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Optical buffers based on slow light in
electromagnetically induced transparent media

and coupled resonator structures:
comparative analysis
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The optical buffer is a key component in all-optical information processing systems. Recently a number of
schemes that use slow light propagation in various media and structures have been proposed as means toward
implementation of all-optical buffers. We rigorously analyze the similarities and differences in approaches that
use electromagnetically induced transparency (EIT) and coupled resonant structures (CRS). We introduce the
figure of merit, finesse, that is common to both approaches and obtain fundamental limitations on bit rates and
storage capacities of optical buffers. We show that at very low bit rates and storage capacities EIT outperforms
CRS, but at rates of 10 Mbits/s and above the EIT medium becomes quite inefficient, and the situation is re-
versed. Two types of CRS based on high-index-contrast fiber gratings and high-index semiconductor–air pho-
tonic crystals and (or) microring resonators are found to hold promise for applications in the 1–1000-Gbits/s
range, but only if the losses can be drastically reduced. © 2005 Optical Society of America
OCIS codes: 210.0210, 200.4740, 260.0260.
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. INTRODUCTION
ecent years have seen rapid development in the area of
ptical communications. Advances in optical amplifiers
nd passive optical components such as add–drop filters
ave eliminated large numbers of electronic regeneration
teps that limited the system speed and capacity. Unfor-
unately the most sophisticated steps of switching and
outing are still handled electronically, although substan-
ial effort has been expended in the quest for an all-
ptical implementation of these functions. Any all-optical
rocessor must include an optical buffer as one of its most
mportant enabling components. The purpose of the opti-
al buffer is to store and then release the data in optical
ormat without conversion into the electrical format. De-
pite the ostensible simplicity of this task, the optical
uffer has always been and still remains a major stum-
ling block on the way to all-optical processing. This is
asy to understand since the term “buffering” implies, at
he physical level, localization, and photons, being par-
icles with zero rest mass, are far less amenable to local-
zation than electrons. For this reason the only practical
ptical buffers remain the fiber loop1 or its close cousin,
he folded, free-space delay line in which the delay time is
ccumulated by propagation over a long optical path.
In future networks with optical packet routing the op-

ical data would need to be stored for times that are equal
o at least the packet length. Assuming that the packet
ength is of the order of 1000 bits and the data rate is of
he order of 10 Gbits/s, the length of the delay line must
e of the order of 20–30 m, depending on the refractive
ndex. Resorting to such bulky components would negate
ll the advantages in size and weight expected from doing
ll-optical processing. There exists another important
0740-3224/05/051062-13/$15.00 © 2
eld of microwave photonics—microwave phased-array
ntennae—where optical, true-time delay lines hold
romise of reducing the size and weight of components.
lthough the length of the true-time delay line does not
eed to exceed the wavelength of the RF signal, i.e., a few
entimeters at best, there are still significant benefits in a
cheme that would allow one to reduce that length fur-
her.

Reducing the length of the optical buffer while keeping
he total delay time constant implies reduction of group
elocity. Group velocity can be reduced by using strong
esonances in either time or space that cause coupling of
nergy between either counterpropagating electromag-
etic waves or between electromagnetic and other forms
f energy. Indeed the last decade has seen an increased
nterest in slowing photons by using two alternative ap-
roaches to “storing” the photons. The older one is the op-
ical delay line,2 in which the light path is lengthened by
orcing the light to retrace its path through repeated re-
ections in grating,3 coupled-ring resonators,4 or coupled
efect modes in photonic crystals.5–10 In all these struc-
ures the group velocity of light is slowed in the vicinity of

sharp resonance in the reflection that limits the effec-
ive bandwidth of the delay line because of quadratic dis-
ersion. Quadratic dispersion, however, can be canceled
hen cascaded11 or Moire gratings12 are used; yet, as will
e shown in this paper the residual third-order dispersion
till limits the bandwidth. It can be argued that most if
ot all of these slow-light schemes can be treated as
ropagation in coupled resonators.13 In order to incorpo-
ate as wide a range of different structures as possible, we
ill refer to these designs as coupled resonator structures

CRS).
005 Optical Society of America
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The more recent approach to slowing light based on use
f dispersion in the vicinity of sharp atomic resonances
as generated much excitement. Usually, absorption is
uite high near the resonance, but if a strong optical field
plits the resonance in two, the absorption becomes
nomalously low. This is electromagnetically induced
ransparency, or EIT. EIT was first observed in 1991,14

nd its ability to reduce the velocity of light was explored
y Harris et al.15 and Kasapi et al.16 shortly
fterward.15,16 EIT slowed the light to less than 10 m/s in
etal vapors17,18 and less than 45 m/s in the solid state.19

ore recently light was effectively stopped in the EIT
edium,20,21 and the proposal was made22 for slowing

ight through EIT in semiconductor quantum dots (QDs).
Both CRS and EIT schemes have strong advocates who

refer to point out their differences rather than their con-
iderable similarities. To the best of our knowledge there
s no comprehensive comparison of the two approaches
hat can answer the practical question: What benefits do
RS and EIT slow-light schemes offer for storage of opti-
al packets of given symbol rate B and length Nst symbols
er packet? In other words, how much can the group ve-
ocity of light be slowed before dispersion causes excessive
ntersymbol interference that leads to data loss?

In this paper we provide clear answers to this and
ther important questions by the use of simple analytical
xpressions. We point out that while EIT and CRS are re-
arkably similar to one another, they have different

roup-index-versus-bandwidth dependences that cause
RS to perform better at high bit rates. We are concerned
ere only with the fundamental limitations to the perfor-
ance of slow-light buffers imposed, as we shall see, by

hird-order dispersion b3. Of course, in the near future,
osses due to imperfections in fabrication (for CRS) or in-
omogeneous broadening (for EIT) will continue to be the
ominant limiting factors, but here our goal is to deter-
ine the theoretical upper bound of the performance of

he slow-light schemes. We show that even if all the fab-
ication issues are resolved this performance will be in-
erently limited by dispersion.

. EIT: SLOW LIGHT BASED ON RESONANT
PTICAL TRANSITIONS
. Dispersion near Single Resonance: Polariton
he fact that electromagnetic radiation experiences a

arge change in its group velocity in the vicinity of a
trong resonance is well known. In optics this phenom-
non is usually referred to as strong dispersion, while in
olid-state physics it is more often described as a polar-
ton effect. Resonance, shown in Fig. 1(a), can be associ-

ig. 1. (a) Two-level resonant atomic system, (b) the disper-
ion of the slow wave (polariton).
ted with excitation of a strong atomic transition in a gas
edium, of an exciton in a semiconductor (exciton polar-

ton), of a plasmon in metal (plasmon polariton), or of a
olar lattice vibration (phonon polariton). One can char-
cterize this excitation of matter as a polarization wave
ith its frequency v12 independent (or nearly indepen-
ent in comparison with a photon) of its wave vector k as
hown in Fig. 1(b) next to the dispersion of a photon. We
ave

k =
vn̄

c
, s1d

here n̄ is the background refractive index of the med-
um considered to be constant within a narrow frequency
ange. The two waves—electromagnetic (photon) and
olarization—interact with an interaction strength that
s proportional to the dipole matrix element of the transi-
ion m12. The interaction becomes very strong in the vicin-
ty of resonant frequency v0 when the energy couples
ack and forth between two waves. The coupled-waves de-
cription is the semiclassical picture of anomalous disper-
ion; in the full quantum theory one can describe it as a
ormation of a mixed quasi-particle (or polariton) that
ombines properties of both photon and matter
xcitation.23 The polariton dispersion is shown in Fig.
(b); it consists of two branches with the gap between
hem corresponding to the region of negative dielectric
usceptibility where the electromagnetic waves cannot
ropagate. Near the resonance the group velocity of the
olariton,

vg =
]v

]k
, s2d

s greatly reduced, since most of the energy of the polar-
ton at these frequencies is contained in the stationary

atter excitation rather than in the moving electromag-
etic wave.
The obvious idea for using strong matter resonance to

low the light has two major drawbacks that reduce its
racticality. First the transitions have strong absorption
ithin finite linewidth:

g12 < 1/T2
s12d, s3d

here T2
s12d is a coherence time. Second the group velocity

hanges rapidly in the vicinity of resonance. This change
s usually gauged by group-velocity dispersion (GVD),
lso referred to as second-order dispersion,

b2 =
]vg

−1

]v
=

]2k

]v2 , s4d

nd it can cause rapid loss of information in the signal.
As one can see in Fig. 1(a) the GVD has opposite sign

elow and above the resonance. Therefore if one could op-
rate in the region between two equally strong transitions
heir second-order dispersions would cancel each other
eaving only the third-order dispersion,
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b3 =
]3k

]v3 . 0, s5d

hich is positive irrespective of whether one operates be-
ow or above resonance. However, b3 has a weaker impact
n signal quality than b2. This dispersion-compensated
cheme is straightforward and appealing, but unfortu-
ately, suitable media with two closely spaced strong and
arrow resonances are difficult to find in nature. EIT, on
he other hand,14 provides an ingenious way to avoid the
onstraints imposed by nature and to create artificially
he proper medium using the “dressed states.”

. Dispersion near Twin Resonances: EIT
onsider a typical EIT scheme, usually referred to as a L
cheme24 and shown in Fig. 2(a). The upper level A is split
nto two “dressed” levels A1 and A2 by the pump light
riginating from level B. The splitting is equal to 2V,
here V=mABEP/" is the Rabi frequency, mAB is the ma-

rix element of the electrical dipole, and EP is the pump-
ng optical field. The probe light is at frequency v close to
he resonance between the ground level G and original
evel A. The dielectric constant in the vicinity of the reso-
ance is

esdvd = n̄2 +
NmȦG

2

"e0

dv + igBG

V2 − sdv + igBGdsdv + igAGd
, s6d

here dv=v−v0 is detuning, N is the concentration of ac-
ive ions or atoms, and gAG and gBG are the broadenings.
ote that gGB is the broadening of the transition G→B

hat can be forbidden and thus is quite narrow. Herein
ies the second advantage of the EIT medium: the absorp-
ion can be reduced substantially by quickly transferring
he photon energy into the matter excitation that is well
solated from the outside world and thus has long coher-
nce time. This fact distinguishes EIT from other seem-
ngly analogous methods of slowing light by use of coher-
nt population pulsations.25 From Eq. (6) the complex
efractive index can be found as

ñsdvd = fesdvdg1/2

= n̄ +
Ne2fAG

4n̄m0v0e0

dv + igBG

V2 − sdv + igBGdsdv + igAGd
, s7d

here fAG is the oscillator strength. We can also define a
odified (by a factor 2n̄) plasma frequency as

Vp
2 =

Ne2fAG

4n̄2m0e0

. s8d

With Eq. (7) one can plot the dispersion curve for the
IT medium [Fig. 2(b)]—as one can see the curve is

squeezed and flattened” between two forbidden gaps as-
ociated with resonances. The curve is plotted in the limit
f zero broadenings—their inclusion would only change
he curve near the Rabi-split resonances and not in the
egion of interest near v0. Clearly, as the transparency re-
ion becomes narrower the group velocity becomes pro-
ressively smaller. We can obtain the expression for the
roup index at the center of the transparency region sdv
0d as
ngs0d = c
]k

]v
= n̄ + v ReU ]ñ

]v
U

dv=0

= n̄ + n̄Vp
2

V2 − gBG
2

sV2 + gBGgAGd2 ,

s9d

nd also find the absorption coefficient as

as0d = 2
v

c
Imusñdudv=0 = 2n̄

Vp
2

c

gBG

V2 + gBGgAG
. s10d

Now we can determine the upper limit placed by the
bsorption on the delay time as

tabs = ng ln 2/sacd <
ln 2

2
gGB

−1
V2 − gBG

2

V2 + gBGgAG
, s11d

.e., the time over which half of the optical power gets dis-
ipated. We shall refer to tabs as “absorption time.” In Eq.
11) we have neglected the “background” time delay not
ssociated with EIT resonances because we are interested
nly in the regime of large group index. Maximum time
elay can be achieved for large Rabi splitting and is equal
imply to

tabs,max =
ln 2

2
gBG

−1, s12d

nd thus roughly equals the coherence time of the “iso-
ated” excitation G→B. This result is quite logical consid-
ring that optical energy is transferred into the coherent
xcitation of that transition. Of course as the Rabi fre-
uency approaches infinity, the group index decreases to
ts background value. A more interesting observation thus
ould be to see what value of group index can be achieved

or a given absorption time. Solving Eqs. (9) and (11) to-
ether we obtain

ng

n̄
stabsd = 1 +

2

ln 2
Vp

2tdsgBG + gAGd−1S1 −
tabs

tabs,max
D

= 1 + Vp
2tabstAGS1 −

tabs

tabs,max
D , s13d

here tAG=2/ln 2sgAG+gBGd−1<2/ln 2gAG
−1,T2,A. As one

an see the group index reaches its maximum when

tabs = 1/2tabs,max, s14d

r

Vmax = fgBGsgAG + 2gBGdg1/2 < sgBGgAGd1/2

nd

ig. 2. EIT in the L scheme: (a) atomic-level diagram, (b) dis-
ersion of the slow wave.
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ng,max

n̄
= 1 + 1/4Vp

2tabs,maxtAG. s15d

hus the total number of bits that can be stored in the
IT medium Nst= tabsB increases with the bandwidth B if
othing but the residual absorption in the EIT band is
aken into account. The situation changes drastically once
e introduce bandwidth limitations.
First we neglect the residual absorption in Eq. (9) and

btain

ng
sEITds0d = n̄ + n̄

Vp
2

V2 . s16d

f one wants to avoid the absorption of high-frequency
omponents of the signal, the width of the EIT region 2V
ust be at least larger than the bandwidth of the signal
v, proportional to the symbol rate. Thus we can rewrite
q. (16) as

ng
sEITds0d = n̄ + n̄

Vp
2

a2B2 , s17d

here a is a constant of the order of unity, depending on
he exact shape of the signal.

Table 1. Performance Characteristics

Medium 208Pb Sr+

N scm−3d 731015 231014

fAG 0.2 0.15
Vp ss−1d 1012 1.431011

Tabs,max (s) 0.4310−7 1.3310−9

FEIT 43104 200
Nst,max 200 6

Bmax,cap, 5 Ga 4 G

erformance with storage capacity of 10 bits

Bmax
sEITd 23 G 3 G

ng,max8 93103 —

Bmin
sEITd 250 M 7 G

LEIT (cm) 0.13 —

erformance with storage capacity of 50 bits

Bmax
sEITd 10 G —

ng,max8 72 —

Bmin
sEITd 1.25 G —

LEIT (cm) 16 —

erformance with storage capacity of 200 bits

Bmax
sEITd 6 G —
sEITd
At this point we can actually estimate the values of
lasma frequency for different media and compare them,
s shown in Table 1. In the original paper by Harris et
l.15 208Pb vapor was used with concentration N<7
1015 cm−3 and oscillator strength fAG<0.2, resulting in
p<1012 s−1. EIT was observed in this medium in 199516

ut at a much smaller density N<231015 cm−3. In the
ther gas-phase media where EIT had been observed, in
r+14 and in 87Rb,20,21,24,26 the combinations of atomic
ensity and oscillator strength are not as favorable as in
ead vapor. For a solid-state medium such as Pr3+:Y2SiO5
PrYSO) in which EIT has been demonstrated,19 the
oncentration of active atoms is much higher,
<731019 cm−3, but the oscillator strength of the

ransition is much lower,27 fAG<3310−7, resulting in
p<431010 s−1. Finally for the QD medium suggested in
ef. 22 the concentration can be as high as 1016 cm−3,
hile the oscillator strength can actually be larger

han unity as a result of lower effective mass. Assum-
ng fAG<10 we can obtain very high values of plasma
requency, up to Vp<531012 s−1. But the maximum
elay time in the QD medium is limited to less than

nanosecond even at low temperature because of
cattering.

Judging from Eq. (17) sufficiently high group index en-
ancement (of the order of 100 or more) can be achieved

or symbol rates of the order of Vp /10a, i.e., up to a few
undred gigabits/s for QD media and a few gigabits/s for
he rare-earth-doped medium. But these results are to
hange drastically once dispersion is introduced.

rious EIT Slow-Light Optical Buffers

87Rb PrYSO QDs

231012 731019 1016

0.1 3310−7 10
1.231010 431010 531012

1.6310−7 0.3310−3 0.4310−9

23103 1.23107 23103

28 83103 28
169 M 25 M 5 G

280 M 0.9 G 110 G
21 23109 22

63 M 33 k 25 G
229 0.002 0.15

— 0.4 G —

— 23106 —
— 0.3 M —

— 0.25 —

— 300 G —
of Va

Bmin
5 G — — 0.6 M —

ng,max8 2.5 — — 104 —
LEIT (cm) 285 — — 88 —
aUnits K, M, G stand for kilo-, mega-, gigabits/second.
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. Third-Order Dispersion
irst find the second-order dispersion:

b2
sEITdsdvd = c−1

d

dsdvd
fsv0 + dvdnsdvdg

=
2Vp

2n̄c−1

V2 − dv2 F 1

v0
+ dv

3V2 + dv2

sV2 − dv2d2G . s18d

s expected the second-order dispersion goes to zero at
oughly dv<V2 /v0, i.e., close to the middle of the EIT
and. The third-order dispersion is always positive and is
qual to

b3
sEITds0d = c−1Udb2

sEITdsdvd

dsdvd
U

dv=0

=
6Vp

2n̄c−1

V4 . s19d

ow it is the pair of Eqs. (16) and (19) that determines
he properties of the EIT slow-light medium. Using them,
e can find out the limitations imposed by the third-order
ispersion. According to Ref. 28, for a typical return-to-
ero on-off-keying Gaussian signal the maximum distance
hat it can propagate in the presence of third-order dis-
ersion is determined from the relation

Bfb3Lmaxg1/3 , g = 0.324. s20d

he exact value of g in inequality (20) may change as a
unction of modulation format and detection method, but
ot by much. Also, for on–off-keying the symbol rate and
it rate are identical, so from here on we shall refer to B
s the bit rate, understanding that rigorously it should be
eferred to as symbol rate. The maximum delay can be es-
imated as

td,max =
Lmax

c
ng =

g3

B3cb3
ng =

g3V2

6B3 S1 +
V2

Vp
2D , s21d

nd the maximum number of bits that can be stored then
s simply

Nst = Btd,max =
g3V2

6B2 S1 +
V2

Vp
2D =

g3V2

6B2

ng

ng − n̄
. s22d

We now obtain a far more restrictive relation between
he bandwidth and the half-width of the EIT region re-
uired to accommodate it.

V = 61/2g−3/2Nst
1/2

ng − n̄

ng
B < 13.2Nst

1/2
ng − n̄

ng
B. s23d

or a large slowing factor the index-dependent term in
q. (23) approaches unity, and one can see how wide the
IT region should be to store a large number of bits. For

nstance to store just 100 bits of information the ratio be-
ween V and B becomes 130 rather than a factor of a few
hat followed from the simpler considerations that led to
17). Substituting Eq. (23) into Eq. (16) we obtain

ng
sEITd

n̄
= 1 +

BEIT,max
2

B2

ng
sEITd

ng
sEITd − n̄

, s24d

here the maximum bit rate of the EIT buffer,
BEIT,maxsNstd =
g3/2

61/2VpNst
−1/2 = 0.075VpNst

−1/2, s25d

s defined here as the bandwidth at which the packet con-
aining Nst bits can be slowed down by a factor of <2.6
ccording to the general solution of Eq. (25)

ng
sEITd

n̄
Nst =

1

2

BEIT,max
2

B2 + 1 +
1

2

BEIT,max
2

B2 S1 +
4B4

BEIT,max
4D1/2

<5
BEIT,max

2

B2 + 2 B ! BEIT,max

BEIT,max

B
+ 1 B @ BEIT,max6 . s26d

Thus the total length of the EIT buffer required to store
st bits at a given bit rate B for the case of B!BEIT,max

ecomes

LEITsNst,Bd =
cNstB

−1

ng
sEITd <

6c

g3n̄

Nst
2B

Vp
2 , s27d

hereas for high bit rates B@BEIT,max it asymptotically
pproaches

L0sNst,Bd =
cNstB

−1

n̄
. s28d

e can also now define the bit rate at which the packet
ontaining Nst bits can be slowed down by a factor ng8
ng / n̄

BEITsNstng8d <
g3/2

61/2 sNstng8d
−1/2Vp < 0.075sNstng8d

−1/2Vp.

s29d

. Limitations Due to Dephasing: Definition of
inesse
t the same time, from the considerations of the residual

oss of Eq. (12) the minimum bit rate at which this can be
ccomplished becomes

BEIT,minsNstd = Nst/tabs,max. s30d

f course tabs,max,gGB
−1 is the upper limit on the absorp-

ion time under assumption that V2@gAGgBG (11). Using
qs. (23) we can show that this condition is satisfied for
s long as

gAG ! 200Nst
3gBG. s31d

f the broadening of transition AG is larger than that, the
mpact of absorption on the performance of the EIT delay
ine will be even stronger than discussed here.

Combining Eq. (29) and Eq. (31) and we obtain the
alue of the maximum group-velocity reduction factor at-
ainable:
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ng,max8sNstd =
g3

6

FEIT
2

Nst
3 , s32d

here we have introduced the finesse of the EIT transi-
ion as

FEIT = Vptd,max. s33d

e can now see that EIT buffers can effectively slow a
acket of Nst bits within the range of bit rates
BEIT,minsNstd ,BEIT,maxsNstdj. The lower boundary of the
ange is determined by the residual absorption, while the
pper boundary is determined by the dispersion. As
acket length increases the effective range narrows until
he maximum packet length,

Nst,max =
g

61/3FEIT = 0.18FEIT
2/3, s34d

s attained. The packet of length Nst,max is slowed by a fac-
or of 2.6, and this reduction is achieved at the bit rate of
aximum capacity

Bmax,cap = Nst,max/td,max =
g

61/3Vp
2/3td,max

−1/3 s35d

It is instructive to reflect on the physical meaning of fi-
esse. If one considers an electromagnetic wave reso-
antly coupled to an ensemble of atomic dipoles oscillat-

ng at frequency v0 the energy will be transferred back
nd forth between the wave and dipoles with the angular
requency Vp. Therefore, finesse FEIT,VpT2

BG is simply
he number of times the energy can be moved between the
ave and dipoles before the collective polarization of the
ipoles decays.

. Parameters for the Specific EIT Schemes
et us look at the finesse and capacities of the specific me-
ia shown in Table 1. Of all the media PrYSO has the
ighest finesse and thus the largest storage capacity. In
act, it follows from (32) that ng,max8sNstd,1012Nst

−3, and
ne can store a thousand-bit-long packet with group ve-
ocity reduced a thousand-fold. Unfortunately, this reduc-
ion will take place at a rate of a few kilobits/s and require
n unrealistically long medium. But 50 bits can be stored
uccessfully at a bit rate of a few hundred kilobits/s.

Among the gas-phase EIT media, 208Pb originally sug-
ested by Harris et al. for group-velocity reduction15 holds
he most promise—it may store about a dozen bits in a re-
listic length, but regrettably EIT in this medium has
een observed experimentally only at lower
oncentrations,15 leading to less impressive results than
redicted. The more common Sr and Rb vapors offer per-
ormance that is far inferior to Pb vapor.

For the QD medium, we obtain, assuming a rather un-
ealistic value of td,400 ps (1-meV linewidth), a finesse
f nearly 2000; thus ng,max8sNstd,23104Nst

−3. It follows
hat a small, 10-bit packet can be slowed down by a re-
pectable factor of 20 at a 20-gigabit/s rate, but for prac-
ical packets containing more than 30 bits there is no way
f achieving group-velocity reduction at any bit rate in a
D medium. If one takes a more reasonable value of
roadening, say 50 meV, finesse becomes only 40, and at
ost one would be able to store two bits of information in
uch a buffer. If the broadening exceeds
50 meV—something that one should realistically expect
o happen at room temperature—the QD buffer becomes
ompletely ineffective, as it can not store even one bit of
nformation by reducing group velocity.

. COUPLED RESONATOR STRUCTURES:
LOW LIGHT BASED ON RESONANCES
N SPACE
. Fiber Bragg Grating as a Slow-Wave Medium
et us now turn our attention to a different method of re-
ucing the group velocity of light. Consider for instance
he Bragg reflector composed of alternating layers of high
nHd and low snLd effective refractive index with period L
hown in Fig. 3(a). The Bragg reflector can be imple-
ented in waveguide, fiber, or in traditional thin-film

echnology. The dispersion of the Bragg reflector, shown
n Fig. 3(b), exhibits a photonic bandgap near the Bragg
requency v0=c / n̄L having half-width

dvB = v0

2

p
sin−1SnH − nL

nH + nL
D . s36d

he group velocity in the vicinity of the photonic bandgap
s reduced as

ng ,
n̄uv − v0u

Îsv − v0d2 − dvB
2
. s37d

he reduction in group velocity is accompanied by a very
arge increase in the second-order dispersion,

b2 = signsv0 − vd
n̄

c

dvB
2

fsv − v0d2 − dvB
2g3/2

, s38d

hich renders the simple Bragg reflector an inefficient
elay line.

. Coupled Resonator Structures
ne should note, however, that the sign of b2 is different
elow and above Bragg resonance, just as in the case of
tomic resonance [Eq. (4)]. Thus if one combines two re-
ectors with different Bragg frequencies v01 and v02 one
an cancel b2 in the vicinity of v0= sv01+v02d /2. The can-
ellation can be achieved by cascading two gratings11 or
y using two gratings superimposed onto each other in a
oiré pattern.12 The latter is of course equivalent to pe-

Fig. 3. (a) Bragg reflector, (b) its dispersion.
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iodic modulation of the reflectivity, i.e., essentially
quivalent to a periodic array of coupled Fabry–Perot
avities, as shown Fig. 4(a). Clearly one can use different
ypes of resonators to achieve the same effect of reducing
roup velocity and simultaneously cancelling b2, such as,
or instance, the coupled microdisk or microring
esonators13 shown in Fig. 4(b) or the coupled defect
odes in photonic crystals6–10 shown in Fig. 4(c).
Although implementation methods are different all the

oupled resonator structures (CRSs) can be described
dentically by introducing the transmission coefficient be-
ween neighboring resonators t and the free spectral
ange related to the period d of the CRS as

vFSR = pc/dn̄. s39d

n general the resonant frequencies and free spectral
ange of the resonator depend not simply on the period d

ig. 4. Various coupled-resonator-based slow-light structures:
a) coupled Fabry–Perot cavities (Moiré pattern), (b) microring
ines, (c) defect-mode waveguide in photonic crystal, (d) charac-
eristic dispersion of CRS.
ut on the total phase change associated with propagat-
ng through the Bragg reflector. Similarly for ring resona-
ors there will be a factor of p in the denominator of Eq.
39). The effective index n̄ is chosen to adjust for this dis-
repancy and make (39) correct. Typically n̄ is of the same
rder of magnitude as the average index of refraction and
symptotically approaches it for weak mirror reflectivity.
he dispersion of CRS6 is written as

sin p
v

vFSR
= t cos bd, s40d

here t is the mirror transmission plotted in Fig. 4(d).
here is a strong similarity between Fig. 4(d) and the dis-
ersion curve for EIT (Fig. 2). In both cases the dispersion
urve is “flattened” by being squeezed between two forbid-
en gaps. But unlike the EIT dispersion curve, the CRS
ispersion curve is periodic in nature.
Introduce the order of the resonator,

m =
v0

vFSR
=

dn̄

l0/2
, s41d

nd obtain

b =
2n̄

l0m
cos−1St−1 sin mp

v

v0
D . s42d

ote that the half-width of the transmission band is

Vt =
v0

mp
sin−1 t, s43d

nd for small transmittance we can write

Vt < Vt,0 =
v0t

mp
= vFSR

t

p
. s44d

e can now find the group index as

ng = c
]b

]v
= n̄t−1 = n̄

v0

mpVt,0
. s45d

ext we can find the third-order dispersion of the CRS as

b3 =
]3b

]v3 =
n̄m2p2

cv0
2

1 − t2

t3 < n̄
v0

mpcVt,0
3 . s46d

. “Strength” of the Coupled Resonator Structure
t is important to note that the length of the period and
he transmittance are related. Indeed if we assume, in the
implest case, that the period of the structure consists of
ne half-wavelength cavity and a reflector with 2sm−1d
uarter-wavelength layers, the reflectivity of such a re-
ector is

r =

SnH

nL
D2sm−1d

− 1

SnH

nL
D2sm−1d

+ 1

, s47d

nd the transmission is
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t = s1 − r2d1/2 =

2SnH

nL
Dm−1

SnH

nL
D2sm−1d

+ 1

. s48d

olving Eq. (48) we obtain

m = 1 +

ln
1 + s1 − t2d1/2

t

lnsnH/nLd
. s49d

hus for the case of small transmission (large group in-
ex) this expression can be simplified by use of Eq. (45) as

m <

ln
2ng

n̄

ln
nH

nL

. s50d

Note that although expression (50) has been obtained
xplicitly for the Fabry–Perot-type cavities, similar de-
endence can be obtained for the photonic crystal (PC)
esonators or microrings—in all cases the confinement
ength depends strongly on the index contrast available in
he material system. For example, an index contrast of
.5 and ng / n̄<100 yields m<20, meaning a ring radius of
5 mm at 1.5-mm wavelength, which is of the right order

o avoid excessive bending losses.
Substituting Eq. (50) back into Eq. (45) we obtain the

ollowing relation between the group index and the trans-
arency band:

ng

n̄
<

VCRS

pVt,0
, s51d

here

VCRS =

v0 lnSnH

nL
D

p ln
2ng

n̄

s52d

epresents the strength of the CRS’s light-slowing action
n units of angular frequency, and for the third-order dis-
ersion we obtain

b3 <
VCRS

cVg,0
3 . s53d

or large group indices one should take into account that
he effective index itself is a function of ng and obtain

VCRS =

v0 lnSnH

nL
D

p ln

2ng ln
ng

nav

nav

, s54d

here nav is the average refractive index, which is only
lightly different from Eq. (52).
Let us now compare expressions (51) and (53) with the
quivalent expressions for the EIT medium, Eq. (16) and
q. (19), respectively. First of all, we can see that the fre-
uency VCRS plays the role of plasma frequency and the
ndex contrast plays the role of oscillator strength—the
igher the index contrast, the larger the group index that
an be achieved. Note that although Eq. (52) is transcen-
ental the dependence of VCRS on the group index when
g@ n̄ is much weaker than its dependence on index
ontrast—so for order-of-magnitude estimates VCRS can
e taken as constant.

. Coupled Resonator Structure Performance
arameters
et us make such a series of simple estimates. Consider
rst a fiber-grating type of resonator where the index con-
rast is of 10−3 or less,29 (although there has been work
ith hydrogenated30 and (or) strained31 Ge silicate fibers

n which index contrast of up to 10−2 has been obtained).
hen for 10,ng / n̄,104 and wavelength of 1550 nm we
btain 331010 s−1,VCRS,331011 s−1. Next let us con-
ider a delay line made in two-dimensional SiO2-based
hotonic crystal (PC)32 where one can obtain effective in-
ex contrast of <30–40%, rendering 131013 s−1,VCRS
331013 s−1. Finally for Si8–10,33,34 or III-V35 semicon-

uctor PC waveguide or microring array one can attain
ffective index contrast of <2.0–2.2 (considering that the
ow-index regions are made from either SiO2 or from the
ombination of semiconductor and air holes). Thus we ob-
ain 231013 s−1,VCRS,631013 s−1. These data are
ummarized in Table 2.

Table 2. Performance Characteristics of Various
CRS Slow-Light Optical Buffers

Structure FBG SiO2–Air Si–Air “Ideal PC”

nH/nL 1.001–1.004 1.5 2.2 2.2
VCRS ss−1d 331010–331011 1–331013 2–631013 2–631013

scat max
CRS (s) 10−6–10−5 1.5310−9 3310−10 3310−9

FCRS 33105 33104 104 105

Nst,max
CRS 1600 250 160 700

Bmax,cap 0.7 Ga 180 G 450 G 220 G

erformance with storage capacity of 10 bits
BCRS,max 18 G 9 T 18 T 18 T
BCRS,min 10 M 7 G 30 G 3 G
ng,max8 103 200 95 775

LCRS (cm) 33 0.14 0.06 0.1

erformance with storage capacity of 50 bits
BCRS,max 8 G 1.2 T 2 T 2 T
BCRS,min 50 M 35 G 150 G 20 G
ng,max8 75 25 12 75

LCRS (cm) 220 1 0.5 0.7

erformance with storage capacity of 200 bits
BCRS,max 4 G 600 G 1 T 1 T
BCRS,min 200 M 150 G 700 G 75 G
ng,max8 14 6 2.5 13

LCRS (cm) 1320 5 2 4
aUnits M, G, T stand for mega-, giga-, terabits/second.
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Thus in principle in a CRS one can attain VCRS that is
arger than Vp in an EIT medium. Furthermore, in the
RS the group index is inversely proportional to the pass-
and V [relation (51)] while in the EIT medium the group
ndex is inversely proportional to V2 [Eq. (16)]. Therefore,
t is reasonable to expect the EIT medium to outperform
he CRS for narrow-bandwidth signals, while the relation
s reversed for high-bandwidth signals. To quantify this
e will use Eq. (20) to obtain the expression for the stor-
ge capacity:

Nst = Btd,max =
g3

B2cb3
ng =

g3

B2

v0
2

m2p2

t2

1 − t2 = g3
Vt0

2

B2

ng
2

ng
2 − n̄2

.

s55d

q. (55) looks almost identical (except for a factor of 6) to
he similar Eq. (22) for the EIT and leads to the similar
estriction on the width of the transmission band of

Vt0 = g−3/2Nst
1/2s1 − n̄2/ng

2d1/2B < 5.4Nst
1/2s1 − n̄2/ng

2d1/2B.

s56d

s a next step, substituting relation (56) into Eq. (45) we
btain

ng = n̄
BCRS,max

B
s1 − n̄2/ng

2d−1/2

3
1

ln
nH

nL
+ lnFng

n̄
s1 + Î1 − n̄2/ng

2dG , s57d

here

BCRS,maxsNstd = g3/2

v0 lnSnH

nL
D

p
Nst

−1/2 s58d

s the maximum bit rate at which the group velocity is
lowed by a factor between 1.2 and 1.8, depending on in-
ex contrast. Now if we compare the latter two expres-
ions with the equivalent expressions for EIT media—
qs. (24) and (25), respectively—the similarities become
lear.

Given the requirement for a delay line capable of stor-
ng Nst bits at bit rate B we can write

Nst =
n̄BL

ct
s59d

nd substitute the bit rate from Eq. (59) into Eq. (55) to
btain

Nst
3

g3 = S2n̄L

l0m
D2

s1 − t2d−1 = SL

d
D2

s1 − t2d−1

= Nres
2s1 − n̄2/ng

2d−1, s60d

here Nres is the total number of microresonators. Thus
or a reasonably large group index we can write
Nres < 5Nst
3/2, s61d

hich is a very important result. Intuitively, one might
onclude that to store each bit of information at least one
icroresonator is required, but rigorous derivation shows

hat the number required is far larger because of the
hird-order dispersion.

We can now estimate the length of the delay line ca-
able of storing Nst bits at rate B as

L = LDsNstdHln
nH

nL
+ lnFng

n̄
s1 + Î1 − n̄2/ng

2dGJ
3s1 − n̄2/ng

2d1/2, s62d

here

LDsNstd =
cNst

n̄BCRS,max

=
l0

2n̄ ln
nH

nL

SNst

g
D3/2

. s63d

ince LD does not depend on the bit rate, the dependence
n the bit rate is rather weak until the transmission be-
omes rather high. Now, note that

L

LD

B

BCRS,max
=

cNst/ng

cNst/n̄
=

n̄

ng
. s64d

Substituting Eq. (64) into Eq. (62) we obtain a simple
ecursive relation of all the parameters:

L

LD
= F1 − S L

LD

B

BCRS,max
D2G1/2Hln

nH

nL
+ lnF1

+Î1 − S L

LD

B

BCRS,max
D2G − ln

L

LD

B

BCRS,max
J . s65d

Comparing Eq. (65) with Eq. (27) we can see a rather
ramatic difference in the bit rate dependence: while the
equired length of an EIT buffer increases linearly with
he bit rate, the length of the CRS buffer is almost bit-
ate independent. The dependences on storage capacities
re also different: quadratic in the EIT medium and
ower of 3/2 in the CRS buffer. Thus based on dispersion
imitations the CRS buffer is expected to outperform
reatly the EIT buffer at large bit rates and storage ca-
acities.
Now, although as we stressed before, the main purpose

f this paper is to establish the limitations on bit rates
nd storage capacity of optical buffers imposed by disper-
ion, it will still be interesting to see how these limita-
ions combine with the limitations imposed by the loss in
efining the operational region of the buffer. We have al-
eady performed these estimates for the EIT buffer [Eq.
30)]; now we can similarly define the maximum delay
ime for the CRS imposed by the waveguide loss per unit
ength a, which can be due to the combination of scatter-
ng and absorption losses,

tscat,max
CRS = ln 2sac/n̄d−1. s66d

ote that any decrease of group velocity is accompanied
y the increase in loss, thus t CRS stays constant.
scat,max
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There is one significant difference, however, between
he limitations for EIT [Eq. (12)] and CRS [Eq. (66)] buff-
rs. In the EIT medium maximum delay time is deter-
ined by the fundamental physical parameter, coheren-

etime, while in the CRS the maximum delay time is
efined mostly by the waveguide loss, which may be sig-
ificantly reduced, if not eliminated, by the progress in
abrication and processing techniques that is currently
aking place. At the present time photosensitive fiber has
he lowest losses, of the order of a few dB/km,29 while the
est SiO2–air waveguides have losses of the order of
.15 dB/cm,36 giving maximum delay times of the order of
500 ps, while for Si on SiO2 the loss is of the order of
dB/cm, giving a maximum delay time of the order of

00 ps37,38; but one should expect significant improve-
ent in the future. For this reason, we also include in

able 2 what we call here an “ideal” PC, with high index
ontrast and losses of 0.1 dB/cm.

By analogy with Eq. (30) we can determine the mini-
um bit rate for the CRS as

BCRS,minsNstd = Nst/tscat,max
CRS. s67d

ubstituting Eq. (67) into Eq. (57) we obtain the expres-
ion for the maximum value of group index attainable in
he CRS delay line as

ng,max8sNstd = g3/2
FCRS

Nst
3/2 , s68d

here the finesse of the CRS line is defined as

FCRS = VCRStscat,max
CRS. s69d

e can also define the maximum storage capacity of the
RS line as the number of bits stored when the
ispersion-limited maximum bandwidth [Eq. (58)] be-
omes equal to the loss-limited minimum bandwidth [Eq.
67)] of

Nst,max
CRS < gFCRS

2/3. s70d

omparing relation (70) with Eq. (60) immediately shows
hat the finesse of the CRS is simply the effective number
f resonators.

. RESULTS AND DISCUSSION
e are now ready to conclude the comparison of different

uffers by performing numerical solution of Eqs. (26) for
ve EIT buffers from Table 1 and of Eq. (65) for four CRS
uffers from Table 2. Figures 5–7 correspond to storage
apacities of 10, 50, and 200 bits, respectively. Each curve
hows the required length of the delay line as a function
f bit rate. For comparison we also show the straight line
epresenting the required length of a simple fiber delay
ine, Lfib=cn̄−1NstB−1. Each curve has its useful frequency
ange between Bmin and Bmax emphasized by a bold sec-
ion. For rates above Bmax the velocity reduction relative
o the simple fiber delay line becomes insignificant (less
han twofold)—this is a fundamental limitation due to
ispersion. Below Bmin the loss becomes a major factor—
his is still a fundamental limitation for the EIT medium
s it is determined by the dephasing time. For the CRS
elay line the loss limitation is not fundamental as it is
aused only by fabrication issues—one can expect that the
seful bandwidth will be expanded downward as fabrica-
ion technology progresses.

Looking at the figures one can see that the bit-rate de-
endences are strikingly different for EIT medium and
RS. For EIT the required length of the medium actually

ncreases with the bit rate until the group-index enhance-
ent becomes small, while the required length of CRS

lowly decreases with bit rate. This is the expected conse-
uence of different detuning dependences of the group in-
ices in the two types of buffer. Clearly, at low bit rates
nd low storage capacities EIT media outperform the CRS
uffers by a wide margin, but at higher bit rates and
igher capacities the dispersion essentially eliminates the

ig. 5. Required lengths of various optical buffers with storage
apacity of 10 bits as functions of bit rate. Bps bits per second.

Fig. 6. Same as Fig. 5 but for 50 bits. Bps;bits per second.

Fig. 7. Same as Fig. 5 but for 200 bits. Bps;bits per second.
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IT capacity to slow the light, as a larger and larger
ransmission band is required.

For the relatively low storage capacity of 10 bits (Fig. 5)
ne can see that of three metal-vapor EIT media only the
b vapor appears to be practical, i.e., capable of storing
0 bits in a length less than 1 cm for bit rates in the
.2–20 gigabits/s range. Although originally suggested
y Harris et al.15 the EIT in this medium was achieved at
uch weaker atomic density, and only one bit was

tored.16 At the same time, of the other media in which
IT has been demonstrated, Rb and Sr vapors seem to be
nable to store even 10 bits of information in a short

ength without incurring undue loss. The solid medium
rYSO, because of its low loss, is capable of storing
0 bits but only at low bit rates. Once the bit rate exceeds
0 megabits/s the required buffer length exceeds a few
entimeters, i.e., becomes impractical (unless one can em-
ed Pr ions into the fiber while keeping long dephasing
imes). The proposed QD EIT medium shows promise in
he range around 10 gigabits/s but only under the as-
umption of long (hundreds of picoseconds) coherence
imes. With more realistic coherence times of the order of
ess than a picosecond the QD medium also becomes im-
ractical.
For the CRS buffer the situation is different; the low-

ndex-contrast-fiber-Bragg-grating (FBG)-coupled resona-
or line offers good performance for bit rates of up to
0 gigabits/s in a few tens of centimeters’ length. Al-
hough currently the FBG length rarely exceeds a few
entimeters, hopefully one day a meter-long grating may
ecome feasible. The coupled resonators made in SiO2
nd Si offer good performance in the
0 gigabits/s–10 terabits/s range with group-velocity re-
uction by up to two orders of magnitude.
As one moves to a more useful storage capacity of

0 bits (Fig. 6) one can see that only PrYSO maintains
ome degree of practicality, as it appears to be able to slow
ight by a significant factor at low bit rates of up to

megabit/s all in a length of a few centimeters. For the
b vapor the minimum required length is more than
0 cm, which renders it impractical. The QDs, because of
combination of loss and dispersion, appear not to be able

o store all that many bits (in accordance with Table 1).
Among the CRS buffers the FBG line is still able to

unction in a wide range of bit rates, from
.1 to 10 gigabits/s with a slowing factor of nearly 200 at
he low end of this range. The silica structures have a use-
ul bandwidth range between 200 gigabits/s and
terabit/s and a maximum group-index enhancement of
20. The highest index-contrast-semiconductor struc-

ures have their range limited to a few tens of terabits/s
nd maximum index enhancement of the order of 10. At
he same time, if the loss in Si CRSs can be reduced to
ess than 0.1 dB/cm (“ideal structure”) the useful bit-rate
egion (shown in a section of dashed line) expands to
over two octaves (from 20 to 2,000 gigabits/s), and the
aximum group-index enhancement at 20 gigabits/s ap-

roaches 75.
Finally, expanding the storage capacity to 200 bits (Fig.

) renders all the EIT buffers ineffective beyond
megabit/s; the only medium unimpeded by absorption,
rYSO, would need to be meters long. The FBG structure
lso loses its effectiveness since only a fewfold reduction
n group velocity can now be attained, and the required
ength of the grating approaches a few meters. Of all the
igh-index-contrast structures only the “ideal PC” made
f high-index semiconductor with air bridge and low
0.1 dB/cmd losses potentially offers sufficient (tenfold)
roup-velocity reduction in the range of a few hundred
igabits/s.

. CONCLUSIONS
n this work we have performed rigorous comparative
nalyses of two types of slow-light media that are cur-
ently being considered for use in optical delay lines: EIT
edia and CRSs. We have pointed out the similarities

nd differences between these two approaches. These
imilarities and differences are conveniently summarized
n Table 3. Let us reiterate them.

In both EIT and CRS media the slowing action takes
lace as a result of strong resonant interaction between
ither electromagnetic field and polarizable medium
EIT) or between two or more electromagnetic waves
CRS). The strength of interaction determines both the
egree to which the group velocity can be reduced (group
ndex) and the maximum bit rate at which the group-
elocity reduction can be achieved. In the case of EIT the
nteraction strength is determined by plasma frequency,
.e., the combination of density of active atoms and their
scillator strength, while in CRSs the strength is deter-
ined primarily by the index contrast. The EIT interac-

ion strength in units of angular frequency spans the
ange of 1010 s−1 in rare-earth-doped materials to 1012 s−1

n prospective QD buffers. The CRS interaction strength
anges from 1010 s−1 in resonators comprised of FBGs to
31013 s−1 in high-index-semiconductor structures. The
tronger interaction in CRSs relative to EIT indicates
hat higher bit rates are attainable in them.

In both EIT and CRSs one can introduce a figure of
erit, finesse, that determines their maximum storage

apacity. Finesse can be loosely interpreted as a number
f interactions that occur within a characteristic decay
ime. In the case of EIT that time is the decoherence time
f the forbidden transition G→B, while in CRSs it is the
cattering–absorption time. Typically the “weaker” opti-
al delay media, such as PrYSO or FBG-based resonators,
ave higher finesses and storage capacities, but they can
e realized at lower bit rates. It is hoped that progress in
abrication of high-index photonic structures will extend
he storage capacity of CRSs.

The main difference between EIT media and CRSs lies
n the relations between the group index ng, third-order
ispersion b3, and transparency bandwidth 2V. The
tronger (V−2 versus V−1) dependence of the EIT group in-
ex shows that spectacular index reduction can be
chieved at low bit rates in the EIT medium, as supported
y numerous experiments.16–18 But EIT media also have
tronger third-order-dispersion dependence on transmis-
ion bandwidth. As a result their ability to slow light falls
rastically with an increase in bit rate. In fact the re-
uired length of the EIT delay line increases with an in-
rease in bit rate, while the length of CRS delay line de-
reases. Herein lie inherent advantages of CRS optical
uffers.
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Let us now take a final look at the results developed in
his work and try to answer two simple questions: Is there

place for slow-light optical buffers in optical
ommunication–processing, and what type of medium
est fits the requirements?
For the EIT-type buffers notwithstanding their main

dvantage (ability to vary delay continuously), the an-
wer is unequivocally negative. One may achieve spec-
acular slowing at kilobit/second rates, but for bit rates in
xcess of 1 megabit/s and storage capacities of more than
dozen bits, all EIT buffers appear to be ineffective be-

ause of their high dispersion. Even if the coherence time
s increased, by use for instance of spin coherence,39 the
ispersion still will not allow high-bit-rate applications.
his forlorn conclusion is based entirely on dispersion
onsiderations, before all the practical difficulties (re-
uirements for strong pump laser and inconvenient wave-
ength) are taken into account. That, of course, does not
egate the fact that EIT-induced slow light has many sci-
ntific applications where delaying–stopping a single bit
f information at any bit rate may prove valuable, such as
or example in quantum optics.

For the CRS optical buffer the answer is more quali-
ed. It seems that there exist two niches open for CRS at
ifferent ranges of bit rates. One such niche is FBG-based
oupled resonators in the 1–10-gigabit/s range. One can
nvision that by using high-index (up to 0.5%) gratings

Table 3. Comparison of EIT an

arameter EIT

trength of
resonant
interaction

Vp = S Ne2fAG

4n̄2m0«0
D1/2

; 10

inesse FEIT = 1/2VpT2; 102 – 1

aximum storage
capacity Nst,max =

g

61/3F2/3; 1 – 1

ransparency
bandwidth

2V

roup index ng
sEITd

n̄
= 1 +

Vp
2

V2

hird-order
dispersion b3

sEITd =
6Vp

2n̄c−1

V4

aximum
effective bit rate
for given storage
capacity

BEIT,maxsNstd =
g3/2

61/2VpN

inimum length
of buffer for given
storage capacity
and bit rate

LEITsNst,Bd <
6c

g3n̄

Nst
2 B

Vp
2

hat are up to a meter long one can store up to 100 bits of
nformation in it—a task that would require an unstruc-
ured fiber of 50 m. The second niche is in future high-
peed systems operating at hundreds of gigabits/s. For
his niche structures with high index contrast and low
osses need to be developed from Si and other semiconduc-
ors with air bridge technology. Then small delay ele-
ents can be formed capable of storing hundreds of bits of

nformation in a less-than-1-cm path length. Note that at
resent, fabrication technology is about two orders of
agnitude away from achieving such losses, but rapid

rogress is being made. An alternative to loss reduction
ould be using a semiconductor medium with optical gain
hat could be traditional or Raman-pumped. But even
ith these future structures the group index cannot be

xpected to exceed a factor of more than 10–50 or so un-
ess some means to mitigate the dispersion is employed.
uch means may include combining coupled resonator

ines having positive b3 with all-pass filters having nega-
ive b3, as recently proposed,40 or other still unexplored
ethods, such as making CRSs from EIT media. In addi-

ion, to attain practicality, the need to control the delay by
se of nonlinear optical or electro-optical means should be
ddressed. Recent results41 are encouraging.
In conclusion, we have investigated how third-order

ispersion severely limits the performance of various
ypes of slow-light optical buffers at high bit rates and

S Slow-Light Optical Buffers

CRS

12 s−1

VCRS =

v0 lnSnH

nL
D

p ln
2ng

n̄

; 1010 – 5 3 1013 s−1

FCRS = VCRSn̄c−1a−1; 104 – 3 3 105

Nst,max
CRS < gFCRS

2/3

; 160–1600

2Vt,0 = 2
v0t

mp

ng

n̄
< VCRS/pVt,0

b3
sCRSd <

VCRS

cVt,0
3

BCRS,maxsNstd < g3/2VCRSNst
−1/2

LDsNstd =
cNst

n̄BCRS,max

=
c

n̄VCRS
SNst

g
D3/2
d CR

10 – 10

07

04

st
−1/2
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hown that high-index-contrast CRSs hold an advantage
ver EIT-type media.
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