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Abstract—Heterodyne optical phase-lock loops (OPLLs) enable
the precise electronic control over the frequency and phase of a
semiconductor laser (SCL) locked to a “master” reference laser.
One of the more interesting applications of OPLLs is the cre-
ation of coherent arrays by locking a number of “slave” SCLs
to a common master laser. In this paper, we demonstrate the co-
herent power combination of various high-power semiconductor
lasers using OPLLs in both the filled-aperture and tiled-aperture
configurations. We further demonstrate the electronic control over
the phase of each individual SCL using a voltage-controlled oscil-
lator. It is feasible to combine a large number of SCLs using this
approach, leading to compact, efficient, and cost-effective high-
power and high-radiance optical sources.

Index Terms—Optical phase-locked loops (OPLLs), semicon-
ductor laser (SCL) arrays, semiconductor lasers.

I. INTRODUCTION

H IGH-POWER lasers with ideal (diffraction limited) beam
quality are sought after in a multitude of applications in-

cluding scientific research, materials processing, and industrial
applications, and research in this direction has been in progress
ever since the invention of the laser. While high-power (few
kilowatts single mode) fiber laser systems have been demon-
strated, their output powers will ultimately be limited by non-
linear effects in the fiber and material damage. An alternate
approach to obtain high-power laser radiation with excellent
beam quality is by combining a large number of laser emitters
with lower power outputs [1]–[3]. In particular, coherent beam
combination (CBC) is a very promising approach to synthe-
size high-power optical sources with ideal beam quality. Vari-
ous CBC schemes have been demonstrated by different groups,
including evanescent wave coupling, self-organizing [2], injec-
tion locking [3], common resonator [4], and active feedback [5]
approaches. While it is desirable to match the relative ampli-
tudes, phases, polarizations, and pointing directions of all the
component beams to achieve maximum efficiency in a CBC
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Fig. 1. Coherent power combining scheme using heterodyne SCL-OPLLs.
Individual SCLs all lock to a common master laser, thus forming a coherent
array. The outputs of the individual lasers are coherently combined to obtain a
high-power single-mode optical beam.

scheme [1], the precise control over the optical phase offers the
biggest challenge. Various active feedback approaches for phase
control have been demonstrated, where the phase error between
the combining beams is fed back to a servo system that includes
phase actuators, which could be optical phase modulators [3],
acousto-optic modulators [5], or fiber stretchers [6].

In this paper, we describe an alternative active feedback ap-
proach for CBC where an array of semiconductor lasers (SCLs)
act as “slave” lasers that are phase-locked to a common “master”
laser using heterodyne optical phase-lock loops (OPLLs). The
outputs of the phase-locked slave SCLs are coherently combined
to obtain a single high-power coherent optical beam, as shown
in Fig. 1. The use of SCLs has many distinct advantages such
as their compactness, high efficiency, low cost, and high output
power, thereby making them attractive candidates for coher-
ent power combination. The small size and high output powers
of SCLs offer the potential for the combination of a number of
SCLs on a single chip, leading to extremely compact high-power
sources. Moreover, SCLs have a high-frequency modulation co-
efficient, which enables them to be used as current-controlled
oscillators in OPLLs. The optical phase of each SCL in a coher-
ent combination scheme can then be controlled electronically,
which eliminates the need for optical phase or frequency shifters
that are bulky, expensive, and require the use of large voltages.

This paper is organized as follows. We first review the con-
cept of an SCL-OPLL and present our results of phase-locking
various semiconductor lasers in Section II. In Section III, we
present the results of the coherent power combination of differ-
ent SCLs in the filled-aperture and tiled-aperture configurations.
We demonstrate the all-electronic control of the optical phase
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Fig. 2. (a) Schematic diagram of a heterodyne OPLL. (b) Model for phase
noise propagation in an OPLL. PD: photodetector.

of a phase-locked SCL using a voltage -controlled oscillator
(VCO), and show how this is used to correct for the variations in
the differential optical paths traversed by the combining beams.
We also discuss the scaling of the CBC scheme to combine the
outputs of a large number of individual emitters and identify the
important factors contributing to the overall power combination
efficiency.

II. OPTICAL PHASE-LOCK LOOPS

A. Theory

The direct frequency modulation (FM) by current injection of
an SCL makes it suitable as a current-controlled oscillator in an
OPLL [7]–[9]. A schematic diagram of a heterodyne OPLL is
shown in Fig. 2(a). The optical fields of the slave local oscillator
(LO) SCL and the master laser are mixed in a photodetector PD1
and the resulting error signal is amplified, downconverted using
an RF offset signal, filtered, and fed back to the SCL to complete
the feedback loop. When the loop is in lock, the frequency of
the SCL is related to the frequencies of the master laser and the
RF offset signal by [10]

ωs = ωm − ωRF . (1)

The theoretical model for the propagation of the phase noise in
the loop is shown in Fig. 2(b). The effect of the relative intensity
noise (RIN) of the master and slave lasers on the phase of the
locked laser is very small, and is therefore neglected in this
analysis. Kdc is the dc open-loop gain, Ff (s) and FFM(s) are
the transfer functions of the loop filter and the FM response of
the SCL to input current, respectively, s is the Laplace transform
variable, with s = j2πf on the imaginary axis of the s-plane,
and φe0 is the steady-state phase error in the loop, and depends
on the frequency difference ∆ω between the master laser and

the free running slave SCL, offset by the RF offset signal

φe0 = sin−1 ∆ω

Kdc
. (2)

The total small signal open-loop gain GL (s) given by

GL (s) =
Kdc cos φe0Ff (s)FFM(s)e−sτL

s
. (3)

Following a standard analysis [10] of the phase propagation
in Fig. 2(b), we arrive at the following expression for the phase
of the locked slave laser

φs(s) =
GL (s)

1 + GL (s)
(φm (s) − φRF(s))

+
1

1 + GL (s)
φfr

s (s) (4)

where φm (s), φRF(s), and φfr
s (s) are the phase of the master

laser, the RF offset signal, and the free running slave laser, re-
spectively. From (4), we find that for frequencies smaller than
the loop bandwidth, where |GL (s)| � 1, the phase of the SCL
tracks the phase of the master laser and the offset signal. For
frequencies greater than the loop bandwidth, |GL (s)| < 1 and
the SCL phase reverts to its free running value. The measure
of the efficiency of the phase-locking is given by the variance
of the residual phase noise of the OPLL, viz., the phase differ-
ence between the slave and the master laser, offset by the phase
of the RF signal

σ2
φ = 〈(φm − φRF − φe0 − φs)

2〉. (5)

Here, φe0 is the steady-state dc phase error signal in the loop,
and is given by (2).

Consider a simple first-order OPLL with no delay and closed-
loop bandwidth B, i.e., GL (s) = B/s. Let the master laser and
the free running slave laser have Lorenzian lineshapes with full-
width at half-maximums (FWHMs) ∆νm and ∆νs , respectively.
Using (4) and (5), and neglecting the phase noise of the offset
RF signal, the variance of the residual phase noise is given by

σ2
φ =

π(∆νm + ∆νs)
B

. (6)

From (6), it is important to have a loop bandwidth much larger
than the laser linewidths so that the residual phase noise remains
small. The residual phase noise degrades loop performance and
contributes to a reduced power combination efficiency, as shown
in Section III. Further, it is desirable that the holding range of the
loop, defined as the range over which the free running frequency
difference ∆ω can vary before the loop loses lock, be as large
as possible. The holding range of the loop is determined by the
dc gain Kdc in (3), which, in turn, is ultimately limited by the
loop bandwidth. The loop bandwidth of SCL-OPLLs is limited
by two factors, viz., the loop propagation delay τL [11], [12]
and the thermally induced phase reversal of the FM response of
single-section SCLs [13]. These bandwidth constraints can be
relaxed by the use of active and passive loop filters [10], and by
the use of microoptics and multiple-section distributed feedback
(DFB) lasers with a superior FM response [9].
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TABLE I
OPLL RESULTS FOR VARIOUS SCLS

B. Experiment

The OPLL experiment depicted in Fig. 2(a) was performed
using a DFB laser (JDSU) [14], a high-power master oscillator
power amplifier (MOPA) laser (QPC Lasers, Inc.) [15] and an
external cavity laser (ECL, Innovative Photonic Solutions) [16],
with parameters summarized in Table I. The MOPA laser has a
DFB oscillator section followed by a tapered amplifier section,
and its frequency/phase is tuned by varying the current into
the oscillator section. Closed-loop control using thermoelectric
coolers is used to stabilize the temperature of the SCLs. The
injection current and temperature of the SCLs are tuned to set
their free running frequency to be nominally equal to that of
the master laser offset by the RF. A narrow-linewidth fiber laser
(NP Photonics) or a tunable laser (Agilent) was used as the
master laser in the experiments. The power of the master laser
coupled into the loop can be very small (∼ −10 dBm) since this
can be electronically compensated by increasing the loop gain.
A large number of SCLs can therefore be locked to the same
master laser, enabling the creation of multiple coherent sources.
The outputs of the fiber-coupled slave SCL and the master laser
are combined using a fiber coupler, and mixed on a high-speed
photodetector [New Focus 1544B, PD1 in Fig. 2(a)]. The output
of the photodetector is amplified and mixed with an RF offset
signal in the range 0.8–2 GHz. The downconverted error signal
at the mixer output is filtered using a combination of active and
passive filters to improve the dc gain and the loop bandwidth,
and is fed back into the slave SCL to complete the loop.

The spectrum of the beat signal between the phase-locked
SCL and the master laser is measured on an RF spectrum ana-
lyzer. The experimentally measured beat spectra for the OPLL
with the high-power MOPA and the external cavity slave SCLs
are shown in Fig. 3. The rms residual phase error in the OPLL
is calculated from the beat spectrum using the relation

σφ =
√

Pn

Ps
(7)

where Pn is the noise power obtained by integrating the mea-
sured spectral density over the entire frequency range except
the carrier frequency and Ps is the power of the carrier signal.
The experimentally measured rms phase errors for the various
OPLLs are tabulated in Table I.

The typical loop propagation delay in our fiber-based OPLL
experiments is about 5 ns, which corresponds to a delay-limited
loop bandwidth of about 50 MHz. The limitation imposed on
the loop bandwidth by the loop propagation delay can be re-
laxed by using a free-space OPLL with miniature optics, and
high-speed ICs for the electronic components in order to re-
duce rise time and propagation delay. However, the bandwidth

Fig. 3. Measured spectrum of the beat signal between the master laser and the
phase-locked slave SCL. (a) High-power MOPA laser at 1548 nm. (b) ECL at
1064 nm.

of the phase-locking in our OPLL experiments was limited to
3–7 MHz due to the phase crossover of the FM response [13] of
the SCLs used in the experiments. The bandwidth was increased
to ∼10 MHz and the holding range was increased to more than
±3 GHz by the use of passive and active loop filters. An aided
acquisition circuit, designed by our collaborators at the Uni-
versity of Southern California (USC) [17], was implemented to
increase the acquisition range from ∼±10 MHz to ∼±1 GHz.

III. COHERENT POWER COMBINATION USING OPLLS

As described in Section I, when an array of SCLs are all
phase-locked to the same master laser in heterodyne OPLLs
with the same RF offset, they all acquire the same frequency
and phase as long as the loop bandwidths are sufficiently high.
The outputs of these lasers can therefore be coherently combined
to produce a single high-power optical beam. Coherent power
combination results in optical beams with superior beam qual-
ity and larger peak intensities as compared to incoherent power
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Fig. 4. (a) Coherent combination schematic. Two SCLs are locked to a com-
mon master laser at a common offset and the combined output is measured
on an oscilloscope. (b) Experimentally measured combined power using two
high-power MOPAs as slave lasers phase-locked to a common master laser. For
t < 2.5 s, one of the OPLLs is not in lock, and the result is the incoherent power
addition of the two lasers.

addition. There are two approaches to CBC [1]: 1) the filled-
aperture approach where multiple beams are combined into a
single beam using a beam combiner and 2) the tiled-aperture
approach, where the outputs of the individual emitters are adja-
cent to each other. One of the key aspects in either approach is
the control over the relative phases of the individual emitters at
the beam combiner. In this section, we present our results of the
coherent combination of two SCLs using both the aforemen-
tioned approaches. When the outputs of two lasers with powers
P0 are coherently combined, the total power obtained is

Pc = P0(1 + cos θ) (8)

where θ is the phase difference between the two combining
beams. For maximal power combining efficiency, we need
θ = 0. Variations in the optical paths traversed by the differ-
ent combining beams result in a deviation from this ideal value,
leading to a reduced combining efficiency. It is therefore neces-
sary to correct for these variations.

A. Filled-Aperture Combination

A schematic of the filled aperture power combination exper-
iment is shown in Fig. 4(a). Two slave SCLs are locked to a

common master laser using heterodyne OPLLs, as shown in
Fig. 2(a). A common RF offset signal is fed to each loop. It is
only necessary to use a small fraction of the SCL output in the
feedback loop, and the remaining power is used for power com-
bination. The outputs of the two SCLs are combined using a 2×1
fiber combiner, and the output is measured on an oscilloscope.
The result of the experiment with the high-power MOPAs is
shown in Fig. 4(b). For time <2.5 s, one of the lasers is unlocked,
and the resultant incoherent addition results in high-frequency
oscillations on the oscilloscope at the (time-varying) beat fre-
quency between the two SCLs. When both the loops are in lock,
the result is a ‘dc” signal that varies very slowly (on the time
scale of a few seconds). This slow drift is due to the change in
the differential path lengths traversed by the combining beams.
In addition to the slow drift, the combined power signal also
shows fast variations due to the residual phase noise between
the two combined beams. The rms value of the residual phase
error is estimated from the fast variations in the measurement
in Fig. 4(b) to be about 0.39 rad. This corresponds to a residual
phase error of 0.39/

√
2= 0.28 rad in each OPLL, which is in very

good agreement with the measured value in Table I. We present
shortly a novel electronic feedback scheme developed to correct
for the slow drift in the relative phase between the optical beams.

B. Phase Control Using a VCO

The variations in the differential optical paths traversed by
combining beams is traditionally controlled using a piezoelec-
tric fiber stretcher, an acousto-optic modulator, or an optical
phase modulator [3], [5], [6]. The phase of the phase-locked
SCL in a heterodyne OPLL follows the phase of the RF offset
signal, and this allows for the electronic control over the optical
phase. The phase of the RF offset signal can be tuned using
an RF phase shifter, but this method has the same shortcom-
ings as an optical phase shifter, i.e., insufficient dynamic range
to correct for large phase errors. Typical optical or RF phase
modulators have a dynamic range of 2π rad, and complicated
reset circuitry is often necessary to increase the dynamic range.
Here, we present an alternative phase-control scheme where the
correction signal is provided by an electronic VCO. In addition
to acting as an integrating phase shifter with practically infinite
dynamic range, the VCO also provides the RF offset signal to
the heterodyne OPLL.

A schematic of the power combining experiment with the
VCO correction loop is shown in Fig. 5(a). Two SCLs are phase-
locked to a common master laser using heterodyne OPLLs.
While an RF source provides a fixed offset signal to one OPLL,
the offset signal to the other OPLL is provided by a VCO. The
nominal free-running frequency of the VCO is chosen to be
equal to the frequency of the RF source. The outputs of the
two lasers are combined using a 2 × 2 fiber coupler. One of
the outputs of the coupler (the ‘combined” output) is observed
on an oscilloscope, while the other output (the “null” output)
is amplified and fed into the control port of the VCO. The
measured combined power signal, with and without the VCO
control loop, in the power combining experiment using ECLs is
shown in Fig. 5(b). A stable power combining efficiency of 94%
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Fig. 5. (a) Schematic of the coherent combination experiment with additional
electronic phase control. A VCO provides the offset signal to the second OPLL,
and also acts as an integrating phase shifter to correct for variations in the
differential optical path length. (b) Experimentally measured combined power
using external cavity SCLs at 1064 nm, (left) without and (right) with the VCO
loop connected. The power combining efficiency with the VCO loop is 94%.

is obtained using the VCO phase correction loop. This efficiency
is mainly limited by the jitter of the free running frequency of the
VCO used in the experiment and not by the residual phase noise
in the OPLL, and can therefore be further improved by the use
of cleaner VCOs. The VCO frequency jitter is also responsible
for the occasional cycle slips seen in Fig. 5(b).

A steady-state analysis of the VCO feedback scheme is pre-
sented in [18] and is briefly summarized here. The null output of
the power combiner, given by P0(1 − cos θ), is fed to the VCO,
which acts as an integrating phase shifter. If the total dc gain in
this branch of the feedback system is Kv , the steady-state value
of the phase difference θ is given by

θ0 = cos−1
(

1 − ωRF − ωv

Kv

)
(9)

where ωv is the free running frequency of the VCO. From (8)
and (9), it is clear that a large Kv is desirable so that θ0 is small,
and a higher efficiency is achieved. We next linearize the phase
difference θ about the steady-state value θ0 . The small-signal
model for the VCO control system is shown in Fig. 6. SCL1

Fig. 6. Small-signal phase model for the power combining scheme with the
additional VCO loop. SCL1 is locked to the master laser in OPLL1, and is not
shown here. PD: photodetector.

is locked to the master laser in OPLL1 and its phase noise φs1
is given by (4). The free running phase noise of the VCO and
the slave SCL2 are denoted by φvn and φfr

s2 , respectively. The
variation in the differential path lengths traversed by the outputs
of SCL1 and SCL2 produces a phase noise at the fiber combiner,
and this noise has the Laplace transform φP . The OPLL open-
loop gain is the same as (3), and the gain GV (s) in the VCO
branch is

GV (s) =
Kv sin θ0 e−sτv

s
(10)

where τv is the delay in the VCO branch (from the null pho-
todetector to the RF mixer) and θ0 is as in (9). Note that there is
a tradeoff in the choice of the value of θ0 : a smaller θ0 results
in a higher power combination efficiency, but also results in a
lower loop gain. The reduction in loop gain can be compensated
by increasing the dc gain Kv .

The model in Fig. 6 can be solved for the variation in the
output phase θ(s) to yield

θ(s) =
1

1 + GL + GLGV

(
φfr

s2 + GL (φm − φvn )
− (1 + GL ) (φs1 + φP )

)
.

(11)

The argument s has been dropped from all the terms on the
right-hand side. We substitute for φs1(s) using (4) to obtain

θ(s) =
1

1 + GL + GLGV




(
φfr

s2 − φfr
s1

)
+GL (φRF − φvn )
− (1 + GL ) φP


 .

(12)

To obtain some physical insight into the previous equation, we
note that the delay in the VCO loop τv is typically much larger
than the OPLL delay. This limits the VCO open-loop gain GV

so that the approximation |GL | � |GV | holds at all frequencies.
The denominator in (12) can then be expressed as (1 + GL )(1 +
GV ), and the system can be regarded as the combination of three
phase-lock loops [16] as follows. The slave lasers SCL1 and
SCL2 are locked to the master laser using heterodyne OPLLs
at offsets given by ωRF and ωv , respectively; the open-loop
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Fig. 7. Binary tree configuration for the power combination of a number of
SCLs locked to a common master laser in the (a) filled-aperture and (b) tiled-
aperture configurations.

gains of these OPLLs are given by GL (s). The VCO frequency
ωv is then locked to the RF offset frequency ωRF in a third
“outer” PLL with open-loop gain GV (s). The laser phase noise
is suppressed by the OPLLs, while the phase jitter of the VCO
and the variation φP in the differential optical path length are
suppressed by the third PLL.

C. Combining Efficiency

The power combination approach presented before can be
scaled to a large number of lasers using a binary tree config-
uration, as shown in Fig. 7(a). Fiber amplifiers can be used at
the output of each slave SCL to increase the overall combined
power. The addition of fiber amplifiers increases the delay in
the outer VCO loop, but the resultant bandwidth is still suf-
ficient to correct for the slow fluctuations in the differential
optical path length introduced by the amplifiers. The additional
phase noise introduced into the system due to amplified spon-
taneous emission (ASE) in fiber amplifiers is negligible when
high-power narrow-linewidth lasers are used [19]–[21]. We have
demonstrated the coherent combination of four fiber-amplified
(35–40 W) SCLs using this approach to achieve a coherent and
diffraction-limited power output of ∼110 W [22].

The overall power combining efficiency is affected by the
intensity noise, relative polarizations, and relative phase error
between the combining beams, but is mainly limited by the
phase noise of the combining beams. From (8), assuming that the

deviations of the relative phase about the ideal value of zero are
small, the efficiency of combining two optical beams is given by

η =
Pc

2P0
≈ 1 −

〈
θ2

〉
4

. (13)

The mean-squared value of the relative phase
〈
θ2

〉
has two

important contributions: 1) the steady-state phase θ0 given by
(9) and 2) the residual phase noise of both the SCLs and the
VCO given by (12). The value of θ0 can be reduced by the use
of cleaner VCOs and also loop filters to increase the dc gain Kv .
The residual phase noise of the SCLs can be reduced by increas-
ing the OPLL loop bandwidth. When the scheme is extended to
combine a large number N of SCLs as in Fig. 7(a), the important
contributions to deviation from ideality of the overall combining
efficiency are: 1) the residual OPLL phase noise; 2) the fre-
quency jitter of the VCOs; and 3) the phase-front deformations
caused by the optical elements used for beam combining. The
effect of each of these factors is analyzed in detail in [16].

D. Tiled-Aperture Combination

The OPLL approach also lends itself to the tiled-aperture
combination of SCLs [23]. A schematic diagram of the tiled-
aperture coherent power combining experiment using discrete
DFB SCLs is shown in Fig. 8(a). The optical signals of the two
DFB SCLs are collimated and placed next to each other, and
the far-field pattern is observed using an IR camera placed at
the focal plane of a convex lens. A small fraction of each slave
beam is tapped by a beam splitter and is used to lock the SCLs to
a common master laser using heterodyne OPLLs. An RF phase
shifter is used to adjust the phase of one of the RF offset signals,
and hence, the differential phase between the two slave beams.

The measured far-field patterns of the incoherently and the
coherently added beams are shown in Fig. 8(b). The horizon-
tal intensity distributions of the far-field patterns are shown in
Fig. 8(c). Incoherent addition refers to the case where one of the
OPLLs is not in lock. When both the OPLLs are in lock, the two
slave beams are coherently added and interference fringes are
seen in the far-field pattern. Comparing the beam resulting from
in-phase coherent addition (circles) to the incoherently added
beam (triangles), we see that the width of the central lobe is nar-
rowed almost by a factor of 2 and the peak intensity increases
by a factor of ∼75%, leading to a Strehl ratio of ∼0.87. The
deviation of the Strehl ratio from the ideal value of unity is due
to the residual phase noise in the OPLLs and the mismatch be-
tween the polarizations of the slave beams. Further, the principle
of beam steering is demonstrated by varying the phase of one
of the RF offset signals from 0 to π. The optical phase of the
slave SCL exactly follows the phase of the RF offset signal, and
the phase difference between the combining beams thus varies
from 0 to π rad, resulting in a shift in the interference fringes,
as seen in Fig. 8(b) and (c). Note that the phase-locking in
Fig. 8(a) is performed by comparing the phases of master laser
and the two slave SCLs at the output, and hence, the variation
in the relative optical path traversed by the combining beams
is corrected by the two OPLLs. However, this scheme may be
impractical in certain configurations, e.g., if fiber amplifiers are
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Fig. 8. (a) Schematic of the tiled-aperture coherent power combination ex-
periment. (b) Far-field profiles of the incoherently and coherently added beams
as measured on the IR camera. (c) Horizontal intensity distributions of the
measured far-field profiles.

used at the outputs of the slave SCLs, they introduce additional
delays and drastically reduce the loop bandwidth. In such cases,
an additional VCO loop, analogous to the filled aperture case,
can be used to correct the phase noise due to variations in the
differential optical path, as shown in Fig. 7(b). An RF oscilla-
tor is used to provide the RF offset signal to OPLL 1, while
VCOs are used as the offset signals in OPLLs 2 through N .
The control voltage to the VCO in OPLL j is given by the beat
signal between the outputs of SCL 1 and SCL j, which can be
detected using a low-speed photodetector. The results of a tiled-
aperture combination experiment with two DFB SCLs with an
additional VCO loop have been reported in [23]. This approach
to the tiled-aperture coherent combination of arrays of SCLs
using OPLLs can lead to the development of phase-controlled

apertures, with applications in electronic beam steering, beam
shaping, adaptive wavefront correction, etc.

IV. CONCLUSION

We have presented an all-electronic active feedback approach
for the coherent power combination of SCLs using OPLLs.
An array of SCLs locked to a common master laser have the
same frequency and phase, and can be coherently combined.
The phase of the combining SCLs is further controlled using a
VCO, to compensate for differential path length variations of
the combining beams. We have demonstrated the coherent com-
bination of various high-power SCLs using this approach, and
have achieved a stable power combining efficiency of 94%. The
electronic feedback scheme demonstrated eliminates the need
for optical phase or frequency shifters. The OPLL approach can
be used to combine SCLs in both the filled-aperture and tiled-
aperture configurations. It is possible to obtain coherent and
diffraction-limited power of tens of kilowatts by the use of fiber
amplifiers to amplify the outputs of an array of phase-locked
SCLs. When scaled to a large number of SCLs, the overall power
combination efficiency is likely to be limited by the less-than-
unity fill factor for the tiled-aperture configuration, and by VCO
jitter and phase-front deformations in the filled-aperture case.

The coherent power combining of tens of high-power
SCLs on a single chip in the tiled-aperture configuration has
the potential to enable compact and inexpensive high-power
sources. The practical realization of these sources will depend
on a number of factors. The loop bandwidth of an OPLL with
a single-section SCL is limited by the nonuniform thermal
frequency response of the laser to <10 MHz, which, in turn,
places a restriction on the linewidth of the SCL, as given by
(6). Therefore, narrow-linewidth SCLs such as external cavity
or DFB lasers, or multiple-section lasers with a larger FM
bandwidth will need to be used as the array elements. The
fabrication of the various electronic components of an OPLL
such as the mixer, amplifiers, filters, etc., on a single IC has
been demonstrated [17], and this needs to be extended to
multiple OPLLs. Integrated waveguides and photodetectors for
broadband receivers based on OPLLs have also been demon-
strated [24]; the fabrication of an array of such detectors is
necessary to enable a coherent OPLL array. While it is difficult
to phase-lock standard packaged diode laser bars using this
scheme, we believe that it is feasible to use integrated optical
waveguides to combine the outputs of many discrete phase-
locked SCLs residing on a single chip, to form a single coherent
aperture with narrow spacing between adjacent emitters and
electronic control over the phase of each emitter in the aperture.
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