As mentioned earlier, the main advantage of this type of patch
lies in its single-layer structure, which allows coplanar etching.
The arrays thus obtained are structurally simple, of low thick-
ness, and can be laid or conformed over a carrier structure of
any shape: cylindrical, conical, spherical, etc.

Y~Z plane
Fig. 3 Radiation pattern of microstrip patch antenna
a X-Z plane (¢ = 0°)
b Y-Z plane (¢ = 90°)
— E#

X -Z plane

Fig. 4 Microstrip belt antenna

Application: The application developed at Acrospatiale
Cannes, France, is a belt antenna conformed over a cylindrical
structure to obtain as regular an omnidirectional pattern as
possible. As the carrier structure has to face high dynamic
loads, fast pressure variations and strong laminar flows, multi-
layer techniques cannot be used for this application.

The overall antenna is made up of four 24 element arrays as
described above, uniformly fed, and spaced by half a wave-
length as shown in Fig. 4. The pattern achieved thereby is
given in Fig. 5. The antenna bandwidth for a voltage standing
wave ratio (VSWR) lower than 2-0 can be as high as 7%.

0=0°
X-Zplane

X-Yplane

a

Fig. 5 Radiation pattern of microstrip belt antenna
a X-Y plane (6 = 90°)
b X-Z plane (¢ =0°)
— Ef
....... E¢

Conclusion: The innovative radiating element presented here
provides bandwidths that are several times those obtained
with conventional patches. In addition, its simplicity of design,
combining single-layer technology and a coplanar feeding
concept, is ideally suited to applications in which severe aero-
dynamic constraints are involved.

One application is presented of a microstrip belt antenna
that uses the radiating element concept described here, leading
to outstanding bandwidth and radiation pattern per-
formances.
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STRICT CALCULATION OF THE LIGHT
STATISTICS AT THE OUTPUT OF A
TRAVELLING WAVE OPTICAL AMPLIFIER

J. Guitart and S. Ruiz-Moreno

Indexing terms: Laser theory, Optical amplifiers, Travelling-
wave semiconductor amplifiers

A new method for calculating the probability density func-
tion of the photon number propagating through a travelling
wave optical amplifier with no restriction on its working
regime (linear and nonlinear) is reported. The Letter shows
that the widely used Gaussian approximation of the prob-
ability density function does not match the real statistics if
the incident optical power is small.

Introduction: The statistical behaviour of a travelling wave
optical amplifier (TWOA) can be described through the
photon density matrix equation (PDME) [1-4]. Its diagonal
elements give the differential equation for the probability
density function, P, ,(z), as having m photons in the con-
sidered mode in the propagation co-ordinate z within the
amplifier when there were n photons at the amplifier input
(z=0). In fact, P, ,(z) is a conditioned probability density
function, hereafter called P,(z), and the differential equation it
verifies is

dP (z) _ Am
U7z T 1+sm

B A(m + 1) + Bm
L+sm+1) 1+sm

P,_.(2)

+ Cm]Pm(z)

Bm+ 1)
[1 TsmeD " Clm + 1)]Pm+1(2) (1
where A and B are the photon stimulated emission and
absorption coefficients, respectively, C is a coefficient rep-
resenting the nonsaturable absorption (linear losses in the
amplifier medium}, s is the saturation parameter, and v is the
light velocity in the medium.

The method developed in this work deals with the master
equation (eqn. 1) directly, and hence the complete profile of
the probability density function (PDF) of the photon number
at the output of a TWOA can be calculated. In this sense, we
focus here on the discrepancies observed when using the usual
Gaussian appoximation of the probability density function at
the amplifier output rather than the ‘real’ statistics. A more
exact calculation of the error probability in lightwave systems
incorporating TWOAs could be a further application of this
work.

Resolution method: A finite-difference equation can be
obtained from eqn. [ by approximating the derivative with
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respect to z by a difference quotient. After reordering the
terms, we obtain

APy o1 T 0P jit + Cu Py ji1 = ~P,; @

where P, ;= P (jAz),j being an integer index (j =0, 1,2, ...,
J) denoting each discrete z co-ordinate and Az the integration
step, which is a fraction of the total amplifier length L
(Az = L/J). a,,, b, and c,, are defined as

_&_am :
" v 1+sm (3a)
Az| Am+1) Bm
b =—1 - 4
" v[l+s(m+1)+l+sm+cm:| 36)
_Az[ Bm+1)
=5 |:1 +s(m + ])+C(m+1)] 39

The PDF of the photon number which propagates through a
TWOA is numerically calculated by varying the photon
number from the value m = 0 to m = M. A sensible choice for
M will depend on further calculations such as the accuracy
degree required for the computation of the bit error probabil-
ity at the amplifier output. In any case, a correct value for M
can be found after a few iterations. The PDF for a fixed step
index j is achieved by numerically solving a linear system of
M + 1 equations obtained from eqn. 2 where m =10, 1, 2, ...,
M. Writing the system in matrix notation yields to a tri-
diagonal matrix, that is

by ¢ 0 0 0 -+ 0\ /Py 4y Po,;
a by ¢, 0 0 -+ 0[P P
0 a; by ¢; 0 -+ O |[Pyjiy|=—Paes|®
0 0 0 - 0 ay byl Py Pu.;

The solution to the system of equations, ie. the vector with
step index j + 1, can be found by forward and backward sub-
stitution after the LU decomposition has been carried out [5].

Finally, the computation of the PDF at the output of a
TWOA only needs the iteration of this resolution method
starting from j =0 (ie. z =0, amplifier input) to j=J (ie.
z = L, amplifier output). For j = 0, the initial condition P, ,,
is in fact the discrete PDF of the input photon number n, i.c.
P(m = n).

Results and discussion: The complete profile of the PDF of
the photon number at the amplifier output can be computed
for any given arbitrary input photon number distribution.
Here we focus on the comparison of the obtained PDF
with its respective Gaussian approximation which has been
calculated starting from its mean and variance. The semicon-
ductor optical amplifier we have characterised has typical
parameters L =3500pum, s=10"% A=16x10"7s"",
B=48x10"s"!, C=4x10"s""' and v =28 x 107 m/s.
We will consider two different situations regarding the
absence and the presence of an input coherent light. The com-
putation has been carried out using M = 20000 and J = 1000
for ail the curves.

Fig. 1 shows the case of a zero input photon mean number
(i.e. {<ny =0) which corresponds to an input delta function
distribution for which Py, = 1, whereas P, o =0 for m # 0.
Logically, the PDF at the output of the amplifier (solid line)
follows a Bose—Einstein distribution according to the random
behaviour of the amplified spontaneous emission [6]. The
dashed tine corresponds to the Gaussian approximation of the
PDF starting from its mean and variance. As expected, there
is a marked discrepancy.

Fig. 2 shows in semilogarithmic scales the PDF for the case
of input coherent lights, that is, input Poisson distributions.
The solid lines stand for PDFs calculated with the new
method (curves (i)—(iii)), and the dashed lines represent their
corresponding Gaussian approximation (curves (iy—(iii)’). The
plots in Fig. 2 illustrate how the light statistics at the amplifier
output approaches a Gaussian distribution as the input
photon mean number increases from (n) = 10 (curves (i)-(i))

to {n) = 200 {curves (iii) and (ii1y). This means that the dis-
crepancy observed between the output PDF and the corre-
sponding Gaussian approximation diminishes as the amplifier
evolves from a quasilinear regime (weakly saturated, ie.
sm < 1) to a nonlinear regime (highly saturated, ie. the
product sm approaches, and even surpasses, unity).
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Fig. 1 Probability density function of photon number for zero input

photon mean number

calculated with new method
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Note that the FORTRAN program we have implemented
for the calculation of the PDF requires a total CPU time of
~(63.M.J)x10"%s per PDF when running in a
CONVEX computer machine, which represents approx-
imately 2 min for each solid curve in Fig. 1 and Fig. 2.

10

O

probability density function
w

i

0 2 4 6 8 10
photon number (x1073)

Fig. 2 Probability density function of photon number for different input
Poisson statistics
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In summary, we have developed a powerful method, based
on linear algebra techniques, that operates with tridiagonal
matrices which are simple to handle and, hence, with numeri-
cal calculations easy to implement in a computer. Moreover,
the complete profile of the probability density function can be
calculated whatever the saturation of the amplifier is. The
main conclusion is that, with the proposed method, we have
shown quantitatively that the customary Gaussian approx-
imation is not always valid, at least when the input photon
mean number is small.
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Editor’s correction

In eqns. 5, the multiplication signs should be replaced by the
letter x

Authors’ corrections

In the second of eqns. 5, the minus signs should be replaced
by plus signs

In the last column of Table 2, the figures 1-22 and 1-07 should
be interchanged

In the title of Table 3, the words ‘on Lena’ should be inserted
after ‘obtained’

In the notes to Table 3, ‘SNR’ should be defined as the signal-
to-noise ratio, dB. In the definitions of BTC-1 and BTC-2,
‘truncation blocks’ should read ‘truncation block values’
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