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I. INTRODUCTION 
HE interconnection of future optical networks will require T a degree of capacity and rearrangement capability that 

may be considerably higher than expected hitherto. The (time- 
dependent) allocation of transmission capacity on demand 
between two locations may serve as one example for the raised 
requirements network operators will be confronted with in 
the future. Since the total capacity of a network or a link 
will always be limited by the amount of hardware available 
for switching and transmission purposes a better utilization 
of the available resources by a flexible and traffic-dependent 
allocation of the hardware is highly desirable. 

Coherent optical multicarrier techniques favorably combine 
the flexibility and upgradability necessary to meet the above 
mentioned requirements. The capacity of an optical link using 
coherent optical multicarrier techniques can easily be increased 
by orders of magnitude, if required. This is achieved in an 
evolutionary manner by increasing the number of optical 
carriers, without having to raise the bitrate per carrier to a value 
that would be difficult to handle electronically. Optical carriers 
can easily be regrouped and rerouted which leads to a flexible 
capacity of the optical link according to traffic demands. In 
this way the available hardware in the switching node can be 
allocated most economically. 

Compared with direct detection, coherent systems offer 
a superior frequency selectivity; being able to operate with 
channel spacings of just a few gigahertz they use the available 
bandwidth very efficiently. This feature becomes especially 
important if the system contains cascaded optical amplifiers 
which tend to significantly reduce the available bandwidth. 
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Fig. 1. Principle of an OFDM switching node comprising a frequency 
conversion and a space switching stage. 

In order to fulfill future network requirements, coherent 
OFDM switching nodes consisting of a combination of fre- 
quency conversion stages and space switching stages have 
been proposed [l]. Within such a switching node each input 
signal can be switched to each output fiber and to a desired 
unoccupied output carrier frequency. In principle the space 
switching function can also be performed by stages consisting 
of frequency converters only [ 2 ] .  An alternative architecture 
for a combined space and wavelength optical switching fabric 
is based on the MONET concept [3]. Recently a multi-stage 
frequency division switching node with very efficient use of 
the available hardware has been proposed [4]. 

In this paper we present a concept for a coherent OFDM 
switching node consisting of tunable transmitters and coherent 
receivers in combination with advanced integrated-optic space 
switching matrices. The various subsystems of the planned 
demonstrator are described and a number of experimental 
results obtained with fully engineered coherent transmission 
equipment [5] is presented. 

11. SYSTEM ARCHITECTURE 

A. Principle 

The principle of the proposed coherent OFDM switching 
node is shown in Fig. 1. It comprises N input and N output 
fibers connected by a frequency- and a space switching stage. 
Each of the input and output fibers carries a frequency comb of 
M optical carriers. The possible capacity of such a node can 
be calculated to 1 Tb/s, assuming M = 50 optical carriers, 
each modulated at 2.5 Gb/s, and N = 8 fibers at the input 
and output. It is interesting to note that these figures could be 
achieved using components which are available already today 
(tunable lasers [6], 171, switching matrices [8], etc.). 

The schematic of the planned demonstrator is shown in 
IEEE Log Nimber 9207735. Fig. 2. Three tunable optical FSK transmitters TX1 . . .  TX3 
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Fig. 2. Principle of the planned OFDM switching demonstrator. 

serve as data sources at 155 Mb/s. We use Manchester coding 
[9] to overcome the nonuniform frequency response of the 
transmitter lasers. The frequency conversion stage consists 
of three FSK heterodyne receivers, each of which is tuned 
to one of the incoming carriers, and three tunable optical 
transmitters. Clock and data signals are regenerated in the 
receivers and directly fed to the transmitters. The optical 
outputs of the transmitters are connected to the space switching 
stage where the desired output fiber is selected. Each output 
fiber is terminated by a coherent receiver in order to allow 
bit error rate measurements. The frequencies of the various 
transmitters are stabilized by a multichannel stabilization unit. 
Overall control of the demonstrator is performed by a personal 
computer. 

In the following sections the individual subsystems of the 
demonstrator are described and first experimental results are 
presented. 

B. Frequency Switching Stage 

The frequency switching stage converts the optical carrier 
frequency of one among possibly many input channels to a 
desired output frequency. As already mentioned it will finally 
consist of three tunable optical heterodyne receivers and three 
tunable FSK transmitters. This is presently the method of 
choice because coherent equipment has reached a high degree 
of engineering level worldwide. No tunable optical filters 
are required. The inherent signal regeneration is also highly 
welcome. 

In contrast, the all-optical frequency conversion is still in 
a laboratory state. Its conversion efficiency is still relatively 
low, at least when compared to about 50 dB (and more) of 
signal gain achieved in coherent repeaters. In particular, all- 
optical frequency converters need a very individual device 
characterization and their performance varies widely as a 
function of polarization and of frequency separation between 
input and output signals [lo]-[13]. In many cases the use 
of frequency-stabilized narrow-band optical filters after the 
frequency conversion stage is imperative in order to suppress 
unwanted mixing products. If conversion of one among many 
input channels is desired, optical filters are required at the 
converter input, too. Possible linewidth increase of the optical 
carriers caused by all-optical frequency conversion can be 
a problem for modulation formats such as FSK and DPSK. 

Furthermore the inversion of the data in the case of frequency 
downconversion may cause additional problems. A promising 
technique for all optical frequency conversion is based on 
the gain saturation effect in semiconductor optical amplifiers. 
Broadband frequency shifting of ASK signals at datarates up 
to 2.5 Gb/s has been demonstrated using single [14], [15] 
or multisection [16] devices. Optical filters at the output of 
the frequency conversion stage, however, are indispensible. 
Very recently frequency conversion of CPFSK signals at 
4.8 Gb/s using a DBR laser wavelength converter has been 
reported [17]. The principle has potential for high datarates, 
however a certain frequency offset between the input and 
output signal is necessary in order to avoid injection locking 
or detrimental effects due to the presence of the bragg grating. 
As a compensation for the above mentioned drawbacks all- 
optical frequency conversion offers the advantage of being 
fully transparent to the incoming signals. 

In our demonstrator tuning of the receivers is performed 
electronically by tunable twin-guide local oscillator lasers 
[6], whereas the transmitters are essentially tuned thermally. 
Polarization handling in the receivers is performed using either 
polarization diversity or data-induced polarization switching 
(DIPS). In our case DIPS is implemented at the receiver 
side to allow coexistence of both schemes. Details of the 
receiver architecture and more information on polarization 
handling schemes are found in [18] and references contained 
therein. It should be noted, that DIPS, whether implemented 
in the transmitter or in the receiver, is a self-consistent system 
alternative to the ‘traditional’ polarization handling methods, 
i.e., endless control and diversity. A potential difficulty of 
DIPS is the automatic channel acquisition. Since mark and 
space frequencies of the optical FSK signal are received with 
orthogonal polarizations, the two FSK spectral lobes may fade 
in antiphase. If one lobe disappears, the spectrum is still held 
in place in the receiver by an automatic frequency control 
(AFC) that uses a frequency discriminator with two zero 
crossings of equal slope polarities at the desired mark and 
space intermediate frequencies [19]. 

For channel locking, we have developed an automatic 
channel acquisition routine, that takes advantage of the spectral 
asymmetry of the remaining lobe, caused by the finite transi- 
tion time between mark and space frequencies, and by the 
polarization dispersion of the birefringent fiber that generates 
DIPS. By recording up to 15 up and down sweeps of the 
LO frequency in the vicinity of the signal frequency correct 
channel locking under all circumstances was achieved. Other 
than in DIPS receivers, the IF spectrum of a received channel is 
always symmetric in polarization diversity receivers. One LO 
sweep is sufficient to identify the spectral position of a channel 
accurately, and channel acquisition is therefore completed in 
a shorter time than in DIPS receivers. 

So far we have completed several fully engineered coherent 
140 Mb/s FSK transmitters and receivers, based on both DIPS 
[5] and polarization diversity. The power budget is 51.9 dB 
worst case, while the best transmitter with a power of +5.2 
dBm and the best receiver with a sensitivity of c -56 dBm 
would allow for a 61.2 dB power budget. The common tuning 
range of the receivers is 148 GHz which allows 25 channels to 
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Principal layout of space switching stage. Fig. 3. 

be transmitted while staying above the minimum permissible 
channel spacing of 5 GHz. This number can be explained to 
be the applied FSK deviation (1.2 GHz) plus twice the mean 
IF (2 x 1.2 GHz), in order to avoid image band interference, 
plus a margin (1.4 GHz) that is necessary to separate adjacent 
channels. For the final demonstrator very similar equipment, 
upgraded to 155 Mb/s, will be employed. 

C. Space Switching Stage 

For the construction of the space switching stage a variety 
of options exists. Optical fiber switches are commercially 
available today. The switching speed of these devices is limited 
to a few ms which is not regarded as a serious drawback for 
the above mentioned application of network reconfiguration. 
However, the reliability of moving parts remains questionable. 
Switching matrices in LiNbO3 have been a research topic 
for a long time. Meanwhile a polarization independent 8 x 8 
LiNb03 switching matrix has been reported [8]. An attractive 
alternative are three-dimensional space switches with free- 
space propagation. A switching matrix as large as 128 x 128 
has recently been realized using liquid crystal spatial light 
modulators [20]. 

In the demonstrator setup advanced integrated-optical 
switching matrices in InP will be used. 

The principal layout of the space switching stage is shown 
in Fig. 3. It comprises four 2 x 2 integrated optical switching 
matrices of two different types. Either directional coupler 
switches, or optical amplifiers in a gate switching matrix 
perform the desired function. We use two different types of 
matrices in order to study their potential impact on system 
performance. The outputs of the 2 x 2 matrices are combined 
by 2 x 2 fiber directional couplers. The fiber switches at 
the inputs are used to select the desired type of switching 
matrix. 

1) Directional Coupler Matrix: The principle of the matrix 
based on directional coupler switches is shown in Fig. 4. It 
contains two crossbar switches, two combiners, interconnect- 
ing and crossing waveguides. Each of the two input ports can 
be switched independently from the other to one of the two 
output ports resulting in four possible switching states. 

The switching matrix was realized in the InGaAsP/InP 
material system. All components sketched in Fig. 4(a) are 

400 prn 

(c) 

Fig. 4. Optical switching matrix based on directional couplers. (a) principle 
layout, (b) realized chip, (c) infrared image of matrix output. 

integrated monolithically on one chip. Rib waveguides are 
used for all components. 

Fig 4(b) shows a top view of the realized matrix chip. The 
total length is 3.5 mm and the width amounts to 0.6 mm. 
The narrow dark lines correspond to straight waveguides and 
the curved white lines surrounded by light grey areas indicate 
bent waveguides. The triangles are deeply etched straylight 
reflectors. White rectangles indicate the contact pads. Details 
of the fabrication process are given in [21]. In Fig. 4(b) the 
optical input and output ports are marked by arrows. Coupling 
to single-mode fibers is performed by ball lenses as described 
in [22]. 

The central functional elements of this chip are the two 
crossbar switches. They are based on directional couplers 
which consist of two parallel waveguides with a length of 
400 pm. Switching is achieved by the plasma effect due to 
carrier injection into one guide. The cross and the bar states 
are selected by turning the controlling current on and off 
respectively. A detailed description of the current controlled 
directional coupler switch is given in [23]. The combiners are 
based on directional couplers as well. In this case the length 
of the parallel waveguides amounts to 175 pm resulting in a 
3dB optical power splitting. 

Fig. 4(c) depicts the operation of the switching matrix. It 
shows infrared images of the output of the chip when light of 
1.55-pm wavelength is coupled into one input waveguide and 
current is applied to the relevant directional coupler switch. 
Light is launched under 45' polarization angle into the input 
waveguides. The two adjacent white dots in each picture 
represent the two output ports of a 3-dB coupler. 

It can be seen clearly that a very low control current of only 
10 mA is sufficient to switch the directional coupler from the 
cross state to the bar state. Crosstalk in both switching states 
is less than 15 dB. Insertion loss amounts to 12 dB excluding 
fiber/chip coupling. Preliminary speed measurements showed 
rise and fall times of only 2 ns. It should be mentioned that 
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Fig. 5. Schematic representation of a 2 x 2 optical amplifier switch. 

the experimental data given above always correspond to the 
worst case of both TE and TM polarization demonstrating the 
polarization independent operation of the realized switching 
matrix. 

2) Amplifier Matrix: An optical gate switching matrix 
which consists of optical gates and optical branching circuits, 
is promising for a space switching stage [24]. Traveling- 
wave laser amplifiers are particularly effective as optical gates 
because of their amplification characteristics, high ON/OFF 
ratio, and potential for sub-nanosecond switching speed. 

Fig. 5 shows a schematic representation of a possible 
arrangement for a monolithically integrated 2 x 2-amplifier 
matrix, which can be operated as crossbar or distribution 
switch. An optical signal launched into one of the input 
waveguides passes a first Y-junction and is fed to one of 
the two exit waveguides via an optical amplifier gate and a 
second Y-junction. 

The inset of Fig. 6 shows a semiconductor optical amplifier 
structure [25] currently considered for integration into the 
matrix. It consists of a 1.55- pm bulk InGaAsP/InP buried 
heterostructure with 0.4 x 0.8pm2 InGaAsP crossection, pro- 
viding polarization insensitive optical gain in a large (50 nm) 
wavelength span. 

Fig. 6 shows the optical gain versus bias current. A 20- 
dB gain is achieved at 50-mA bias current, with less than 
1-dB TE/TM gain difference and less than 1-dB wavelength 
dependent gain ripple. An ON/OFF ratio of more than 20 
dB is realized by a current change of 30 mA. Preliminary 
measurements [26] of the dynamic switching characteristics 
reveal less than 1 ns rise and fall times for a 40 mA current 
step over a relatively large range of bias currents. 

The observed polarization-insensitive gain and relatively 
fast switching characteristics make this buried heterostructure 
optical amplifier particularly suited as active building block of 
the space division switch shown in Fig. 5. 

111. SYSTEM CONTROL 

A. Frequency Stabilization 

Three different frequency stabilization schemes providing 
both relative and absolute stabilization have been investi- 
gated for possible implementation in the demonstrator [27]. 
By modifying standard stabilization techniques the amount 

1. ,55pm 

- 2 o . o k  I I 

0 2 0 . 0  4 0 . 0  6 0 . 0  

Bias  Current  I (mi31 

Fig. 6. Optical chip gain versus bias current for TE- and TM-polarized input 
light at 1.55 pni wavelength and -30 dBm input power; Insert: Schematic 
structure of a tilted buried-facet optical amplifier. 

waverneter 7 

computer * . 
Fig. 7. Experimental setup for frequency stabilization using a wavemeter. 

of hardware could be reduced considerably while sufficient 
stability was maintained even for channel spacings as low as 
5 GHz. 

A very simple scheme uses a commercial wavemeter for 
both relative and absolute frequency stabilization [28]. The 
principle of a wavemeter stabilization is shown in Fig. 7. 
Small fractions of the transmitter laser output signals are 
cyclically fed to the wavemeter by an n x 1 fiber-optic 
switch (alternative choices are possible, if needed, for higher 
reliability). The current frequency is measured and a correction 
is applied to the transmitter under investigation. To reduce 
the uncertainty on the wavelength measurement result, the 
mean of 10 measurements is calculated and a correction 
proportional to the measured frequency deviation is applied 
to each transmitter. Due to averaging a stabilization cycle for 
one transmitter takes about 2.6 s. 

In an experiment two transmitters were FSK-modulated at 
140 Mb/s and stabilized to the nominal frequencies 192.1650 
and 192.1754 THz, respectively. For testing channel spacing 
stability the beat signal between the two transmitters was 
detected in a wideband-receiver. The lower trace of Fig. 8 
shows the central lobe of the beat spectrum around 10.4 Ghz. 
The upper trace was recorded in the maximum-hold mode 
during 20 h of operation. After vertical translation of the trace 
we had a horizontal widening of the lobe of <+50 MHz. 
The center of the lobe differs from 10.4 GHz by -120 MHz 
due to finite wavemeter accuracy. The channel frequencies 
were also recorded during operation. Fig. 9 shows an error 
histogram where the frequency deviation from the desired fre- 
quency and the number of measurement cycles are displayed 
for the two transmitters. From Fig. 9 we read a maximum 
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Fig. 8. Central lobe of beat spectrum between two FSK-modulated optical 
transmitters stabilized by a wavemeter. The frequency spacing was set to 10.4 
GHz. 
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Histogram of recorded frequency deviations from the desired value. Fig. 9. 

deviation of f 2 5 0  MHz, with standard deviations of about 
60 MHz. 

In addition we have investigated a modified heterodyne 
spectroscopy stabilization scheme using a standard heterodyne 
receiver for relative frequency stabilization and we have 
performed experiments on frequency locking to an optical fre- 
quency comb generated by means of a resonant LiNb03 phase 
modulator. In both experiments a commercial wavemeter was 
used to obtain an absolute frequency stability. The channel 
spacing stabilities obtained were f 5 0  MHz for the modified 
heterodyne and f 4 0  MHz for the comb stabilization scheme, 
respectively. The maximum frequency errors measured were 
f 1 2 0  MHz with standard deviations of <25 MHz for both 
channels. 

Considering the achieved frequency stabilities, all three 
schemes are suited for implementation in the demonstrator. 

B. Channel Identification 

To ensure that a coherent receiver has locked onto the 
correct channel, a channel identification procedure has been 
developed and tested. After channel locking the transmitter fre- 
quency is swept by laser current changes over f 5 0 0  MHz. The 
AFC in the receiver tracks the transmitter frequency sweep. In 
a stand-alone setup the microprocssor in the receiver would 
identify the currently received transmitter from its sweep 
frequency or width. In our case of a spatially concentrated 
frequency conversion stage overall control of both transmitters 
and receivers is exerted by a personal computer so that a 
similar analysis is carried out by this controller. 

Due to a sufficiently high bandwidth of the AFC circuit in 
the receiver the transmitter frequency sweep does not cause 
a sensitivity penalty. Sweeping is recognized from changes 
in the AFC output voltage that is fed back to the LO. The 
required time for channel identification is about 2 s. If needed, 
this value could be lowered by software changes. 

Alternatively, a small frequency modulation with a fre- 
quency well above the AFC bandwidth could be employed and 
the frequency discriminator output voltage would be observed. 
This option, while requiring slight hardware changes, would 
reduce the channel identification time down to tens of ms 
or less. The successful operation of this type of channel 
identification scheme has already been demonstrated [29]. 

C. Overall Control 

Overall system control including frequency stabilization is 
performed by a personal computer. The various subsystems 
are equipped with a microprocessor and an IEEE-488 inter- 
face which allows for a very flexible control of the whole 
demonstrator. The local intelligence in the various subsystems 
is written in Forth, and provides the specific commands which 
are necessary to control the lasers or switching matrices 
respectively. The overall control software is written in Pascal. 
Optical frequency stabilization is performed in a background 
routine. 

We shall discuss here the response of the system to fre- 
quency switching commands. Using a setup of two frequency- 
stabilized transmitters (5.5-GHz channel spacing) and a re- 
ceiver we have conducted experiments to verify correct chan- 
nel locking of a DIPS receiver. The receiver was locked 
alternately to the two channels, 25 000 times for each of them. 
Polarization in the standard single-mode transmission fiber was 
changed repeatedly in order to ensure that channel acquisition 
would be tested for all possible polarization states, including 
the most difficult cases. Since the frequency deviation of the 
FSK transmitter is 1.2 GHz, incorrect locking would occur at 
an LO frequency 1.2 GHz above or below the expected value. 
Not a single incorrect locking was observed among the 50 000 
channel acquisition procedures. 

Our receivers lock always to the channel that is nearest 
to the frequency at which it is supposed to be. Even if 
a much stronger channel is only slightly farther away the 
nearest channel is still correctly detected. The algorithm allows 
reliable operation of the demonstrator even if the frequency 
stabilization should ever fail. Fig. 10 plots the time needed 
for channel acquisition in a DIPS receiver as a function of the 
positive or negative frequency offset between expected and 
actual transmitter frequencies. For offsets up to 3 GHz the 
locking time is <0.7 s. For higher offsets the time increases 
because the microprocessor of the receiver will undertake more 
and wider LO frequency sweeps until the nearest channel 
is found. Although the data points of Fig. 10 may look 
unpredictable they are in fact deterministic and reflect exactly 
the search program execution. 

As already mentioned in Section 11-B, channel acquisition 
in a polarization diversity receiver is accomplished somewhat 
faster because the number of final LO frequency sweeps is 1 
rather than 15. 
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Fig. 10. Time needed for channel acquisition in a DIPS receiver as a function 
of the positive or negative frequency offset between expected and actual 
transmitter frequencies. 

At any desired moment the overall control program can send 
out commands to establish a desired link. 

IV. CONCLUSIONS 

We have presented the concept of an OFDM switching 
node suitable for flexible interconnection of future IBC nodes. 
Our demonstrator will consist of a frequency switching stage 
composed of tunable FSK heterodyne receivers which are 
permanently connected to tunable FSK transmitters. A sub- 
sequent InP space switching stage, consisting of directional 
coupler switches or gate switching matrices based on optical 
amplifiers, will allow to switch the channels to any desired 
output fiber. As of now we have established the basic functions 
necessary for frequency stabilization, frequency switching and 
space switching. Completion of the demonstrator by additional 
equipment, namely the space switching matrices, is expected 
in the near future. 
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