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Abstract—In normal injection-locked semiconductor lasers, the
modulation signals are applied to the slave laser. In this paper,
we show that modulating the master light before injection exhibits
distinctive modulation dynamics and frequency response. We first
present a detailed theoretical model and simulation results. Exper-
imentally, we have successfully demonstrated both master ampli-
tude and master phase modulation. The resulting 3-dB bandwidths
have been enhanced by up to three times, exceeding 50 GHz. The
resonance frequency of the combined lasers is greater than 100
GHz.

Index Terms—Injection locking, modulation frequency re-
sponse, semiconductor lasers.

I. INTRODUCTION

HE growing need for larger transmission speeds in op-
T tical communications has driven much research in devel-
oping higher bandwidth modulation schemes. The most vener-
able of these techniques, direct modulation of a semiconductor
laser, is cost-effective and simple, but practical limitations, in-
cluding heating and gain compression [1], have restricted 3-dB
bandwidths (f3qp) to 30-40 GHz [2]-[4]. External modula-
tion techniques, which are not limited by laser dynamics, have
demonstrated bandwidths >100 GHz for electrooptic modula-
tors (EOMs) [5] and >50 GHz for electroabsorption modulators
(EAMs) [6]. However, velocity and impedance mismatches and
material losses ultimately limit the bandwidth of these devices.
As the practical limitations to the bandwidth for these devices
are reached, other techniques must be developed to further in-
crease modulation bandwidths for next-generation optical sys-
tems.

Optical injection-locked (OIL) lasers hold promise as a
technique that can surpass these limitations. Optical injection
locking has been shown to increase the resonance frequency
and bandwidth of the direct-modulated laser [7]-[9]. Previ-
ously, we have demonstrated resonance frequencies up to 107
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GHz and intrinsic bandwidths up to 80 GHz [10]. The modu-
lated laser is a relatively short-gain device and therefore does
not suffer from velocity mismatches or material loss issues.
Resistance—capacitance (RC) parasitics can also be minimized
by proper design.

However, in the injection-locked laser, the resonance fre-
quency does not necessarily determine the bandwidth, as it does
for the free-running, direct-modulated laser. The OIL laser, in
specific circumstances, can experience a low-frequency pole
that can severely limit its response [10], [11]. This pole is inde-
pendent from the RC parasitics inherent in the laser packaging
and can be derived from the laser dynamics. The effects of
this low-frequency pole can be mitigated in two ways. The
first is by enhancement of the pole frequency by increasing the
bias current of the slave laser [10] or increasing the linewidth
enhancement factor [11], [12]. The second method is by can-
cellation of the pole via modulation of the master laser. This
latter method is the topic of this paper.

Previously, we have demonstrated the method of bandwidth
enhancement by modulating the master laser of an OIL system
[13]. We have experimentally shown master amplitude modu-
lated (MAM) as well as master phase modulated (MPM) OIL
systems. Several works in the past have performed master mod-
ulation of injection-locked lasers. However, they focus on appli-
cations of amplitude modulation suppression that require low-
injection regimes [14]-[21] or FM discrimination [22]. Here,
we focus on enhancement of the modulation bandwidth of a
modulator by either amplitude modulation (AM) or phase mod-
ulation (PM) amplification. The concept is shown schemati-
cally in Fig. 1. In this example, the modulator whose bandwidth
will be enhanced is a phase modulator with a 3-dB bandwidth
of 60 GHz. The master laser, before injection, is first modulated
by a phase modulator (simulation shown in left response graph).
The modulated light is then injected into the slave laser. The dc
power of the master laser locks the slave laser, creating a reso-
nance peak at the enhanced frequency identical to the one ana-
lyzed in the direct modulation OIL case [11]. The resonance is
tuned to three times the modulator bandwidth (middle response
graph). The injected phase modulation near the resonance is thus
enhanced, broadening the final PM bandwidth to 3.3 times the
modulator bandwidth (right response graph). This would result
in a bandwidth of 200 GHz, much larger than the 60-GHz lim-
itation of the PM by itself. This technique does not suffer from
the low-frequency roll-off that limits direct-modulated OIL sys-
tems. Furthermore, the enhancement is relative to the band-
width of the original modulator and can be up to 3.7 times for
an ideal single-pole modulator. Our simulations show that a
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Fig. 1. Conceptual diagram of bandwidth enhancement by master modulation.
The example shown is for master phase modulation.

100-GHz modulator can be enhanced up to 370 GHz by setting
the resonance to 316 GHz. We have already shown that injec-
tion locking can achieve resonance frequencies >100 GHz [10],
with promise of higher frequencies in the near future. The tech-
nique can also be used to resonantly enhance master AM as well.
In this case, the master light is amplitude-modulated, and the
resonance peak will enhance the AM bandwidth, resulting in a
broader bandwidth AM response. Although, in this example and
the subsequent experimental demonstrations in this paper, we
use external modulators, these are used only for proof-of-con-
cept. The original modulation source may be from any modu-
lator: either EOM, EAM, integrated electroabsorption modula-
tion laser (EML), or direct-modulated (DM) master laser. With
the prospect of viable integrated optical isolators [23], full inte-
gration of all components of a monolithic injection locked laser
system onto one chip promise to make cost-effective, ultrahigh
bandwidth modulators possible.

In this paper, we first present a theoretical analysis of the
master modulation OIL technique and describe how to bias
the laser to achieve maximum bandwidth enhancement. We
then experimentally enhance the 3-dB bandwidth of an ampli-
tude-modulated optical signal and a phase-modulated optical
signal, demonstrating the technique’s versatility. Utilizing
these techniques, we demonstrate bandwidths of >59 GHz for
MAM-OIL and 53 GHz for MPM-OIL. In addition, we show
that the system can be dynamically tuned to enhance frequency
bandwidths centered on resonances >100 GHz.

II. THEORY

To analyze the frequency response of the injection-locked
laser, we perform a small-signal analysis on the commonly-used
injection-locked laser rate equations [24]-[27]. Laser parame-
ters for all simulations are listed in [11], except J = 1.5 X Jy
was used. The differential equation governing the complex field
of an injection-locked laser is similar to that of a free-running
laser, with the addition of an injection term
dE(t)

LA %g[N(t) — Nan(1 4+ ja) E(t)

+ £ Einj(t) — jAwim E(t) (1)

where E(t) is the slave laser’s complex field and Eiy;(¢)
is the injected master field. Here, we add time dependence
to the injected field to accommodate modulation of the
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master light. This model ignores contributions from sponta-
neous emission, gain compression and noise, but may easily
be modified to include these effects. This equation can be
split into the field magnitude and phase by assuming that
E(t) = \/S(t)exp[jp(t)], where S(t) is the slave laser’s in-
ternal photon number and ¢(¢) is the slave laser phase, relative
to the nominal master phase. Similarly, the injection term may
be split into Einj(t) = +/Sinj(t) exp[jcinj(t)], where Sin;j(t)
is the injected master laser photon number and ¢i,j(t) is the
time-dependent master laser phase. The split equations, along
with the carrier rate equation, constitute the three differential
equations of injection-locked lasers [11], [14], [28]:

B = N () - NuS(0)
+ 264/ Sinj (t)S(t) COS[¢(t) — Pinj (t)] 2)
00 = S9N () - N
:;(Jt(;) [(:b( ) (bmj( )] - AWinj 3)
dfl—t(” = (1)~ N ()
—{w + 9N () — Nun]}S(?) )
where N(t) is the slave laser’s carrier number. A¢p = ¢(t)

—@inj(t) is the phase difference between master and slave.
g, Nin, a, J, 7w, and vp are the slave laser’s linear gain coeffi-
cient, threshold carrier number, linewidth enhancement factor,
bias current, carrier recombination rate, and photon decay rate,
respectively. The injection terms, x and Awiy; are the coupling
rate [29] and detuning frequency, respectively. The detuning
frequency is defined as the difference between master laser and
free-running slave laser frequency: Awinj = Wmaster
Here, we use photon number (S), in contrast to field used in
[11], to more directly relate to photon amplitude. For a sinu-
soidal, small-signal perturbation, each time-dependent term
may be separated into its dc and sinusoidal parts:

— Wslave, fr-

J(t) = Jo + AJ exp(st)
Sinj t) = mJO + ASIH_] eXp( t)
¢1 (1) = (bln]O + A¢>1m eXp( f)

So + AS exp(st)

</’0 + Agexp(st)
No + AN exp(st) (5)

ot
N(t

(t)
(t)
nj (1)
S(t)
(t)
(t)

where the first terms on the right-hand-sides are the dc compo-
nents and the AX (where X is J, Sinj, ¢inj, S, ¢, or N) terms are
the magnitude of the perturbation terms. The first three time-de-
pendent terms (.J, Sinj, and ¢inj) may be considered the inputs
to the system, while the last three terms (S, ¢, and V) are the
outputs. Physically, A.J represents direct modulation of the cur-
rent, ASiy; represents modulation of the amplitude of the in-
jected light (MAM-OIL), and A¢;y; represents modulation of
the phase of the injected light (MPM-OIL). The typical output
of a direct-modulated laser is AS, which represents the modu-
lated amplitude of the slave. In MAM-OIL, we consider this as
the output as well. Here, we consider the modulated phase of
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the slave, A¢, as an output for the MPM-OIL technique. The
input perturbation terms (A.J, ASiy;, and Adiy;) are typically
excited separately, but may be excited simultaneously. A com-
plex phasor may be added to represent a phase offset between
driving terms. For this work, however, we will consider each
driving term separately, so the driving perturbation magnitudes
may be considered real phasors.

Without loss of generality, we may set the dc master phase
to zero: ¢injo = 0, so that the dc slave phase ¢¢ represents the
total dc phase difference between master and slave. Inserting
(5) into (2)—(4), linearizing, and then separating the dc and si-
nusoidal perturbation parts yields the dc and small-signal solu-
tions. The steady-state solutions, repeated here, are equivalent
to those solved for a purely direct-modulated OIL case, and the
derivation can be found in more detail in [11]:

S — 22 AN,

SO = 1 + gAN, (6)
P
Awin; S
=1 inj 0 -1
=S — —ta 7
o = sin { PV Sinjo} n o (7)
ANy = —f SOJO cos ¢g ®)

where ANy = Ny — Ny, and the free-running photon number
Sfr is

Sp= ———. )

The two important locking bias parameters are the detuning fre-
quency Af = Awinj/2m and the injection ratio R = Sinjo/ St
A. Small-Signal Solutions

When linearized, the differential equations may be placed
into matrix form

mss 5 Msg msN AS 0 _
Mys  Mge+5  MyN Ap | =]0]| AT
MNs 0 mnN+5| | AN 1
_ Z COS ¢OSO/SinjO .
+ | —zsin@o/2Sin 0 | ASinj d0sini
L 0
22 sin ¢ ‘
+ 2 oS g A¢inje]0¢inj (10)
0

where s is considered to be along the jw axis. The elements of
the transition matrix M are

mss = Z COS Qg

msg = 2250 sin ¢
mgN = —gS0

mes = —zsin ¢o/25)

Mgy = z COS (;50
o

meN = — 59

mNs = Yp — 22 ¢os ¢y

mNN = YN + 950 (11)
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where z = K1/Sinjo/So. The left-hand side represents the
input terms and the transition matrix that links them to the
driving terms. The right-hand side of the equation represents
the three different driving perturbations. Complex phase terms
(0, 0sinj, Opinj) were included to represent the general case
where a phase offset between sinusoidal driving terms may
exist. Again, since we will consider each driving term sep-
arately in this work, we set these terms to 0. The frequency
response of the output perturbations may be found by inverting
the transition matrix and solving for each separate driving term.
For direct modulation, we obtain

AS 0
Ap | =M~1|0]|AJ (12)
AN 1
For master amplitude modulation
AS ) z Siojo cos ¢g
Agp =M1 —Zﬁ sin g ASinj~ (13)
AN
Finally, for master phase modulation
AS B 2285 sin ¢p
Ap | =M™ | zcospo | Apin;- (14
AN 0

The important output terms will differ, depending on the
purpose and source of modulation. For direct modulation, the
output is typically photon modulation AS/A.J:

AS s—2Zp $ + wzp
Hom=22 =M = MpiTY
PM= AT T " P31 A4s2+Bs+C P D(s)
(15)
where
A =mgs + Mgy + MnN
B = mssmgs + MssMNN + MgeMNN
— Mg¢Meps — MSNINS
C' = mgsmygMNN + M56MeNMNS
— MSgMESTMNN — MSNMNSMg)
MD = —MSN- (16)

The zero —wzp is real and larger than the resonance frequency:

wzp = (MsNMpy — MseMyN)/MSN. (17)
It has little effect on the frequency response of the direct-mod-
ulated OIL laser for frequencies below the resonance.

Note that each modulation source shares the same determi-
nant D(s), which is composed of three poles:

D(s) = (s +r) (5= dum-+ 37 ) (5 +dum+ 31 ) . a8)

This implies that all modulation methods (direct modulation
on slave laser, AM on master laser, and PM on master laser)
share the same resonance frequency wgr, damping ~y, and low-
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Fig. 2. Theoretical plot of (a) resonance frequency and (b) damping versus
injection ratio and detuning frequency.

frequency roll-off pole wp as discussed in [11]. Hence, the res-
onance frequency should increase with both injection ratio and
detuning frequency:

wh = who + Awd (19)

where wpy is the free-running resonance frequency and the res-
onance frequency enhancement term Awp is

Sinjo

So

Awp=|kK sin ¢g | = ’—%g(NO — Niw) + Awinj| . (20)

The resonance frequency is plotted across the locking range in
Fig. 2, which clearly shows the resonance enhancement and
damping for an OIL laser. However, as explained in [11], the
low-frequency roll-off pole will dominate the 3-dB bandwidth
at very high wg. This roll-off is shown in Fig. 3. As we increase
the injection ratio and enhance wg, wp decreases and causes the
3-dB frequency to shrink rather than increase. A more extensive
discussion on direct modulation OIL and methods for increasing
the low-frequency roll-off pole is given in [11].

Equations (12)—(14) imply that, since all three modulation
sources share the same poles, both master modulation tech-
niques should also suffer from the same low-frequency roll-off
that limits direct modulation. However, we will subsequently
see that an additional low-frequency zero in the MAM-OIL
and MPM-OIL modulation formats largely cancels the effect
of the low-frequency pole at large resonance frequencies. In
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Fig. 3. Frequency response of direct-modulated OIL laser, for different injec-
tion ratios. Dotted red curve is the free-running response.

the following two sections, we will analyze the small-signal
response of the two master modulation techniques.

B. Master Amplitude Modulation Optical Injection Locking

For master amplitude modulation, the input is an AM signal
from an EOM, EML, direct-modulated laser, or any other am-
plitude modulator. We modulate the master light (AS;y;), injec-
tion-lock the slave, then detect the AM light from the slave. The
MAM response is thus

AS (8 +wz41)(s + wza2)
MAM = NG D(s) b
where
z

w =
Z41 = S he

wzaz =N + 950
M4 = zcos ¢g (22)

injo

Representative frequency response curves are shown in Fig. 4.
—wz 41 and —wyz 42 are both real and negative. However, wz 41
is larger than wp and tends to have little effect on the response’s
shape until beyond the resonance frequency. wyz 42 is, on the
other hand, much smaller than wg, being related to the enhanced
carrier recombination rate from stimulated emission. If com-
pared to wp, which is approximately (when the resonance fre-
quency enhancement is significantly large)

c o
wp R — RN+ <1 + > 950 (23)
z TpWR

it is on the same order of magnitude, and they only differ by
the last term in (23), which is typically positive. Since wz 42
is slightly smaller in magnitude than wp, it will cause a dip
in response at dc, which is the origin of the AM suppression
discussed in the previous literature [14]-[21]. From (21) and
(22), the dc response is

2N +950) . 958

I~ . 24
c wWpSinjo @4)

Hyiam(jw = 0) =

Hence, to increase the dc response, wp would need to decrease.
One would minimize «, decrease the detuning frequency, and



2588

R[dB] =
50 1
10
m
)
o 0
<
o
<
-10
20, 20 40 60 80 100
Modulation Frequency [GHz]
(@)
20
10
o _
=l MISHL 55 1o +70
= 20 +50
U)— 0
g
(7]
<
-10
20y 20 40 60 80 100

Modulation Frequency [GHZz]
(b)

Fig. 4. Frequency response of master amplitude-modulated OIL laser, for
(a) different injection ratios and (b) different detuning frequencies (R =
10 dB).

increase the slave laser bias. This can result in low-frequency
gain. We can also approximate the response for positive de-
tuning values where wp is significantly smaller than the reso-
nance frequency. Here, sufficiently above the frequency of both
the low-frequency pole wp and zero wy 42, the response approx-
imates to

K,Z

Hyiam = — (25)

w? —w? + jyw’
Hence, the response approximates to a classic two-pole laser re-
sponse above dc, as seen in the large frequency detuning cases
(Af > +10GHz) in Fig. 4. If the response is taken at the flat re-
gion between dc and resonance, the response then approximates
further to

So
Hyiam = 5 -
inj0

(26)

which signifies that gain can also occur for small injection ratios.
However, small injection ratios result in low bandwidths and,
hence, are not studied here.

To maximize the bandwidth, we tune the resonance frequency
and damping such that the resonance will enhance the response
of the original modulator at the point where it begins to drop, as
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conceptually done in Fig. 1. When optimized, the 3-dB band-
width can be enhanced up to 3.3 times the original bandwidth,
while keeping <3-dB ripple in the final response. At high in-
jection ratios, the drop in dc response near the positive detuning
edge is due to the drop in dc optical power from the injection
level to the slave output level. This may be acceptable if the dc
power must be maintained below a certain level, for example,
so as not to saturate the photodetector.

C. Master Phase Modulation Optical Injection Locking

For master phase modulation, the input is a PM signal from a
phase modulator, integrated or external. The output is the mod-
ulation response of the slave laser’s phase. The MPM response
is

A as? +bs+ C
A(,binj D(S)
(s +wzp1)(s+wzp2)
=M
" D(s)

Hyipm =

27)

where

wzpie = (bx Vb2 —4aC)/2a

Mp = a = zcos ¢g

b = z[z + cos ¢o(yn + 950)] (28)

where we assumed ¢Sy > vn. Before analyzing the poles in
(28), we first note that the first equality in (27), along with the
definition of the determinant, D in (15), shows that as the mod-
ulation frequency goes to dc (i.e., s — jw = 0), the magnitude
of the MPM response equals C/C, and thus approaches unity.
This is consistent with the view that the slave laser phase should
track any changes in the master laser phase.

For strong injection, z > ¢S, then b >> 4aC' and the zeros
can be approximated as

wzpl = + 950
0

Wzp2 <~ —. (29)

wzp1 is typically larger than wz 41 and is therefore large enough
not to affect the shape of the response until above the resonance
frequency. The zero, wz po, is approximately equal to the pole,
wp, and therefore cancel. Hence, the response

2
WRr

Hypym = — (30)

wi — w? + jyw
which resembles a damped oscillator with a resonance fre-
quency of wg. Fig. 5 plots this response for various injection
ratios and detuning frequencies. The phase-tracking bandwidth
increases with injection power because the increased injection
energy forces the slave to track the master phase more quickly.
The response is not limited by the K-factor of free-running
lasers, so the resonance frequency can be tuned extremely
high. Since we can control both the resonance frequency and
damping, we can create almost any response profile.

The cancellation of the low-frequency pole can be explained
by Fig. 6, which depicts the dynamics of the carriers, photons
and phase energy reservoirs. Panel (a) represents the direct-
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Fig. 5. Frequency response of master phase-modulated OIL laser, for (a) dif-
ferent injection ratio and (b) different detuning frequencies (R = 10 dB).

modulated, free-running case. The resonance frequency is de-
termined by the rates (arrows) of energy transfer between car-
riers and photons: wro = /mnsmsn, which can typically
range from 1-40 GHz. The modulation is applied to the car-
riers. Panel (b) represents the injection-locked, direct-modu-
lated case. Here, the energy transfer between photons and the
phase becomes dominant, and, for large R and Af,wro =~
\/Mpsmsg, which corresponds to the enhanced resonance fre-
quency of injection-locked lasers. This has been shown to be en-
hanced >100 GHz [10]. Again, the modulation is applied to the
carriers, but the carriers lie outside of the dominant dynamics
(phase and photons). Hence, the speed of the laser is bottle-
necked by the rate in which the carriers can transfer energy to the
photons and phase. This is represented by the rate m/y,, which is
dominated by the carrier recombination rate enhanced by stimu-
lated emission. This can be as low as 1 GHz, but has been exper-
imentally enhanced to >22 GHz [10]. This rate is proportional
to wp, and typically determines the bandwidth of the laser [10],
[11]. In reality, another rate enhances the rate of carrier energy
in to the resonance. The circular coupling of carriers to phase to
photons also enhances wp. This is not shown in Fig. 6. Panel (c)
and (d) represent the injection-locked master-modulated case
of AM and PM, respectively. In both these cases, the modu-
lation is applied directly to the dominant resonance dynamics:
photons in the MAM case and phase in the MPM case. Hence,
the low-frequency pole is largely canceled, and the frequency
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Fig. 6. Schematics of the carrier (N)/photon (S)/phase (¢) dynamics for (a) di-
rect-modulated free-running laser, (b) direct-modulated OIL laser, (c) master
amplitude-modulated OIL laser, and (d) master phase-modulated OIL laser.

response tends to resemble that of a classic two-pole laser re-
sponse with a greatly enhanced resonance frequency.

III. EXPERIMENT

In this section, we experimentally demonstrate bandwidth en-
hancement for both amplitude and phase modulation schemes.
The experimental setup for MAM-OIL and MPM-OIL is shown
in Fig. 7(a) and (b), respectively. Here, the MAM is created by
a zero-chirp, LiNbO3 EOM. The MPM is created by a LiNbO3
phase modulator. It is important to reiterate that the technique
is not limited to the modulators used here and can be integrated
with either master or slave. Both modulators were preceded
by a high-power 1550-nm, single-mode, butterfly-packaged
laser. Frequency detuning was accomplished by temperature
tuning the master. Injection locking power was changed by
either changing the EDFA output power or by a variable optical
attenuator. Locking conditions were checked to assure stable
locking in all cases. The slave laser is a 1550-nm distributed
feedback laser. A polarization controller (PC) is used to op-
timize the input polarization to the LiNbO3 modulators. The
output of the modulators is amplified by an erbium-doped fiber
amplifier (EDFA). Another PC is used to optimize the coupling
polarization into the slave laser. An optical isolator is used to
prevent optical feedback to the master laser. The master laser
is injected into the slave by an optical coupling head with 3-dB
insertion loss. The modulated slave laser light is coupled to
another optical head on the opposing facet. It is then optically
amplified and then detected. Electrical modulation and detec-
tion are performed by a vector network analyzer. Detection of
the phase modulation was performed by the AM/PM separation
technique described by Sorin et al. [30]. We used a 0.95-nm
bandwidth tunable optical filter (Santec OTF-920) after the
slave laser output to obtain frequency discrimination at both
quadrature points of the filter.

The free-running frequency response of the slave laser, bi-
ased at 2.4 times threshold, is shown in Fig. 8 (labeled DM-FR).
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Fig. 7. Experimental setup for (a) MAM-OIL and (b) MPM-OIL.
EDFA = erbium-doped fiber amplifier, EOM = electrooptic modulator,
PC = polarization controller, PD = photodetector, VNA = vector network
analyzer, OSA = optical spectrum analyzer, PM = phase modulator, and
OTF = optical tunable filter.

Its resonance frequency (fro) is 3 GHz and its 3-dB band-
width (f3qp) is 4 GHz. We then injection lock the slave laser.
The injection ratio R (defined as the optical power ratio of the
master and free-running slave, measured at the injected slave
laser facet) was 3 dB. The detuning frequency A f (defined as
the frequency difference between master and free-running slave)
was +12.4 GHz. These injection-locking conditions were kept
constant for all examples in Fig. 8. We show the results of a di-
rectly-modulated OIL (DM-OIL) laser in Fig. 8. The enhanced
fro was 30 GHz. Note the drop in response starting close to dc,
resulting in a 3-dB bandwidth of ~1 GHz, much lower than its
resonance frequency. This is not due to the laser RC parasitics,
as the 3-dB frequency of the RC parasitics is ~20 GHz.

For the MAM-OIL case, an EOM with a f3qg = 25 GHz
was used for the modulation source. The resultant amplitude
modulation output from the slave is shown in Fig. 8 (labeled
MAM-OIL). Note the drop in the response near dc, as described
in the previous section. As discussed before, the magnitude of
the dip is reduced for more negative detuning frequencies. For
the MPM-OIL case, a phase modulator with a f3qg = 20 GHz
was use as the modulation source. The resultant phase modula-
tion upon the slave is shown in Fig. 8 (labeled MPM-OIL). Note
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Fig. 8. Frequency response of an OIL laser under various modulation schemes.
OIL conditions (A f, R) are held constant for all cases. DM-OIL: direct modu-
lation of the OIL laser. MAM-OIL: Amplitude modulation of the injected light
entering OIL laser. MPM-OIL: Phase modulation of the injected light entering
OIL laser. DM-FR: Direct modulation of the free-running laser, shown for com-
parison. Modulator response was included in all curves.

that there is no dip at dc, and the response looks similar to that
of a free-running, 2-pole laser (i.e., classic damped oscillator).
The fitted resonance frequency for all OIL cases were found to
be 30 GHz, and the fitted damping factors were all calculated
to be within 3—4 GHz. This signifies that each OIL modulation
scheme shares the same resonance and damping factor. How-
ever, the response between dc to resonance differs quite dramat-
ically.

A. Master Amplitude Modulation

If we increase the injection locking parameters, we can opti-
mize the enhanced EOM response. Fig. 9 shows the frequency
response of the EOM, with a f3qg = 25 GHz. All response
curves are normalized for cables, network analyzer, and pho-
todetector response. The EOM exhibits a resonant notch at
55 GHz, possibly due to surface mode coupling or other effects.
Note that this is not a fundamental limitation of the EOM.
By injection locking the slave laser with the modulated light,
we can tune the enhanced resonance of the OIL system to
compensate for the notch, resulting in an enhanced f3qp =
59 GHz [Fig. 9, line (a)]. The OIL conditions were R = 8 dB
and Af = +27 GHz. The tunability of the resonance can be
used to create a broad resonance that can compensate for the
typically slowly-decreasing response of an EOM, resulting in
a flatter frequency response [Fig. 9, line (b)] (R = 8.5 dB and
Af =+ 30 GHz). We achieve a relatively flat response over >
70-GHz bandwidth, interrupted only by the 55-GHz resonant
notch caused by the EOM itself. This is approaching the >3
times bandwidth enhancement limit predicted in the theory.

By tuning the detuning frequency, the resonance frequency
can be tuned over a very wide range. Fig. 10 shows the normal-
ized optical transmission response of the MAM-OIL laser, by
subtracting the EOM response from the total response. Here, we
changed A f from 7 to 32 GHz, resulting in resonance frequen-
cies of 73 to 107 GHz, respectively. Fig. 11 shows the experi-
mental extraction of the resonance frequency across the entire
locking map. Our experiments were limited to 110 GHz due to
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Fig. 9. Frequency response of EOM and two different bias conditions of
MAM. (a) Af = 27 GHz, R = 8 dB. (b) Af = 30 GHz, R = 8.5 dB.
(a) is optimized for 3-dB bandwidth (f3 dB = 59 GHz) while (b) demon-
strates > 70-GHz flatness (aside from notch at 55 GHz).
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Fig. 10. Frequency response of MAM, after removing EOM response. R =
8.6 dB. The detuning frequency was tuned from 7 to 32 GHz, resulting in reso-
nance frequencies from 73 to 107 GHz.
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Fig. 11. Experimental plot of resonance frequency versus injection ratio and
detuning frequency, across the stable locking range.

the network analyzer’s maximum frequency limitation. How-
ever, the resonance frequency may be extended to well beyond
100 GHz.

The source of modulation is general, and any amplitude mod-
ulator can be used. In this case, we used an EOM. Howeyver,
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Fig. 12. Frequency response of PM and two different bias conditions of MPM.
(a) Af =12 GHz, R = 3 dB. (b) Af =25 GHz, R = 4 dB. The bandwidths
for the PM, (a), and (b) are 20, 36, and 53 GHz, respectively. The responses are
not individually normalized to 0 dB, arid so they all exhibit the same magnitude
DC response.

we have also performed amplitude modulation on an electroab-
sorption modulator laser [31] and direct-modulated, cascaded
VCSELs [32].

B. Master Phase Modulation

We then performed similar experiments for the MPM-OIL
configuration. Fig. 12 shows the frequency response of the
MPM-OIL system for various injection conditions [Fig. 12,
lines (a) and (b)]. As with all modulation schemes, including
direct modulation, the resonance frequency increases with
detuning frequency and injection ratio. The response of the
20-GHz PM is shown for reference [Fig. 12, line PM]. The
noise at dc is an artifact of the AM/PM separation and detection
technique. Since the actual detected value is proportional to the
frequency modulation response, a factor of 1/ f,,, (where f,, is
the modulation frequency) was applied to the signal to obtain
the phase modulation response. The bandwidths of the PM,
(a), and (b) are 20, 36, and 53 GHz, respectively. Hence, band-
width enhancement can be obtained through this modulation
scheme as in MAM-OIL. In addition, the MPM-OIL system
does not exhibit the low-frequency suppression as in the case
of MAM-OIL. As predicted in the theory [28], there is some
amount of FM to AM conversion. However, with the proper
choice of FM discrimination and detection system, this can be
mitigated, or perhaps even beneficial.

IV. CONCLUSION

We have demonstrated optical amplitude and phase modu-
lation of an injection-locked semiconductor laser. Both tech-
niques are not limited by the low-frequency pole that domi-
nates the bandwidth in the positive detuning frequency regime
of directly-modulated OIL lasers. Furthermore, the slave laser’s
RC parasitics no longer limit the system’s performance. Rather,
we are relieved of the issues of engineering low laser para-
sitics and can focus our interest to the frequency performance
of the modulation source. The benefit of the injection-locked
laser is in providing an enhancement of bandwidth that can be
dynamically tuned to different frequency bands. A maximum
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three times enhancement of bandwidth can be shown theoret-
ically, with experiment close to matching. Further bandwidth
can be achieved by cascading injection-locked lasers [32]. The
MAM-OIL technique is simple, requiring no coherent detec-
tion. However, in certain regimes, namely low injection ratios
and positive detuning frequencies, it exhibits a low-frequency
suppression. The MPM-OIL technique is more complex in de-
tection. However, in the positive detuning frequency range, it
does not exhibit a low-frequency suppression and exhibits a re-
sponse resembling a classical laser with a tunable resonance fre-
quency. We have demonstrated bandwidth enhancement up to
59 GHz for MAM-OIL and 53 GHz for MPM-OIL. These are
enhancements of about 2.5 times the original bandwidth of the
modulation source. We do expect noise and nonlinearities to in-
crease at the resonance peak, depending on the magnitude of the
peak. This will be addressed in a future paper. The technique of
MAM-OIL and MPM-OIL has the potential to be used as an
all-optical equalization technique for next-generation 100 Gb/s,
as well as ultrahigh frequency RF applications.
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