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Abstract —The deviations from the group delays expected for the opti-
mum power-law index profile are numerically calculated for several types
of undesired fibers using a scalar multilayer approximation method. This
paper shows the way two fibers are selected from among undesired fibers
so that the fiber spliced to each other becomes broad band.

I. INTRODUCTION

UCH EFFORT has been expended on designing

multimode optical fibers that will have sufficient
information-carrying capacity. However, manufactured
fibers have various impulse responses and bandwidths be-
cause of departures of the index profile from its optimum
shape. It is important to use fabricated fibers with narrow
bandwidth from the practical point of view. We know that
splicing graded-index fibers brings about the compensation
of intermodal dispersion and reduces the pulse broadening
in the spliced fibers [1]-[3].

It is the purpose of this paper to calculate the group
delays for various nonoptimum index profiles and the
mode conversion coefficients at the joint and indicate the
way two fibers are selected from the nonoptimum fibers so
that the fiber spliced to each other becomes broad band.
The group delays and impulse responses are computed for
the optimum power-law refractive-index fiber. Then the
group delays are numerically analyzed for the various
deformed profiles, i.e., nonoptimum power-law profiles,
power-law profiles with a central dip and hump, and index
perturbations near core-cladding interface [4], [5]. On the
basis of the knowledge of the calculated group delays, we
select two fibers from among the undesired fibers to reduce
the pulse broadening in the spliced fiber. The impulse
responses and the pulsewidths are then calculated for the
deformed and the spliced fibers.

II. SCALAR MULTILAYER APPROXIMATION METHOD

Since exact analysis for graded-index optical fibers is
difficult and time-consuming, appropriate approximation
techniques have been developed. Among them, scalar ap-
proximation analysis is one of the most widely used tech-
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niques. The accuracy of scalar approximation technique in
optical fiber analysis was investigated in detail [6], [7]. In
this paper, we use the scalar multilayer approximation
method [8] to obtain easily the mode conversion coeffi-
cients at the joint between two graded-index fibers without
offset, tilt, and spacing.

It is assumed that the permittivity of the fiber depends
only upon the distance r from the axis, and the permeabil-
ity is equal to that of vacuum p,. The refractive-index
profile in the core region is represented approximately by a
stratified multilayer structure. Applying the scalar ap-
proximation conditions into Maxwell’s equations, we get
the following scalar wave equation in the ith layer:

d’¢ 1d¢ m?
Z‘—z—+7—67"-+(k2n,2——32-7)¢20 (1)
where k= w /ey, and B, n,, and m are a propagation
constant of the guided mode, the refractive-index of the ith
layer, and an azimuthal quantum number, respectively.
The solutions of (1) are represented exactly by Bessel
functions, and ¢ and d¢/dr in the ith layer are expressed
as

¢ Zm(ulr) Z_m(utr) Ai
1de [=|u,_, U, =, (2)
-E dr B Zm(uir) B Zm(uzr) Bi

where 4, and B, are unknown coefficients, and Z,, and Z,,
are signified as follows:

i) Z(ur)=J,(ur) Z (ur)= N, (u,r), for u?
=k*n?—B*>0 _
11) Zm(utr) = Im(uir) Zm(uzr) = Km(uir): fOf

—u?=kn?—- B2 <0.
Using that ¢ and d¢ /dr are continuous across the boundary
of each layer, the propagation constants and the coeffi-
cients (A,, B,) can be obtained.
The group velocity ¥, obtained by the scalar approxima-
tion method is expressed as [9]

2
d
E:E 0¢rr (3)
C k © d(kn) ,
d
fon di ¢ rdr

where C is the velocity of light in vacuum. At the junction
of two graded-index fibers, I and II, the mode conversion

0018-9480 /82 /0500-0694$00.75 ©1982 IEEE



MORISHITA et gl.: COMPENSATION OF INTERMODAL DISPERSION

coefficient C,,,,,,.,, from LP, mode in line I to LP,.,, mode

in line 1I is represented approximately as

(fasona)
Cmnm ‘n’ (4)
f oL, ds [OLL, ds

where @} and ®} . are the field distributions of LP,,
mode in line I and LP,,, mode in line II, respectively. The
refractive-index in multilayer approximation analysis is
constant in each layer. Therefore, the expression for the
group velocity, (3), and the mode conversion coefficient
without offset, (4), can be rewritten in the forms

21

dn
2 _ —r
E(n n}\ 77\)1
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Conmn =T 77 (6)
(34)(2x)
where
Il=fa' {A,Zm(u,r)+ B,Zm(ulr)}zrdr
J= f (47, (ulr)+ B'Z,(ulr)) rar

4;—1

K,Zf' {A?Zm(ulnr)—t- B,HZm(u,Hr)}zrdr
L= f ulr)+ B\Z,,(ulr))
X {AfIZm(u, r)+B,HZ—m(u,Hr)}rdr. |

Since the integration I, J,, K,, and L, can be analytically
obtained, the group velocity V, and the mode conversion
coefficient C,,,,,, are determined by using (5) and (6)
without numerical integration.

It is assumed that all guided modes propagate indepen-
dently from each other in lines I and II, and the attenua-
tion constant and the group delay of LP,, mode of each
11ne are o& and 711 The output power transfered from
. L0 LP,,,,,, A the total output power P, the average

delay time 7, and the rms pulsewidth o, are given by

P...=C

—(al L +al, L)
mnn mnmn'POmne el me (7)

P= 3 Py (8)

mnn’

2 {(TnIle + TrE:In’L2)Pmnn’}

7= mnn’ 5 (9)
2 {{(Trszl + TrEtIn’LZ)TF}ZPmnn’}
0'2: mnn’ (10)

P
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where P,,,, is the incident power of LP,,, and L, and L,
are length of the fibers I and 1I, respectively.

I1I. COMPENSATION OF INTERMODAL DISPERSION
BY SPLICING

Index profiles of manufactured fibers deviate from the
desired perfect index profile because of the difficulty of
controlling its shape. Deviations of the index distribution
from the optimum profile can take several forms, including
undesired exponents of power-law profile, a central dip
and hump, and an index rise and fall near core-cladding
boundary (tail (+), (—)) given by (11)

n(r)=
aY1/2
no([l—ZA(é) } +6(r)), for core region

ny(1-24)"/?*=n,,,=1453,  for cladding region

(11)
where A =0.01, a =25 pm, and 8(r) is expressed as
8(r)=0,  for undesired exponents
2)1/2
5(r) = iO.lA{l-—25(—2)} . r<02a
0, r>02a
for hump and dip (12)
30 \“ 25 r
‘—{(5) “}A(%;)
8(r)= r ,
- =2 <
exp{ 500(1 ( Oa)) }, r<l.2a
0, r>1.2a
for tail (+) and tail (—) (13)

and if n(r)<nmg,, n(r)=ng,y. The index profiles are
shown in Fig. 1. It is the main purpose of this paper to
calculate the group delays for several undesired fibers and
describe how to select two fibers from the nonoptimum
fibers so that the fiber spliced then becomes broad band.

In this numerical analysis, it is assumed that all guided

'‘modes propagate independently from each other except at

spliced point and suffer the attenuation shown in Fig. 2
[10], and have input power shown in Fig. 3 [8], and fibers
are made of GeO,-doped fused silica. The group delay, the
rms pulsewidth, the total loss, and the mode conversion
coefficient are computed for the refractive-index profile
divided into 50 layers in consideration of material disper-
sion of GeO,-doped fused silica at A=0.83 pm. The
analyzed fibers have about 400 propagation modes.

A. Fibers with Power-Law Profile

The mode group delays for the fiber with optimum
power-law profile (a = 2.04) are plotted versus the normal-
ized principal mode number in Fig. 4. Modes near cutoff
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Fig. 2. Differential mode attenuation as a function of the normalized
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low-mode excitation. This means on-axis excitation with laser diode [8].

show large differences in group delay. However, modes
near cutoff have little effect on the rms pulsewidth, because
they usually have much loss and little excited power.
Assuming that Figs. 2 and 3 show the attenuation and
excited power of each guided mode, output pulses at
propagation distance 1 km are computed as shown in Fig.
5. For uniform excitation, the rms pulsewidth ¢ looks bad
for its pulse form. This is owing to near cutoff modes
which are not written in Fig. 5 because of their little

Dewiations of the index distribution from the optimum power-law
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Fig. 4. Group delay as a function of the normalized principal mode
number for the optimum power-law index fiber.
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Fig. 6. Group delay as a function of the normalized principal mode
number for power-law index fibers.

accepted power and large differences in group delay.

For fibers with smaller and larger power-law exponents
than optimum one, the group delay decreases and increases
about linearly with the principal mode number except for
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TABLEI

MoDE CONVERSION COEFFICIENT C,,,,,,,,.» CAUSED BY SPLICING
POWER-LAW INDEX FIBERS WITH a =1.85 AND 2.17

m NG v |2 |3 |4]s 718 |9 |10
of 1 |o.99j0.01f 0o {o | o oo |[o]o
of s 0 | o | o |o.o1r]o.97]0.01f 0 | o | o | o0
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Fig. 7. Impulse responses of fibers with power-law profile and the

spliced fiber. (a) Output pulses for uniform excitation. (b) Output
pulses for low-mode excitation.

near cutoff modes, respectively. As an example, fibers with
power-law exponents a =1.85 and 2.17 are analyzed in this
section. Fig. 6 shows the mode group delays versus the
normalized principal mode number for fibers with power-
law exponents a«=1.85 and 2.17. The mode conversion
coefficient C,, ... which indicates the power ratio trans-
fered from LP,,, in the fiber with a=1.85 to LP,,,. in the
fiber with «=2.17, is shown in Table I. The modes LP,,,
LP,s, and LP,,s have a 1-percent splice loss. It becomes
evident that modes with high radial quantum number
suffer a little splice loss and the mode conversion coeffi-
cient between modes with the same mode number is about
unity. Therefore, we can get the fiber with much wider
bandwidth by splicing to each other in a proper length
ratio, which is determined by the ratio of the slope of the
group delay versus principal mode number line. Output
pulses at propagation distance 1 km are calculated for the
fibers with a =1.85 and 2.17 and the spliced fiber in Fig. 7.
Fig. 7(a) and (b) show the output pulses for uniform and
low-mode excitations, respectively. The splicing reduces the
pulsewidth to about one-third and one-tenth for the fiber
with a = 2.17, and about one-fourth and one-twentieth for
the fiber with a=1.85 for uniform and low-mode excita-
tions, respectively.
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Fig. 8. Group delay as a function of the normalized principal mode
number for the fibers with a central dip and hump on the optimum
power-law profile. (a) Fiber with dip. (b) Fiber with hump.

B. Fibers with Dip and Hump

The distorted power-law index fibers with a central dip
and hump, which are shown in Fig. 1, are analyzed. The
group delay of each propagation mode is computed for
fibers with dip and hump on the optimum power-law index
profile, and is shown in Fig. 8. Modes with low azimuthal
quantum number are strongly perturbed by the central dip
and hump. On comparison of Fig. 8§(a) and (b), the group
delays for the fibers with dip and hump turn out to show
the negative and the positive deviations from the group
delays expected for the optimum power-law profile, respec-
tively. By means of splicing them, we can get the broad-
band fiber as a result of the compensation of intermodal
dispersion.

Output pulses are computed for the fibers with dip and
hump and the fiber spliced to each other, and are shown in
Fig. 9. Fig. 9(a) and (b) indicate the output pulses for
uniform and low-mode excitations, respectively. For both
excitations, the splicing reduces the pulsewidth to about
one-third and one-fourth for the individual fibers. The
effect on the compensation of intermodal dispersion for the
fibers with dip and hump is less than that for the pure
power-law index fibers. It is due to large disparities in the
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Fig. 9. . Impulse responses of the fibers with a central dip and hump on
the optimum power-law profile and the spliced fiber. (a) Output pulses
for uniform excitation. (b) Output pulses for low-mode excitation.

TABLE I
MODE CONVERSION COEFFICIENT C,,,, ... CAUSED BY SPLICING
FIBERS WITH DiP AND HUMP

'
m 1 2 3 4 5 6 7 8 9 10
0] 1 ]0.24]0.33] 0 0 9 0 0 0 0 0
0] 5 0 [0.01]0.02}0.06;0.80|0.09{0.01| 0 0 0
1] 1 ]0.76|0.22]0.01¢ © 0 0 0 0 0 0
1[5 0 ]0.01(0.01{0.05/0.84(0.08|0.01| O 0 0
511 1.00} © 0 0 0 0 0 - - -
515 o] 0 0 0 10.9810.01| O - - -

group delays and the mode conversion from modes with
low azimuthal quantum number to modes with other mode
number, which is shown in Table II. The mode LF,, has a
43-percent splice loss. The modes with low azimuthal and
low radial quantum number suffer much splice loss be-
cause they have a large portion of the whole power in the
vicinity of fiber axis.

C. Fibers with Tail

The change of the group delay caused by tails, which are
an index rise and fall near core-cladding boundary (tail
(+), tail (—)) in Fig. 1, is analyzed. Modes near cutoff are
greatly affected by tails, as shown in Fig. 10. The group
delays of modes near cutoff are decreased and increased by
tail (+) and tail (—), respectively. Therefore, the pulse-
width can be reduced by splicing the fibers with tail (+)
and tail (—) by reason of the compensation of intermodal
dispersion.

Output pulses are calculated for the fibers with tail (+)
and tail (—) and the fibers spliced to each other, and are
shown in Fig. 11. Fig. 11(a) and (b) indicate the output
pulses for uniform and low-mode excitations. The length
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Fig. 10. Group delay as a function of the normalized principal mode
number for the fibers with tails on the optimum power-law profile. (a)
Fiber with an index rise near core-cladding boundary. (b) Fiber with an
index fall near core-cladding boundary.
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TABLE HI
MODE CONVERSION COEFFICIENT C,,,,,,.,.
FIBERS WITH TAILS

CAUSED BY SPLICING
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ratio of the individual fibers is changed for each excitation
for the purpose of getting the large effect of the compensa-
tion of intermodal dispersion. For the fiber with tail (+),
the splicing reduces the pulsewidth to about one-second
and one-sixth for both excitations. The splicing, however,
does not reduce the pulsewidth for the fiber with tail (—).
The little reduction in pulsewidth results from the large

difference in the group delay between modes with the same -

mode number in the fibers with tail (+) and tail (—). The
most part of the incident power is converted into the
guided mode with the same mode number at the junction,
but modes with high azimuthal and high radial quantum
numbers suffer about 20-percent splice loss, as shown in
Table III. The fiber with tail (—), therefore, can be more
- improved by splicing with the fiber with a small index rise
near core-cladding boundary. In the case of the deforma-
tion near core-cladding boundary, however, reduction in
pulsewidth by means of splicing seems not to be expected
much for a usuval excitation due to much loss and little
excitation power of modes near cutoff.

D. Fibers with Various Index Deformations

Fabricated fibers take different forms of index deforma-
tions, including undesired exponents of power-law profile,
a central dip and hump, and an index rise and fall near
core-cladding boundary, as shown in 4, B, and C. In the
case that the index deformations happen at the same time,
deviations from the group delays expected for the optimum
profile are about additions of that caused by each deforma-
tion [5]. We, therefore, consider ‘that the fibers with the
hump and undesired exponent a=1.85 and with the dip
and a=2.17 are presumably the best or better pairs for
reduction in pulsewidth.

The variation from the:optimum group delays increases
with the magnitudes and radii of dip, hump, and tail. The
group delay variations, however, are similar in shape for

. the same kind of index deformations. The nonoptimum.

fibers can be classified into some groups according to
index deformations, i.e., dip, hump, tail, larger, and smaller
exponents than optimum one; and combinations of them.
Splicing fibers belonging to the same group does not
reduce the pulsewidth, and is equivalent to strengthening
the magnitude of index deformations. The mode dispersion
characteristics of fabricated fibers can be improved by
splicing fibers of the groups with opposite trends in refrac-
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tive index profile, including splicing fibers of the same
group if necessary.

IV. CONCLUSIONS

Manufactured fibers have various departures of the in-
dex profile from its optimum shape because of the diffi-
culty of controlling its shape.  The deviations from. the
group delays expected for the optimum power-law index
profile have been calculated for several types of undesired

‘fibers. We have described the way two fibers are selected

from the nonoptimum fibers so that splicing to each other
reduces the pulsewidth. The various deformed profiles
analyzed in this paper are nonoptimum power-law profiles,
power-law profiles with a central dip and hump, and an
index rise and fall near core-cladding boundary. As a result
of this computation, it can be concluded that splicing the
fibers with the opposite departures from the optimum
index profile reduces the pulsewidth because of the -com-
pensation of intermodal dispersion. :
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Slow Wave Gyrotron Amplifier with a
Dielectric Center Rod

JOON Y. CHOE, HAN S. UHM, AND SAEYOUNG AHN, MEMBER, IEEE

Abstract —The broad-band capability of the gyrotron amplifier with a
dielectric center rod is investigated. The dispersion relation for the TE
mode perturbation is obtained, and the system parameters for the optimum
bandwidth are obtained for a small axial velocity spread. It is found that the
dielectric center rod extends the frequency range of the intermediate
wavelength mode (IWM), and reduces the contribution of the troublesome
short wavelength mode (SWM). The bandwidth and the gain due to the
IWM for the center rod geometry are superior to those for the wall clad
dielectric gyrotron.

I. INTRODUCTION

ECENTLY there have been numerous studies [1]-[6]
.on the dielectric loaded gyrotron for a wide-band
application. It has been found [2], [4], [6] that there exist
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three unstable modes characterized by their axial phase
velocities (v,,); the long wavelength mode (LWM, v, > ¢),
the intermediate wavelength mode (IWM, ¢ >v,, > ce™'/2),
and the short wavelength mode (SWM, v,, <c). Here e and
c are the dielectric constant and the velocity of light. For a
small axial velocity spread (<1 percent), two slow wave
modes (IWM and SWM) yield very promising bandwidth
capability [2], especially when two modes are mixed by
placing the beam close to the axis [4], [6]. However, the
nature of the SWM [2], [4], whose perturbed fields are
almost entirely supported by the electron beam, not by the
waveguide, raises the difficulties related to the excitation
and collection of the electromagnetic waves [2], [4]. One
possible solution to this difficulty is to utilize the dielectric
material as a center rod [7], rather than as an outside wall
loading [1]-[5]. By using dielectric material as a center rod,
it will be shown that the frequency range of the IWM is
extended, while the contribution of the troublesome SWM
is minimized.
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