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Abstract—We demonstrate the concept of coherence cloning
where the coherence properties of a high quality spectrally stabi-
lized fiber laser are transferred to a commercially available high
power DFB semiconductor laser using an Optical Phase-Lock
Loop (OPLL). The lineshapes and frequency noise spectra of the
fiber laser and the free-running and phase-locked semiconductor
laser are measured and compared. The bandwidth of coherence
cloning is limited by physical factors such as the laser frequency
modulation response and the loop propagation delay. The effect
of this limited bandwidth on the laser field and on self heterodyne
interferometric measurements are analyzed.

Index Terms—Optical phase locked loops, semiconductor
lasers, Optical interferometry, Phase noise.

I. I NTRODUCTION

NARROW linewidth fiber lasers and solid state lasers
have important applications in the area of fiber-optic

sensing, interferometric sensing, LIDAR measurement etc.
Semiconductor lasers (SCLs) are smaller, less expensive,
operate at higher powers and are inherently more efficient
compared to fiber lasers, dye lasers and solid state lasers.
However, they are much noisier due to their small volumes
and the low reflectivity of the waveguide facet. The coherence
properties of a high quality master laser, such as a narrow
linewidth fiber laser, can be electronically cloned onto a
number of noisy semiconductor lasers using Optical Phase-
Lock Loops (OPLLs) [1] as shown in Fig.1. This presents
a significant advantage in applications which require a large
number of spectrally stabilized laser sources. In this paper,
we will describe the theoretical and experimental study of
coherence cloning of a spectrally stabilized fiber laser to
a high power commercial semiconductor DFB laser using
an OPLL. We will further analyze the impact of coherence
cloning on the observed spectrum in a self heterodyne Mach
Zehnder Interferometer (MZI). Such an experiment is very
common, and is often used for laser lineshape and coherence
characterization, as well as applications such as interferometric
sensing and frequency modulated continuous wave (FMCW)
LIDAR.
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Fig. 1. Individual SCLs all lock to a common narrow linewidth master laser,
thus forming a coherent array. An offset RF signal is used in each loop for
additional control of the optical phase. PD: Photodetector.

II. COHERENCECLONING

A. Theory

A schematic diagram of an OPLL is shown in Fig.2(a). A
slave Local Oscillator (LO) SCL is locked to a master laser
at an offset frequency given by a reference RF oscillator. The
propagation of phase noise in the loop in the frequency domain
is studied using the theoretical model shown in Fig.2(b).Ff (f)
and FFM (f) are the transfer functions of the loop filter and
the FM response of the SCL to input current respectively,
normalized to have unity gain at DC.Kdc is the total DC
loop gain.r(f) refers to the relative intensity noise (RIN) of
the master laser. The RIN of the slave SCL is neglected in this
analysis since the RIN of DFB SCLs is typically a few orders
of magnitude smaller than the RIN peak that is usually present
in fiber lasers at frequencies within the OPLL bandwidth. In
our experiments, the DFB laser had a flat RIN spectrum of -
135 dBc/Hz while the RIN peak of the master laser at 1 MHz
was -115 dBc/Hz. When the loop is in lock, the frequency of
the slave laser is given byωs = ωm −ωRF . φe0 is the steady
state phase error in the loop, and depends on the frequency
difference∆ω between the master laser and thefree running
slave SCL, offset by the RF oscillator frequency:

φe0 = sin−1 ∆ω

Kdc

(1)

The total small signal loop gainGop(f) given by

Gop(f) =
KdcFf (f)FFM (f)e−j2πfτL

j2πf
(2)

Following a standard analysis [2] of the phase propagation
in Fig.2(b), we arrive at the following expression for the power
spectral density (PSD) of the frequency noise of the locked



IEEE JOURNAL OF QUANTUM ELECTRONICS, JULY 2009 (IN PRESS) 2

(a)

(b)

Fig. 2. (a) Schematic diagram of an OPLL. (b) Model for phase noise
propagation in an OPLL.
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whereSm
ν (f), Ss,fr

ν (f) and Sm
RIN (f) are the PSDs of the

frequency noise of the master laser and the free-running
slave laser, and the RIN of the master laser respectively.
The frequency noiseν is related to the phase noiseφ by
ν = (2π)−1dφ/dt. The phase noise of the RF oscillator is
very small compared to the laser phase noise, and is ignored.
From (3), we find that for frequencies smaller than the loop
bandwidth, where|Gop(f)| ≫ 1, the phase noise of the SCL
tracks the phase noise of the master laser. For frequencies
greater than the loop bandwidth,|Gop(f)| < 1 and the SCL
phase noise reverts to the free-running level.

B. Experiment

A commercial DFB laser (JDSU) is phase-locked to a
narrow linewidth fiber laser (NP Photonics) at an offset of
1.5GHz using a heterodyne OPLL [3]. The OPLL is a Type
I OPLL with a total loop propagation delay of about 6 ns.
The FM response of the slave SCL shows a phase crossover
[4] at 3 MHz, which limits the achievable loop bandwidth.
A lag-lead filter is used in the loop to increase the DC gain,
and hence the holding range of the OPLL. The filter has a
transfer function of the form(1+ j2πfτ2)/(1+ j2πfτ1) with
a zero at(2πτ2)

−1 = 65 kHz, and a gainτ1/τ2 ≈ 50. The rms
residual phase noise (phase noise not corrected by the OPLL)
is measured to be about 0.32 rad.

The phase noise of the master fiber laser and the free
running and phase-locked DFB slave laser are characterised
using two measurements. The lineshapes of the lasers are mea-
sured using a Delayed Self Heterodyne Interferometer with
interferometer delay time much larger than the laser coherence
time. The frequency noise spectra of the lasers are also directly
measured using a fiber Mach Zehnder interferometer as a
frequency discriminator. The measured lineshapes of the fiber
laser, and the free running and locked DFB slave laser are
plotted on a 50MHz span in Fig.3(a) and a 500 kHz span in
Fig.3(b). The lineshape of the master laser is normalized so
that its peak is aligned with that of the phase-locked slave laser.
The lineshape of the locked DFB laser is seen to be the same as
the master fiber laser for frequencies less than 50kHz. Above
50kHz, the lineshape profile of the locked DFB laser does not
completely track the fiber laser due to the limited bandwidth
of the OPLL. The 20dB linewidth of the DFB laser is reduced
by more than two orders of magnitude from 4MHz to 30kHz.
The finite loop bandwidth limits the available phase margin at
frequencies of∼8-10 MHz, leading to a shoulder in the laser
lineshape as seen in Fig.3(a). Moreover, the use of the lag-lead
loop filter also reduces the phase margin at frequencies∼100
kHz leading to the noise peaks seen in Fig.3(b).

The measured frequency noise spectra of the master fiber
laser and the free running and locked slave DFB SCL are
shown in Fig.3(c). The frequency noise spectrum of the free-
running slave SCL is about two orders of magnitude higher
than that of the master laser, and shows additional noise peaks
at the power line (60 Hz) harmonics and a spurious peak at
100 kHz due to a resonance in the laser driver circuit. The
frequency noise spectrum of the locked DFB laser is reduced
to a level identical to that of the fiber laser for frequencies
less than 50kHz, which is consistent with the observation of
the lineshapes in Fig.3(b). The measured frequency noise of
the phase-locked DFB laser agrees well with the theoretical
calculation (dashed curve) using (3).

We see, therefore, that the DFB laser emulates the linewidth
and frequency noise spectrum of the master laser when phase-
locked using a heterodyne OPLL. However the coherence
cloning is limited to frequencies within the bandwidth of the
OPLL. The loop bandwidth is primarily limited by two factors,
viz. the non-uniform FM response of a single section SCL
[4] and the loop delay [5], [6]. The limitation imposed by
the loop delay can be relaxed by using miniature optics [7]
and integrated electronics to reduce electronic rise timesand
optical and electronic propagation delays. The FM responseof
the laser poses a more serious concern, and previous efforts
to demonstrate high bandwidth SCL-OPLLs have only been
successful using special multi-section DFB lasers, which are
expensive and not easily available. Efforts are in progressto
overcome this limitation by exploring novel optical phase-
locking architectures.

III. C OHERENCECLONING AND INTERFEROMETERNOISE

We will now consider the effect of a limited-bandwidth
coherence cloning experiment on interferometer noise. In
particular, we will consider the Mach Zehnder interferometer
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Fig. 3. (a), (b) Measured lineshapes and (c) Measured frequency noise spectra
of the master fiber laser, and the free-running and phase-locked slave DFB
semiconductor laser. The dashed curve in (c) is the theoretical calculation of
the frequency noise spectrum of the phase-locked slave laser using (3).

(MZI) shown in Fig.4. The laser output is split into two arms
of MZI with a differential delayTd. One of the arms also has
a frequency shifter, such as an electro-optic or acousto-optic
modulator that shifts the frequency of the optical field byΩ.

Fig. 4. Delayed Self Heterodyne Interferometer Experiment

This delayed self-heterodyne configuration is very common
in a number of applications such as laser lineshape charac-
terisation, interferometric sensing and frequency modulated
continuous wave (FMCW) LIDAR. The laser field is given
by e (t) = a (t) ejω0t+φ(t), wherea (t) is the amplitude of the
electric field,ω0 the frequency of the laser, andφ (t) the laser
phase noise. The output of the photodetector in Fig.4 is given
by

i (t) = ρ
∣

∣e(t)ejΩt + e(t − Td)
∣

∣

2
(4)

The intensity noise of the laser is typically much smaller than
the detected phase noise and is neglected in this analysis.
Further, without loss of generality, we letρ = 1 and|a(t)| = 1
so that the photodector current (aroundΩ) is given by

i (t) = ℜ
(

ej[(ω0+Ω)t+φ(t)] e−j[ω0(t−Td)+φ(t−Td)]
)

= ℜ
(

ejω0Td ejΩt ej∆φ(t,Td)
)

(5)

where ∆φ (t, Td)
.
= φ (t) − φ (t − Td) is the accumulated

phase in the time interval(t − Td, t). We wish to investigate
the effect of coherence cloning on the spectrum of the electric
field e(t) and the photocurrenti(t).

A. Coherence Cloning Model

Spontaneous emission in the lasing medium represents the
dominant contribution to the phase noiseφ(t) in a free running
semiconductor laser [8]. This gives rise to a frequency noise
ν(t) = d/dt (φ/2π) that has a power spectral density

Sν(f) =
∆ν

2π
, (6)

which in turn leads to a Lorenzian spectrum for the laser
electric field, with FWHM∆ν. In practice, there are also other
noise sources that give rise to a1/f frequency noise at lower
frequencies, as can be seen from Fig.3. It has been shown [9]
that the optical field spectrum of a laser with1/f frequency
noise has a Gaussian lineshape as opposed to a Lorenzian
lineshape. For simplicity of analysis, we will assume in this
paper that the master and the free running slave laser have flat
frequency noise spectra corresponding to Lorenzian lineshapes
with FWHMs ∆ν1 and ∆ν2 respectively, as shown in Fig.5.
Further, the OPLL is assumed to be an ideal OPLL with
bandwidthfL so that

Gop(f) =

{

∞ if f ≤ fL

0 if f > fL

(7)
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Fig. 5. Model of the power spectral density of the frequency noise of the
master laser and the free running and locked slave laser. The OPLL is assumed
to be “ideal” with a loop bandwidthfL.

Using (3) and assuming that the effect of the master laser
RIN is negligible (as is the case whenφe0 ≪ 1 even if r(f)
is non-negligible), we obtain

Slock
ν (f) =

{

∆ν1/2π if f ≤ fL

∆ν2/2π if f > fL

(8)

as shown by the dashed curve in Fig.5. We denote the
reduction in linewidth byβ:

β = ∆ν2 − ∆ν1 (9)

The accumulated phase noise∆φ (t, Td) in (5) for a free
running laser is the result of a large number of independent
spontaneous emission events that occur in the time interval
(t − Td, t), and is therefore a zero mean Gaussian random
process. Since the OPLL acts as a linear filter, the phase noise
of a semiconductor laser phase locked to a narrow linewidth
master laser in an OPLL also follows Gaussian statistics. The
power spectral sensity (PSD) of∆φ (t, Td) is related to the
PSD of the frequency noise by [10], [11]

S∆φ(t,Td) (f) = 4π2 T 2
d Sν(f) sinc2 (πfTd) (10)

with sinc(x)
.
= sin x/x, and its variance is given by

σ2
∆φ (Td) = 4πTd

∫

∞

−∞

Sν(f) sinc2 (πfTd) πTd df. (11)

Since∆φ (t, Td) is a zero mean Gaussian process, its statistics
(and therefore the statistics of the photocurrent in (5)) are
completely determined by (11).

For a free-running laser with linewidth∆ν (6), we have
from (11)

σ2
∆φ (Td) = 2π∆νTd (12)

Note thatσ2
∆φ (Td) is an even function ofTd. For the phase-

locked slave laser, we use (8) in (11) to obtain

σ2
∆φ (Td) = 2∆ν2Td

∫

∞

−∞

sinc2 (x) dx

− 4βTd

∫ πfLTd

0

sinc2 (x) dx (13)

Fig. 6. Variation of the accumulated phase error varianceσ2

∆φ
(Td) vs.

interferometer delay timeTd for various values of the loop bandwidthfL.
The markers correspond to the delay timeTd = 1/(10fL). The linewidths
of the master laser and the free-running slave laser are assumed to be 5 kHz
and 500 kHz respectively.

The second term in (13) quantifies the improvement in phase
noise (or coherence) due to phase-locking, and is calculated
by casting it in the form

∫ x

0

sin2 α

α2
dα = −

sin2 x

x
+ Si(2x) (14)

where Si(x) is the well known Sine integral
∫ x

0

sinα

α
dα,

whose value is numerically computed. The variation of
σ2

∆φ (Td) vs. Td is calculated and plotted in Fig.6. The values
used in the calculation are∆ν1 = 5 kHz and∆ν2 = 500 kHz.
The loop bandwidthfL is varied between 1 MHz and 100
MHz. It can be seen thatσ2

∆φ (Td) follows the free running

slave laser forTd .
1

10fL

and is approximately equal to that

of the master laser forTd &
100

fL

.

B. Spectrum of the laser field

We first calculate the shape of the electric field spectrum,
i.e. the spectrum ofe(t) = cos(ω0t + φ(t)) for a free
running and phase-locked laser. To do this, we write down
the autocorrelation of the electric field:

Re(τ) = 〈e(t)e(t − τ)〉

=
1

2
〈cos(ω0τ) cos (∆φ(t, τ))〉

=
cos(ω0τ)

2
exp

(

−
σ2

∆φ (τ)

2

)

, (15)

where we have assumed thatφ(t) is constant over one optical
cycle and used the result〈cos X〉 = exp

(

−σ2
X/2

)

for a
Gaussian random variableX. From the Weiner-Khintchine
theorem, the spectrum of the electric field is given by the
Fourier transform of (15). We define the spectrum at baseband
by

Se,b(f) = F

{

exp

(

−
σ2

∆φ (τ)

2

)}

, (16)
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Fig. 7. Power Spectral Density of the optical field for different values of
the loop bandwidthfL, calculated from (16). The master laser and the free-
running slave laser have Lorenzian lineshapes with FWHM 5 kHzand 500
kHz respectively.

so that the two sided PSD of the fieldSe(f) is given by

Se(f) =
1

4

(

Se,b

(

f −
ω0

2π

)

+ Se,b

(

f +
ω0

2π

))

(17)

For a free running laser, (16) yields the expected Lorenzian
lineshape

Se,b(f) =
2

π∆ν

1

1 +
(

2f
∆ν

)2 . (18)

For the phase-locked laser, the field lineshape is calculated
using (13) and (16) and is shown in Fig.7 for different values
of the loop bandwidthfL. It can be seen that the lineshape of
the phase-locked laser follows that of the free running slave
laser for frequenciesf ≥ fL and that of the master laser for
frequenciesf . fL. This result is in good agreement with the
experimentally measured lineshapes in Fig.3. The above result
can be intuitively understood by noting that for sufficiently
large frequencies, the phase noise is much smaller than one
radian. We can therefore make the approximationcos(ω0t +
φ(t)) ≈ cos(ω0t) + φ(t) sin(ω0t), and the behaviour of the
field spectrum in this frequency range is therefore the same as
that of the spectrum of the phase noise.

C. Spectrum of the detected photocurrent

We now calculate the spectrum of the photocurrent detected
in the experimental setup of Fig.4, i.e. the spectrum of the
currenti(t) in (5):

i(t) = cos (ω0Td + Ωt + ∆φ(t, Td)) .

The autocorrelation of the photocurrent is derived similarto
(15)

Ri(τ) = 〈i(t)i(t − τ)〉

= 〈cos (ω0Td + Ωt + ∆φ(t, Td))

× cos (ω0Td + Ωt − Ωτ + ∆φ(t − τ, Td))〉

=
cos Ωτ

2
exp

(

−
σ2

θ(Td, τ)

2

)

, (19)

where we define

θ(t, Td, τ)
.
= ∆φ(t, Td) − ∆φ(t − τ, Td) (20)

In deriving (19), we have again made the assumption thatΩ
is much larger than the laser linewidth, and used the fact that
θ follows Gaussian statistics. The variance ofθ is given by

σ2
θ(Td, τ) =

〈

θ2(t, Td, τ)
〉

=
〈

∆φ2(t, Td) + ∆φ2(t − τ, Td)

−2∆φ(t, Td)∆φ(t − τ, Td)〉

= 2σ2
∆φ (Td) − 2 〈∆φ(t, Td)∆φ(t − τ, Td)〉 . (21)

〈∆φ(t, Td)∆φ(t − τ, Td)〉

= 〈(φ(t) − φ(t − Td)) (φ(t − τ) − φ(t − τ − Td))〉

=
1

2

〈

∆φ2(t, τ + Td) + ∆φ2(t − Td, τ − Td)

− ∆φ2(t, τ) − ∆φ2(t − Td, τ)
〉

=
1

2
σ2

∆φ (τ + Td) +
1

2
σ2

∆φ (τ − Td) − σ2
∆φ (τ) . (22)

Substituting back into (21), we have

σ2
θ(Td, τ) =2σ2

∆φ (Td) + 2σ2
∆φ (τ)

− σ2
∆φ (τ + Td) − σ2

∆φ (τ − Td) . (23)

We again define the baseband current spectrum

Si,b(f) = F

{

exp

(

−
σ2

θ(Td, τ)

2

)}

(24)

so that the double sided PSD of the photocurrent is given by

Si(f) =
1

4

(

Si,b

(

f −
Ω

2π

)

+ Si,b

(

f +
Ω

2π

))

. (25)

The case of a free running laser has been studied previously
by Richter et al [12], where it was shown that for low values
of Td, the spectrum is characterised by a sharp delta function
accompanied by a pedestal with oscillations whose period
corresponds to the free spectral range of the interferometer.
As the value ofTd increases, the strength of the delta function
relative to the pedestal reduces, until a Lorenzian profile with
FWHM 2∆ν is obtained for∆νTd ≫ 1/π. For the phase-
locked slave laser, we numerically calculate the spectra ofthe
photocurrent using (24), (23) and (13). The results of the calcu-
lation are shown in Fig.8. In general, the shape of the spectrum
follows that of the master laser with the following important
difference. For frequencies& the loop bandwidthfL, the
power spectral density of the phase-locked laser increases
to the level of the free running case. However, the features
corresponding to the free spectral range of the interferometer
are still present. The improvement in the coherence of the
phase-locked SCL manifests itself in the presence of the delta
function even at large delay times where the free-running laser
results in a Lorenzian output.

In most practical sensing applications involving lasers, the
delay timeTd is much smaller than the coherence time of
the laser, in the regime shown in Fig.8(a). In this case, the
presence of a pedestal constitutes a deviation from the “ideal”
case of a delta function, and represents unwanted noise in the
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(a) (b)

(c) (d)

Fig. 8. Power Spectral Density of the detected photocurrentin a self heterodyne Mach Zehnder interferometer using the free-running slave laser (i), the
phase-locked slave laser (ii), and the master laser (iii). The markers denote the height of the delta function. The spectraare calculated using (24), for different
values of the interferometer delayTd: (a) Td = 10−6 s. (b) Td = 10−5 s. (c)Td = 5 x 10−5 s. (d)Td = 10−3 s. The master laser and free running slave
laser linewidths are assumed to be 5 kHz and 500 kHz respectively, and the loop bandwidth is assumed to befL = 1 MHz.

interferometric sensing measurement. Comparing the spectra
of the master laser and the phase-locked laser in Fig.8(a),
we see that the noise level is almost identical for small
frequencies, but the phase-locked laser has greater noise for
frequencies& the OPLL bandwidth. However, this additional
noise level is still many orders of magnitude below the delta
function, and is outside the signal bandwidth so that it can be
filtered out using a narrow bandwidth electrical filter.

IV. CONCLUSION

In conclusion, we have demonstrated the concept of “coher-
ence cloning”, i.e. the cloning of the spectral properties of a
high quality master laser to an inexpensive semicondctor laser
(SCL), using an Optical Phase-Lock Loop (OPLL). The SCL
is an attractive candidate for many interferometric applications
because of its high responsivity to applied current, high power
output and compact size. The bandwidth over which the
spectrum is cloned is limited by physical factors such as the
FM response of the SCL and the OPLL propagation delay.

Using a simple model for the coherence cloning, we have in-
vestigated the effect of this limited bandwidth on the spectrum
of the laser electrical field, and on the result of interferometric
experiments using the laser, which are common in many
sensing applications. We have demonstrated that the spectrum
of the field of the locked laser follows the master laser for
frequencies lesser than the loop bandwidth, and follows the
free running spectrum for higher frequencies. We have further
shown that a similar behaviour is observed in interferometric
experiments. Since the additional noise due to the limited loop
bandwidth appears at high frequencies greater than the loop
bandwidth, it can be electronically filtered off using a narrow
bandwidth filter. Though these calculations were performed
for a coherence cloning approach using OPLLs, the results are
valid for any general linewidth narrowing approach, since the
bandwidth of linewidth reduction is always finite and limited
by the propagation delay in the feedback scheme.
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