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Summary    In selecting a modulation format and modulation/demodulation techniques
for a 1-Gbit/sec intersatellite data link, a judicious balance must be struck between a
number of more or less contradictory factors for the choice to be an optimum one.
Particularly important are the factors that determine the average transmitter input power
required, as this has a large influence on launch weight and hence on cost. In this
connection, both the inherent efficiency of the modulation format and the power losses
involved in the implementation chosen obviously must be taken into account. The latter
choice depends, in turn, upon the status of component development assumed, or,
alternatively, on the amount of development risk that can be tolerated. Finally, in some
applications, the ability of the system chosen to handle a variety of data signal formats
and, in particular, to handle asynchronous data streams without requiring complex
onboard signal processing such as bit stuffing and bit stream reclocking must be
considered.

For the purpose of choosing a modulation/demodulation system for development and
laboratory study, it has been found useful to postulate a number of candidate
implementations that appear to be feasible using laboratory-demonstrated components.
Modulation formats of particular interest include (1) optical time-division multiplexing
of the type reported recently by Kinsel1 in which “on-off” modulation of short laser
pulses was used, (2) a variation of this method in which polarization modulation is used,
(3) binary baseband modulation of a cw laser,2 and (4) polarization modulation of a cw
laser by a microwave subcarrier which, in turn, carries the digital data either as biphase
or quadriphase modulation.3



A comparison of systems employing these formats has been made on the basis of a per-
unit data transmission cost, defined as laser energy output required per data bit
transmitted. Existing bit-error-rate theory for digital baseband systems4,5,6 and a recently
developed theory for the subcarrier system7 are used in this evaluation. It is obvious that
transmission cost depends not only on the modulation format chosen but upon the
effective transmittance of the passive and active optical components required in the
transmitter and receiver for the modulation and demodulation functions. Therefore, the
development status assumed for these components has a large influence on determination
of the best system for a particular application. On the basis of current estimates of
components that can be space qualified within a few years, it is concluded that a system
that makes use of digital phase modulation of a microwave subcarrier has significant
advantages over the other approaches.

In order to verify and demonstrate the feasibility of a 1-Gbit/sec optical link using the
microwave subcarrier format, an experimental system featuring a quadriphase-modulated
1.5-GHz subcarrier and polarization modulation of a cw laser has been assembled in the
laboratory. The features of this system will now be described and its performance
illustrated.

The experimental system is diagrammed in Fig. 1. An argon laser with an intracavity
axial-mode selector provides a single-frequency, 0.514-Am, cw beam which is brought
to a focus within the electrooptic modulator. The modulator uses a lithium-niobate
electrooptic crystal and is of the microwave, octave-band type described elsewhere by
Chow and Leonard.8 In order to adjust the crystal birefringence bias automatically as
required for proper modulator action, a combination of thermal and dc bias control is
used. As shown in Fig. 1, the bias control amplifier derives its input by comparing the
intensities of the laser beam in the two orthogonal polarizations at the modulation output.
This phase-modulated subcarrier, which has essentially constant amplitude and
sidebands that extend from 1.0 to 2.0 GHz, is amplified to about 2 W. This amplified
subcarrier drives the octave-bandwidth optical modulator which, in turn, impresses the
1-Gbit/sec information stream on the laser beam by modulating the ellipticity of its
polarization at the microwave frequency. Ideally, the polarization is made to swing
between two linear orthogonal states at the extremes of the microwave modulation cycle.

The digitally modulated microwave subcarrier that drives the optical modulator is
generated in two steps. First, two separate microwave carriers derived from the 1.5-GHz
subcarrier oscillator (lower left, Fig. 1) are individually biphase modulated by two
independent 0.5-Gbit/sec data streams. The action of each of these modulators is to
reverse the phase of the microwave subcarrier at each change of state of its binary input,
as indicated by the two-state phasor diagrams in the center of the figure. Second, the two
biphase-modulated subcarriers that are in phase quadrature are summed to produce a
quadriphase-modulated subcarrier. Depending upon the binary states at the inputs to the



two biphase modulators, the output of the power summer assumes one of the four phases
shown in the upper phasor diagram. An important feature of this modulation method is
that the rf power input to the electrooptic modulator is approximately constant
(excluding switching transients), regardless of the particular digital sequences being
transmitted. Therefore, in contrast to baseband modulation systems, possible problems
with variable rf heating. of the electrooptic crystal and associated rapid changes of
birefringence are avoided.

At the receiver, the polarizer converts the ellipticity modulation of the transmitted signal
to intensity modulation at the microwave subcarrier frequency; the wideband
photodetector recovers the microwave subcarrier modulation from the laser beam; and
the subcarrier is amplified and fed to two synchronous detectors. The references for these
detectors are taken from an oscillator that is phase locked to the microwave subcarrier
(lower right, Fig. 1). Because the two data streams are carried by subcarrier components
that are in phase quadrature, they can be separated unambiguously by proper adjustment
of phase of the oscillator inputs to the balanced detectors.

Overall operation of the data link is illustrated in Fig. 2. The upper two traces show
portions of the two simultaneous 0.5-Gbit/sec data streams fed to the biphase
modulators, and the lower two traces show the corresponding output streams. The
shortest pulses in these samples are 2 nsec, and these are well reproduced in that the rise
and fall times are less than 1 nsec (sampling scope rise time < 0.1 nsec). A small amount
of top and bottom clipping occurs in the output baseband amplifiers, which also cause
the slight ringing observed.

Although the two 0.5-Gbit/sec data streams used in the test were run at the same clock
rate to permit display on a dual-trace oscilloscope, in practice there is no requirement for
synchronization between the A and B data streams. This is because each biphase carrier
component is modulated and demodulated independently of the other. Negligible
interference or cross-talk occurs, as has been shown by adjusting the time delay between
channels to one-half of a bit period, causing one channel to switch while the other is in
midperiod. This dual-channel capability permits two data streams to be handled
simultaneously by a single optical channel without requiring that synchronism be
maintained either between different (possibly physically separated) data sources or with
a fixed laser mode-locking rate.
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Fig. 1 Functional diagram of 1-Gbit/sec experimental laser communication system. Quadriphase modulation of
a 1.5-GHz microwave subcarrier and polarization modulation of the laser beam are used.



Fig. 2 Transmission fidelity of experimental system. Two 500 Mbit/sec input data
streams (upper traces) and the corresponding output streams (lower traces) are
shown. The shortest pulses are 2 nsec wide at half-amplitude. Time scale:
4 nsec/division.


