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The relative importance of group-velocity dispersion and loss-induced distortion in limiting the performance
of optical delay lines based on coupled resonator structures is investigated. It is shown that for the current
state of the quality of fabrication both factors play roughly comparable roles for bit rates of 2.5–40 Gbits/s
and that as the storage capacity grows, the relative weight of loss-imposed limitation increases. © 2006 Op-
tical Society of America
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Recent years have seen rapid progress in under-
standing and development of linear and nonlinear
optical devices characterized by light propagation
with low group velocity.1 These so-called slow light
(SL) devices offer advantages of compactness and
tunability in a wide range of applications, for in-
stance, in optical communication as optical buffers,
in microwave photonics, as variable delay lines, and
in laser radar and gyroscopes.1 Assorted SL media,
ranging from low-pressure metal vapors2 to
semiconductor,3 Raman,4 or Brillouin5 amplifiers to
the various coupled resonator structures6,7 (CRSs),
are all characterized by the presence of sharp reso-
nance associated with the atomic transition, pump
light, or a photonic structure. These sharp reso-
nances predictably result in strong dispersion of ab-
sorption (or gain if the medium is amplifying) and
group velocity. For this reason the operating band-
width of SL devices is inherently limited,8–11 and
when it comes to wideband operation the CRS-based
SL delay lines are expected to outperform the
schemes based on atomic resonances, from the point
of view of both dispersion8–10 and power
dissipation.12,13 The critical distinction between CRS
and the atomic schemes can be traced to one simple
fact. In the atomic medium the loss/gain ratio is fun-
damentally closely coupled to the group-velocity dis-
persion (GVD), usually via Kramers–Kronig rela-
tions); thus large slow-down factors are unthinkable
without a corresponding increase in loss/gain. In the
CRS, on the other hand, the nature of loss is any-
thing but fundamental; being typically of a residual
absorptive or scattering nature, it can be manipu-
lated separately from the GVD. Therefore, hopefully,
progress in fabrication of low-loss CRS will eventu-
ally lead to high-performance delay lines.

The presence of loss in a CRS affects its perfor-
mance via three mechanisms. First, if the loss per in-
dividual ring approaches the coupling between the
resonators �, the dispersion characteristics of the
CRS become affected. Below I shall show that as it
turns out this mechanism is not important for delay

lines with reasonably large storage capacity requir-
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ing large �’s. Second, the absolute value of loss causes
deterioration of the signal. This loss can be effec-
tively compensated by the embedded gain, and, at
least as long as the signal-to-noise ratio is not de-
pleted by amplified spontaneous emission,13 the de-
lay capacity is then limited only by the higher-order
GVD. The third and more intractable effect is the fre-
quency dependence (dispersion) of loss that results in
suppression of higher-frequency components of the
signal, corresponding to broadening in the time do-
main and inter-symbol interference. Depending on
whether the GVD or loss dispersion or their combina-
tion is the limiting factor, the bandwidth dependence
of the SL delay line performance has different char-
acters. Therefore, to develop efficient CRS delay
lines, it is important to establish where (as a function
of the bandwidth) the boundary lies between the loss-
limited and GVD-limited regions. This is precisely
what the present work attempts and achieves.

As has been shown in numerous works, various
CRSs, based on, say photonic crystal cavities, ring
resonators, or Moire Bragg gratings,14 all have essen-
tially the same dispersion characteristics—hence we
can use an example of the more mature technology,
ring resonators that in addition have the advantage
of the relative ease with which the coupling coeffi-
cient can be manipulated. The results will hold for all
CRSs. Consider the CRS in Fig. 1(a), consisting of Nr
coupled rings of radius r and effective index n. Ac-
cording to Ref. 15 the dispersive relationship be-
tween the phase and frequency, shown in Fig. 1(b), is

sin���� = � cos��/Nr�, �1�

where �=�rn /c is the one-way delay in each ring.
The group delay, also shown in Fig. 1(b), can then be
estimated as

Td��� =
��

��
= Nr

�

�
+

1

2
Nr� �

�
�3

�1 − �2��� − �0�2 + ¯ ,

�2�
where �0=m�� is the resonance frequency.
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Consider now a return-to-zero signal of bit rate B
consisting of the Gaussian pulses with FWHM equal
to one half of the bit interval �Tsig
=B−1, P�t�=exp�−16 ln�2�B2t2�, whose spectrum, cen-
tered on �0, is also Gaussian with FWHM ��sig
=8 ln�2�B. The delay at the central frequency should
be adequate to store N bits, i.e.,

Nr��/��B = N, �3�

and the maximum differential time delay within the
FWHM should not exceed roughly one quarter of the
bit interval,

�Td��0 ± �1/2/2� = 8 ln2�2�Nr��/��3�1 − �2�B2 � B−1/4.

�4�

At the same time, the spectrum of the signal will be
distorted, since it takes different times for different
spectral components to propagate; i.e., the loss dis-
persion completely mimics the delay dispersion of
Fig. 1(b),

Pout��� = P���exp�− �
c

n
Td����

� exp�−
4 ln 2�� − �0�2

���sig�2

−
�c

2n
Nr� �

�
�3

�1 − �2��� − �0�2� . �5�

The temporal FWHM of the output pulse then be-
comes

�Tout
2 = �Tsig

2 �1 +
��sig

2

4 ln 2

�c

2n
Nr� �

�
�3

�1 − �2�� , �6�

and, limiting the temporal broadening to a factor of
1/2

Fig. 1. (a), Implementation of CRS delay line with ring
resonators. (b), Dispersion and group delay (in arbitrary
units) in the CRS of (a).
2 , we obtain
16 ln�2�
�c

2n
Nr� �

�
�3

�1 − �2�B2 � 1. �7�

The two independent GVD and loss distortion limita-
tions (4) and (7) can be combined into one general
condition as

32 ln2�2�Nr� �

�
�3

�1 − �2�B3�1 +
Bloss

2

B2 � 1, �8�

where we have introduced Bloss=�c /4n ln 2, the bit
rate at which the signal will experience 3 dB loss per
one quarter of the bit interval. Clearly, at bit rates
less than Bloss the loss distortion dominates, while at
higher rates GVD becomes the overriding factor.
Combining relations (6) and (8), we obtain the key
equation determining the number of resonators Nr
necessary to store N bits without distortion,

Nr�B,N� = 4�2 ln 2N3/2
�4 1 + Bloss

2 /B2

�1 + B2/Bmax
2

, �9�

where we have introduced Bmax
�N� =1/ �4�2 ln 2�N1/2�,

which can be understood as the maximum bit rate at
which the CRS offers any advantage over a straight
waveguide of length c /nB−1. The dependence, Eq. (9),
is plotted in Fig. 2 for two different values of N by us-
ing the example of coupled ring resonators from Ref.
7 with a ring radius of 6 	m ���0.22 ps� and a
0.05 dB combined (scattering and bending) round-
trip loss per ring ��R=2�c� /n�0.012� that yields
Bloss�9 Gbits/s. This value indicates that with
present day technology both GVD and loss distortion
play roughly equal roles for 10 Gbits/s signals, while
at 40 Gbits/s and higher rates GVD is expected to
dominate. Clearly the plot can be split into three dis-
tinct regions,

Fig. 2. Required number of resonators in the CRS delay
line versus bit rate. a, Storage capacity N=10 bits; b, Stor-

age capacity N=200 bits.
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In the first region the loss-induced distortion domi-
nates, and the required number of resonators is in-
versely proportional to the square root of the bit rate.
In the second region the required number of resona-
tors is determined by dispersion and remarkably
does not depend on the bit rate, as first shown in Ref.
8. Finally, at high bit rates the coupling coefficient �
(note that the slow-down factor �−1 in Fig. 2 is repre-
sented by the distance between the solid curve and
the dashed–dotted curve N /B�) becomes so close to
unity that the CRS delay line becomes essentially
equivalent to a straight waveguide. It should be
noted that the condition for the existence of the sec-
ond, GVD-limited, region is Bloss
Bmax, or �R

 �2/N�1/2; hence for the present structure the region
should exist for the delay lines with a few hundred
bits of storage capacity. As one can see, the flat region
is clearly present in Fig. 2(a) for N=10 bits but is far
less prominent in Fig. 2(b) for N=200 bits.

It is now important to return to the issue of the in-
fluence of ring loss on the dispersion characteristics
by imposing the condition that round-trip loss �R
should be much smaller than coupling coefficient �.
Solving relations (4) and (8) for B
Bloss, we obtain

� = 2�ln 2N�RB� = �R�B/Bmin, �11�

where Bmin=�c /4nN ln 2=Bloss /N; thus for reason-
ably large storage capacity the coupling coefficient
determined from the loss-induced distortion consider-
ations is always substantially larger than the loss
per ring, and one can neglect the influence of loss on
the dispersion itself. It should be noted that as �R ap-
proaches � the group-delay curve in Fig. 1(b) may ac-
tually flatten and even change the sign of curvature,
but with more than 4 dB loss its dispersion will ne-
gate the improvement.

If we now turn our attention to the magnitude of
the slow-down factor �−1 it is easy to observe from
Fig. 2 that for bit rates higher than 10 Gbits/s the
slow-down factor does not exceed 30 for N=10 stored
bits and is actually less than 10 for N=200 stored
bits. Unless the CRS delay line is made tunable, this
small slow-down factor might actually call into ques-
tion the worthiness of fabricating this elaborate
structure. According to Eq. (11) the only way to im-
prove the performance is to reduce the size of the
resonator ��� without incurring additional loss. With
ring resonators further reduction in radius may re-
sult in excessive bending loss, but with a photonic
crystal CRS16 one can realistically expect reduction of
� to less than 50 fs, and thus slow-down factors as
high as 100 can be attained.

Having seen the importance of loss-induced distor-
tion, one can conclude that the best way to compen-
sate for it would be by embedding the gain medium in
the rings themselves rather than using lumped am-
plifiers that only compensate for the insertion loss
but not the loss-induced distortion. This can be best
achieved, in my view, by using Raman
amplification,17 provided the ASE noise does not
cause signal deterioration as analyzed in Ref. 13.

In summary, I have considered the relative impor-
tance of group-velocity dispersion and loss-induced
distortion on the performance of a coupled resonator
structure slow-wave devices by using the most up to
date example of high-quality coupled ring resonators.
My conclusion is that for the bit rates of interest
�2.5–40 Gbits/s� both factors play important roles,
with the relative weight of loss-induced dispersion in-
creasing with the increase in storage capacity.

J. B. Khurgin’s e-mail address is jakek@jhu.edu.
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