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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.

1. INTRODUCTION

Recent years have seen rapid development in the area of
optical communications. Advances in optical amplifiers
and passive optical components such as add—drop filters
have eliminated large numbers of electronic regeneration
steps that limited the system speed and capacity. Unfor-
tunately the most sophisticated steps of switching and
routing are still handled electronically, although substan-
tial effort has been expended in the quest for an all-
optical implementation of these functions. Any all-optical
processor must include an optical buffer as one of its most
important enabling components. The purpose of the opti-
cal buffer is to store and then release the data in optical
format without conversion into the electrical format. De-
spite the ostensible simplicity of this task, the optical
buffer has always been and still remains a major stum-
bling block on the way to all-optical processing. This is
easy to understand since the term “buffering” implies, at
the physical level, localization, and photons, being par-
ticles with zero rest mass, are far less amenable to local-
ization than electrons. For this reason the only practical
optical buffers remain the fiber loop1 or its close cousin,
the folded, free-space delay line in which the delay time is
accumulated by propagation over a long optical path.

In future networks with optical packet routing the op-
tical data would need to be stored for times that are equal
to at least the packet length. Assuming that the packet
length is of the order of 1000 bits and the data rate is of
the order of 10 Gbits/s, the length of the delay line must
be of the order of 20—30 m, depending on the refractive
index. Resorting to such bulky components would negate
all the advantages in size and weight expected from doing
all-optical processing. There exists another important
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field of microwave photonics—microwave phased-array
antennae—where optical, true-time delay lines hold
promise of reducing the size and weight of components.
Although the length of the true-time delay line does not
need to exceed the wavelength of the RF signal, i.e., a few
centimeters at best, there are still significant benefits in a
scheme that would allow one to reduce that length fur-
ther.

Reducing the length of the optical buffer while keeping
the total delay time constant implies reduction of group
velocity. Group velocity can be reduced by using strong
resonances in either time or space that cause coupling of
energy between either counterpropagating electromag-
netic waves or between electromagnetic and other forms
of energy. Indeed the last decade has seen an increased
interest in slowing photons by using two alternative ap-
proaches to “storing” the photons. The older one is the op-
tical delay line,? in which the light path is lengthened by
forcing the light to retrace its path through repeated re-
flections in grating,3 coupled-ring 1“esonators,4 or coupled
defect modes in photonic crystals.>'? In all these struc-
tures the group velocity of light is slowed in the vicinity of
a sharp resonance in the reflection that limits the effec-
tive bandwidth of the delay line because of quadratic dis-
persion. Quadratic dispersion, however, can be canceled
when cascaded™ or Moire gratings12 are used; yet, as will
be shown in this paper the residual third-order dispersion
still limits the bandwidth. It can be argued that most if
not all of these slow-light schemes can be treated as
propagation in coupled resonators.'® In order to incorpo-
rate as wide a range of different structures as possible, we
will refer to these designs as coupled resonator structures
(CRS).

© 2005 Optical Society of America
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The more recent approach to slowing light based on use
of dispersion in the vicinity of sharp atomic resonances
has generated much excitement. Usually, absorption is
quite high near the resonance, but if a strong optical field
splits the resonance in two, the absorption becomes
anomalously low. This is electromagnetically induced
transparency, or EIT. EIT was first observed in 1991,14
and its ability to reduce the velocity of light was explored
by Harris et al. 15 and Kasapi et al 16 shortly
afterward.’>® EIT slowed the light to less than 10 m/s in
metal vapors'”!® and less than 45 m/s in the solid state.®
More recently light was effectively stopped in the EIT
medium,?>?! and the proposal was made?? for slowing
light through EIT in semiconductor quantum dots (QDs).

Both CRS and EIT schemes have strong advocates who
prefer to point out their differences rather than their con-
siderable similarities. To the best of our knowledge there
is no comprehensive comparison of the two approaches
that can answer the practical question: What benefits do
CRS and EIT slow-light schemes offer for storage of opti-
cal packets of given symbol rate B and length N symbols
per packet? In other words, how much can the group ve-
locity of light be slowed before dispersion causes excessive
intersymbol interference that leads to data loss?

In this paper we provide clear answers to this and
other important questions by the use of simple analytical
expressions. We point out that while EIT and CRS are re-
markably similar to one another, they have different
group-index-versus-bandwidth dependences that cause
CRS to perform better at high bit rates. We are concerned
here only with the fundamental limitations to the perfor-
mance of slow-light buffers imposed, as we shall see, by
third-order dispersion Bs. Of course, in the near future,
losses due to imperfections in fabrication (for CRS) or in-
homogeneous broadening (for EIT) will continue to be the
dominant limiting factors, but here our goal is to deter-
mine the theoretical upper bound of the performance of
the slow-light schemes. We show that even if all the fab-
rication issues are resolved this performance will be in-
herently limited by dispersion.

2. EIT: SLOW LIGHT BASED ON RESONANT
OPTICAL TRANSITIONS

A. Dispersion near Single Resonance: Polariton

The fact that electromagnetic radiation experiences a
large change in its group velocity in the vicinity of a
strong resonance is well known. In optics this phenom-
enon is usually referred to as strong dispersion, while in
solid-state physics it is more often described as a polar-
iton effect. Resonance, shown in Fig. 1(a), can be associ-
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Fig. 1. (a) Two-level resonant atomic system, (b) the disper-
sion of the slow wave (polariton).
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ated with excitation of a strong atomic transition in a gas
medium, of an exciton in a semiconductor (exciton polar-
iton), of a plasmon in metal (plasmon polariton), or of a
polar lattice vibration (phonon polariton). One can char-
acterize this excitation of matter as a polarization wave
with its frequency w;s independent (or nearly indepen-
dent in comparison with a photon) of its wave vector % as
shown in Fig. 1(b) next to the dispersion of a photon. We
have

k=—, oy

where 7 is the background refractive index of the med-
ium considered to be constant within a narrow frequency
range. The two waves—electromagnetic (photon) and
polarization—interact with an interaction strength that
is proportional to the dipole matrix element of the transi-
tion w19. The interaction becomes very strong in the vicin-
ity of resonant frequency w, when the energy couples
back and forth between two waves. The coupled-waves de-
scription is the semiclassical picture of anomalous disper-
sion; in the full quantum theory one can describe it as a
formation of a mixed quasi-particle (or polariton) that
combines properties of both photon and matter
excitation.? The polariton dispersion is shown in Fig.
1(b); it consists of two branches with the gap between
them corresponding to the region of negative dielectric
susceptibility where the electromagnetic waves cannot
propagate. Near the resonance the group velocity of the
polariton,

Vg="—, 2)

is greatly reduced, since most of the energy of the polar-
iton at these frequencies is contained in the stationary
matter excitation rather than in the moving electromag-
netic wave.

The obvious idea for using strong matter resonance to
slow the light has two major drawbacks that reduce its
practicality. First the transitions have strong absorption
within finite linewidth:

Y12 = 1/T2(12), (3)

where T(212) is a coherence time. Second the group velocity
changes rapidly in the vicinity of resonance. This change
is usually gauged by group-velocity dispersion (GVD),
also referred to as second-order dispersion,

Ba= = (4)

and it can cause rapid loss of information in the signal.

As one can see in Fig. 1(a) the GVD has opposite sign
below and above the resonance. Therefore if one could op-
erate in the region between two equally strong transitions
their second-order dispersions would cancel each other
leaving only the third-order dispersion,
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7k
B3=E>O’ (5)

which is positive irrespective of whether one operates be-
low or above resonance. However, B3 has a weaker impact
on signal quality than B,. This dispersion-compensated
scheme is straightforward and appealing, but unfortu-
nately, suitable media with two closely spaced strong and
narrow resonances are difficult to find in nature. EIT, on
the other hand,* provides an ingenious way to avoid the
constraints imposed by nature and to create artificially
the proper medium using the “dressed states.”

B. Dispersion near Twin Resonances: EIT

Consider a typical EIT scheme, usually referred to as a A
scheme?! and shown in Fig. 2(a). The upper level A is split
into two “dressed” levels A; and Ay by the pump light
originating from level B. The splitting is equal to 2(),
where O =u pEp/h is the Rabi frequency, uap is the ma-
trix element of the electrical dipole, and Ep is the pump-
ing optical field. The probe light is at frequency w close to
the resonance between the ground level G and original
level A. The dielectric constant in the vicinity of the reso-
nance is

NMAGZ Ow + i’}/BG
e(bw) =712 + 3 ; : , (6)
ﬁfo Q —(5w+l’)/Bg)(5w+l’)/Ag)

where dw=w- wq is detuning, N is the concentration of ac-
tive ions or atoms, and y,g and ygg are the broadenings.
Note that ygp is the broadening of the transition G— B
that can be forbidden and thus is quite narrow. Herein
lies the second advantage of the EIT medium: the absorp-
tion can be reduced substantially by quickly transferring
the photon energy into the matter excitation that is well
isolated from the outside world and thus has long coher-
ence time. This fact distinguishes EIT from other seem-
ingly analogous methods of slowing light by use of coher-
ent population pulsationrs.25 From Eq. (6) the complex
refractive index can be found as

(o) = [e(60)]"
NezfAG 50)+i’yBG

=n+ _ 9 R . ) (7)
4nmowgey Q1 — (6w +iype) (S0 +iyaq)

where f4¢ is the oscillator strength. We can also define a
modified (by a factor 2n) plasma frequency as

Ne*fac

4ﬁ2m0€0

2
p

(8)

With Eq. (7) one can plot the dispersion curve for the
EIT medium [Fig. 2(b)]—as one can see the curve is
“squeezed and flattened” between two forbidden gaps as-
sociated with resonances. The curve is plotted in the limit
of zero broadenings—their inclusion would only change
the curve near the Rabi-split resonances and not in the
region of interest near w,. Clearly, as the transparency re-
gion becomes narrower the group velocity becomes pro-
gressively smaller. We can obtain the expression for the
group index at the center of the transparency region (dw
=0) as
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Fig. 2. EIT in the A scheme: (a) atomic-level diagram, (b) dis-
persion of the slow wave.

ok on Q% - yp°
ng0)=c—=n+wRe — =n+n p2ﬁ,
90 | 50 (Q° + yBaYa0)
9
and also find the absorption coefficient as
w 2 YBG
(0) = 2— Im (7)| 50 = 27— — . (10)
c ¢ O+ ypayac

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

n?2 0% - yp4°
tabs =g In 2/(ac) = T?’GB_I

, (11
0%+ YBGYAG

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

In2

tabs,max = TYBG_l, (12)

and thus roughly equals the coherence time of the “iso-
lated” excitation G — B. This result is quite logical consid-
ering that optical energy is transferred into the coherent
excitation of that transition. Of course as the Rabi fre-
quency approaches infinity, the group index decreases to
its background value. A more interesting observation thus
would be to see what value of group index can be achieved
for a given absorption time. Solving Egs. (9) and (11) to-
gether we obtain

ng 2 B tabs
;(tabs) =1+ Eﬂpztd(ma +Yac) 1<1 -

tabs,max

ta S
> ) (13)

abs,max

=1+ sztabstAG<1 -

where t43=2/In2(yac+ vc) " '=2/In 27AG_1 ~Ty 4. As one
can see the group index reaches its maximum when

Labs = 1/2tabs,max’ (14)

or

Dnax = [¥86(vaG + 2786) 1V = (Y86 Yac) ">

and
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n
g;_j‘”‘ = 1+ 1/4Q 2 gy martac- (15)

Thus the total number of bits that can be stored in the
EIT medium N =t,,.B increases with the bandwidth B if
nothing but the residual absorption in the EIT band is
taken into account. The situation changes drastically once
we introduce bandwidth limitations.

First we neglect the residual absorption in Eq. (9) and
obtain

2

n,B(0) = 71 + ﬁQ—I; (16)

If one wants to avoid the absorption of high-frequency
components of the signal, the width of the EIT region 20
must be at least larger than the bandwidth of the signal
Aw, proportional to the symbol rate. Thus we can rewrite
Eq. (16) as

2

n,B(0) =7 + ﬁa2—;2, 17

where a is a constant of the order of unity, depending on
the exact shape of the signal.
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At this point we can actually estimate the values of
plasma frequency for different media and compare them,
as shown in Table 1. In the original paper by Harris et
al.’ 2Ph vapor was used with concentration N=7
X 10® em2 and oscillator strength f4;=0.2, resulting in
Q= 102 =1, EIT was observed in this medium in 1995
but at a much smaller density N~2Xx10'® cm™3. In the
other gas-phase media where EIT had been observed, in
Sr*'* and in 87Rb,20’21’24’26 the combinations of atomic
density and oscillator strength are not as favorable as in
lead vapor. For a solid-state medium such as Pr3+:Y,SiOj
(PrYSO) in which EIT has been demons‘crated,19 the
concentration of active atoms is much higher,
N=7x10"Ycm™3, but the oscillator strength of the
transition is much lower,?” fis~3x1077, resulting in
Q,~4x10'" s71. Finally for the QD medium suggested in
Ref. 22 the concentration can be as high as 1016 cm=3,
while the oscillator strength can actually be larger
than unity as a result of lower effective mass. Assum-
ing fag~10 we can obtain very high values of plasma
frequency, up to Q,~5X 102571, But the maximum
delay time in the QD medium is limited to less than
a nanosecond even at low temperature because of
scattering.

Judging from Eq. (17) sufficiently high group index en-
hancement (of the order of 100 or more) can be achieved
for symbol rates of the order of (1,/10a, i.e., up to a few
hundred gigabits/s for QD media and a few gigabits/s for
the rare-earth-doped medium. But these results are to
change drastically once dispersion is introduced.

Table 1. Performance Characteristics of Various EIT Slow-Light Optical Buffers

Medium 208py Sr* 87Rb PrYso QDs
N (cm™) 7 X101 2x 10 2Xx 1012 7 %101 1016
fac 0.2 0.15 0.1 3%1077 10
Q, (s™H 1012 1.4x 101 1.2x 1010 4x1010 5x1012
Tabsmax () 0.4x 1077 1.3x107° 1.6x1077 0.3x1073 0.4x107°
Frip 4%10* 200 2x103 1.2x 107 2% 103
Nyt max 200 6 28 8% 103 28
Biaxcaps 5G* 4G 169 M 25 M 5G
Performance with storage capacity of 10 bits
ng} 23 G 3G 280 M 09G 110 G
R, max 9x10° — 21 2x10° 22
BifiInT) 250 M 7G 63 M 33k 25 G
Ly (cm) 0.13 — 229 0.002 0.15
Performance with storage capacity of 50 bits
Bifg) 10 G — — 04 G —
1) max 72 — — 2% 106 —
BifiInT) 1.25G — — 0.3 M —
Ly (cm) 16 — — 0.25 —
Performance with storage capacity of 200 bits
Bifg) 6 G — — 300 G —
B 5G — — 0.6 M —
1Y max 2.5 — — 10* —
Ly (cm) 285 — — 88 —

#Units K, M, G stand for kilo-, mega-, gigabits/second.
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C. Third-Order Dispersion
First find the second-order dispersion:

BED () = ¢! [(wg + dw)n(dw)]

d(Sw)

20 %t 1 302 + s
= | —+ o535 |- 18
02 - 6u? | wy w(Q2 - Sw?)? (18)

As expected the second-order dispersion goes to zero at
roughly do=0?%/w,, i.e., close to the middle of the EIT
band. The third-order dispersion is always positive and is
equal to

L dB M (6w)

d(dw)

2- -1
~ GQp ne

B,"(0) =" o

(19)

Sw=0

Now it is the pair of Egs. (16) and (19) that determines
the properties of the EIT slow-light medium. Using them,
we can find out the limitations imposed by the third-order
dispersion. According to Ref. 28, for a typical return-to-
zero on-off-keying Gaussian signal the maximum distance
that it can propagate in the presence of third-order dis-
persion is determined from the relation

B[B3Lrnax]l/3 < vy=0.324. (20)

The exact value of y in inequality (20) may change as a
function of modulation format and detection method, but
not by much. Also, for on—off-keying the symbol rate and
bit rate are identical, so from here on we shall refer to B
as the bit rate, understanding that rigorously it should be
referred to as symbol rate. The maximum delay can be es-
timated as

Low ¥ P9 0
td,max= c n 1+—|, (21)

= n,=
¢ B3pB; ¢ 6B° Q,’

and the maximum number of bits that can be stored then
is simply

+
2
QP

(22)

yQ? ) 0%\ YO
6B”

Nst=Btd,max= = 6B> ng—ﬁ'

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

O =gl/2,32 1/2ng_nB~ 1/2ng‘nB
= 612432 ~13.2N, 25 ——pB. (23)
ng ng

For a large slowing factor the index-dependent term in
Eq. (23) approaches unity, and one can see how wide the
EIT region should be to store a large number of bits. For
instance to store just 100 bits of information the ratio be-
tween () and B becomes 130 rather than a factor of a few
that followed from the simpler considerations that led to
(17). Substituting Eq. (23) into Eq. (16) we obtain

EIT 2 EIT

n‘é ) BEIT,maX né )
—— =1+ 2 ED_ - (24)
n B ng o -n

where the maximum bit rate of the EIT buffer,
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/2
Bgitmax(Nep) = @sz\/;t“2 =0.075Q, N, (25)

is defined here as the bandwidth at which the packet con-
taining N bits can be slowed down by a factor of ~2.6
according to the general solution of Eq. (25)

nngIT) 1B EIT,max2 1By max 4B* \12
— == o t1l+z 3 1+ 1
n 2 B 2 B Bgir,max
Bgrr x2
Tma +2 B< BEIT,maX
=~ . (26)
BEIT,max

+1 B> Bgirmax

Thus the total length of the EIT buffer required to store
N bits at a given bit rate B for the case of B <Bgyp max
becomes

¢N,B' 6c N/’B
LEIT(Nst>B)= néEIT) z% sz > (27)

whereas for high bit rates B> Byt max it asymptotically
approaches

CNStB_l

LO(Nst,B) =

(28)

We can also now define the bit rate at which the packet
containing N bits can be slowed down by a factor ng'
=ng/n

/2

Bei(Nyn,') =~ Ngn, ) 20, = 0.075(Nyn, ') 2Q,.

61/2

(29)

D. Limitations Due to Dephasing: Definition of

Finesse

At the same time, from the considerations of the residual
loss of Eq. (12) the minimum bit rate at which this can be
accomplished becomes

BEIT,min(Nst) = Nst/tabs,max- (30)

Of course Z,ps max ™~ yz;lB is the upper limit on the absorp-
tion time under assumption that Q%> y,;ypq (11). Using
Eqgs. (23) we can show that this condition is satisfied for
as long as

Yag < 200N’ vp6. (31)

If the broadening of transition AG is larger than that, the
impact of absorption on the performance of the EIT delay
line will be even stronger than discussed here.

Combining Eq. (29) and Eq. (31) and we obtain the
value of the maximum group-velocity reduction factor at-
tainable:
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(N.) = fFEIT2
st/ = 6 Nstg ’

(32)

!
ng,max

where we have introduced the finesse of the EIT transi-
tion as

Frrr=Qptd max- (33)

We can now see that EIT buffers can effectively slow a
packet of N bits within the range of bit rates
{BEIT min(Vst)  BEIT max(NVst)}. The lower boundary of the
range is determined by the residual absorption, while the
upper boundary is determined by the dispersion. As
packet length increases the effective range narrows until
the maximum packet length,

Y

o 5 Fem=0.18Fg ™", (34)

Nst,max =

is attained. The packet of length N 1,y is slowed by a fac-
tor of 2.6, and this reduction is achieved at the bit rate of
maximum capacity

Y o 23,13
Bmax,cap = st,max/td,max = Q 13 (35)

gus™P d,max

It is instructive to reflect on the physical meaning of fi-
nesse. If one considers an electromagnetic wave reso-
nantly coupled to an ensemble of atomic dipoles oscillat-
ing at frequency wg the energy will be transferred back
and forth between the wave and dipoles with the angular
frequency (),. Therefore, finesse FEIT~QPT§G is simply
the number of times the energy can be moved between the
wave and dipoles before the collective polarization of the
dipoles decays.

E. Parameters for the Specific EIT Schemes

Let us look at the finesse and capacities of the specific me-
dia shown in Table 1. Of all the media PrYSO has the
highest finesse and thus the largest storage capacity. In
fact, it follows from (32) that n, ,..'(Ny) ~10'2N_?, and
one can store a thousand-bit-long packet with group ve-
locity reduced a thousand-fold. Unfortunately, this reduc-
tion will take place at a rate of a few kilobits/s and require
an unrealistically long medium. But 50 bits can be stored
successfully at a bit rate of a few hundred kilobits/s.

Among the gas-phase EIT media, 2*®Pb originally sug-
gested by Harris et al. for group-velocity reduction®® holds
the most promise—it may store about a dozen bits in a re-
alistic length, but regrettably EIT in this medium has
been observed experimentally only at lower
concentrations,® leading to less impressive results than
predicted. The more common Sr and Rb vapors offer per-
formance that is far inferior to Pb vapor.

For the QD medium, we obtain, assuming a rather un-
realistic value of £4~400 ps (1-meV linewidth), a finesse
of nearly 2000; thus n, ../ (Ng) ~2x 10*N’. Tt follows
that a small, 10-bit packet can be slowed down by a re-
spectable factor of 20 at a 20-gigabit/s rate, but for prac-
tical packets containing more than 30 bits there is no way
of achieving group-velocity reduction at any bit rate in a
QD medium. If one takes a more reasonable value of
broadening, say 50 meV, finesse becomes only 40, and at
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A B,<0

Fig. 3. (a) Bragg reflector, (b) its dispersion.

most one would be able to store two bits of information in
such a buffer. If the broadening exceeds
150 meV—something that one should realistically expect
to happen at room temperature—the QD buffer becomes
completely ineffective, as it can not store even one bit of
information by reducing group velocity.

3. COUPLED RESONATOR STRUCTURES:
SLOW LIGHT BASED ON RESONANCES
IN SPACE

A. Fiber Bragg Grating as a Slow-Wave Medium

Let us now turn our attention to a different method of re-
ducing the group velocity of light. Consider for instance
the Bragg reflector composed of alternating layers of high
(ng) and low (ng,) effective refractive index with period A
shown in Fig. 3(a). The Bragg reflector can be imple-
mented in waveguide, fiber, or in traditional thin-film
technology. The dispersion of the Bragg reflector, shown
in Fig. 3(b), exhibits a photonic bandgap near the Bragg
frequency wy=c/nA having half-width

2 nyg-—ny,
Swp = wy— sin™? . (36)
o ny+ny,

The group velocity in the vicinity of the photonic bandgap
is reduced as

71w — o
Ng~ /. (37)
V(o= wg)? - Swg?

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

2

n
Bz = sign(wg — w)— ,
c [(w _ w0)2 _ 5wB2]3/2

5(1)B

(38)

which renders the simple Bragg reflector an inefficient
delay line.

B. Coupled Resonator Structures

One should note, however, that the sign of 3, is different
below and above Bragg resonance, just as in the case of
atomic resonance [Eq. (4)]. Thus if one combines two re-
flectors with different Bragg frequencies wg; and wgy one
can cancel By in the vicinity of wg=(wg;+ wg9)/2. The can-
cellation can be achieved by cascading two gratings' or
by using two gratings superimposed onto each other in a
Moiré pat‘cern.12 The latter is of course equivalent to pe-
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riodic modulation of the reflectivity, i.e., essentially
equivalent to a periodic array of coupled Fabry—Perot
cavities, as shown Fig. 4(a). Clearly one can use different
types of resonators to achieve the same effect of reducing
group velocity and simultaneously cancelling B35, such as,
for instance, the coupled microdisk or microring
resonators'® shown in Fig. 4(b) or the coupled defect
modes in photonic crystals®'° shown in Fig. 4(c).

Although implementation methods are different all the
coupled resonator structures (CRSs) can be described
identically by introducing the transmission coefficient be-
tween neighboring resonators ¢ and the free spectral
range related to the period d of the CRS as

WFSR = meldn. (39)

In general the resonant frequencies and free spectral
range of the resonator depend not simply on the period d

;
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Fig. 4. Various coupled-resonator-based slow-light structures:
(a) coupled Fabry—Perot cavities (Moiré pattern), (b) microring
lines, (c) defect-mode waveguide in photonic crystal, (d) charac-
teristic dispersion of CRS.
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but on the total phase change associated with propagat-
ing through the Bragg reflector. Similarly for ring resona-
tors there will be a factor of 7 in the denominator of Eq.
(39). The effective index 7 is chosen to adjust for this dis-
crepancy and make (39) correct. Typically 7 is of the same
order of magnitude as the average index of refraction and
asymptotically approaches it for weak mirror reflectivity.
The dispersion of CRS® is written as

w
sin m—— =¢ cos Bd, (40)
WFSR

where ¢ is the mirror transmission plotted in Fig. 4(d).
There is a strong similarity between Fig. 4(d) and the dis-
persion curve for EIT (Fig. 2). In both cases the dispersion
curve is “flattened” by being squeezed between two forbid-
den gaps. But unlike the EIT dispersion curve, the CRS
dispersion curve is periodic in nature.

Introduce the order of the resonator,

(1)0 dr_l
- (41)
WEFSR }\0/2
and obtain
2n w
B=—cos7!| t Tl sinma— |. (42)
)\Om (O

Note that the half-width of the transmission band is

®o
Q.= —sin't, (43)
mi

and for small transmittance we can write
a)ot t
Oy~ Qp=—""=owpsp—- (44)
mm T

We can now find the group index as

B w
ng=c—=ﬁt'1=ﬁ .
Jw ma€y o

(45)

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

#B amia®l-t? wp 46)
=== ~n . 46
bs I cw? mﬂ'cQt’O?’

C. “Strength” of the Coupled Resonator Structure

It is important to note that the length of the period and
the transmittance are related. Indeed if we assume, in the
simplest case, that the period of the structure consists of
one half-wavelength cavity and a reflector with 2(m-1)
quarter-wavelength layers, the reflectivity of such a re-

flector is
nyg 2(m-1)
— -1
ny,

and the transmission is

(47)
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t=(1-r3)"= : 48
(== (48)
— +1
ny
Solving Eq. (48) we obtain
1+(1-3)"?
n—————~
t
m=l+—. (49)
In(ny/ny,)

Thus for the case of small transmission (large group in-
dex) this expression can be simplified by use of Eq. (45) as
2n
In —*
n

m = . (50)
ny

In —
ny,

Note that although expression (50) has been obtained
explicitly for the Fabry—Perot-type cavities, similar de-
pendence can be obtained for the photonic crystal (PC)
resonators or microrings—in all cases the confinement
length depends strongly on the index contrast available in
the material system. For example, an index contrast of
1.5 and n,/n =100 yields m =~ 20, meaning a ring radius of
~5 um at 1.5-um wavelength, which is of the right order
to avoid excessive bending losses.

Substituting Eq. (50) back into Eq. (45) we obtain the
following relation between the group index and the trans-
parency band:

n Q
3 (51)
n WQt,O
where
n
[ON) ln(—H>
ny
Qeps=—"7—" (52)
2ng,
mln —
n

represents the strength of the CRS’s light-slowing action
in units of angular frequency, and for the third-order dis-
persion we obtain

Qcrs

= 3 .
Qg0

3 (53)

For large group indices one should take into account that
the effective index itself is a function of n, and obtain

nu
[O5) ln I
ny

Qepg=—"""——"", (54)
g
2n,In —
nav
mln
naV

where n,, is the average refractive index, which is only
slightly different from Eq. (52).
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Table 2. Performance Characteristics of Various
CRS Slow-Light Optical Buffers

Structure FBG Si0y—Air Si—Air  “Ideal PC”

ny/ny, 1.001-1.004 1.5 2.2 2.2
Qcps (57 3x100-3x 101 1-3x10 2-6x10 2-6x10'3

tOR8 (&)  1076-107° 1.5x107° 3x1071°  3x107°
Fcrs 3x10° 3x 104 10* 10°
Ngtlfnslax 1600 250 160 700
B nax cap 0.7 G* 180 G 450 G 220 G
Performance with storage capacity of 10 bits
B(RS max 18 G 9T 18T 18T
B(Rs min 10 M 7G 30 G 3G
1 ma 103 200 95 775
Lcgs (em) 33 0.14 0.06 0.1
Performance with storage capacity of 50 bits
BRS.max 8 G 12T 2T 2T
B(Rs,min 50 M 35G 150 G 20 G
g max 75 25 12 75
Legs (em) 220 1 0.5 0.7
Performance with storage capacity of 200 bits
BRS.max 4G 600 G 1T 1T
B(RS,min 200 M 150 G 700 G 75 G
1 max 14 6 2.5 13
Lcgs (em) 1320 5 2 4

@Units M, G, T stand for mega-, giga-, terabits/second.

Let us now compare expressions (51) and (53) with the
equivalent expressions for the EIT medium, Eq. (16) and
Eq. (19), respectively. First of all, we can see that the fre-
quency Qcgg plays the role of plasma frequency and the
index contrast plays the role of oscillator strength—the
higher the index contrast, the larger the group index that
can be achieved. Note that although Eq. (52) is transcen-
dental the dependence of Qg on the group index when
ng>n is much weaker than its dependence on index
contrast—so for order-of-magnitude estimates (crg can
be taken as constant.

D. Coupled Resonator Structure Performance
Parameters

Let us make such a series of simple estimates. Consider
first a fiber-grating type of resonator where the index con-
trast is of 1073 or less,? (although there has been work
with hydrogenated®® and (or) strained®' Ge silicate fibers
in which index contrast of up to 1072 has been obtained).
Then for 10<n,/n< 10* and wavelength of 1550 nm we
obtain 3 X101% s71<Qppg<3x 101 s71. Next let us con-
sider a delay line made in two-dimensional SiO,-based
photonic crystal (PC)*? where one can obtain effective in-
dex contrast of ~30-40%, rendering 1Xx 1013 s 1<Qgg
<3x10'3 gL, Finally for Si®1%%33% or III-V3® semicon-
ductor PC waveguide or microring array one can attain
effective index contrast of =2.0—2.2 (considering that the
low-index regions are made from either SiOy or from the
combination of semiconductor and air holes). Thus we ob-
tain 2X 1018 s 1<Qops<6x101 571, These data are
summarized in Table 2.
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Thus in principle in a CRS one can attain Qcgg that is
larger than (), in an EIT medium. Furthermore, in the
CRS the group index is inversely proportional to the pass-
band Q [relation (51)] while in the EIT medium the group
index is inversely proportional to Q2 [Eq. (16)]. Therefore,
it is reasonable to expect the EIT medium to outperform
the CRS for narrow-bandwidth signals, while the relation
is reversed for high-bandwidth signals. To quantify this
we will use Eq. (20) to obtain the expression for the stor-
age capacity:

Y’ Y w2 Q0 n,”

Bzcﬁgngzﬁmzﬁl—tzz e
(55)

Nst = Btd,max =

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

QtO — ,y—3/2NSt1/2(1 _ ﬁQ/ng2) 1/2B ~ 5'4Nst1/2(1 _ r—LZ/ngZ) 1/2B .
(56)

As a next step, substituting relation (56) into Eq. (45) we
obtain

B x
ng = ﬁ$(1 — 7i%in, V2
1
X , (57)
n n
In— + 1nl7g(1 1= ﬁ%;)]
ni, n
where
n
(O} ln _H)
/2 L ~1/2
BCRS,maX(Nst) = ‘}/3 Nst (58)

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

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

nBL

Ny=— (59)
ct

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

obtain
N2 <2ﬁL>21 - (L)21 -
= — —t Tt=| — _t -
7 = \rom ( ) 7 ( )

=N,

res

*(1-n%n2, (60)

where N, is the total number of microresonators. Thus
for a reasonably large group index we can write

Jacob B. Khurgin

Nres = 5Nst3/2’ (6 1)

which is a very important result. Intuitively, one might
conclude that to store each bit of information at least one
microresonator is required, but rigorous derivation shows
that the number required is far larger because of the
third-order dispersion.

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

n n —
L=Lp(Ng)|In = 11’1|:Tg(1 +41- ﬁz/ngz)‘|
n

n
X(1-n%n)", (62)
where
cNy, No N, \%?
LpNy)=——= (—S . (83
NBCRSmax . MH\ Y
2nln —
ny,

Since Lp does not depend on the bit rate, the dependence
on the bit rate is rather weak until the transmission be-
comes rather high. Now, note that

CNSt/ng
- CNSt/ﬁ

L B

L D B CRS,max

n
=—. (64)
Ng

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

L L B 2 11/2 ny
—=|1-—— In—+1In|1
Ly Ly BCRs,max ni,

L B 2 L B
1= ———— |- . (65)
LD BCRS,max LD BCRS,max

Comparing Eq. (65) with Eq. (27) we can see a rather
dramatic difference in the bit rate dependence: while the
required length of an EIT buffer increases linearly with
the bit rate, the length of the CRS buffer is almost bit-
rate independent. The dependences on storage capacities
are also different: quadratic in the EIT medium and
power of 3/2 in the CRS buffer. Thus based on dispersion
limitations the CRS buffer is expected to outperform
greatly the EIT buffer at large bit rates and storage ca-
pacities.

Now, although as we stressed before, the main purpose
of this paper is to establish the limitations on bit rates
and storage capacity of optical buffers imposed by disper-
sion, it will still be interesting to see how these limita-
tions combine with the limitations imposed by the loss in
defining the operational region of the buffer. We have al-
ready performed these estimates for the EIT buffer [Eq.
(30)]; now we can similarly define the maximum delay
time for the CRS imposed by the waveguide loss per unit
length a, which can be due to the combination of scatter-
ing and absorption losses,

¢ CBS = 1n 2(ac/n) ™. (66)

scat,max

Note that any decrease of group velocity is accompanied

by the increase in loss, thus ¢, maXCRS stays constant.
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There is one significant difference, however, between
the limitations for EIT [Eq. (12)] and CRS [Eq. (66)] buff-
ers. In the EIT medium maximum delay time is deter-
mined by the fundamental physical parameter, coheren-
cetime, while in the CRS the maximum delay time is
defined mostly by the waveguide loss, which may be sig-
nificantly reduced, if not eliminated, by the progress in
fabrication and processing techniques that is currently
taking place. At the present time photosensitive fiber has
the lowest losses, of the order of a few dB/km,?® while the
best SiOg—air waveguides have losses of the order of
0.15 dB/cm,® giving maximum delay times of the order of
1500 ps, while for Si on SiO, the loss is of the order of
1 dB/cm, giving a maximum delay time of the order of
300 ps®™®%; but one should expect significant improve-
ment in the future. For this reason, we also include in
Table 2 what we call here an “ideal” PC, with high index
contrast and losses of 0.1 dB/cm.

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

Bogs minNet) = Nettgeat max - 67)

scat,max

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

Fcrs
ng,max’(Nst) = ’VS/ZW ’ (68)
st
where the finesse of the CRS line is defined as
Fors = Qcrstscamas - (69)

We can also define the maximum storage capacity of the
CRS line as the number of bits stored when the
dispersion-limited maximum bandwidth [Eq. (58)] be-
comes equal to the loss-limited minimum bandwidth [Eq.
(67)] of

Nst,maxCRS = ')/FCRSZ/S' (70)

Comparing relation (70) with Eq. (60) immediately shows
that the finesse of the CRS is simply the effective number
of resonators.

4. RESULTS AND DISCUSSION

We are now ready to conclude the comparison of different
buffers by performing numerical solution of Egs. (26) for
five EIT buffers from Table 1 and of Eq. (65) for four CRS
buffers from Table 2. Figures 5-7 correspond to storage
capacities of 10, 50, and 200 bits, respectively. Each curve
shows the required length of the delay line as a function
of bit rate. For comparison we also show the straight line
representing the required length of a simple fiber delay
line, Lg,=cini 'NyB~1. Each curve has its useful frequency
range between B, and B,,,, emphasized by a bold sec-
tion. For rates above B, the velocity reduction relative
to the simple fiber delay line becomes insignificant (less
than twofold)—this is a fundamental limitation due to
dispersion. Below B,;, the loss becomes a major factor—
this is still a fundamental limitation for the EIT medium
as it is determined by the dephasing time. For the CRS
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delay line the loss limitation is not fundamental as it is
caused only by fabrication issues—one can expect that the
useful bandwidth will be expanded downward as fabrica-
tion technology progresses.

Looking at the figures one can see that the bit-rate de-
pendences are strikingly different for EIT medium and
CRS. For EIT the required length of the medium actually
increases with the bit rate until the group-index enhance-
ment becomes small, while the required length of CRS
slowly decreases with bit rate. This is the expected conse-
quence of different detuning dependences of the group in-
dices in the two types of buffer. Clearly, at low bit rates
and low storage capacities EIT media outperform the CRS
buffers by a wide margin, but at higher bit rates and
higher capacities the dispersion essentially eliminates the
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EIT capacity to slow the light, as a larger and larger
transmission band is required.

For the relatively low storage capacity of 10 bits (Fig. 5)
one can see that of three metal-vapor EIT media only the
Pb vapor appears to be practical, i.e., capable of storing
10 bits in a length less than 1 cm for bit rates in the
0.2—-20 gigabits/s range. Although originally suggested
by Harris et al.'® the EIT in this medium was achieved at
much weaker atomic density, and only one bit was
stored.'® At the same time, of the other media in which
EIT has been demonstrated, Rb and Sr vapors seem to be
unable to store even 10 bits of information in a short
length without incurring undue loss. The solid medium
PrYSO, because of its low loss, is capable of storing
10 bits but only at low bit rates. Once the bit rate exceeds
10 megabits/s the required buffer length exceeds a few
centimeters, i.e., becomes impractical (unless one can em-
bed Pr ions into the fiber while keeping long dephasing
times). The proposed QD EIT medium shows promise in
the range around 10 gigabits/s but only under the as-
sumption of long (hundreds of picoseconds) coherence
times. With more realistic coherence times of the order of
less than a picosecond the QD medium also becomes im-
practical.

For the CRS buffer the situation is different; the low-
index-contrast-fiber-Bragg-grating (FBG)-coupled resona-
tor line offers good performance for bit rates of up to
20 gigabits/s in a few tens of centimeters’ length. Al-
though currently the FBG length rarely exceeds a few
centimeters, hopefully one day a meter-long grating may
become feasible. The coupled resonators made in SiO,
and Si  offer good  performance in  the
10 gigabits/s—10 terabits/s range with group-velocity re-
duction by up to two orders of magnitude.

As one moves to a more useful storage capacity of
50 bits (Fig. 6) one can see that only PrYSO maintains
some degree of practicality, as it appears to be able to slow
light by a significant factor at low bit rates of up to
1 megabit/s all in a length of a few centimeters. For the
Pb vapor the minimum required length is more than
10 cm, which renders it impractical. The QDs, because of
a combination of loss and dispersion, appear not to be able
to store all that many bits (in accordance with Table 1).

Among the CRS buffers the FBG line is still able to
function in a wide range of bit rates, from
0.1 to 10 gigabits/s with a slowing factor of nearly 200 at
the low end of this range. The silica structures have a use-
ful bandwidth range between 200 gigabits/s and
1 terabit/s and a maximum group-index enhancement of
~20. The highest index-contrast-semiconductor struc-
tures have their range limited to a few tens of terabits/s
and maximum index enhancement of the order of 10. At
the same time, if the loss in Si CRSs can be reduced to
less than 0.1 dB/cm (“ideal structure”) the useful bit-rate
region (shown in a section of dashed line) expands to
cover two octaves (from 20 to 2,000 gigabits/s), and the
maximum group-index enhancement at 20 gigabits/s ap-
proaches 75.

Finally, expanding the storage capacity to 200 bits (Fig.
7) renders all the EIT buffers ineffective beyond
1 megabit/s; the only medium unimpeded by absorption,
PrYSO, would need to be meters long. The FBG structure
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also loses its effectiveness since only a fewfold reduction
in group velocity can now be attained, and the required
length of the grating approaches a few meters. Of all the
high-index-contrast structures only the “ideal PC” made
of high-index semiconductor with air bridge and low
(0.1 dB/cm) losses potentially offers sufficient (tenfold)
group-velocity reduction in the range of a few hundred
gigabits/s.

5. CONCLUSIONS

In this work we have performed rigorous comparative
analyses of two types of slow-light media that are cur-
rently being considered for use in optical delay lines: EIT
media and CRSs. We have pointed out the similarities
and differences between these two approaches. These
similarities and differences are conveniently summarized
in Table 3. Let us reiterate them.

In both EIT and CRS media the slowing action takes
place as a result of strong resonant interaction between
either electromagnetic field and polarizable medium
(EIT) or between two or more electromagnetic waves
(CRS). The strength of interaction determines both the
degree to which the group velocity can be reduced (group
index) and the maximum bit rate at which the group-
velocity reduction can be achieved. In the case of EIT the
interaction strength is determined by plasma frequency,
i.e., the combination of density of active atoms and their
oscillator strength, while in CRSs the strength is deter-
mined primarily by the index contrast. The EIT interac-
tion strength in units of angular frequency spans the
range of 101° s~! in rare-earth-doped materials to 1012 =1
in prospective QD buffers. The CRS interaction strength
ranges from 101° 51 in resonators comprised of FBGs to
5x 10! g1 in high-index-semiconductor structures. The
stronger interaction in CRSs relative to EIT indicates
that higher bit rates are attainable in them.

In both EIT and CRSs one can introduce a figure of
merit, finesse, that determines their maximum storage
capacity. Finesse can be loosely interpreted as a number
of interactions that occur within a characteristic decay
time. In the case of EIT that time is the decoherence time
of the forbidden transition G — B, while in CRSs it is the
scattering—absorption time. Typically the “weaker” opti-
cal delay media, such as PrYSO or FBG-based resonators,
have higher finesses and storage capacities, but they can
be realized at lower bit rates. It is hoped that progress in
fabrication of high-index photonic structures will extend
the storage capacity of CRSs.

The main difference between EIT media and CRSs lies
in the relations between the group index n,, third-order
dispersion B3, and transparency bandwidth 2Q. The
stronger (02 versus Q1) dependence of the EIT group in-
dex shows that spectacular index reduction can be
achieved at low bit rates in the EIT medium, as supported
by numerous experirnents.l&18 But EIT media also have
stronger third-order-dispersion dependence on transmis-
sion bandwidth. As a result their ability to slow light falls
drastically with an increase in bit rate. In fact the re-
quired length of the EIT delay line increases with an in-
crease in bit rate, while the length of CRS delay line de-
creases. Herein lie inherent advantages of CRS optical
buffers.



Jacob B. Khurgin

Vol. 22, No. 5/May 2005/dJ. Opt. Soc. Am. B 1073

Table 3. Comparison of EIT and CRS Slow-Light Optical Buffers

Parameter EIT CRS
Strength of Ne?f 12 n
resonant Q,= ( Ac ) ;10101012 571 wp ln(—H>
interaction 4n*moeo L
Qerg=——; 101°-5 x 103 571
g
7ln—
n
Finesse

Maximum storage
capacity

Frpr=1/2Q,T5; 102107

Y
N max = @F%‘; 1-10*

Transparency 20
bandwidth
Group index (EIT) Q2
P
=14+—
n 0?
Third-order 6027c-!
. . P
dispersion BED = o
Maximum /2

effective bit rate
for given storage
capacity

Minimum length 6c N%B
of buffer for given Lgn(Ny,B) = ——
storage capacity Y O
and bit rate

BEIT,max(Nst) = @‘QpNs

Fors=Qcpsiic al; 1013 x 10°

RS /3
N§ =~ Y crs

st,max

; 160—-1600

(Uot
20 0= 2m_'n'

g
— =~ Qcry/m Oy
n

Qcrs

(CRS)
B3 - 3
ey

BCRS,max(Nst) = f/ZQCRSN;tUZ

Y

Lp(Ny)=—7——=-—"—
nBcrsmax  {dcrs

cNg c (Nst)y2

Let us now take a final look at the results developed in
this work and try to answer two simple questions: Is there
a place for slow-light optical buffers in optical
communication—processing, and what type of medium
best fits the requirements?

For the EIT-type buffers notwithstanding their main
advantage (ability to vary delay continuously), the an-
swer is unequivocally negative. One may achieve spec-
tacular slowing at kilobit/second rates, but for bit rates in
excess of 1 megabit/s and storage capacities of more than
a dozen bits, all EIT buffers appear to be ineffective be-
cause of their high dispersion. Even if the coherence time
is increased, by use for instance of spin coherence,* the
dispersion still will not allow high-bit-rate applications.
This forlorn conclusion is based entirely on dispersion
considerations, before all the practical difficulties (re-
quirements for strong pump laser and inconvenient wave-
length) are taken into account. That, of course, does not
negate the fact that EIT-induced slow light has many sci-
entific applications where delaying—stopping a single bit
of information at any bit rate may prove valuable, such as
for example in quantum optics.

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

that are up to a meter long one can store up to 100 bits of
information in it—a task that would require an unstruc-
tured fiber of 50 m. The second niche is in future high-
speed systems operating at hundreds of gigabits/s. For
this niche structures with high index contrast and low
losses need to be developed from Si and other semiconduc-
tors with air bridge technology. Then small delay ele-
ments can be formed capable of storing hundreds of bits of
information in a less-than-1-cm path length. Note that at
present, fabrication technology is about two orders of
magnitude away from achieving such losses, but rapid
progress is being made. An alternative to loss reduction
could be using a semiconductor medium with optical gain
that could be traditional or Raman-pumped. But even
with these future structures the group index cannot be
expected to exceed a factor of more than 10-50 or so un-
less some means to mitigate the dispersion is employed.
Such means may include combining coupled resonator
lines having positive B3 with all-pass filters having nega-
tive Bs, as recently proposed,’’ or other still unexplored
methods, such as making CRSs from EIT media. In addi-
tion, to attain practicality, the need to control the delay by
use of nonlinear optical or electro-optical means should be
addressed. Recent results*! are encouraging.

In conclusion, we have investigated how third-order
dispersion severely limits the performance of various
types of slow-light optical buffers at high bit rates and
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shown that high-index-contrast CRSs hold an advantage
over EIT-type media.
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