
amplifier, on the rising edge of the clock signal. This improves
the reliability of operation and latching speed.

Mcki

Fig. 2 Improved Idomino gate

The latched domino (Idomino) technique proposed here is
capable of generating both an inverting and noninverting
domino output signal from a gate of arbitrary complexity.
However, this technique can only be applied to the first stage
of logic in a series of domino gates, if the glitch-free property
of domino logic is to be preserved. Ldomino gates can there-
fore drive domino gates, but cannot be driven directly by
domino gates, since glitch-free operation requires that the
inputs to the gate should stabilise during the precharge clock
phase. This limitation is not as serious as it sounds, since any
logic function can be performed in two stages (cf. a PLA). The
fact that inverting gates are possible in the first stage of
domino logic offers a significant improvement in logic flex-
ibility over standard domino. The other significant advantage
of the Idomino technique over standard domino, is the sub-
stantial reduction in wiring overhead. This is the result of the
fact that the Idomino technique is capable of generating a
logic function, as well as its complement, without requiring
that input signals be complemented, which in the worst case
can double the area required by the interconnect. This area
advantage is equally significant when compared to DCVSL,2

which requires fully differential inputs as well as outputs.
Ldomino uses single-ended inputs to the logic block and uses
inverted variables only where actually required by the logic
function implemented.

Since the ldomino technique belongs to the domino family,
it retains the speed advantage of domino logic. Ldomino cir-
cuits are fully compatible with, and can be combined with,
standard domino and DCVSL in the same circuit, in order to
make optimal use of all three alternatives.

The circuit illustrated in Fig. 1 was implemented in a 5 (im
silicon gate CMOS process. Measurements on the gates indi-
cated a typical delay from the input to both the inverting and
noninverting outputs of the gate to be approximately the
same—18-5 ns ± 15%. Since the ldomino gate is basically
equivalent to two interconnected domino gates (see Fig. 1), its
speed and power performance are similar to standard domino
gates. In a typical application, such as the design of a 4 bit
CMOS ALU, use of the ldomino in the first stage of the logic
gates resulted in a 25% saving in layout area, as compared to
implementation using standard domino only.

A new technique to enhance the flexibility of domino
CMOS circuits has been presented. The ldomino technique
can be combined with standard domino or DCVSL gates to
implement logic functions, and results in a reduction in area
while maintaining domino CMOS circuit speeds. The tech-
nique can also be applied to implement CMOS standard
cells.3
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INFLUENCE OF AMPLITUDE-PHASE
COUPLING ON THE INJECTION LOCKING
BANDWIDTH OF A SEMICONDUCTOR
LASER

Indexing terms: Lasers and laser applications, Semiconductor
lasers

The strong amplitude-phase coupling in a semiconductor
laser is well known to induce an enhancement linewidth
factor (1 + a2). It is shown that it also produces an enhance-
ment of the injection locking bandwidth proportional to
(1 + oc2)1/2. The connection with the usual locking bandwidth
derived from Adler's equation is pointed out by considering
the carrier dependence of the injected cavity resonance fre-
quency.

Coherent and high-rate lightwave communication systems
need stable single-frequency laser sources. Distributed feed-
back, cleaved-coupled cavity, external feedback and injection
locking have been investigated with the aim of achieving
stable single-frequency operation of the semiconductor laser.
Injection locking of a semiconductor laser has been largely
considered previously;1"5 the usual approach is to consider a
wave equation such as the Van der Pol equation with suitable
modification to account for optical injection. These studies
lead to the well known Adler equation2 and subsequent clas-
sical half-locking bandwidth. However, except for optical feed-
back, i.e. self-injection locking,6-7 most of these studies do not
include the effect of the carrier-induced refractive index change
due to the strong amplitude-phase coupling affecting the semi-
conductor laser. Our purpose in this letter is to derive a gener-
alised locking bandwidth, taking into account this particular
important property of the semiconductor laser and to discuss
in this case the meaning of the previously derived half-locking
bandwidth formula.

Our model consists of the plane-wave and slowly varying
envelope approximation of the cavity field:

E(z, t) = Re [£0(t) exp (jcoot - kmz)] (1)

where co0 is the laser frequency and km the wave number of the
mth mode, fixed by the cavity boundary conditions. The
optical injection effect of a field with complex amplitude Eio in
a cavity of length L is included by the complex modal index
change1

2L En
(2)

With the above-mentioned assumptions, the use of eqn. 1 in
the wave equation leads to the differential equation given in
Reference 6:

c E-
TT ~ j(o)0 - (omo) EoEo

(3)
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where G is the optical gain, TP is the photon lifetime, a is the
ratio between the carrier-induced change in the refractive
modal index n and the modal gain,9 n is the group index, and

(4)

is the mth resonance frequency of the unperturbed optical
cavity. Although most of the following results can be directly
derived from eqn. 3, it is more convenient to convert eqn. 3
into generalised rate equations10 for the total photon number
P and the phase <f> of the lasing field. Using £ 0 = [^/(P) x
exp (/</>)], one obtains

value of which can be derived from eqn. 5 in the steady-state
case:4

(9)

Inserting comi from eqn. 9 into eqn. 6 in the steady-state case,
one obtains

c /PA 1 ' 2

' — sin 9 = 02Lng \ P
(10)

leading to the well known half-locking bandwidth centred on

ct

8(p
1/2

(6)

where P, is the number of injected photons in the cavity and
9 = (j>i — <p is the phase difference between the laser and the
injected field.

By eliminating 9 between eqns. 5 and 6 it is easy to show
that a steady-state solution exists only for co0 within the
modal half-locking bandwidth, defined as

\comn — 2Lnn
(7)

It is to be noted that this locking bandwidth is
(1 + (x2yl2{c/Lng)xP times larger than those previously derived,
without taking into account the amplitude-to-phase coupling
and cavity dispersion. A similar relation has been used very
recently for interpreting the observed frequency shift of a laser
with optical feedback operation.11 Fig. 1 shows the half-

300p

Fig. 1 Modal half-locking bandwidth against optical injection rate
(PJP)for various values of cavity length L of a GaAlAs semiconductor
laser

ng = 4-3 and a = 5-4

locking bandwidth given by eqn. 7 against injection ratio PJP
for various cavity lengths for a GaAlAs semiconductor laser
with ng = 4-3 and a = 5-4.

It will now be shown that the usual relation giving the
modal half-locking bandwidth, modified to account for disper-
sion, remains valid but refers to the perturbed cavity reson-
ance frequency.

The carrier-induced change in the refractive index produces
a change comi — amo, which can be approximated by differen-
tiation of eqn. 4:

(8)

where An is the index change induced by injection, which can
be expressed as a function of a and also of [G — (l/x>)], the

ni 0 tmax

PA1 / 2

(11)

Fig. 2 shows the relationship between the normalised angular
lasing frequency d>0 = a)0(2Ln9/cXP/P,)1/2 and 6 as expressed

Fig. 2 Normalised angular lasing frequency a)0 = o»0(2Ln9/cX/)//>,)1/2

and normalised resonance frequency (bmi of the perturbed cavity as a
function of injection phase mismatch 9

b a>mi — (bmo

by eqns. 9 and 10, and modal7 half-locking bandwidth as
expressed by eqns. 7 and 11. It is to be noted that eqn. 11 is
obtained for 9 = ±f, and that eqn. 7 is obtained for
tan 6 + (I/a) = 0, i.e. 9 = tan"J ( - I / a ) + /if, where n is an
integer. It is clear from this Figure that the mode-locking
ceases for these last values of 9 and that, as observed by
Goldberg et al.,5 the locking bandwidth is no longer sym-
metrical with respect to wmo, which is the unlocked lasing
frequency.

In conclusion, we have investigated the effect of the carrier-
induced index change on the modal half-locking bandwidth of
an optical injected laser. We have shown a bandwidth
enhancement factor of (1 + a2)1/2cxp/L«g with respect to the
usual relation derived from Adler's equation. The latter
remains valid, but only when referring to the locking band-
width calculated from the optically injected cavity resonance
frequency. Both explain completely the locking bandwidth
asymmetry previously observed.

We gratefully acknowledge Dr. F. Favre for pointing out
the importance of dispersion effects.
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678 Mbaud OPTICAL TRANSMISSION
EXPERIMENT THROUGH 37 km OF PCVD
GRADED-INDEX FIBRE

Indexing terms: Optical fibres, Optical transmission

A 5B6B line-coded 565 Mbit/s system designed for single-
mode transmission at 1-3 fim wavelength was successfully
operated through 37 km of state-of-the-art graded-index
fibre (50/125 urn) made by PCVD process. With mean band-
width values in excess of 1-5 GHz for the individual
2-18 km-long cable sections and a low concatenation factor
(y ~ 0-54), an overall fibre bandwidth of 400 MHz was
achieved. The measured receiver sensitivity was —32-5 dBm
for a 10~10 BER, showing a penalty of < 3 dB compared to
single-mode transmission.

Up to now the use of graded-index (GI) fibres for long-
distance transmission systems (> 20-25 km) has been
restricted to transmission speeds up to 140 Mbit/s due to the
finite bandwidth-length product of standard fibres from
normal production lines. Several of such 140 Mbit/s Gl-fibre
systems have been installed in West Germany between
Hamburg and Hanover with a nominal repeater spacing of
18 km in 1984 (BIGFERN). More systems will go into oper-
ation in 1985.

Measurements on the installed BIGFERN cables, contain-
ing Philips PCVD fibres showed very good bandwidth and
attenuation performance, confirming the high quality of GI
fibres produced by the PCVD process.1'2 These results indi-
cated the possibility to increase either bit rate or repeater
section lengths for future Gl-fibre systems. In this letter a
laboratory transmission experiment at 1-3 fim wavelength
with a transmission speed of 678 Mbaud over a distance of
3706 km is described.

The 2-18 km-long optical cable used in this experiment con-
tained 60 GI fibres (50/125 fan; NA = 0-20) and was taken
from normal production. The cable consists of six basic fibre
bundles stranded around a central FRP strength member,
each bundle comprising ten primary coated fibres in a loose
tube. Fig. 1 shows a histogram of the measured attenuation
and bandwidth distribution of the individual fibres. 21 of these
fibres were welded together by conventional arc-fusion splic-
ing apparatus without power-monitoring to form six groups
with section lengths of 218, 4-36, 8-72 and 17-44 km, respec-
tively.

The individual groups were terminated with ferruled pig-
tails, giving the possibility to form concatenated fibre lengths

up to 45-8 km in 218 km steps by means of standard fibre
connectors (F&G 2000 series). The mean splice loss including
connectors was 016 dB/connection.
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Fig. 1 Transmission characteristics of the 60 individual fibres

a Bandwidth distribution relative to 2-18 km
b Attenuation per kilometre

The bandwidths of the individual groups and of several
concatenated fibre sections were measured at 1-3 /im by two
different test methods, i.e. pulse spreading and swept-
frequency technique. 3 dB bandwidths calculated by FFT
from the time-domain measurements generally were approx-
imately 10% lower than those obtained from the frequency-
domain measurements. This is mainly due to chromatic
dispersion effects caused by the larger spectral width of the
pulse-modulated laser diode used in the time-domain mea-
surement. {AXFWHM = 8 nm compared to AXFWIiM ^ 3 n m ) -
Nevertheless, both test methods showed Gaussian transfer
functions for lengths in excess of 8 km and frequencies up to
1 GHz.

As an example, Fig. 2 shows the frequency characteristic of

Fig. 2 Measured frequency response for a 3706 km-long Gl-fibre
section, showing a —3 dB frequency of 400 MHz

Horizontal scale: 50 MHz/div; vertical scale: 1 dB/div (optical)

a 3706 km-long transmission line. The influence of noise
effects on measurement accuracy was extensively reduced by
multiple averaging, resulting in a smooth and noise-free curve.
The measured bandwidth and attenuation values of several
concatenated fibre sections of different lengths are listed in
Table 1.

Table 1 BANDWIDTH AND
ATTENUATION VALUES
FOR CONCATENATED
GI-FIBRE LINKS OF
DIFFERENT LENGTHS

No.

1
2
3
4
5

L, km

8-72
19-62
2616
30-52
3706

BW, MHz

920
640
495
460
400

a, dB

5-3
13-2
14-5
19-5
23-7

Bandwith values corrected for chromatic
dispersion effects

The measurements yielded a concatenation factor of
y = 0-54, indicating the high degree of mode mixing present in
long lengths of spliced PCVD fibres.3

System experiments were carried out with a 5B6B coded
565 Mbit/s system designed for single-mode transmission at
1-3 [im wavelength. Owing to line coding the resulting line
transmission speed is 678 Mbaud. The system is described
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