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Abstract: Optical transmitters typically require electrical pre-amplification using driver
amplifiers to optimize the optical modulation depth. To enhance the detection sensitivity and
optimize the overall link budget, equalization is required to compensate for undesired signal
distortion induced by the transmitter. In this paper, we propose and demonstrate a novel
optical equalization scheme using a silicon photonic micro-ring resonator (MRR)-based
switching circuit for mitigating driver-amplifier-induced pulsewidth distortion. The switching
circuit simultaneously functions as a spatial optical switch as well as a two-stage optical
bandpass filter for optical equalization. The experimental results indicate a 4.5-dB detection
sensitivity enhancement at a data rate of 12.5 Gbits/s. The proposed approach is robust to
different levels of pulsewidth distortion without additional signal processing, and has
possibilities to support higher data rates by adjusting the MRR parameters.
© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction
With the growing diversity of communication intensive big data applications, including
cloud-based services and high-performance data analytics, current datacenter architectures are
increasingly challenged by these workloads. Disaggregated network architectures with
photonic switched interconnects, sharing computing and/or memory resources among servers
via a photonic switched interconnect, have been proposed as a solution to this challenge [1–
4]. Silicon photonic (SiP) switches are emerging as prime candidates for optical switching in
data center interconnection networks since SiP switch fabrics combine the advantages of
supporting high bandwidth density and low-latency switching, while occupying a small
footprint and operating with low power consumption [1,5,6].
To efficiently transmit data in datacenters, Non-return-to-zero (NRZ) signaling for
intensity modulation and direct detection (IMDD) systems is currently preferred due to the
primary metrics of cost and power consumption [7,8].Optical transmitters in such IMDD
systems typically employ electrical pre-amplification using driver amplifiers to optimize
optical modulation depth through optical intensity modulation [9–12]. Due to the nonlinearity
that arises from offset voltages in driver amplifiers, pulsewidth distortion induced by driver
amplifiers leads to unequal periods of logic one-level and zero-level and consequently
reduces the overall link detection sensitivity [13]. As reported in [14], the offset voltages can
be compensated using electronic circuits, which adds power consumption and complexity to
the system. In this paper, we demonstrate a technique that can be utilized to equalize this
transmitted pulsewidth distortion in photonic circuits containing SiP micro-ring resonator
(MRR)-based switching fabrics. This approach is not only robust to different levels of
pulsewidth distortion without additional signal processing or computing, but also potentially
capable of supporting higher data rates by adjusting MRR parameters. Moreover, since the
device primarily serves the function of optical switching, our approach efficiently eliminates
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the need for the additionaal optical equaalization mitiggating the trannsmitter impaiirment in
grated circuits containing MR
RR-based switcches.
photonic integ
2. Operation
n principle
The operation
n principle is depicted in Fig. 1. Electriccal data E (t ) geenerated from a pattern
generator is given by
E ( t ) = A( t ) e

i ∠P ( t )

(1)

working in its nnonlinear regionn through
The electricall data is distorted by the driveer amplifiers w
gain saturatio
on. The saturaated driver am
mplifier thereffore generates undesirable hharmonic
distortion com
mponents for th
he electrical data.
d
The distorrted electrical data D(t) thuss includes
amplitude disstortion g(|A(t))|)and phase diistortion f(|A(t)
t)|). The distorrted electrical data D(t)
can be given by
b
D (t ) = g ( A(t ) )e

i ( ∠P ( t ) + f ( A ( t ) ))

(2)

m
then
n superimposess the distorted electrical data onto the opticcal carrier
An external modulator
generated from
m the tunable laser diode, fo
orming the inpuut optical signnals, as shown in Fig. 1.
The input optical signals Sin(t) can be desccribed by
S in (t ) = (1
1 + D (t ))( m cos(2π f c t ))

(3)

where mis am
mplitude-modu
ulation index, and fc is optiical carrier freequency. One sees, the
nonlinear disttortion compon
nents appear around
a
the nulll points on booth sides of thhe optical
carrier. The proposed swittching circuit functions as a symmetric optical filter, thereby
he signal distorrtion [15]. Thiss can be describ
ibed by
suppressing th

Fig. 1.
1 Operation princciple.(a) eye-diagrram of electrical data; (b) eye-diaagram of distortedd
electriical data; (c) inputt optical signals; (d) frequency respoonse of the MRR--Based Switch; (e))
output optical signals; (f)
( eye-diagram off output optical siggnals; AMP, driveer amplifier; TLD,
tunablle laser diode; EM
M external modulator; PD photodiodee; OSC, oscilloscoope.
F

F( f ) ≈

(4)

0

1+ (

2
Δf3 dB

( f − f ress ))

2
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where F0is th
he optical atten
nuation of MRR
R, Δf3dBis the 3 dB optical bbandwidth, andd fresis the
MRR resonan
nce frequency. To understan
nd how the disttortion compennsation occurss we note
the following
g: From Eq. (3) and a corresp
ponding Fouriier transform Sin ( f ) ,the outpuut optical

signals S out ( f ) can be descriibed by
Sout ( f ) ≈ Sin ( f ) F ( f ) e

( − i β ′′

(2π ( f − fc ))2 L
)
2

(5)

w
disp
persion param
meter, and L iis the waveguuide length. W
When the
where β”is waveguide
switching circcuit performin
ng a symmetricc optical filterr is at fres = fc, and Δf3dBmaatches the
passband of th
he input opticaal signals, the distortion
d
compponents can bee effectively suuppressed,
resulting in a clearer eyee-diagram afteer photodetecction. Note thhat the excess optical
attenuation off MRR can deccrease the quallity of the eye--diagram after photodetectionn through
reducing the link power bu
udget. An optiical power amp
mplifier is requuired to compeensate the
optical powerr attenuation.

Fig. 2.
2 (a) Schematic off the 4 × 4 MRR-b
based switch-and-sselect switching fa
fabric. (b) Photo off
the paackaged switching circuit. (c) Transm
mission loss in terrms of MRR DC-B
Bias. Note that thee
upper x-axis and the lower
l
x-axis are offset to 1.12 Voolt and 0.86 Vollt, respectively.(d))
Norm
malized transmissio
on spectra of a sett of representativee paths. Note that the edge couplingg
loss of the switching cirrcuit is 11 dB [16].

3. Switch de
evice and co
ontrol
A layout of the
t SiP MRR-b
based 4 × 4 sw
witch-and-seleect switching ccircuit is show
wn in Fig.
2(a). The swiitching circuit is composed of
o two (input aand output) sw
witching units cconnected
by a passive shuffle networrk [16]. The sw
witching units are designed using 32 micrro-heaterRR elements forming
fo
four 1 × 4 spatial m
multiplexers andd four 4 × 1 sppatial deintegrated MR
multiplexers in a bus struccture. The swiitching circuit was taped ouut using standdard PDK
ough the AIM
M Photonics mu
ulti-project waafer (MPW) rrun and has a compact
elements thro
footprint of 1.5 × 2.4 mm
m2 with 32 control electro des and 2 coommon groundds. More
n [16]. A micro
oscope photo off the fabricatedd chip and the ppackaged
information can be found in
n Fig. 2(b).
switching circcuit is shown in
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To implem
ment a switch-and-select top
pology in the switching circcuit, the selectted MRR
elements in th
he input and output
o
unit sho
ould be kept onn the resonancce state [17]. H
However,
since the optiical behavior of
o the MRR is sensitive to thhermal effects, temperature cconditions
of the MRR elements
e
are co
ontrolled using integrated miccro-heaters witth DC-bias conntrol [18–
20]. For exam
mple, input optical signals at 194.8 THz cann pass throughh the optical paath 4-4 of
the switching
g circuit when the MRR_I16 and the MRR__O16 are DC-bbiased at 0.86 Volt and
1.12 Volt, resspectively, lead
ding to a 2-dB
B on-chip loss,, as shown in F
Fig. 2(c). Notee that the
switching circcuit is designeed to operate critical
c
couplinng. When the DC-bias valuues of the
MRR elemen
nts are tuned out
o of the optim
mal condition, the on-chip loss gradually increases
due to the shiifted resonancee frequencies of
o the MRR ellements [18–220]. Additionallly, in the
switch-and-seelect topology, the 1st order crosstalk leakkage due to thee off-resonancce state is
effectively caanceled through
h the second add-drop
a
filterring when a chhannel spacingg between
the on and offf-resonance sttate is 12 nm, which correspponds to half oof free spectrall range of
the MRR elem
ments [16]. Th
he switching circuit
c
accordinngly performss as a two-stagge optical
filter and exhibits crosstalk suppression off over 50 dB w
with an on-off extinction ratiio of over
25 dB from each
e
of the MRR
M
elements [16]. A 3-dB passband of aapproximately 24 GHz,
which is consistently measu
ured on all the optical
o
paths, w
with a filtering roll-off slope of 60

Fig. 3.
3 Schematic of th
he experimental ap
pparatus. AMP, ddriver amplifier; T
TLD, tunable laserr
diode; EM, external modulator;
m
PC, pollarization controlleer; PA, power adj
djuster; OF opticall
filter; FC, fiber couplerr, PD, photodiode; OSC, oscilloscoppe; OSA, optical sspectrum analyzer;;
T, bit-error-rate tesster.
BERT

dB/nm is show
wn in Fig. 2(d)).
4. Experime
ental setup
The schematiic of the experrimental apparaatus based on the SiP MRR
R-based 4 × 4 sswitching
circuit is pressented in Fig. 3. As will be shown in the following, thee switching cirrcuit also
functions as th
he primary opttical equalizatiion unit. On thee transmitter side (TX), a com
mmercial
tunable laser diode generates input opticaal carriers at 1194.8 THz. Ann on-off keyinng (OOK)
odulator (Optiilab LM-OOK
K-50R-EL) connsists of a drriver amplifierr and an
lightwave mo
external inten
nsity modulatorr. The driver amplifier
a
is useed to amplify electrical NRZ
Z signals,
which are gen
nerated from a pattern generaator in a bit errror rate tester ((Anritsu MP18800), with
a pseudorand
dom binary seq
quence (PRBS
S) of 231-1. Thhe driver ampplifier thus ouutputs the
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electrical NRZ signals with a fixed peak-to-peak voltage (Vpp) of 1.3 Volt. The external
intensity modulator, where the Vπ is 3.5 Volt, operated at its quadrature point superimposes
the electrical NRZ signals onto the intensity of the input optical carriers, forming input NRZencoded optical signals. Since the switching circuit is a polarization dependent device, a
polarization controller is used to TE-polarize the input NRZ-encoded optical signals prior to
the switching circuit for reducing additional insertion loss. To guide the input NRZ-encoded
optical signals to pass through a selected optical path of the switching circuit, a center
frequency of the path band is adjusted to the input optical carrier frequency under a DC-bias
control. On the receiver side (RX), a power adjuster consisting of an optical amplifier and an
optical attenuator is utilized to compensate the optical power loss through the switching
circuit. Note that the maximum noise figure of the optical amplifier is 6 dB. Additional
amplified spontaneous emission noise, which is induced by the optical amplifier, is
suppressed using an optical filter (BVF-200) with a bandwidth of 50 GHz. The output NRZencoded optical signals are displayed on an optical spectrum analyzer (BOSA 400), and a
sampling oscilloscope following a 43-Gbits/s photodiode (Finisar XPR2022A). Finally, biterror ratio (BER) analysis is performed with the error tester in the BERT.
5. Results and analysis
5.1 Driver-amplifier-induced distortion
To realize the proposed optical equalization, we consider the signal distortion induced by a
driver amplifier in the OOK lightwave modulator. We first consider the situation of the driver
amplifier in its linear region. Electrical NRZ signals at a data rate of 12.5 Gbits/s, with a
power spectrum following a (sin2 x)/x2 pattern [21],are amplified using the driver amplifier,
and then drives an external intensity modulator generating the input NRZ-encoded optical
signals, as shown in Fig. 4(a). As can be seen in Fig. 4(b), the modulation signals are
symmetric in intensity and are 35-dB weaker than the input optical carriers. After
photodetection, a clear eye-diagram with an input eye-crossing-percentage (ECP) of 50% is
obtained, as shown in Fig. 4(d). The ECP is calculated as follows [21]:
ECP =

Crossing Level - Zero Level
One Level - Zero Level

× 100%

(6)

We next consider the situation of the driver amplifier in its nonlinear region. Since the driver
amplifier distorts the electrical NRZ signals through offset voltages in the driver amplifier
[13], the resulting input NRZ-encoded optical signals exhibit nonlinear distortion components
around the null points at ± 12.5 GHz. As shown in Fig. 4(e), the eye-diagram exhibits an
extension of the one-level periods and a reduction of the zero-level periods, resulting in an
input ECP of 73%.
5.2 Optical equalization using a MRR-based switch
By taking advantage of the symmetric optical filtering nature of MRR elements, the proposed
switching circuit is used to function as an optical equalization unit. The optical path 4-4 of the
switching circuit is described here as an example. First, to guide the input NRZ-encoded
optical signals, as shown in Fig. 4(b), passing through the optical path 4-4 of the switching
circuit, the MRR_I16 and the MRR_O16 are DC-biased at 0.86 Volt and 1.12 Volt,
respectively. An optical spectrum of the output NRZ-encoded optical signals at the fourth
drop port (O4) of the switch is shown in Fig. 4(c). As can be seen, since the switching circuit
performs a two-stage optical bandpass filter, the nonlinear distortion components are
effectively suppressed by at least 5 dB while the other optical components between ± 12.5
GHz are preserved. As shown in Fig. 4(f), a clearer eye-diagram with an output ECP of
around 59% is thus observed.
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Fig. 4.
4 Optical spectra of
o input NRZ-enco
oded optical signalls with 50% ECP (a), 73% ECP (b),
and output NRZ-encod
ded optical signalss (c), respectively.. The x-axes are ooffset to the inputt
opticaal carrier frequency
y. When measurin
ng the optical specctra, a resolution oof 10 MHz is used.
(d), (ee), (f) Eye-diagram
ms for (a), (b), and (c), respectively.

Fig. 5.
5 BER in terms of received optical power. Red cirrcles and red squuares, input NRZ-encod
ded optical signals with 73% ECP
P and 50%, respeectively; blue circcles, output NRZ-encod
ded optical signals with 59% ECP.
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Fig. 6.
6 (a) Output ECP
P in terms of inpu
ut ECP. (b) Receivved optical powerr in photodiode inn
terms of input ECP. Thee red circles and blue
b circles are inpput NRZ-encoded ooptical signals andd
output NRZ-encoded op
ptical signals, respectively.

Figure 5 presents
p
a BER
R analysis of th
he signal qualiity. First, the ddriver-amplifierr-induced
distortion leads to a consid
derable 5.5-dB
B power penaltty (red squares and red circcles). The
signal distortiion is suppresssed due to the optical equalizzation. As a reesult, a BER beetter than
10−9 is achiev
ved with a poweer penalty of ap
pproximately −
−4.5 dB (red ciircles and bluee circles).
To study the
t quality of th
he proposed op
ptical equalizattion’s robustneess to differentt levels of
distortion, thee driver ampliifier is operateed with a rangge of input EC
CP from 50%
% to 73%.
Under such variation,
v
the output
o
NRZ-encoded optical signals show E
ECPs of approoximately
50%, as show
wn in Fig. 6(a)).Accordingly, as shown in Fig. 6(b), deteecting the outpput NRZencoded opticcal signals exh
hibits stable reeceived opticall power in thee photodiode aat BER =
10−9.The sam
me investigation
n for the inpu
ut NRZ-encodeed optical signnals without thhe optical
equalization is
i also studied. As shown in Fig. 6(b), the rreceived opticaal power at BE
ER = 10−9
increases with
h the increasin
ng input ECP. This
T result agrrees with the fa
fact that the EC
CP higher
than 50% leaads to poorer detection
d
sensiitivity when thhe optical equaalization is noot applied
[13,22].
o the proposedd approach, poower penalty aat BER =
To furtherr evaluate the performance of
−9
10 regarding
g data rate of input
i
NRZ-enccoded optical ssignals is studied. As shown in Fig. 7,
power penalty
y reaches its minimum
m
value at around 12.55 Gbits/s, and iincreases monootonically
when the dataa rate deviates from 12.5 Gbiits/s. Such a deependence resuults from the ffact of the
3-dBpassing bandwidth
b
of the
t proposed switching
s
circuuit, as presenteed in Fig. 2(d)). For the
data rate loweer than 12.5 Gbits/s,
G
BER behavior of thee output NRZ-eencoded opticaal signals
are close to that
t
of the inp
put signals, leaading to the ppower penalty of near 0 dB
B, since a
bandwidth off the input NRZ-encoded
N
optical signalls is lower thhan the 3-dB
B passing
bandwidth of the switching circuit. For datta rates higher than 12.5 Gbitts/s, since the llimited 3he switching circuit
c
leads too intersymbol iinterference, thhe power
dB passing bandwidth of th
penalty accord
dingly increasees with the dataa rate.

Vol. 27, No. 14 | 8 Jul 2019 | OPTICS EXPRESS 19433

Fig. 7. Power pen
nalty in terms of daata rate. Note that the input ECP is kkept at 73%.
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Fig. 8.
8 (a) Mappings of
o the MRR 3-dB passband (a) andd MRR optical poower loss (b) as a
functiion of coupling gap
g size of MRR and ring radius of MRR. Each c ontour line in (a))
indicaates a constant 3-d
dB passband, as marked,
m
in GHz. E
Each contour line in (b) indicates a
constaant optical power loss,
l
as marked, in
n dB.

5.3 Adjusting
g the passban
nd of MRR sw
witch fabrics
To achieve th
he optimal opticcal equalization at different ddata rates, the 33-dB passbandd of MRR
switch circuitt should be adju
usted to match
h the system reqquirement. In tthis section, w
we explore
the design space
s
of indiv
vidual microriing switchingg cells, speciaally their 3dB
B optical
bandwidth, with
w
foundry-v
validated data. A set of keyy foundry relaated parameterrs on the
bending loss of the ring ressonators as a function
fu
of raddius were first collected throuugh AIM
T method th
hat is used to establish the compact modeel is describedd in [15].
MPW runs. The
Detailed band
dwidth contourrs of the add-d
drop microringg unit as a funcction of its geometrical
parameters, i..e. ring radius and ring-bus gap,
g
are plotteed in Fig. 8(a). The contour lines not
only indicate that the 3-dB passband
p
of MRR decreases with a couplinng gap size of M
MRR, but
also exhibit a widely tunablle 3-dB passbaand of over 1500 GHz, which indicates the ffeasibility
of suppoting data rates up to 75 Gbits/s, offering a grreat design fleexibility.In adddition, as
when the 3-dB passband
shown in Fig.. 8(b), the opticcal power loss is from 0.05 ddB to 0.5 dB w
is higher than
n 10 GHz. An optimization
o
of the optical poower loss is allso feasible by selecting
an appropriatee combination of coupling gap
g size and rinng radius. The low power loss can be
further compeensated by usin
ng optical power amplifiers w
while maintainiing the similarr behavior
of BER. In th
his study we reestrict the ring--bus gap to be larger than 1000 nm as the faabrication
becomes diffi
ficult at smalleer gaps. It sho
ould, however,, be noted thaat a structure based on
cascaded MR
RRs can potentiially be used fo
or tuning the 3 -dB passbandss [23], at the exxpense of
increased losss and control co
omplexity.
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6. Conclusions
This study demonstrates driver-amplifier-induced pulsewidth distortion equalization for
photonic switched interconnects using a SiP MRR-based switching circuit. The switching
circuit is shown to function as both a spatial optical switch and an optical equalization unit. A
4.5-dB detection sensitivity enhancement is obtained at a data rate of 12.5 Gbits/s. The
proposed approach is robust to different levels of pulsewidth distortion, and potentially
capable of supporting higher data rates by adjusting MRR parameters. Our approach thus
eliminates additional electronic signal processing and the related power consumption to
overcome this transmitter impairment. As the underlying mechanism relies on optical filtering
suppressing nonlinear distortion components close to the filtering edge of the switching
circuit, it can also apply to MRR-based switches with different architectures, such as Hitless
router [24], Crossbar [25] and Benes [26]. It should be noted that cascading multiple MRRs,
which can form a multi-stage switch, may induce higher optical power loss, bandwidth
narrow-down effect, and group delay effect [27,28]. Moreover, by using one filtering edge for
asymmetric optical filtering, this technique may be applied to compensate the chirp effect,
induced by optical intensity modulation [29,30].
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