IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 12, NO. 2, FEBRUARY 2000 167

Loss-Less Pulse Intensity Repetition-Rate
Multiplication Using Optical All-Pass Filtering

Chen-Bin Huang and Yinchieh Lavlember, IEEE

Abstract—Schemes based on optical all-pass filtering techniques TABLE |
for multiplying the intensity repetition-rate of an optical pulse EXAMPLE SOLUTION SETs OF (3): (a) From (4);
train are examined. These methods are in principle without energy (b) SOLUTIONS WITH ONLY FOUR DISCRETEPHASE-SHIFTS

loss and the multiplication factor can be any given integer. Prac-
tical implementation using cascaded side-coupled ring resonators N _[Relative phase factors for each mode group

or multireflection filters is proposed and analyzed for the first 2 {0,m/2}
time {0,213, 21/3}
l {0, /4, &, n/4}

{0, 2w/, 8/5, 8/5, 21/5}
{0, 1/6, 27/3, 3n/2, 2n/3, /6 }
{0, 20/7, 8w/7, 4m/7, 47, 87, 20/ T}
{0, w8, n/2, 9/8, 0, 98, n/2, W8}
9 [40,2m/9, 8%/9, 0, 1419, 147/9, 0, 8n/9, 21/9}
|. INTRODUCTION 10 [{0, 10, 2n/5, 97/10, 8n/S, m/2, $n/5, 9n/10, 2n/5, n/10}
ITH the advance of fiber communication technology“ {0, 27/11, 8n/11, 18w/11, 10w/11, 6w/11, 6n/11, 10n/11, 18w/11, 811, 2n/11}

oo L . 12 [{0, w/12, w3, 3w/4, 4n/3, /12, 7, 12, 4n/3, 34, /3, W12}
terabit fiber communication links have been demon s i 2u13, sets, 18w13, 6w/13, 24w13, 20w13, 20w/13, 24513, 613, 182/13, 8x/13, 2013

Strated Wlth the combined use Of WDM and TDM technique 14 {0, #/14, 2n/7, 9n/14, 8n/7, 251/14, 4/7, 7/2, 4n/7, 257/14, 8n/7, 9n/14, 2n/7, n/14}
. 15 {0, 2n/15, 8n/15, 6n/5, 21/15, 4/3, 4n/5, 8n/15, 8n/15, 4w/5, 4n/3, 2n/15, 6w/5, 8n/15, 21/15}
and are going to serve as the backbone of the new-generatis o, wis, n/4, 9n/16, m, 251/16, /4, 172/16, 0, 172716, 5/4, 250/16, 7, 9/16, 14, 16}
information networks. In present implementation of thes- 2 ___
. N [Relative phase factors for each mode group
systems, the bit-rate per channel ranges from several tensz |2}
. - ; 4_[10,0,%0}
g|gaher.tz to a few hundred g|gah_ertz [1], whlch_has cregte S0 322 A 2R R B IR
a growing demand for stable optical sources with ultrahig 16 [0,z n/2,3t/2,8/2,7/2,38 2,322, 1.0,1/2, 3z 2, 3n/2,3n /2,3 /2,3n 12}
pulse repetition-rates. Although there has been a lot of research

progress on directly generating a high repetition-rate pulse

Index Terms—Optical all-pass filtering, pulse repetition-rate.

| N|an| | aiw

train from semiconductor lasers or fiber lasers, it is alway -
very advantageous to have simple ways for further increasii m=g ™2

the pulse rate outside the laser cavity. Among the several ¢ o m T
proaches that have been reported in the literature, multiplexi m=0m[=1 T |

the pulses in the time domain [1], [2] is the most commonl: [ ! rl e
used method, although it requires the provision of proper tirr
delays and in principle suffers from a minimum 3-dB optica £
loss when the multiplication factor is a power of 2. In this lettel
by taking advantages of optical all-pass filtering techniques [3
we hereby propose and examine new schemes that in princi Nf frequency
can losslessly produce a uniform pulse train with a multiplied

pulse intensity repetition-rate. Practical implementation of tHdd: 1. Schematic of the frequency mode grouping viith= §.

scheme using optical dispersion [4], [5], cascaded side-coupled

ring resonators, or multireflection filters [6] is then diSCUSSG\Qay. The enve|0pe function of an optica| pu|se train with a rep-

and analyzed. etition-rate off can be expressed in terms of its Fourier series
as follows:

Il. THEORY

The principle of repetition-rate multiplication schemes based _ .
on optical all-pass filtering can be explained in the following E(t) = ;E”’ exp{y(2nnft+én)} (1)

If, in frequency-domain, we divide the Fourier series imto
groups as shown in Fig. 1, then in the time domain each in-
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the relative phases of thgh pulse in thenth group can be gen- i = ;
erally expressed by the following expression: i ) .

kazexp{jW}, m,k,€40,1,2,...,N -1} f "
(2) } i

After writing out all the pulse phases in each group, we thentry ! "

to introduce appropriate relative phase shifts ofshgroups in i o Ne4 N=8

the frequency domain and sum them up again so as to obtain 1

uniform optical pulse train in the time domain with a multiplied

intensity repetition-rat&V f. The required phase adjustment fac-

torsé,,, for each group are found by solving the following equa-

tion:

St ;5 s 2mmk Fig. 2. Numerical simulation of the ideal output pulse trains with= 4 and
Z eI x @ITN =N fork=0,1,2,...,N—1 (8) N~ =8.The original pulse train is also plotted for comparison.
m=0

Equation (3) has multiple solutions for eah One set of ana-

lytical solutions are given by: L1 L2 Lo
S = —m? if Niseeen [}y | Ve
A (4)
=""m? if Nisodd - K1 K2 Kn 7,
N in out
For convenient reference, these phase shifts are tabulated in @
Table I(a) forV = 2 to 16. We also find that wherV is of -

powers of 2, the required phase-shifts can be chosen amon

only four discrete values{+1, 45}, which have been shown

in Table I(b) forN = 2, 4, 8, and16. These are another set of

solutions for (3). L L
To prove the validity of our analyses, Fig. 2 shows the numer-

ical simulation for cases oV = 4 and N = 8 with a suitable

input pulse duration. It can be seen that indeed a uniform pulse &

train with a multiplied pulse rate can be losslessly generated anc

the output pulse duration is almost the same as the original puls¢ -x

duration.

& L L Normalized
j frequency

hase (radian)

I1l. | MPLEMENTATION

There are several ways to practically implement the repeti-
tion-rate multiplication schemes based on optical all-pass fil-
tering. The required phase-shifts in (4) are quadratie:iand
thus can be readily implemented by using the second-order dis-
persion of the optical fiber. Recently such an approach has been
experimentally demonstrated [4], [5] and its principle is anal-

ogous to the fractional Talbot effects observed during beam 3 \

Rumax

propagation of periodic light patterns. In this letter, we pro-
pose another method for practical implementation of the scheme
by using cascaded side-coupled ring resonators as shown in Normalized
Fig. 3(a). This new approach has the advantage of opening up 0.2 0.1 8 0.8 Frequency
the possibility of fabricating integrated devices for lossless pulse -1
repetition-rate multiplication. "
An ideal side-coupled ring resonator is an optical all-pass
filter with its phase response given by: [3]

Phase-shift

(d)

o= A V1—r—¢l? ®)
— Are | . . . . .
g 1_ MGW Fig. 3. (a) Schematic of cascaded side-coupled ring resonators; (b) Phase

spectrum of a side-coupled ring resonater,= 0.1; (c) Schematic of a

H -isth l i of the di . | multiring resonator and a multireflection filter; (d) Phase spectrum of a
ere,r IS the cross power coupling ratio of the directional COYgree-oop (three-layer) multiring resonator (multireflection filter): = 0.8,

pler and¢ = 2nwL /X is the round-trip phase change of the:. = 0.854, ks = 0.8.
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ring loop. This phase spectrum is plotted in Fig. 3(b) for a ty@? resonator. From our simulation, for the case in Fig. 3(d), the
ical x value and it is clear that there israphase-shift at every pulse-to-pulse intensity variation will be less th&d%, if the
resonance frequency. By careful adjustment of the equivalantical loss per loop is 0.5 dB. One may also concern the perfor-
path lengths of the ring loops and the coupling ratios of thmance sensitivity to the resonance frequency mismatch. From
couplers in Fig. 3(a), we can properly bias each ring resonatarr simulation, again for the case in Fig. 3(d), the pulse-to-pulse
to selectively induce the required phase adjustment for eveényensity variation will be around-4% if the deviation of reso-
frequency-domain group, as long as Befactors of the ring nance frequencies is 0.005 free spectral range. These numbers
resonators are large enough to suppress the undesired crosgtdikate the stringent requirements imposed by the scheme if
phase-shifts seen by the other mode groups. For this kindaofery uniform pulse train is necessary. Nevertheless, it should
implementation, the solution set in Table I(b) may be more alle possible to meet these requirements with today's technology,
vantageous compared to those in Table I(a), since there are aafgn though one may need to use techniques like active cavity
four levels of phase shifts involved. The number of required relength control and/or optical amplification. For some pulse rates
onators is at moslv — 1, but in practice it can be much lessthe cascaded multireflection filter may be a more convenient
From Table I(b), for example, faV = 4, only one resonator is way to implement the scheme. It should also be emphasized that
needed to createsaphase shift. the impact of cavity loss and mismatch are only on the pulse
One may be concerned with the impact of the undesir@gitensity deviation, not on the pulse jitter. This is the main ad-
crosstalk phase-shifts caused by the finite line-width afantage of the frequency-domain approach proposed here com-
side-coupled ring resonators during practical implementatigmared to the usual time-domain multiplexing approach.
For the case ofV = 4, when the cross power coupling ratio
is set to be 5%, the pulse-to-pulse intensity variation will I\V. CONCLUSION
be around+5% from the simulation. This indicates that in

practice, resonators with a very high-factor are required We have theoretically studied schemes that can losslessly

if one wants to obtain a highly uniform pulse train using thgu_ﬂtiply the intensity r_epe_tition-ratg of a steady pulse train_ by
scheme. A possible solution to this crosstalk problem is to udany opt|ca|_a||-pa§s filtering technl_ques. New way of practical
a multiring resonator or equivalently a multireflection ﬁlteljmplemgntatmn using ca;caded side-coupled ring resonators
[6] as shown in Fig. 3(c). The phase spectrum of a particul b multireflection filters is proposed and analyzed for the
three-loop (or three-layer) design for the caseléf — irst time. These schemes should be useful for practically

is shown in Fig. 3(d), which is calculated according to th enerating highly repetitive optical pulse trains to be used in
following formula: ' uture ultrahigh-capacity communication systems.
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