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ABSTRACT

This paper presents an efficient device-level design method to
enhance the performance and reliability (DeEPeR) in optical inter-
connection networks (OINs) under fabrication process variations
(PV). Considering different range of variations, DeEPeR explores
the design space of fundamental optical components in OINs (e.g.,
microresonators (MRs)) to improve the overall system performance
and reliability. Our study also includes the design and fabrication
of several MRs to experimentally validate our proposed method.
Moreover, as a system-level case study, we apply DeEPeR to a
general passive OIN under PV. Results indicate that DeEPeR consid-
erably improves the optical signal-to-noise ratio (OSNR) in optical
interconnection networks.
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1 INTRODUCTION

Multiprocessor systems-on-chip (MPSoCs) are continuously scaling
to support new applications demands, such as higher computation
and communication bandwidth required for emerging big data ap-
plications. The inter- and intra-chip communication in MPSoCs
need to keep pace with such rapidly growing requirements. Com-
pared with conventional metallic interconnects, optical intercon-
nection networks (OINs) can outperform MPSoCs through realizing
an ultra-high bandwidth and low-latency communication with a
low power consumption [1]. The bandwidth performance in OINs
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can be further improved through employing wavelength-division
multiplexing (WDM), which allows simultaneous transmission of
multiple optical wavelengths in a single waveguide.

Several WDM-based OINs have been proposed for MPSoCs [15],
in which hundreds and thousands of microresonators (MRs) are
integrated. These fundamental components, however, are consid-
erably sensitive to fabrication process variations (PV) [6]. Particu-
larly, while different MRs need to be precisely matched in terms of
their central wavelengths (e.g., the resonant wavelength in MRs) to
achieve a reliable communication in OINs, PV deviate MRs resonant
wavelengths, resulting in performance and reliability degradation
in OINs. Silicon-on-insulator (SOI) thickness and waveguide width
variations, considered in this work, are the major concerns in sili-
con photonics fabrication [3, 6]. PV stem from optical lithography
imperfection and are inevitable in OINs, necessitating developing
efficient design methods to compensate for such variations.

Fabrication process variations have been studied in OINs at both
device-level [3, 6] and system-level [9, 13, 14]. Several methods have
been proposed to compensate for PV, and specifically to restore
the resonant wavelength of MRs. The first type of solutions is to
use high-energy particles, such as UV light, to adjust the refractive
index of waveguides, and hence the resonant wavelength of MRs
[8]. However, this technique is not applicable to systems consisting
of alarge number of MRs due to its complexity, and it degrades the
quality factor (i.e., Q) of MRs. The second type of solutions (a.k.a.
trimming) is to use thermal tuning to increase the wavelength
(i.e., red shift), and current injection to decrease the wavelength
(ie., blue shift). Thermal tuning, however, is power hungry, while
current injection has a limited correction range and imposes an
extra power loss. Nevertheless, trimming is required to compensate
for thermal variations and when using active devices and OINs.

Some efforts have been also made to develop different system-
level design methods to compensate for PV in OINs. A reliability
design flow to outperform OINs under process and thermal varia-
tions was proposed in [12], which is based on using thermal tuning
and MR channel remapping. In [5], a framework was proposed to
alleviate the impact of crosstalk noise in physically trimmed OINs
under PV, improving the performance in such networks, but at a
cost of a high power overhead (i.e., 50% on average).

The novel contribution of this paper is in developing an effi-
cient device-level design method to enhance the performance and
reliability (DeEPeR) in OINs under fabrication pr?cess variations.
Considering different range of variations, DeEPeR explores the de-
sign space of MRs to study how employing different design parame-
ters in such components impacts the performance and reliability at
the device- and system-level. We consider strip waveguides, which
are used for routing in OINs and passive devices (e.g., MRs, filters)
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Figure 1: (a) and (b): Cross sections of a strip and a ridge
waveguide; (¢) and (d): an overview of a passive and an ac-
tive MR; and (e): a P-N junction.

and networks, as well as ridge waveguides, which are employed in
active devices (e.g., MR modulators) and OINS.

At the device-level, considering waveguides with various design
parameters, DeEPeR comprehensively studies the impact of differ-
ent variations on the resonant wavelength of passive and active
MRs. Also, our study includes the design and fabrication of several
MRs using DeEPeR to experimentally validate the proposed method,
as well as demonstrating the efficiency of DeEPeR when it is em-
ployed in a device fabrication. Indicating the impact of DeEPeR at
the system-level, we apply our method to a case study of a general
passive WDM-based OIN, which can be applied to any specific
passive OIN, under random PV. Results indicate that DeEPeR con-
siderably improves the optical signal-to-noise ratio (OSNR) in the
system (almost 6 dB improvement in the OSNR on average). The
OSNR denotes the received optical signal quality and it impacts the
bit error rate (BER) in a system, hence determining the performance
and reliability. This paper does not consider thermal variations.

The rest of the paper is organized as follows. In Section 2, we
present the fundamental concepts and the theory of strip and ridge
waveguides as well as MR-based devices. Section 3 presents our
proposed method, DeEPeR, and includes our fabrication details and
results. The case study of the general passive OIN architecture and
its results are presented in Section 4. Finally, we draw conclusions
in Section 5.

2 OPTICAL WAVEGUIDES AND MRs

This section reviews some fundamental concepts in waveguides and
MRs. In general, optical devices can be classified as passive or active
(see Fig. 1). Strip waveguides are used in passive devices and OINs
(Le., optical signal transmits passively), while ridge waveguides are
widely employed in electro-optic devices (i.e., active devices) as
they allow for electrical connections to be made to the waveguides
(see Figs. 1(d) and 1(e)). This paper considers the variations in the
SOI thickness and waveguide width, and doping variations related
to active devices are not considered.

2.1 Strip and Ridge Waveguides

Figs. 1(a) and 1(b) indicate cross sections of a strip and a ridge
waveguide, respectively. As can be seen, the waveguide core, with
a refractive index of n.,, is buried in a cladding oxide layer at the
top, with a refractive index of n.;, and a substrate oxide layer at

3.1
29
27}
25f
23}
21}
19f
17}
15

Effective index

1.3 S N E
200 300 400 500 600 700 800 900 1000
Waveguide width (nm)

Figure 2: Effective indices of different waveguide modes in
a strip waveguide for a SOI thickness of 220 nm (¢ = 220 nm
and A = 1550 nm).

the bottom, whose refractive index is n;. Note that n., > ng s,
and hence the optical signal is confined in the waveguide core. In
this work, we consider symmetric waveguides in which n.; = n;.
Also, the waveguide core is from silicon (Si) while the cladding and
substrate are from silicon dioxide (SiO2). According to Fig. 1(a), the
strip waveguide has a width of w and a thickness of ¢. Similarly, the
ridge waveguide, indicated in Fig. 1(b), has a slab with a thickness
of tyy, as well as a ridge with a width of w and a thickness of ¢,
on the top (ie., t = tg + t, and t, > ty;). Note that the etching
depth and the SOI thickness determine ¢, (and hence t¢) and ¢,
respectively.

One of the major parameters that determines different charac-
teristics of optical waveguides is the effective index. The effective
index quantifies the overall phase delay per unit length in a waveg-
uide, relative to the phase delay in vacuum [7]. It highly depends
on the optical wavelength and the dimensions of the waveguide.
Given the original dimensions of an optical waveguide (w and ¢ in
Fig. 1), the effective index can be calculated as:
,B(A,zw, t)/l’ W

s
in which A is the optical wavelength. Also, f is the propagation con-
stant of the optical mode, which we define shortly, in the waveguide
that determines how the amplitude and phase of the light varies
along the propagation direction. Numerical solutions of f in strip
and ridge waveguides can be obtained using various numerical
methods.

The effective index in waveguides also depends on the waveg-
uide mode in which the light propagates. A waveguide mode is a
transverse field pattern that propagates along the waveguide with-
out changing amplitude and polarization profiles [7]. For instance,
based on (1) and employing MODE [10], which is a commercial-
grade simulator eigenmode solver and propagator, Fig. 2 indicates
the effective indices of different waveguide modes in a strip waveg-

nepr(dw,t) =

uide when the optical wavelength (1) is 1550 nm, 200 nm < w < 1000 nm,

and t = 220 nm. As can be seen, two types of optical modes exist
in the waveguide, including transverse electric (TE) and traverse
magnetic (TM) modes. When the effective index of a mode is larger
than the refractive index of the cladding/substrate (i.e., SiO; in Fig.
2), then the mode is guided (i.e., it propagates in the waveguide
along its longitudinal direction). Based on Fig. 2, strip waveguides
with w <~ 450 nm and ¢ = 220 nm only supports a single mode (i.e.,
one TE and one TM mode, which are called the fundamental modes).
Also, as the waveguide width increases (i.e., w >~ 450 nm), more



optical modes are being excited in the waveguide (i.e., multi-mode
waveguides). Similar trends can be observed for different optical
modes in ridge waveguides.

2.2 MR-Based Add-Drop Filters and Switches

Strip waveguides can form passive MR-based add-drop filters, as
shown in Fig. 1(c). Similarly, as depicted in Fig. 1(d), active MR-
based switches can be constructed using ridge waveguides. Such
devices can filter/switch an optical signal based on the resonant
wavelength of the MR, A3rr, and the wavelength of the input optical
signal, A: when A = Apqg, the optical signal is dropped from the
input port towards the drop port (i.e., the MR is on resonance),
while it propagates towards the through port when A # Ayg (ie.,
the MR is off resonance). It is worth mentioning that the optical
characteristics of active MRs (e.g., the resonant wavelength) can be
dynamically altered by changing their effective indices through the
thermo-optic or electro-optic effects. For example, Fig. 1(e) indicates
a P-N junction based structure doped on a ridge waveguide that can
be used to apply a reverse biased voltage to change the resonant
wavelength of the MR. We detail some of the common properties
of passive and active MRs in the following.

An MR is on resonance when the wavelength of the input optical
signal (1) matches a whole number of times inside the optical length
of the MR [4]:

nerr(A,w, t,).2xr + 21)
Ay w, ) = 2L , @

m

in which Apsp is the resonant wavelength, m is an integer number
that denotes the order of the resonant mode, r is the MR radius,
and [ is the coupler length (see Fig. 1(c)). Process variations change
the width, and hence the radius, as well as the thickness of MRs,
and consequently, shift the resonant wavelength in such devices.
We assume that the variations on the input waveguide and the
MR are the same. Considering the first order approximation of the
waveguide dispersion [4], the resonant wavelength shift (AApg)
in an MR under PV can be calculated as:

Avatneff./l
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Here, w’ = w+v,, andt’ = t+v;, where v,, and v; are the variations
in the waveguide width and thickness, respectively. Also, Ay n.r¢
denotes the effective index changes due to the waveguide width
and thickness variations.

3 DeEPeR: ENHANCING PERFORMANCE
AND RELIABILITY IN OINs

This section studies the design space of MRs under PV, and presents
different design guidelines required to apply DeEPeR to OINs. Also,
we experimentally validate DeEPeR using fabrication results in this
section.

3.1 DeEPeR: MRs Design Space

DeEPeR studies the impact of the different design parameters in
waveguides (i.e., w and t) on the resonant wavelength shift in MRs.
As SOI wafers have a standard thickness (e.g., t = 220 or 300 nm
[16]), t cannot be freely altered during the design, and t, ; depends

on the available etching depths in the fabrication. Nevertheless,
the waveguide width can be determined during the design process.
Based on (3), the resonant wavelength shift in MRs depends on the
waveguide width (w). Therefore, DeEPeR explores how altering
w impacts the resonant wavelength shift in MRs. Firstly, DeEPeR
studies and distinguishes between the impacts of the waveguide
width and the thickness variations on the resonant wavelength (i.e.,
resonant wavelength shift slopes in (4)). Secondly, considering these
impacts altogether, DeEPeR evaluates the total resonant wavelength
shift in MRs at different waveguide widths (see (5)).

Employing (3), we found out that the resonant wavelength in
MRs changes almost linearly with the variations in the waveguide

width and thickness. As a result, the resonant wavelength shift

slope, when the waveguide width varies for example (i.e., a{’;MR ),
w

can be approximated as:

OAMR | AAMR(A, W + Vap, t) = AApR(A, W = oy, B)

ow 2Vay

@)
Similarly, we can define %’}M’; , which are the resonant wavelength
shift slopes with respect to the variations in the ridge (v, ) and

waveguide thickness (v;). Note that v, is related to the etching
OAMR
Oow, by, t°

the total resonant wavelength shift (A7 137g), due to the variations
in the width as well as ridge and waveguide thickness altogether,
is defined as:

AT AMRp/a(w'st') = ©)
OAMR N OAMR N OAMR
T\ Tgw plaT Ty e ot

depth variations in the case of active MRs. Considering

Here, the subscripts p and a denote the use of passive and active
MRs, respectively. Moreover, ap, = ((’;—W is the ratio between the stan-
dard deviation associated with the waveguide width (i.e., o.) and

thickness (i.e., o) variations. Also, when using active MRs, we have

g . . —_ . . .
ag = Z—:’ in which T, ¢, is the arithmetic mean between oy,

and oy, . Note that o, ;_ ; can denote within-die, within-wafer, or
wafer-to-wafer variations, and can be quantified through different
fabrications or obtained from the fabrication vendor.

Employing (4) and MODE [10], we quantitatively simulate the
resonant wavelength shift slopes for passive and active MRs in Figs.
3(a) and 3(b), respectively. Results are indicated for the fundamental
TE mode (see Fig. 2). Also, we consider different waveguide widths
(x-axis in the figures) while ¢t = 220 nm, t;; = 90 nm, and A =
1550 nm. As can be seen, the impacts of waveguide width and
thickness variations on the resonant wavelength shift in MRs are
different. For example, passive MRs with w >~ 360 nm (see Fig.
3(a)) are more tolerant against width variations compared with
thickness variations. The fundamental mode confines better in the
waveguide core as the waveguide width increases. As a result, the
variations in the waveguide width have less impact on the TE mode
distribution in wider waveguides, in which the impact of thickness
variations is higher and dominant. Similar trends can be noticed
in the case of active MRs, while such MRs are also sensitive to the
variations in the ridge thickness (see a{’;x’? in Fig. 3(b)).

Using (5), Fig. 3(c) indicates the total resonant wavelength shift
(AT 1) in passive and active MRs. Note that the z-axis denotes
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Figure 3: (a) and (b): Resonant wavelength shift (A1) slopes; and (c): the total resonant wavelength shift (AT 1,,z) in passive

and active MRs for different waveguide widths (¢t = 220 nm, ¢

at ’IMR . As can be seen, AT AMRp/q highly depends on the MR
Wavegulde width as well as @/, Given an « ol the total reso-
nant wavelength shift decreases with an increase in the waveguide
width due to the better confinement of the fundamental mode. For
example, Figs. 3(a) and 3(b) depict the total resonant wavelength
shift (green lines) in, respectively, passive (AT A MRp) and active
(ATAMRQ) MRs when ¢,, = 7 nm, o, = 5 nm, and 0y = 1 nm
[16], and hence @, = 7 and @, = 6. As can be seen, ATAMRp/a
drops as the waveguide width increases, and this reduction is sig-
nificant when 200 nm < w < 450 nm and it further improves for
w > 450 nm (the waveguide transits from single-mode to multi-
mode when w >~ 450 nm). Given a waveguide width in Fig. 3(c),
ATAMRp/a rises with an increase in a;/,. When a;/, increases,
more variations are introduced to the MRs, resulting in a higher to-
tal resonant wavelength shift. A wider waveguide can be employed
to compensate for such higher variations.

3.2 DeEPeR: Design Guidelines

This section summarizes different steps required to apply DeEPeR
to OINs. Based on Fig. 3, the impact of waveguide width varia-
tions is negligible when the waveguides are wide enough. More-
over, thickness variations, which become steady as w increases
(see Figs. 3(a) and 3(b)), are the dominant contributor to the reso-
nant wavelength shift. Also, the total resonant wavelength shift is
higher for w <~ 450 nm and its improvement is negligible when
w >~ 800 nm (i.e., increasing the waveguide width barely affects
the resonant wavelength shift). Therefore, depending on the ex-
pected range of variations (&, in Fig. 3(c)), designers can employ

DeEPeR to optimize MRs design, minimizing AT Apg based on
450 nm < w < 800 nm (when ¢t = 220 nm), and ¥ > x’, where x’
is a minimum coupling required in the MR under design (step 1).
Note that the cross-over coupling (k) can be improved considering
different gaps and coupler lengths in the MR (g and [ in Fig. 1).
Waveguides with w >~ 450 nm support multiple optical modes
(see Fig. 2). While multi-mode waveguides could be used for mode-
division multiplexing (MDM) in OINs, WDM-based OINs are very
often designed for a single mode operation. Avoiding the excitation
of higher order modes when using DeEPeR, we propose employ-
ing waveguide tapers (see Fig. 5) when applying DeEPeR to OINs
(step 2). Using a waveguide taper to connect two waveguides with
different widths of wi and wy, where wy > wq, the taper length,

51 = 90 nm, and A = 1550 nm).

Ly, should be long enough to avoid sudden changes in the waveg-
uide width, and hence avoid exciting higher-order modes in the
wider waveguide. We numerically simulated waveguides of differ-
ent widths in MODE [10], and found out that considering L;(in
pm)= | §3=2L | X 10 pm can safely avoid exciting higher-order
modes when connecting waveguides of different widths. More-
over, waveglide tapers are required when entering and exiting
waveguide bendings (higher-order modes can be excited in wide
waveguides as they bend). Also, MR structures can be engineered
to mitigate the impact of higher-order modes [11]. Finally, when
using DeEPeR, designers need to leave enough space for routing as
well as for electrical contacts (for active MRs).

3.3 DeEPeR: Fabrication and Validation

We designed two passive MR-based add-drop filters to experimen-
tally validate DeEPeR and demonstrate its efficiency. Ten identical
copies of the designed layout, shown in Fig. 4(a), were placed on a
1.2x0.8 mm? chip fabricated by the Electron Beam (EBeam) Lithog-
raphy facility at Applied NanoTools Incorporation. Each device
is connected to three grating couplers designed for 1550 nm TE
operation. Conventional 500 nmx220 nm strip waveguides are used
for routing. According to step 1, we assess the impact of DeEPeR
on AT Asg at the proposed w range lower and upper bounds. As a
result, in MR1 (without DeEPeR) indicated in Fig. 4(a), we consider
220 nm thick SOI strip waveguides with a 400 nm width connected
to a TE polarization MR with a 6.1 ym radius, and a coupler length
and gap (I and g in Fig. 1(c)) of 2 ym and 200 nm, respectively.
Considering MR2 (with DeEPeR) in Fig. 4(a), the waveguide width
increases to 800 nm, and the coupler length and the gap in the
MR change to, respectively, 6 ym and 100 nm, in order to improve
the coupling between the input waveguide and the MR. Both MRs
have a free-spectral range (FSR), which is the spacing between two
consecutive resonances, of 12 nm, and are designed to resonate at
1550 nm. The MRs are placed as close as possible on the chip (i.e.,
3 pm, the minimum distance allowed in the fabrication) to make
sure they experience similar variations. Several waveguide tapers
are considered in the layout to avoid exciting higher-order modes
as well as terminating optical waveguides.

We carefully tested all the MRs (ten identical copies per each
MR) and the measured through and drop port responses around
1550 nm are indicated in Fig. 4(b) for MR1 and MR2. The resonant
peaks (ten per each MR) are specified as circles in Fig. 4(b). During
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Figure 4: (a) Layout of the fabricated MRs; and (b): measured
through and drop port responses of the fabricated MRs with-
out and with using DeEPeR.

the test, the chip was located on a thermal heater to eliminate
thermal variations. As can be seen, the resonant peaks are much
closer to the designed resonance (i.e., 1550 nm) in case of using
DeEPeR. On average, the total resonant wavelength shift without
using DeEPeR (MR1) is 2.6 nm, and it reduces to 1.6 nm when
DeEPeR is applied (MR2). In the best-case, the shift is only 1 nm
when DeEPeR is employed, while it is as worse as 3 nm without
using DeEPeR, indicating the advantage of using DeEPeR. Note that
the measured drop port response in MR2 is slightly noisier due to
a weaker coupling between the input waveguide and MR2, which
can be further improved by using a longer (smaller) coupler (gap)
in MR2. Nevertheless, a good Lorentzian response is captured. The
data from the fabrication vendor indicates that the within-wafer
ot and oy are 10 nm and 5 nm, respectively (i.e., ap = 0.5 < 1).
Based on Fig. 3(c), when o, < 1, AT Apr p slightly improves when
w increases from 400 nm (in MR1) to 800 nm (in MR2). It is worth
mentioning that the fabrication cost is related to the chip exposure
area in mm?, and hence employing DeEPeR to partially increase
the waveguides widths (i.e., a few hundred nms) has a negligible
impact on the fabrication cost.

4 CASE STUDY AND RESULTS

This section explores the impact of DeEPeR on OINs at the system-
level. We consider a case study of a general passive WDM-based
OIN in MPSoCs, shown in Fig. 5, supporting n different wavelengths,
and hence n processing cores. The case study represents an inter-
connect with several wavelength-selective optical switches (nxm in
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Figure 5: An overview of the general passive WDM-based
OIN supporting n optical wavelengths and employing
DeEPeR.

our model) and photodetectors (PDs, n PDs in our model) between
two arbitrary processing cores in any passive WDM-based OIN.
For simplicity, we explore the impact of PV on passive devices, and
similar studies can be performed for the case of active devices. In
Fig. 5, the source processing core P, is communicating with the
destination processing core Py, through the optical wavelength A;.
The electrical-optical (E-O) interface is responsible for modulating
the optical signal. When the optical signal on the wavelength A;
matches the resonant wavelength of MR; (i.e., ; = App; in Fig. 5),
it couples to that MR and proceeds to the next switching stage (m
switching stages in total), while it passes the MRs whose resonant
wavelengths are different. Ultimately, it is detected at the PDs lo-
cated at the end of the communication line in the optical-electrical
(O-E) interface.

When optical signals are passing MRs, they suffer from some
power loss and some crosstalk noise can be accumulated on the
desired optical signal as well [2]. Also, PV shift the resonant wave-
lengths of the MRs, resulting in extra power loss and, most impor-
tantly, extra crosstalk noise. MRs with shifted resonant wavelengths
drop fractions of the desired optical signal power, all of which can
be accumulated at the PDs as crosstalk. In this paper, we consider
the first-order in-band coherent crosstalk that cannot be filtered.
Considering the desired optical signal power and the interfering
crosstalk noise power received at the PDs (before detection), the
OSNR associated with the optical wavelength A; can be defined as
(in dB):

Sp(Ai, W', t")

OSNR(A;,w’,t") = 101 —_—
( W ) 0810 NP(/li,W/,t/)

(6)
where Sp and N, are, respectively, the desired optical signal power
and the crosstalk noise power received at the PD;. We study the
impact of DeEPeR on the OSNR as it determines the received op-
tical signal quality and also the BER in a system, and hence the
performance and reliability.

We consider n = m = 4 (see Fig. 5) with passive MRs of radii 5
pm and couplers with a length of 2 ym, and hence an FSR of 15 nm.
Each MR’s radius is slightly different to cover the whole wavelength
range. Furthermore, A = 1550 nm and g = 200 nm (see Fig. 1(c)).
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A channel spacing of 4 nm is assumed: A; = Appgy; = 1550 nm
and A4 = Apgr4 = 1562 nm. The laser output optical power in the
E-O interface is 0 dBm, and the chip size is 1 cm? (for propagation
loss analysis). Also, an average propagation loss of 2 dB/cm is
considered when using narrow and wide waveguides. Considering
ow = 7nm and o; = 1 nm [16] (see Section 3.1), and based on a
normal distribution, we randomly generate 100 PV maps, each of
which has 20 points (n = 4 x m = 4 and four MRs connected to the
PDs), and apply them to the OIN in Fig. 5. DeEPeR is implemented in
our in-house simulator, which is also used to calculate the resonant
wavelength shift in the MRs and also Sp and Ny (see(6)) received
at each PD (before detection).

Fig. 6 depicts the OSNR (box-plots) at each photodetector (x-axis)
in the OIN without and with employing DeEPeR when ¢ = 220 nm.
Similar to the fabrication, we consider w = 400 nm and w = 800 nm
in Figs. 6(a) and 6(b), respectively. As can be seen, the OSNR at each
PD increases when using DeEPeR: the average OSNR over all the
PDs equals 5.8 dB without using DeEPeR, and it increases to 11.7 dB
when DeEPeR is applied (i.e., almost 6 dB improvement). When us-
ing DeEPeR, the resonant wavelength shifts in the MRs at different
stages are smaller, resulting in a lower crosstalk being accumulated
on the desired optical signal, and hence a higher OSNR (see (6)).
Considering Figs. 6(a) and 6(b), the average crosstalk power (Np) is
reduced by 9.8 dB when using DeEPeR. Also, when using DeEPeR,
the average optical signal power (Sp) calculated at different PDs
decreases, indicating some power penalty in the system (i.e., 3.9 dB

average power loss when using DeEPeR). This power loss is due to
a reduction in the dropped power in the MRs when using DeEPeR,
which can be mitigated through further optimizing the MRs design
(e.g., employing a longer (smaller) coupler (gap)). Note that the
average power loss without considering PDy in Fig. 6 is only 1.5 dB.
The results in this section indicate that employing DeEPeR consider-
ably improves the OSNR in OINs, and hence their performance and
reliability under PV. Also, DeEPeR helps reduce the tuning power
required for correcting faulty MRs as their resonant wavelengths
are closer to the designed resonances when DeEPeR is employed

(see Fig. 4(b)).

5 CONCLUSION

We present DeEPeR, an efficient device-level design method that
explores the design space of MRs to improve the performance and
reliability in optical interconnects. The analytical models as well
as the design guidelines required to apply DeEPeR to OINs are
proposed. DeEPeR is experimentally evaluated through fabricating
several MRs, in which the resonant wavelength shifts are reduced
when using DeEPeR. As a system-level case study, we apply DeEPeR
to a general passive WDM-based OIN, and we indicate that it consid-
erably improves the OSNR in the system (almost 6 dB on average).
Results of this work help system designers better understand the
impact of MRs design space on realizing high-performance and
reliable OINs for MPSoCs.
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