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ABSTRACT
Silicon photonic interconnects are being considered for integration
in future networks-on-chip (NoCs) as they can enable higher
bandwidth and lower latency data transfers at the speed of light.
Such photonic interconnects consist of photonic waveguides with
dense-wavelength-division-multiplexing (DWDM) for signal
traversal and microring resonators (MRs) for signal modulation
and detection. To enable MRs to modulate and detect DWDM
photonic signals, carrier injection in MRs through their voltage
biasing is essential. But long-term operation of MRs with constant
or time-varying temperature and voltage biasing causes aging.
Such voltage bias temperature induced (VBTI) aging in MRs leads
to resonance wavelength drifts and Q-factor degradation, which
increases signal loss and energy delay product in photonic NoCs
(PNoCs) that utilize photonic interconnects. This paper explores
VBTI aging in MRs and demonstrates its impacts on PNoC
architectures for the first time. Our system-level experimental
results on two PNoC architectures indicate that VBTI aging
increases signal loss in these architectures by up to 7.6dB and
increases EDP by up to 26.8% over a span of 5 years.
Categories and Subject Descriptors: [Networks] Network on
chip; [Hardware] Photonic and optical interconnect; [Hardware]
Process variations; [Hardware] Aging of circuits and systems;
[Hardware] Emerging optical and photonic technologies
Keywords: Photonic network on chip; microring aging; thermal
variations; process variations

1. INTRODUCTION
Recent advances in the integration of photonic interconnects
with CMOS circuits have enabled the use of photonics for on-chip
communication [1]. On-chip silicon photonic interconnects
provide several prolific advantages over traditional metallic
counterparts, including near light speed transfers, high bandwidth
density, and low power dissipation [2]. Moreover, photonic links
have several times lower data-dependent energy costs for global
on-chip transfers than electrical wires, enabling the design of highradix networks that are easier to program [3]-[4]. These advantages
of photonic interconnects have catalyzed research in the area of
high performance photonic NoCs (PNoCs) for manycore systems.
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PNoC architectures (e.g., [3]-[6]) employ multiple highbandwidth photonic interconnects, each of which is comprised of a
photonic waveguide that connects two or more nodes (e.g., cores).
Typically, a large number of wavelengths are dense wavelength
division multiplexed (DWDM) in a single photonic waveguide.
Each wavelength corresponds to a transmission channel that is used
for data transfers. Additionally, a photonic interconnect employs
microring resonator (MR) modulators (that are in resonance with
the utilized wavelengths) at the source node to modulate electrical
signals onto photonic signals that travel through the waveguide,
and MR detectors at the destination node to detect photonic signals
and recover electrical signals. In general, the use of multiple
wavelengths (or channels) in a photonic waveguide enables high
bandwidth parallel data transfers across the waveguide.
At any point of time in a photonic waveguide, MRs can be either
in-resonance or out-of-resonance with respect to the utilized
DWDM wavelengths. In resonance mode, an MR couples/removes
light of the resonant wavelength from the waveguide, and hence,
modulates logic “0” (represented by the absence of light in the
waveguide) on the resonant wavelength. In contrast, in the out-ofresonance-mode, an MR does not couple any light from the
waveguide, and hence, modulates logic “1” (represented by the
presence of light in the waveguide) on the resonant wavelength.
Thus, a particular sequence of 1s and 0s can be modulated on a
wavelength by switching the corresponding MR off and on
resonance with the wavelength in the same sequence. MRs can
employ either voltage biasing [7] or heating [8] to switch from
resonance-mode to out-of-resonance-mode or vice versa. However,
voltage biasing is preferred over heating [8] to switch resonancemodes of MRs, as it is faster and dissipates lower power.
To facilitate switching of resonance-modes of an MR with
voltage biasing, a PN junction is created in the silicon (Si) core of
the MR surrounded by silicon-di-oxide (SiO2) cladding. A
positive/negative voltage bias is applied to this PN-junction to
inject/remove free carriers into/from the MR’s Si core. For high
frequency operation and lower power consumption, an MR’s PNjunction is typically operated under a negative voltage bias or
reverse bias [9] (otherwise known as carrier depletion mode of an
MR). The application of this voltage bias generates an electric field
across the MR’s Si (core) and SiO2 (cladding) boundary. Similar
to MOSFETs, this electric field generates voltage bias temperature
induced (VBTI) traps at the Si-SiO2 boundary of the MR over time
(i.e., VBTI aging). Our analysis has shown that these VBTI aging
induced traps alter carrier concentration in the Si core of MRs,
which incur resonance wavelength drifts and increase optical
scattering loss in MRs to decrease Q-factor of MRs.
In this paper, for the first time, we study the VBTI aging in MRs
and its impact on PNoC architectures. At the device-level, we
carefully developed analytical models for trap generation with
VBTI aging in MRs. We also devise analytical models that
determine variations of MR resonance wavelength shifts and Qfactor with aging-induced traps. These models are further extended

to examine the impact of different operating temperatures and bias
voltages, as well as process variations. From those models, we
follow a mathematical bottom–up approach to analyze the systemlevel impact of aging on different PNoC architectures. We present
our aging analysis on well-known Corona [3] and Clos [5] PNoCs
running real-world multi-threaded PARSEC [10] benchmarks.

temperature and bias voltage, and explore its impact at the PNoC
architecture level.

2. RELATED WORK
Recent research on silicon photonics for manycore computing
has focused on exploring a wide spectrum of network topologies
and protocols to enable efficient PNoC architectures [3]-[6].
PNoCs utilize several photonic devices such as MRs as modulators
and detectors, waveguides, splitters, and trans-impedance
amplifiers (TIAs). The reader is directed to [11]-[13] for more
discussion on these devices.
Fabrication-induced process variations (PV) impact the cross
section, i.e., width and height, of photonic devices such as MRs
and waveguides [14]-[15]. In MRs, PV causes resonance
wavelength drifts, which can be counteracted by using device-level
techniques such as voltage biasing (aka localized trimming) and
heating (aka thermal tuning). On the other hand, thermal variations
(TV) also alter the resonance wavelength of MRs, because of
variations in refractive index of the core of MRs due to thermooptic effects. Similar to PV, resonance wavelength drifts due to PV
are compensated by voltage biasing and heating [8]. A few prior
works have explored the impact of PV and TV on photonic links at
the system-level [16]-[22]. In [16], a methodology to salvage
network-bandwidth loss due to PV-drifts is proposed, which
reorders MRs and trims them to nearby wavelengths. In [17], a
thermal tuning based approach is presented that adjusts chip
temperature using dynamic voltage and frequency scaling (DVFS)
to compensate for chip-wide PV-induced resonance shifts in MRs.
Furthermore, few PV-aware cross-layer solutions were presented
in [18], [19] to mitigate crosstalk noise in PNoCs with
enhancements at the device and circuit levels. In [20] a tunable
laser source design is demonstrated, in which the signal power at
the source is adapted to compensate for signal losses due to
temperature and process variations across photonic interconnects.
In addition, cross-layer solutions were presented in [21], [22]
towards the design of thermally resilient PNoCs with
enhancements at the circuit, architecture, and operating system
(OS) levels. All of these works ignore the harmful effects of PV and
TV remedies on aging in MRs.
Aging has become an important reliability concern for ultrascaled semiconductor devices with significant implications for
both analog and digital circuit design. The most important aging
mechanisms in CMOS devices include bias temperature instability
(BTI) aging and hot carrier injection (HCI) aging. BTI causes a
threshold voltage increase in MOSFETs due to trap generation at
the Si-SiO2 interface [23]. Negative BTI (NBTI) is observed in
pMOSFETs, and it usually dominates the positive BTI (PBTI)
observed in nMOSFETs [23]. A few prior works have analyzed the
impact of NBTI aging mechanisms on MOSFET devices at the
device-level. Different hydrogen diffusion models are proposed in
[24] to determine trap generation at the Si-SiO2 interface of
pMOSFETs. In [25] models for trap generation in the Si-SiO2
interface of reduced cross-section MOSFETs (e.g., narrow-width
planar MOSFET, triple gate MOSFET, surround-gate MOSFET)
are presented. However, none of these works considers the impact
of aging on MRs and its implications on DWDM-based PNoCs.
In view of the shortcomings of prior work, in this work we aim
to analyze VBTI aging in MRs, quantify its dependence on

Fig. 1: Cross-section of a tunable MR with PN junction in its core to
facilitate carrier injection into and removal from core with voltage biasing.

3. TRIMMING (VOLTAGE BIAS) INDUCED MR AGING
3.1 Overview of voltage bias induced trap generation in MRs
MRs, waveguides, splitters, couplers, and TIAs are basic
building blocks of PNoCs [43]-[45]. MRs are essentially looped
photonic waveguides with a small diameter (~a few µm), and these
MRs serve as modulators to write data and detectors to read data.
MRs when coupled to a waveguide in resonance-mode remove
specific (resonant) wavelengths from the waveguide, whereas in
the non-resonance-mode they let wavelengths simply pass through
without removing them. MRs employ voltage biasing via carrier
injection or removal to shift between resonance and non-resonance
modes. To enable carrier injection into and removal from an MR,
as shown in Fig. 1, a PN junction is created in an MR’s Si core
surrounded by SiO2 cladding. To switch resonance modes at high
frequency with low power dissipation using voltage biasing, an
MR’s PN junction needs to be reverse biased [9], which is
accomplished by applying higher voltage on the n side of the PN
junction (Fig. 1).

(a)

(b)
Fig. 2: Distribution of electric field (E) across (a) MR waveguide; (b) SiSiO2 boundary B2 when -4V bias voltage is applied across PN junction.

When a negative voltage is applied across the PN junction of an

MR, an electric field ‘E’ is generated from right to left across the
Si-SiO2 boundaries B1, B2, B3, and B4 (Fig.1). We used the
Lumerical Solutions DEVICE [26] tool to construct and model the
PN junction of an MR. For our preliminary analysis, we consider
an MR waveguide similar to the one reported in [27] with a radius
of 2µm, fabricated using standard Si-SiO2 material with a core
cross-section of 450nm × 250nm. We then simulated the MR, using
the charge transport solver in the DEVICE tool with a solver
geometry of 2D y-normal, and then obtained the distribution of
electric field as shown in Fig. 2 (a) across the MR waveguide with
a bias voltage of -4V. The results from the DEVICE tool in Fig. 2
(a) demonstrate the presence of electric field E across all the SiSiO2 boundaries (i.e., B1, B2, B3, and B4). This electric field present
across the Si-SiO2 boundaries B2 (Fig. 2(b)) and B4 attracts holes
towards them (Fig.1) and generates traps across these boundaries
similar to pMOSFETs [23]. However, only the traps on the B2
boundary change the electro-optic dynamics of the MR core as it
is a boundary of the MR core. Thus in this work we focus on
analyzing trap generation on the B2 boundary.
3.2 Trap generation analytical model for MRs
The trap generation model on the B2 boundary of an MR is based
on Si-SiO2 boundary related hydrogen dynamics [28]. The trap
generation takes place at the Si-SiO2 boundary which is a rough
surface where the highly ordered Si core and the amorphous SiO2
cladding meet. At the junction of these dissimilar materials, some
of the Si atoms from the core remain dangling without satisfied
chemical bonds, thus forming boundary traps. The traps generated
at the Si-SiO2 boundary of an MR are similar to the traps generated
at the Si-SiO2 boundary of a MOSFET [28]. To improve MR
performance, there is a need to reduce these boundary traps. So
similar to MOSFETs, MRs are annealed in ambient hydrogen
during the manufacturing process. In the presence of an electric
field and thermal variations across the Si-SiO2 boundary, the Si−H
bond breaks and the hydrogen gas diffuses into the MR’s SiO2
cladding, thereby yielding passivated Si bonds (Si*) that act as
traps. Furthermore, the direction of electric field (see Fig. 1) across
the MR’s Si-SiO2 boundary is similar to the direction of electric
field across the MOSFET’s Si-SiO2 boundary. Therefore, at a
particular temperature both MRs and MOSFETs are have a similar
trap generation behavior at their respective Si-SiO2 boundaries.
Several prior works (e.g., [23]-[25]) use reaction-diffusion (RD)
models to characterize boundary trap generation at the MOSFET
Si-SiO2 boundary. As boundary traps in MR’s are similar to
boundary traps in MOSFETs, we use the same RD model to model
the boundary trap generation at the MR’s Si-SiO2 boundary. This
trap generation mechanism is represented as a chemical reaction in
Eq. (1), where holes (h+) in the MR’s Si core weaken a Si−H bond
and hydrogen (H) is detached [24] in the presence of electric field
and thermal variations:
Si−H + h+ ↔ Si* + H

(1)

The generated Si dangling bond (Si*) acts as a donor-like boundary
trap. The H ion released from the bond can diffuse away from the
Si-SiO2 boundary or anneal an existing trap. The boundary trap
density (NBT), increases with the net rate of the reaction given in
Eq. (2):
= k N − N

−k N

N

(2)

where kF, kR, N0, and
are bond-breaking rate, bond-annealing
rate, Si–H bond density available before stress, and hydrogen
density at the MR’s Si-SiO2 boundary, respectively. From Eq. (2)

it can be obserevd that the boundary trap generation rate increases
with decrease in H ion density ( ) at the Si-SiO2 boundary. The
diffusion of H ions away from the traps removes hydrogen from
the boundary, so the boundary trap generation rate becomes limited
to the diffusion rate of hydrogen. The diffusion rate of hydrogen
obeys Eq. (3) [25]:
= D

(3)

where DH is the diffusion constant of hydrogen, dt is the change in
time, and dy is the change in difussion distance. During the
diffusion-dominated regime, the dNBT/dt term is negligible
compared to the other two terms in Eq. (2) and NBT is significantly
smaller than N0 [25], therefore Eq. (2) can be simplified as:
N

N =

(4)

Further, the dependence of the rate of boundary trap generation
on the electric field across the boundary is included in the kF term
and the temperature dependence of trap generation is incorporated
via the activation energies of kF , kR and DH (see Sections 4, 5).

(a)

(b)

Fig. 3: (a) Microring resonator 3D-view with Si-core, SiO2-cladding, and
metal contacts for voltage biasing; (b) top view of MR which shows
hydrogen diffusion length ( D) across its cladding.

From the RD model presented above, the number of traps
generated at the Si-SiO2 boundary is equal to the number of
hydrogen ions diffused away from the boundary. But this hydrogen
diffusion depends on the geometry of the boundary. The effect of
the geometry of hydrogen diffusion on the trap generation rate can
be analyzed with the concept of the diffusion length D, which is
the distance travelled by hydrogen ion into SiO2. As outer
boundary (i.e. B2) of an MR is similar to the surround-gate
cylindrical MOSFET [24], the D of an MR is similar to this
MOSFET. Therefore, based on estimations from prior works [24],
[25] using Eq. (3) this diffusion length D is estimated to be
(DH*t)0.5. For the MR with outer boundary (i.e. B2) radius R and
height or thickness L depicted in Fig. 3, the hydrogen diffusion is
confined within the distance R < r < R+ D, as shown in Fig. 3(b).
To determine the total hydrogen ions available within R < r <
R+ D, there is a need to integrate all the hydrogen ions between R
and R+ D. Thus the hydrogen profile is expressed in cylindrical
coordinates and the integral becomes:
N

(t) =

N

1−

2πrL dr

(5)

Solving Eq. (5) and substituting NH from Eq. (4), the interfacetrap density is calculated from the geometry-dependent R–D
relation as:

N

(t) =

λ

1+

(

(2R + λ ) −

) (

)

.

(6)

From the above model it is clear that trap generation on an MR’s
Si-SiO2 boundary not only depends on the operational time but also
on the geometry of the boundary. These traps are the main cause
of aging in MRs. In the next subsection, we analyze how such
boundary trap-induced aging impacts MR optical properties..
3.3 Aging impact on MR resonance wavelength and Q-factor
As discussed in the previous subsection, each trap generated on
the core-cladding boundary of an MR consumes a hole from the P
side of the MR core (Eq. (1)). Therefore, number of holes
consumed in the silicon core is equal to number of boundary traps
is the
generated, which is otherwise NBT ≈ −∆ , where ∆
increase in free hole concentration and the negative sign represents
decrease in free hole concentration. The removal of holes increases
the refractive index of the core ( ) of a circular MR waveguide,
which induces a red shift in an MRs’ resonance. The increase in
the MR’s core refractive index also increases refractive index
contrast between the core and cladding (nSi – nSiO2), which in turn
increases the scattering related optical loss in the MR waveguide
[30]. The increase in optical loss causes a decrease in MR Q-factor,
which increases MR insertion loss. We quantify and model these
phenomena in the rest of this section.
The change in hole concentration in an MR’s core due to an MR
at around 1550nm
aging induces refractive index change of
wavelength, which can be quantified as follows [29]:
∆

= −8.8 × 10

∆

− 8.5 × 10

(∆

)

.

,

(7)

where, ∆ and ∆ are the increase in free electron concentration
and free hole concentration, respectively. Then, the increase in
as a result of aging-induced negative
refractive index (positive
ΔNh) incurs resonance wavelength red shift (
) as per the
following equation [29]:
=

∗ ∗

,

The Q-factor of an MR with resonance wavelength ( ) depends
on this scattering loss coefficient. The relation between the Q, assuming critical coupling of MRs, is given
factor and ∆
by the following equation [27], where QA is the loaded Q-factor of
the aged MR:
Q = Q + ∆Q =

(

∆

)

,

(10)

where, ∆ is the change in Q-factor and is the original loss
coefficient, which is the sum of three components: (i) intrinsic loss
coefficient due to material loss and sidewall roughness induced
scattering loss; (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 concentration in the waveguide
core. As explained above, aging increases the scattering loss
). As evident from Eq. (10), a
coefficient (positive ∆
positive value of ∆
results in a decrease in Q-factor. This
causes a broadening of the MR passband, which results in
increased insertion loss.
For our VBTI aging analysis with MRs, we have considered
initial original Q-factor of 9000 and loss coefficient α of 9.5cm-1.
As mentioned earlier, α is the sum of the scattering loss coefficient
αscatter, bending loss coefficient αb, and absorption loss coefficient
αa, the initial values of which, in this case (for α=9.5cm-1), are
3.5cm-1, 3cm-1, and 3cm-1 respectively. Note that αscatter=3.5cm-1
corresponds to σ=5nm in Eq. (9).

4. TEMPERATURE INDUCED MR AGING
Aging in MRs is also dependent on the operating temperature
(T) of the devices. As temperature alters activation energy for the
Si–H bond breaking and bond annealing, it alters the bondbreaking rate (kF) and bond-annealing rate (kR) of the reaction
shown in Eq. (1). We use the Arrhenius equation [31] to determine
variation in activation energies with temperature. Eq. (11) and Eq.
(12) present the temeprature dependence of kF and kR respectively:

(8)

=

(11)

where,
is the initial 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, and is the
confinement factor describing the overlap of the optical mode with
for MR
the MR waveguide’s silicon core. The value of and
considered in our analysis are set to 0.7 and 4.2 respectively [27].
accounts for refractive index dispersion and change
From [29],
in free carrier concentration (and hence, aging) does not
significantly affect it.
) also
An increase in the MR core’s refractive index (
increases its scattering loss coefficient. The scattering loss
coefficient (that causes a fractional loss in signal amplitude) of an
MR’s circular waveguide is proportional to the size of the surface
roughness σ, and is given by the following equation [40][41]:

=

(12)

α

=

4(cos )
sin

.

(sin ) −
(sin ) −

+2

(9)

where, k0 is the free-space wave number at 1550nm, n1 =nSi=3.5 is
MR core’s refractive index, n2=nSiO2=1.5 is MR cladding’s
refractive index, L=250nm is the MR thickness, and =26.51 is the
propagation angle for the fundamental mode in the MR.
corresponding to an increase in the MR core’s refractive index
( nSi) can be evaluated from Eq. (9) by putting n1=nSi + nSi in it.

where, EF and ER are activation energies of forward dissociation
and reverse annealing respectively, and KB is the Boltzmann
constant. The activation energy (ED) of diffusion of hydrogen into
the cladding of MRs also depends on temperature, which in turn
alters the diffusion constant of hydrogen (DH) as per the following
equation:
=

(13)

Fig. 4 shows the variation of resonance wavelength red shift
) and QA with aging in MRs at different temperatures. We
(
analyze
and QA across different operating temperatures:
300K, 350K, and 400K. From the figure it can be observed that at
a particular temperature, with the increase in MR aging (i.e.,
increases and QA decreases. With
increase in usage time) Δλ
MR aging, the traps on the Si-SiO2 boundary increase, which is
evident from Eq. (6). Furthermore, change in temperature also
alters kF, kR, and DH as per Eq. (11), (12), and (13), respectively.
These rate constants ultimately change the number of traps
generated at the Si-SiO2 boundary as per Eq. (6). An increase in
number of traps incurs an increase in refractive index of an MR
(see Eq.
(see Eq. (7)), which in turn increases the MR’s Δλ
(8)) and scattering loss (αscatter) (see Eq. (9)). Increase in αscatter

decreases an MR’s QA as per Eq. (10). From the figure we can also
and higher decrease in QA
observe a higher increase in
with an increase in MR’s operating temperature. As the
temperature increases, the activation energy (ED) of diffusion of
hydrogen (see Eq. (13)) in the cladding of an MR decreases, which
increases the diffusion rate of hydrogen and further increases trap
generation at the MR core-cladding boundary. This increase in
number of traps ultimately leads to higher increase in RMRS and
higher decrease in QA.

that with the increase in negative bias voltage, MRs incur higher
increase (see Eq. (8)) and higher QA decrease (See Eq. (9)).
As the negative bias voltage across the PN junction of the MR
increases, the EOX across the core-cladding boundary of the MR
increases. This increase in EOX increases kF as per Eq. (14), which
in turn increases trap generation across the core-cladding boundary
as per Eq. (6). This increase in trap generation increases
and QA of an MR, as also highlighted by the Eq. (7)-(10) presented
in Section 3.3.

Fig. 4: Variation of resonance wavelength red shift (
) and QA with
operation time at three operating temperatures 300K, 350K, and 400K.

Fig. 5: Variation of QA and resonance wavelength red shift (
operation time at four bias voltages -2V, -4V, -6V, and -8V.

5. IMPACT OF PROCESS VARIATIONS ON MR AGING
Variations in an MR’s width and thickness due to process
variations (PV) cause a “shift” in the resonance wavelength of the
MR. As discussed earlier, voltage biasing (aka localized trimming)
is essential to deal with PV-induced resonance shifts in MRs. There
are other techniques such as thermal tuning that used to
compensate PV-induced resonance drifts. However, thermal tuning
has higher power overhead (240 W/nm) to compensate 1nm PVinduced drift compared to localized trimming (130 W/nm) [8].
Therefore, voltage biasing or trimming is preferred to compensate
PV-induced resonance drifts over thermal tuning. Voltage biasing
incurs blue shift/red shift in an MR’s resonance wavelength via
carrier injection/removal. To enable localized trimming in MRs to
counteract PV-induced blue shifts, the negative bias voltage needs
to be increased across the MR’s reverse-biased PN junction.
Unfortunately, this PV-induced increase in negative bias voltage
results in an increase in the electric field across the MR corecladding boundary and this electric field aggravates MR aging.
The forward dissociation constant (kF) in Eq. (2) will depend on
the electric field across core-cladding boundary (EOX). Thus the
equation for kF shown in Eq. (11) is updated as per the following
equation [23]:
=

(14)

where exp(EOX/E0) is the field dependent tunneling of holes into
SiO2 cladding, 0 is the capture cross-section of the Si–H bonds,
and B determines field dependence of the Si–H bond dissociation.
Fig. 5 illustrates the impact of variation in bias voltage on
and QA of MR with aging (i.e., usage time). We analyze
negative voltage biases of 2V, 4V, 6V, and 8V, and the MR is
assumed to be operated at 350K temperature. As explained Section
3.1, the charge transport solver in the DEVICE tool is used to
determine electric field (EOX) across the core-cladding boundary
for each bias voltage across the PN junction of the MR. This tool
uses MR device dimensions such as width, height and radius to
determine EOX at the boundary. From the figure it can be observed

) with

Table 1: Notations for photonic power loss and model parameters [12]
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
LS17
1X7 splitter power loss
-0.2
L
Photonic path length in cm
B
Number of bends in photonic path
Resonance wavelength of MR
j
RS12
Splitting factor for 1X2 splitter
RS14
Splitting factor for 1X4 splitter
RS17
Splitting factor for 1X7 splitter

6. IMPACT OF MR VBTI AGING ON PNOCS
6.1 MR aging analysis for Corona and Clos PNoCs
We characterize the impact of VBTI aging on two popular PNoC
architectures: Corona [3] and Clos [5], both of which use DWDMwaveguides for data communication. We have considered Corona
PNoC with token-slot arbitration [3] and an 8-ary 3-stage Clos
PNoC [5] for our analysis. In DWDM-based waveguides, data
transmission requires modulating 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 the impact of aging on
maximum signal power loss in each architecture. Before presenting
relevant equations, we provide notations for the parameters used in
the equations, in Table 1.
We first model the MR transmission spectrum at a device-level
and then extend these models to the system-level to determine the
impact of aging on signal losses for PNoC architectures. We model
the MR transmission spectrum using a Lorentzian function [32]. In
Eq. (15), this function is used to represent coupling factor
between wavelength i and an MR with resonance wavelength j.
Further, using the same function, we determined loss factor in
Eq. (16), which is the factor by which signal power of a wavelength
i is reduced when it passes through an MR whose resonance

wavelength is j. Through loss of a wavelength in a waveguide,
when it passes through an MR, is defined as times the signal
power of the wavelength before it passes through the MR. From
Eq. (9) and (10), it can be inferred that an MR’s loaded Q-factor
(QA) decreases with aging in MRs. This in turn decreases and
increases as per Eq. (15) and (16), respectively. Furthermore, as
with aging (i.e., ∆ RWRSAi)
per Eq. (15) and (16) increase in
further decreases and increases , respectively.
λ , ∆λ

2Q (λ + ∆λ
= (1 + (
λ

,λ ,Q

λ , ∆λ

,λ ,Q

−λ )
) ) , (15)

2Q (λ + ∆λ
= (1 + (
λ

−λ )
) ) , (16)

Corona PNoC: This 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 communication between clusters. Each channel consists
of 4 multiple-write-single-read (MWSR) waveguides with 64wavelength 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 homecluster, through a series of 1X2 splitters. In each of the 64 homeclusters, optical power is distributed 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
loss 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. For this NWCPL node, signal power (Psignal( j)) on
each detector with resonance wavelength j is shown in Eq. (17).
K( i) in Eq. (19) represents signal power loss of i before the
detector group of NWCPL (see Table 1 for notations of different
parameters). ( i, j) in Eq. (18) represents signal power loss of i
before the detector with resonance wavelength j in the detector
group of NWCPL.
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Clos PNoC: An 8-ary 3-stage Clos topology is considered for a
256-core system, with 8 clusters (C1-C8) and 32 cores in each
cluster. Within each cluster, a group of four cores are connected to
a concentrator. Thus each cluster has 8 concentrators and the
concentrators are connected electrically through a router for interconcentrator communication. The Clos PNoC uses photonic
signals for inter-cluster communication. Unlike the MWSR
waveguides used in the Corona crossbar, the Clos uses point-topoint photonic links for data communication. Each point-to-point
photonic link uses either forward or backward propagating
wavelengths depending on the physical location of the source and
destination clusters. Each photonic link in the Clos PNoC use 128

DWDM, with 64 wavelengths for forward communication and the
remaining 64 wavelengths for backward communication. Thus the
Clos PNoC uses only 56 waveguides with 256 MRs on each
waveguide. This PNoC uses 2 laser sources to enable forward and
backward communication. To power the 56 waveguides, it is
assumed that the PNoC employs a series of 1X2, 1X7, and 1X4
splitters. In our implementation of the Clos PNoC, the worst-case
power loss occurs when C1 sends data to C8, as this involves the
longest photonic path for data traversal. Thus the node C8 is the
worst-case power loss node (NWCPL) in the Clos PNoC. We use Eq.
(17) to determine worst-case power loss in the Clos PNoC. But as
the Clos network has lower number of waveguides and fewer
number of MRs on each waveguide, this in turn changes the signal
power losses. Thus we modify Eq.(19) for the Clos PNoC as:
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6.2 Modeling PV of MR Devices in Corona and Clos PNoCs
We adapt the VARIUS tool [33] to model die-to-die (D2D) as
well as within-die (WID) process variations in MRs for the Corona
and Clos PNoCs. VARIUS uses a normal distribution to
characterize on-chip D2D and WID process variations. The key
parameters are mean (µ), variance (σ2), and density (α) of a variable
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
variation of an MR is its nominal resonance wavelength. We
consider a DWDM wavelength range in the C and L bands [34],
with a starting wavelength of 1550nm and a channel spacing of
0.8nm. Hence, those wavelengths are the means for each MR
modeled. The variance (σ2) of wavelength variation is determined
based on laboratory fabrication data [14] 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 (σWID) of 0.61nm [16] and D2D standard deviation (σD2D)
of 1.01 nm [16]. We also consider a density (α) of 0.5 [16] for this
die size. With these parameters, we use VARIUS to generate 100
PV maps, each containing over 1 million points indicating the PVinduced resonance shift of MRs. The total number of points picked
from these maps equal the number of MRs in the Corona and Clos
PNoCs.

7. EXPERIMENTS
7.1 Experimental Setup
We evaluate the impact of VBTI aging on PNoCs on the Corona
and Clos PNoC architectures. We modeled and performed
simulation based analysis of the Corona and Clos PNoCs using a
cycle-accurate NoC simulator, for a 256 core single-chip
architecture at 22nm. As explained in Section 6.2, we generated
100 PV maps to evaluate MR aging impact on these PNoCs for
different PV profiles. We used real-world traffic from applications
in the PARSEC benchmark suite [10]. GEM5 full-system
simulation [35] 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 geometric calculations for a 20mm×20mm chip
size, to determine lengths of MWSR waveguides in the Corona
PNoC and photonic links in the Clos PNoC. We consider a 5 GHz
clock frequency of operation for the cores. A 512-bit packet size is
utilized for both Corona and Clos PNoCs.
The static and dynamic energy consumption of electrical routers

and concentrators in the Corona and Clos PNoCs is based on results
from the open source DSENT tool [36]. For energy consumption
of photonic devices, we adapt model parameters from recent work
[37]-[38] with 0.42pJ/bit for every modulation and detection event
and 0.18pJ/bit for the driver circuits of modulators and
photodetectors. We used optical loss in photonic components
(Table 1) to estimate the photonic laser power budget and
correspondingly the electrical laser power [42].

(a)

aging (see Fig. 6) contributes to an increase in the PNoCs laser
power, which increases total laser energy consumption in these
PNoCs. Additionally, VBTI aging in MRs has positive effects on
MR trimming energy consumption, as MR aging incurs red shift in
resonance wavelength which naturally reduces PV-induced blue
shifts in MRs and reduces total trimming energy consumption in
the PNoCs. However, these trimming energy savings are relatively
on the lower side compared to the increase in laser energy
consumption, which ultimately increase total energy consumption
and hence the EDP.

(b)

Fig. 6: Worst-case signal power loss analysis of (a) Corona PNoC and (b)
Clos PNoC, with 1 Year, 3 Years, and 5 Years of aging across 100 PV maps.
(a)

7.2 Experiment Results

Our first set of experiments compares the worst-case signal
losses of the baseline Corona and Clos PNoCs with their variants
with 1 Year, 3 Years, and 5 Years of VBTI aging. We have
performed this aging analysis across 100 PV maps as explained in
Section 6.2. The presented results are averaged across the PV
maps. Furthermore, as we are determining worst-case signal loss
for Corona and Clos PNoCs with VBTI aging, therefore we
performed this analysis at the peak on-chip temperature, which is
estimated to be 357 K [39].
Utilizing the models presented in Section 6, we calculate the
signal power loss at the last detector of the NWCPL nodes of Corona
and Clos PNoCs, which corresponds to the last MR detector of the
cluster 64 and cluster 8 for the Corona and Clos PNoCs
respectively. Fig. 6 (a) and (b) compare the worst-case signal loss
of baseline Corona and Clos PNoCs with three variants of these
PNoCs that undergo 1 Year, 3 Years and 5 Years of VBTI aging.
The confidence intervals represent the variation in signal loss
across the 100 PV maps considered. From Fig. 5(a), it can be
observed that compared to their respective baselines, the Corona
PNoC with 1 Year, 3 Year, and 5 years of VBTI aging has 2.8dB,
5.5dB, and 7.6dB higher signal losses, and the Clos PNoC has 1.1
dB, 2.1dB, and 2.6dB higher signal losses. The increase in
) and degradation in Qresonance wavelength red shift (
factor with VBTI aging in MRs leads to increase in MR loss factor
( ) (see Eq. (16)) and decrease in MR coupling factor ( ) (see Eq.
(15)), which ultimately increases signal losses in these PNoCs.
Also, the increase in signal loss in the Corona PNoC with VBTI
aging is on the higher side compared to the Clos PNoC. Corona has
16× higher number of MRs on its waveguides compared to the Clos
PNoC, which in turn incurs higher signal losses on Corona’s
waveguides.
Fig. 7 (a) and (b) present detailed simulation results that quantify
the energy-delay product (EDP) for the four configurations of
Corona and Clos PNoCs respectively. Results are shown for twelve
multi-threaded PARSEC benchmarks. From Fig. 7(a) it can be seen
that on average, Corona PNoC with 1 Year, 3 Year, and 5 years of
VBTI aging has 4.1%, 14.3%, and 26.8% and Clos PNoC has
3.7%, 7.5%, and 10.6% higher EDP compare to their respective
baselines. Increase in worst-case signal loss with increase in VBTI

(b)
Fig. 7: EDP comparison of (a) Corona and (b) Clos PNoCs with 1 Year, 3
Years, and 5 Years of aging considering 100 process variation maps.

From the results presented in this section, we can summarize that
in Corona and Clos PNoCs, VBTI aging in MRs increases signal
losses by up to 7.6dB. Despite the decrease in tuning energy
consumption of the Corona and Clos PNoCs with VBTI aging, the
increase in their laser energy consumption increases EDP in these
architectures by up to 26.8%. The signal loss and EDP increase due
to VBTI aging are much lower in architectures optimized for
physical-layouts such as the Clos PNoC, than in non-optimized
architectures such as Corona. PNoC architectures with more MRs
per waveguide (e.g., Corona) have higher VBTI aging degradation
compared to PNoC architectures with less MRs per waveguide
(e.g., Clos). Thus, to reduce aging effects in a PNoC, designers
should reduce the number of MRs per waveguide and increase the
number of these waveguides to maintain high bandwidth.

8. CONCLUSIONS
This paper analyzed VBTI aging in MRs used in photonic
interconnects, and the dependence of this aging on voltage bias and
temperature. We presented an analytical model for trap generation
on the MR core-cladding boundary with VBTI aging in MRs. We
also consider the impact of process variations on aging. Our
device-level results indicate that MR aging causes significant
degradation in MR Q-factor and incurs notable resonance

wavelength red shift. We extended our MR aging analysis to the
system-level for the Corona and Clos PNoCs. The system-level
analysis on these PNoCs clearly shows the damaging effects of MR
aging, with worst signal loss increase by up to 7.6dB and EDP
increase by up to 26.8%.
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