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Applications of Traveling-Wave Laser
Amplifiers in Subcarrier Multiplexed

Lightwave Systems

WINSTON I. WAY, SENIOR MEMBER, IEEE, CFIUNG-EN ZAH, MEMBER, IEEE, AND

TIEN-PEI LEE.

Abstract —Applications of tra~eling-wave laser amplifiers in subcarrier

multiplexed Iightwave systems, for the distribution of multiple channels of

FM and AM-VS13 video signals, are described. Both experimental results

and a general analysis on the video carrier-to-noise ratio are presented.

Other important system design considerations associated with using

TWLAk are also discussed.

I. INTRODUCTION

s

I~NIFICANT progress has recently been made in

research on high-capacity subcarrier-multiplexed

(SCIvf) lightwave systems, mainly as a result of increased

interest in finding near-term, low-cost solutions for the

distribution of multichannel TV services on fiber. The

progress in subcarrier multiplexing technology has been

greatly facilitated by advances in novel optoelectronic

components, particularly in the areas of high-speed semi-

conductor lasers and photodetectors (with bandwidths of

over 10 GHz) and laser amplifiers. The large bandwidth of

the semiconductor laser enables many channels of analog

[1]-[5] or digital RF signals [6], [7] to be frequency-divi-

sion-multiplexed in the electrical domain. The composite

signal can then be used to modulate the laser directly.

Among the advantages of subcarrier multiplexing are sim-

plicity in system design, ready availability of system com-

ponents, and the possibility of offering different services

without synchronization or coordination (since each ser-

vice is carried by different RF frequencies). The capability

of a subcarrier-multiplexed lightwave system can be fur-

ther enhanced by incorporating one or more traveling-wave

laser amplifiers (TWLA’S) which provide additional system

gain, either for increasing the span length or for power

splitting in a broad-band distribution network. TWLA’S

are suitable for SClvl systems because their wide band-

width (40–50 nm) can accommodate several multi-longitu-
dinal-mode lasers or a large number of DFB lasers, and

they have high saturation output power (O to 8 dBm).

In this paper, we will describe applications of TWLA’S

in subcarrier-multiplexed distribution systems for both fre-

quency-modulated (FM) and amplitude-modulated vesti-

gial-sideband (AM-VSB) video signal distribution. In Sec-

tion 11 the characteristics of a 1300 nm facet-angled and
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Fig. 1. Schematic of a travehng-tvave laser amphfwr with angled facets

antireflection-coated TWLA used in our experiments are

described. Analytical carrier-to-noise ratio (CNR) charac-

terizations of SCM systems employing TWLA’S are given

in Section III. Section IV and Section V describe experi-

mental results of using TWLA’S in multichannel FM and

AM-VSB video signal systems, respectively. Section VI

briefly describes the potential optical reflection problems

associated with the residual reflectivities of optical fiber

connectors/splices while using TWLA’S. The paper is sum-

marized in Section VII.

II. LASER AMPLIFIERS

The laser amplifiers used in the experiments are made

from 1300 nm GaInAsP/InP wafers grown by liquid phase

epitaxy (LPE), with a double-channel planer buried het-

erostructure for current and optical confinements. TWLA’S

typically require low facet reflectivity y ( <10-3) to suppress

the Fabry–Perot resonances. This. in general, requires

tight control of the refractive indices and the thicknesses of

antireflection coatings on the facets. We have, however,

simplified the fabrication of near traveling-wave amplifiers

by slanting the waveguide (gain region) from the cleavage

plane such that the light reflected by the cleaved facets

does not couple back into the waveguide (Fig. 1). This

results in an effective modal facet reflectivity of about

0.5% without antireflection (AR) coating. The effective

facet reflectivity is further reduced to 5-8x 10’4 by the

application of AR coatings to both facets [8].

Fig. 2(a) shows the amplified spontaneous emission

power spectrum of the amplifier at different bias currents.

The TE-mode gain ripple near the gain peak wavelength of .

1296 nm when the amplifier is biased at 110 mA is 2.5 dB

with a free spectral range of 0.5 nm (Fig. 2(b)). In the

present experiment. lensed single-mode fibers are used for

coupling signal in and out of the amplifier along the
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Fig. 2. (a) Amplified spontaneous emission power spectrum at various bias levels. (b) TE-mode gain ripDl[e of TWLA biased

& 110 mA. S[gnal wavelength is tuned by ~hanging heat-sink temperature of 1.3 ~rn DFB lase;. Fib;r:to-fiber gain differs
from internal gain by coupling loss of 5 dB/facet.

Fig. 3. The TWLA with lensed fibers for coupling light in and out.
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Flg 4 Schematic of a hghtwave system using two cascaded TWLA’S.

direction of peak spontaneous emission intensity (Fig. 3).

The coupling loss, including one biconic connector loss

(-0.5 dB), is estimated to be about 5 dB per facet. At 100

mA, the fiber-to-fiber gain is measured to be about 12+ 1.0

dB, corresponding to an internal gain of 22+ 1.0 dB. The

gain for the TM mode is 4 dB less than that of the TE

mode. For the TE mode, the output saturation powers at

an injection currents of 120 mA and 90 mA were measured

at output facets to be 9.5 dBm and 8 dBm (4.5 dBm and

3 dBm into single-mode fiber), respectively. The 3 dB

bandwidth of the signal gain is about 40 nm.

III. SYSTEM CARRIER-TO-NOISE RATIO

(CNR) ANALYSIS

In this section, we present a complete analysis which

includes the coupling losses in and out of a TWLA, and is

an extension of the one given in [9]. We first show the

analysis of two cascaded stages of TWLA in subsection A

and generalize the results to N stages in subsection B.

Overall system CNR is summarized in subsection C.

A. Noise in Two-Stage TWLA’s

As shown in Fig. 4, the mean values of photon numbers

(rzl), (n,), and (n ~) can be expressed respectively as

follows (see Table I for definitions of mathematical sym-

bols):

(n,) = ~LICIGIC, + (Gl -1) C2n,p. mt.Afl (1)

(n,) = (nl)L,(C’lG,C,) +( G,-l)C,n,P. m,.Afl (2)

(7r3) = L’3(n2). (3)

The variances of the photon numbers u?, o~, and u; are

given respectively as follows:

2_
(J1 — ~LlclGlcz +( G1–l)n,pm, ”Af1”c2 (4)

PI,
+2 G1(G1–l)n,pxy Llclcj

+( G1–l)2n&,. nzt. Af2. C~

u;= (n1)L2C1G2C, +( G2–l)n,p. mt.Afl. C, (5)

+2 G2(G2–l) n,pX((n1)L2)C1. C~

+( G2–l)2n~p. ml. Af2. Cj

,.,.,,) (L21WX2L3)2+ u&hot&‘~= (Oj,,ig-~p + O:

+ ( %?,sig-sp + O<sp-sp) -L~ (6)

According to (1)–(6), the spectral current density of the

received total shot noise (i&Ot ), the signal–spontaneous

emission beat noise (i$g_,P), the spontaneous–sponta-

neous emission beat noise generated within each amplifier

((i:p-sp,, ~) i =1,2), and the amplified spontaneous emis-

TABLE I
DLI INI rIoNs 01 MA’I’HIMATICAL SYMBOLS

(/12), 0;

(}13), 0:

Pla

[ ,1

1.2

L3

cl, C2

G1, G2

I&,g.,p (r= 1,2)

O;,p.,p (/ =1.2)

“SP
x
tilt
Ajl

A f2

k

T

Mean and vanarrcc of photon no,/second at the first
TWLA output (Into fiber)

Mean and variance of photon no./second at the

second TWLA output (Into fiber)
Mean and variance of photon no./second before the

photodetector

Laser mean launched optical power (into fiber)

Fiber and/or splitter loss between the laser and the

first ampbfler

Fiber and/or splitter loss between the first and
second amplifiers

Fiber and/or splitter loss between the second

amplifier and the detector
coupling losses of the front and back facets of the

TW amplifiers, respectively
The internal gains of the two TW amplifiers,

respectively

Signal-spontaneous beat terms of o? (the third
term m eq. (4) and (5), respectively)

Spontaneous-spontaneous beat terms of u? (the
fourth term in eq. (4) and (5), respectively)

Shot no]se terms of O; (the first two terms in eq (5))
Photon energy ( h v )

Product of the p-i-n diode quantum efficient and

coupling efficiency between
single-mode fiber and detector

Population inversion parameter

Excess noise coefficient
Effective number of transverse modes

Equivalent noise bandwidth for the spontaneous

emlsslon shot noise

Equivalent noise bandwidth for the beat noise between

spontaneous emission components
Boltzmann constant

Absolute temperature in degrees kelvin

Noise figure of optical amuhfier ( = 2n,~x )& 1
nz Optical rnodulatlbn index L

sion beat noise of the first amplifier by the second ampli-

fier ((i& .P, 12)) are given respectively as follows:

(7)

“ (L2C1G2C2L3)2 + G2(G2 -1)

(8)

(i:p-sp,l) + (tp-sp,2)

[
= 2e2& (Gl –l)2n&. m, Af2. C~.

. ( L2C1G2C2L,)2 (9)

+( G2–l)2n~pm1 .Af2. C~. L~ I (lo)

[(~sp-sp,12) = Ze2T& G2(G2 -l) FoL2(G1–l)C2n,pmt

.Af,. C, . c;L;] (11)

where FO= 2n ,Px is the noise figure of the TWLA.
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B. Noise in N-Stage TWLA’s

The above analysis can be generalized to the case of

N-stage TWLA’s; theresults are summarized below:

(i~~o,) = 2e2v~~ “L~+~” ,fil L, C@,C’

N

{

+ ~ (G1–l)n,pm, Ljl
,=1

.C2.L~hl 11 (qv,c,)
}

(12)
,= 1+1

.C2. (Gi–l). L~+l

2\
~ ii (LjW,c2)J

/=1+1

. fi (LjC1G,C2)2
,= 1+1 1

N N–1

(13)

(14)

z(i:p.$p,*,)=2e2~i”Fo”x (G,-l)”c2”nsp%Afl
j>( ,=1

H“ i c2,=@+1(Lpc1Gpc2)(G,-1)
]>1

“( )11
L~+l- fi ( LJ1G~CJ2 . (15)

!?l=/+1

To simplify calculations, we further define two new pa-

rameters by assuming GI = G2 = “ “ . = G:

(i&,p,.,lf)= ‘2e2d0(G–l)2”n~,mtM2C$ (16)

These two parameters have about the same value for x=1

and Afl = A fz. Note that (i&_,P,~elf ) is a measurable

auantitv from a shwle TWLA. Therefore (14) and (15) can
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be rewritten respectively as

f (%p-sp,,)= (i:p-s,),se,f)L;+l : ii (L,C1GJC2;12
,=1 ~= 1/=1+1

(:18)

“(L;+l.

)1}
ii ( Uvic’)’ . ( 19)

m=/+1

The expressions for signal-spontaneous and spontane-

ous–spontaneous emission beat noise can be further sim-

plified by assuming the following conditions: 1) all

TWLA’S are identical and have the same coupling effici-

encies on both facets; 2) all intermediate transmission

losses or coupling losses are identical ( L1 = L, = . . ~~=

LM = L); and 3) fiber-to-fiber gain of a TWLA compen-

sates the fiber transmission and splitting loss, i.e., CIGC2 =

L-1. We then obtain

(i~k~p)= N.2e’ 2 ‘la71~.7%c2(G-l)”L;+l (20)

and the current spectral density of the dominant sponta-

neous–spontaneous emission beat noise can be obtained

from (19) as (the term :given by (18) is negligible compared

to (19) when N is large)

N

z (~:p.sp,l,)=N“(~-1) “(~:p-s,,cross) ”Li+l. (’21)

,>,

Note that the spontaneous-spontaneous emission beat

noise is proportional to the number of stages in terms of

N 2 (obtained from eq. (18) + eq. (21)), which increases

much faster than the signal–spontaneous beat noise. We

assume that the spontaneous-spontaneous emission beat

noise could be eliminated by using narrow-band optical

filters between amplifier stages. So the CNR per unit

bandwidth due to signal-spontaneous beat noise alone can

be written as

(i~ig-sp) 4E . FO
(CNR)-l=— ~=N.

1

(

P,a

1

m ‘Cl. Pi,l
— .m2. ‘e~DLN+l
2 E

4eqDF0
=N. — r

L

m ‘C’l - ID- —
L N+l

(22a)

(22b)

where m is the optical modulation index per video channel

(OMI/channel) and J“,. is the mean signal power at the

input of each amplifier. Equation (22b) is easier to use

than (22a) if one knows the received signal photocurrent

Z~ (excluding the amplified spontaneous emission noise)..L--.----., ./ . . “.
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Fig, 5 CNR per FM-TV channel versus number of ms~~ded TWLA’S

for two values of optical modulatmn index (OMI). The dotted Ilncs
consider only the s]gnal–spontaneous beat noise, and the sohd hnts
consider all noise terms. It is assumed that the fiber-to-fiber gain of
each TWLA compensates the couphng and transmwslon losses between
two TWLA’S The recewer’s equivalent input noise current spectral
density IS assumed to be 6.4x 10-22 A2/Hz Cl= 5 dfl. G = 20 dB,
FO=6dB. q~=OX

C. Overall System CIVR

From the analysis given in subsections A and B, the

CNR per unit bandwidth of each received video signal

after transmission through N-stage TWLA’S can be written

as

2 RIN + 2(i&,) + 4e + 2(i&)
cNR-l=

r??2 m2.1~ — ~ ’23)m= *ID

where

,V

(i:*) = (~;g-.p)+ N(f.sp,,)+ ~ (z:p-sp,i,),
,>,

i,j=l,2,. ... N (24)

and (i~~t) is the receiver’s equivalent input noise current
spectral density. In most cases, the spontaneous–sponta-

neous beat noise can be eliminated by using optical filters:

hence by considering (22b), we can simplify (23) as

2.RIN + 2(i~~,) 4e
CNR-l =

m= m2.1~ + m2.1D

4eqDFo
+ N.

L“
(25)

m 21DCl. —
L ,V+l

(..fskg (X) and assuming LN + ~ = L, we have derived the

CNR as a function of the number of cascaded TWLA’S for

the case of transmitting multichannel FM video signals, as

shown in Fig. 5. We notice that at the first few stages, the

dominant noise at a detected photocurrent of 50 VA is the

postdetector preamplifier thermal noise; as the number of

stages increases, the dominant noise becomes the signal–

spontaneous beat noise. Increasing the OMI/channel can

significantly improve the system CNR performance, as

indicated in (22) and shown in Fig. 5. If the OMI/channel

is only 3%, than only about two stages of TWLA’S can be

used in order to obtain video signals with near studio

quality, which was verified in our experiment (see subsec-

tions IV-B and IV-C). However, if the OMI/channel is

increased to 10% (by decreasing the number of video

signals, for example) while keeping the IMD noise 20 dB

below the fundamental carriers, more than 30 TWLA’S can

be casc~ded with studio quality video signals received.

Also, from (22). we see that a better SNR can be obtained

if the front facet coupling efficiency C’l of the TWLA’S can

be increased and if the noise figure of the optical ampli-

fiers can be reduced.

IV. MULTICHANNEL FM-VIDEO SYSTEM EXPERIMENTS

In this section, we will present experimental results on

a) a 1O-FM video SCM system employing a single-stage

TWLA and b) a 90-FM video SCM system employing two

cascaded TWLA’S. Calculated system CNR (according to

Section 111) is given to explain the effect of various noise

terms in such systems.

A. Single-Stage TWLA — 10 FM-TVs

A composite of ten FM video signals from a C-band

satellite (ranging from 3.7 to 4.2 GHz. with a bandwidth of

36 MHz per channel) was used to intensity modulate a

1298 nm GaInAsP Fabry-Perot (FP) laser (with FWHM

of about 2 nm) with a 3 dB bandwidth of 6 GHz. After

passing through an input attenuator and a polarization

controller, the modulated light was amplified by a TWLA,

and detected by a high-speed InGaAs p-i-n diode. No

optical isolator was used.

1) CNR Performance: The CNR of a FM video signal

was measured as a function of the total attenuation by

adjusting the output attenuator. both with and without the

TWLA. Input power levels at – 15 and – 22 dBm to the

TWLA were tested, respectively. Only a slight decrease of

the CNR (about 1 dB) was observed due to signal–

spontaneous beat noise when the input power was – 15

dBm. This degradation is more pronounced when the input

optical power is decreased to – 22 dBm.

To examine the various noise contributions in the

present system, a set of measured data showing the CNR

versus input attenuation (by adjusting the input attenuator

while keeping the output attenuator at 3 dB) is shown in

Fig. 6. Solid lines are the calculated results. We observe
from Fig. 6 that the dominant noise term at high received

optical power is the effective relative intensity noise

(RINeff = –119 dB/Hz, which includes the intermodula-

tion noise in the system and the incoming satellite signal

background noise) and the low-noise-amplifier (LNA)

thermal noise dominates at the lower received optical

power. Owing to the low sensitivity ( – 20 to – 13 dBm) of

a receiver with a 50 Q input impedance in an SCM system,

the signal–spontaneous beat noise, spontaneous–sponta-

neous emission beat noise, and shot noise have negligible

effect (compared to the LNA thermal noise) on the system

CNR performance.
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2) Microwave Nonlinear Distortions: TWO microwave

tones (3.93 and 3.97 GHz) were used to drive the laser and

examine the resulting third-order intermodulation distor-

tion (IMD), both with and without the TWLA. The results

are shown in Fig. 7. By varying the input and output

attenuators, it was observed that the increase in IMD was

mainly due to the backward-propagating amplified optical

reflection from the p-i-n diode into the laser (note there

was no optical isolator used in this particular experiment).

When the laser was driven by two stronger microwave

tones, the IMD remained essentially unchanged with or

without TWLA, because the laser became less sensitive to

far-end reflections due to reduction in the laser coherence

length under strong modulation.

We found that if the laser was driven strongly to in-

crease the OMI, the dominant noise terms are from the

IMD at higher received optical power and LNA thermal

noise at lower received optical power. This shows the

merits of an FM video system using a TWLA, since a

multichannel FM system can tolerate significant Ih4D

(provided it is about 20 dB below the fundamental carri-

ers) and is therefore relatively immune to the TWLA noise.

For the two tones around 4 GHz range with 40 MHz

separation, the IMD level remains essentially unchanged

with or without the traveling-wave laser amplifier, pro-

vided that the OMI is reasonably large or the backward-

propagating amplified optical reflection can be properly

attenuated, both to reduce the effect of coherent optical

feedback on the laser linearity.

We have also examined the IMDs by using two tones at

1.8 and 1.84 GHz, with an optical power of – 2.75 dBm

into the TWLA and C~MI =11.75%/channel (the TWLA

gain was operated 2 dB into saturation). The resulting

third- and second-order IMD’s were 42 dB and 49 dB

below the fundamental carriers, respectively; for two tones

at 1.2 and 1.24 GHz, the resulting third- and second-order

IMD’s were 51 and 45 dB below the fundamental carriers

(the higher third-order IMD’s at higher microwave fre-

quencies were mainly due to their proximity to laser relax-

ation oscillation frequency; on the other hand, the hi,gher

second-order IMD’s at lower frequencies were due to the

carrier density modulation by the beat frequencies). The

low level nonlinear IM D’s from these measurements sug-

gest that, for the transmission of multichannel microwave

FM video signals, the nonlinear IMD’s due to a TWLA

(induced by signal-dependent carrier density modulation) ,

will not affect a received FM-TV CNR. The effect of

carrier-density-modulation-induced IMD’s becomes more

significant for the case of multichannel AM-VSB TV :sys-

tems where the carrier frequencies are below several hun-

dred megahertz, as will be examined more carefully in Sec-

tion V.

B. Two-Stage TWLA’s -90 FM-TVs

The experimental setup for a two-stage TWLA experi-

ment is shown in Fig. 8. The 90 FM video signals were

derived from the C-band satellite signal described in sub-

section III-A. The C-band signal was up- and down-con-

verted and frequency multiplexed into nine frequency

bands by using two mixers and two local oscillators. The

resulting 90-channel signal ranged from 1.7 to 6.2 G Hz.

The InGaAsP laser used had a bandwidth of 7 GHz at a

power level of 8 mW. At the receiving end, a p-i-n diode

with a bandwidth of “1O GHz and a responsivit y of 0.84

A/W and a 2–8 GHz amplifier with 30 dB gain and a

noise figure of 3 dB were employed.

The CNR of a received C-band video signal was mea-

sured with respect to the total transmission loss, as shown
in Fig. 9. The solid lines in Fig. 9 are the calculated results

using (7)–(11) and (23) for N = 2. together with the param-

eter values listed in the figure caption. At a CNR of about

15 dB (which corresponds to a SNR of about 54.5 dB [10]),

the system power margin was increased by 20 dB due to

the two cascaded amplifiers. The CNR degradations are
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X. Experimental setup for transmission of 90 FM-TVs through a
h]gh-speed laser amplifier and two cascaded TWLA’S.

attributed to the signal–spontaneous beat noise of the

cascaded amplifiers, and the low OMI used in the 90-chan-

nel system. Like the results of subsection IV-A, the CNR

degradations caused by spontaneous–spontaneous emis-

sion beat noise and the shot noise from the amplified

spontaneous emission noise ( – 8 dBm measured after the

second TWLA at point A in Fig. 8) were found to be

negligible.

To study the various noise contributions in the present

system, the CNR versus attenuation # 2 (with attenuation

#1 fixed at 9.5 dB and attenuation #3 at 6 dB) is plotted

in Fig. 10. The solid lines are the calculated results. We

observe from Fig. 10 that the dominant noise sources are

the effective intensity noise RIN,ff of the system (including

the LD nonlinear IMD’s and incoming satellite signal

background noise) at high received optical power and the

preamplifier thermal noise at low received optical power.

In the region where attenuation #2 is between 16 and 20

dB, the CNR exhibits a L-1 variation, which is mainly

caused by the signal–spontaneous beat noise. The sponta-

neous–spontaneous emission beat noise is negligible be-

cause the SCM system was operated at a high optical

power level. From Fig. 10, we observe that the optimum

attenuation between the two TWLA’S, when both are used

as in-line amplifiers, is about 14 dB when attenuation # 1

is 9.5 dB.

The received baseband signals of the 90 video signals

have SNRS ranging from 52 to 56 dB at an OMI of 3% per

channel and at a received optical power of – 14 dBm.

In Fig. 9, the pronounced CNR degradations after two

cascaded TWLA’S are due to (a) low OMI/channel (only

3% per channel for the 90-channel system, compared to 9%

per channel for the 10-channel system) and (b) the fact

that signal–spontaneous beat noise increases linearly with

1 1 1 1 1 1 I I 1
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Amplifler

\
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Fig. 9. 90 FM-TVs. two TWLA’S experiment: CNR versus total attenu-

ation loss Solid lines are the calculated results based on the following

parameter values: m = 0.03, RINeff = – 128.5 dB/Hz, ({,?kt ) = 6.4X
10-22 A2/Hz. FO= 6 dB, (&P) = 10-22 A2/Hz, Cl= C2 = 5 dB, G =20
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Flg 10. Two cascaded in-line TWLA’S: CNR versus attenuation #2.
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losses). Solid l]nes are calculated results
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Fig. 11 M]crowave spectrum showing the received multiple channels of
FM-TVs after two in-hne TWLA’S md 2048 sphts. Signals between 17

and 2 CJHZ were not shown

the number of cascaded TWLA’S, as has been discussed in

subsection III-B.

Considering the signal–spontaneous beat noise contri-

bution in Fig. 10, we observe a noticeable bend of the

CNR performance when attenuation #2 is smaller than

about 15 dB. No similar bend is observed in Fig. 6 for a

single-stage TWLA. This tells us that there should be

enough loss between TWLA’S to avoid CNR degradations

due to the beat noise between the signal and the amplified

spontaneous emission from previous stages.

C. Distribution of 90-Channel FMTV to 2048 Subscribers

The 20 dB gain obtained from the two cascaded ampli-

fiers (subsection IV-B) can be utilized to increase the span

length in the point-to-point system or, more importantly,

for power splitting in a point-to-multipoint distribution

system. We investigated the latter application in a feasibil-

ity demonstration to distributing 90 FM television chan-

nels to 2048 terminals. The first optical attenuator (attn

#1) in Fig. 8 was replaced by several stages of optical

couplers resulting in 1 x 16 split; the second optical attenu-

ator (attn #2) in Fig. 8 was replaced by a 1 x 16 optical

splitter; the third optical attenuator (attn #3) in Fig. 8

was replaced by a 1 x 8 splitter. The number of terminals

that can receive the 90-channel signal is thus 2048. The RF

spectrum (2–6.2 GHz) of the received 90-channel signal is

shown in Fig. 11, where each spike represents an FM video

channel. The baseband SNR was measured by a C-band

satellite receiver and automatic SNR measurement equip-

ment. Provided the OMI/channel was 3.5%, the received

baseband SNR could reach the broadcast quality require-

ment of 56 dB. The CNRS in the last band of ten channels

(i.e., from 5.7 to 6.2 GHz) were generally lower than the

C-band channels by about 4 dB because of the roll-off of

the laser and the 2–8 GHz postdetector amplifier. The

CNRS of the channels in the first band (i.e., from 1.7 to

2.2 GHz) were about 3 dB lower than the C-band chan-

nels. The 39.5 dB difference between CNR and SNR

indicates that the channels in the first and last bands had

TABLE II
Powl ~ l)[TII)G1 1 t ok ‘IH1 Ext~l:mktl,rw

Laser power launched into s!ngle.
mode f!ber

Gam of travebng.wave laser
ampbfmrs (fiber-to-fiber, include
one connector pam each)

Power spbtter loss (all include one
bicomc connector pair):

1X2

1X2

1X4

1X16

1X8

Polanzat!on controller loss (all
include one txcon!c connector
pair):

#1

#2

Jumpers and 3 connector pairs:

Power rece!ved by the pi-n dmde

+ 1,4 dBm

+12 X2d B

- 3.6dB

- 4.0 dB

- 6.1 dB

-13.0 dB

-95dB

- l.OdB

- 0.5 dB

-20dB

-14.3 dBm

SNRS of 53 and 52 dB. respectively. The SNRS thus

obtained in all channels reached well above the minimum

cable TV SNR requirement of 43–45 dB.

The system power budget is listed in Table II. Note that

we have increased the gain of each TWLA to 12 dB, and

altogether there are 1:! in-line biconic connectors used in

the present distributicm system. The total system power

margin is 39.7 dB.

V. MULTICHANNEL AM-VSB VIDEO SYSTEM EXPERIMENT

Multichannel AM-’(SB television signals have been

transported by using a laser diode [11], [12]. However, as

opposed to a lightwave system transporting multi-channel

FM-TVs, the CNR requirement on each individual chan-

nel is much higher (a minimum of 43–45 dB), this in turn

severely limits the system power margin to 5–10 dB.

Doped-fiber amplifier has been used to transport multi-

channel AM-VSB signals [13]. TWLA’S were originally

thought not to be suitable for VHF AM-VSB television

signal transmission [114], because of the signal-induced

carrier density modulation which causes significant IMD’s.

Our measured results show that second-order IMD’s are

very high, however, t bird-order IMD’s are much lower

than second-order IM.D’s. Accordingly, a system experi-

ment was carried out hy keeping all the AM-VSB channels

within an octave of frequency range.

A highly linear laser diode with 1.307 pm wavelength

and a threshold current ( lth) of 21 mA was used. The

linearity of the laser diode was first characterized by using

two-tone measurement. At a bias level of 2.2. lti, and an

OMI of 24% per channel (total OMI 34.9%), the second-

and third-order IMD’s were 60 dB and 65 dB below the

fundamental carriers, respectively. The modulated IIaser

light passed through an optical isolator, a variable optical

attenuator, a polarization controller and then to a TWLA.

The polarization controller was used to minimize the non-

linear distortion products [15].
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Fig. 12 shows the measured ratios of carrier-to-second-

order intermodulation (C/IM ~1+f,), and carrier-to-third-

order intermodulation (C/IM2fl _f, ) as functions of the

TWLA output power ( POUt). Two sets of data are shown,

one with POut including the amplified spontaneous emis-

sion noise (AS E), and the other with Pout excluding the

ASE. The data were obtained by changing the optical

input power to the TWLA. For POUt lower than about

O dBm, the measured C/IMf, ,f, decreased 4 dJ3 for every

dB increase in POU, which included ASE, and C/IMfl +f,

decreased about 2.5 dB for every dB increase in Pout which

excluded ASE. When the amplifier output power exceeded

the 3-dB gain-saturated power ( + 3 dBm into single-mode

fiber), C/IMfl +f, decreased 2 dB for every dB increase in

p~., (both for the cases of including and excluding ASE).

The C/IM Zf, -f,, on the other hand, was substantially

higher. It remamed at a level of about 65 dB until F’Out
approached the 3 dB gain saturation power. However,

when PoUt was in excess of O dBm, it dropped at a rapid

rate of about 6 and 4 dB for every dB increase in POUt

including ASE, and POutexcluding ASE, respectively. When

POU,exceeded + 3 dBm, a saturated level of C/IM2fl _f,

was observed to be around 41 –42 dB, most likely due to

the amplifier limiting effect.

According to the measured results in Fig. 12, it is

possible to transport multi-channel AM-VSB television

signals provided the signal frequencies can be kept within

one octave to avoid high second-order nonlinear distor-

tions, and provided the TWLA can be operated in the

linear gain region. In our system experiment, 11 channels

of voltage-controlled oscillators and one actual video chan-

nel (all between 150 and 300 MHz) were combined to

intensity modulate the DFB laser. The OMI per video

channel was about 11%. The laser output power was around

5 dBm. The measured CNR per channel, and the worst

Ftg. 13 Carrier-to-noise ratio (CNR) and carrier- to-composite-triple-

beat ratio (C/CTB) versus the TWLA input loss, for the 12-channel

transmission. The measured parameters used for the calculation of
signal-spontaneous no]sc hmlted CNR are as follows: m =11% per

channel, Cl = 5 dB, Pla = 5 dBm, q~ = O X5, FO= 6 dB, RIN = – 142

dB/Hz
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Flg 14. CNR per channel versus total transmission loss, without and

with a TWLA.

carrier-to-composite triple beat (C/CTB), versus the am-

plifier input loss (which did not include the coupling loss),

are shown in Fig. 13. The attenuation between the TWLA

and the photodetector was adjusted so that the photode-

tector was operated in the linear region. The amplifier gain

saturation characteristics, and a calculated signal-sponta-

neous beat noise limited CNR (from eq. (22a)), are also

shown in the same figure. At an input loss of about 10 dB,

the amplifier gain was saturated by 1 dB, and the C/CTB

was decreased from >60 dB (in the linear region) to about

56 dB; on the other hand, at an input loss of more than 12

dB, the signal–spontaneous noise began to become a limit-

ing factor. If a subscriber loop distribution system requires

CNR >45 dB, C/CTB >55 dB, the optimum amplifier

input loss is then between 10 and 16 dB. The result implies
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that the TWLA can only be used as an in-line- orpream-

plifier, but not as a power amplifier. for the transmission

of multichannel AM-VSB video signals. A higher 3 dB

output saturation power than the current case ( + 3 dBm

into single-mode fiber) is preferred for the application of a

TWLA as an in-line amplifier. The SNR ( = CNR) per

channel versus the total transmission loss is shown in Fig.

14. The TWLA input loss was fixed at 10 dB, and the

output loss was varied to obtain the data. We can see that

a net system gain of 7 and 9 dB was obtained at a CNR of

50 and 40 dB, respectively. The RF spectrum of the

received AM-VSB video signals at an amplified output

power of O dBm is shown in the inset of Fig. 14. Fairly

high second-order nonlinear distortions due to the semi-
conductor amplifier can be observed, while the inband

third-order nonlinear distortions were all lower than the

fundamental carriers by about 55 dB.

VI. SYSTEM OPTICAL REFLECTION CONSIDERATIONS

The effect of TWLA’S on optical reflections, is briefly

discussed in this section. High optical reflectivities due to

single-mode fiber connectors can effectively form an exter-

nal pair of mirrors for a TWLA, and can significantly

increase the gain ripple of the laser amplifier. These high

optical connector reflectivities in turn will make the ampli-

fier start to oscillate and become a laser. System perfor-

mance will thus be severely degraded. Since a TWLA, in

general, requires low reflectivity (<10 -3, coatings on ordi-

nary laser facets to prevent Fabry–Perot resonance. the

return loss of a connector joint should be higher than 25

dB (assuming the coupling loss into and out of an ampli-

fier to be 5 dB). This requirement can be alleviated if there

is attenuation between the connector joint and the laser

amplifier. As mentioned in subsection IV-C, 12 biconic

connectors with an average reflectance of – 30 dB were

used. Therefore. for multichannel microwave FM-TV sys-

tems, connectors of – 30 dB reflectance are acceptable.

The other effect of optical reflections, as described in

subsection IV-A, is the amplified backward-propagating

feedback into the laser transmitter, which can cause corre-

sponding degradations of laser linearity and intensity noise

performance; therefore the use of an optical isolator is

preferred.

The requirement on the connector reflectance, however,

is much more stringent in the multichannel AM-VSB tele-

vision Iightwave system, mainly because of the multiple-

reflection-induced interferometric noise [10], [16]. The in-

terferometric noise usually is high in the frequency range

below several hundred megahertz, and is therefore detri-

mental to VHF AM-VSB video signals. The connectors

used in Section V had reflectance lower than – 40 dB,
with a mean of – 45 dB. which were able to greatly reduce

the effect of interferometric noise.

VII. CONCLUSION

We have investigated, both experimentally and analyti-

cally. the feasibility of distributing both multiple FM and

AM-VSB video signals to end users by using TWLA’S to

increase the power margin of an SCM Iightwave system.

The major noise contribution from TWLA’S is the

signal–spontaneous beat noise, which becomes the domi-

nant system noise when the number of cascaded TWLA’S

is large. If only a few stages of TWLA’S are used and

reasonable transmission loss is assumed, the dominamt

system noise is the thermal noise of the postdetector

preamplifier with 50 0 input impedance. The sponta-

neous–spontaneous emission beat noise of cascaded

TWLA’S increases as the square of the number of amplif ier

stages, which accumulates much faster than signal–sponta-

neous noise. Therefore, when cascading many TWLA’S in

an SCM system, it is necessary to use optical filters be-

tween the amplifier stages to eliminate spontaneous–

spontaneous emission beat noise. However, in our multi-

channel FM-TV experiment when only two stages of

TWLA’S were cascaded, we did not see a need to use

optical filters. Transmission loss between TWLA’S should

not be smaller than the TWLA fiber-to-fiber gain, in order

to avoid CNR degradations due to the additional beat

noise between the signal and the amplified spontaneous

emission noise from previous stages, and to avoid amplifier

gain saturation due to accumulated amplified spontaneous

emission noise. The noise figure of a TWLA should be

minimized, and the front facet coupling efficiency should

be maximized, to imprcwe the overall system SNR perfor-

mance.

The signal-dependent carrier density modulation-

induced IMD’s due to a TWLA were found to have little

effect on video CNR performance for multi-channel mi-

crowave FM-TV lightwave systems. However, it caused

severe second-order 1MD’s in a system transporting

multi-channel VHF AM-VSB video signals. Therefore, only

video channels within an octave of frequency range could

be delivered by a single laser diode in the latter case. Also,

according to our measurements of microwave and RF

nonlinear distortions (due to the carrier-density modula-

tion in a TWLA) and various TWLA noise terms, we

conclude that a TWLA can be used as a power, in-line, or

preamplifiers for the transmission of multichannel IFM

video signals. On the other hand, a TWLA can only be

used as either an in-line or a preamplifier for the transmiss-

ion of multi-channel AM-VSB television signals. We

demonstrated the in-line amplifier applications for both

FM and AM signals: (1) by using two cascaded TWL,4’S.

each one with 12 dB filter to fiber gain, 90 FM video

signals were distributed to 2048 terminals, whereby each

channel was received with near studio quality. The total

system power margin was 39.7 dB; (2) 12-channel AM-VSB

video signals between 150 and 300 MHz was transmitted

with a total system power margin of 16 dB at a CNR o!! 50

dB/channel, and a composite triple beat 55 dB below

carriers.

Besides increasing system power margin significantly,

the TWLA’S have an additional advantage that their costs

can be shared by many end users. For the last stage

TWLA, its cost can be shared by 8 (as in our experiment)
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to 30 (by increasing the TWLA gain and decreasing the

connector losses) subscribers. This may be a more cost-

effective alternative than installing high-sensitivity p-i-n-

FET and APD receivers at each subscriber’s site. There-

fore, TWLA’S are potentially good candidates for SCM

subscriber loop video distribution systems. The implemen-

tation of TWLA’S in a real-world environment, however,

may encounter several practical limitations. For instance,

residual reflectivities on a TW laser amplifier facets have

to be small to avoid the gain ripples, and TE and TM

optical confinement factors have be equal to achieve polar-

ization-independent gain. Also, for a number of cascaded

amplifiers, the effect of direct reflections and multiple

reflections will impose a stringent requirement on the fiber

connector/splice reflectivities.

ACKNOWLEDGMENT

The authors would like to thank the technical support

from C. Caneau, S. G. Menocal, F. Favire, F. K. Shokoohi,

L. Curtis, B. Hayton, and R. Spicer. They also wish to

thank P. Kaiser, N. K. Cheung, and C. Lin for their

encouragement during the course of the experiments.

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

REFERENCES

R. Olshansky and V. A. Lanzisera, “60-channel FM video subcar-
rier multiplexed optical communication system,” Electron, Let?.,

vol. 23, pp. 1196–1198, 1987.

R. Olshansky, V. Lanzisera, and P. Hill, “ Design and performance

of wideband subcarrier multiplexed lightwave systems,” in Proc.
14th European Conf Opt. Commun., (Brighton, UK), Sept. 11-15,
1988, p. 143.

W. L Way et al., “ 90.channel FM video transmission to 2048

terminals using two inline traveling-wave laser amplifiers in a 1300

nm subcarner multiplexed optical system,” in European Conf,opt,
Commrm., (postdeadline paper digest), 1988, pp. 37-40.

W. I. Way et al., “Multi-channel FM video transmission using

traveling-wave laser amplifier in 1300 nm subcarrier multiplexed

optical system,” Electron. Left., vol. 24, pp. 1370–1372, 1988.

G. R. Joyce, V. Lanzisera, and R. Olshansky, “Improved sensitivity
of 60 video channel FM-SCM receiver with semiconductor optical
preamplifier,” Electron. Lett., vol. 25, pp. 499-504, 1989.

W. I. Way, “Fiber-optic transmission of microwave 8-phase-PSK
and 16-ary quadrature- amplitude-modulated signafs at the 1.3 pm
wavelength region: J. Lightwave Techno[., vol. 6, pp. 273–280,

1988.

P. Hill and R. Olshansky, “Twenty channel FSK subcarrier multi-

plexed opticaf communication system for video distribution,” Elec-

tron. Lett., vol. 24, pp. 892–893, 1988,

C. E. Zah et al., “1.3 pm GaInAsP near traveling-wave laser

amplifiers made by the combination of angled facetsand antireftec-
tion coatings,” Electron. Lett., vol. 24, pp. 1275–1276, 1988,

T. Mukai, Y. Yamamoto, and T. Kirmrra, “SiN and error rate
performance of AlGaAs semiconductor laser preamplifier and lin-

ear repeater systems:’ IEEE J. Quantum Electron., vol. QE-18, pp.
1560–1568, Oct. 1982.

W. 1. Way, “ Subcarrier multiplexed lightwave system design con-
siderations for subscriber loop applications,” J. Lightwaue Techno[.,
vol. 7, pp. 1806–1818, NOV. 1989.

K. Fujito, T. Uno, T. Ichida, and H. Serizawa, “ Low-noise wide-

band analog optical link using a DFB laser diode,” in OFC Conf.

Dig., 1988, paper THO1.

T. E. Darcie and G. E. Bodeep, “ Lightwave multi-channel analog
AM video distribution systems, “ in ICC Tech. Dig., 1989, paper

32.4.

[13]

[14]

[15]

[16]

W. I. Way et d., “Multi-channel AM-VSB television signal trans-
mission using an erbium-doped optical fiber power amplifier,”

Photonics Tech. Lett., vol. 1, pp. 343–345, Oct. 1989,

A. A. Saleh, T. E. Darcie, and R. M. Jopson, “Nonlinear distortion

due to optical amplifiers in subcarrier-multiplexed lightwave com-

munication systems,” Electron. Lett., vol. 25, pp. 79-80, 1989.

W. I. Way and C. E. Zah, “Polarization dependent nonlinear

distortions in a subcarrier multiplexed Iightwave system using a
traveling-wave semiconductor optical amplifier,” to be published.

J. L. Gimlett and N. K. Cheung, “Effects of phase-to-intensity
noise conversion by multiple reflections on gigabit-per-second DFB

laser transmission systems,” J. Lightwaue Technol., vol. 7, pp.
888-895, 1989.

m

has been involved in research on subcarrier multiplexed lightwave sys-

tems, including systems that distribute satellite, digital radio, and cable
television signals. He has also worked on regenerator design for direct
detection digital lightwave systems. His current interest is in the applica-

tions of semiconductor and doped-fiber optical amplifiers to the sub-

Chung-en Zah (S’83-M85) was born in Taiwan,
Republic of China, 1955. He received the B.S.

and M. S. degrees from National Taiwan Univer-
sity, Republic of China, in 1977 and 1979, re-

spectively, and the M. S. and Ph.D. degrees
from the California Institute of Technology,

Pasadena, in 1982 and 1986, respectively. All the
degrees were in electrical engineering, His thesis

research was in the area of millimeter-wave inte-

grated circuits.

In 1985 he joined Bell Communications Re-
search, Navesink Research Center, Red Bank, NJ, He is currently in-
volved in research on optoelectronic devices for optical fiber communica-

tion systems including semiconductor lasers and optical amplifiers.
Dr. Zah is a member of the OpticaJ Society of America.

Tien-Pei Lee (S’61-M64-SM77-F’84) was born in Nanking, China, in
1933.He receivedthe B.S. degreein electrical engineering from Nationaf
Taiwan University, Taiwan, China, in 1957; the M.S. degree from The

Ohio State University, Columbus, in 1959; and the Ph.D. degree from

Stanford University, Stanford, CA, in 1963.



WAY et a[.: APPLICATIONS OF TRAVELING-WAVE LASER AMPLIFIERS

He joined Bell Laboratories in Reading, PA,

in 1963, where he was engaged in the develop-
ment of microwave semiconductor devices. In

1966, he was transferred to the Guided Wave
Research Laboratory at Crawford Hill, Bell Lab-

oratories, Holmdel, NJ. From 1966 to 1968, he
was involved in research on millimeter-wave re-

peater systems. Since 1968 his interest has been

in fast opticaf detector diodes, semiconductor

lasers, light emitting diodes, and opticaf fiber

communication svstems. Recentlv, his work has

been in single-frequency and high-speed lasers for applications in the 1.0

545

to 1.6 pm wavelength region. Currently, he is District Manager, Photonic

Device Research, Bell Communications Research, Red Bank, NJ. He has

published over 140 technical papers and seven book chapters, and holds
nine U.S. patents and five foreign patents on optical semiconductor
devices.

Dr. Lee was the recipient of The Distinguished Technical Staff Award,
Bell Laboratories (1983). He was an Associate Editor of the JOURNAL OF

LIGHTWAVE TECHNOLOGY during the years 1986–1988. He is a member

of Sigma Xi; the Chinese 1nstitute of Engineers, U. S.A.; the Op ticaf

Society of America; and the American Association for the Advancement

of Science.


