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Abstract: We build up on former results from our work on parity-time symmetric gratings 
implemented in 1550 nm distributed feedback laser diodes to address the design issues raised 
by the first observed trends. These laser diodes are of “complex-coupled” nature, with 
modulations of both real and imaginary part of effective index, with relative phase π related 
to the parity-time symmetry. The unidirectionality of the photonic behavior in reflection 
mode is dependent on the level of extra losses incurred by the metallic grating used to 
implement fixed loss modulation onto a nearly uniform gain, either as a first order or as a 
third order grating. The observed behavior suggests that facets play a large role in setting the 
desired “unidirectional” lasing operation points, with preferential emission on one side. We 
explore this issue, of generic interest for the coupling of parity-time symmetric structures to 
open space.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Parity-time symmetry (PTS) has been a remarkably successful concept in optics [1-15]. 
Blended with periodicity, it naturally introduces an asymmetry or “unidirectionality” in the 
way dispersion relations are considered [16-18]. The physics and optoelectronics 
communities have learnt from several pioneers in the last few decades how interesting it was 
to push periodicity and symmetries to new limits, (notably through metamaterials, active 
nanophotonics, and chirality, see e.g. Refs. [19-21]). This is basically because a modulation 
such as the modulation of the complex refractive effective index in a distributed-feedback 
(DFB) laser diode takes in an ideal limit the simple form neff(z) = neff,0 + δn exp(iKz), with 
real part δn cos(Kz) and imaginary part δn sin(Kz) in quadrature, causing a scattering channel 
only for +K and none for –K, unlike classical real-index grating for instance[22,23].. It must 
be said that the idea of complex-coupling in DFB gratings was pervasive in the late stage of 
DFB developments in the 90s [24-31]. Gain modulation at those times was envisioned as 
stemming from the periodic etching of multi-quantum-well (MQW) stacks [25,27], but the 
material issues and device performance penalties incurred by such a choice made the outcome 
not really profitable, and more fundamentally, such strategies set the choice of the relative 
phase of real and imaginary parts of index to 0 or π, leaving aside the PTS window of 
opportunity, already envisioned in those years but without the current terminology [31,32].

We recently attempted to implement such PTS DFB lasers diodes [33]. Our aim is to use 
this fundamental PTS concept and the associated “unidirectional” reflection to address an 
important issue of real-life telecommunication laser diode systems in fiber networks: the 
sensitivity of laser coherence to optical feedback, cast as an “ORL” or “optical return 
loss”[34,35]. If, for some reason along a fiber link, sizable reflections arise, this means return 
with rather high signal and small “return losses”. Such a delayed feedback is well-known to 
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compromise the laser spectral coherence. As coherent detection is having, since a decade or 
so, an edge in terms of pushing the bandwidth capability of optical networks to ever-
increasing heights (to confront world demand for bandwidth), the attainment of optimal 
coherence is a prerequisite. The issue is mostly tackled through expensive optical isolators. 
These devices fundamentally break the transmission matrix reciprocity thanks to magneto-
optics. But their cost is a burden on the broader deployment of high-end DFB lasers beyond 
the core facilities and infrastructures, closer to homes or in the wide and demanding domain 
of datacom inside data centers (where copper eventually meets its limits at few meters link 
distances). 

Hence, isolator-free solutions are a hallmark of recent device research. Using a 
fundamental concept to meet this class of goals is our general aim. Our previous work 
described our first results in that domain. We are going to summarize them briefly in the next 
section, Sec.2, as the audience is still mostly unaware of this branch of applied research, so as 
to connect it with the more popular PTS “lab-devices” that have been the center of the focus 
in the last few years. The issues at stake are the grating order, the loss level, and the impact on 
spectral purity and on “unidirectionality”, as well as the actual impact, in our first tests, on 
“ORL” level, the key performance, whose values are the subject of regularly updated norms 
such as IEEE 802.3. In the following, Sec.3, we describe our efforts to understand the 
combined role of grating characteristics and lasers facets (high or low reflection) in the lasing 
behavior: since a high-efficiency PTS laser has to operate at moderate level of distributed 
reflection [36], the way the facets influence the feedback appears as more crucial to our scope 
than usual. The next section, Sec.4, is specifically devoted to the trends in the role of facets 
for unidirectionality. We combine the simulation results with our experience from previous 
work to discuss what an optimal facet design could be in section 5. We then conclude the 
paper.

2. Experimental findings summary

The InP platform is the reference for 1550 nm telecom laser diode. Few PTS have been 
investigated on this platform, as it is not the simplest to tailor gain and losses at the 
wavelength scale. One aspect of good laser diodes is that the active structure is buried, and 
isolated laterally by epitaxial regrowth of InP of the proper type to channel current from the 
top electrode to the few-µm-wide MQW active region. The grating generally sits on top of the 
active layer. A preferred alternative design to access the optical mode’s longitudinal 
landscape periodic modulation is a relatively tall ridge structure, with electrode on top. As 
show in Fig.1(a), in such a geometry, the MQW is buried just beneath the bottom of the ridge, 
and the ridge width modulation does translate into a sizable effective index modulation of the 
laser optical mode, but only of its real part (neglecting radiation losses for third order 
gratings). Then, as the optical mode still overlaps the bottom region the “cliffs” of the 
modulated ridge, metal stripes of the same periodicity (or of different periodicity if a different 
order is chosen) can be implemented on the adjacent area (as done in Ref.[23] for commercial 
DFB lasers targeting a market of specialty wavelengths), with controlled relative phase. 

The essential test of the benefits of PTS systems can then be investigated by tuning the 
relative phase of the loss and gain parts, Fig.1(b). This amounts to choose the phase ϕ in a 
general formula of the modulation reading δn(z) = δn' cos(Kz)+ iδn"cos(Kz+ϕ). Of course 
this phase correspond to a physical shift of the fraction (ϕ/2π) of the grating period Λ = 2π/K 
(≈ m λlaser/2neff at order m = 1 or 3 here). 



Fig. 1. (a) Sketch of the modulated ridge width that contributes to most of the real index 
modulation, and of the metallic grating, that is the only contributor the imaginary index 
modulation. Their relative positions are shifted as indicated. (b) Micrograph (tilted view) of a 
typical device (3rd order grating, ca. 720 nm pitch) with the dielectric and metallic grating, and 
the contact on the ridge middle. 

The general case is a case of “complex-coupling”. In the usual notation, the coupling 
constant κ is essentially the complex amplitude of δn(z), but here its +K and –K Fourier 
components should be distinguished: within a factor of 2, they are  δn'+ iδn"eiϕ  and  
δn'+ iδn"e–iϕ 

, so that the choice ϕ = π/2 and δn' = δn" >0 cancels the +K Fourier component of 
κ and doubles its –K one. From a practical perspective, we have three continuous parameters 
at hand, the two index modulations and a single phase since we reference the phase to the real 
part of the grating index modulation (in other words, the four real numbers that control the 
two Fourier components at K and –K are not independent given the phase reference to the real 
part of the grating index modulation). Only when it comes to the addition of facets at gratings 
end points does this reference convention entail some consequences. But for the grating alone 
it is neutral. A large part of the experimental work was to find the proper technological 
parameters to get a good laser from this structure, with a reasonably accurate knowledge of 
the coupling constants (±15%), which was checked by several means. A typical difficulty is 
that the metal and the optical field overlap most at the critical region of the cliff’s foot, where 
a 30 nm change in metal position, easily found due to the delicate process of defining stripes 
close to cliffs, has a substantial effect on the inferred (calculated) κ values.

Our study in Ref.[33] compared index-coupled lasers (no metallic grating), gain-coupled 
lasers (no ridge modulation, only the weaker modulation of real index by the metal survives, 
but gold at 1550 nm has a small real part of the index), and complex-coupled lasers such as 
those of Fig.1. However we did not pursue the goal of pure PTS because it would entail metal 
losses to become excessive. Hence we explored complex-coupled lasers with sizable 
asymmetries in the κ value seen by the two counter-propagating waves (say 20%), but far 
from cancelling one with respect to the other. Still, in a laser, small differences in coupling 
may have large influence on the lasing mode competition.



Spectra with clear single mode behavior and device-grade characteristics in terms of 
output power (> 5 mW) were observed. Some devices were tested with external sources to 
check the existing of a substantial anisotropy in reflection in conditions close to transparency. 
The first ORL tests were also reported in Ref.[33], whereby the coherence collapse was 
tracked by adequate spectroscopic means under increasing return losses from a desktop-
length fiber fitted with a variable loop-based attenuator. An interesting proportion of lasers 
had sufficient feedback immunity to pass the IEEE802.3 stringent level, one of them 
tolerating up to –10 dB return. However the data were somehow dispersed and hard to exploit 
in a clear-cut manner. Fig.2(a) shows for instance that complex-coupled lasers provide very 
similar spectra on both sides, in spite of the grating asymmetry. For a weak κ value, and 
henceforth a weak κL value, this is somehow possible, because the two counter-propagating 
waves are large throughout the device. But it suggests that the extra role of the facets is 
predominant in these conditions. 

A similar conclusion can be drawn from the set of L-I curves from lasers of a same bar, 
Fig.2(b). These lasers were designs with increasing phases ϕ, by steps of π/4: this means 
relative shifts of the dielectric and metallic gratings (Fig.1a) of Δz = Λ/8 (Δz ≈ 80 nm for 
third-order grating) between the two gratings, from one laser to the adjacent one in the bar. 
The two PTS lasers manage to get more light on the (conventional) SD side than on the other 
side denoted SU. But the overall trend is not marked to pinpoint a genuinely major role of 
PTS-related effects.



Fig. 2. (a) Typical spectra of a given complex-coupled grating device of length 1960 µm at 200 
mA with cleaved facet, taken from both side. The DFB operation does provide single-mode 
operation and the weak difference shows that this is obtained with a relatively weak κL 
product (b) L-I data (power vs. intensity) of lasers from the same bar with phases increasing by 
steps of Λ/8 (equivalently ϕ increasing by steps of π/4); L and R designates the two sides. The 
data for different phases are shifted along the dashed line. The inner optical power axis (0-12 
mW) applies to all data. The L over R preference for the PTS cases is not showing up strongly, 



in spite of the existing directionality in reflection [33], with interplay of the laser facets being 
the likely cause.

In the rest of the paper, we attempt to explain these behaviors by invoking the non-trivial 
role of the facets in these configurations. The issue is somewhat reminiscent of how the 
surface cut of metamaterials with underlying periodicity influences the observed properties. 
The facet reflection (~0.5 in amplitude with antireflection [AR] or high-reflection [HR] 
coating) is of the same order of magnitude as the single pass reflection from the grating, 
hence its phase can play a large role. 

Such physics already exists for simple DFB index-coupled lasers, but the issue was 
different: the modal structure of the gain grants two modes with similar gain thresholds on 
each side of the grating (for first order operation). Then the facets are mainly lifting the 
degeneracy, and devices are eventually sorted to discard those with unfit SMSR (secondary 
mode suppression ratio) in terms of acceptable products. Here, we have gratings with a more 
clearly asymmetric behavior from the start. The facets thus tend to spoil their quality. And we 
cannot play much the game of quarter-phase shifted DFB with large κL (that naturally grants 
quite some feedback immunity) because the metal losses would incur a substantial penalty in 
raising the threshold point. Hence we must clarify the role of facets to assess the viability of 
our approach in its present form, or inspire solutions that make it good enough for actual 
devices. 

3. Modeling of various gratings and of the impact of variable facets

An important result of the study reported in [20] is that despite the fact that the asymmetry 
properties of the complex profile grating are spoiled by the reflection of the facets, the 
combined action of the index- and loss-modulated gratings is nonetheless very beneficial for 
improving the single-frequency operation of DFB lasers. The reasons for this behavior can be 
understood by considering the threshold gain required to achieve a lasing emission for the 
different longitudinal modes inside the DFB laser. This threshold gain can be determined by 
modeling the DFB laser array as a 1D periodic stack of layers of thickness /8 whose 
refractive index matches the effective index of the Bragg waveguide at the corresponding 
position along the light propagation axis. This is illustrated in Fig. 3 on the example of a 
single grating period of length . Mirrors will be added in the next section, but now the 
termination are facets with air.

Fig. 3. Schematic of the complex index profile Bragg grating period modeled by the Abelès 
transmission matrix method.

The relevant longitudinal mode threshold gain gth can classically be determined from the 
condition of the observation of the first pole of the transmission matrix. To this end we 



consider realistic DFB lasers examples with Bragg grating modulation parameters 
corresponding to those determined from experimental data. We thus revisit classical results 
but with the extra trends dictated by these values. The distribution as function of wavelength 
of the transmission poles for 1-mm-long conventional DFB laser with modulation of only real 
part of the refractive index nRe = 0.002 is shown in Fig. 4a. The two lowest poles at 
gth = 32 dB/cm are corresponding to the onset of a laser emission at the upper and lower edges 
of the Bragg grating stop-band centered around 1.549 µm. It is obvious that such a dual-
frequency operation does not comply with the requirements of telecommunications. Note that 
the poles located far from the stop band at gth FP =55 dB/cm are those of the Fabry-Perot 
cavity, i.e. the wave essentially averaging all grating effects, formed by the end facets with 
28% reflection. 

 

Fig. 4. Maps of the position of the transmission matrix poles for different types of Bragg 
grating DFB lasers. a) dielectric grating DFB laser with refractive index modulation 
nRe=0.002. b) Metallic grating DFB laser with refractive index modulation nIm=0.0004. c) 
double grating DFB laser with refractive index modulation nRe=0.001 and nIm=0.0004, 
Re=0, Im=. D) AR and HR coated double grating DFB laser with refractive index 
modulation nRe=0.002 and nIm=0.0004, Re=0, Im=3/2. RAR=0.079, RHR=0.999.

The case of only loss modulated DFB grating with nIm = 0.0004 is illustrated in Fig. 4b. 
In contrast to the case of real refractive index modulation, this time a clear single frequency 
behavior with gth Bragg=78 dB/cm is observed. The improvement of the single frequency 
operation is obtained however at the price of an important penalty on the threshold gain. This 
is also visible from the gain required for reaching Fabry-Perot cavity poles, which is also 
strongly increased up to gth FP=122 dB/cm.



The situation corresponding to the complex Bragg grating with nRe = 0.002 and 
nIm=0.0004 is illustrated in Fig. 4c. The Bragg grating pole level is now gth Bragg = 72 dB/cm, 
i.e. 6 dB/cm lower with respect to the case of only loss modulated grating. Note that the gain 
level of Fabry-Perot cavity poles is the same (gth FP =122 dB/cm).

An obvious question is whether it is possible to further reduce the Bragg-grating-related 
gain-level while keeping single-frequency behavior and high level of gain discrimination with 
respect to the poles of the Fabry-Perot cavity? The solution to this problem is to use the 
unidirectional reflection properties characteristic for Parity-Time symmetric gratings. The 
issue is that in our case on the one hand nIm ≪ nRe, as is clear from the discussion above 
further increase of nIm would be highly detrimental for the threshold gain, and on the other 
hand, due to the relatively small Bragg grating contrast (nRe = 0.002), the reflection from the 
grating is strongly spoiled by the facets reflection.

To solve these problems, it is necessary to introduce an additional asymmetry in the 
system by making one facet highly reflective (HR) and another one with anti-reflection (AR) 
coating while keeping the relevant product RHRRAR identical to that of an uncoated DFB. 
When the asymmetry of the facets reflection coincides with that of the Bragg grating (in the 
sense of favoring stronger reflection on the same side), this results in a strong decrease of the 
threshold gain. The corresponding situation is illustrated in Fig. 4d with a less-demanding 
value RAR = 0.08. As can be seen, gth Bragg is reduced down to 30 dB/cm and this pole is 
separated by at least 70 dB/cm from the nearest poles. 

This result implies very stable single-frequency operation of the DFB laser, but it was 
obtained for a particular example of a 1-mm-long DFB laser with an integer number of 
grating periods. This choice could be far from neutral, as the interplay of facet reflectivity and 
grating reflectivity is strong, both having similar orders of magnitude. However, in practice, it 
would be very difficult to control the exact grating termination with the corresponding 
precision of /30. Therefore, it is important to evaluate the robustness of single-frequency 
operation compared to random phase termination of the ends of AR and HR coated Bragg 
gratings.

Fig. 5. Schematic of the complex index profile Bragg grating modeled by the transmission 
matrix method. The phases of the two facets (AR and HR) are scanned throughout the 1-period 
long outer zones, and the study is carried out for either AR/HR and HR/AR choices, given the 
PTS grating asymmetry. The period is much smaller than the length (Λ≪L).



This can be done by introducing the facet termination related phase defined as the ratio of 
the incomplete terminal period of length L with respect to the Bragg period  (see Fig. 5), 
then determining the lowest gth Bragg in the spectrum for each pair of values of AR and HR 
facet phases. The results of such a procedure are shown in Fig 6. 

In the case when the grating asymmetry coincides with that of complex Bragg grating (AR 
and obviously laser output on the low reflection side of the grating), there are large white 
color regions visible in Fig. 6a corresponding to the relatively low threshold gain gth 

Bragg < 40 dB/cm. The remarkable feature is that these regions are rather weakly sensitive to 
the exact phase (position) of the AR-coated end facet termination. In contrast, they are 
confined to specific areas of the HR coated end facet termination, namely phases around ±45° 
or ±50°. The total yield corresponding to the white colored regions can therefore be estimated 
to at least 25% for a fabrication with a random facet phase. 

The situation is very different in the case when the asymmetry of AR and HR facets 
reflection is opposite with respect to that of the Bragg grating. This can be understood 
physically, as the wave amplitudes are not fitting those of the Bloch eigenmodes of the 
grating on account of the HR reflection in particular when the local mode would seek low 
reflection. The unidirectional properties similar to those of loss-modulated Bragg grating are 
thus showing up, despite the fact that the modulation of the imaginary part of index profile 
nIm = 0.0004 is five times lower with respect to the modulation of the real part nRe = 0.002. 
Hence, the interplay of facets and gratings cannot be devised in “rather additive” terms. But 
fortunately, the good solution still offers a tractable landscape allowing for random facet 
fabrication with acceptable yields.
In addition to the low threshold gain level, AR/HR coated lasers also exhibit a high level of 
gain discrimination between the lowest and next pole. The corresponding situation is shown 
in Fig. 6b. These results ensure a stable single-frequency lasing with a high SMRS level and 
also provide the expectation of a better tolerance with respect to optical return loss.





Fig. 6. Color maps showing variation of the threshold gain gth Bragg and threshold gain 
difference as a function of both the AR and the HR facets phase, when the asymmetry of AR 
and HR coatings reflectivity coincides with that of complex profile Bragg grating (HR on high 
reflective side of grating). (a) Gain threshold map with contours. Note the weak dependence on 
the AR facet for the low-threshold regime of HR phase around 0°/360° (for the opposite 
choice, AR and HR anti-coinciding, the gain threshold map is mostly above 85 dB/cm). (b) 
Map of the gain difference with their contours. The dashed line is the 40 dB gain-threshold 
contour of (a), delimiting the low threshold area. The secondary mode suppression ratio 
(SMSR) seems also good in those areas, essentially above 50 dB; (c) Gain threshold map in the 
case when the asymmetry of the PTS Bragg grating reflection is opposite to the asymmetry of 
AR/HR coating.

4. Conclusion
Laser diode with PTS symmetry in the DFB grating generalize the constrained complex-

coupled DFB laser diodes that was first explored across the 90s. Continued interest for 
broader operating characteristics of real-life DFB lasers in networks of all kinds is a logical 
incentive to explore novel solutions such as PTS DFB laser diodes. We have specifically 
explored the role of grating cut by randomly placed facets in the non-trivial complex-coupled 
distributed-feedback lasers, based on our previous first experimental results. The interplay of 
facet and gratings was expected due to the order of magnitude of the reflection and the 
coherent nature of the interaction, but its physics was not hitherto reported. The issue bears 
some similarity with the generic issues of cutting into complex metamaterial with elaborate 
unit cells. We found relevant trends from an adapted version of the classical transmission 
matrix tool and threshold gain analysis. 

The main result here is that a choice of relatively well mastered HR and AR facets can be 
put to good use to get low-threshold devices with a decent yield (>50%), with only a penalty 
of the HR facet position. A low threshold of about 32 dB/cm modal gain is predicted for 1-
mm-long PTS DFB laser diode devices having our measured real and complex grating 
modulation characteristics with only one fifth of complex modulation. A more complete study 
of SMSR and immunity to optical feedback should help defining optimal devices. With the 
trend found here and the rather clear physical basis for their understanding, the desired 
properties of large SMSR and strong immunity could see their emergence largely favored.
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