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Backscattering Effects on High-Speed Modulation of
Strongly Injection-Locked Whistle-Geometry
Semiconductor Ring Lasers

Gennady A. Smolyakov

Abstract—An injection-locking scheme, involving a single-
frequency master laser monolithically integrated with a unidirec-
tional whistle-geometry semiconductor microring laser, has been
proposed for enhanced ultra-high-speed performance. Greatly
enhanced high-speed modulation performance of the strong-
injection-locking scheme has been predicted in numerical cal-
culations. In our previous analysis, however, linear coupling
between the two counter-propagating modes due to light backscat-
tering was not taken into account. In this work, we investigate
the potential negative impact of light backscattering between the
two counter-propagating modes on high-speed modulation perfor-
mance of strongly injection-locked unidirectional whistle-geometry
semiconductor microring lasers.

Index Terms—Direct modulation, light backscattering, modu-
lation response, monolithic integration, optical injection locking,
semiconductor ring lasers.

1. INTRODUCTION

PTICAL injection locking is a well-established technique
O to improve ultrahigh frequency performance of semicon-
ductor lasers and to reach beyond the record values of modula-
tion bandwidth achieved in free-running devices [1]. Enhanced
microwave performance has been reported in edge-emitting
lasers with Fabry-Perot cavity [2]-[4], DFB lasers [5]-[8], and
VCSELs [8]-[17]. The highest 3-dB modulation bandwidth of
~80 GHz observed so far in injection-locked VCSELs and
DFB lasers [8] by far exceeds modulation bandwidths achieved
in free-running devices. In 2020, Chorchos and co-workers
demonstrated the NRZ (non-return-to-zero) data transmission
carried by an 850-nm VCSEL at 80 Gbit/s over 2-m multimode
fiber and 72 Gbit/s over 50-m multimode fiber [18].

Subjecting a semiconductor laser to strong optical injection is
key to reaching the ultimate limits of modulation bandwidth en-
hancement. The coupling rate coefficient . for optical injection
locking is:

ke = V1 — R/ (2neL) = V1 — R/, (1)
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Fig. 1. Schematic diagram of a strongly optically injection-locked whistle-
geometry semiconductor ring laser monolithically integrated with a single-
frequency master laser. The injecting waveguide is maintained at transparency.

where R is the reflectivity of the laser mirror through which the
light is injected, L is the slave laser cavity length, c is the speed
of light in vacuum, neg is the modal effective index, and 7,y =
2negl/c is the cavity roundtrip time. To maximize the injection
coupling rate coefficient k., the smallest possible values for both
Ty¢ and R are desirable in injection-locked lasers. Optimization
of both edge-emitting laser and VCSEL designs for enhanced
high-speed performance inherently involves a trade-off between
these two parameters, as dictated by the requirement to keep
threshold current at an acceptable level. Further improvement of
modulation bandwidth in injection-locked VCSELSs can come
solely from increasing the power of master lasers used for
optical injection. The data rate of the NRZ transmission can
hardly achieve 100 Gbit/s, so setting several VCSEL chips as
the VCSEL array to aggregate the whole data rate was men-
tioned in [19] as the only method to achieve the data rates of
the NRZ transmission beyond that level. Special complex data
formats, such as 4-level pulse amplitude modulation (PAM-4) or
quadrature amplitude modulation orthogonal frequency division
multiplexing (QAM-OFDM), are necessary to maximize the
encoding data rate under the same modulation bandwidth of
solitary VCSELs [19].

To overcome these limitations of VCSELs and Fabry-Perot
lasers, we have proposed a strong-injection-locking scheme of
a single-frequency master laser monolithically integrated with a
unidirectional whistle-geometry microring laser (WRL) [20],
[21]. The structure of WRL shown schematically in Fig. 1
strongly favors the counterclockwise (CCW) mode over the
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clockwise (CW) mode, even in absence of any injected light. The
unidirectionality of the whistle-geometry configuration has been
confirmed through rigorous three-dimensional finite-difference
time-domain (FDTD) simulation by showing a strong asym-
metry in propagation losses and, therefore, in photon lifetimes
between the two counterpropagating modes [22]. The WRL
scheme allows for strong coupling of the master laser output into
the ring laser, thus providing dramatically increased injection
coupling rate as compared with the traditional optical injection
scheme based on a waveguide directional coupler adjacent to the
ring laser [23]. An additional advantage of the WRL design is
that it allows for tuning of the master laser wavelength without
affecting the coupling efficiency into the ring, which is not the
case when a directional coupler is used. We predicted greatly
enhanced resonance frequency of up to ~160 GHz in numerical
calculations for the strongly injection-locked WRL [21]. In
our previous analysis, however, linear coupling between the
two counterpropagating modes due to light backscattering was
not taken into account. Light backscattering in semiconductor
ring lasers, designed as unidirectional, can result in directional
bistability or even bidirectional operation, with the power in the
two counterpropagating modes being roughly equal [24], [25].
The potential negative impact of light backscattering between
the two counterpropagating modes on high-speed modulation
performance of strongly injection-locked unidirectional WRLs
is the subject of this paper.

II. THEORETICAL MODEL

To model dynamics of an optically injection-locked microring
laser monolithically integrated with a single-frequency master
laser, a system of rate equations was previously used, written in
terms of the photon numbers, phases, and total carrier numbers in
the master laser and the microring slave laser, respectively [20],
[21], [23]. Here, the model presented in [20], [21] for strong op-
tical injection locking of a WRL monolithically integrated with a
single-frequency master laser (Fig. 1) is extended by taking into
account light backscattering, causing a linear coupling between
the two counterpropagating modes:

dSm 1
= Ny — Nom) — — 2
dt |:G0m( m Om) TII)H:| Sm + Rsp ( )
db,, « 1
= 5 m Nm — N m) 3
7 5 {Go ( om.) 7'};“] (€)]
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In (2)—(4), the photon number S, and the optical phase 6.,
are related to the normalized complex field envelope E,, of the
master laser as F,, = +/Spexp(if,(t)). N represents the
total carrier number in the master laser, and we assume uniform
carrier density in the laser cavity. The differential modal gain
Gom 18 given by

(10)

where I' is the optical confinement factor, a is the differential
gain, v, is the group velocity, and Vy,, is the volume of the active
region of the master laser. Other parameters in (2)—(4) are the
transparency carrier number Ny, the photon lifetime 73", the
spontaneous emission rate Ry, the linewidth broadening factor
a, the bias current I,,, the internal quantum efficiency 7, the
electron charge g, and the carrier lifetime 7.

‘We model the ring laser in (5)—(9) by two counter-propagating
modes with the photon numbers Sy, Scew and optical phases
Ocw, Ocew for the clockwise (CW) and counterclockwise (CCW)
modes, respectively. The master laser light is injected into the
CCW mode. The total carrier number in the ring laser is de-
scribed by NV,, and we assume uniform carrier density in the ring
laser cavity. Unequal photon lifetimes 75 and 7, are allowed
in the model for the CW and CCW modes, respectively, account-
ing for the asymmetric design of the WRL cavity. Nonlinear gain
saturation effects are represented in (5)—(9) by coefficients €5 and
€. for the self- and cross-gain saturation in the expressions for
the modal gain, with ¢, = 2¢, [26]:

GOT‘ (Nr - NOr)

1+ EsScw/V;" + 5cSccw/V;"
GO’I‘ (Nr — NOT)

1+ SsSccw/‘/r + 5cScw/‘/r

where Ny, is the transparency carrier number, and the differential
modal gain Gy, is given by

Gcw =

Gccw =

(1)

lav
Gor = Vrg .
V; in (12) is the volume of the active region of the ring laser.

Other parameters in (5)—(9) are the injection coupling rate k.,

12)
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Fig. 2. Photon number in the CCW mode of the injection-locked WRL (red
curve) and optical phase offset between the master laser and the CCW mode
of the injection-locked WRL (black curve) versus frequency detuning under
steady-state conditions. I, = 12 mA, I, = 6 mA [21].

the free-running mode frequency of the ring cavity wy, and the
free-running mode frequency of the ring cavity at threshold
wir- In the analysis of free-running ring laser operation, we
set wg - wyy equal to zero in (6) and (8), thus neglecting the
drift of the resonant cavity frequency above threshold. Under
stable injection-locking conditions, wq in (6) is locked to the
frequency of the master laser, and wp in (8) is locked to the
frequency of the predominant CCW mode of the ring laser due
to light backscattering. The term wy - wy, in (6) and (8), therefore,
represents effectively the angular frequency detuning between
the master laser and the ring laser.

Linear coupling between the two counterpropagating modes
due to light backscattering is taken into account through the cou-
pling rate xsexp(i6s). In the following analysis, we set 6, equal
to zero and assume the coupling rate due to light backscattering
to be a real number. The backscattering coefficient g is further
discussed in Section III.

All mechanisms that could possibly lead to feedback from
the ring laser to the master laser are neglected in the modelling.
Thus, we assume zero reflection from the interface between the
injecting waveguide and the ring laser. In the WRL injection-
locking scheme, the ring laser unidirectionality is imposed by
optical injection locking and further promoted by the strong
asymmetry in optical losses between the CW and CCW modes.
Therefore, there is no stimulated emission from the CW mode
of the ring laser that might reach the master laser. Any optical
feedback to the master laser resulting from light backscat-
tering or from the CW mode spontaneous emission is also
neglected.

In practice, if needed, the condition of no optical feedback to
the master laser could either be realized by inserting on-chip op-
tical isolators [27], or by implementing tapered loss outcoupling
waveguides illustrated in Figs. 2 and 3 of [28].

Parameters used in the simulation are shown in Ta-
ble I. Specifics of a single-transverse-mode 1.55-pum GalnAs/
AlGalnAs/InP MQW deeply etched ridge-waveguide laser
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Fig. 3. Modulation frequency response of the free-running WRL (red dashed
curve) and that of the strongly injection-locked WRL (blue solid curves) calcu-
lated for several values of positive frequency detuning. Modulation frequency
response is normalized to low-frequency response of the free-running WRL. Iy,
=12 mA, I, = 6 mA [21].

structure, assumed in the simulation, as well as details on how
the parameters were determined can be found in [20], [21].

III. NUMERICAL SIMULATIONS

We carried out simulations for the same configuration and
under the same bias conditions that were assumed in [20], [21]
for the master and the ring lasers. Throughout the simulations,
master laser bias of 12 mA (corresponding to 2 times the thresh-
old current Iy, ;) and ring laser bias of 6 mA (corresponding
to 3 times the threshold current Iy}, ) were consistently chosen.
The results of steady-state and modulation analysis presented in
[20], [21] correspond to the strongly injection-locked WRL with
no backscattering in the ring laser and can be used, therefore, as a
starting point for the present analysis. One of the most important
findings in [20], [21] was that the high injection coupling rate in
WRL configuration leads to a very wide range of stable injection
locking of the ring laser. The ring laser remains stably locked
for the frequency detuning Aw between -165 GHz and 160 GHz
(Fig. 2).

The modulation frequency response of the strongly injection-
locked WRL calculated for several positive values of frequency
detuning is shown in Fig. 3. Also shown is the free-running
WRL modulation response, characterized by the 3-dB modu-
lation bandwidth of ~11.5 GHz and the resonance frequency
of ~5.9 GHz. As can be seen, great enhancement (up to ~150
GHz) in the resonance frequency of the injection-locked WRL
is achieved as the frequency detuning approaches the edges of
the stable locking range. The phase offset changes from zero
(the strongest locking condition) in the middle of the stable
injection-locking range to 7/2 or -7 /2 at the boundaries of the
stable injection-locking range (the weakest locking condition).
Outside that range of frequency detuning the locking is lost.

We consider a single backscattering event over the cavity
roundtrip. In this case, the coupling coefficient due to backscat-
tering kg is related to the amplitude backscattering coefficient S
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TABLEI
PARAMETERS USED IN SIMULATION
Parameters I Symbol I Value I Units
Material and structural parameters
Linewidth broadening factor o 2
Carrier lifetime Te 0.4 ns
Spontaneous emission rate Ry 85 ns’!
Differential gain a 1x10°15 cm?
Transparency carrier density No/V ~0.485x%10'8 cm?
Internal quantum efficiency N 0.5
Optical confinement factor r 0.09
Modal effective index - 3.279
Group velocity Ve 8 76x10° cm/s
Master laser
Cavity length Ly 200 pm
Reflectivity of injecting mirror R 0.825
Active region volume Vi 1.372x10°!! cm’
Transparency carrier number Nom 6.65x10°
Photon lifetime T," 22.74 ps
Ring laser
Injection coupling rate Ke 6.09x10!"! st
Ring diameter d 20 pm
Effective cavity length L, 62.83 pm
Active region volume Ve 431x10712 cm?
Transparency carrier number Nor 2.089x10°
Photon lifetime in CCW mode oY 13.4 ps
Photon lifetime in CW mode T, 0.69 ps
Nonl@near gain self-saturatio.n & 2.7x10°18 om?
Nonlinear gain cross-saturation €e 5.4x10°'8 P
as follows: 2.0x10'2 ; : : :
12
he — cS 7 (13) 7 1.8x10
TNefrd = 1.6x10" 1
where ¢ and n.g have been defined in Section I, and d is the ring X 14x10” ¢ T
laser diameter. The calculated dependence of xg versus S for the ,§> 1.2x10"% + .
WRL parameters specified in Table I is given in Fig. 4, where the é L0x10"2 F ]
red dashed line corresponding to the value of injection coupling 3 .
rate k. is shown for comparison. In this paper, we present :0 8.0x10°1 ]
the results of our analysis as a function of the backscattering % 6.0x10" F == == - - - - o Injection coupling rate &, |
coefficient S. 2 4.0x10" + 8
The detuning between the frequency of injected light and QO 20x10' | ]
that of the cavity mode is known to control the enhanced reso- . . . .
nance frequency in the modulation response of injection-locked 0'00.0 02 0.4 0.6 08 1.0

semiconductor lasers. In this paper, we show the results for
several values of positive frequency detuning Aw of interest
(Aw = 50 GHz, 80 GHz, 120 GHz, and 150 GHz), keeping in
mind that approaching the boundary of the stable locking range
corresponds to progressively weaker locking conditions (see
Fig. 2). The results obtained for negative frequency detuning are
very similar to those shown here for positive frequency detuning.

We first consider the case of a relatively strong injection
locking, with Aw = 50 GHz. For § exceeding 3 x 10°°, the CW
mode gets locked by the CCW mode, leading to stable intensity
output (Fig. 5). Further increase in S results in weakening and
eventual loss of injection locking between the master laser and

Backscattering coefficient, S

Fig. 4. The coupling coefficient kg due to backscattering (blue solid curve)
as a function of the amplitude backscattering coefficient S, calculated for the
WRL parameters given in Table I. The red dashed line corresponds to the value
of injection coupling rate K.

the CCW mode of the ring laser at S = 0.03281, with the
phase offset 0. — 0,, approaching /2 (Fig. 5). No steady
state solution exists for S > 0.03281, with intensity pulsations
occurring in both the CW and CCW modes.
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state conditions. I, = 12 mA, I, = 6 mA, Aw = 50 GHz.
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WRL versus the backscattering coefficient S. I, = 12 mA, I, = 6 mA, Aw =
50 GHz.

Figs. 6 and 7 show evolution of the photon number in
the CW and CCW modes and of S.y/Sccw intensity ratio,
respectively, with increasing values of the backscattering co-
efficient S. We point out that the total number of photons
Scw + Scew 1n the ring laser is not conserved. Larger values
of § mean more photons from the CCW mode are scattered
into the CW mode and lost, thus effectively shortening the
photon lifetime for the lasing CCW mode, while the CW
mode stays below threshold. The corresponding behavior of
the carrier number N, in the injection-locked WRL is illus-
trated in Fig. 7. The carrier number increases as the inten-
sity in the lasing CCW mode goes down with enhanced light
backscattering.

So far, our analysis has revealed that under relatively strong
locking conditions of Aw = 50 GHz the strongly injection-
locked WRL would tolerate as much as ~3.28% of light
backscattering between the CCW and CW modes, while pre-
serving the injection locking between the master laser and the
CCW mode of the WRL.
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Fig. 7. Intensity ratio for the CW and CCW modes of the injection-locked
WRL (red curve) and carrier number in the injection-locked WRL (blue curve)
versus the backscattering coefficient S. I, = 12 mA, I, = 6 mA, Aw = 50
GHz.
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Fig. 8. Optical phase offset between the CCW and CW modes of the injection-
locked WRL (red curve) and optical phase offset between the master laser and the
CCW mode of the injection-locked WRL (blue curve) versus the backscattering
coefficient S under steady-state conditions. I, = 12 mA, I, = 6 mA, Aw =
150 GHz.

The results of similar analysis carried out for the pos-
itive frequency detuning Aw = 150 GHz are presented in
Figs. 8 —10. As follows from Fig. 2, Aw = 150 GHz corresponds
to much weaker locking conditions near the boundary of the
stable locking range, with much lower intensity circulating in the
CCW mode of the WRL. As compared to the case of Aw = 50
GHz, it takes a larger value of the backscattering coefficient S =
1.21 x 10 for the CW mode to get locked by the CCW mode, and
a smaller value of S = 0.01216 for the injection locking between
the master laser and the CCW mode of the WRL to be eventually
lost (Fig. 8). Under relatively weak locking conditions of Aw
= 150 GHz, therefore, the injection-locked WRL would toler-
ate ~1.2% of light backscattering between the CCW and CW
modes. In Fig. 11, we show the effect of light backscattering on
stable locking range attainable in the injection-locked WRL by
including the results of similar analysis performed for Aw = 80
GHz and Aw = 120 GHz.
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To calculate the modulation response, a small-signal modu-
lation was applied to the ring laser injection current /, of Eq. (9)
in the form

I, = Iy [1 + §sin(2nft)], (14)

where I, is the injection current at a constant ring laser bias,
fis the modulation frequency, and § is the modulation depth.
We assumed 1% modulation depth (6 = 0.01) throughout the
simulations and present the calculated results in terms of the cor-
responding modulation depth in the photon number S, versus
modulation frequency. Fig. 12 shows the modulation response
of the WRL calculated for Aw = 120 GHz and several values
of the backscattering coefficient S. Increasing the magnitude
of § makes the resonance in the modulation response more
pronounced. We explain this effect by the frequency detuning
Aw approaching the boundary of the stable locking range that
changes with S, as shown in Fig. 11. The effect is similar to the
one shown in Fig. 3.
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As explained for the first time in [29], there are two com-
ponents that contribute to enhancement of resonant modulation
frequency in injection-locked semiconductor lasers:

Wres = AWinj — AWghifes

where Awiyj is the frequency detuning between the master
laser and the mode of the free-running ring laser and Awgyi =
(a/2)aAn (An = n — ny,) is the carrier-dependent cavity res-
onance shift. Here n is carrier density, and nyy, is the threshold
carrier density. In the injection-locked laser, carrier density is
reduced from its threshold value due to optical injection. The
slight shift in the resonance frequency in Fig. 12 is determined
by the corresponding change in the second component, Awghit,
in the expression for wyes. While Awiyj remains constant, Awghif
decreases with increasing backscattering coefficient S. Aw;y; ef-
fectively approaches the boundary of the stable injection-locking
range and carrier density n recovers to its threshold value ny,,
thus making An and Awygpig to diminish.
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IV. CONCLUSION

We have previously proposed a strong-injection-locking
scheme for enhanced ultra-high-speed performance that in-
volved a single-frequency master laser monolithically integrated
with a unidirectional whistle-geometry semiconductor micror-
ing laser (WRL) [20], [21]. The WRL scheme is expected to
ensure a dramatically increased injection coupling rate due to
strong coupling of the master laser output into the ring laser.
We confirmed the advantage of this scheme in numerical mod-
eling by predicting greatly enhanced resonance frequency of
up to ~160 GHz for the strongly injection-locked WRL. Our
previous analysis, however, did not take into account linear
coupling between the two counterpropagating modes due to
light backscattering. In this paper, we investigated the possible
negative impact of backscattered light on high-speed modulation
performance of strongly injection-locked WRLs. We have found
out that, depending on frequency detuning between the master
laser and the ring laser, the strongly injection-locked WRL
tolerates between 1% and 3% of light backscattering between
the CCW and CW modes.
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