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Abstract: The exponential growth of large models and cloud computing is driving demand for unpreceden-
ted modulation speeds in short-reach data center links. While cavity-enhanced effects such as photon-photon
resonance (PPR) and detuned loading (DL) offer a promising pathway, their practical implementation in dir-
ectly modulated lasers (DMLs) often faces a critical trade-off: achieving a flat, high-bandwidth response typ-
ically requires complex fabrication techniques like butt-joint regrowth, whereas simpler identical active layer
(IAL) designs suffer from uneven small-signal modulation response. In this work, we numerically investig-
ate a dual-x grating distributed feedback (DFB) laser based on an IAL structure that overcomes this trade-off.
The design eliminates the need for butt-joint regrowth while effectively flattening the small-signal response.
We compare its performance under single-ended and push-pull modulation schemes. The optimized laser ex-

hibits a simulated small-signal modulation bandwidth of 185 GHz with multiple PPR peaks under single-
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ended modulation, and a simulated small-signal modulation bandwidth of 94 GHz with suppressed low-fre-
quency roll-off under push-pull modulation. Notably, both schemes generate clear eye diagrams at 200 Gbit/s
NRZ in simulation, demonstrating their potential for ultra-high-speed operation. Furthermore, tolerance ana-
lysis confirms robustness against typical fabrication variations. The proposed IAL-based dual-x DFB laser
therefore appears to be a promising cavity-design approach for future high-speed short-reach optical intercon-

nects. Further work is still needed to address power efficiency and practical electrical bandwidth limitations.
Key words: directly modulated laser; distributed feedback laser; single-ended modulation; push-pull modula-
tion; photon-photon resonance effect; detuned loading effect

T 10 8 3% 5 1 60 0 o6 4 B R R A MO X 01 3 7
5158 T e 8 B 488 38 300 9 175 EL B 5%

7742, Richard SCHATZ*, 58 ', % #°", wilg's, % #, I 2, FaEV
(L. PERFRKELFEFIREDERTH, EHEAARFEEHALEEA
S E, F4 KA 1300335
2. #ER R A%, LA 100049;
LBHERE, LRERGRFAGH LI, | K K 518055;
4 B ERBIFNR, NAMES LF¥ R, fndt $E5 /RE SE-100 44;
5. FEHFFEBEARAG, F4 K& 130033)

A B TN TS A PR A i, Bl b O D N A A fd i TR 2R . DL T iR (PPR) 2L
AR AN (DL) 2408 A4 T B TR RO LA (DML) 4 B it 1A sbode A, (H HES B30 3 ThT I 205 4 A9 52 2 P15 91 ol
M JS7 (4P SR 2 ) AR AU AR e i S R SE /M S R R, AEAE G 2O A R AR 2% T2, T A5 A BT S A4 [ A7
JZ (IAL) Bt WA 5 5 A AR /IME SRR L o AR SCRFX X — [ , (7 PSS T —Fk T TAL 25K B XU
JeM A S5t (DFB) SOGHT o IZ B o WA K T2, TR lesss /M S I e 7 g ~F- 2, e A o] o 4
Pov i WA 7 2T BPERE . (7RI, PEAL 5 B AR 0F 76 Bt ) T AT i 221 PPR S B 185 GHz /M 5 (1 Bl
98 TEAEAR A T A G RIS 94 GHz B/ ME S 05 5 58 WA ) 5 2U7E 200 Gbit/'s NRZ 4614 T £ m] 4535
T A ECHR PR, S b A e g I ) PP A N T o A, 22 00 M e I, AR M X ML TR T 20 22 RA ey vy 5 1
Pho WFFEAE SRR, BT thiy TAL 25K 00 SR IDEHE DFB SO A 3o AR B B R A — Mo RSt A BT %,
B TFE K Sy 58 BRI A T E— 2B 05T

X OB O ABRARMOL S oA RAOL B AR AR) HRIAR LT TR R K A BB

HHE 52K S:TN248 4; MHERARERE: A doi: 10.3724/C0O.EN-2026-0007 CSTR:32171.14.CO.EN-2026-0007

1 Introduction lated lasers (DMLs) serve as the preferred light

source due to their compact footprint, low power
The rapid evolution of optical communication . .
. ' ' consumption, and cost-effectiveness. Over the years,
technologies, coupled with advancements in com- o
) . ) significant efforts have been made to enhance DML
puting networks, artificial intelligence, and large
. . idth through epitaxial i t h
language models, continuously drives the demand bandwid rough cprtaxial Improvements such as

for higher data communication capacity in data cen- introducing strain into quantum wells ), optimiz-

ters, necessitating increasingly higher modulation ing doping profiles *”, increasing the number of

[10-11

rates "1, In such short-reach links, directly modu- quantum wells ), and altering materials "', Fur-
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ther advancements have come from device design,
including reducing the active region volume "%, op-

13-15]

timizing grating structures "% and integrating

1171 However, these ad-

compound cavity structures!
vancements are inherently limited by damping,
thermal, and parasitic effects ¥, which typically
limit the achievable bandwidths around 30 GHz !,
To break through this traditional bandwidth
limit, several physical effects have been exploited.
The detuned loading (DL) P effect in distributed
Bragg reflector (DBR) lasers enhances differential
gain by operating the laser on the long-wavelength
side of the Bragg peak, where chirp-induced reflec-
tion loss changes during modulation. The photon-
photon resonance (PPR) P! effect extends band-
width by coupling amplified side modes with modu-
lation sidebands, creating new resonance peaks in
the frequency response. Additionally, the frequency
(FM-AM)

conversion effect *? leverages the inherently higher

modulation-to-amplitude = modulation
bandwidth of frequency modulation to enhance the
small-signal response. A prevalent method to engin-
eer the PPR effect employs a butt-joint passive
waveguide %, but this introduces significant fab-
rication complexity. The identical active layer (IAL)
structure was proposed to eliminate this complex re-
growth step *"2!). However, a critical shortcoming of
conventional IAL-based designs is their tendency to
produce non-flat, high-amplitude small-signal re-
sponses, which can degrade the quality of high-
speed eye diagrams. Achieving a flat PPR response
often still necessitates the complex butt-joint re-
growth process 2,

Meanwhile, most PPR effect-based bandwidth
enhancement research has concentrated on single-
ended modulation. Push-pull modulation offers an
alternative pathway to induce the PPR effect 329,
but introduces its own challenge: it suppresses the
carrier-photon resonance (CPR) peak due to a dy-
namic equilibrium of the average carrier density in

[36-39]

symmetric cavity designs ,creating a  pro-

nounced low-frequency roll-off that limits usable

bandwidth. Mitigation strategies include using sec-
ond-order grating to replace first-order grating 1!,
introducing time delays between push-pull signals™?,
and adopting an asymmetric cavity with asymmet-
ric facet coating designs %),

To address these intertwined challenges, sim-
plifying fabrication while achieving a flat, high-
bandwidth response under both mainstream modula-
tion schemes, we propose a novel DFB laser design
based on a dual-x grating with an TAL structure.
This design intrinsically flattens the small-signal re-
sponse, overcoming a key drawback of the IAL
method. We then perform a systematic, comparat-
ive investigation of its performance under both
single-ended and push-pull modulation.

In this work, we first describe the dual-x DFB
laser structure and its design principles for cavity
enhancement. We then numerically analyze the im-
pact of key geometric and coupling parameters on
the small-signal response for each modulation
scheme. Our optimized single-ended modulated
laser can achieve a simulated small-signal modula-
tion bandwidth of 185 GHz through multiple PPR
peaks, while the push-pull modulated laser can
reach 94 GHz in simulation by effectively mitigat-
ing the low-frequency roll-off. Both schemes gener-
ate clear eye diagrams at 200 Gbit/s NRZ in simula-
tion. Finally, we examine the tolerance of both
designs to typical fabrication variations. These res-
ults indicate the potential of the proposed laser
structure for future high-speed short-reach optical
interconnects.

The remainder of this paper is structured as fol-
lows: Section 2 describes the device structure and
design principles. Sections 3 and 4 study the influ-
ence of key parameters on device small-signal in-
tensity modulation response for single-ended and
push-pull  modulation, respectively.  Section
5 presents the simulated device performance and
discussion. Section 6 analyzes the impact of fabrica-
tion tolerances on yield and bandwidth. Finally,

Section 7 presents our conclusion.
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2 Device structure and principles of

design

2.1 Device structure

Fig. 1 shows the proposed three-section dual-x
DFB laser structure. The key innovation of this
structure is the use of two distinct coupling coeffi-

cients (x) within a monolithic TAL, thereby eliminat-

AR coating ——

ing the need for complex butt-joint regrowth. The
rear-side (modulation section) and front-side grat-
ing sections (low-x section) have a low x-value (x),
whereas the central grating section (high-x section)
has a high x-value (x,). All three sections share an
IAL and a common Bragg wavelength of 1310 nm.
The output facet has antireflection (AR) coating,
while the rear facet remains uncoated as a natural
cleaved facet. The key simulation parameters are

summarized in Table 1 ¥4,

Low-x High-x Modulation
section section  section

| | | |
| | T 1

K1 K2 K1

—\ﬁl—\l—\ﬁ’_"_\ﬁl—\:ﬁ——Grating
4 —Mmow

N electrode

(b)

Fig. 1 (a) Schematic of dual-x DFB laser (b) cross sectional view of the proposed laser.

Tab.1 Simulation parameters of dual-x DFB laser.

Parameter Value
Length of modulation section 50 um
Length of high-x section 100 um
Length of low-x section 350 um
Reflectivity of front (rear) facet 0% (28.4%)
Width of active region 1.2 um
Thickness of active layer 100 nm
Value of grating «; 30 cm™
Value of grating x, 100 cm™
Internal loss 10cm™
Linewidth enhancement factor 4
Optical confinement factor 0.2
Effective index 3.276
Group index 3.658
Differential gain 5.0e-16 cm™
Transparency carrier density 1.5e18 cm™
Linear recombination 1.0e8 s

Bimolecular recombination coefficient 1.5e-10 cm®/s

Auger recombination coefficient 3.5¢-29 cm%s

2.2 Design principles

The design principles center on engineering the
cavity to effectively exploit the PPR effect for band-
width enhancement, while maintaining an accept-
ably flat small-signal response. A successful PPR
effect requires participating side modes to exhibit
sufficient response strength above the —3 dB level
and to be closely spaced in frequency relative to the
CPR peak ™I, In this design, the cavity length of the
modulation section is shortened to raise the funda-
mental CPR frequency.

The magnitude of reactive energy U for each
mode, defined by the depth of the standing wave
pattern, as described by Equation (10) in the Ap-
pendix, is a key factor for high-speed modulation.
Reactive energy concentrated within the modulated
section directly supports the modulation response.
Near the AR-coated front facet, the energy is
primarily in the traveling wave form, as shown in
Fig. 2(a), which does not directly contribute to high-
speed modulation “%. Although traveling wave en-

ergy V increases with the total photon energy S, the
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reactive energy remains weak in this facet.

1.0
(@)

< =E<—>E<—b
Low-« section i High-x  Mod.

< < o
e =)} o0
T T

Normalized photon density

<
o

— Total ;
— Reactive

0 100 200 300 400 500
Cavity length/um

(b) —— Low-x value «,
— High-« value «,

Reflectivity

-2 -1 0 1 2
Wavelength/nm

Fig. 2 (a) Distribution profile of main mode total and reactive photon densities in laser cavity (b) the reflection profile for low

x-value x; and high x-value ;.

The dual-x grating is designed to tailor this en-
ergy distribution and the cavity's reflection spec-
trum. A high x,-value combined with a short high-x
section produces a relatively wide reflection peak.
This configuration enhances the confinement of re-
active energy inside the modulation section of the
cavity. Conversely, a low x;-value combined with a
long low-x section generates a narrow reflection
peak with a steep slope, as shown in Fig. 2(b). This
sharp spectral feature promotes a high side-mode
suppression ratio (SMSR) and enhances the DL ef-
fect by providing a strong wavelength-dependent
loss.

Both single-ended and push-pull modulation
schemes are implemented and optimized using the
same dual-x DFB structural platform. For single-
ended modulation, the central high-x section is left
unpumped. For push-pull modulation, the same sec-
tion is electrically biased to store additional photon
energy, which

between the modulated sections ). We adopt the

alters the dynamic interaction
LaserMatrix software for laser simulations, and pre-
vious studies using this software “** have demon-
strated its maturity and effectiveness for simula-
tions. The bandwidth values reported in this work
correspond to the simulated small-signal modula-
tion response obtained from the simulation model.
In practical devices, the usable bandwidth will also

be limited by the finite electrical bandwidth of the

electrode, pad, interconnect, package, and driver.
Further details of the simulation model are provided

in the Appendix.

3 Dependence of device parameters
on modulation bandwidth in
single-ended modulation

This section investigates the influence of key
structural parameters on the small-signal modula-
tion response under single-ended operation. The
analysis focuses on the length of the low-x section
and the coupling coefficient (x,) and length of the
high-x section. The objective is to understand how
these parameters govern the PPR frequencies and
amplitudes, thereby determining the overall band-
width and flatness of the response. Throughout this
analysis, the currents of the modulation and low-x
sections are fixed at 25 mA and 175 mA, respect-
ively, while the x;-value for both sections remains
constant at 30 cm™'. These bias conditions are
chosen to optimize the cavity-enhanced modulation
response and to make the PPR-related behavior
clear, rather than to minimize the total power con-
sumption.

The length of the low-x section primarily influ-
ences the PPR resonance frequency as a key com-
ponent of the compound cavity for introducing the

PPR effect. As illustrated in Fig. 3, an increase in
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the length of the low-x section leads to a reduction
in the PPR frequency. The relaxation oscillation fre-
quency remains unchanged, which is attributed to
the fixed length of the modulation section.
However, mode hopping and unstable operation are
observed when the cavity length approaches 400
um. Therefore, a low-x section length of 350 um is
selected for subsequent optimization, providing a
stable operating point with a suitable PPR fre-

quency.

250

—— Main mode

N Side mode 1
% 200 —— Side mode 2
} — Side mode 3
5 150 \
o
=
=]
g 100
g
<
[}
g 50

0 1 1

250 300 350 400

Length of low-x section/um

Fig.3 Resonance frequencies of different laser modes at

low-k section lengths from 250 to 400 pm.

3.1 Dependence of modulation bandwidth on the
x;-value of high-x section

With the cavity length fixed, the coupling coef-
ficient of the high-x section, «,, is varied to analyze
its effect on the small-signal response. As shown in
Fig. 4, for 80and 90 cm™, four response peaks
cause a large bandwidth enhancement. At higher #,-
value, the fourth peak shifts toward higher frequen-
cies and no longer contributes to bandwidth exten-
sion, while the frequency intervals between the re-
maining peaks become smaller.

This increase in the x,-value enhances the
coupling between modes and changes the loss of
each mode, while also strengthening the CPR re-
sponse. Consequently, the first two PPR modes on
the long-wavelength side gradually move closer to
the CPR peak. Meanwhile, the response intensity of
the fourth resonance peak on the short-wavelength
side progressively weakens due to increased loss

and shifts away from the CPR peak, resulting in a

roll-off below —3 dB.

10
m
3
[}
Z 0
2
8 el e it Ny
3
N 90 cm™
ERts 100 cm'™
5 — 110 cm™!
Z — 120 cm’!

-----3dB
720 1 I 1
0 50 100 150 200
Frequency/GHz

Fig. 4 Normalized single-ended modulation response at -

values of high-x section from 80 to 120 cm™.

3.2 Dependence of modulation bandwidth on the

length of high-x section

The length of the high-x section is another critic-
al parameter affecting the PPR characteristics. Fig. 5
shows the dependence of the small-signal intensity
modulation response on the high-x section length
varying from 50 to 150 um. Three PPR peaks ap-
pear for lengths of 50 and 75 pum, where the second
PPR peak is caused by the merged responses of the
side modes on both sides of the main mode. Increas-
ing the length reduces the PPR peak frequencies,
isolates the third peak, and suppresses its contribu-

tion to bandwidth enhancement.

/m
i
[}
Z
o
o
g
=
[
N
=
g
=]
Z
---- -3 dB
720 1 1 1
0 50 100 150 200

Frequency/GHz

Fig. 5 Normalized single-ended modulation response at

high-« section lengths from 50 to 150 pm.

Similar to the trend observed for x,-values, the
third PPR peak that exhibits roll-off is located on
the short-wavelength side of the main mode. The

slope of this grating section's reflection peak
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changes significantly with length, and the fre-
quency variation of the side mode is more pro-
nounced, since the mode spacing is directly af-
fected by the complex-cavity length. Although in-
creasing the length reduces the frequency interval
between the long-wavelength PPR modes and the
main mode, it also makes the small-signal response
intensity more pronounced, which is detrimental to
large-signal modulation.

In summary, the parametric analysis reveals
clear design trade-offs. A lower x,-value strengthens
the response peaks, whereas a shorter cavity length
increases the frequency separation from the main
mode and reduces the peak intensity. Therefore, the
optimal strategy involves utilizing shorter cavity
lengths to control the amplitude effectively, com-
bined with higher x,-values to reduce the frequency

interval, thereby enhancing the overall performance.

4 Dependence of device parameters
on modulation bandwidth in push-
pull modulation

This section presents a systematic analysis of
the push-pull modulation scheme implemented on
the same dual-x DFB structure. In contrast to single-
ended modulation, push-pull modulation applies
equal-magnitude but opposite-phase modulation
currents. In a symmetrical laser cavity, this means
the gain increase in one section is offset by an equal
decrease in the other. Consequently, the round-trip
gain (RTG) of the entire cavity maintains dynamic
balance during modulation, leaving the average car-
rier concentration and average refractive index un-
changed. This suppresses the CPR peak by avoid-
ing net periodic perturbation to the RTG. As a res-
ult, the frequency response often falls below —3 dB
before the PPR enhancement becomes effective.
Our design employs an asymmetric cavity to mitig-
ate this issue.

The following analysis examines how key

parameters influence the small-signal response, with

the goal of minimizing roll-off and maximizing
bandwidth. Throughout this analysis, the following
parameters are fixed: the modulation and low-x sec-
tions currents at 25 mA and 175 mA, respectively;
the x,-value at 30 cm™ for both sections; and the
high-x section length at 100 pm. The central high-x
section is biased at 80 mA to store greater photon
energy ). This additional DC bias helps reduce the
low-frequency roll-off, but it also increases the stat-
ic power consumption and thermal load.

The choice of which sections are driven as the
push-pull pair fundamentally affects the modulation
characteristics.

Fig. 6 compares the small-signal responses
when push-pull modulation is applied between the
modulation (rear) section and either the high-x
(middle) or low-x (front) sections. Modulation with
the middle section produces a higher CPR response
intensity, attributed to stronger reactive energy con-
finement by the higher «,-value, which increases
carrier concentration sensitivity and enhances the
side-mode response peak. In contrast, modulation
with the front section yields a relatively flat re-
sponse. Therefore, to ensure good eye-diagram qual-
ity, the rear modulation section and the front low-x
section are selected as the push-pull pair for sub-

sequent optimization.

Normalized response/dB

—20F Modulation in the middle and rear sections
—— Modulation in the front and rear sections
-----3dB

_30 1 1 I

0 50 100 150 200

Frequency/GHz

Fig. 6 Normalized push-pull modulation response in the
modulation (rear) section combined with high-x

(middle) and low-« (front) sections, respectively.

4.1 Dependence of modulation bandwidth on the
x,-value of high-x section

With the push-pull pair established, we first in-
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vestigate the role of the high-x section's coupling
coefficient. A high x,-value provides strong coup-
ling between laser modes and pronounced photon
energy confinement. With the high-x section biased
at 80 mA, Fig. 7 shows the dependence of the small-

signal response on the x,-value.

Normalized response/dB

0 50 100 150 200
Frequency/GHz

Fig. 7 Normalized push-pull modulation response at x,-

values of high-x section from 80 to 120 cm™.

Under push-pull modulation, only one side
mode contributes to the PPR effect for bandwidth
extension. As the x,-value increases, the CPR fre-
quency remains fixed, while the first PPR peak
shifts toward it, reducing the bandwidth. Two addi-
tional response peaks below the —3 dB level are ob-
served: one on the long-wavelength side follows the
same trend as the PPR peak above with x,-value,
while the other, on the short-wavelength side, exhib-
its the opposite behavior.

This behavior resembles that in single-ended
modulation, where increasing the x,-value alters the
side modes loss, particularly for the short-
wavelength mode. Based on this, a #,-value of
100 cm™ is selected and kept constant for the fol-
lowing analysis.

4.2 Dependence of modulation bandwidth on the
length of low-x section

Unlike single-ended modulation, a primary
challenge in push-pull modulation is mitigating the
low-frequency roll-off between the CPR and PPR
peaks. The length of the low-« section, which is part
of the push-pull pair, is a critical parameter for ad-

dressing this. With the low-x section fixed at

175 mA, Fig. 8 shows that varying its length from
200 to 400 um substantially alters the bandwidth. A
length of 200 um yields a bandwidth of 100 GHz
but with a pronounced roll-off, primarily due to the
high DC bias on this section. This indicates that re-
ducing the bias current could mitigate this suppres-
sion. As the length increases, the PPR frequency
gradually decreases from 80 GHz at 200 um to
51 GHz at 400 pum, while its response intensity
strengthens. Thus, to achieve a flat small-signal re-
sponse, a shorter low-x section is preferable,
provided the DC bias is also reduced accordingly to

prevent excessive roll-off.
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Fig. 8 Normalized push-pull modulation response at low-x

section lengths from 200 to 400 pum.

In summary, the parametric study for push-pull
modulation confirms that the asymmetric cavity
design successfully addresses the characteristic CPR
roll-off problem. The small-signal response shows
limited dependence on the x,-value, and a higher
DC bias in the high-x section contributes stability.
The key to achieving a flatter response is to select a
shorter low-x section and reduce its bias current, so
as to balance the PPR strength against low-fre-

quency suppression.

5 Simulated device performance and
discussion

This section presents the simulated steady-state
and dynamic performance of the optimized laser

designs for both single-ended and push-pull modula-
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tion, based on the parametric analysis conducted in
Sections 3 and 4. The results are compared against
the initial dual-« structure and a conventional single-
i grating reference laser, where x,-value was uni-
formly replaced by x;-value while keeping all other
parameters identical, thus highlighting the perform-
ance improvements enabled by the optimized dual-x
design.
5.1 Device performance of single-ended modula-

tion laser

The optimized parameters for the single-ended
modulation laser are summarized in Table 2. Per-
formance was evaluated through the steady-state
RTG, lasing spectrum, small-signal modulation re-

sponse, and large-signal eye diagrams.

Tab.2 Optimized parameters of single-ended modula-

tion laser.
Parameter Value
Length of high-x section 50 um

Value of grating «, 120 cm™

The steady-state analysis confirms the inten-
ded multi-mode interaction. The RTG spectrum in
Fig. 9 shows three side modes participating in the
PPR effect, which is crucial for broadband enhance-
ment. The corresponding lasing spectrum in Fig. 10
reveals these side modes are separated from the
main mode by 0.46nm and 0.88 nm (long-
wavelength side) and 0.94 nm (short-wavelength
side). The small-signal response in Fig. 11 shows
distinct PPR peaks at frequencies proportional to
these wavelength separations. Because the short-
wavelength and the second long-wavelength side
modes have similar interval values, their corres-
ponding PPR peaks partially overlap, appearing to-
gether as the third resonance peak. The optimized
design achieves a simulated —3 dB small-signal
modulation bandwidth of 185 GHz, which is signi-
ficantly higher than that of both the initial structure
and the single-x reference, while also showing a

flatter response.

1.2

% Main mode
10} PPR modes
= Side modes

Round-trip gain

\/ M\

1308 1310 1312
Wavelength/nm

Fig. 9 Round-trip gain and lasing mode of the optimized

laser for single-ended modulation.

10 |
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Fig. 10 Lasing spectrum of the optimized laser for single-

ended modulation.
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Fig. 11 Normalized modulation response of three struc-

tures for single-ended modulation.

Eye diagrams were simulated under a modula-
tion current swing of 10-40 mA at 200 Gbit/s NRZ.
The initial structure laser exhibits a blurred eye dia-
gram, as shown in Fig. 12(a); the single-x grating
structure laser shows an almost closed eye in Fig. 12
(b), while the optimized structure laser displays a

clearly open eye in Fig. 12(c).
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tures.

5.2 Device performance of push-pull modulation
laser
The optimized parameters for the push-pull
modulation laser are listed in the Table 3. Follow-
ing the same evaluation procedure, steady-state
RTG and lasing spectrum were obtained, and dy-
namic responses were compared with the initial

structure and a single-« laser.

Tab.3 Optimized parameters of push-pull modulation

laser.
Parameter Value
Length of low-x section 200 um
Current of high-« section 80 mA

Modulation regions modulation (rear) and low-« (front) sections

The operating principle under push-pull modu-
lation differs significantly. The RTG spectrum in
Fig. 13 indicates that only one side mode on the
long-wavelength side, separated by 0.47 nm (Fig. 14),
contributes dominantly to the PPR effect. Con-
sequently, the small-signal response in Fig. 15 ex-
hibits a single dominant PPR peak above —3 dB.
While the initial structure shows a higher response
magnitude and the single-x reference suffers from
severe roll-off, the optimized asymmetric design
achieves a flatter simulated response profile, result-
ing in a simulated small-signal modulation band-
width of 94 GHz.

The 200 Gbit/s NRZ eye diagrams under push-

pull modulation are shown in Fig. 16. The optim-

Time/ps
(b) (©

Fig. 12 Eye diagrams for single-ended modulation in (a) initial laser (b) single-x grating laser and (c) optimized laser struc-

Time/ps

ized laser Fig. 16(c) produces a clearly open eye in
simulation. The initial structure Fig. 16(a) shows a
blurred eye due to an uneven frequency response,
and the single-x reference Fig. 16(b) exhibits a
nearly closed eye due to its limited bandwidth. Not-
ably, the push-pull scheme yields a higher extinc-
tion ratio than the single-ended case, which is ad-

vantageous for signal detection.

1.2
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PPR modes
® Side modes
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o
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Fig. 13 Round-trip gain and lasing mode of the optimized

laser for push-pull modulation.
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—40 L L L s N
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Fig. 14 Lasing spectrum of the optimized laser for push-

pull modulation.
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Fig. 15 Normalized modulation response of three struc-

tures for push-pull modulation.
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Fig. 16 Eye diagrams for push-pull modulation in (a) ini-

tial laser (b) single-x grating laser and (c) optim-

ized laser structures.
5.3 Discussion
The two modulation schemes show different

advantages. Under single-ended modulation, the op-

timized laser reaches a simulated small-signal mod-

ulation bandwidth of 185 GHz by making use of
multiple PPR peaks, and the driving scheme is relat-
ively simple. Under push-pull modulation, the simu-
lated bandwidth is lower at 94 GHz, but the eye dia-
gram is cleaner and the extinction ratio is higher.
This mainly comes from the asymmetric cavity
design, which helps reduce the low-frequency roll-
off in the push-pull case. These results suggest that
the same dual-x IAL structure can be adapted for
different modulation requirements.

It should also be noted that the optimized bias
conditions used here are relatively high for short-
reach interconnect applications, where power effi-
ciency is important. In the single-ended case, the
modulation and low-«x sections are biased at 25 mA
and 175 mA, respectively. In the push-pull case, an
additional 80 mA bias is applied to the central high-
# section. These bias settings are selected mainly to
improve the modulation response, rather than to re-
duce power consumption. The additional bias in the
push-pull design helps store more photon energy
and alleviates the low-frequency roll-off, but it also
increases static heating.

Self-heating may affect the refractive index,
differential gain, and carrier recombination, and
may therefore shift the PPR peak positions and alter
the relative peak amplitudes. It may also influence
carrier transport and further affect the usable modu-
lation response. A quantitative thermal analysis is
not included here because reliable thermal simula-
tion in LaserMatrix requires experimentally calib-
rated temperature-dependent material parameters,
together with realistic electrical and thermal resist-
ance values for the specific device. Since these in-
puts are not available at present, the discussion here
is limited to the physical implications of the bias
conditions.

In practical devices, the final electro-optic
bandwidth will also be limited by the electrical re-
sponse of the electrode, pad, interconnect, package,
and driver. To illustrate this effect, the small-signal
response is further evaluated together with an equi-

valent first-order external low-pass response. This
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treatment is not intended to reproduce the full elec-
trical parasitic effects of a specific device layout. In-
stead, it is used here as a simple and consistent way
to examine how finite external electrical bandwidth
would compress the small-signal response predicted
by the optical simulation.

Fig. 17 shows the corresponding results for
several representative levels of external electrical
limitation, with the low-pass frequencies set to

0.5 and 0.75 times the bandwidth, ranging from rel-

20

(a) —— Optimized structure
—— 138.75 GHz low pass filtering
— 92.5 GHz low pass filtering

Normalized response/dB

0 50 100 150 200
Frequency/GHz

atively weak limitation to more pronounced limita-
tion. In the single-ended case, the external electrical
roll-off reduces the available bandwidth, but the
multiple PPR peaks still provide partial equaliza-
tion of the roll-off and help maintain a relatively
broad response. In the push-pull case, the response
is dominated by a single high-frequency enhance-
ment, which is weakened noticeably, so the re-

sponse falls below the —3 dB level at a lower fre-

quency.

20 —
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—— 70.5 GHz low pass filtering
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2 -----3dB
g
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Fig. 17 Effect of an equivalent first-order external electrical low-pass limitation on the optimized small-signal responses: (a)

single-ended modulation and (b) push-pull modulation.

In practice, these results indicate that the exper-
imentally achievable bandwidth will depend not
only on the cavity design itself, but also on whether
the external electrical path is fast enough to pre-
serve the PPR-assisted response. In this sense, the
single-ended modulation is more tolerant of extern-
al electrical roll-off because of its multiple PPR
peaks, whereas the push-pull modulation is more
directly constrained by finite external electrical
bandwidth. Therefore, further improvement of the
experimentally achievable bandwidth will require
not only cavity optimization, but also co-design of

the electrode, interconnect, package, and driver.

6 Device fabrication tolerances

To assess the practical feasibility of the pro-
posed designs, this section analyzes the impact of
fabrication variations on laser yield and bandwidth
stability. The analysis focuses on three key vari-

ation sources: random back-facet phase, deviations

in grating coupling coefficients (x), and variations in
section lengths.
6.1 Device fabrication tolerances of single-ended
modulation laser
The single-mode yield was evaluated by defin-
ing a SMSR > 30 dB across a random back-facet
phase variation from 0° to 360°. The design yields a
single-mode yield of approximately 77%, as shown
in Fig. 18, indicating good robustness against this

common phase uncertainty.
60

W
(=)
T

IS
S

20 ¢

Normalized response (dB)
(98]
S

0 60 120 180 240 300 360

Rear facet phases/(°)

Fig. 18 Effect of random back-facet phase on the single-

mode yield for single-ended modulation laser.
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The impact of x and length variations on the
—3 dB bandwidth was quantified. The x;-and #,-val-
ues across the three sections were varied within an
error range of = 5cm™'. The resulting bandwidth
variation is about 10 GHz for x,-values and 0.6 GHz

for x,-values (Fig. 19). Similarly, length variations

Normalized response/dB

0 50 100 150 200
Frequency/GHz

of £ 10 pm in the low-x and modulation sections
cause bandwidth changes of 8 GHz and 4 GHz, re-
spectively (Fig. 20). These results indicate that para-
meters of the low-x section have a more pro-
nounced influence on bandwidth, as they directly af-

fect the frequency and strength of the PPR peak.

10

(b)

— 115.0cm™!
117.5 cm™
120.0 cm™

— 122.5¢cm™

— 125.0 cm™

---- -3 dB

Normalized response/dB

0 50 100 150 200
Frequency/GHz

Fig. 19 Effect of fabrication variations on the small-signal response of the optimized single-ended modulation laser: (a) the x;-
value of the low-x and modulation sections and (b) the x,-value of the high-« section.
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Normalized response/dB
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Fig. 20 Effect of fabrication variations on the small-signal response of the optimized single-ended modulation laser: (a) the
length of the low-« section and (b) the length of the modulation section.

6.2 Device fabrication tolerances of push-pull

modulation laser

The same tolerance analysis was applied to the
push-pull design. This design shows an even higher
single-mode yield of approximately 93% over the
same back-facet phase range, as shown in Fig. 21,
suggesting enhanced mode stability under the push-
pull operating condition.

Variations in x and length have a more sub-

dued effect on bandwidth in this scheme. As shown
in Fig. 22, bandwidth variations are 4 GHz and
3.5 GHz for changes in xj-and x,-values, respect-

ively. Fig. 23 indicates the length variations of

+10 um in the low-x and modulation sections cause
bandwidth changes of 4 GHz and 8 GHz, respect-
ively. The overall smaller sensitivity, compared to
the single-ended case, indicates that the push-pull

modulation scheme, with its inherent dynamic bal-
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ance, offers improved resilience to certain fabrica-

tion errors.

In conclusion, the tolerance analysis confirms

that both optimized designs maintain stable per-
formance within typical fabrication error margins.
The single-ended design is more sensitive to para-
meters governing the PPR (low-x section), while the
push-pull design demonstrates generally lower sens-

itivity and higher single-mode yield, enhancing its

manufacturability.
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Fig. 21 Effect of random back-facet phase on the single-

mode yield for push-pull modulation laser.
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Fig. 22 Effect of fabrication variations on the small-signal response of the optimized push-pull modulation laser: (a) the x;-

value of the low-x and modulation sections and (b) the x,-value of the high-x section.
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Fig. 23 Effect of fabrication variations on the small-signal response of the optimized push-pull modulation laser: (a) the
length of the low-« section and (b) the length of the modulation section.

7 Conclusion

In this work, we have systematically designed
and numerically analyzed an IAL-based DFB laser

incorporating a dual-x grating, and evaluated its per-

formance under both single-ended and push-pull
modulation schemes. The proposed dual-x grating
design effectively addresses the uneven small-sig-
nal response typically associated with IAL struc-
tures, eliminating the need for complex butt-joint re-

growth. Through optimization of the section lengths
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and coupling coefficients, the small-signal response
and PPR frequency are effectively tailored.

In the single-ended modulated structure, the
laser leverages three side modes to collectively ex-
cite the PPR effect, generating multiple resonance
peaks that significantly extend the simulated small-
signal modulation bandwidth to 185 GHz. In push-
pull modulation, the optimized asymmetric design
not only extends the bandwidth but also mitigates
the characteristic low-frequency roll-off through the
asymmetric cavity design, achieving a simulated
small-signal modulation bandwidth of 94 GHz. Both
modulation schemes support clear eye diagrams un-
der 200 Gbit/s NRZ operation in simulation, with
the push-pull modulated laser exhibiting a higher
extinction ratio. Furthermore, tolerance analysis
confirms that both designs maintain stable band-
width under reasonable variations in coupling coef-
ficients and section lengths, demonstrating good
fabrication robustness.

In summary, the IAL-based dual-x DFB laser
appears to be a fabrication-friendly cavity-design
approach for future high-speed short-reach optical
interconnects, with flexibility in modulation scheme
selection according to system requirements. Future
work will focus on reducing the bias current and
evaluating electro-thermal effects under more real-

istic device conditions.

8 Appendix: Simulation model

The optical cavity modes are calculated using
the transfer-matrix method, which is well-suited for
multisection laser simulations. The solution is iter-
ated with a modified Newton’s method until conver-
gence is achieved. The model accounts for longitud-
inal inhomogeneities in carrier and photon distribu-
tions (i.e., spatial-hole-burning effects) and de-
scribes dynamic effects arising from coupling
among multiple lasing modes ®*%, Compared with
time-domain total-field models such as VPIcompon-

entMaker, the mode-resolved approach implemen-

ted in LaserMatrix has been previously validated.
Following the established formalism of Fei-

ste P and Wenzel et al. B for longitudinal field dy-

namics, we define the optical field vector compris-

ing forward- and backward-propagating waves:

‘I’(z,t)=($+) . (1

The traveling-wave equation satisfies

d¥(z,1)

il (CL [EI 2)

-

where H(z,7) is matrix operator.
Equation (2) is solved under the following
boundary conditions:

¥ (0,1) = rg¥(0,1)

- . ) (3
Y (L) =r V(L)

where L is the cavity length and r, and r; are the fa-
cet reflectivity values at z of 0 and L, respectively.
Expand the total field ¥(z,7) through the cav-

ity eigenmodes ®,(z,1):

Yen= ) OG0 (4)

where modes ®,(z,7) are the solutions to the eigen-

value equation:

HE H)®,(z,0) = Q,0O)®,(z,1) . (5)

the real part of the eigenvalue Q,(7) represents
the mode angular frequency deviation from the ref-
erence angular frequency, while its imaginary part
denotes the mode decay rate.

Through mode expansion of the traveling wave
field (2) subject to boundary conditions, it is demon-
strable that the modes are not power orthogonality.

The modes orthogonality condition is defined

as:
L
(@,|®,) = [ O+, - O/dz=5,, , (6)
0

where d,, , is the Kronecker delta.
The scalar product in the Hilbert space is as

follows:
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L
(@,0;) = [ O + @, -0 dz=5,, . (D
0

spontaneous emission factor).
The longitudinal confinement factor is written

as:
For a deeper analysis, the total photon energy

S, the stored reactive energy U of each mode, and TL(N) = (R|DP) sciive _ (12>

the traveling wave energy V are expressed as:

provides

S (D@ 1Y+ Pdz

Ul K@)~ |[ 299~

(@|D)|

This factor, which is influenced by carrier vari-

L
S =(P|¥") = j|‘}’+|2+|‘{”|2dz , (8) ations, reflects the longitudinal distribution of the
0 reactive photon density within the cavity.
L To solve Equation (2) and analyze the modal
U={¥Y)= j ¥ ¥dz 9 dynamics, the optical field is expanded into time-de-
’ pendent instantanecous modes PY. This expansion
v=S-Ul . 10) yields a set of coupled-mode equations, which are

For every eigenmode ®, the ratio of S to U solved alongside the rate equation for the longitud-

inal carrier distribution. For the eye diagram simula-

tions, a fifth-order Runge-Kutta method is utilized,

= \/E , (1D while the small-signal modulation response is de-

rived from an analytical solution of the linearized

where K, denotes the Petermann factor (or excess equations.
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