bit-rate vs. MR radius for BCSP and cSi FCSP
MRs. The curves of BCSP FSR and FCSP FSR are overlapped.

2.3 Link-Level Design Tradeoffs
In section 2.2, we presented the design tradeoffs among various
device-level parameters such as MR radius, QL, bit-rate, nonlinear
power limit, and FSR. In this subsection, we analyze how these parameters would affect design decisions at the higher link-level.
An on-chip SiP link typically comprises of a group of modulator
MRs, a group of detector MRs with photodetectors, and a DWDM
bus WG. The photonic signal transmission in on-chip SiP links is inherently lossy, i.e., the light signal is subject to losses such as insertion loss and modulation crosstalk related loss in modulator MRs, insertion loss and sideband truncation related loss in detector MRs, and
propagation and bending loss in WGs. All wavelength channels of a
DWDM WG are subject to these losses. To ensure that signals of all
channels propagating through the SiP link reach their destination before attenuating below the sensitivity threshold of the detector (minimum detectable power), the aggregate loss of all the channels along
that link must fall within an acceptable range. This constraint is called
the optical power budget and can be calculated in dB as the difference
between the MAOP and the detector sensitivity. The optical power
𝑑𝐵
budget in dB (𝑃𝐵𝑢𝑑𝑔𝑒𝑡
) determines how much loss can be present in
the SiP link [13], which can be summarized as [17]:
𝑑𝐵
𝑑𝐵
𝑃𝐵𝑢𝑑𝑔𝑒𝑡
≥ 𝑃𝐿𝑜𝑠𝑠
+ 10𝑙𝑜𝑔10 (𝑁𝜆 ),

(5)

where 𝑁𝜆 is the number of wavelength channels used in the link, and
𝑑𝐵
𝑃𝐿𝑜𝑠𝑠
represents the sum of the loss contributions (in dB) incurred on
a single channel by all the components (WG, detector and modulator
MRs) present along the SiP link.
In this study, we assume the shot-noise limited sensitivity threshold of -22dBm for the FCSP photodetectors, as used in [17]. Due to
the adverse effects of grain boundaries and dangling bonds, BCSP
photodetectors are inherently more susceptible to noise than FCSP
ones. Therefore, we assume a greater value of sensitivity threshold (20dBm) for the BCSP photodetectors. From Section 2.2, the TPAeffect limited MAOP for an FCSP WG is 20dBm (100mW), whereas
the harmonic generation effect limited MAOP for a BCSP WG is
𝑑𝐵
25.4dBm (350mW). As a result, an FCSP link has 𝑃𝐵𝑢𝑑𝑔𝑒𝑡
= 42dB,
𝑑𝐵
𝑑𝐵
whereas a BCSP link has 𝑃𝐵𝑢𝑑𝑔𝑒𝑡 = 45.4dB. The higher value of 𝑃𝐵𝑢𝑑𝑔𝑒𝑡
𝑑𝐵
for the BCSP link allows a larger amount of aggregate loss (𝑃𝐿𝑜𝑠𝑠
+
10𝑙𝑜𝑔10 (𝑁𝜆𝑃𝐵 )) to be present in the BCSP link than in FCSP links.
𝑑𝐵
For a given value of single channel loss 𝑃𝐿𝑜𝑠𝑠
, the Nλ in Eq. (5)
should be less than a threshold value to limit the aggregate loss of the
𝑑𝐵
link within the power budget (𝑃𝐵𝑢𝑑𝑔𝑒𝑡
). This threshold value (denoted
𝑑𝐵
as 𝑁𝜆𝑃𝐵 ) gives a 𝑃𝐵𝑢𝑑𝑔𝑒𝑡
-limited number of channels per WG. Along
𝑑𝐵
with the 𝑃𝐵𝑢𝑑𝑔𝑒𝑡
, the FSR of the largest MR along the WG also limits
the number of channels per WG. The FSR-limited number of channels is given as 𝑁𝜆𝐹𝑆𝑅 = FSR/CS. Here, CS represents channel spacing,
which is the distance between two adjacent wavelength channels of
the SiP link. The actual feasible number of channels (𝑁𝜆𝐴𝑐𝑡 ) per WG
should be less than or equal to both 𝑁𝜆𝑃𝐵 and 𝑁𝜆𝐹𝑆𝑅 . For a small enough
𝑑𝐵
value of 𝑃𝐿𝑜𝑠𝑠
, a given SiP link can have 𝑁𝜆𝑃𝐵 > 𝑁𝜆𝐹𝑆𝑅 . In this case, 𝑁𝜆𝐴𝑐𝑡
𝑑𝐵
is the FSR-limited value 𝑁𝜆𝐹𝑆𝑅 . But, if the value of 𝑃𝐿𝑜𝑠𝑠
is greater than
some threshold, then 𝑁𝜆𝑃𝐵 becomes less than 𝑁𝜆𝐹𝑆𝑅 , and 𝑁𝜆𝐴𝑐𝑡 =𝑁𝜆𝑃𝐵 .
Thus, the actual number of channels (𝑁𝜆𝐴𝑐𝑡 ) that are available for use
per WG is 𝑁𝜆𝐴𝑐𝑡 = 𝑚𝑖𝑛 (𝑁𝜆𝐹𝑆𝑅 , 𝑁𝜆𝑃𝐵 ).

interdependence among various design parameters of SiP links. The
figure shows how the channel spacing (CS), modulation shift (MS),
𝑑𝐵
link-length, 𝑃𝐵𝑢𝑑𝑔𝑒𝑡
, and MR radius (R) do not depend on any other
parameter in the dependence hierarchy. The combination of these five
parameters in turn controls all the other parameters, which ultimately
affects the aggregate bandwidth and power of the SiP link.
Consider Figure 3 to understand how the link-level design param𝑑𝐵
eters such as channel loss (𝑃𝐿𝑜𝑠𝑠
) and aggregate bandwidth depend on
𝑑𝐵
the power budget (𝑃𝐵𝑢𝑑𝑔𝑒𝑡
), MR radius (R), link-length, MS and CS.
Figures 3(a), 3(c) show aggregate bandwidth versus R and CS,
𝑑𝐵
𝑑𝐵
whereas Figures 3(b), 3(d) show 𝑃𝐵𝑢𝑑𝑔𝑒𝑡
and 𝑃𝐿𝑜𝑠𝑠
values versus R and
CS, for 5cm long BCSP and FCSP links, with MS=6pm. From Figures
𝑑𝐵
3(b), 3(d), the FCSP link has 𝑃𝐵𝑢𝑑𝑔𝑒𝑡
= 42dB, whereas the BCSP link
𝑑𝐵
has 𝑃𝐵𝑢𝑑𝑔𝑒𝑡 = 45.4dB for all the values of R and CS.
The maximum aggregate bandwidth of 1.47Tbps for the BCSP
link occurs at 𝑅=1.9μm and CS=150pm (Figure 3(a)), which corre𝑑𝐵
sponds to 𝑃𝐿𝑜𝑠𝑠
of 28.3dB (Figure 3(b)) and Q-factor of 20,000. The
maximum aggregate bandwidth of 1.93Tbps for the FCSP link occurs
𝑑𝐵
at 𝑅=2.1μm and CS=150pm (Figure 3(c)), which corresponds to 𝑃𝐿𝑜𝑠𝑠
of 19.7dB (Figure 3(d)) and Q-factor of 52,000. The smaller Q-factor
renders higher power penalty due to MR sideband truncation for the
𝑑𝐵
BCSP link [30], which results in greater 𝑃𝐿𝑜𝑠𝑠
for the BCSP link than
𝑑𝐵
𝑑𝐵
the FCSP link. Based on 𝑃𝐿𝑜𝑠𝑠
and 𝑃𝐵𝑢𝑑𝑔𝑒𝑡
values, the BCSP link and
𝑑𝐵
the FCSP link result in 𝑃𝐵𝑢𝑑𝑔𝑒𝑡
limited 𝑁𝜆𝐴𝑐𝑡 values of 51 and 169 respectively. Thus, the BCSP link has less number of channels per
waveguide. Moreover, the values of Q-factor translate into channel
bit-rate values of 28.7Gbps and 11.4Gbps for the BCSP link and the
FCSP link respectively, which results in less maximum aggregate
bandwidth of 1.47Tbps for the BCSP link than the maximum aggregate bandwidth of 1.93Tbps for the FCSP link.

𝑁𝜆 >0

In this study, we assume the cross-sectional dimensions of
450nm×250nm and WG propagation loss of 1dB/cm for both BCSP
and FCSP WGs. We calculate the insertion loss and crosstalk related
power penalty for the modulator MRs using the method described in
[12], [13]. Moreover, to calculate the insertion loss and sideband truncation related power penalty for detector MRs, we use the experimentally validated analytical method described in [30]. From [12], the
insertion loss and the crosstalk power penalty of modulator MRs depend on the QL, channel spacing (CS), and modulation shift (MS). MS
is the amount by which the passband of a modulator shifts while modulating a signal. From [30], the insertion loss and the power penalty
due to sideband truncation of MR detectors depend on the QL, CS,
𝑑𝐵
and bit-rate (BR). Thus, the link-level design parameters 𝑃𝐿𝑜𝑠𝑠
and 𝑁𝜆
depend on some link-level design parameters such as CS, MS, and
𝑑𝐵
𝑃𝐵𝑢𝑑𝑔𝑒𝑡
, as well as on some device-level design parameters such as
QL and BR of MRs.

Figure 3. Aggregate bandwidth versus MR radius (R) and channel spacing (CS) for (a) a BCSP link and (c) an FCSP link. Power budget (𝑷𝒅𝑩
𝑩𝒖𝒅𝒈𝒆𝒕 )
and channel loss (𝑷𝒅𝑩
𝑳𝒐𝒔𝒔 ) versus R and CS for (b) a BCSP link and (d) an
FCSP link. All plots are for 5cm link-length and MS of 6pm.

Thus, for the given values of link-length=5cm, MS=6pm, and
𝑑𝐵
𝑑𝐵
𝑃𝐵𝑢𝑑𝑔𝑒𝑡
, the values of R and CS ultimately control 𝑃𝐿𝑜𝑠𝑠
and aggregate

Figure 2. Interdependence among various link-level and device-level
design parameters of on-chip SiP interconnects.

The observation above implies that the various device-level and
link-level design parameters are interdependent. Figure 2 shows this

bandwidth of the BCSP and FCSP links. Similarly, for given values
𝑑𝐵
of R, 𝑃𝐵𝑢𝑑𝑔𝑒𝑡
, and CS, the link-length and MS can be shown to affect
𝑑𝐵
the ultimate values of 𝑃𝐿𝑜𝑠𝑠
and aggregate bandwidth. Thus, it can be
concluded that the combination of the parameters R, CS, MS, link𝑑𝐵
length, and 𝑃𝐵𝑢𝑑𝑔𝑒𝑡
controls all the other parameters in the dependence
hierarchy in Figure 2, which ultimately affects the aggregate
𝑑𝐵
bandwidth and 𝑃𝐿𝑜𝑠𝑠
of the SiP link. However, note that the values of
𝑑𝐵
link-length and 𝑃𝐵𝑢𝑑𝑔𝑒𝑡
cannot be varied for link optimization, as
𝑑𝐵
𝑃𝐵𝑢𝑑𝑔𝑒𝑡
has a fixed value based on the underline device technology

(FCSP or BCSP), and the link-length has a fixed value based on the
layouts of and the distance between the source and destination. For
this reason, the parameters R, CS, and MS are the only independently
optimizable parameters in the dependence hierarchy in Figure 2.
Lastly, as evident from Figure 3, the decrease in CS results in the
𝑑𝐵
decrease of aggregate bandwidth but the increase of 𝑃𝐿𝑜𝑠𝑠
. Similarly,
the increase in R results in the increase of aggregate bandwidth but
𝑑𝐵
the decrease of 𝑃𝐿𝑜𝑠𝑠
. Along the same lines, the increase in MS also
𝑑𝐵
affects the aggregate bandwidth and 𝑃𝐿𝑜𝑠𝑠
in opposite manners. Thus,
it can be inferred that the parameters R, CS and MS affect different
parameters of the dependence hierarchy in different ways. Therefore,
it is imperative to optimize all three of them simultaneously, to
achieve energy-efficient and high-aggregate-bandwidth on-chip SiP
links. The next section discusses such an optimization step.

methods and equations presented in Section 2.1. Using the values of
𝑑𝐵
QL and bit period, we then calculate the total channel loss 𝑃𝐿𝑜𝑠𝑠
(in
dB) using the methods described in Section 2.2. Then, based on the
optical power budget, we calculate 𝑁𝜆𝐴𝑐𝑡 as described in Section 2.2.
Next, for each triplet, we calculate the MR bit-rate (BR) by inverting
bit-period. The actual feasible number of channels 𝑁𝜆𝐴𝑐𝑡 is multiplied
by the BR to obtain the aggregate bandwidth (BW) per WG. Using
𝑑𝐵
𝑑𝐵
the calculated value of 𝑃𝐿𝑜𝑠𝑠
and 𝑃𝐵𝑢𝑑𝑔𝑒𝑡
, we calculate the total optical/laser power required to achieve the BW. We divide total laser
power by the achieved BW to obtain SEPB. We add SEPB and DEPB
to obtain aggregate EPB. Lastly, we find an optimal triplet with minimum aggregate EPB out of all triplets of 𝑌 ′ . We use an exhaustive
search approach, because it guarantees to find the optimal solution
for the marginally small size of the constrained input set Y’.

3. CROSS-LAYER OPTIMIZATION

3.4 Comparison of Optimized BCSP and FCSP Links

In this section, we present a cross-layer optimization of various
device-level and link-level parameters for BCSP and FCSP
interconnects. These parameters depend on one another as shown in
Figure 2.

To understand the available design choices for realizing energyefficient and terabyte-per-second scale SiP interconnects with BCSP
and FCSP, we optimize BCSP and FCSP links of 20 different lengths
in the range from 1cm to 20cm using our cross-layer optimization
framework. The results of this optimization are shown in Figure 4,
which plots the values of various parameters obtained for the optimized BCSP and FCSP links of 20 different lengths (x-axes).

3.1 Problem Formulation
As the MR radius (R), CS, and MS are the only independently optimizable parameters in the dependence hierarchy given in Figure 2,
we use all possible values of these three variables as an input to our
problem of parameter optimization. In Figure 1, the QL of the MRs
saturates for a radius of about 3-4μm. Moreover, researchers have
demonstrated in [23] that the minimal radius to obtain an intrinsic Q
of 20,000, which corresponds to an optical bandwidth of 20GHz
around the wavelength of 1.55μm, is 1.37μm. Furthermore, for any
MR radius of greater than 4μm, the FSR becomes very small leading
to an undesirably small value of 𝑁𝜆𝐹𝑆𝑅 , which results in poor aggregate
bandwidth. Due to these reasons, we define the set of all possible viable values of MR radius 𝑅 = {𝑟|𝑟 ∈ 𝑄 + ; 𝑟 𝑖𝑠 𝑖𝑛 𝜇𝑚; 1.3𝜇𝑚 ≤ 𝑟 ≤
4.0𝜇𝑚; (𝑟⁄0.1) ∈ 𝑁}, which has 28 elements. We aim to design SiP
interconnects in ultra-dense WDM (UDWDM) regime, for which the
CS is usually kept smaller than 25GHz or 200pm [31]. Therefore, we
define the set of all possible values of CS as 𝛥 = {𝛿|𝛿 ∈
𝑁; 𝛿 𝑖𝑠 𝑖𝑛 𝑝𝑚; 12𝑝𝑚 ≤ 𝛿 ≤ 150𝑝𝑚; (𝛿 𝑚𝑜𝑑 6) = 0}, which has 23
elements. Finally, as discussed in [12], the value of MS should be less
than half the value of CS to limit worst-case insertion loss for modulator MRs. Therefore, to limit MS up to half of the CS, we define the
set of all MS values 𝑋 = {𝑥|𝑥 ∈ 𝑁; 𝑥 𝑖𝑠 𝑖𝑛 𝑝𝑚; 6𝑝𝑚 ≤ 𝑥 <
75𝑝𝑚; (𝑥 𝑚𝑜𝑑 6) = 0}, which has 10 elements. The individual values for 𝑅, 𝛥 and Χ combine to make a triplet in 28×23×10=6440 different ways. We create a set Y of these triplets, 𝑌 =
{(𝑟1 , 𝛿1 , 𝑥1 ), (𝑟1 , 𝛿1 , 𝑥2 ), … , (𝑟28 , 𝛿23 , 𝑥10 )} and give it as an input to
our cross-layer optimization problem.

3.2 Problem Objective and Constraints
The main objective of our optimization problem is to design a single-WG SiP link of a given length with minimized aggregate energyper-bit (EPB). The aggregate EPB is the sum of static EPB (SEPB)
and dynamic EPB (DEPB). We obtain SEPB by dividing the aggregate laser power by aggregate bandwidth. The DEPB here represents
DEPB of MRs. We calculate the DEPB of an MR from the required
amount of charge depletion 𝛥𝑞 to achieve corresponding MS using
the equations given in [34]. As implied from the discussion in [12],
the value of MS should be less than half the value of CS to limit the
worst-case insertion loss for modulator MRs below an acceptable
level, which is the constraint of the optimization problem. Out of
6440 total triplets of 𝑌, 2268 triplets have MS>(CS/2), so they violate
this constraint. Therefore, we remove these 2268 triplets from 𝑌 and
define a new input set 𝑌 ′ with the remaining 4172 triplets.

3.3 Optimization Approach

For each triplet of the constrained input set 𝑌 ′ , first we calculate
the QL, FSR, and bit period (2×RSCJ or 2×photon lifetime) using the

(a)

(b)
Figure 4. (a) Aggregate bandwidth (BW), aggregate energy-per-bit
(EPB), dynamic EPB (DEPB), and channel spacing (CS); (b) laser power
(LP), number of channels per WG (𝑵𝑨𝒄𝒕
𝝀 ), extinction ratio (ER) and bitrate (BR) values obtained for the optimized BCSP and FCSP links of 20
different lengths. The traces of CS BCSP and CS FCSP are overlapped.

From the figure, it can be observed that the laser power (LP) for
the BCSP link increases with increase in link-length. This is because
the WG propagation loss (in dB) increases with increase in linklength, which in turn increases aggregate loss in the link, thus
requiring higher LP. However, the BW of the BCSP link remains
constant at 7.9Tbps for all link-lengths. As shown in Figure 2, the BW
depends on only two parameters: BR and 𝑁𝜆𝐴𝑐𝑡 . This implies that both
BR and 𝑁𝜆𝐴𝑐𝑡 should be constant for all link-lengths. As evident from
Figure 4, BR and 𝑁𝜆𝐴𝑐𝑡 actually remain constant at 26Gbps and 305
respectively for all link-lengths. Now, 𝑁𝜆𝐴𝑐𝑡 is equal to the minimum
of 𝑁𝜆𝐹𝑆𝑅 and 𝑁𝜆𝑃𝐵 (Figure 2), which implies that either 𝑁𝜆𝐹𝑆𝑅 or 𝑁𝜆𝑃𝐵
should be constant for all link-lengths. But, as the aggregate loss in
the link increases, 𝑁𝜆𝑃𝐵 should decrease to meet the power budget
constraint in Eq. (5). This implies that 𝑁𝜆𝐹𝑆𝑅 remains constant for all
link-lengths, which in turn keeps 𝑁𝜆𝐴𝑐𝑡 constant. As a result, 𝑁𝜆𝐹𝑆𝑅 <

𝑁𝜆𝑃𝐵 , and 𝑁𝜆𝐴𝑐𝑡 is the FSR-limited 𝑁𝜆𝐹𝑆𝑅 . Similarly, for all the FCSP

link-lengths below 8cm, the 𝑁𝜆𝐹𝑆𝑅 is less than 𝑁𝜆𝑃𝐵 , as the BW, BR
and 𝑁𝜆𝐴𝑐𝑡 (FSR-limited) are constant at 2.5Tbps, 11.5Gbps and 214
respectively. Thus, it can be concluded that the FSR-limited value of
𝑁𝜆𝐴𝑐𝑡 achieves constant BW for BCSP links irrespective of the linklength and link losses.
For FCSP, at link-length of 8cm, the BW of the FCSP link shoots
up to 6Tbps from 2.5Tbps. So, as evident from Figure 2, the increase
in either BR or 𝑁𝜆𝐴𝑐𝑡 should be the cause of it. From Figure 4, at linklength of 8cm both BR and 𝑁𝜆𝐴𝑐𝑡 increase to 14Gbps and 440 respectively, the combined effect of which increases the BW. For FCSP
link-lengths between 8cm and 12cm, as shown in Figure 4, both BR
and 𝑁𝜆𝐴𝑐𝑡 keep increasing with increase in link-length, which results
in the increase of BW with increase in link-length. In addition, the LP
also keeps increasing with link-length. However, for FCSP linklengths beyond 12cm, BW decreases with increase in link-length, in
spite of the increase in BR. This is due to decreasing 𝑁𝜆𝐴𝑐𝑡 . As 𝑁𝜆𝑃𝐵
becomes less than 𝑁𝜆𝐹𝑆𝑅 , 𝑁𝜆𝐴𝑐𝑡 becomes power budget-limited. As the
LP is saturated at MAOP of 100mW for FCSP link-lengths beyond
12cm, 𝑁𝜆𝐴𝑐𝑡 keeps decreasing with increase in link-length, because of
the increase in aggregate link loss with increase in link-length. This
observation implies that for an FCSP link whose 𝑁𝜆𝐴𝑐𝑡 is limited by
the power budget, the BW decreases with increase in link-length and
the LP remains constant at the MAOP. Decreasing BW at constant LP
causes a deterioration in SEPB. These observations can be generalized to hold true for BCSP links as well, because BCSP and FCSP
links operate on the same principle. Thus, it can be concluded that to
design an FCSP or BCSP link to achieve high BW irrespective of the
link-length and link losses, all link-level and device-level design parameters in Figure 2 should be optimized to achieve an FSR-limited
𝑑𝐵
value of 𝑁𝜆𝐴𝑐𝑡 . For that, the channel loss 𝑃𝐿𝑜𝑠𝑠
(Eq. 5) should be smaller
than a certain threshold value to allow 𝑁𝜆𝑃𝐵 to be greater than 𝑁𝜆𝐹𝑆𝑅 .
From Figure 4, the optimal value of CS for all link-lengths for both
the BCSP link and the FCSP link is 144pm. For all link-lengths, the
BCSP link has greater dynamic EPB than the FCSP link. This is because the BCSP link has greater values of optimized modulation shift
(not shown in the figure) than the FCSP link. Moreover, Figure 4 also
plots aggregate EPB and extinction ratio (ER). Extinction ratio is defined as the ratio of the optical power in the bus WG during logic “1”
state to the optical power during logic “0” state. As evident from the
figure, BCSP links have inferior ER compared to the FCSP links. This
is because, as shown in Figure 1, the BCSP MRs have smaller QL and
greater cavity loss than the FCSP MRs, which results in lower optical
power in the bus WG for logic “1”, thereby decreasing the ER. The
inferior ER for the BCSP link decreases the signal power and increases its susceptibility to noise. Furthermore, the aggregate EPB
values obtained for the BCSP links is quite comparable to those obtained for the FCSP links. Therefore, it can be concluded from these
observations that the optimized design of a BCSP link yields more
aggregate bandwidth with comparable aggregate EPB, but an inferior extinction ratio than the optimized design of an FCSP link.

4. EVALUATION
4.1 Evaluation Setup
We performed benchmark-driven simulation-based analysis to
evaluate the impact of FCSP and BCSP devices on the performance
and efficiency of two well-known crossbar PNoC architectures: Corona [18] and Firefly [19]. We modeled and simulated the Corona and
Firefly PNoCs with FCSP and BCSP devices using an in-house cycleaccurate NoC simulator. We evaluated performance for a 256 core
single-chip architecture at a 22nm CMOS node. We used real-world
traffic from applications in the PARSEC benchmark suite [32] in our
analysis. GEM5 full-system simulation [33] of parallelized PARSEC
applications was used to generate traces that were fed into our cycleaccurate NoC simulator. We set a “warm-up” period of 100M instructions and then captured traces for the subsequent 1B instructions.

First, based on geometric analysis, we estimated the maximum
length of the crossbar WG in both Firefly and Corona PNoCs. The
maximum length of the single-write-multiple-read (SWMR) WG in
Firefly PNoC is 8cm. This 8cm long SWMR WG between a source
and destination node passes through 6 intermediate inactive nodes.
Similarly, the maximum length of the multiple-write-single-read
(MWSR) WG in Corona PNoC is 12cm. This 12cm long WG between a source and a destination node passes through 62 intermediate
inactive nodes. Each node along the crossbar WGs of both the Corona
and Firefly PNoCs has arrays of modulator and detector MRs.
We model two different variants of Corona and Firefly PNoCs
along with the baseline variants. One variant of Corona and Firefly
each uses BCSP devices (referred to as Corona-BCSP and FireflyBCSP), whereas the other variant uses FCSP devices (referred to as
Corona-FCSP and Firefly-FCSP). The baseline variants also use the
same type of front-end compatible MRs and WGs as used in the FCSP
variants of the PNoCs. However, we optimize the design parameters
of the FCSP variants (Firefly-FCSP and Corona-FCSP) using our
cross-layer optimization framework, whereas the design parameters
of the baseline variants are taken from [18] and [19] and are not optimized. We keep the number of WGs and basic floorplan of the architectures constant across all three variants. We optimized the crossbar data WG designs of all the variants of both PNoCs using the
cross-layer optimization described in Section 3, and obtained the
maximum allowed number of channels 𝑁𝜆𝐴𝑐𝑡 for all of them. Here,
𝑁𝜆𝐴𝑐𝑡 represents the maximum allowed DWDM degree for a given
power budget. We also obtain the optical loss values and dynamic
EPB values from our optimization framework. Further, we considered a fixed packet size of 512 bits across all the variants of Corona
and Firefly architectures.
Table 2 summarizes the DWDM degree, optical loss, and dynamic
EPB values for the different variants of the Firefly and Corona PNoCs
that we consider. Our optimization framework obtains the optimal
modulation shift (MS) of 18pm, 24pm, 54pm, and 72pm for the Firefly-FCSP, Firefly-BCSP, Corona-FCSP, and Corona-BCSP respectively, which results in the dynamic energy values of 3.5pJ/bit,
5.5pJ/bit, 15pJ/bit, and 20pJ/bit for the Firefly-FCSP, Firefly-BCSP,
Corona-FCSP, and Corona-BCSP respectively.
Table 2: Packet size, DWDM degree, optical loss and per bit dynamic
energy for different variants of Firefly and Corona PNoC architectures.
Maximum
Selected Optical loss Dynamic
Configuration
waveguide
waveguide data WGs energy (in
DWDM
DWDM
(in dB)
fJ/bit)
Firefly Baseline
64
64
-41.64
1.1
Firefly FCSP
215
128
-39
3.5
Firefly BCSP
260
256
-43
5.5
Corona Baseline
64
64
-51.4
1.1
Corona FCSP
5
4
-42
15
Corona BCSP
20
16
-44.4
20

4.2 Evaluation Results for Firefly PNoC
We used the reservation-assisted Firefly PNoC architecture with
64 DWDM as the baseline and compared it with two variants: FireflyBCSP and Firefly-FCSP. As shown in Table 2, the Firefly-BCSP and
Firefly-FCSP have maximum DWDM degree of 260 and 215 respectively. These values of DWDM degree are FSR-limited and we have
obtained them for CS=0.15nm from our optimization framework.
Prior works [35] and [36] have demonstrated 20 GHz-spaced (0.2nmspaced), 200nm-wide comb sources, which are capable of sourcing a
WG with DWDM degree of 1000 (total 1000 channels per WG). This
implies that it is feasible for the Firefly-BCSP and the Firefly-FCSP
to have DWDM degree of 260 and 215 respectively. However, we
choose the DWDM degrees of the PNoCs to be factors of the packetsize of 512 bits. Therefore, we select the DWDM degree of the Firefly-BCSP and the Firefly-FCSP to be 256 and 128 respectively (Table
2). Moreover, to facilitate simultaneous traversal of 512 bits (entire

packet) from source node to destination node in Firefly-BCSP, we
have considered two SWMR WGs as a group with each WG having
256 DWDM. Further, for reasonable comparison of Firefly-BCSP
with Firefly-FCSP and Firefly (baseline), we also considered two
SWMR WGs as a group in these architectures as well.
The average throughput and aggregate energy-per-bit (EPB) for all
three variants of the Firefly PNoC architecture across 12 multithreaded PARSEC benchmarks are presented in Figure 5 and Figure
6 respectively. As evident from Figure 5, Firefly-BCSP and FireflyFCSP yield 36.4% and 19.1% higher throughputs respectively on average over the baseline Firefly. The larger value of DWDM degree
for Firefly-BCSP results in greater throughput compared to FireflyFCSP and baseline Firefly. We calculate aggregate EPB values using
the same method as used in our optimization framework described in
Section 3. From Figure 6, Firefly-BCSP and Firefly-FCSP yield
26.4% and 15.9% less aggregate EPB respectively on average over
the baseline Firefly. Firefly-BCSP achieves 1.15× greater throughput
and 12.4% less EPB than Firefly-FCSP. The greater throughput for
Firefly-BCSP results in a lower value of aggregate EPB compared to
Firefly-FCSP and baseline Firefly. The smaller value of aggregate
EPB obtained for Firefly-BCSP implies that Firefly-BCSP is more
energy-efficient than Firefly-FCSP.

of the Corona architecture across 12 multi-threaded PARSEC
benchmarks are presented in Figure 5 and Figure 6, respectively. As
the baseline Corona PNoC is not feasible, the results shown in Figure
4 and Figure 5 for the baseline Corona configuration are not
practically achievable. As evident from Figure 5, Corona-BCSP and
Corona-FCSP yield 40.8% and 83.1% less throughput respectively
on average over the baseline Corona configuration. The baseline has
a larger (but impractical to achieve) DWDM degree, which results in
larger values of throughput for it compared to Corona-BCSP and
Corona-FCSP. As evident from Figure 6, Corona-BCSP and CoronaFCSP yield 3.82× and 6.31× greater aggregate EPB respectively on
average over the baseline. The greater DWDM degree of 64 (although
impractical) results in greater throughput for the baseline, and
consequently a lower value of aggregate EPB compared to CoronaFCSP and Corona-BCSP. Similarly, greater DWDM degree for
Corona-BCSP yields 3.5× greater throughput for it compared to
Corona-FCSP. The greater throughput results in 39.5% less EPB for
Corona-BCSP compared to Corona-FCSP.
To summarize the major findings from our experiments, we
showed that Firefly-BCSP and Corona-BCSP yields greater throughput and less aggregate EPB than Firefly-FCSP and Corona-FCSP respectively, implying that BCSP links perform better and are more energy-efficient than FCSP links. The smaller values of DWDM degree
obtained for Corona-FCSP and Corona-BCSP corroborate our previous observation (Section 2.3) that the power budget and optical loss
of BCSP and FCSP links limit the maximum allowable DWDM degree, which in turn constrains the practically achievable aggregate
bandwidth and energy-efficiency in PNoCs such as Corona.

5. CONCLUSIONS

Figure 5. Throughput comparison for different variants of Firefly and
Corona PNoCs. Results are shown for PARSEC application workloads
and normalized wrt baseline architectures.

Figure 6. Energy-per-bit (EPB) comparison for different variants of Firefly and Corona architectures. Results are shown for PARSEC application
workloads and normalized wrt baseline architectures.

4.3 Evaluation Results for Corona PNoC
We performed a similar analysis for the Corona PNoC architecture
with token-slot arbitration and 64 DWDM as the baseline and
compared it with two variants Corona-BCSP and Corona-FCSP. As
shown in Table 2, Corona-BCSP and Corona-FCSP have a powerbudget limited DWDM degree of 20 and 5 respectively. As
mentioned earlier, the crossbar WG of Corona is 12cm long and it
passes through 62 intermediate nodes, which in turn increases the
optical loss resulting in smaller values of DWDM degree compared
to Firefly. Moreover, the baseline Corona has optical loss of 51.4dB
(Table 1), which is significantly larger than the optical power budget
of 42dB for FCSP WGs. This implies that the DWDM degree of 64
used in the baseline Corona architecture is not feasible from a
practical implementation perspective.
The average throughput and aggregate EPB for all three variants

This paper presented a detailed comparative analysis of a number
of design tradeoffs for CMOS front-end (FCSP) and back-end
(BCSP) compatible silicon photonic devices. The results of the crosslayer optimization of multiple device-level and link-level design parameters indicate that BCSP interconnects yield more throughput
with comparable energy-efficiency compared to FCSP interconnects.
The optimized design of BCSP-based Firefly and Corona photonic
network-on-chips (PNoCs) yield 1.15× and 3.5× greater throughput
with 12.4% and 39.5% more energy-efficiency than the optimized
design of FCSP-based Firefly and Corona PNoCs respectively. The
greater throughput and comparable energy-efficiency obtained for
BCSP links favor their use in the terabyte-per-second scale silicon
photonic interconnects in future PNoCs. However, the inferior extinction ratio for BCSP links necessitates a reduction of intrinsic optical losses present in BCSP devices. Moreover, the sources of crosstalk and noise in BCSP interconnects that threaten the reliability of
communication need to be thoroughly investigated and mitigated.
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