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Stable and Reduced-Linewidth Laser Through Active
Cancellation of Reflections Without a
Magneto-Optic Isolator

Hossam Shoman
Haisheng Rong

Abstract—Integrating photonics with CMOS electronics in sil-
icon is essential to enable chip-scale, electronic-photonic systems
that will revolutionize classical and quantum communication and
computing systems. However, the lack of an on-silicon isolator,
capable of blocking unwanted back reflections and ensuring the
stable operation of the laser, precluded many previous demonstra-
tions from providing single-chip solutions. For most optical systems
employing a laser, magneto-optic isolators have been indispensable,
but such isolators are incompatible with silicon. To stabilize on-chip
lasers, reflections-cancellation circuits were proposed as a way to
reduce the reflections going back to the laser. Yet, a stable laser
against time-varying back reflections was never demonstrated.
Here we demonstrate a stable quantum well-distributed feed-
back (QWDFB) laser against slowly time-varying reflections using
a reflections-cancellation circuit (RCC) on a foundry-produced,
silicon-photonic (SiP) chip. The optical spectrum and the relative
intensity noise (RIN) of the laser when the RCC was running is
comparable to when an isolator was used. By accurately locking the
laser in a stable optical feedback regime, the RCC further enhances
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the QWDFB laser performance by reducing its linewidth by a
factor of 100, down to 3 kHz. Both results are enabled using novel
techniques in the design, calibration, tuning, and control of the
proposed SiP RCC. The optical insertion loss of the RCCisless than
1.5 dB for reflections smaller than —20 dB and can yield isolation
ranges of up to 64 dB. Our device paves the way towards the mass
production of fully integrated, low-cost electronic-photonic silicon
chips without attaching magneto-optic isolators between the laser
and the SiP chip.

Index Terms—Semiconductor lasers, laser stabilization, optical
feedback, photonic integrated circuits, narrow-linewidth lasers.

1. INTRODUCTION

NTEGRATING photonics with state-of-the-art nanoelec-
I tronics in silicon is key to enabling new revolutionizing com-
puting and communication technologies [1]-[4], as it leverages
the well-established CMOS foundries used to manufacture the
electronics chips at large-scale with low-cost. Towards this goal,
great efforts have been made to integrate all the fundamental
photonic building blocks on silicon [2], however, many on-chip
solutions have not included the laser on the chip. This is because,
for stable laser operation, a non-reciprocal device, optical iso-
lator, attached to the output of the laser is required to break
the time-reversal symmetry and allow energy to flow out, but
block it from flowing back to the laser. If a tiny fraction of the
optical power exiting the laser is reflected back to the laser,
depending on the amplitude/phase of the reflections, the laser
spectral linewidth can broaden, sidebands can appear in the laser
spectrum increasing the laser RIN, and the laser coherency can
eventually collapse rendering an unstable laser [S]-[7]. Since sil-
icon has a reciprocal lattice, these isolators are most practically
realized using additional materials with asymmetric permittivity
tensors, such as magneto-optic materials [8]-[11]. However,
besides being bulky, and expensive, integrating magneto-optic
materials on silicon requires additional process steps, which
increases the overall complexity and cost of fabrication, and
has yielded devices with high insertion losses.

Other methods of breaking the reciprocity in silicon include
using devices based on non-linear [12]-[19] or spatio-temporal
modulation [20]—[24] effects. Devices that use non-linear effects
require high optical powers and some of the demonstrated so-
lutions are time-reversal symmetric, i.e., they show reciprocal
behaviour when continous wave (CW) light is flowing through
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(a) Conceptual schematic illustrating the RCC. Based on the photocurrents measured by monitoring photodetectors (PDs), a low-speed electronic control

actuates the tunable splitter/combiner and the phase-tunable reflector so as to ensure that the feedback to the laser is equal in magnitude to, but in antiphase with,
the total unwanted reflections. The attenuator is used to block reflections from the device to the laser, a step which is required in the initial stage of the developed
algorithm that simplifies the search for the global minimum from two-dimensions to one-dimension (will be described later in Section IV-C). (b) Free-space
illustration of a laser with a reflection point, a tunable beam splitter/combiner, and a phase-tunable reflector. (c) Schematic of the tunable splitter/combiner, which
is formed using a 2 x2 Mach-Zehnder interferometer (MZI). The power splitting is controlled by changing ¢ using a thermal phase shifter (PS). The location of
the PDs shown are selected to ensure accurate amplitude and antiphase matching between the total unwanted reflections and the feedback signal. These PDs are
used to monitor: the power flowing to the laser (PD1), the power flowing to the phase-tunable reflector (PD2), fluctuating on-chip reflections (PD3), and the power

flowing to the on-chip devices (PD4).

them from both directions simultaneously [13], [19], [25], which
limited previous demonstrations to cases in which light was flow-
ing in only one direction at a time. Spatio-temporal modulators
require high-speed drive circuits, suffer from high optical losses,
and have large footprints, which affect the form factor, power
consumption, and overall cost.

In contrast to using isolators, cancelling reflections from go-
ing back to the laser can yield a stable laser. A stable laser through
reflections cancellation was first proposed and demonstrated us-
ing a free-space optical mirror [26]. Recently, integrated circuits
were proposed [27]-[31], and a stable laser against moderate
parasitic reflections was demonstrated [32] using a tunable
reflector in a SiP chip. However, the aforementioned designs
precluded the demonstrations from realizing an adequate control
loop that would stabilize the laser operation against time-varying
reflections with varying levels of amplitudes and phases [32].
Here, through novelties in the design, calibration, tuning, and
control of the proposed circuit, we report and demonstrate a new
design of an integrated approach toward stabilizing semiconduc-
tor lasers in the presence of back reflections. Instead of using
an optical isolator, we use a low-speed electronically controlled,
SiP RCC to dynamically and actively sense and cancel the light
reflected back to the laser [6], [7]. The concept is similar to how
active noise-cancelling headphones work, but operates at optical
frequencies (~193 THz) instead of acoustic electrical signals
(kHz). Our design enables us to accurately lock the laser in a
stable optical feedback regime and deliberately allow a precise

finite amount of optical feedback to flow back to the laser, thus
resulting in a stable laser and with a reduced spectral linewidth.

The paper is organized as follows, in Section II we describe the
principle of operation of the RCC. In Section III, we simulate the
laser behaviour with the RCC in the presence of back-reflections.
In Section IV, we describe the RCC’s integrated design, and
discuss the effect of each component in the RCC on the RCC’s
power cancellation range and loss. We also propose an effi-
cient algorithm that yields a stable laser with time-changing
reflections. In Section V, we discuss the chip fabrication and
characterization setup. In Section VI, we show the real-time laser
stabilization experimental results with the RCC, and conclude
by discussing and summarizing our results.

II. THE REFLECTIONS-CANCELLATION CIRCUIT

Fig. 1(a) shows the RCC’s principle of operation. To block
the reflections from going back to the laser, a tunable split-
ter/combiner and a phase-tunable reflector are used. The tunable
splitter taps a portion of the output power leaving the laser
and sends it to the phase-tunable reflector. The phase-tunable
reflector reflects the tapped power and sets it in antiphase with
the total ‘unwanted’ reflections generated on-chip. The tunable
combiner then combines the total unwanted reflections, ae’?,
and the feedback reflections, be??*, where @ (b) and ¢, (¢) are
the magnitude and phase of the field at the tunable combiner top
(bottom) input port, respectively. Fig. 1(b) shows a free-space
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model of a laser with the equivalent free-space model of the
RCC, and Fig. 1(c) illustrates the integrated optic tunable split-
ter/combiner, which is formed using a tunable 2x2 MZI with
3-dB couplers. Assuming a 50/50 power coupling ratio for each
of the MZI couplers, the optical field going back to the laser
(Eouy) 1s given by

Eoy = e ($a+H527) (og (A;b>

where A¢p = ¢1 — ¢o, and ¢ and ¢- are the phases of the top
and bottom arms of the MZI, respectively. To minimize FE,y, the
total unwanted reflections’ field going back to the laser should
be equal in magnitude to, but in antiphase with, the feedback
signal’s field going back to the laser, i.e., a cos(%) = Sin(%)
and ¢, = ¢p + 7(2m — 1), m € Z*.To achieve these two con-
ditions, a low-speed electronic loop actuates PS1 of the tunable
splitter/combiner and PS2 of the phase-tunable reflector based
on the photocurrents measured by four PDs.

To precisely monitor the changing reflections’ amplitude and
phase, four on-chip PDs (PD1-4) were used. PD3 monitors the
magnitude of the total unwanted reflections, whereas PD2 mon-
itors the power directed to the phase-tunable reflector. Another
photodetector (PD), PD4, is used alongside PD2 to measure
the MZI’s splitting ratio and ensure the proper scaling of the
amplitudes as will be described by the algorithm in Section IV-C.
Finally, the antiphase condition is ensured by tracking the power
going to the laser using PD1. The attenuator shown in Fig. 1(a) is
used only in the initial stage of the algorithm, i.e., the calibration,
as will be explained in Section IV-C.

(D

III. NUMERICAL SIMULATIONS USING THE LANG-KOBAYASHI
LASER MODEL

To simulate the RCC’s effect on the laser temporal response
in the presence of back reflections, we refer to Fig. 1(b), which
consists of a laser, a reflection point, a beam splitter/combiner,
and a reflector. Due to a coherent optical feedback (reflection
point), an optical feedback term, F'(¢), is added to the complex
electric field term, E(t), in the standard laser rate equations [7].
Through further simplifications [33], the equations are in a
similar form as the Lang-Kobayashi’s laser model with optical
feedback [7], [34], where

d 1 —ia 1

G50 =57 (s e - )
+ F(t) + ESP( )7

) =2 = "0 gu(o) [EQPEOP + R0

(2b)

In Eq. (2), a is the linewidth enhancement factor,
g(n,|E(t)|?) represents the modal gain which is a function
of both the carrier number, n(¢), and photon number, S(t) =
|E(t)|? and is expressed in terms of the linear gain, A, (n(t) —
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nO)? as [7]
g(n(t), IE()]*) = An(n(t) = n0)(1 = KeP(t),  (3)

where kg is the gain saturation coefficient, A, is the modal gain
coefficient and can be expressed as A, = vg(Jg/0n) where v,
is the group velocity of light inside the laser cavity and dg/0n
represent the change in gain with carriers, and ny is the carriers
number at transparency (when the gain is zero). 7, is the photon
lifetime in per unit time, / is the laser bias current, ¢ is the
electron charge, and 7, is the carriers lifetime. F,(t) and F; ()
are the Langevin noise forces, which represent the spontaneous
emission and carrier noises, respectively [35], where

R E R
Bolt) = 5005 + T\ 387 e Fi7e)s @)
2
(1) 2|E2| B et i”g T, (4b)
Ze = 21 cos(@(t)) + xosin(P(t)), (4c)
xy = —x18in(¢(t)) + x2 cos(g(t)), (4d)

where R is the the emission rate into the lasing mode, At is the
time step used in numerically solving Eq. (2), z;, x2, and z,
are independent Gaussian random variables with zero mean and
unity standard deviation, (z%) = (23) = (22) = 1, and ¢(t) is
the light’s phase which is given by ¢(t) = ZE(t). Ris expressed
as [7]

ny [(VRL+ VR2)(1 — VRiR)
Tp \/RlRQ ln(l/Rle) ’
where R; and R represent the power reflection coefficient at

each of the laser facets, and n, represents the inversion factor.
The optical feedback term in Eq. (2), F'(t), is expressed as,

R = 5)

11-R
F(t) = g \/R722 (7F0(t) + Fl(t)) ) (63)
Fy(t) = E(t — m0)k2bel“0T0el %, (6b)
Fi(t) = E(t — 11)(1 — k?)ae?oT1ei%a (6¢)

where 7p is the light’s round-trip time to travel between the
laser facets, which is expressed as 7p = 2ngLp /¢, where Ng
is the laser cavity’s group index, Lp is the laser cavity length,
and c is the speed of light in free-space. 7 is light’s round-trip
time to travel between the laser right facet and reflection point,
whichis givenby 7 = 2ng 1 L, /¢, where ng 1 1s the group index
of the medium between the laser and the ‘unwanted’ reflection
point, L; is the distance between the laser and the ‘unwanted’
reflection-point. wy is the laser angular optical frequency which
is expressed as wg = 27 fo = 2me/ Ao, fo is the laser temporal
frequency, and A is the free-space wavelength. 7o = 2ng1Lo/c
is the roundtrip-time between the laser and the phase-tunable
reflector, where L is the distance between the laser and the
phase-tunable reflector. The negative sign added before Fy(t) in
Eq. (6a) accounts for the /2 phase shift due to the beam split-
ter/combiner as light passes through it twice thus undergoing
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TABLE I
LASER PARAMETERS USED IN SOLVING EQ. (2) IN ACCORDANCE WITH REF. [7]

Param.  Description Value
Ao laser emission wavelength 1.55 um
ng medium group index of laser cavity 4.5
ng.1 medium group index of laser to reflection 1
Lp length of laser cavity 300 um
Ry laser left facet power reflectivity 0.32
R laser right facet power reflectivity 0.32
An modal gain coefficient 22x103 s
no carrier number at transparency 2% 108
Kg gain saturation coefficient 35wl
nsp semiconductor incomplete inversion factor 2
Ts carrier lifetime 2 ns
o linewidth enhancement factor 6
o scattering loss in the active volume 3.6x10° m~!
Lo laser to phase-tunable reflector distance 1 mm
Ly laser to reflection point distance 21 mm
Pys steady-state output power per facet 5%x1073 W

a -phase shift. x2 is the power splitting/combining coupling
coefficient of the beam splitter/combiner.

Eq. (2) is a delay-differential equation which can be solved
numerically using the Runge-Kutta method of the fifth order
(RKS) [33], [36]. We use a fixed step-size of 10 ps in our
calculations, which ensures a white spectrum of the noise forces
in Eq. (4) up to 44 GHz, which is above the laser relaxation
frequency (~3 GHz) [35], [37]. The calculations were carried
out using the parameters in Table I which are in accordance with
ref. [7].

In Table I, P refers to the desired output power exiting each
of the laser facets at steady-state, which is written in terms of
FE as

2P,
hfo '

where h is Planck’s constant. Eq. (7) is valid for the case in which
R1 = Rs.Weuse the desired output power, Py value to calculate
the bias current, I, which can be found by solving Eq. (2) for n
(the carrier number) and [ at steady-state without the feedback
or noise terms, which yields I =46.7 mA and ng = 4.28 x 108.
Before simulating the optical feedback effect on the laser, we
first solve Eq. (2) (without optical feedback or noise) using an
initial value of 1 and O for the number of photons and carriers,
respectively, and then run the simulation using a fixed step size
of 1 ps for 50 ns in response to a current step-function. We
then save the last value of the field and the carrier number
and use it as the new initial value to Eq. (2) when we add the
optical feedback term. We set Ly = 1 mm (typical distance of
the circuit from a laser integrated on-chip), and L; = 21 mm
(arbitrary distance of an on-chip reflection point). We also set
the power reflection coefficients to —30 dB (@®>=bv*> =103,
where a and b are the fields reflection coefficients due to the
‘unwanted’ reflection point and the phase-tunable reflector, re-
spectively), and accordingly x? = 0.5, corresponding to a 50/50
splitter/combiner (although in reality a should be set to 1 and
k2 should be varied, however, here, we match the reflection
amplitudes by setting both reflections to the same value), and
sweep ¢p, from O to 27. Fig. 2(a) shows the change in the average

|E’ss|2 = (7)
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Fig. 2. Numerical simulation results. (a) Change in the relative power going
back to the laser and the maximum RIN (maximum in the spectrum from
0-50 GHz) as a function of the phase-tunable reflector’s phase, ¢3. (b) The
simulated laser temporal response, and (c) the RIN spectrum when the RCC is
turned off (—30 dB reflections going back to laser) and when the RCC is on
(reflections are minimized to —55 dB).

relative power going back to the laser as a function of ¢y, which
can be written as (P(t)o laser, relative) / Pss» Where

— 2
<P(t)to laser, relative> = <hf0| FO (t) i Fl (t)| > . (8)

27,

To capture the power going back to the laser, we save Fy(t)
and F (t) at every time step Eq. (2) is solved. When Fy(t) and
F (t) are in antiphase with each other, the power going back to
the laser is minimal (—55 dB). This happens at ¢, = 1.767 rad.
In such a case, the maximum RIN (maximum over the frequency
range of 0-50 GHz which is at the laser relaxation frequency)
is minimal, at —120 dB/Hz as shown in Fig. 2(a). The RIN is
expressed as [38]

2
RIN = OP7(0)

(PO} ®
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on top of one of the MZI arms. The (ii) phase-tunable reflector is formed using a PS, a Y-junction to split and combine light, and a bent waveguide loop. The
attenuator is formed using an MZI similar to the one used in the tunable splitter/combiner which results in 42 dB of attenuation when turned on. (iii) The four SiGe

PDs (PD1-PD4) were connected to (iv) 10% power taps.

where (§P?(t)) is the laser mean-square optical intensity fluc-
tuation in a 1-Hz bandwidth and (P(t))? is the laser average
optical power [38]. Fig. 2(b) and Fig. 2(c) shows the simulated
temporal response and the RIN of the laser, respectively, when
the RCC is off (=30 dB of reflections going back to the laser)
and when the RCC is on (Fy(t) and F(t) are going back to
the laser and ¢, = 1.767 rad). When the RCC is off, the laser
self-pulsates and the maximum RIN increases to —80 dB/Hz.
However, when the RCC is on, the laser temporal response is
stable with time (~5 mW) and the maximum RIN is reduced to
—120dB/Hz. This indicates that through matching the amplitude
of the feedback signal to that of the reflections’ and by setting
them in anti-phase with each other, a stable laser can be obtained.

IV. INTEGRATED REFLECTIONS-CANCELLATION
CIRCUIT DESIGN

Fig. 3 shows the layout of the RCC. The tunable split-
ter/combiner is formed using an MZI with a PS (PS1) above
one of the MZI arms. The MZI couplers are broadband adia-
batic 3-dB couplers [39]. The phase-tunable reflector is formed
using a PS (PS2) and a reflector consisting of a compact Y-
junction [40] and a waveguide-loop connecting the Y-junction’s
splitting/combining ports. The PDs are SiGe-based [41] with
a measured responsivity of 0.8 A/W and a noise-equivalent
power (NEP) of 42.6 pW /+/Hz, indicating that optical powers
above —73.7 dBm can be detected (using our source-measure

unit (SMU)) when the photocurrent is integrated over 0.5 sec-
onds [42] (see Section IV-A for details). The optical attenuator
is formed using an MZI, similar to the tunable splitter/combiner.
The fixed power taps for the PDs are designed using a di-
rectional coupler with 10 um radius Bezier bends, optimized
for low loss [43]. The directional coupler is formed using two
500 x 220 nm strip silicon waveguides buried in SiO, and has
acoupling length and gap of 4.394 ;m and 200 nm, respectively,
to obtain 10% power coupling. The estimated loss per power tap
in such a case is 0.46 dB.

A. Power Tap Design and Maximum Power Cancellation
by the RCC

In this subsection, we explain the rationale behind the choice
of the power taps’ power coupling coefficient and its effect on the
maximum power cancellation of the RCC. Power taps with fixed
power coupling coefficients (x2) guide a small portion of the
transmitted light to the PD. Note that 2 defined in this section
is different than  defined in Section III. A larger x? results in a
larger photocurrent readout from the PDs and, thus, increases the
reflected power cancellation range, yet decreases the total power
going to the subsequent on-chip devices. Therefore, to decide
on x2, we calculate the minimum reflected power cancelled as
a function of x2. The maximum power cancelled by the RCC is
a function of the PD NEP (minimum optical power that can be
detected) and x2. The minimum optical power that can detected
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taps can be designed for a specific 2, using Eq. (11), for a desired minimum
power going back to the laser and an acceptable power tap loss.

by PD1, min{PD1}, is given by the NEP [42], [44],

NEP — Inoise,’/?’\/ Hz

(10
where Iisc 1s the PD’s dark current noise measured over a 1 Hz
bandwidth (0.5 seconds of integration time) and R is the PD’s
responsivity. The minimum optical power going back to the
laser, min{ P,y }, assuming a lossless power tap coupler can
then be expressed as

17 2
min{ Py} = NEP - —

an

For the PDs used here, we measured the dark current noise
and the responsivity. At a bias of —1 V, ;i = 34.1 pA (the
root-mean-square deviation of the measured dark current noise
from the root-mean-square dark current) and R = 0.8 A/W (see
Appendix B). Accordingly, from Eq. (10), the NEP of the PD
is 42.6 pW/v/Hz. The integration time set on the SMU was
0.5 seconds (1 Hz). The minimum power that can be detected by
PD1 is thus min{PD1} = —73.7 dBm when the photocurrent is
integrated over 0.5 seconds using our SMU. Using these values, a
plotof Eq. (11)is shown in Fig. 4(a). Setting 2 to 0.1, min{ Poy }
at the best cancellation is —64 dBm. This means minimizing the
photocurrent measured by PD1 when the laser outputs 0 dBm
will result in 64 dB cancellation. For typical laser parameters,
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cancellation of a feedback ratio exceeding 40 dB can place the
laser in the stable ‘third’ optical feedback regime [7], where
the laser remains stable and its linewidth will be narrower than
the QWDFB laser free-running linewidth [45]. The resulting
loss per power-tap coupler will be 0.46 dB. However, since the
feedback required to destabilize the laser can depend on several
laser parameters (as explained in ref. [7]), in Fig. 4(b) we show
the minimum power detected by PD1 for various PD dark current
noises and responsivities. The power taps can be designed for a
specific k2 (using Eq. (11)), for a desired minimum power going
back to the laser and an acceptable power tap loss.

B. RCC Losses and Isolation Ratio

Two sources contribute to the total optical loss of the RCC:
1) a static loss which is fixed by design, and 2) a dynamic
loss that changes with the unwanted reflections amplitude. The
static loss is dominated by the two power taps that tap a portion
of the optical power going to the devices to the PDs. Other
sources include the directional couplers and the bends forming
the tunable splitter/combiner. If the static loss due to the latter
is assumed to be negligible, the static loss (in decibels) is
given by

static loss = —201log, (1 — K%) . (12)

Since the power tapped by the RCC should be equal in
magnitude to the amount of unwanted reflected optical power
(Rgg = 101log;q |al?), the optical power loss by the RCC will
vary as Rgp changes, which we define as the dynamic loss, and
is expressed as,

] 10RdB/ 10 _q
dynamic loss = 10 log; <1ORW—20—1> . (13)
Accordingly, the total optical loss is the sum of the static and
dynamic losses.

A plot of the optical losses is shown in Fig. 5. In Fig. 5(a), we
show the dynamic loss, the total loss when a 1% power tap is
used, and the total loss when a 10% power tap is used (what we
used in our design). If 1% power taps were used in our design,
the minimum power going back to the laser would be —53 dBm
(see Fig. 4(a)), which is sufficient for stabilizing the laser, and the
total optical loss in such a case will be ~0.5 dB for cancelling
reflections of less than —20 dB. Fig. 5(b) shows the dynamic
loss only (due to the RCC tunable splitter/combiner) versus
isolation for various output laser powers. Here, the isolation is
calculated as the difference between the reflections amplitude
and min{ Py} of —64 dBm.

C. One-Dimensional Dynamic Cancellation Algorithm

The algorithm shown in Fig. 6 was used to ensure that the
power going back to the laser is minimized by maintaining
an equal magnitude and antiphase relationship between the
unwanted reflections and the feedback signal. The algorithm
is divided into two parts. The first part is a calibration stage
which requires running only once, whereas, the second part runs
indefinitely to ensure the power going back to the laser is always
minimized.
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Fig. 5. RCC loss. (a) The optical loss due to the RCC versus reflections to
the laser. Shown in the subfigure are the dynamic loss, the total loss when a 1%
power tap is used, and the total loss when a 10% power tap is used (what we used
in our design). (b) The dynamic loss only (due to the RCC power tapping) versus
the isolated/cancelled reflections when the minimum power going to the laser is
set to —64 dBm (based on the designed power tap and the PD specifications),
for various laser output powers. The laser output power is indicated by the
corresponding label on each plot.

First, the magnitude of the unwanted reflections is measured
by tuning PS1 to direct the laser light to the device. When Ipp;
is minimized, Ipp; and Ipps values are saved as a; and ay,
respectively. The attenuator is then set to maximum attenuation
and the tunable splitter/combiner is tuned until the tapped power
going to the phase-tunable reflector and back to the laser is equal
in magnitude to the unwanted reflections going into the laser (in
step 1). This condition is achieved when

a1 (Irp,)”

. 14
ay Ipp, + Ipp, 1)

IPD1 =

Upon restoring the attenuator (turning it off), the unwanted
reflections can then flow to the laser, and PS2 is tuned until Ipp;
is minimized. The currents measured by PDs PD1, PD2, PD3,
and PD4 are then saved as by, b, b3, and by, respectively. This
completes the initial calibration of the RCC. Once calibrated,
both PSs, PS1 and PS2, can then be locked to ensure a minimum
photocurrent measured by PD1. If the unwanted reflections’
magnitude, phase, or both change, Ipp; will exceed b;. To
ensure that the power going back to the laser is minimized, the
magnitude of the unwanted reflections and feedback signal going
into the laser are made equal by tuning PS1 until the following
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condition is satisfied,

Ipp, Irp
Top, = byy | 2R PDL.
pD, = b2 babs

PS2 is then locked when Ipp; is minimized. The algorithm was
tested in Lumerical INTERCONNECT by simulating the RCC
(shown in Fig. 3) for the case of —10 dB reflected power with an
arbitrary phase shift of 90-degrees. The device generating the
unwanted reflections was formed using an MZI (as shown in
Fig. 7). The sweep results of the algorithm steps are shown in
Fig. 6 beside each corresponding step in the algorithm.

5)

V. CHIP FABRICATION AND CHARACTERIZATION

The chip was fabricated on a 220-nm silicon-on-insulator
(SOI) platform using 193 nm-deep ultraviolet lithography at
the AMF foundry in Singapore [46], accessed via CMC Mi-
crosystems. All the devices used in this work comply with
the fabrication rules without any change to the process. Fig. 7
shows an optical microscope image of the fabricated SiP chip
containing the RCC. The on-chip device generating ‘unwanted’
reflections consists of a VOA and a reflector similar to that used
in the RCC, which control the magnitude and the phase of the
unwanted reflections, respectively. The RCC measures 1150 pym
by 105 pm, however, this footprint can be minimized with more
compact 3-dB couplers [47].

The fabricated chip was assembled in a custom designed
FR-4 printed circuit board (PCB) and the on-chip pads were
connected to the PCB pads via aluminum wirebonds. The PCB
was placed on a 6-axis controlled stage and connected to two
2-channel SMUs (Keithley 2602) and 6 channels of a multi-
voltage source (MVS) unit (NI PXIe-6738). Python software,
installed on a personal computer, was used to implement the
algorithm described in Section IV-C for controlling the RCC
PSs (PS1 and PS2) by controlling the MVS unit based on
the photocurrents measured by the 4 PDs using the 4 SMU
channels. A polarization-maintaining (PM) lensed fiber with
an AR coating (that had a return loss of less than 50 dB) was
placed on a 6-axis controlled stage and used to couple light into
the transverse-electric (TE) mode of the on-chip inverse-taper
edge coupler. To test the RCC a commercial QWDFB laser,
modified by removing its isolator, was used. The laser was
biased at twice the threshold in accordance with ref. [6] to
demonstrate the lowest feedback levels for which the RCC
was able to stabilize the laser (since the feedback required to
destabilize the laser increases with an increased laser output
power [7]).

Fig. 8 shows the experimental setup that was used to measure
and compare a QWDEFB laser optical spectrum, RIN, linewidth,
and bit errors with a magneto-optic isolator and without a
magneto-optic isolator but with the RCC either disabled (RCC
off) or enabled (RCC on). To align the lensed fiber to the RCC
input, a 4-channel fiber array was aligned to on-chip calibration
grating couplers using a tunable laser (Agilent 81682 A) and
a power sensor (Agilent 81635 A). The grating coupler loss
was ~5 dB. Then, the fiber array was aligned to the grating
coupler placed after the device (see Fig. 7). This was achieved
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Fig. 6.

Dynamic cancellation algorithm. Flow diagram of the control algorithm for the cancellation of unwanted reflections. The steps enclosed in the dashed

orange box (top) are used for calibrating the RCC, whereas the steps enclosed in the dashed blue box (bottom) are for real-time (dynamic) reflections cancellation.
The plots on the right are the Lumerical INTERCONNECT simulation results. The laser output power was set to 1 mW and the responsivity of the PDs were set

to 1 A/W.

by setting the routing MZI (MZI1) to route light from an input
grating coupler through the RCC to the output grating coupler.
After the fiber array was aligned, the routing MZI was then
set to route light from the lensed fiber through the RCC to the
output grating coupler. The lensed fiber’s position was optimized
so that the reflection due to the fiber/chip interface was below
—45 dB. The fiber-to-chip coupling loss was ~11 dB. When
conducting the high-speed tests, the high-speed signal was lim-
ited to psuedo-random binary sequence (PRBS)-7 because of
the bandwidth-limited RF splitter (0.5 GHz - 26.5 GHz) which
was used to split the electrical signal to the error detector (ED)
and the oscilloscope.

VI. EXPERIMENTAL RESULTS
A. Real-Time Laser Stabilization

Before conducting the experiments, each of the MZIs shown
in Fig. 7 were tuned and their cross-transmissions were mapped
by monitoring the optical power exiting the output grating
coupler. MZI1 (routing MZI) was then biased at 25 mW to route
light from the edge coupler to the RCC. MZI2 is the RCC’s
tunable splitter/combiner and was varied between 25-55 mW.
MZI3 acts as the attenuator (42 dB of attenuation), and its
phase shifter (PS3) was set to 30 mW when it was turned off,
and 0 mW when the attenuator was turned on (only in the
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Fig. 7. Microscope image of the fabricated SiP chip which contains the RCC. Additional components include an inverse-taper edge coupler for coupling light
from an anti-reflection (AR) coated lensed fiber to the SiP chip and vice-versa, a routing MZI (MZI1), and a device for generating ‘unwanted’ reflections to the
laser, which can generate any magnitude (using PS4 in MZI2) and phase (using PS5) of the reflections. GND, ground.
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Fig. 8. Experimental setup used for measuring the laser performance. Four experiments were conducted to measure the QWDFB laser performance. (i) A
high-speed test, where the on-chip reflections were deliberately changed over time and ~—14 dB of the laser output was externally modulated using an Mach-Zehnder
modulator (MZM) at 10 Gb/s. The optical signal was then amplified using an erbium-doped fibre amplifier (EDFA) and passed through a variable optical attenuator
(VOA) into a high-speed PD. An radio-frequency (RF) power splitter was then used to split the electrical signal to an oscilloscope and an error detector (ED) to
capture the eye diagrams and count the bit errors, respectively. This test was conducted twice, once with the RCC off and once with the RCC on. (ii) ~—24 dB
of the laser output was coupled to an optical spectrum analyzer (OSA) to measure the optical spectrum of the laser output. (iii) The RIN was measured using a
lightwave signal analyzer, where ~—17 dB of the laser output was incident on a high-speed PD, followed by a calibrated RF spectrum analyzer (RFSA). (iv) The
laser linewidth was measured by coupling ~—17 dB of the laser output into an imbalanced MZI interferometer with a 25 s delay between the MZI's arms, and the
output was then passed on to a high-speed PD and then into an RESA. The red lines indicate optical fibers and the blue lines indicate electrical RF coaxial cables.
The DC PD shown in the left was used to monitor the reflections going back to the laser. The coupling losses between the laser and the SiP chip was ~12 dB.
The optical fibers between the laser and the SiP chip were polarization-maintaining fibers (including the lensed fiber). All of the couplers used in the setup were
fiber-optic couplers. DC, direct-current.

calibration section of the algorithm shown in Fig. 6). MZI4
acts as a VOA and controls the unwanted reflections magnitude
similarly to MZI1 in Fig. 3. For large reflections, MZI4 is set
to the ‘through’ state where all of the power is routed to an
on-chip mirror providing the maximum possible reflection to
the input port. Whereas for small reflections, MZI4 is set to the
‘cross-state’ where the optical power is routed to an on-chip
grating coupler with minimal reflection providing the minimum
possible reflection to the input port. By controlling the amount
of light directed to each of its output ports, MZI4 can be used

to achieve any amount of reflection between the maximum and
minimum possible reflections. MZI4 was swept between 30 mW
and 50 mW to reflect —9 to —2 dB of the power going to the
on-chip devices.

Fig. 9 illustrates a simplified illustration of the measurement
setup showing the optical power at various points in the setup
and in the chip. Before turning the RCC on, the reflections
on-chip were set to —9 dB and the RCC was calibrated using
the algorithm shown in Fig. 6. The calibration results of the
algorithm are shown in Fig. 10. After calibration, PS2 was set
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A simplified illustration of the measurement setup showing the optical power at different points in the link. The laser was biased at 12 mA (twice the

threshold) producing an optical power of 1 mW, Piper, our = 0 dBm. Accounting for the setup and lensed-fiber-to-chip coupling losses, the optical power on the
chip going to the RCC (P,,) was ~—12 dBm. The on-chip reflections were varied between —9 and —2 dB using an on-chip VOA and a reflector. The VOA is

formed using an MZI, similar to either of the MZIs in Fig. 3.
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Fig. 10. Experimental results of the initial calibration part of the dynamic
cancellation algorithm. (a) step 1, (b) step 4, and (c) step 6 of the algorithm
shown in Fig. 6.

to satisfy condition 6 of the algorithm. To measure the RCC’s
performance due to time-changing variable on-chip reflections,
we conducted a dynamic test by varying the on-chip reflections
from —9 to —2 dB (using the on-chip VOA shown in Fig. 9). PS1
and PS2 were locked, as shown in Fig. 11(a), to ensure that the
photocurrent measured by PD1 is minimized and accordingly
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Fig. 11. (a) Experimental results of the dynamic cancellation part of the
algorithm, indicating the power consumed by PS1 and PS2, and the photocurrent
generated by PD1. (b) The reflections to the laser when varied with time, with
the RCC off, and on, measured using PD1 (and calibrated to account for the
setup and lensed-fiber-to-chip coupling loss). The lensed-fiber-to-chip coupling
loss was ~11 dB, and the PDs power taps had a power coupling ratio of ~15%.
These values were measured using on-chip PD1, on-chip PD4, and the off-chip
PD (DC PD shown in Fig. 8).

the reflections going back to the laser, as indicated in Fig. 11(a)
and Fig. 11(b), respectively. The power consumed by PS1 and
PS2 as well as the photocurrent measured by PD1 are shown in
Fig. 11(a). The dynamic cancellation to minimize the optical
power at PD1 was implemented using the gradient-descent
minimization method described in ref. [48]. With the photocur-
rent measured by PD1 as the parameter to minimize, step size
adjustments for PS1 and PS2 were determined by calculating
their individual gradients, gi, multiplying by a scaling factor «
(determined empirically), and shifting the tuning voltages by
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i This minimization was continually left running to track the
shifting minimum due to the sweeping of the reflected power,
but depending on the application a threshold can be set below
which the minimization is considered to be sufficient and the
gradient-descent can be switched off.

The minimum photocurrent measured by PD1 when con-
ducting the experiments was ~90 nA (as shown in Fig. 11(a)).
This means that the power going back to the inverse-taper edge
coupler is ~—30 dBm. It is worth mentioning that this amount
of photocurrent was sufficient to stabilize the laser and narrow
its linewidth. However, if the laser is integrated on-chip with
minimal laser-to-waveguide coupling losses, the photocurrent
measured by PD1 can be locked to a different value to ensure a
stable laser operation and a narrow linewidth.

The total electrical power consumed by PS1 and PS2 from
Fig. 11(a) is less than 75 mW. This is an overestimation of what
the heaters would consume because MZI2 in our prototype was
tuned between 25 mW (the MZI transmission’s first null) and
55 mW (second maximum). If MZI2 was tuned between the
first maximum and the second null, the total power consumed
can be less than 45 mW, and can be further reduced if the
heaters were implemented using doped silicon instead of TiN
heaters located above the silicon waveguides [49]. Since the
tapped optical power to the phase-tunable reflector will never
exceed 3-dB (in the unlikely scenario of 100% reflections), and
because broadband 3-dB couplers were used to form the tunable
splitter/combiner, PS1 requires tuning over a 7/2 phase range.
Since since light passes twice through PS2, PS2 also require
tuning over a 7/2 phase range.

To monitor the laser performance in real-time due to the
time-changing reflections in Fig. 11(b), we coupled —14 dB of
the laser output power to an MZM (see Fig. 8). The MZM was
modulated using a 10 Gb/s PRBS-7 signal and the modulated
data was photodetected, split, and passed to an ED and an
oscilloscope for measuring the bit errors and capturing the eye
diagrams, respectively. Fig. 12 shows the bit errors (per second)
as the on-chip reflections were varied. When the RCC was off,
the bit errors became significant when the reflections to the laser
(Phiber. in/ Phiber, our) reached ~ —34 dB. This is because at such a
level (the total reflection going into the laser, Pager, in/ Plaser, outs
was ~—40 dB after accounting for the factory reported laser-
to-fiber coupling loss of 50%), the laser enters the ‘fourth’
optical feedback regime where modes at the laser relaxation
frequency start to appear [50], which increases the overall noise,
eventually leading to a broadening of the laser linewidth and
coherence collapse [S1]. When the RCC was turned on, and
as the on-chip reflections were varied between —9 dB and
—2 dB, both the tunable splitter/combiner and the phase-tunable
reflector were controlled simultaneously to minimize the pho-
tocurrent in PD1 to ~90 nA. This reduced the reflections into the
laser (Piaser, in/ Plaser, out) to ~—50 dB (including the laser-to-fiber
coupling loss), which stabilized the laser by placing it in either
the ‘second’ or ‘third’ optical feedback regime [45].

Fig. 11(b) and Fig. 12 show the resulting reflections to the
laser (measured using PD1) when the on-chip reflections were
changed deliberately as a function of time, for RCC off (i.e., the
laser was unstable) and on (i.e., the laser was stable). The eye
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and coupling losses and the photocurrent read by PD1 was minimized to the
minimum resolvable optical power of —73.7 dBm).

diagrams shown in Fig. 12 were taken over a duration of 330
seconds and show an unacceptably noisy eye when the RCC was
off and an acceptable, clean eye when the RCC was on. Such
a test indicates that the laser was stable throughout the time of
conducting the experiment, despite the time-varying reflections.

The optical loss of the RCC (Pyeyice/Pin) as a function of
the isolation ratio (Pout|gcc, off/ Pout|rcc, on) Was measured using
PD4 and is shown in Fig. 13. This is the dynamic loss, which
can be expressed by Eq. (13), and thus excludes the excess loss
of the fabricated power taps (~1.4 dB), where the power taps
had a measured power coupling ratio of ~15% for each of the
two power taps tapping optical power to PD1-4. In our design,
we designed the power taps for a large power coupling strength
of 10%, however, power taps with a smaller power coupling
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Fig. 14.

The laser performance when the RCC was off, when the RCC was on, and with a magneto-optic isolator. (a) The optical spectrum of the laser. (b) The

RIN of the laser (with 17 dB loss, hence the high instrument-limited noise floor, see Appendix D). The dark lines are the envelopes of the spectra and the light lines
are the actual measurement results. (c) The self-homodyne (SHD) beat power spectral density (PSD) spectra indicating the linewidth of the laser. The light lines are
the measured spectra and the dark lines are drawn fitting to the measurement results using theoretical models of the SHD beat PSD lineshapes (see Appendix C).
The inset shows the spectrum for the case in which an isolator was used over a large frequency span.

strength (such as 1%) for lower losses (<0.1 dB) can also be
used with the PDs used here (as explained in Section IV-A).

B. Laser Performance Characterization

To compare the laser performance to that with an isolator
was used, the laser optical spectrum, RIN, and linewidth were
measured simultaneously, using the setup shown in Fig. 8§,
after completing the dynamic tests but retaining the final val-
ues for the reflections into the laser for both the dynamic
tests, i.e., Phber. in/ Phiber, out & —29 dB with the RCC off, and
Piver, in/ Piiver, ont & —44 dB with the RCC on. When the RCC
was off, the optical spectrum in Fig. 14(a) shows a broadened
optical spectrum and the appearance of sidebands at the laser
relaxation oscillation frequency. These sidebands occur simul-
taneously as indicated by the peaks shown in the RIN spectrum
in Fig. 14(b). The laser linewidth was also measured, as shown
in Fig. 14(c), using the SHD technique (see Appendix C for
details) and shows a beat PSD that is close to the RFSA noise
floor when the RCC was off, indicating the broadening of the
laser linewidth. When the RCC was on, the optical spectrum
showed a single lasing peak, see Fig. 14(a). To compare the
performance of the laser with the RCC to a laser with an isolator,
we added a fiber-optic magneto-optic isolator to the laser. The
optical spectrum and the RIN of the laser when the RCC was
on is comparable to when the isolator was used. However, the
linewidth of the laser was reduced to ~3 kHz with the RCC on,
compared to 340 kHz with the magneto-optic isolator, which

is due to the feedback-induced linewidth reduction [45]. It is
worth mentioning that the linewidth of the laser measured with
the magneto-optic isolator is about 10% of the factory reported
linewidth of the free-running laser, ~3 MHz, which is due to
reflections from the fiber connectors and the fiber [7]. This
means, by locking the RCC to send back ~—44 dB of optical
power to the laser [55], the free-running laser linewidth was
reduced by more than two orders of magnitude.

VII. DiSCUSSION AND CONCLUSION

We demonstrated an RCC that ensures the stable operation of
alaser by canceling coherent back reflections. In our demonstra-
tion, we used an on-chip variable attenuator with a single-point
reflector and showed the dynamic laser stabilization due to
slowly varying on-chip back reflections amplitude and phase. In
practical systems, reflections can change more rapidly. As long
as the variation in the reflections amplitude or phase (or both)
is slower than the control loop’s response time, the RCC can be
used to cancel those reflections. In our demonstration, the loop
response time/bandwidth was limited by the data acquisition
time using the implemented control scheme (around 16 ms,
measured as the difference in time between setting a specific
bias to the heaters and reading power from the SMU). For faster
changing reflections, a dedicated control electronic circuit can
be used and the thermal heaters can be replaced by faster tuners,
such as p-n junctions.
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TABLE II
COMPARISON OF DIFFERENT ISOLATION METHODS FOR THE TE MODE, IN THE C BAND, ON SILICON PLATFORM

Method | Reference | Tsolation (dB) [ Loss (dB)
, < usi o, [52] 11 4
Magneto-optics using monolithic Ce:YIG (53] 30 9
Traveling-wave modulator [21] 3 -
Tandem phase modulator [22] 3 2
[54] 4 -
Nonlinearity using four-wave mixing [17] 18 4
[16] 25 19
. . demonstrated 16 3.5

Reflection-cancellation (our work) optimized 64 <05

In practice, multiple reflection points can exist on chip.
In such a case, the total reflections going back to the laser
will have a spectrum similar to that of the reflection port of
a Fabry-Perot interferometer (in the case of large reflections
amplitudes), where there will be a certain amplitude and phase
of the light going back to the laser that the RCC should be able
to cancel. Although in conducting our experiments, the total
reflections included both the on-chip reflector and the grating
coupler’s reflections, we confirmed the RCC functionality due to
multiple large reflections point by simulating the laser temporal
response due to two reflection points, and showed the success-
ful stabilization of the laser (see Appendix A for simulations
details).

Further more, in practical communication systems, on-chip
transmitters can result in frequency-shifted back reflections due
to the time-dependent fluctuations. Such reflections might result
in injection pulling (which increases the laser noise), depending
on the magnitude and detuning of these frequency-shifted sig-
nals from the laser’s optical frequency [56]. While such effects
on the RCC and the laser were not studied here, adding a high
quality-factor filter (centered at the laser optical frequency) after
(or before) the RCC can filter such frequencies.

The RCC demonstrated here can also be used to stabilize
integrated lasers by deliberately reflecting larger optical ampli-
tudes back to the laser, thus putting the laser in the stable “fifth’
optical feedback regime [7], [57]. This can help in stabilizing
the laser against remote reflections occurring downstream in the
fiber link [32]. In our demonstration here, we locked the laser in
the ‘second’ or ‘third’ optical feedback regimes because of the
setup and fiber-to-chip coupling losses (see Fig. 9).

It is worth noting that, when lasers are integrated on a chip,
back reflections typically occur with a delay shorter than what
we presented here (due to the optical fibers connecting the
laser to the chip). If such delays are shorter than the inverse
of the laser relaxation frequency, stronger feedback is required
to transition the laser to the unstable ‘fourth’ regime [58]. Here
we showed the lowest feedback levels (most stringent case) for
which the RCC was able to stabilize the laser. This also relaxes
the design constraint for very low return-loss RCC devices
(directional couplers and PDs). Since the laser is more tolerant
to larger optical feedback levels from closer devices (such as
when they are integrated on-chip) [58], the RCC components do
not necessarily need to be designed with extremely low return
losses.

Table II compares our work to some of the reported on-Si
isolators based on alternative methods. The most common dy-
namic non-reciprocal nonlinear-based isolators use four-wave
mixing techniques and thus rely on a high-power external pump
signal with moderate levels of isolation and large losses [16],
[17], [54]. Isolators based on spatio-temporal modulation were
demonstrated either using traveling-wave MZMs [21], [23] or
tandem phase modulators [22]. Both methods involve high-
speed circuits, consume a large footprint, and resulted in mod-
erate levels of isolation. Magneto-optical materials (such as
Ce:YIG) monolithically integrated on Si are usually realized
using an interferometer, such as a Mach-Zehnder interferome-
ter [53] or a microring resonator [59] as the isolation is based
on the nonreciprocal phase shift. This usually results in high
losses [53]. In addition, since interferometers are used, they
also require active tuning to combat temperature variations.
Our RCC, however, does not require an external pump signal,
any changes to the fabrication process, specifically without the
deposition of any additional materials, and can provide up to
64 dB of isolation/cancellation (limited by the PDs minimum
detectable power; in Table II, the demonstrated isolation was
limited by the 12 dB optical coupling loss between the lensed
fiber and the SiP chip), and has a low insertion loss (in Table II,
the demonstration had a loss of ~1.4 dB attributed to the PDs
power taps). The estimated loss of the RCC including the 10%
power taps is less than 1.5 dB for moderate reflections smaller
than —20 dB. If 1% power taps are used, the loss would be
0.5 dB for reflections smaller than —20 dB. Besides isolating the
laser from reflections, the RCC improves the laser performance
by accurately locking its operation in a stable optical feedback
regime, further reducing its linewidth to 3 kHz. The latter is
important for enabling several applications including coherent
communication [60], spectroscopy, and atomic clocks [61], and
frequency-modulated continuous-wave lidars. Our results pave
the way towards the deployment and scaling of fully-integrated
electronic-photonic silicon chips at a low cost using zero-change
CMOS foundry processes.

APPENDIX A
MULTI-POINT REFLECTIONS MODEL

The same model described in Eq. (2) was used to confirm
the laser stabilization due to the RCC in the case of multiple
reflection points. In such a case, the optical feedback term is
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written as
F() = — 1;52 (—Fo(t) + Fi(h) + (1), (16a)
Fo(t) = E(t — 10)kbel“0T0eI%b (16b)
Fi(t) = E(t — 11)(1 — k)ae?0Tel%e (16¢)
Fy(t) = E(t — 7)1 — k)(1 — a®)cel*02el % (16d)
where F5(t) represents the optical feedback due to the second

reflection point of fields amplitude of ¢ and phase of ¢.. It is
worth mentioning that the optical feedback in Eq. (6) and Eq.
(16) was derived assuming weak reflection amplitudes [33]. In
the case of strong reflections, the higher order terms that were
neglected in our derivations shall be considered, as described
in ref. [37]. It is worth mentioning that the stability of the
laser due to the RCC is dependent on the distance between the
laser and the reflection points, Ly and L; as explained in [32].
Conducting a similar analysis to that described in [32], [62],
using the parameters in Table I, the RCC is expected to stabilize
the laser against reflections up to several centimeters away from
the laser.

APPENDIX B
PHOTODETECTOR CHARACTERIZATION

For the SiGe PDs used in the RCC, we measured the dark
current noise and the responsivity. Fig. 15(a) shows the dark
current distribution at a bias of —1 V, where the average dark
current was Iy, = 5.14 nA and the dark current noise, I,pise =
34.1 pA (using the root-mean-square deviation of the measured
dark current noise from the root-mean-square dark current) [42].
Fig. 15(b) shows a responsivity of R = 0.8 A/W (at a bias of
—1 V), which is measured by splitting the light going to the PD
and measuring it using an on-chip grating coupler.

APPENDIX C
LINEWIDTH MEASUREMENT

The laser linewidth was measured by the SHD technique using
the setup shown in Fig. 8. An Agilent 11980 A interferometer,
which had a delay () of 25 us (5.2 km of optical fiber) be-
tween the unbalanced MZI arms, was used. This enabled the
measurement of laser linewidth of 32 kHz and above. For the
case in which a magneto-optic isolator was attached to the laser,
the Lorentzian function,

P} Af?
SU) = Aq oA (17)
where A is a scaling factor, P, is the laser power, f is the
frequency spectrum, and Af is the laser linewidth, was fit to
normalized SHD beat PSD. This yielded A f = 340 kHz. For
the case in which the RCC was on, the power ratio going into the
laser is ~—50 dB. This reduced the laser linewidth as revealed
in the sub-coherent SHD beat PSD shown in Fig. 14(c), which
happens if the unbalanced interferometer has a delay less than

5/27Af. In such a case, the sub-coherent lineshape function
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Fig. 15. Photodetector characterization results. (a) Measured dark current
noise of the SiGe PDs used in the RCC (and including the SMU noise). 1121
samples of the dark current were collected over 600 seconds over an integration
time of 0.5 seconds (1 Hz) per dark current measurement. (b) Measured respon-
sivity of the SiGe PDs used in the RCC. The circles are the measurement data
and the solid line is a linear fitting. The responsivity is 0.8 A/W.

given by [63]

lPOQTC
SN = AT Grg
X [1 — o/ {cos(27rf7'o) + sin(27rf7-0)”(18)
27 fo

1
+ 5 Pme T2 f) + N(f),

which can be fit to the SHD beat PSD to extract A f. Here,
T. = 1/(2rAf) is the laser coherence time, and N (f) is the
measurement noise shown in Fig. 14(c). Fitting Eq. (18) to the
SHD beat PSD when the RCC is on, results in A f = 3 kHz.

APPENDIX D
RIN SPECTRUM MEASUREMENT

The RIN spectrum was measured by subtracting the measured
thermal noise spectrum and the shot noise term from the total
measured noise spectrum. Since the optical power going to the
Agilent 71400 C lightwave signal analyzer is ~17 dB lower
than the laser output power, the RIN shown in Fig. 14(b) is
overestimated. The actual RIN of the laser, measured using
an isolator, is shown in Fig. 16. However, we report the RIN
in Fig. 14(b) to show the difference between the laser noise
spectrum when the RCC is on and when the RCC is off, and
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Fig. 16.
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RIN of the QWDEFB laser with a magneto-optic isolator. The RIN

peaks to —129 dB/Hz at 5.5 GHz.

compare it to the case in which a magneto-optic isolator was
used.
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