TABLE 4 Resonance Frequencies F, and Gain Measured for
Singe-Layered Antennas Realized with Both Plating
Processes in Three Bands

Band Copper Screen Printing
L F, (GH2) 2.00 1.98
Gain (dB) 85102 7.5+£0.2
S Fy (GH2) 3.28 324
Gain (dB) 2.0 8.0+ 02
C F, (GHz) *46 + 0.2 4.58
Gain (dB) 82+02 73+02

A. Thermal Shocks. The antennas were subjected to

100 cycles of temperature variation from —30°C to 50°C

100 cycles from —40°C to 85°C
100 cycles from —55°C to 100°C
100 cycles from —65°C to 125°C

During the last cycles (—65°C to +125°C), a breakage ap-
peared in the foam.

B. Damp Heat. The antennas were stored in a steam room at
40°C and 95% relative humidity for 18 days. They were
measured before and after this test: A frequency shift of 1%
is noticed.

1. CONCLUSION

In this article, two plating processes for polypropylene and
foam are described. They were used to realize printed radiat-
ing elements of multilayered antennas. Such antennas are
compact, wideband (15%), and directive (8—9 dB). Therefore
they are of great interest for mobile communication, and with
the increasing development of the latter in UHF band, we
think that this kind of antenna can have interesting industrial
applications.
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ABSTRACT

Analysis on the channel capacity of a coherent optical subcarrier multi-
plexing system using optical amplifiers is presented. The performance
criterion, that is, the channel transport capability N, is derived in terms
of carrier-to-noise ratio, input optical power, and optical ampilifier gain.
It is found that when the gain of the optical amplifier is large, the
spontaneous emission noise limits the number of channels that can be
transmitted in this system. As an example, when the gain is well above 20
dB and input optical power is —28 dBm, the maximum value of N is
46. In addition, the optimum phase modulation index is also presented.
© 1995 John Wiley & Sons, Inc.

I. INTRODUCTION

Multichannel coherent optical-fiber transmission is appar-
ently a very promising technique for future communication
services [1]. Especially, efficient multichannel transmission
can be achieved with one optical carrier using subcarrier
multiplexing (SCM) techniques [2} SCM networks provide an
attractive approach for utilizing the wide bandwidth of
single-mode fiber and electro-optic components, while taking
advantage of commercially available microwave electronics.
In such a system, an optical amplifier is essential for boosting
signals to levels needed for suitable reception [3]. Amplifica-
tion serves to overcome splitting losses associated with distri-
bution fan out as well as coupler, tap, and line losses [4, 5].
On the other hand, for higher optical amplifier gains, the
spontaneous emission noise of the amplification process is a
serious impairment, so that there is concern about a role for
system performance [6]. In this Letter, we investigate the
impact of spontaneous emission noise of optical amplifiers on
the coherent optical frequency-shift-keying (FSK) SCM sys-
tems. The performance criterion, that is, the channel trans-
port capability N, is derived in terms of carrier-to-noise ratio
(CNR), input optical power, and optical amplifier gain. It is
shown that when the gain of the optical amplifier is large, the
spontaneous emission noise imposes a limit on the number of
channels that can be transmitted in the system.

Il. SYSTEM DESCRIPTION AND ANALYSIS

A. System Description. Figure 1 shows the schematic diagram
of a coherent optical SCM system with N channels. The
microwave FSK signals are generated by modulating individ-
ual voltage-controlled oscillators at distinet subcarrier fre-
quencies, combined with a power combiner, and then fed to
the phase modulator. At the receiving end, the optical ampli-
fier used as a preamplifier is employed to boost the optical
signal, and the optical filter limits the bandwidth of the
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Figure 1 A schematic diagram of coherent optical FSK-SCM systems using optical amplifier

spontaneous emission noise. Then the signal is mixed with
the local oscillator (LO) via a 3-dB coupler and detected by a
p-i-n photodiode. The output of the photodiode is amplified
by a low-noise amplifier (LNA), and the bandpass filter (BPF)
is used to select the desired channel. The following is a
typical FSK demodulator. In such a structure, the noise
components at the output of the BPF consist of shot noise,
thermal noise, intermodulation distortion (IMD), signal-
spontaneous emission beat noise, and spontaneous-sponta-
neous emission beat noise. For the sake of simplicity, we use
Gaussian approximation. Therefore, the variances of these
noises are given as (Table 1 shows the meaning of each
parameter and the values of fixed constants [2, 6])

o = 2eRP, B, 1)

op = Cif)B, )

Oita = h3k3(DR?P o Pg B°/32, 3
0.2, = 4R(Ps + P o)n,enN,(G — 1B, 4
0.2 = 2lm,Ny(G — Del’ BAf,. 5)

The CNR of Channel i at the output of the BPF is given
by [6)

AB*?
CNR = —; > 5 5 7> (6)
Oh + O + Oima + G0 + Tipep
where A =05R*P 4P N
and Py = P,n,Gy,. (8)

The number of IMD of Channel i, k(i), can be expressed
as [7]

iIN-i+1) [(N-3)V-5]

ks = +
() 2 4

&)

For such a system, every channel has almost the same
performance in our analysis [2). In the following derivation,
we consider CNR of the central channel [i = (N + 1)/2],
which has the most IMD as the criterion; thus k3[(N + 1)/2]
is (3N2 — 10N + 9)/8.

B. Analysis. From (6) and (9), we can get CNR of the central
channel as

A 2
CNR = i

Gl + ol + ABSNT — BN+ 3)/64 + ol + 0f,

Spsp

(10)

TABLE 1 Definition of Symbols Used

Symbol Definition Value

N Channel number

R Photodiode responsivity 0.75A/W
n Photodiode quantum efficiency 0.6

P, Input optical power to amplifier

P Optical power at photodiode

; Amplifier input coupling loss 4 dB

o Amplifier output coupling loss 4 dB

G Amplifier gain

e Electron charge 1.6-1071°C
B Electrical bandwidth 120 MHz
Ny Spontaneous emission factor 1

B Phase modulation index

P Local oscillator power -3 dBm
¢ Thermal noise 6.65 x 10722 A2 /Hz
hy IMD parameter Z

ks Number of third order IM products

Afy Bandwidth of the optical filter 4 nm

With simple algebraic manipulation, we obtain

0,2

CNR-B8* Ap¢

10
NZ—?N+3=64( ), an

where

2 _ .2 2 2 2
T~ = 0y + Tth + o-s—sp + o.spsp‘ (12)

Note that the left side of (11) is a monotonically increasing
function of N when N > 5/3, which is the case of practical
interest. We can thus maximize N by optimizing B, when

P, G, and CNR are fixed. Differentiating the right-hand side
of (11) with respect to B and set to zero, we get

302CNR
Bopt = 2A_ . (13)

Therefore, the maximum value of N is

16
N =

max _9_

A 5
V3 - i CNR™¢/2 4 3 14)

C. Discussion. We may make some reasonable approxima-
tions to get a further insight into (13) and (14). In general,
when the amplifier gain G is large, the signal-spontaneous
emission beat noise dominates the noise term [6]. Thus when
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12enN_,B - CNR
opt = \/ . (15)

R'qu'm

which is proportional to P, '/2, and

2 RniPin
N_, = =Vy3 ———
ax 9‘/_ enN_B

5
-CNRG/D ¢ —| (16)
sp 3

which is proportional to P,,.

lil. NUMERICAL EXAMPLE

Consider a FSK-SCM system for the transmission of N
channels, and the following parameters are adopted: CNR =
17 dB, R = 0.75 A/W, B = 120 MHz, and N, = 1. Using
(11), we can get the total channel number versus the phase
modulation index for some specified CNR, P,, and G, as
shown in Figure 2. The optimum value of 8 that maximizes
N decreases with increasing input optical power. Note that
the curve is relatively sharp near the optimum phase modula-
tion index. That is, the choice of B is of great importance for
this system.

Figure 3 shows the total channel number N versus the
amplifier gain G for P,, = —32 dBm, —30 dBm, and —28

50 r r . . T
451 CNR=17d8B E
40 G=25d8B

Pin=-28 dBm

Pin=-30 dBm

total channel number
N
o

10
5
o] 1 L ) L
0 008 01 015 0.2 025 03

amplifier gain in dB

Figure 2 Total channel number versus the phase modulation index
for P,, = =32 dBm, —30 dBm, —28 dBm. CNR =17 dB, G =
25 dB.
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Figure 3 Total channel number versus the optical amplifier gain
for P;, = —32 dBm, —30 dBm, and —-28 dBm. CNR = 17 dB
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Figure 4 The optimum phase modulation index versus the opti-
cal amplifier gain for P, = —32 dBm, —30 dBm, and —28 dBm.
CNR =17dB

dBm. Without optical amplifier, that is, 5, = 7, =G =1, N
is 9, 14, and 22 for the three different input optical powers.
When the optical amplifier is employed, N can be increased
to some extent. As predicted by (16), when spontaneous
emission noise dominates, N becomes a constant that de-
pends on P, and is independent of G. From Figure 3, it is
seen that when G is sufficiently large, N is increased about
twofold (i.e., 19, 29, and 46) for the three different input
optical powers.

Figure 4 shows the corresponding optimum phase modula-
tion index B versus the amplifier gain G for P, = —32 dBm,
—30 dBm, and —28 dBm. As predicted by (15), B decreases
with increasing input optical power. When G is large, that is,
spontaneous emission noise dominates, B depends only on
P, and is independent of G. As shown in Figure 4, for higher
amplifier gains, B is 0.193, 0.153, and 0.122 for the three
different input optical powers.

IV. CONCLUSION

A general expression of the channel capacity of a coherent
optical FSK-SCM system employing optical amplifier is de-
rived in terms of input optical power, carrier-to-noise ratio,
and optical amplifier gain. It is found that when local oscilla-
tor-spontaneous emission noise dominates, the channel ca-
pacity depends only on input optical power and is indepen-
dent of the gain of optical amplifier, that is, the spontaneous
emission noise imposes a limit on the channel transport
capability of this system. As an example, when the input
optical power is —28 dBm, the limiting value of the total
channel number is 46 for CNR = 17 dB.
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ABSTRACT

A simple method for reducing the threshold current of vertical cavity
surface-emitting lasers (VCSELs) is described. The approach modifies
the top surface of the laser into a dome shape by chemical etching. This
reduces the reflectance of the top mirror over an approximately annular
region, thereby reducing the lasing area compared to the contact area in
a controlled manner. A sevenfold reduction in threshold current over
equivalent conventional VCSELs is demonstrated for a nonoptimized
device that maintains a similar threshold current density. © 1995 John
Wiley & Sons, Inc.

1. INTRODUCTION

In recent years much progress has been made in the develop-
ment of vertical cavity surface-emitting lasers (VCSELs) for
applications in communications [1, 2] and addressable arrays
[3]. VCSELSs also open the door to wider applications such as
laser scanning, laser printing, medical imaging, optical mem-

*Present address: CEMD, McMaster University, Hamilton, Ontario,
Canada L8S 47.

*Present address: Bookham Technology Ltd., Rutherford Appleton Labo-
ratory Chilton, Oxfordshire OX11 OQX, UK.

ory, visual displays, optical computing, and optical inter-
connects [4]. In order to be commercially viable, however,
VCSELs require high efficiency and low threshold current [5).
This Letter describes a simple method for reducing the
threshold current of a VCSEL, by restricting the lasing area
in a controlled manner. The method uses standard processing
techniques, without recourse to fine scale lithography.

NEW METHOD

Our method involves making a standard VCSEL structure
but with a diameter larger than that ultimately required. The
top surface of the large device is then modified (here by
chemical etching with HF) to produce a mesa with a dome-
shaped top, as illustrated in Figure 1. This reduces the
reflectance of the top Bragg mirror over an approximately
annular region toward the edge of the mesa, while leaving the
center region unaffected. The laser lases only in the central
region, which can be made much smailer than the overall
mesa area. The current is channeled preferentially into the
lasing region, so for the same threshold current density the
threshold current is correspondingly reduced. A further bene-
fit of the new structure should also be noted; because laser
action is confined to a restricted area in the central region of
the mesa it is less likely to be degraded by any wall damage
resulting from the mesa etching.

FABRICATION

A conventional VCSEL structure was grown by atmospheric-
pressure metal-organic vapor-phase epitaxy (MOVPE). The
top mirror consists of an epitaxially grown 15-pair GaAs /AlAs
quarter-wave reflector with 200-A-thick Gagy,Al;;As layers
at each interface for reducing the series resistance. This
reflector is p* type, 5 X 10'® cm =3, doped with zinc. The
bottom mirror consists of a 23-pair AlAs/GaAs quarter-wave
reflector with 200-A-thick Ga,,Al,;As layers at each inter-
face and is n type, 1 X 10'® cm ™3, doped with silicon. All
Al-containing layers include carbon doping from the decom-
position of trimethylaluminum, in addition to the zinc and
silicon doping. This is a significant contribution to the doping
in the p-type AlAs layers. An additional zinc doping spike is
included at the stack interfacial layers by virtue of the greater
incorporation when growing the intermediate composition,
and this helps to further reduce the resistance at the het-
erointerface. A half-wavelength (0.13-um-thick) phase-
matching capping layer of GaAs p**-doped 1 X 10"*° ¢cm~*
with zinc is provided. The active region consists of three
85-A-thick strained Ing,,Ga ;3 As quantum wells in a 2 A-long
undoped GaAs cavity region. Large (70 um X 70 xwm) mesas

Top surface erched up 1o

0.8um at edge of mesa r AN{Z0) Aui coneacn
- = P-type mirror
n-type mimror
— p——e—
Av/Ge/Ni/Au 3 x 85A InGaAs QW
contact
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Figure 1 Schematic diagram of a dome-shaped laser structure
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