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Abstract–Optical FM signal amplification by semiconductor lasersis
studied by emphasizing their bandwidth characteristics. The laser is
operated either in an injection-locked mode or in a resonant amplifica-
tion mode by keepingthe drive current aboveor just below its threshold.

The bandwidths of both amplifiers are evaluated by the reduction in
modulation sidebandsand are compared with the bandwidths measured
statically by scanning the frequency of incident W wave. The @l? =

25 GHr gain bandwidth product is obtained for both operation modes

using a double heterostructure AlGaAs semiconductor laser.

The bandwidth obtained in the above procedure is in good agreement

with theoretical results.

I. INTRODUCTION

c OHERENT optical transmission systems, in which optical

amplitude, frequency, or phase are modulated to carry

information and are demodulated by heterodyne detection, are

expected to improve optical fiber communication system per-

formance, resulting in long repeater spacing and large informa-

tion capacity [1]. The possibility of a coherent FM signal

transmission system using a semiconductor laser transmitter

and an independent local oscillator has successfully been

demonstrated [2].

Important technologies related to a coherent FSK system
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have been studied usirig semiconductor lasers. Direct frequency

modulation in a semiconductor laser has been studied theoret-

ically and experimentally [3]. Semiconductor laser spectral

line shape observation and linewidth reduction to less than 50

kHz, with an external grating feedback, have been reported [4].
Furthermore, single longitudinal mode operation of a semi-

conductor laser, directly modulated at a high data rate, has

been realized by injection locking [5]. An injection-locked

amplifier (ILA) and resonant type amplifier (RTA) perfor-

mance using AlGaAs semiconductor lasers have also been

studied for CW or AM modulated input [6], [7].

This paper reports on amplification of frequency modulated

optical waves by semiconductor lasers operating in ILA and

RTA modes. Evaluation of bandwidth characteristics for the

two operation modes shows that the gain bandwidth product

is given by @B = 25 GHz in a double heterostructure AlGaAs

semiconductor laser. The bandwidth was measured by observ-

ing sideband amplitudes of frequency modulated waves at the

input and output of the amplifier.
The above results on bandwidth are in good agreement with

theoretical vahres. FM signal amplification was measured in

microwave solid-state devices [8], [9]. Compared to these

devices, the ILA operation of semiconductor lasers enables

broad-band operation, since the carrier frequency is by’ far

higher than that at microwaves. The ILA operation for a

semiconductor laser, as well as the RTA operation, will be use-

ful as devices for transmitters and receivers in future coherent

optical transmission systems.
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Fig. 1. Experimental setup for FM signal amplification measurement.
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II. EXPERIMENTAL SETUP AND PROCEDURE

A diagram of the experimental setup is shown in Fig. 1. Two

double heterostructure AlGaAs semiconductor lasers (LDI,

LDZ) with an identical cavity length continuously operate in

a single longitudinal mode at 840 nm. Both lasers are

channeled-substrate-planar (CSP) geometry lasers. Their

thresholds are Ith,l = 62.3 mA and 1th,2 =60 mA [10]. Both

lasers are individually mounted on copper heat sinks whose

temperatures are stabilized within *O. 1“C accuracy by thermo-

electric elements. Longitudinal mode frequency matching

between the two lasers is carried out by the method reported

previously [6].

The LD1 output is injected into LD2 through optical isola-

tors. Two isolators are used in tandem for better isolation

between two lasers. Isolators are also used to avoid undesired

feedback from the Fabry-Perot interferometer to LD I and

LD2. The isolation is 25 dB. Spectra for both lasers are mea-

sured simultaneously by a Fabry-Perot interferometer, whose

finesse is greater than 40 and free spectral range is about 4 GHz.

Both lasers are driven by dc bias currents. The magnitude of

the LD2 drive current, related to the threshold, depends on

the mode of operation. An RF sinusoidal current is superim-

posed on the dc drive current of LDI and the FM wave is

directly generated.

FM modulation by direct current modulation with an AlGaAs

semiconductor laser was studied precisely in another paper in

this special issue [14]. Frequency characteristics of FM effi-

ciency from dc to 5 GHz and the mechanism of FM modulation

by considering thermal and carrier effect were studied. Induced

FM modulation by directly current modulation was heterodyne-

detected by our co-worker, Dr. Saito, in a previous paper
[3]. Frequency modulation indexes in the measurements are

obtained by measuring the carrier and first sideband intensities

using the scanning Fabry-Perot interferometer. Carrier and

first sideband amplitude are calculated from the square root of

observed sideband power spectra. The FM index is obtained

from the ratio of first sideband amplitude to carrier. The first

sideband has an asymmetric power according to the amplitude

modulation components, so that the average vahre of both first

sideband amplitudes are used. The effect of residual AM com-

ponent is discussed in [14, Appendix] . A typical FM index is

~ = 0.75. Here, p stands for AF/fm, where AFis the frequency

deviation and fm is the modulation frequency. It was con-

firmed during the measurement that the FM index is in propor-

tion to the RF drive current amplitude [3].

The input light is coupled to LD2 by a microscope objective

lens. The coupling loss, measured by the previously reported

method [6], is typically 13 dB under no gain saturation con-

dition. The optical gain is defined, as the power ratio of out-

put and input light. Input light power I’i refers to the vahre

measured in front of the input facet. Output power refers to

that after the output facet. This, in contrast, is with the input

power definition employed in the previous publication on

semiconductor injection locking [6], in which the incident

power referred to the value inside the input facet.

Static bandwidths of IL.A and RTA are measured by injecting

a CW signal into these amplifiers and by sweeping the input

frequency by changing the LD1 temperature. The dynamic

bandwidths for these amplifiers are measured by injecting a

directly modulated FM signal into these amplifiers and by

comparing the FM indexes of input and output power spectra.

The optical bandwidth is defined by the modulation fre-

quency at which the output and input FM index ratio ~OUt/~ifl

is equal to I/@.

HI. EXPERIMENTAL RESULTS

A. Bandwidth of an Injection-Locked Amplifier

Locking bandwidth of ILA was measured by injecting a CW

coherent light [6] . Fig. 2 shows the displayed power spectrum

by scanning a single frequency CW input using the scanning

Fabry-Perot interferometer. The frequency is scanned from

high to low by varying the LD1 drive current. Results on lock-

ing bandwidth versus locking gain are reproduced in Fig. 3

because the definition of gain is different from the previous

publication [6] . The solid line curve shows the relation ob-

tained from Adler’s formula [11 ] . Hysteresis in the locking

bandwidth was not measured for low input power shown in

this figure.

Directly frequency modulated output from semiconductor

laser (LD1 ) is incident on LD2 to measure the FM wave ampli-

fication. Fig. 4 shows typical input (a) and output (b) sideband

spectra for – 25 dBm input at 30 dB gain. Here, the modula-

tion frequency is 500 lvlHz and the frequency modulation

indexes are pin = 0.87 and &ut = 0.72. The FM index is de-

graded by 17 percent through the amplification.

Fig. 5 shows the FM index ratio ~out/~in, as a function of

modulation frequency for several locking gain values. The gain

was varied by changing the input power Pi, such as -42, -37,

and – 26 dBm, which corresponds to the gain values for the

three series of experimental results shown in Fig. 5. Input FM

index pin is kept between 0.7 and 1.0. The locked laser is

operated at 1.1 times the threshold. The solid theoretical lines

will be discussed in Section IV.

When the modulation frequency is normalized by locking



KOBAYASHI AND KIMURA: OPTICAL FM SIGNAL AMPLIFICATION, 423

LOW —--t--’i ~
HIGH

FREQUENCY 510 MHz FREQUE

~SCAN

N CY

Fig. 2. Measured static locking bandwidth by scanning a single fre-
quency CW input. The frequency is scanned from high to low by
varying the LD1 drive current. A.f = 380 MHz, Pi = -27 dBm, and
PIO = 5.5 dBm. Bias currents are 11 = 1.57 X Zth,l and 12 = 1.25 X
~th,z. Zfh,l = 62.3 mA and1th,2 = 60 mA.

LOCKING
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Fig. 3. Locking half bandwidth versus locking gain which is the ratio of
an injection-induced laser power Pzo to injection power Pi measured
outside the locked laser LD2. 0: Experimental results [6]. Solid
line shows the classical theory reported by Adler [11].

bandwidth Af, the FM index ratio can be represented by a

universal curve, as shown in Fig. 6. The ratio ~Out/~in degrades

to I/@_, when fm is equal to Af. This shows the validity of

the theory to be presented in Section IV.

B. Bandwidth of a Resonant Type Amplifier

When the laser LD2 is operated at or slightly below its oscil-

lation threshold, linear gain is available at a sufficiently low

input level [12] . Amplification of frequency modulated op-

tical waves is studied in an RTA mode operation of a semicon-

ductor laser. The measurement method is the same as that for

the ILA mode.

The bandwidth, mea~ured in terms of ~OUt/~in ratio, is shown

in Fig. 7. The bias current levels of the LD2 are 0.94, 0.98,

and 1.0 times the threshold. Corresponding input power levels

are -23, -26, and -26 dBm. Gain values obtained are 18,23,
and 25 dB. The input FM index is kept in the range of 0.7-

1.0. Theoretical solid line curves will be discussed in the next

section.

l-’
290 MHz

(a)

t-l
290 MHz

(b)

Fig. 4. Power spectra of directly frequency modulated signal observed
by Fabry-Pe~ot interferometer. Fr~e spectral range ~FSR) is 1.32
GHz and finesse is larger than 40. fm = 500 MHz. .Pj = -25 dBm.
12 = 1.35 X ~th,z. (a) Input power spectrum: pin = 0.87. (b) Ampli-
fied output spectrum by ILA: (30ut = 0.72. Locking gain Pzo/Pi is
30 dB.
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Fig. 5. ILA FM index ratio of output to input versus modulation fre-
quency. Experimental results are obtained by the carrier and first
sideband power spectra measured by FP interferometer. Input
powers Pi are X :-42 dBm, A: –37 dBm and ● : -26 dBm. Bias cur-
rents are 11 = 1.5 X lth,l and 12 = 1.1 X lth ~. Solid line ctrrves show
calculated values by (3).

When the modulation frequency is normalized by the half

bandwidth, Af1,2 at 3 dB down from the resonant peak gain

in RTA (half width at half maximum-HWHM), the FM index

ratio can be represented by a unified curve, as shown in Fig. 8.

The ratio ~Out/~in degrades to 11~, when fm is equal to

Afl/2. The HWHM Afl/2 will be discussed in the next section. ‘
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Fig. 6. ILA FM index ratio of output to input versus normalized modu-
lation frequency by the locking half bandwidth A~. Symbols are the
same as in Fig. 5. The solid line curves shows values calculated by
(3).
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Fig. 7. RTA FM index ratio of output to input versusmodulation fre-
quency. Bias currents 12 are O : 0.94, A: 0.98, and ● : 1.0 times the
threshold Zt~,2. Input powers Pj are –23 dBm, -26 dBm, and -26
dBm, respectwely. The solid line curves show values calculated by (4).

I I

NORMALIZED MODULATION FREQUENCY fml Af,, *

Fig. 8. RTA FM index ratio versus modulation frequency normalized
by 3 dB down half bandwidth Afl 12. Symbols are the same as in
Fig. 7. The solid line curve showsvaluescalculated by (4).

IV. DISCUSSION

A. Static Bandwidth and Saturation for Injection Locked

and Resonant Type Amplifiers

Although the bandwidths of ILA and RTA modes have been

reported in previous publications [6] , [7] , it will be useful to

cite the results.

The injection-locking phenomenon hm been explained by

gain saturation [13] . The locking bandwidth is broadened as

the input power increases. Locking half bandwidth Af in Fig.
3 obeys the classical formula by Adler [11] as follows:

(1)

Here, Pin and Pl mean input power and locked power in the

laser cavity and 7P is photon lifetime. Note that input power

Pi in (1) refers to the power measured in the laser cavity and is

~

INPUT FOWER P, ( dBrn)

Fig. 9. Half bandwidth at 3 dB down of locked and resonant peak

Power versus inPut Power F’j. CW light with a single longitudinal
mode is injected into ILA and RTA. Broken line curves are calcu-
lated by substituting rp = 2.3 x 10-12 s into (l). Solid line curves
are values calculated by substituting n = 3.6, L = 0.03, and R = 0.32
into (2).

different from that defined in Section II by the function of

the facet reflectivity.

The halfwidth Afl,z of RTA is @en by [7]

Afl,z = (co/27rnL) sin-l {(1 - R)/2@}. (2)

Here, co is the light velocity in vacuum, n is the refractive in-

dex of the active layer, R is the laser amplifier facet reflectivity,

and Gr is the resonant amplifier gain at the resonant peak

frequency, which can be obtained experimentally [12].

To elucidate the saturation effect on the ILA and RTA

bandwidths, the halfwidth has been measured as a function of

input power. Fig. 9 shows Afl,2 at the amplifier output as a

function of input power when the bias current is varied from

0.94-1.2 times the threshold. Experimental results are ob-

tained by sweeping the CW optical frequency as shown in Fig.

3. Broken and solid curves show the values calculated by (1)

and (2), respectively.

Experimental results are in good agreement with theoretical

broken and solid curves. The slopes for RTA mode curves
tend toward that for the ILA mode at high input levels. This

is caused by the optical gain saturation in the active medium.

Fig. 10 shows the HWHM as a function of the normalized bias

current. The input levels are -26 dBm and – 12 dBm. Broken

and solid curves are values calculated from (1) and (2). This

figure shows that, as the input level increases, the bias current

dependence of the RTA mode approaches that of the ILA

mode, again due to the gain saturation. The resonant gain Gr

used in calculating (2), is depicted in Fig. 11. Here, input

power Pi stands for the power measured outside the amplifier.
The net gain coefficient per unit length gz on the right ordinate

is given by

gl=(l/L)ln G.

Here, G is the single-path gain and L is the cavity length. The

amplifier gain becomes constant for input powers less than

-25 dBm when the applied current is 0.94 X Ith,2. At thresh-

old, the resonant amplifier gain saturates at – 35 dBm input

power. Experimental results at 0.94 and 0.98 in Fig. 7 are
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Fig. 10. Half bandwidth at 3 dB down from peak gain in ILA and RTA
versus bias current. Broken and solid line curves are the same as in
Fig. 9.

Fig. 11. RTA resonant gain versus input power. Input power is mea-
sured outside the RTA. Symbols show experimental results measured
by sweeping the input frequency. Coupling loss is 13 dB measured at
0.94 times the threshold current under no gain saturation condi-
tion [6].

measured under unsaturated conditions, while the result at

threshold is under the saturation conditions, as is seen from

Fig. 11.

B. Spurious AM Modulation Effect in Resonant Type

Amplifier

The directly modulated FM signal contains a spurious AM

component [14]. We discuss, now, the AM modulation effect

in the FM wave amplification.

Fig. 12 shows the AM modulation depth ratio MOUt/Min be-

tween input and output signals as a function of modulation

frequency. AM modulation depth M is obtained from the

ratio of carrier to first sideband amplitude. Experimentally

obtained results are for bias current levels at 0.96, 0.99, and

1.0 times the threshold. The input power level is -20 dBm.

Solid curves from a to f are calculated by the first order per-

turbation rate equation combined with the van der Pol equa-

tion [15] assuming that Pi = -20 dBm, ~P = 2 PSand rs = 1 ns

~,1+ I , I 1 , I J
100M lG 10G

MODULATION FREQUENCY fm ( HZ )

Fig. 12. Spurious AM index ratio in RTA versus modulation frequency.
Symbols are experimental results obtained from the asymmetric upper
and lower first sidebands, assuming that FM and AM modulations are
out of phase with each other [14]. Bias currents are X : 0.96, 0:
0.99, and A: 1.0 times the threshold, 1th,2. Solid line curves are
calculated by the rate equation with the van der Pol equation (see the
Appendix) under the same condition, as shown in Fig. 11. Bias cur-
rents are (a) 1.0, (b) 0.99, (c) 0.98, (d) 0.97, (e) 0.96, and (f) 0.95
times the threshold.

(see the Appendix). Amplitude modulation depth ratio MOUt/

Min exceeds unity at about 1 GHz modulation frequency,

when the resonant amplifier gain saturates in the RTA mode.

The discrepancy between the experimental and calculated

results in Fig. 12 is caused by an AM-FM conversion at about

1 GHz resonant frequency in RTA. A large input power satu-

rates the amplifier gain when the RTA is biased close to

threshold.

Fig. 13 shows the FM index ratio ~oUt/~in for RTA at 1 GHz

modulation frequency as a function of input power. Experi-

mental results are for two bias current levels, 0.97 and 1.0

times the threshold. The solid curves show theoretical values

(see the Appendix). The experimental results show a small

peak at around -23 dBm input, which cannot be explained

by the theory. To understand the origin of this discrepancy,

residual AM indexes for RTA input and output are studied

from the asymmetry of upper and lower first sideband ampli-

tude [14] .

C. Bandwidth of Injection-Locked and Resonant Type

Amplifiers

The theoretical curves in Figs. 5 and 6 for the ILA are ob-

tained from a simplified van der Pol equation [8] as (3). Fre-

quency deviation of the longitudinal mode in ILA is neglected.

Detuning the bandwidth between the locked and the center

frequency of the cold cavity in ILA is assumed to be very small:

@o.t/~in)ILA = l/~1 + (fwr/Af)2. (3)

Here, the input FM index is assumed lower than 1.0. The half

bandwidth Af is the value obtained in Fig. 3. Experimental

results in Figs. 5 and 6 show good agreement with the calcu-

lated value..

RTA theoretical curves in Figs. 7 and 8 are calculated from

(2) assuming that the input FM index is small, as follows:

@mst/6in)RTA = l/<1 + (fwJAfl/’)2 . (4)

Here, Afl/’ is the HWHM with CW optical injection in RTA.
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Fig. 13. Input power dependence of FM index ratio in RTA. Bias
currents are X : 0.97 X Ith,q, O: 1.0 X 1t~,2. Solid line curves are
values calculated by the rate equation, combined with the van der
Pol equation (see the Appendix) when detuning is nearly zero,

Pin = 0.73 and input AM index is 5 percent.
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Fig. 14. Bandwidth versus gain characteristics for ILA and RTA.
Bandwidths measured with FM signals are indicated by o: ILA and
● : RTA. The bandwidth is depicted by ~outl~in = llfi. Band-
widths measured by frequency swept CW wave are indicated by A:
ILA, A: RTA (Pi = – 26 dBm) and X : RTA (Pi = -12 dBm). Broken
and solid lines are calculated by (1) and (2). Experimental and cal-
culated results show @B = 25 GHz for ILA and RTA.

Fig. 14 shows HWHM for ILA and RTA for CW and FM sig-

nal input as a function of the amplifier gain. The experimental

results in Figs. 5, 7, and 8 are replotted in this figure. The

broken and solid lines are obtained from Figs. 3 and 4,

respectively.

This figure shows that the gain bandwidth product for both

ILA and RTA modes are given approximately by @B= 25

GHz. The RTA is suitable for relatively low gain and broad-

band operation, whose maximum gain is imposed by the gain

at a threshold around 30 dB. The ILA is suitable for high gain

and relatively narrow bandwidth operation, whose bandwidth

is limited by the center frequency fluctuation at around 50

MHz.

To obtain the large gain bandwidth product @B, small

reflectivity R and short cavity length L are effective for both

ILA and RTA. The reduced cavity Q value, however, may

increase AM and FM noises in these amplifiers. The develop-

ment of optimum design criteria for optical amplifiers, with

respect to the gain bandwidth product as well as noise, is

necessary.

The RTA will be successful for broad-band repeater ampli-

fiers, while the ILA will be useful for high power and relatively

narrow band post amplifiers [1] .

V. CONCLUSION

Frequency modulated optical wave amplification was studied

in injection-locked and resonant type amplifiers using double

heterostructure semiconductor lasers. Bandwidths for the two

types of amplifiers were measured by measuring the sideband

amplitude of amplified FM waves over a wide modulation fre-

quency. The gain bandwidth product of @B = 25 GHz is

obtained for both modes of operation, in good agreement with

theory. FM-AM conversion in RTA at high input level may

cause deviation from the theory. The ILA mode is suitable for

high gain and high output level operation, while the RTA mode

is suitable for broad-band operation.

APPENDIX

Rate equation combined with the van der Pol equation,

assuming that gain is in direct proportion to electron density

and spontaneous term is neglected, are ~ven as follows [15] :

dn/dt = (I - n - nSl)/r~ (Al)

dE1/dt = (n - l) E1/27P - Ein cos (~ - @)/2rP (A2)

d@/dt = (Ein/El) sin (W - @)/27P - AU + dO/dt (A3)

I = J/Jth

Sl = r.S/(rPNt~ v.) = E:

Pin = T~p/(7pNth vu) = E?.

n = N/(~P x Jth) = fv/~th

X= l/cd

Ati = ~in - $lo(=til _ Clo).

Here, J is the current density, S is the photon density, I-s is

carrier recombination time, ~P is photon lifetime, N is the

electron density, vu is the active region volume, d is active

layer thickness, e is electron charge, P is the injected photon

density, El is the locked electric field amplitude, Ein is the

injected electric field amplitude, ~in is injection light angular

frequency, COzis locked angular frequency, and flo is the cen-

ter angular frequency of the resonator of LD2. In injection-

locked state, ~in = oz. Subscript indicated by tlz means

threshold state value. @ is the phase of locked signal, O is the

phase of free running laser (LD2), and W is the phase of injec-

tion signal from LDI.
First-order perturbation of rate equation is obtained from

(Al), (A2), and (A3) assuming as follows:

SI = So +Sl =E; + 2E1E0

El=Eo +E1,.Ein=EiO +Eil

n=no+nl

1=10 +1~

@=$o+Qk

0=00+01

w= ’1o+l’1. (A4)
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Here, various suffixes for O and 1 mean dc and first-order per-

turbation. Substituting (A4) into (Al), (A2), and (A3), first-

order perturbation rate equation is obtained as follows:

jwnl = (11 - nl - nlE~ - 2nOElEO]/r8 (A5)

jQEl = [(n. - l)EI +Eonl - {Eil cos (V. - O.)

- Eio(Vl - @l) sin (’Y. - @O)}] /2Tp (A6)

jC@l = [ {Ej ~ sin (V. - @o)+ Eio (W. - @o)

“ cos (!Po - @o)}/27P - AuE1 - jcd 1EO] /Eo .

(A7)

The dc equations are obtained from (Al), (A2), and (A3), as”

follows:

O= IO-no -noSo - (A8)

O = (no - l)EO/27P : Eio cos (VO - @o)/2 Tp (A9)

O = (Eio/Eo) sin (V. - @o)/2Tp - Ati. (A1O)

From (A9) and (Al O), we obtain

(no -l)E# +(2TP)2 E#Au2 =Efo. (Al 1)

By substituting (A8) into (Al 1), nonlinear power equation in

injection locking is as follows:

{l./(l +~z) - 1}2S1 + Am247~Sl =Pin, (A12)

where

Sl =E~ and Pin = E? .

The solid line curves in Fig. 12 are obtained as (EI/Eo)/(Ei,/

Eio) from (A5)-(A1O) under the condition that 7P = 2 ps, 7P =

1 ns, Au ~ O, 01 ~ O, @l ~ 0.73, and (Eil/E/o)2 = 10. The

solid line curves in Fig. 13 are obtained as CPl/W1 from (A5)-

(A1O) under the same condition.
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