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Optical Phase Modulation in an Injection Locked
AlGaAs Semiconductor Laser
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Abstract—Optical phase modulation obtained by injecting coherent
CW light into a directly frequency-modulated semiconductor laser is
reported. Phasémbdlﬂaftion at up to a 1 GHz modulation frequency has
been obtained without compression for a 1.4 GHz half locking band-
width. Phase deviation can be represented by the ratio of the original
FM deviation to the locking half bandwidth. The phase deviation
normalized by the frequency deviation is inversely proportional to the
cutoff modulation frequency. A static phase shift of 7 took place with
a 0.48 mA drive current change in the injection locked laser.

Reduction in FM noise by means of CW light injection and FM noise
accumulation in cascaded injection locked laser amplifiers are discussed,
together with the optimum design for an injection locked repeater
system,

I. INTRODUCTION

OHERENT optical transmission systems are attractive as

future systems with wide repeater spacing and large infor-
'mation capacity [1]. The amplitude, frequency, or phase of
the coherent optical carrier is modulated and then demodu-
lated through a homodyne or heterodyne scheme. The possi-
bility of a coherent FSK signal transmission system using a
semiconductor laser transmitter and an independent local
oscillator for heterodyning has successfully been demonstrated
[2]. A coherent PSK signal transmission system is desired as a
more advanced technology because of the low receiving power
level in the PSK-homodyne or -heterodyne detection scheme

[1]. :
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Injection locking in semiconductor lasers has been studied [3],
[4] for coherent optical system applications. The bandwidth-
versus-gain relation of injection locked semiconductor laser
amplifiers, amplification of FM optical signals, and single mode
operations in directly modulated semiconductor lasers injected
with CW light, have been reported [5]-[10].

Direct optical frequency modulation in semiconductor lasers
has been demonstrated and the broad-band modulation fre-
quency characteristics of different types of laser structures
have been studied [11], [12].

The present paper reports experimental studies on optical
phase modulation (PM) obtained by injecting CW coherent
light into a directly frequency-modulated (FM) AlGaAs double
heterostructure semiconductor laser., Measurement systems
and procedures for the induced PM will be described in Sec-
tion II. In Section III, the results obtained in the static phase
shift and dynamic PM modulation by injection locking will be
shown. Analytical treatment will be described in Section IV.
Reduction in semiconductor laser FM noise by injection lock-
ing will be discussed in Section V.

I1. MEASUREMENT SYSTEMS AND PROCEDURES
A. Experimental Setup

An experimental setup to study phase modulation is shown
in Fig. 1. Two double heterostructure AlGaAs semiconductor
lasers (LD1, LD2), with an identical cavity length, operate
continuously in a single longitudinal mode at 840 nm. These
lagsers have channeled substrate planar (CSP) geometry [13].
Their oscillation thresholds are Iy, ; = 62 mA and Iy, , = 6 mA.
They are mounted individually on copper heat sinks whose
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Fig. 1. Configuration for optical phase modulation experiment using
optical injection locking. Mach-Zehnder interferometer and scanning
Fabry-Perot interferometer are used to measure the phase modulation.

temperatures are stabilized within a +0.05°C accuracy by
means of thermoelectric elements. The LD1 output-is colli-
mated with antireflection-coated microlenses and injected into
LD2. Back reflected light from LD2 to LD1 is eliminated by
two optical isolators arranged in tandem, with 40 dB isolation
[14]. Longitudinal mode frequency tuning of two lasers and
their coupling efficiency measurement are carried out by the
method reported earlier [3], [15]. The locking bandwidth
can be measured by changing the LD1 current as has been
reported [3].

The scanning Fabry-Perot (FP) interferometer, shown in
Fig. 1, is used to measure the modulation sideband spectra.
The Mach-Zehnder (MZ) interferometer configuration is used
for PM measurement. The attenuator balances the light ampli-
tudes in two branches of the interferometer, and the Babinet-
Soleil (BS) compensator acts as a phase shifter to calibrate the
phase deviation. The path difference between the two branches
of the interferometer is made less than 1.4 mm. The single
mode fiber ensures wavefront matching of CW and PM light
at the surface of the Si-APD.

B. Static Phase Shift

First, the two lasers are oscillated continuously without
applying an RF signal. Change of the LD2 resonant frequency
by changes of its drive current causes a static phase shift with
respect to the injected light wave. The static phase shift versus
LD2 resonant frequency shift relation is measured by homo-
dyne detection using the MZ interferometer configuration.

C. Induced PM Signal Measurement
An RF sinusoidal signal with frequency f,, is superimposed
on the LD2 bias current for direct current modulation.
Without injection, LD?2 emits optical FM signals as

Epm = Eq exp {j[2nfot + B sin Qnaf, 1},
B=AF/fm. (1)

Here, AF is the maximum frequency deviation (MFD), f,, is
the optical carrier frequency, and § is the frequency modula-
tion index.

When CW light is injected into LD2, MFD is suppressed [16].
Simultaneously, the phase modulation (PM) signal is induced
with the injection. The PM signal is represented as

Epy = Eq exp {j[2nfot + A® sin 2nf,,0)]}. 2
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Here, A® is the maximum phase deviation (MPD). In ideal
PM, A® does not change when f,,, is changed.

. The induced PM signal is observed on the display of the sam-
pling oscilloscope through the MZ interferometer. The optical
phase bias is adjusted by the BS compensator to obtain a sinu-
soidal signal on the display. The MPD is calibrated by the
known phase shift of the BS compensator. It can also be mea-
sured by the FP interferometer using the same method as was
reported earlier [11], [12]. Results obtained by both methods
are compared with the measured FM index without injection
in the following sections.

In dynamic phase shift measurement, frequency characteris-
tics of the Si-APD have been calibrated by using a beat note
between the two lasers, both under CW drive conditions. The
3 dB down cutoff frequency measured was about 500 MHz.
Frequency characteristics of the LD2 drive curcuit were ob-
tained from the above Si-APD characteristics assuming that the
LD2 has flat frequency characteristics for small current modu-
lation. The cutoff frequency measured was 600 MHz. The
frequency characteristics of the drive and detection circuits
have been compensated for in order to obtain the intrinsic PM
performance over a wide modulation frequency range.

III. EXPERIMENTAL RESULTS
A. Static Phase Shift

Two lasers, LD1 and LD2, are driven by dc currents J; =
1.5 X I'tp,y and Ip =1.54 X Iy, 5, respectively. Injected CW
light power in LD? is Py, =-22 dBm. A static phase shift of
7 takes place when the LD2 bias current is changed by 0.48
mA, as shown in Fig, 2. The full locking bandwidth 2Af is
1.4 GHz. The phase shift curve obtained between -m/2 and
/2 is nearly linear, rather than sinusoidal.

Visibility of the MZ interferometer output is more than 95
percent when the BS compensator and the attenuator are ad-
justed at the LD2 cavity center in a locking state. Measured
visibility was between 74 and 89 percent in relation to that of
the MZ interferometer. The visibility becomes large when the
locking bandwidth, which is determined by the LD?2 bias cur-
rent, injected power, and cavity Q becomes broad. Power in-
jected into LD?2 was varied between -33 and -22 dBm. The
phase between the injected and output waves shifts propor-
tionally to the LD2 drive current. The measured phase shift
normalized by the LD2 cavity frequency shift is shown in
Fig. 3 as a function of the locking half bandwidth. The ex-
perimental result is in good agreement with the theoretical
line, which will be derived in Section IV. This result shows
that, in order to increase the phase shift per unit drive cur-
rent in static operation, the locking bandwidth should be
narrow.

B. Phase Modulation

When LD?2 is driven by an RF current and CW light is in-
jected, a phase modulation output is obtained. Fig. 4 shows
the frequency spectra of 1) PM modulation with, 2) FM modu-
lation without injection measured by the FP interferometer,
and 3) a PM signal converted by the MZ interferometer [16].
Modulation frequency f;,, is 300 MHz. Direct drive currents are
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Fig. 4. Frequency spectra and phase deviation. (a) PM spectrum with

~28 dBm power injection. Maximum phase deviation A® =0.17
rad/mA. (b) FM spectrum without injection. FM index AF/f,, =
0.47/mA. (c) PM signal measured by MZ interferometer A® = 0.17
rad/mA.

I;=1.6X1Iy ¢ and I, = 1.34 X Iy, 5. The modulation current
is 2 mAg_,. Measured frequency deviation is 130 MHz/mA in
Fig. 4(b). Modulation index, which is defined by 8 = AF/f,,,
is suppressed from 0.47 to 0.17 per mA by injecting -28 dBm
CW power. The maximum phase deviation (MPD) per unit
drive current is 0.17 rad/mA for the locking half bandwidth of
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Af =800 MHz. The MPD measured by sideband amplitudes in
Fig. 4(2) coincides with that indicated in Fig. 4(c).

Fig. 5 shows the modulation frequency characteristics be-
tween 100 MHz and 1.3 GHz of PM signals. LD?2 bias currents
are 1) 1.15X Iy 2, 2) 1.35 X Iy 2, and 3) 1.55 X Iy, 5. Here
the lowest modulation frequency is chosen at around 100
MHz, at which only the purely electronic contribution is effec-
tive in angular modulation, as will be seen in Fig. 7. Injected
powers are varied between -40 and -22 dBm. The ordinate
at the left-hand side shows MPD per unit drive current with
injection and that at the right-hand side indicates FM index
per unit current without injection. Closed circles and broken
line curves show values of experimental and theoretical FM
indexes per unit current [11], [12]. Other symbols and lines
show results of MPD per unit current for each locking band-
width. Theoretical MPD curves will be explained in Section
IV. Small vertical bars on the curves show the locking half
bandwidth for each experimental condition. The FM index
decreases with increases of the modulation frequency as seen
in (1). The slope becomes gradual at frequencies higher than
500 MHz because of the carrier resonant phenomenon [12].
The MPD curves tend to approach the FM index curve at high
modulation frequencies and the MPD becomes constant at
low modulation frequencies. As the locking bandwidth be-
comes broad, the MPD per unit RF current becomes small,
and the cutoff frequency f;,., at which the MPD decreases to
1/4/2, becomes high. The MPD becomes small at large LD2
bias current.

The result of Fig. 5(b) is rearranged in Fig. 6 to show the
MPD dependence in the injected power level or the locking
bandwidth. The parameter is the modulation frequency f,,.
At high injected power levels, MPD tends to be asymptotic
to the low modulation frequency line. The high frequency
MPD saturates at relatively high injection levels, while the low
frequency MPD increases as the injection level decreases.

Fig. 7 shows the frequency characteristics of MPD per unit
current at 1.5 X Iy, , bias current from 1 kHz to 1.3 GHz.
Open circles show the experimental results. The solid curve
shows the theoretical PM deviation. The broken line and the
dot-and-broken line show theoretical thermal and carrier
effect curves calculated from the FM deviation in Section I'V.
Experimental results are well fitted to those theoretical curves
over the wide modulation frequency range.

IV. THEORY
A. Analytical Formulation

The van der Pol equation, assuming that the spontaneous
emission term can be neglected, is given as foliows [3], [17}:

d®/dt = (Ejn [Ep) sin (¥ - ®)/27, - Aw +dO/dt (3)
Se =E%,
Pin =Efn, ,
Aw = Wiy ~ o(= wg - Q9). (4)

Here, Sy is the photon density, 7, is photon lifetime, P;;, is the
injected photon density, Fy is the locked electric field ampli-
tude, £y, is the injected electric field amplitude, w;, is injec-
tion light angular frequency, wy is the locked angular frequency,
and Qg is the cavity angular frequency of the resonator of
LD,. Inaninjection locked state, w;, = wq. P is the phase of
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Fig. 5. Maximum phase deviation characteristics.

(a) Bias current is

1.15 X Itp,3, (b) 1.35 X Iyyy 5, and (c) 1.55 X Iy . Closed circles
and broken lines show experimental and calculated results of maxi-
mum frequency deviation without injection. Solid lines show theo-

retical values for PM.

the locked signal, @ is the phase of the free running laser (LD, ),
and W is the phase of the injection signal from LD;.

First-order perturbation equation is obtained assuming the
following:

So=8o+8, =E}+2EE,,
Eqo=EytE;,
Ein =Ept+Ey,
® =Py + AD,
©=0,+ A0,
U=, +A¥, 5)

Here, suffixes 0 and 1 mean dc and first-order perturbation.
Substituting (5) into (3), the first-order perturbation rate equa-

tion is obtained as follows:
]OJA¢ = {[Eil Sin(\I’O - @0) +E10(A\I, - A@)
s cos(Wg - P)]/27, - AWE; - jwABEG}E,. (6)

At the center frequency of the LD2 cavity, Aw =0 and ¥, =
®,. By substituting these conditions into (6), one obtains

jwA®D = [Eo(A¥ - A®)/27, - jwABE,]/E,
AD = (EjgA¥/27, - jWABEQ)(Eig27, +iwEq)
= (AYAS - jfmnAO) (A S+ jfim)- (N

Here, Af=(Eio/Eo)/4nTy = \/Pipn/Se/4nT, is the locking half
bandwidth (LHB). Phase excursion A is represented as

A® = VAV + (f,,/Af)2 A®?][[1 + (fn/AS)?].

(8
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For small signal phase deviation A¥ compared with the modu-
lated laser phase deviation A®, (8) is approximated by
AD = AOV(fyn /AL VYL + (i AFY]. ©)
When CW light is injected into the directly FM modulated laser,
the modulation index is suppressed by the factors [18], [19]
Bout/Bs = AB/AO = V([ [AFPL +(fn/AfPL.  (10)

Here, B,y is the modulation index of locked output with CW
light injection and @, is the modulation index without injection.

The phase deviation can be represented by (9) with A®@ =
Ba = AF[f,, [16]

AD=AFVI/(Af2+12). (11)

Fig. 8 shows the modulation index suppression ratio (10) and
the maximum phase deviation (11) as a function of f,,,/Af.

B. Static Phase Shift
The static phase relation is represented from (3) as

(Eio/Eo) sin (\I,O - q)o)/sz - Aw=0. (12)
When the injected light has a frequency f;, which is identical
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to the LD2 cavity center frequency f, and a constant phase
¥, which is arbitrarily chosen to be 0, the phase of the locked
laser becomes

D¢ = sin™* [(Bo/Ei0)417,(fo = fin)]- (13)

As fy is shifted by means of the drive current, @ is changed
because fi, is fixed to the cavity center. &g is changed by
tw/2 from 0, when the frequency shift fi,, - f, is equal to the
locking half bandwidth

fin = fo = (EiolEo)/4nT, = Af. (14)

At around f;, = f,, the phase can be approximated by a linear
function

g = (EO/Ei0)47er(f0 - fin)- (15)

Experimental results in Fig. 2 show the linear phase shift char-
acteristics near the cavity center frequency. The solid line in
Fig. 3 represents

A®/(fo - fin) = 1/Af
which is derived from (15).
C. Phase Modulation

The maximum phase deviation A® normalized by the maxi-
mum frequency deviation A F is shown in Fig. 9 as a function
of modulation frequency f,,,. The broken line shows the FM
index g = AF/f,, = 1. Solid lines, calculated from (11), show
that A® is constant at AF/Af for f,,, lower than the locking
half bandwidth Af, while it tends to be small at f,,, > Af. Ex-
perimental results, replotted from Fig. 5(b) indicate good agree-
ment, again. Solid lines in Fig. 5(a)-(c) were also calculated
from (11) by substituting the maximum frequency deviation
without injection [12]. This figure, as well as Fig. 7, tells us
that in order to get flat PM characteristics over a broad modu-
lation frequency range, injection power, or equivalently, the
locking half bandwidth, should be increased.

The solid line in Fig. 7 is calculated from (11) by substituting
the measured maximum frequency deviation values and LHB.
The broken line shows the relation A® = A F/Af where AF is
the theoretical value obtained from the thermal refractive in-
dex change by calculating the thermal conduction of each
layer in the AlGaAs laser [12]. The dot-and-broken line shows
the same relation A® = AF/Af where AF is the theoretical
value obtained from the carrier refractive index change consid-
ering lateral carrier diffusion in the CSP laser [12].

(16)
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Fig. 10 shows the product of MPD and LHB as a function of
the modulation frequency normalized by LHB. Direct drive
currents are 1.15, 1.35, and 1.55 X Iy, 5. These results are re-
ported from Fig. 5(a)-(c). The solid lines are the theoretical
curves calculated by (11). This shows that MPD decreases as
the dc drive current increases. This trend can be explained by
the decreased frequency deviation in uninjected lasers at a high
bias level [12].

Fig. 11 shows the MPD normalized by the MFD at the cutoff
modulation frequency f,,. as a function of the cutoff fre-
quency. Here, the cutoff frequency means the frequency at
which MPD falls to 1/4/2 of the low modulation frequency
value. The solid line shows the theoretical values calculated by
(11) when f,,. = Af. Experimental results for low cutoff fre-
quency show good agreement with the straight line. In high
Sme, however, MFD is affected by the carrier resonant charac-
teristics [12]. When f,,,. is equal to Af, AF shows constant
frequency characteristics. The laser diode structure design to
obtain a large AF has been discussed in a previous publica-

1655
-2

& 10

i L [y
3 F o115
g & T A 135
w § o

: O 1.55
x g - —_—
< «

= - |

z

2w oo

< 210+

E < | —THEORETICAL
w [ AdAt/AF=1NTZ
0z (o]
<0 o af=fme
£ -
Eg 2x164no|.1 ) ' |0.|5||||: L

CUTOFF FREQUENCY f,. (GHz)

Fig. 11. Maximum phase modulation normalized by maximum fre-
quency as a function of the cutoff frequency.

tion {12]. A high injection power level is desired to obtain

high f,,,. or Af.

V. DISCUSSION
A. Angular Noise Suppression

If we regard the modulation sideband as a component of
angular modulation noise in the semiconductor laser, the
phenomenon discussed so far can be regarded as the suppression
of FM noise by optical injection. Fig. 12 shows frequency
characteristics of modulation index suppression. The suppres-
sion is expressed by the ratio Buy¢/8,, where By, is the modu-
lation index of the locked output with CW light injection and
B, is the modulation index without injection. The value of §,
between 1.4 and 0.14 corresponds to f,,, between 100 MHz
and 1.3 GHz. Experimental results in the figure are replotted
again from Fig. 5(b). Solid lines show theoretical curves cal-
culated from (10).

The angular modulation component is suppressed strongly as
the LHB Af increases. Fig. 13 shows the f,,:/B, as a function
of modulation frequency normalized by LHB. All experi-
mental results can be fitted to the unified theoretical curve
given by (10).

B. Cascade Injection Locked Laser Amplifiers

Based on these results, it is necessary to discuss the FM noise
suppression or accumulation characteristics in cascaded in-
jection locked semiconductor laser amplifiers. Here again,
we regard the modulation sideband as representing a noise
component.

The FM suppression in FM signal amplification was obtained
[10], [24] as follows:

Bout/Bin = {1/ [1 + (fn/AS}V2 = F,
=(Af2u/Af T2, (17)

Here, Af2,, and Kf_fn are FM noise power of the locked laser
output and input when FM signal is injected into the dc biased
laser amplifier. The FM index suppression with CW light injec-
tion is represented by (10)

Bout/Ba = (Af2u/AfHY? = F,. (10")

Here, A_f3 is the noise power of the laser output without in-
jection. FM noise properties in cascaded locked amplifier re-
peaters of the coherent FSK system [10], [24] are obtained
by comparing (17) and (10")
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(AfZun =(AFDy X F3+(Af%)y X F2,
A2y =(Af N1 (18)

Here, N denotes the number of cascade injection locked
amplifiers.

Fig. 14 shows the FM noise power calculated using (18)
when the injection locked amplifiers are connected in series,
assuming that each locked amplifier has the same FM noise
power. The top broken line shows the FM noise power of the
locked amplifier and the bottom broken line shows that of
the injected signal. The ratio of those FM noise powers is
assumed to be 4 X 103 from experimental results. The FM
noise of the semiconductor laser is caused by the thermal and
mechanical cavity length change, and the refractive index
change caused by mixed spontanecous light emissions into a
lasing mode.

In Fig. 14, the frequency characteristics of FM noise power
are assumed to be flat up to the 3 dB down cutoff frequency
fr. Calculated results show that FM noise power of the injec-
tion locked amplifier is reduced to the input FM noise power
if the locking half bandwidth Af is larger than the frequency
bandwidth of the baseband signal bandwidth. Residual FM
noise power, however, increases as the number of the locked
amplifiers increases. _

It is possible to reduce the FM noise power A fZ, further by
the frequency stabilization technique [25], [26]. Insuch a
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Fig. 14. Cumulative FM noise increase in cascade injection locked am-
plifiers. AfZ2: FM noise of the locked amplifiers; f,: 3 dB down fre-

quency of Lorentzian distribution of Af2: AfZ : FM noise of injected
signal, N is the number of the locked amplifiers.

case, the accumulated FM noise would be reduced still lower
than the present result.

VI. CONCLUSION

Phase modulation is obtained in a CW light injected semicon-
ductor laser. A static phase shift of 7 has been obtained by
changing the injected light frequency over the full locking
bandwidth. Frequency characteristics of the phase modula-
tion are experimentally obtained and analytically explained by
the van der Pol equation. The main features are characterized
by FM deviation and locking bandwidth. FM noise reduction
by coherent CW light injection is discussed and noise accumu-
lation in cascaded injection locked amplifiers is calculated.

The phase modulation obtained in this paper has such ad-
vantages for future coherent optical transmission systems as:
1) narrow carrier linewidth due to frequency stabilized light
injection and 2) high frequency modulation capability within
a wide locking bandwidth.
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Suppression of Mode Partition Noise by Laser
Diode Light Injection

KATSUSHI IWASHITA anp KIYOSHI NAKAGAWA

Abstract—-This paper describes the improvement in mode partition
noise characteristics when a laser light is injected into a laser diode
modulated at 400 Mbits/s. A single-mode fiber transmission experi-
ment is carried out for the 1.5 um region. A 20 km repeater spacing at
400 Mbit/s modulation is achieved by LD light injection. The center
longitudinal mode power is increased to 94 percent of the total modes.
Relative noise in the center longitudinal mode is improved 30 dB by
optical injection of ~18.2 dBm. However, the mode partition noise
generated by noninjected modes is not completely suppressed. The
relationship between the half-power width of the spectral envelope and
signal-to-noise ratio (SNR) degradation is obtained at 20 km fiber
Iength, If 3 dB excess SNR degradation is allowed for the mode parti-
tion noise, then the necessary half-power width of the spectral envelope
is less than 0.6 nm.

Manuscript received-February 17, 1982; revised June 9, 1982.

The authors are with the Yokosuka Electrical Communication
Laboratory, Nippon Telegraph and Telephone Public Corporation,
Yokosuka-shi, Kanagawa, Japan.

I. INTRODUCTION

ILICA-based optical fiber losses have been achieved at

less than 1.0 dB/km from the 1.1-1.7 um wavelength
region [1]. There is a possibility of realizing several tens of
kilometers of repeater spacing in a high bit rate using these
low-loss single-mode fibers. However, when we use semi-
conductor laser diodes (LD’s) as an optical source, the repeater
spacing is restricted by the mode partition noise in a high bit
rate [2]-[4]. For example, 20 km repeater spacing has not
been achieved at 400 Mbitsfs at 1.51 um due to the influence
of mode partition noise [5]. Although 44.3 km repeater
spacing has been achieved at 2 Gbits/s at 1.3 um in the disper-
sion free region, narrow spectral distribution is required [6].
Thus, the mode partition noise prevents the realization of
high-speed transmission and wavelength division multiplexing
transmission systems. Zero dispersion in low-loss wavelengths
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