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In general, light sources can be classified into two cat-

egories: one with resonant cavities, such as Fabry-Perot

(FP) cavity lasers, plasmon lasers, and optical frequency

combs [1]; and the other with no resonant cavity, such as

light-emitting diodes (LEDs), superluminescent light emit-

ting diodes (SLEDs), and random lasers. SLEDs, also called

superluminescent diodes (SLDs), have been an indispensable

light source since they were demonstrated by Kurbatov in

1971 [2]. SLEDs exhibit a high degree of spatial coherence

and a low degree of temporal coherence. As such, SLEDs are

the ideal light sources for optical gyroscopes, optical coher-

ence tomography (OCT), wavelength-division-multiplexing

(WDM) system testing, optical channel monitoring, and vis-

ible light communication [3, 4].

The free spectral range (FSR), the spectral linewidth

(SLW) and the output spectrum are crucial characteristics

of light sources. For light sources with resonant cavities,

the spectral characteristics can be analyzed using classical

resonant cavity theory (see Supporting information). How-

ever, for light sources without cavities, the FSR and the

SLW cannot be resolved by current theoretical frameworks.

Therefore, it is necessary to establish a new model for an-

alyzing the spectral characteristics of light sources without

cavities.

In this study, we present a novel theoretical model: the

photon-wave traveling (PWT) model. Based on the transit

time of photons in the active region of a light source, Parse-

val’s relation, and Rayleigh’s criterion, the model provides a

theoretical method for analyzing the spectral characteristics

of optical sources without resonant cavities. As an illustra-

tive example, we solve the SLW, the FSR, and the output

spectrum of an SLED. Our model lays the groundwork for

future studies of the spectra of the light sources without

resonant cavities.

Results and discussion. Unlike conventional semicon-

ductor lasers, SLEDs have a single-pass gain because their

facet feedback coefficients are as low as 10−6 to avoid the

appearance of FP resonant cavity modes [5]. This is ob-

tained through the joint action of tilted waveguides and

anti-reflection coated (ARC) facets in SLEDs. The mea-

sured spectrum of an SLED is presented in Figure 1(a).

We assume that the length of the active region in an

SLED is L; the intensity-reflection coefficient R tends to

zero at both facets of the active region, and the total num-

ber of uniformly distributed photons in the active region is

N(t). The time of the photons crossing the active region

in the traveling-wave state is defined as the transit time

τ = L/(c/n), where c is the speed of light in vacuum, and

n is the refractive index of the active region. We name this

model the PWT model (see Supporting information).

During the time interval dt, the number of photons es-

caping from the output facet of the active region is dN(t) =

[−N(t)/τ ]dt. The general solution of the differential equa-

tion is N(t) = N0e−t/τ , where N0 is the initial number of

photons in the active region. The output power of a light

source is proportional to the number of photons in its ac-

tive region; thus, the electric field of the output light can be

written as E(t) = E0e−t/(2τ) · ejωmt, 0 6 t 6 τ , where E0

is the initial value of the electric field amplitude, ωm is the

angular frequency of spontaneous emission photons, and m

is the mode number. The frequency spectrum density of the

electric field, within the active region, can be obtained from

the Fourier transform

Ẽ(ω) =

∫ +∞

−∞

E(t) · e−jωtdt

=
E0

1
2τ

+ j (ω − ωm)

{

1− e−[ 1
2
+j(ω−ωm)τ ]

}

. (1)

According to Parseval’s relation, the energy is determined

by

Energy =

∫ +∞

−∞

|E(t)|2dt =
1

2π

∫ +∞

−∞

|Ẽ(ω)|2dω. (2)

Within the transit time τ , the output power of an SLED is

Power =
1

2πτ

∫ +∞

−∞

|Ẽ(ω)|2dω =
1

2π

∫ +∞

−∞

P (ω)dω. (3)
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Figure 1 (Color online) (a) Spectrum of an SLED (EXALOS) measured by an optical spectrum analyzer (YOKOGAWA

AQ6370C). The inset shows the ripple of the SLED. (b) Theoretical spectral lines of PWT modes. Parameters: L = 1.50 mm,

λ0 = 0.88 µm and n = 3.57. Left inset: log-scale normalized PSD for L = 1.50 and 0.75 mm, respectively. Right inset: two PWT

modes are just resolved. (c) Theoretical output spectrum of an SLED.

Hence the power spectrum density (PSD) P (ω) can be ex-

pressed as

P (ω) =
1

τ
Ẽ(ω) · Ẽ∗(ω)

= 4τE0
2
1− 2√

e
cos[ωmτ( ω

ωm

− 1)] + e−1

1 + 4 (ωmτ)2 ( ω
ωm

− 1)2
, (4)

where ωmτ = 2πnL/λm ≈ 2πnL/λ0, and λ0 is the central

wavelength of the light source in vacuum.

Applying (4), the spectral lines of the PWT modes can

be plotted, as shown in Figure 1(b). The PSD of the PWT

mode is symmetric about ω = ωm, and drops rapidly as the

angular frequency deviates from ωm. The spectrum has a

principal maximum at ω = ωm and an infinite number of

extrema. According to (4), the SLW of the PWT mode is

given by

SLW(Hz) = △f−3 dB ≈ 2.80443 ×
( c

πnL

)

. (5)

The SLW of an SLED is inversely proportional to its ac-

tive region length L, as shown in (5) and the left inset of

Figure 1(b). Due to the absence of a resonant cavity in an

SLED, its quality factor cannot be determined by classical

resonant cavity theory. Based on the relationship between

the −3 dB linewidth of the PSD and the equivalent on-load

quality factor Qe, we have

Qe =
f0

△f−3 dB
=

c/λ0

△f−3 dB
≈

1

2.80443

(

πnL

λ0

)

. (6)

According to (5) and (6), if the parameters of an SLED

are set as λ0 = 0.88 µm, n = 3.57 and L = 1.50 or 0.75 mm,

the corresponding SLW is approximately 50 or 100 GHz, and

Qe is approximately 6817 or 3408. This indicates that Qe

of an SLED is directly proportional to both the length and

the refractive index of its active region.

The PWT modes of SLEDs are temporally incoherent.

According to Rayleigh’s criterion, the adjacent PWT modes

are just resolved when the principal maximum of one mode

falls on the first minimum of the adjacent mode, as shown in

the right inset of Figure 1(b). That is to say the frequency

interval of adjacent PWT modes, namely FSR, should be

equal to the absolute value of the frequency difference be-

tween the principal maximum and the first minimum.

FSR(Hz) = |fPM − fFM| ≈ 3.1618 ×
( c

πnL

)

. (7)

The active region materials of SLEDs are usually III-V

semiconductor materials, and the gain curve g(ω) can be

approximated as a Lorentz profile

g (ω) =
g0

1 + (ω0τr)
2 ( ω

ω0

− 1)2
, (8)

where g0 = g(ω0) is the peak value of the gain curve, ω0 is

the central angular frequency of the SLED, and τr is the re-

laxation time of the charge carriers. Applying (4), (7) and

(8), the normalized output spectrum of an SLED is plotted

in Figure 1(c), which is consistent with the measured spec-

trum. The inset shows the ripple of the SLED. The smaller

the spectral ripple, the higher the SLED quality.

Conclusion. A novel theoretical model, the PWT model,

is proposed for analyzing the spectral characteristics of light

sources with no cavity. Based on the transit time of photons

within the active region, Parseval’s relation and Rayleigh’s

criterion, the PWT model provides a theoretical method

for analyzing the spectral parameters of the optical sources

without resonant cavities. With the model, the SLW, the

FSR, the Qe, and the output spectrum of an SLED are de-

termined. Our theoretical model is consistent with experi-

mental results. Furthermore, this model can also be used to

analyze the spectral characteristics of other optical sources

without resonant cavities, opening up a new avenue for fu-

ture studies of the spectra of light sources.
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