
shows the behaviour expected for the linear6 BRAQWETS 
electro-optic effect 

4 SODA, H., FIJRUTSU, M., SAIO, K., OKAZAKI, N., YAMAZAKI, Y., NISHI- 
MOTO, H., and ISHIKAWA, H.: ‘High-power and high-speed semi- 
insulating BH structure monolithic electroabsorption 

P ‘J V )  oc 1 + cos [(?)($F)(E) + 9.1 

where the total thickness of undoped BRAQWETS regions 
w = 0.392pm, &, is the static phase difference between the 
two arms, and An,,/F is the refractive index change per 
applied field for the waveguide. We find an average 
(AnwG(F) = 109 x 10-”m/V. This value when scaled by 
rsQw, indicates that the refractive index change per applied 
field in the quantum well layers An&F is 1500 x lO-’’m/V, 
about ten percent higher than expected from direct measure- 
ments of AnQwJF in BRAQWETS6,t 

In the L = 700pm modulator, Fig. 2 shows that 180” 
optical phase shift is produced by V, = 3.2 V single arm drive 
voltage. The corresponding extinction ratio (power on/power 
off) is 9.4dB. For the L = 5Wpm device, 8.9dB extinction is 
obtained for V, = 5V. Depending on the extinction ratio 
required, we can choose other bias conditions. For example, 
in the L = 700pm modulator, 8 : 1 extinction is obtained for 
2.6 V and 6 : 1 for 1.8 V drive. The above modulation voltages 
are for single arm drive, and will be further reduced by a 
factor of two with both sides biased in push-pull contigu- 
ration.” With only 1-2V needed for large-signal modulation, 
high-speed voltage drivers are more readily available. In this 
voltage range, hybrid GaAs FET or HEMT drive electronics 
have been demonstrated a t  speeds above 20GHz. 

In conclusion, we have demonstrated Mach-Zehnder 
quantum well waveguide interferometers with voltage-length 
products one order of magnitude smaller than those that have 
been achieved using bulk semiconductors.f The sub- 
millimetre device lengths shown here are critical for mono- 
lithic integration of low-chirp intensity modulators with other 
electronic and photonic components. Drive voltages under 5 V 
are desirable for both monolithic and hybrid high-speed elec- 
tronic drivers. Ion implantation is found to be a well- 
controlled, reproducible method for preparation of the ground 
plane and for isolation between active and passive device sec- 
tions. By using this technique for electrical isolation, we can 
separately optimise the electrical and the optical properties of 
the waveguide circuit. This will be useful in future photonic 
circuits with larger scale of integration, where reliable, simple 
fabrication of electrical interconnects and electrical isolation 
of active sections will be of prime importance. 

J. E. ZUCKER 
K. L. JONES 
T. Y. CHANG 
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N. SAUER 
B. TELL 
K. BROWN-GOEBELER 
M. WEGENER 
D. S .  CHEMLA 
AT&T Bell Laboratories, Holmdel, New Jersey 07733, U S A  

t Given the refractive index change per applied field An/F at one 
wavelength, AnfF at another wavelength can be estimated because the 
BRAQWETS AnfF falls OK as l / A q  where A u  is the energy difference 
between the below-gap operating wavelength and the ground-state 
exciton peak wavelength; thus (An/F)law, - (An/F)laW, x (Ao, /Aul)  
1 A. Gnauck (unpublished) 
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APPROXIMATE EXPRESSION FOR 
NORMALISED THROUGHPUT OF 
MULTISTAGE INTERCONNECTION 
NETWORKS 

Indexing terms: Telecommunication, Networks, Switching 

An alternative formula is presented for the normalised 
throughput of unbuffered multistage interconnection net- 
works (MINs). From the alternative formula, an approximate 
expression is derived. Numerical results show that the 
approximate expression can provide excellent estimates of 
the normalised throughputs. Moreover, the asymptotic per- 
lormance of MlNs can be determined as well. 

Introduction: The normalised throughput, which is defined as 
the average number of packets received by an outlet per 
network cycle, is often adopted as the performance measure of 
unbuffered multistage interconnection networks (MINs) in a 
packet switched environment. Under the uniform traffc 
model, the normalised throughput of an MIN can be evalu- 
ated iteratively’ or recursively.’ The normalised throughput 
basically is a function of the input rate, the number of stages, 
and the size of switching elements. However, the iterative or 
recursive procedure mentioned above has to  be performed 
again if the input rate is changed. Furthermore, the asymp- 
totic behaviour of MINs can not be easily determined by 
those procedures. 

In this letter, we will present an alternative formula for the 
normalised throughput of MINs composed of a-input and 
8-output switching elements. From this formula, we then 
derive an approximate expression which can provide excellent 
estimates of the normalised throughputs as well as the asymp- 
totic performance of MINs. When a = p (i.e. square MINs), 
our approximate expression agrees with the one derived by 
Kruskal and Snir.3 

Alternative formula: Consider an n-stage MIN composed of 
a-input and 8-output switching elements. For convenience, the 
a” inlets and 8” outlets are numbered from top to bottom by 0 
to a” - 1 and 0 to - 1, respectively. As usual, the normal- 
ised throughput is chosen as the performance measure in our 
study. The following assumptions are necessary to us when 
the normalised throughput is analysed. 

(1) Packets are generated at inlets independently with identical 
rates denoted by p. 

(2) Each packet is assumed to be destined to any outlet 
equally likely. 
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(3) A switching element will randomly select a packet with 
equal probability and reject the others when a conflict occurs. 
Because the traffic is uniform, it is suffcient to consider the 
average throughput of a particular outlet, say outlet 0. 

In the n-stage network, let w.(cl. cz, . . . , c,) denote the 
number of distinct links inside switching elements traversed by 
the paths connecting different inlets c , ,  cZr  . . . and c,(cl < 
c z  < . . . < cm), to outlet 0. For example, w,(O, 1) = w2(0, 2) = 
wz(O, z - I )  = 3 (see the broken lines in Fig. I) .  

- 0 

. : K  

Fig. 1 Illustration ofw,(O, - I )  = 3 

Let S ,  and p denote, respect~vely, the normalised through- 
put and the input rate of the investigated MIN Then we have 

where 

Eqn. 1 can be proved by mathematical induction. However, 
owing to space limitations, the proof is omitted. 

Approximate expression: In reality, S ,  can be expressed as a 
polynomial of the input rate p. That is, 

S, = a l p  - a 2 p 2  + ... - a,.p"" (2 )  
where 

To  determine the coefficients that appear in eqn. 2, a tree 
diagram is used here. It is not hard to see that the paths from 
all the inlets to a particular outlet form a tree of m + 1 levels. 
The outlet is represented by the root located at level 0. Inlets 
are represented by vertices located at level n and are labelled 
by integers 0 to a" - 1 so that vertex i corresponds to inlet i. 
Each edge in this tree corresponds to a link inside a switching 
element of the original network. A vertex is said to  be a 
descendant of another vertex if it is a child of that vertex or a 
child of some descendant of that vertex. To  determine the 
value of a,,,, a count has to be made of the total number of 
edges in those paths connecting i distinct vertices located at 
level n to  the root. Every edge traversed by at least one of 
those paths is counted exactly once even if it is shared by 
several paths. As an example, as the distance from each vertex 
at level n to the root is always equal to n, we have w,(c,) = n 
for any i .  Therefore, a ,  is given by 

T o  compute the value of a2, we consider the vertices located 
a t  level n - 1 first. Each considered vertex has c( descendants. 
If we select any two vertices c, and cz  from the a vertices, then 
wn(cI.  c2) = n + 1. As there are E"-' vertices located at level 
n - I ,  we know that the number of (cl, c2) pairs which result 
in wn(clr c2) = n + 1 is equal to (T-')(;). Next, consider the 
vertices located at level n - 2. For each considered vertex, 
there are z2 descendants located at level n. These a' descen- 
dants can be partitioned into a groups so that all the vertices 
in the same group have the same father. If we choose any two 
vertices c ,  and c2 from different groups, then we have w.(c,, 
c 2 )  = n + 2. The cases where both vertices are selected from 
the same group had been considered when vertices at level 
n - 1 were inspected. Thus, the total number of vertex pairs 
(cl, c,) which yield w.(c,. c J  = n + 2 is equal to (y-')(;)(x";)(";. 
Similarly, one can verify that the number of vertex pairs (c1, 
c2)  which yield w,(cl. c2)  = n + i is (";-')(",X;-')(";'). Conse- 
quently, a z  is given by 

The values of a 3 ,  a4, . . . and a,. can be similarly derived. If the 
number of stages n is sufficiently large, then ai can be approx- 
imated by 

After substituting the approximation of a ,  into eqn. 2, we get 

For the special case when c( = p, eqn. 3 becomes 

P 
(a - I )n  

I + -  
s, % 

2a 

(4) 

which was also obtained by Kruskal and Snir' using a differ- 
ent approach. 

Results and discussion: Notice that eqn. 3, which can be used 
to compute the approximate normalised throughput, rep- 
resents the asymptotic performance of MINs. As the switching 
elements are not square, the average number of packets suc- 
cessfully transmitted by each inlet per network cycle is equal 
to cpla)"S.. Moreover, one can verify that, for large values of n, 
S,/S,_, is roughly equal to a//3 if alp < 1 or 1 if a/B 2 1. 

Fig. 2 shows the comparison between the normalised 
throughput computed by eqn. 3 and the exact values against 
input rate p for a = 2 and = 4. The approximation is consis- 
tently larger than the exact value for any values of p and n. 
However, the relative error, i.e. the ratio of the difference 

0 50. 

number o f  stages 

Fig. 2 Normalised throughput against number ofstages for a = 2, fl = 4 

exact value 
approximation 

~~ 
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between approximation and exact value to the exact value, is 
within 2% Fig. 3 shows similar results for square MINs. The 

I1 

-L-- -I 

0 IO 2C 30 LO SC 
number of stages 

?T i 

Fig. 3 Normalised throughput against number ofstagesfor 2 = j = 2 
exact value 
approximation 

relative error is within 5.5% providing n > 20. Numerical 
results reveal that our approximate expression can quickly 
provide excellent estimates of the normalised throughputs for 
large MINs at any tratlic load. 

T.-H. LEE 
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WAVELENGTH-TUNABLE 
SINGLE-FREQUENCY AND 

RING-LASER WITH l . 4 k H z  LINEWIDTH 
SINGLE-POLARISATION Er-DOPED FIBRE 

Indexing term: Lasers 

A narrow linewidth of 1.4kHz with single frequency oper- 
ation is demonstrated in an Erdoped fibre ring-laser. A 
stable lasing spectrum can be achieved using a single- 
polarisation fibre-cavity. An optical bandpass filter incorpo- 
rated in the nng-cavity makes the lasing wavelength tunable, 
and a 2.8 nm tuning range is demonstrated. 

Narrow linewidth, single-frequency laser sources are attractive 
for optical coherent communications and optical fibre sensors, 
especially in homodyne detection systems.*.'p' Much effort 

* IWATSUKI, K., OKAMURA, H., and SARUWATARI, M.: 'Optical homodyne 
detection with a injection-locked Er-doped-fibre-ring-laser' Submitted 
to Opt. Lptt .  
1 OKAMURA, H., and IWATSUKI, K.: 'Fibre-optic sensor using an 
injection-locked local laser'. Submitted to 7th Optical Fibre Sensors 
Conference 
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has been made to narrow the linewidths of Er-doped or Nd- 
doped fibre-lasers by using fibre gratings in the Fabry-Perot 
fibre-cavity*-" or fibre Fox-Smith resonators.' However, the 
obtained linewidths to date are more than 1 MHz. Recently, 
an Er-doped single-mode-fibre ring-laser with a 60 kHz line- 
width has been demonstrated by introducing unidirectional 
operation, thus eliminating the spatial hole burning6 We con- 
structed a unidirectional Er-doped fibre ring-laser with all 
polarisation-holding fibres and inserted a narrow optical 
bandpass filter to achieve the lasing wavelength tunability and 
stable lasing spectrum without polarisation-mode com- 
petition. A linewidth of 1.4kHz was measured with single 
frequency operation. 

Fig. 1 shows the experimental configuration of the Er- 
doped single-polarisation fibre-ring laser including the line- 
width measurement setup. A 1.48pm CW Fabry-Perot 

12 k m  delay f ibre 

dichroic fibre 
m,r rc r  

I- I _  Fr -doped fibre r l ng - lo i r r  ' m e a s m m e n i  WILP tar ios , rg  
5Fi?'lr"m 

- 
19C,! 

Fig. 1 Experimental setup of Er-dopedfihre-ring-laser including delayed 
selfheterodyne interferometer 

laser diode was used as the pump source. The pump beam 
was coupled into the cavity through a dichroic mirror. The 
dichroic mirror has a high reflectivity (R 5 100%) at the 
pumping wavelength and high transmission (T = 95%) at the 
lasing wavelength. A I5 m Er-doped polarisation-holding fibre 
with an SiO, core was used as the laser medium. The Er- 
dopant concentration was 300 ppm. A polarisation-holding 
fibre-coupler was employed to take out 10% of the lasing 
power from the cavity. The unidirectional operation was 
achieved by inserting a polarisation-holding fibre-pigtailed 
isolator with a 60dB isolation ratio into the ring-cavity. The 
extinction ratio between the two orthogonal polarisation 
states of the isolator was 25 dB. Single-polarisation operation 
was achieved through the prevention of two polarisation- 
mode competition.' The free spectrum range (FSR) or the 
ring-cavity was 9.2MHz. An optical bandpass filter with a 
1 nm bandwidth was also inserted in the ring-cavity for wave- 
length tunability. The unwanted reflections were prevented by 
terminating the fibre-ends and introducing an isolator. The 
fibre components were incorporated into the ring-cavity by 
fusion splicing. 

Fig. 2 shows the output laser power as a function of the 
pump power. The threshold occurred at 50mW and a 

purnplny power,mW 
p z  

Fig. 2 Output laser power as function of laser diode pumping power 
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