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Nickel-Hydrogen Battery
technology—Development and status*

J. D. DunLop AND J. F. STOCKEL
(Manuscript received July 23, 1980}

Abstract

A history of the development of the nickel-hydrogen (Ni-H,) technology at
Comsat Laboratories is presented, starting with the initial exploratory effort
in 1970 and extending to the present INTELSAT v Ni-H, batteries. The latter
are based upon the proven reliability of the NTS-2 Ni-H, cell design and the
manufacturing procedures developed to fabricate these cells.

This paper compares four different Ni-H, batteries: the NTS-2 battery, the
INTELSAT v flight battery, a 50-Ah battery and a high-pressure 50-Ah battery.
Although all these batteries use the same baseline cell design, the length of
the pressure vessel and number of modules in the electrode stack are varied
to achieve the desired ampere-hour capacity. Comparisons are made with
respect to energy density, energy per unit volume, structural design, and heat
transfer capability. The maximum energy density achieved was 60.1 Wh'kg
for the high-pressure 50-Ah cell.

Introduction

Exploratory research and development of hermetically sealed Ni-H,
cells was started at CoMSAT Laboratories in 1970 based upon an

*This paper is based upon work performed at CoMsaT Laboratories under
the sponsorship of the International Telecommunications Satellite Organization
(INTELSAT).
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original invention [1]. Once initiated, this technology advanced very
rapidly from the initial experimental proof-of-concept phase to the
development phase. The basic concepts were verified using a variety
of available electrode stack components. Since the sealed Ni-H, cell
is a hybrid combining battery and fuel cell technologies, components
were available from both technologies for use during the carly exper-
imental work. For example, nickel-oxide electrodes were taken from
aerospace nickel-cadmium (Ni-Cd) cells, and platinum black hydrogen
electrodes were taken from hydrogen-oxygen fuel cells; both battery
and fuel cell types of separator materials were used. Performance of
these experimental cells, combined with the very favorable electro-
chemistry of the system, indicated significant potential advantages of
Ni-H, over Ni-Cd batteries for communications satellite applications.

After the validity of the principle was demonstrated, a research and
development program was started with INTELSAT funding to develop
a 50-Ah Ni-H, cell. The following major development arcas were
included:

a. design of a 50-Ah cell;

b. investigation of lifetime limiting mechanisms;

¢. development of a hermetically scaled pressure shell;

d. development and optimization of the electrode stack com-
ponents.

By 1975, the technology had advanced sufficiently to warrant a flight
demonstration of an Ni-H; battery. INTELSAT and the Naval Research
Laboratory (NRL) entered into an agreement whereby COMSAT would
provide NRL with 35-Ah Ni-H, cells for use on the U.S. Navy
Technology Satellite (NTS-2) spacecraft. This program united all the
previous development efforts and culminated in a very reliable Ni-H,
cell design.

Salient features of the NTS-2 cell design are the following:

i. Inconel 718 pressure vessel with plastic compression seals
at each end for the negative and positive terminals;

b. electrochemically impregnated positive nickel-oxide elec-
trodes (Bell Laboratories agueous process) in a back-to-back
design;

c. asbestos separator material;

d. platinum black negative electrodes with teflon backing.

The NTS-2 battery was the first Ni-H, battery in space and has
performed exceptionally well to date [2]. Results from the NTS-2 flight
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demonstration combined with laboratory test data showed that Ni-H,
batteries offer significant advantages over Ni-Cd batteries for com-
mercial geosynchronous satellites. As a result of these efforts, Ni-H,
batteries are now scheduled for use on board the INTELSAT v F-4,
F-5, and F-6 spacecraft and are proposed for the INTELSAT v-a
program. INTELSAT v will provide the first application of Ni-H., batteries
on board an operational communications satellite and will represent
a significant accomplishment for CoMsAT Laboratories.

Electrochemistry of Ni-H,

Table 1 gives the Ni-H, cell electrochemical reactions for normal
operation, overcharge, and reversal.

TABLE 1. ELECTROCHEMICAL REACTIONS

Normal Operation
discharpe

Nickel Electrode NiOOH + HO + e~ <harge Ni(OH), + OH- ()
Hydrogen Electrode 12H, + OH- ;“:“‘% HO + e 2)
charge
Net Reaction 1/2 H, + NiQOH Siharee, niOH), (3)
charge

Overcharge
Nickel Electrode 20H —2 + 120, + HO 4
Hydrogen Electrode 2HO +2e-—=20H + H, (5)
Chemical Recombi- 120, + H,— H,O 6)
nation of (),

Reversal

Nickel Electrode HO+e¢e - OH + 122H,
Hydrogen Electrode 12ZH, + OH- — ¢ + H,O

Normal operation

The net reaction shows hydrogen reduction of nickelic hydroxide to
nickelous hydroxide on discharge with no net change in KOH con-
centration or in the amount of water within the cell.

Overcharge

Electrolysis occurs on overcharge with oxygen generated at the
positive electrode and with hydrogen at the negative electrode. Oxygen
is chemically recombined with hydrogen to form water at the catalytic
platinum electrode. Again, there is no change in the KOH concentration
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or the amount of water in the cell with continuous overcharge [combine
reactions (4), (5), and (6)].

The oxygen recombination rate at the negative platinum electrode
is very rapid so that even at high rates of overcharge there is no
significant buildup of oxygen in the hydrogen (oxygen partial pressure I | T [ I
of less than 1 percent is typical).

13

Reversal

During cell reversal, hydrogen is generated at the positive electrode
and consumed at the negative electrode at the same rate. Therefore,
the cell can be continuously operated in the cell reversal mode without
a pressure change or a net change in electrolyte concentration. This
is a unique feature of the system. -

& 5% DOD
w 43% DOD
a 25% DOD
* 40% DOD
|
9

Self-discharge I

The electrode stack is surrounded by hydrogen under pressure. A
salient feature is that the hydrogen reacts electrochemically, but not .
chemically, to reduce the nickelic hydroxide. Actuaily, the nickelic — — ©
hydroxide is reduced, but at such an extremely low rate that perform-
ance for any of the aecrospace applications is not affected.

ECLIPSE SEASON

NTS-2 in-orbit data T

The Ni-H, battery continues to supply all the energy storage L . a
requirements of the NTS-2 spacecraft. This spacecratt has been
operating in orbit for three vears, and the battery has powered the L /
spacecraft during seven eclipse seasons and one short lunar eclipse.
To date, the battery has accumulated approximately 420 cycles.

Figure 1 shows the longest eclipse end-of-discharge voltage for seven
eclipse seasons. During the first two seasons, the spacecraft was
operated at full load most of the time. However, subsequent to the (A} 39VLI0A AHILLVE
second season, a failure of a major experiment was experienced, L
thereby reducing the energy demand from the battery. The depth-of-
discharge (DOD) during the seventh eclipse season was increased to 40
percent.

Near the middle of the seventh eclipse season, the spacecraft failed
to execute the yaw maneuver that orients the solar arrays toward the
sun. As a result, the Ni-H,; battery experienced a complete discharge.
The yvaw maneuver was properly executed during the next orbit and
the spacecraft returned to normal operation under reduced power load.

1800 —
1760 —
1700 —
1650 |—
1600 —

[
!
5
Figure 1. NTS-2 Ni-H, Bartery Longest Eclipse End-of-Discharge Voltage
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Figure 2 depicts this event by illustrating the battery voltage and
curtent vs time. The eclipse began with the spacecraft entering the
shadow and the battery was discharged for 1 hr. Upon reentering the
sunlight, the solar array was disoriented, thereby causing its power
output to vary. For approximately 1 hr, the solar array was charging
the battery. During the next 2.25 hr, the battery was completely
discharged to its cutoff of 14.0 V.

KH T T T T T T T T T 71 &

—
o5 |= oiscH } CHG E-f DISCH ———l
-‘ 20

0

CUARENT 1A}
n
VOLTAGE v

. e
o H -
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p— § e CURRENT —
o I 1 I | L ¢ i | 13
0 1 2 3 4 5
TIME {HR)

Figure 2. NTS-2 Battery Current and Voltage Data

The measured battery’s capacity was 40.3 Ah for this complete
discharge and the measured temperature was 17.8°C. Prelaunch meas-
ured capacity at 15°C temperature was 40.0 Ah. These data indicate
no measurable loss in capacity of the Ni-H, battery after 3 years in
orbit.

Comparison of different Ni-H; batteries

The NTS-2 battery, the INTELSAT v flight battery, a 50-Ah battery,
and a high-pressure 50-Ah battery are compared in terms of energy
density, volume density, structural design, and heat transfer. Each of
these batteries uses the same baseline cell design.
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Energy density of individual eells

Design of the Ni-H, cell was a compromise between maximum
energy density and fabrication constraints [3], [4]. Early in the
development program (1972), a cell design was selected which used a
cylindrical pressure vessel 8.89 cm (3.5 in.) in diameter to store the
hydrogen gas. The design goal was to develop a 50-Ah cell. Ampere-
hour capacity can be changed by adjusting the length of the pressure
vessel and the number of modules in the electrode stack while
maintaining the diameter at 8.89 cm.

Table 2 presents Ni-H; cell weights for NTS-2, INTELSAT v, and the
50-Ah high-pressure cell, and a weight breakdown of the individual
cell components. Table 3 shows the effects of ampere-hour capacity
and temperature on energy density. As capacity increases, energy
density improves. Electrode stack components become a larger per-
centage of the total weight, and the pressure vessel and miscellaneous
hardware become a reduced percentage. Continuing to increase the
cell energy above 62.5 Wh (50 Ah) does not improve energy density.

TABLE 2. CELL WEIGHTS

INTELSAT V NTS-2 Laboratory Test Cell
(30 Ah) (35 Ah) (50 Ah)
Parameter N K .
Weight Percentage Weight Percentage Weight Percentage

(g of Total (g) of Total (g) of Total
Positive Electrode 282.4 3.7 348.6 33.9 480.0 40.0
Negative Electrode 2.2 36 72.0 7.0 54.7 4.6
Separators 23.0 2.6 351 3.4 39.1 3.3
Screens 3.4 0.38 8.0 0.8 5.6 0.5
Electrolyte 134.0 12.4 159.0 15.5 187.0 15.6
End Plates 351 3.9 34.0 3.3 s 2.9
Pressure Vessel, 379.9 42.7 371.7 36.1 397.3 33.0
Internal Hardware,
and Seal Assembly
Total 890.2 100.0 1028.4 100.0 1198.8 100.0

Figure 3 shows computed energy densities vs stored energy for
Ni-H, cells as injtially determined from a computer optimization study.
For the Ni-H, cell, the energy density approaches 62 Whikg. In the
computer model, the hardware (such as bus bars and terminals) was
scaled directly to the ampere-hour capacity. Also shown in Figure 3
are the actual capacities achieved for an NTS-2 cell, INTELSAT V cell,
and a 50-Ah cell. The hardware is identical within all of these cells and
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was sized for the 50-Ah cell. This explains the tendency of the actual
cells to diverge from the computed values as capacity is reduced.

TABLE 3. ENERGY DENSITY T T T 8
Parameter INTELSAT V NTS-2 S0-Ah Cell
Rated Capacity {Ah) 30 35 50 - dg
Cell Weight (kg) 0.890 1.028 1.198
Measured Capacity {Ah) -§
2°C 319 38.5 52.8 )
10°C 34.8 43.0 57.6 - 4e =
o°C 35.3 Ei
Weight Positive (g) 282.4 348.6 480.0 )
20°C (Ah/g) 0.113 0.110 0.110 g
10°C (Ah/g) 0.120 0.120 0.120 - -8 s
Average Discharge 1.25 1.25 1.25 g
Voltage (V) .
Energy at 10°C (Wh) 3.5 53.7 72.0 i > o b
Energy Density (Wh/kg) E N :
20°C 4.8 46.8 55.1 z o b F
10°C 489 52.2 60.1 g = L0
@ wl o
- o N8 %
N
Battery energy density ;; 2 Q‘a
Table 4 contains battery weights and energy densities for INTEL- £ . £ O 2
SAT v, NTS-2, and 50-Ah batteries. INTELSAT V represents the latest i o 553 s 2
and most advanced battery design. The Ni-H, cells comprise 80 percent =l e d“
of the total battery weight. A reasonable goal for a 50-Ah battery £ a5 2
design was determined by using the INTELSAT vV weight ratio of 80 - b g g a s s
percent for cells to 20 percent for the battery packaging. The result 25 &
shows a very significant improvement in energy density for a 50-Ah e %’ e o
battery (48.1 Whikg compared to 39 Wh/kg), which reflects the increase i z g« ﬁ o ©
in energy density attained by changing from the 30- to the 50-Ah size Ege - 2
cell. & =
Depth of discharge L | l | | 1
8 8 ) R 3 g Ve

Usable energy density which is directly related to the Don must be
considered. To define DoD, it is first necessary to define capacity. It iB3Y/UM) ALISNIO ADHANI
is recommended that capacity be defined as the capacity measured for
cells during acceptance testing at an operating temperature of 10°C.

For INTELSAT V, the DOD is 48 percent based on the measured capacity
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TABLE 4. BATTERY WEIGHT and ENERGY DENSITY

INTELSAT V NTS-2 50-Ah Cell
Weight Percent- Weight Percent- Weight Percent-
Parameter (kg) age (kg) age (kg) age
Cell Weight 0.890 1.028 1.198
Cell Number 27 14 27
Total Cell Weight 24.03 80 14.3 70 32.35 20
Cell Mounting Shells 33 11 3.1 15.2 4.45 11
Base Plates 0.73 2.4 1.8 8.8 0.97 2.4
Diode Assembly (.96 3.2 — 1.29 3.2
Mounting Hardware 0.10 0.3 0.2 1.0 0.12 0.3
Connectors etc. 0.23 0.8 1.0 4.9 0.32 0.8
Miscellaneous 0.77 2.6
Total Weight 30.12 100.00 20.50 100.00 40.44 100.00
Energy (Wh at 10°C) 1174 750 1944
Energy Density (Wh/kg) 39.0 36.5 48.1

at 10°C (Table 5). Future Ni-H, battery systems are expected to use
much deeper DOD in synchronous orbit (80 percent), which will
significantly increase usable energy density.

1t should be noted that the INTELSAT v batteries are discharged at
constant power, not constant current. This means that the discharge
current will increase as the battery voltage decreases. The battery
voltage is expected to gradually decrease with life. Unfortunately, this
means that the maximum pon will occur at the end of life, which in

TABLE 5. USABLE ENERGY DENSITY (INTELSAT V)

Measured Capacity

Parameter at 20°C at 10°C
Cell Capacity (Ah) 319 34.8
Energy on Discharge, Assuming 1.25 V/Cell Average 1076.0 1174.0
(Wh)
Total Electrical Bus Load Estimated for F5, F6, and 470.0 470.0
F7 for 1 Bus (W)
DOD Based on 1.25 V/Cell Average (%) 52.4 48.0
Total Energy Density (Wh/kg) 35.76 39.0
Usable Energy Density (INTELSAT v Mission) (Wh/kg) 18.7 18.7
Usable Energy Density at 80% DOD (Whikg) 28.6 31.2
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turn will accelerate voltage degradation. Therefore, a rather conserv-
ative DOD value of 48 percent was chosen for INTELSAT V.

Safety

The safety factor is defined as the ratio of burst to working pressure.
Presently, there is a 4/1 safety factor for NTS-2 and INTELSAT Vv cells.
Based on NASA and Air Force specifications, this could be lowered
to 2/1 [5]. The high-pressure cell design uses a 2.5/1 ratio, which
reduces the volume and weight.

Stored energy per cell (dual stack cell)

It is necessary to store about 70 Wh of energy in an 8.89-cm-diameter
pressure vessel to achieve an energy density of 60 Whikg (Figure 3).
For a single cell stack with an average cell voltage of 1.25 V on
discharge, a capacity of 56 Ah is required to achieve 70 Wh of stored
energy.

Many spacecraft systems require batteries with capacities lower
than 56 Ah; for example, INTELSAT v required a 30-Ah battery. For
these applications, the single cell stack approach per pressure vessel
sacrifices energy density. To improve energy density, a new cell design
is proposed, which uses two 30-Ah cell stacks in series within one
pressure vessel. With this design the stored energy is 70 Wh, thereby
maintaining the higher energy density of 60 Wh/kg while providing a
30-Ah cell. In this case, the average cell voltage on discharge is 2.5 V.

Energy per unit volume

This section discusses the advantages of increasing both cell capacity

and operating pressure (67 atm instead of 40 atm) in terms of volume
density.

Cell energy per unit volume

With the present pressure vessel and electrode geometry, the outside
cell diameter is fixed at 8.89 cm. Table 6 shows the volume density for
an INTELSAT v, an NTS-2, and a 50-Ah cell. The cells with an upper
operating pressure of 40 atm (600 psi) deliver approximately 0.064 Wh/
cm’. Changing the upper operating pressure to 67 atm (1000 psi)
increases the energy per unit volume by 34 percent from 0.064 to 0.086
Wh/cm®. By comparison, the energy per unit volume for the INTEL-
SAT v Ni-Cd cell is 0.135 Wh/icm?.

The high-pressure cell represents the maximum achievable energy
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per unit volume in a cell design with a diameter of 8.89 cm. Table 6
indicates that almost all of the hydrogen is stored within the hemi-
spherical ends, and that the electrode stack occupies the entire
cylindrical section.

TaBLE 6. CeELL ENERGY PER UNIT VOLUME

50-Ah
High
Parameter INTELSAT YV~ NTS-2  50-Ah Cell Pressure
Cell
Capacity at 20°C (Ah) 31.9 38.5 52.8 52.8
Maximum Pressure (atm) 40.8 40.8 40.8 68.0
Length Electrode Stack (cm) 4.2 5.08 7.0 7.0
Volume Electrode Stack {cm’) 260 315 434 434
Volume to Store Hydrogen {cm’) 426 514 686 409
Total Volume Required (em?) 686 829 1120 843
Actual Cell Volume {cm’} 762 841 1120 841
Volume of Domes (¢cm?) 368 368 368 368
Diameter {(cm) 8.89 8.89 8.89 8.89
Length of Cell (cm) 15.2 16.5 21.3 16.5
With Terminals (cm) 21 24 29 23
Energy at 10°C (Wh) 43.5 537 72 72
Energy per Unit Volume at 10°C 0.057 0.064 0.064 0.086
(Wh/cm?)
Battery

Number of Cells 27 7 27 27
Length (cm) 51.8 48.26 51.8 51.8
Width (cm) 52.1 24.13 52.1 52.1
Height (cm) 22.2 25.4 29 24.2
Volume (£) 59.9 29.6 78.3 75.3
Energy at 10°C (Wh) 1174 376 1944 1944
Energy/Volume (Wh/cm?) 0.0196 0.0127 0.0248 0.0298

Battery energy per unit volume

The external dimensions for the NTS-2 battery are shown in Figure
4, and those for the INTELSAT Vv battery are shown in Figure 5. Energy-
per-unit-volume data are presented in Table 6.

In the NTS-2 design, the cells are structurally contained so that they
are scparated. In the INTELSAT v design, the cells are closely packed,
resulting in a 50-percent improvement over the NTS-2 design.

Increasing cell capacity improves the battery energy per unit volume
significantly, as shown in Table 6. This is explained by noting that the
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.

e

2413 &m
19.412 inchest

Figure 4. NTS-2 Ni-H, Batiery

F:ompression seal terminals at both ends extead cell length by approx-
imately 6 cm. In the NTS-2 and INTELSAT v battery designs, space for
these terminals accounts for 20 to 25 percent of the total battery
volume. Increasing cell capacity reduces the percentage of the volume
occupied by the terminals.

The high-pressure cell also improves energy per unit volume. The
energy per unit volume of the high-pressure 50-Ah cells is 0.0298
Whicm?® compared to 0.0196 for INTELSAT v cells, representing a 52-
percent improvement.

Larger diameter positive elecirode

The advantage of the larger diameter positive electrode is to reduce
Fhe temperature gradient across the hydrogen gap (AT gap). Table 7
indicates that a 2.3°C decrease in AT gap could be expected if a larger
diameter positive electrode had been used in the NTS-2 cells.

Ni-H, cells have been fabricated with larger diameter positive
etectrodes. This development effort determined the extent to which
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Figure 5. INTELSAT V Ni-H, Battery
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TABLE 7. DIMENSIONS FOR POSITIVE ELECTRODES

Diameter

AT Gap

Positive Hydrogen (From

Cell Type Electrodes Gap Fig. 5)
NTS-2 and INTELSAT v 8.380 cm 0.203 cm 6.8°C
New Design 8.53cm 0.127 ¢cm 4.5°C

the hydrogen gap could be reduced and still enable the construction
of a cell without shorting or damaging the electrodes during assembly.
The dimensions for a larger diameter positive electrode are given in

Table 7.

Temperature gradienis

Figure 6 shows the computed temperature gradient across the
hydrogen gap and the temperature gradient from the center of the
stack to the wall. These data are for the NTS-2 cell stack structure
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(35-Ah cell) with an anticipated maximum dissipation level of 7.2-W
steady state [6], which is the estimated maximum heat dissipation on
discharge. In actual transient situations, AT gap will never attain this
value, but it is useful as a worst-case criterion to determine if water
vapor transfer can occur from the stack to the wall. The temperature
difference required for vapor transfer from a 30-percent KOH solution
in the stack to pure water at the wall varies from 10°C with the wall
at 0°C to 12°C with the wall at 20°C.

Conclusions

The current status of aerospace Ni-H, battery technology developed
at COMSAT Laboratories has been presented. The NTS-2 spacecraft
launched in June 1977 was the first satellite to utilize this new
technology, and its performance to date has been excellent. The use
of Ni-H, batteries on INTELSAT v will represent a major commitment
to this new technology, which is expected to replace the Ni-Cd
batteries used until now for geosynchronous communications satellites.
The Ni-H, batteries planned for use in the next generation of INTELSAT
communications satellites should achieve 48-Wh/kg usable energy
density in comparison to the 39 Wh/kg of INTELSAT V batteries. This
goal will be accomplished by storing at least 70 Wh of energy per
pressure vessel and operating at higher depth of discharge.
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Thermoelectrically cooled MESFET
low-noise amplifier for earth stations

H.-I.. HUNG AND N. L. HYyMAN

(Manuscript received August 5. 1980)

Abstract

A new compact and practical low-noise amplifier (LNA) which uses ther-
moelectrically cooled GaAs MESFETs for the 11.2- to 12.2-GHz communications
band is described. The L.NA consists of a 3-stage cooled preamplifier followed
by a 3-stage uncooled postamplifier, both of microwave integrated circuit
design. A specially designed multistage solid-state thermoelectric cooler and
a high-performance compact heat exchanger have been developed. The
preamplifier, thermally isolated within an insulation-filled compact enclosure,
achieves a physical temperature lower than 185 K in a room temperature
environment.

A noise temperature of 120 K (noise figure of 1.5 dB) and a power gain of
54 dB at 12 GHz have been achicved with the preamplifier at 188 K. Noise
temperature and power gain variations across the 11.7- to 12.2-GHz band are
5 K and 0.8 dB. The noise performance achieved represents the lowest
temperature known to have been reported for a thermoelectrically cooled
MESFET amplifier at 12 GHz, and is comparable to that of a conventional
temperature-stabilized parametric amplifier. At {-dB gain compresston, 12-
dBm output power has been obtained. The 6-stage uncooled amplifier, including
an input waveguide isclator, exhibits a noise temperature of 190 K (notse
figure of 2.19 dB) and a power gain of 50 dB.
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Introduction

Recent significant improvements in GaAs MESFET technology and
performance have extended the application of these devices in micro-
wave communications systems [1]. The feasibility of their use in low-
noise and high-power amplifiers, mixers, and oscillators has been
demonstrated in practical components. In particular, low-noise MESFET
amplifiers have been developed for use at frequencies ranging from
UHF [2] te Ka-band [3].

Previously, large earth stations for satellite communications have
extensively employed parametric amplifiers as the low-noise front end.
There has been considerable demand to replace parametric amplifiers
with GaAs MEeSFET amplifiers, which, although exhibiting a higher
noise figure, offer lower cost, simpler and more compact configurations,
and easier maintenance. Recent advances in MESFET technology have
lowered the device noise figures to less than 2 dB at 12 GHz [4]. It will
be shown that amplifiers using these new devices and operating at
room temperature can provide performance suitable for some earth
terminals. The noise temperatures achieved, however, are not com-
parable to those of the parametric amplifiers used in large earth
stations.

At room temperature, the noise performance of GaAs MESFETS in
microwave amplifiers is dominated by thermal noise. Cooling the
MESFET to lower temperatures results in improved noise performance
as well as power gain [5], [6]. The method of cooling for a specific
system is determined by the noise temperature requirement. Very low
temperatures can be achieved with cryogenic fluids such as liquid
nitrogen [5], but supply and maintenance problems make it impractical
for mobile or unattended earth stations. Passive cooling methods using
radiation to space techniques [6] can achieve physical temperatures
around 180 K but are limited to satellite applications.

Solid-state thermoelectric devices have previously been used for
cooling small semiconductor detectors or for maintaining amplifiers
slightly below ambient temperature. In earlier efforts at COMSAT
Laboratories, a multistage thermoelectric device inside a vacuum
enclosure was used to cool a 3-stage MESFET amplifier to physical
temperatures as low as 190 K. However, the design, fabrication,
preparation, and operational requirements for units that must maintain
high vacuum integrity over several years do not render this approach
cost effective. Thus, a maintenance-free, practical cooling package is
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ne;ded to provide a temperature sufficiently low to yield amplifier
noise performance comparable to, if not better than, that of high-
quality parametric amplifiers,

This paper describes the design of an LNA using GaAs MESFETs
cooled by a multistage thermoelectric heat pump. The amplifier has
been designed as the front end of an earth station receiver for the 11.7-
to 12.2-GHz satellite communications band. The characterization of
the MESFET devices and the design of the amplifier will be described.
The thermal design of the hermetic package for maintaining the
preamplifier at low temperatures will be discussed. The performance
of the complete LNA will then be presented. Finally, design techniques

and applications of this type of cooled MESFET LNA to other satellite
communications bands will be examined.

GaAs MESFET devices

The LNA uses commercially available NEI37 and NE388 MESFETS
manufactured by the Nippon Electric Company. Simplified physical
model§ of these MESFETs are shown in Figure la. Both devices have
a.nommal gate-length (/) of 0.5 wm. Their structures, however, are
different. One has a recessed gate and the other a flat structure;
consequently, they exhibit different noise performance.

ATE
SOURCE(s) GATEg) DRAIN(g)

[——n-TYPE GaAs
[~=—— BUFFER [ AYER —=

[==SEMI—INSULATING—=
GaAs SUBSTRATE

NE 137 RECESSED STRUCTURE NE 388 FLAT STRUCTURE

m ALLOYED OHMIC CONTACT METAL {SCHOTTKY BARRIER

JUNCTION)

Figure la. Simplified Cross-Section of GaAs MESFETs

The noise properties of a GaAs MESFET can be described in terms

of an equivalent circuit [7] as shown in Figure 1b. The circuit includes
the effect of resistive parasitic elements on noise performance. Noise
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Figure 1b. Equivalent Circuit of a GaAs MESFET Used in Noise
Analysis

sources e, and e, represent the thermal noise contributions of R, t.he
AC gate metallization resistance, and R,, the total source series
resistance, respectively. The induced gate and drain circuit noise
sources are i,, and I,,. The gate-to-source capacitance is C,,, and R;
is the associated charging resistance. Transconductance, g, is assumed
to be constant in the frequency band of interest.

For a MESFET operating at room temperature below the cutoff
frequency, the expression for the minimum equivalent input poisg
temperature of the device, T,, in terms of the equivalent circuit
elements can be simplified [8] as follows:

IR, + R,
Te = aTl)ngs - g £ (1)

where « is a coefficient which depends on the channel material, T,
equals 290 K, and f is the frequency. The elements are evaluated at
null gate bias and at a relatively low drain bias voltage in the current
saturation region. .
Equation (1) indicates the dependence of minimum T, on the @wce
parameters. The effect of gate length is implicit in C,, and g,,. Without
shortening the gate length, the minimum noise temperature of the
device can be improved by reducing the parasitic resistances. The
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deep recess structure with a cylindrical edge shape has enabled the
reduction of the parasitic source resistance to half that of conventional
flat-type MESFETs. A 0.5-dB improvement in device noise figure at
12 GHz has been achieved [4].

As previously mentioned, the dominant noise mechanism in a GaAs
MESFET operating under optimum noise conditions is thermal. Meas-
urements of parasitic resistances have indicated a linear dependence
of R, on decreasing temperature |4]. A 70-percent reduction in R, has
been observed for a temperature drop of 200 K; however, only an 18-
percent reduction in R, has been observed. This implies that the
reduction of source resistance is important for MESFETs not only at
room temperature but also at low temperatures. Also, transconduct-
ance increases as the device ambient temperature is lowered. The
temperature dependence of these parameters on the overall device
noise behavior is evident from equation (1).

The MESFETs have been extensively characterized at room and lower
temperatures. Probe tests and measurements have ensured proper DC
parameters and breakdown voltages for high-refiability performance.
Small-signal S-parameters measured over a wide frequency band (2 to
I8 GHz) have been used in computer-aided circuit analysis. Noise
parameters have also been characterized at various temperatures using
a noise measurement system with an in-band noise figure of less than
3 dB. Optimal source impedance for minimum noise operation has
been used for the amplifier module design. Proper DC bias points have
been established for minimum noise measure at low temperatures.

Electrical design

The complete L.NA consists of six single-stage modules. Figure 2
shows a block diagram of the amplifier. The general design objectives
have been to achieve the lowest noise measure of the input amplifier
modules and to minimize RF losses of the input passive components.

Preamplifier

The preamplifier is a single-ended module design. This allows the
selection of the best noise performance device for the first input stage,
thus achieving the best overall performance. Initial input and output
matching networks have been designed for a 10-percent bandwidth,
using quarter-wavelength resonator broadbanding techniques. The
overall performance across the band is then optimized for noise, power
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gain, and output return loss using computer-aided circuit analysis. The
wideband (2- to 18-GHz) frequency response is then examined to

SMA
OUTPUT

. ensure stable operation and flat gain response for both the single-stage

2 and cascaded multi-stage amplifiers. The stability problem is especially

& a critical at low temperatures, since power gain increases.

a L% The GaAs MESFETs are mounted on low thermal-expansion Invar

% < g-’ ground plates for direct heat transfer. The microstrip matching circuits

B a% are fabricated on 0.38-mm-thick fused silica substrates, which cause

1 lower RF circuit losses than the commonly used alumina. Open shunt
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g with an output return loss better than 20 dB, Careful device selection

= ggu__ has resulted in no significant variation of noise performance among

© E modules. Single-stage modules with noise figures of 1.85 to 1.90 dB

~ and a power gain of 8.5 dB have been achieved across the band.
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reducing the heat flow from the surroundings. The housing includes
two integrated waveguide-to-microstrip transitions with a 3-section
coaxial transformer. This type of transition offers flexibility in the
orientation of the waveguide with respect to the microstrip circuits.
Figure 4 shows the RF performance of a pair of transitions through a
38-mm-long 50} reference microstrip line on a fused-silica substrate.
Return loss close to 30 dB and insertion loss of less than 0.1 dB per
transition have been measured in the 11.7- to 12.2-GHz band. At low
temperatures, the frequency response of these waveguide-to-microstrip
transitions has been observed to be stable.

A pair of specially designed epoxy-glass internally-metal-plated
waveguides is used to thermally isolate the cooled preamplifier from
the external warmer environment. These 76.2-mm WR-75 lightweight
waveguides, also shown in Figure 3, exhibit an RF performance
comparable to that of conventional metallic waveguides. The maximum
loss of each waveguide has been measured to be =0.02 dB. Two
hermetic quartz pressure windows are used at the interface between
the epoxy-glass waveguides and the external RF components. Insertion
loss of less than 0.04 dB and vswr better than 1.08 have been
measured.

At room temperature, the 3-stage amplifier exhibits a power gain of
24.6 = 0.3 dB across the 11.7- to 12.2-GHz band. Output return loss
is better than 20 dB. Optimal bias drain currents for the NE137 devices
are 8 to 10 mA with the drain-to-source voltage optimized at 4 V. At
low temperatures, the drain currents are set at higher values.

Postamplifier

The postamplifier shown in Figure 5 has a low-noise input stage
module and two high-gain modules. Its noise figure is not as critical
as that of the preamplifier, and therefore the relatively less expensive
NEC NE388 devices are used. Since an optimal low-noise design does
not result in a good input match because of the intrinsic properties of
MESFETS, a microstrip isolator with small insertion loss (<0.4 dB)
has been integrated into the input port. In-band ripples caused by RF
mismatches at the interface between the preamplifier and the postam-
plifier have thus been minimized.

The high-gain modules are designed with good input and output
matches. The MESFETs are biased at 50 percent of [, to achieve
high linear output power capability across the band. An interdigital
coupler provides interstage DC isolation and the additional ability to
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Figure 5. The 3-Stage MESFET Postamplifier

shape the frequency response of the complete amplifier. Reliability
has also been improved by eliminating the DC blocking chip capacitors.
The postamplifier low-noise high-gain design contributes minimal noise
to the overall amplifier performance and, at the same time, achieves
high power gain and good linearity. Figure 6 shows the output power
of the post-amplifier versus input power. At 1-dB compression point,
12 + 0.3-dBm output power has been measured across the band with
a small signal gain of 26.4 = 0.2 dB.

A DC bias circuit, which requires a single 12-V nC input, provides
the proper pC supply to the individual MESFETs. 1t offers variable
biases to both the gate and drain terminals of each cooled device so
that optimal values can be set at the operating temperature. The bias
supply circuits maintain the drain current level through a feedback
network, thus minimizing any gain drift effect due to device defects.
The single 12-V D¢ supply also powers the regulator circuit of the
postamplifier, which uses the simpler self-bias scheme.
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Figure 6. P, vs P, of the 3-Stage MESFET Postamplifier

Low-temperature evaluation

The noise performance and power gain versus temperature of the
complete 6-stage amplifier at 12 GHz are shown in Figure 7. The
me«:clsurements were performed by varying the preamplifier temperature
while the postamplifier remained at room temperature. A cooling
method similar to one previously reported [5] has been empioyed. The
preamplifier is suspended in a dry atmosphere above liquid nitrogen,
and the temperature is stabilized by a heating element. The low RF
loss and vswr together with the excellent thermal properties of the
epoxy-glass waveguides contribute to the high accuracy of this low-
temperature amplifier characterization method. Consistent and re-
peatable measurements of noise figure and power gain versus temper-
ature have been achieved.



310 COMSAT TECHNICAL REVIEW VOLUME [0 NUMBER 2, FALL 1980

X0 T T T T 60
AT 12 GHz
@
250 -1 5% =
=
25 + —— g
= o«
w 2
Lt
& 200 | -1 50 2
2
<
& ]
m
2 2w &
w s
@ w180 - - 45
T o] —~—
W =z
o
S 15 |
2
100 - —
10
] 1 1 |
100 150 200 260 300 )
I i ! i |
-150 -100 -50 0 cl

PREAMPLIFIER AMBIENT TEMPERATURE

Figure 7. Noise Figure, Noise Temperature, and Power Gain of the
6-Stage MESFET Amplifier With Input Isolator vs Ambient
Temperature

With a computer-aided circuit pretuning technique and an optimized
device bias operating point, the best noise performance of the complete
amplifier across the band of interest has been determined at low
temperatures. Figure 7 shows the tradeoff between both noise tem-
perature and power gain and the temperature needed to achieve a
particular performance requirement. A, noise temperature as low as
100 K and a power gain of 54.5 dB can be achieved if the preamplifier
is cooled to 150 K. Noise performance improves at a higher rate near
room temperature.
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Thermal design

Thermal design objectives were to maintain the LNA preamplifier at
a temperature of 188 K* in an inert atmosphere with minimum cost
and size and maximum long-term reliabitity. The obvious choice of
cooling device is the thermoelectric heat pump (TEHP), which is
preferable to mechanical refrigeration and cryogenic liquids because
of its solid-state reliability, smaller size and weight, and lower cost.

Maintaining the preamplifier at a low temperature requires good
thermal isolation from the external environment, TEHP performance
matching the thermal loading, and efficient rejection of the heat
generated by the TEHP. The requirement of water vapor exclusion was
satisfied with conventional hermetic sealing. Good thermal contact
between the TEHP and the preamplifier under potentially high thermal
strain conditions was achieved with a flexible high-conductance con-
nector.

Insulation system

Figure 8 shows a schematic of the preamplifier thermoelectric
package (PTEP).T The thermal paths between the PTEP external cover
and the preamplifier are primarily through the intermediate space and
the two waveguides.

Heat flow from PTEP walls to the preamplifier is minimized by a low-
conductance material, which fills the intermediate space, and heat
shields, which are thermaily attached to the waveguides and to the
appropriate TEHP stages. The insulation material is a low-density
Perlite powder with interstitial krypton gas slightly above atmospheric
pressure. Perlite is easy to keep clean and dry, handle, and pour. The
low thermal conductivity of krypton gives the combination a con-
ductance of 0.00017 W/cm K at 188 K. Other insulation systems
offering this low conductance would be more costly or more difficult
to fabricate and apply. Although the use of heat shields increases the

*This approximates the lowest temperature achievable with thermoelectric
heat pumps of reasonable size and input power. Many applications may be
satisfied with higher temperatures which, while not affecting the design
practices described in this paper, would result in size, cost, and power
reductions.

tThe 6-stage thermoelectric heat pump was manufactured by Mariow
Industries Inc.
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heat loads in the lower TEHP stages, it lowers the top-stage temperature
and reduces the required TEHP size.

The thin-walled, epoxy-glass waveguides exhibit satisfactory low
conductance; two-thirds of the total conductance is due to the internal
metallic plating. A thermal resistance as high as 440 K/W has been
measured for the 76.2-mm-long waveguides.
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Figure 8. Cross-Sectional Diagram of a PTEP

PTEFP thermal analysis

Predictions of heat flow and temperature distribution within the PTEP
were based upon a familiar analytical aid, the thermal model. This
model was used as a design tool by noting changes in the heat loads
while varying parameters such as overall PTEP size, number of thermal
shiclds, thermal conductance between shields and waveguides, and
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insulation conductance. Heat flow into the externally loaded TEHP
stages was computed and used to establish TEHP design specifications.

The important parameter of PTEP size was based on an optimum
balance between insulation volume and TEHP capacity. Increased
volume results in longer heat flow paths and higher thermal resistance;
lower heat loads allow the use of a smaller TEHP. With an approximately
cubical PTEP shape maintained for near optimum volume utilization,
minimum size (19 x 19 x 15 ¢m) was defined as a square base which
would contain the square bottom stage of a TEHP whose capacity
exactly matched the PTEP heat loads,

Heat rejection to ambient air

The pumped heat loads and total power supplied to the TEHP are
rejected as heat from the bottom-stage hot side to the ambient air.
This heat transfer is through a heat exchanger designed for minimum
temperature elevation above the ambient air within certain volume,
weight, and cost limitations.

A new type of heat exchanger was developed based on efficient
volume utilization. There are no space-consuming air ducts because
of the approximately equal areas of the TEHP bottom stage and a high-
performance axial flow fan. The TEHP, heat exchanger, and fan are
concentric as shown in Figure 8. Relative to the conventional heat
exchanger with rectangular fins, a higher surface area-to-volume ratio
is realized with closely spaced, small diameter cylindrical pins. Opti-
mum pin size and spacing pattern were analytically determined. The
air flows inward at the four sides and exhausts through the fan.
Measured effectiveness based on average heat exchanger temperature
is 39 W/K with a small axial flow fan and 50 W/K with a larger
centrifugal blower.

Thermal evaluations

The TEHP was evaluated separately with simulated heat loads and
controiled bottom-stage hot-side temperature. Of particular interest
were changes in top-stage cold temperature with variations in heat
load into the different stages and in the temperature of the bottom-
stage hot side. In addition to verifying satisfactory TEHP design and
fabrication, these data were essential for an accurate parametric
analysis of the insulation, thermal shields, and package size.

Figure 9 shows the relationships among bottom-stage hot-side and
top-stage cold-side (preamplifier) temperatures and TEHP input power.
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With this parameter format, achicvable temperature regimes are
conveniently defined by heat exchanger performance. Slopes corre-
sponding to performances of 30, 40 and 50 W/K* with origins at
ambient air temperatures of 20° C and 40° C, for example, intersect the
curves to define the relationship between achievable preamptifier
temperature and TEHP input power.

Overall performance

The completely assembled 6-stage 1.NA is shown in Figure 10, with
a WR-75 waveguide input port and a coaxial sMa output. The
postamplifier is located on top of the preamplifier thermoelectric
package. Noise and power gain characteristics at a 300 K environmental
temperature are given in Figure 11. With the preamplifier operating at
188 K, a noise temperature of 120 K+ (1.5-dB noise figure) and a power
gain of 54 dB have been achieved at 12 GHz. Variations in noise
temperature across the 11.7- to 12.2-GHz band have been measured
to be 5 K with a power-gain change of 0.8 dB. No significant shift in
the overall gain-frequency response shape has been observed as the
preamplifier temperature is reduced. The vswr of the input is better
than 1.12; the output port, without a matching isolator, achieves a
maximum vSWR of 1.22 across the band.

With no special circuit design for temperature compensation, the
noise temperature of the LNA varies by 6 K when the external ambient
changes from 10°C to 40°C as indicated in Figure 12. The preamplifier
can be cooled rapidly. In reference to final steady-state performance,
the reduction in LNA noise temperature is 90 percent, and the decibel
power gain is 99 percent within 15 minutes after activation at 300 K.

At room temperature, the 6é-stage uncooled amplifer, including an
input waveguide isolator, exhibits a noise temperature of 190 K (2.19
dB noise figure) and a power gain of 50 dB at 12 GHz.

*The 50 W/K represents the new design heat exchanger; the 30 W/K is
typical of a plate-fin type of comparable size.

tThe accuracy of the measurement was verified by comparing results (within
1 l_() with two hot and cold noise generators. Measurements with a solid-state
noise diode indicated even slightiy lower noise temperature values.
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Figure 10. Complete 6-Stage LNA

Conclusions

A practical, fully engineered LNA, which is compact and low-cost,
has been developed using GaAs MESFETS on microwave integrated
circuits. The noise performance of the LNA is comparable to that of
a temperature-stabilized parametric amplifier. The 120 K noise tem-
perature and 54-dB gain represent the best values known to have been
reported for a thermoelectrically cooled 12-GHz MESFET amplifier.
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Figure 1. Performance of the 6-Stage LNA (temperatures indicate
preamplifier ambient values, postamplifier at room temperature)

The MESFET’s 12-dBm output power at the 1-dB compression point
compares with —10 dBm for a typical parametric amplifier. The
technology described can be readily extended to designs for other
bands such as the widely used 4- and 11-GHz bands and the future 19-
GHz band of satellite communications earth station receivers.

In comparison with conventional parametric amplifiers, MESFET
LNas offer improved gain stability versus temperature, simpler RF
Circuitry, easier maintenance, and lower cost. Cost-efficient cooled
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MESFET LNAs are expected to replace parametric amplifiers in earth
terminals.

The achievement of noise temperatures below 200 K with the
uncooled amplifier at 12 GHz demonstrates the feasibility of applying
such amplifiers to receivers not requiring very low noise performance.
With temperature stabilization or compensation of the complete am-
plifier, the uncooled LNAs are also applicable to smaller size satellite
earth terminals as well as to radar systems.
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Optical transmission technology in
satellite communications
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Abstract

This paper presents an overview of optical transmission technology for
satellite communications engineering and describes its complementary and
competitive impact on existing satellite technology. The state-of-the-art and
projected development of optical components are described, as well as the
performance of digital and analog optical systems. Complementary applications
including interfacility, diversity, and intersatellite links and competitive ap-
plications such as long-haul fiber optic cables are addressed. Advanced

applications such as optical-microwave interaction technology are briefly
projected.

Introeduction

Although optical transmission of information was one of the earliest
forms of communication, line-of-sight requirements from transmitter
IC_) receiver and atmospheric effects made reliable communications
difficult or impossible. Efforts to overcome these obstacles by the
development of an optical guiding medium were accelerated by the

invention of the laser [1] with its potential for enormous communication
bandwidths.
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Early optical waveguides utilized periodic arrangements of lenses or
mirrors in cylindrical pipes. One fairly successful desigr_l utilized a gas-
filled pipe in which the density of the gas was a func.tlon of the pipe
radius [2]. The resulting refractive index profile pI‘OVld(?d continuous
refocusing of the optical beams along the axis of the pipe. Although
some of these schemes were moderately successful, they were awkward
to implement and use. '

In 1970, the situation was radically changed when the Corning Glass
Corporation achieved a glass fiber optical waveguide attenuation of‘ 20
dB/km through the development of ultra-pure glass manufacturing
processes [3]. Extraordinary performance impro-vement.s have pro-
duced a fiber optic technology applicable in a wide variety of com-
munications systems. Salient features of fiber optics include extre'rr'lely
wide bandwidth and low attenuation (0.2 db/km) [4]. In addition,
optical fibers do not require grounding and are immune to crosstalk
and electromagnetic interference (EMI). Furthermore, glass ﬁbc?rs are
extremely small and lightweight and can be bent tola- smflll radius.

Figure 1 shows the complementary and competitive influences of
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INTERFACILITY
LINKS AND
DISTRIBUTION
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Figure 1. Complementary and Competitive Optical Communications
Applications
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optical technology on satellite communications system design. Potential
complementary applications include carth station entrance links, in-
terfacility links, customer-premises earth stations, and noise-resistant
earth station circuits, in which fiber optics is advantageous because of
its ease of installation and EM1immunity. For satellite systems operating
at frequencies with a rain attenuation problem, diversity earth stations
can be interconnected by optical fiber links. Free-space optical trans-
mission is also attractive for intersatellite links. Onboard satellite
applications may include distribution and switching (ss-TpMA) of
signals and electronic control using lightweight and EmI-resistant optical
fibers.

Competitive applications include high-density point-te-point trunk-
ing, which takes advantage of the long repeater spacings made possible
by the low-attenuation and wide-bandwidth properties of optical fibers.
In particular, long-haul fiber cables are now being placed in service,
and transoceanic telecommunications cables appear feasible within the
next decade.

This paper explores the impact of these applications on satellite
communications systems. The first part of the paper reviews optical
technology components and describes state-of-the-art specifications
for fibers, sources, photodetectors, connectors, and splices. A discus-
sion of the optical communications performance of analog and digital
detectors, sensitivity calculations, system bandwidth, and attenuation
limitations follows. The results are then used to determine the appli-
cability of optical technology to satellite systems.

Optical technology

Sources

The semiconductor laser diode (L) and high-radiance light-emitting
diode (LED) are the principal sources employed in optical communi-
cations systems [5]. Typical optical output power characteristics as a
function of temperature for LEDs and LDs are shown in Figures 2a and
2b. Improved laser diode fabrication technology has produced high
optical power with excellent linearity. The output power of the LEDs
varies about = | dB as the operating temperature is changed by +30°C
about room temperature, while LDs exhibit greater temperature sen-
sitivity and normally require optical feedback control and/or direct
temperature control circuits for temperature-stabilized operation.
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sources which operate in the 0.8- to 0.9-pm wavelength range are well
developed and commerciaily available. Alternatively, new q_ualernary
sources, such as InGaAsP/InP and GaAlAsSb/GaSb, are being devel-
oped for the longer 1.0- to 1.7-pm wavelength range. Tab_le 1 compares
the typical performance parameters of commercially available sources.

Extensive R&D efforts have improved the performance of GaAlAs
single-mode lasers so that 40 mW of optical power at room temperature
is achieved with the very narrow line width of <(0.015 nm [7].
Commercial devices are also being developed for the longer wavelength
region in which improved reliability is projected [8]. o

Sources suitable for space-based optical communications systems
must meet minimum weight and volume and maximum power, cffi-
ciency, and reliability standards. Specifically, solid-state lase:.*s em-
ploving Nd*~-doped YAG and Nd*+-doped YAIO havq been considered
suitable candidates for an optical intersatellite link design [9]. Recently,
the GaAlAs pumped YAG laser has been shown to yield super.ior
efficiencies. Table 2 compares three potential YAG laser pumping
subsystems built for space applications.
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TABLE 1. TYPICAL PROPERTIES OF OPTICAL SOURCES

Parameters Laser Diode LED
Optical OQutput Power (Fiber 30 mW 0.1 mW
Pigtail Coupled)
Spectral Width <5 nm =~50 nm
Pulse Rise Time <] ns 3ns
Direct Modulation Rate > 1,000 Mbit/s <2200 Mbit/s
L-I Linearity Excellent Good
Temperature Stability Compensation Good

Required

Predicted Lifetime 10¢ hr >10% hr
Established Reliability for =5(),000 hr >50,000 hr
GaAlAs Diodes (CW)

TABLE 2. YAG LASER PUMPING TECHNIQUES

Prime Power

Method Weight (kg) (W) Remarks
Lamp (K-Rb) 37 315 Limited Lifetime (About
5,000 hr)
Sun 32 Eclipse Consideration
GaAlAs Laser 4.5 40 Compact, Potential
Diode Reliability
Deteetors

A detector consists of a back-biased PIN junction which converts
incident optical energy into hole and electron transitions between the
valence and the conduction bands. An applied electric field then causes
a current to flow. If the electric field is sufficiently high, secondary
electron/hole pairs may be produced by ionization collisions to realize
an internal gain. These diodes are called avalanche photadetectors
(APDs) [10].

The principal determinant of photodiode operation and efficiency is
the wavelength of the incident optical energy. For example, silicon is
a particularly attractive detector at wavelengths below [nm, where
quantum efficiencies of up to 85 percent can be realized. Further, dark
currents arc low and the ratio &; of the hole and electron ionization
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T

rates is small, resulting in a small excess noise factor and in very
efficient avalanche photodiodes. At wavelengths above 1.1 pm, alter-
native semiconductors with smaller band gaps, such as germanium,
must be employed. In addition, the same ternary or quaternary
semiconductor alloys used for sources (Figure 3) can also be used for
detectors. Considerable research is presently being devoted to the area l

OUTPUT PULSE

A

of long wavelength, efficient avalanche photodiodes [11]. Table 3
summarizes the important performance parameters of silicon and the

longer wavelength detectors.

TARLE 3. PHOTODIODE MATERIAL CHARACTERISTICS

Approxi-
mate Room

SIN Bppax

P

Maximum
Operating  Maximum Approxi- Tempera-
Wave- Lattice Quantum  mate loniza- ture Dark
length Mismatch  Efficiency tion Ratio Current
Material (pm} (%) () (k) (nA)
Si 1.1 0 0.85 0.035 0.1

Ge 1.55 4 0.7 1.0 100
GalnAsP/InP 1.6 0 0.8 0.3 10

GalnAs/Inp 1.6 0 0.8 0.2 10
GalnSb/GaSh 1.6 0.3 0.8 2.0 10

LIGHT PATHS

#max
NA

INPUT PULSE

Transmission medinm

Electromagnetic energy transfer between a source and a detector
can occur either in free space or along a guided transmission line.
However, since atmospheric attenuation is normally very severe,
unguided optical transmission is practical only in free space, and
terrestrial optical communications must use guided transmission tech-
niques. A description of fiber attenuation and bandwidth properties is
essential to the communications performance characterization of these
systems.

Optical fibers consist of a dielectric core surrounded by a cladding
of lower refractive index [12]. The physical and refractive index cross
section of the three main fiber types, step-index, graded-index, and
single-mode, are shown in Figure 4. Optical ray transmission down the
fiber and the process of continued total internal reflection at the core-
cladding junction are also shown in Figure 4.
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The step-index fiber is constructed with a step change of about 1 to
3 percent in the refractive index between core and cladding. Typical
fiber dimensions for the core radius range from 25 to 150 pm with the
cladding radius about twice this amount. Since the core diameter is
many times the optical wavelength (=1 pm), the fiber behaves as a
multimode transmission line. The different group velocity of each mode
causes the dispersion of a pulse of energy as it travels down the fiber.
This effect, known as intermodal dispersion (7,)*, is related to the
optical bandwidth-distance product $ by [13]

05

1
5 (1)

Tm

For example, a step-index fiber with a dispersion of 20 ns/km has an
optical bandwidth of 25 MHz km; alternatively a 5-km length of fiber
will support a bandwidth distance product of about 5 MHz. The
electrical or transmission bandwidth is generally less than the optical
bandwidth, since optical bandwidth is proportional to the detector
current, and electrical bandwidth is proportional to the square of the
detector current. For a Gaussian fiber response, electrical bandwidth
is approximately equal to BIV2.

Fiber bandwidth can be improved by at least two orders of magnitude
using a parabolically varying core refractive index. This graded-index
distribution continually refocuses the optical energy as it propagates
down the fiber. Optical bandwidth-distance products in excess of 1000
MHz-km or intermodal dispersions of less than 0.5 ns/km can be
achieved.

The bandwidth-distance product of fibers can be further improved
by operating with a single propagating mode. For core radii ranging
from 2.5 to 5 um, only the fundamental electromagnetic mode can
propagate, and intermodal dispersion is therefore eliminated. However,
the bandwidth of the single-mode fiber is finite because additional
dispersion mechanisms, which are known as intramodal (7,) and depend
on finite source line widths, are generally present. The first intramodal
effect occurs because of the wavelength dependence of the fiberglass
refractive index and is known as material dispersion. The material

*Dispersion () is defined in this paper to be the 1/e full width of a Gaussian
pulse. An often used alternative definition is the rms pulse width o, which is
related to 7, by = = 2V20.
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dispersion passes through zero and changes sign at 1.3 wm. The second
intramodal effect, termed waveguide dispersion, occurs because each
mode’s group velocity varies as a function of frequency. It has been
shown -[14] that by combining the effects of material and waveguide
dispersion the zero dispersive wavelength can be adjusted to realize
multigigahertz single-mode fibers within the range from 1.3 to 1.6 pm

_ A[tenuation, which is another important property of optical ﬁbers‘
is mﬂ_uenced by the degree of glass impurity. Recent manufacturiné
tech‘mques [15] have reduced impurities to a few parts per billion to
realize near-theoretical attenuation. This is determined on the shori-
wavelength side by the Rayleigh scattering limit and on the long-
wavelength side by the phonon energy absorption band. For silica
glass,'a theoretical minimum of 0.18 dB/km occurs at 1.55 pm, and an
experimental value of 0.20 dB/km has been reported [4]. Indeed, the
state-of-the-art values of attenuation over the wavelength range 0}0 8
.to 1.55 wm are very close to the fundamental limit {Figure 3}, and liltie
improvement can be expected in the future.
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Figure 5. Glass Fiber Attenuation vs Wavelength
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Connectors, splices, and eouplers

Connectors, couplers, and splices have intrinsic loss mechanisms,
some of which are inherent in the component design {e.g., coupler
power splitting loss) and some of which can be overcome or reduced
by careful component design and fabrication. For connectors and
splices, the most serious loss mechanism is fiber misalignment. Figure
6 shows the three types of fiber misalignments that can occur. Lateral
misalignment causes severe signal loss and is most difficult to correct,
since the core radii range from 30 pm for a multimode fiber te 2.5 pm
for a single-mode fiber. Longitudinal and angular misalignments result
in much lower losses[16].
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Figure 6. Connector/Splice Fiber Misalignments

CONNECTORS

Three types of connectors have been developed to date, each using
a different technique to minimize fiber misalignment losses. Their
characteristics are shown in Table 4.

For channel-centered connectors [17], the input and output fibers
are inserted into ferrules or into an interstitial space among several
alignment rods and epoxied into place; the fiber end faces are polished.
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TABLE 4. CONNECTOR CHARACTERISTICS

Typical Loss (dB)

Size*

Type Material (in.) With IMF* Without IMF*
Channel~ Metal 1 0.7 3
Centered
Cone-Centered Plastic/Epoxy 1 0.4 2
Lensed Metal With 5 <{).5 _

Lens

s Ferrule-sleeve-ferrule overall length,
* Index matching fluid.

The ferrules or rods are then inserted into each end of a sleeve or of
a second alignment rod cluster, Close machining tolerances of the
assembly minimize fiber misalignment. Channel-centered connectors
will usually withstand handling and environmental extremes because
of their all-metal construction. However, the metal ferrules and sleeves
or alignment rods will tend to wear as they rub against each other
during disconnect/reconnect cycles. Because of the complicated con-
struction, the close tolerances of each piece can compound to allow
a total lateral fiber misalignment of several tenths of a core radius with
the accompanying increase in loss.

Cone-centered connectors [18] consist of cone-shaped ferrules and
connection sleeves with conical holes to guide the ferrules into
alignment. A precisely drilled hole along the axis of each ferrule
corrects lateral and angular misalignment, and grinding of the ferrule
and fiber end faces minimizes longitudinal misalignment. The plastic
or epoxy material cannot withstand the handling or environmental
extremes tolerated by metal connectors; therefore, their molded con-
struction and variations in material and fabrication conditions do not
allow for close dimensicnal tolerances.

The best connector for reducing fiber misalignment losses is the
lensed connector [19]. As the ferrules of this connector are inserted
into the connecting sleeve, the fibers are guided into index matching
fluid-filled cups in the sleeve. The bottoms of the cups form a lens
which images the input fiber end onto the output fiber end. The
bulkiness of this type of connector makes it inapplicable to restricted
spaces, and the index matching fluid is subject to contamination and
change of properties in environmental extremes. This is also true of
index matching fluid used with channel- or cone-centered connectors;
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however, they can be used without the fluid when conditions dictate
(e.g., in aircraft), whereas the lensed connector cannot.

SPLICES

Splices do not have the disconnect/reconnect requirement of con-
nectors; therefore, they are made individually to minimize misalignment
losses. The most reliable splices are of two general types: direct fiber
end attachment via index matching adhesives and arc welded splices
(giving typical splice losses of 0.6 dB and 0.1 dB, respectively).

COUPLERS

The purpose of couplers is different from that of connectors and
splices, because couplers are designed to distribute incoming signals
onto output fibers in a uniform manner, with loss minimization being
a secondary consideration. Two types of couplers, mixing-block and
blocked-fibers, are presently available. Mixing-block couplers [20]
consist of a number of fiber pigtails attached to a glass block which
distributes any incoming signal to all outgoing fibers. Blocked-fiber
couplers [21], [22] are formed by gathering several multimode fibers
into a bundle, heating a section of the bundle until the glass softens,
and then pulling and twisting the softened section. Coupling is achieved
because, as a signal propagates through the stretched biconical section,
the higher order modes are coupled out of the core as it narrows and
into the fused cladding. The signal is then returned to the cores of all
the blocked fibers as they assume their normal cylindrical shapes. A
similar “*bottle coupler’” has been developed for single-mode fibers

[23].
Optie fiber link specifications

Before installation in the field, a fiber is encased in protective
material, which may exert stress on the fiber and increase its atten-
vation. Practical experience has shown that the cabling procedure adds
0.25 to 0.5 dB/km to basic fiber attenuation. Further, installation may
require a number of splices, connectors, and couplers, and these losses
must be added to achieve a total cable loss. However, for long cables
(=5 km), these component losses can be amortized as a function of
system length, reducing the additional losses to less than 0.1 to 0.2 dB/
km. Table 5 summarizes cable attenuation, optical bandwidth, and
intermodal dispersion as a function of fiber type and wavelength.
Estimates of intramodal (material and waveguide) dispersion values
are also included for typical LED and laser sources.

TABLE 5. ATTENUATION AND BANDWIDTH CHARACTERISTICS
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Communications performance

The integration of various optical components in a communications
system requires an evaluation of the capability of each component to
satisfy bandwidth requirements and link power specifications. In a
typical optical link consisting of an intensity modulated optical source,
an optical transmission medium, and a photodetector, source output
is directly modulated by a voltage or current, which can be either a
baseband digital signal or a modulated carrier. Bandwidth is limited
principally by source rise time and medium dispersion, and power is
limited principally by noise in the photodetector and fiber attenuation.

In long-distance links, the attenuation or bandwidth reduction may
be so large that the carrier-to-noise ratio (C/N) or the bandwidth at the
receiver is insufficient. It is then necessary to employ repeaters
consisting of a photodetector, which converts the optical to an electrical
signal, and an optical source, which reconverts the signal for propa-
gation along the next segment of the link. Repeaters restore the
bandwidth and optical power of the signal at the cost of additive noise
from the detection process. Unless regeneration of the electrical signal
is employed at each repeater, the cumulative repeater effects may be
severe. Regeneration of the electrical signal is readily accomplished
when the signal format is baseband digital, but it can be more difficult
for modulated carriers. The basic constraint determining the number
of repeaters in a link is that repeaters must be sufficiently close to
provide adequate bandwidth.

With respect to noise in the link, the contribution from each repeater
increases as the spacing between repeaters increases because of the
increased segment attenuation; however, as the spacing increases, the
number of repeaters decreases. For a fixed total link length, there is
a repeater spacing which maximizes the overall C/N. To determine
this optimum spacing, it is first necessary to describe noise generation
properties of a photodetector and to derive a general expression for
the C/N at the receiver output. This expression will then be applied to
the special cases of a baseband digital signal and a Qpsk-modulated
carrier.

C/N in photodiode deteetors

The principal sources of noise in an optical link are the photodetector
diode, which generates shot noise proportional to the signal current
level, and the photodetector preamplifier, which generates thermal
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noise proportional to the temperature of the diode load resistance. For
baseband digital modulation, the average optical power required to
achieve a given C/N {and thus a given bit-error rate (BER)] is shown
in the Appendix to be given by*

B hv C - \/E 2 \/ _
P, = o N FMR N + :1 [ql,,F(M) +

kT R ,
TR, @)

where h= Planck’s constant (J-s)
v= optical frequency (Hz)
1= photodetector guantum efficiency
C/N= carrier-to-noise ratio
F(M)= excess noise factor
R = bit rate (bit/s)
g = electron charge (C)
1,= photodetector thermally generated dark current
{Amps)
k= Boltzmann’s constant (J/K)
T'= temperature {K)

M= average detector multiplication factor
R,= thermal noise equivalent resistance ({1).

than the optical source is modulated by a QPSK carrier, the average
optical power required to achieve a given C/N is

h _ M A
Py = ;”F(M)R% [+ \/1 + 2["’“F(M) i ZI‘T’IMR"] - (3)

¢F(M) R CIN

SYSTEM GAIN OPTIMIZATION

It is clear from equation (2) for the digital link and from equation
(3) for the QPsK carrier link that some value of M maximizes the C/N
at the detector output. Increasing M reduces the preamplifier thermal

*Equation (2), which has been derived from Gaussian statistics, predicts
thgt the minimum number of photons received per bit is given by C/N. (Thermal
noise and dark current are neglected.} That is, for a BER of 10-%, 36 photons
must be received per bit. While a more exact Poisson statistics analysis predicts
20 photons per bit, at higher noise levels the Poisson and Gaussian statistics
become virtually equivalent.
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noise, but increases the excess noise factor associated with multipli-
cation of the photodetector shot noise. The excess noise factor is given
by [24]

FOT) = kil + 201~ k) — @

where &, is the effective ratio of hole to electron ionization rates. When
this is substituted into equation (2), the value of M which minimizes
the optical power required to obtain a given C/N in a baseband digital
link with negligible dark current is given by

iz fursc ]
M"_\[k,[q o T 1] (5)

Therefore, the minimum optical power is

_GRCN) | \fz 2kIC; |,
Po =g 1= kit \Jk| o\ g th ()

where R, the detector responsivity is defined by R, =mng/hv.

In equations (5) and (6), the parallel combination of junction capac-
itance, C;, and effective resistance, R,, must have a sufficiently small
time constant to transmit the highest signal frequency (f.), i.¢.,

|
RC =
2t

(7)
The minimum optical power required in a digital link is plotted against
C/N in Figure 7 for typical values of &, T, Ro and C,.

For qpsk modulation with negligible dark current, the maximum
C/N for a given incident optical power is obtained when M is the
sohution of the following equation:

(1 - k)M _ 8wkTf,C; _
ki kigRoPo

M+ (8)

where f,, is the maximum signal frequency. Substituting a solution of
this equation into equation (3} will yield the maximum C/N obtain-
able for a given P,. Figure 8 shows the maximum C/N obtainable
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PouT KdBm)
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Figure 7. Required Optical Power vs Signal-to-Noise Ratio

ln‘ a QPsK modulation link for circuit characteristics the same as in
Figure 7.
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IF earrier transmission repeater spacing considerations

In applications such as earth station diversity links and long-distance
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trunk lines, excessive attenuation and bandwidth reduction necessitates
the use of multiple repeaters. Long-distance trunk lines employ pulse-
code-modulated (rcMm) encoded digital signals which are regenerated
at each repeater. Regeneration of an 1F band of modulated carriers, on
a diversity link requires expensive demodulators and modulators at
each repeater, unless a repeater spacing is selected to maximize the
analog optical link C/N. This maximized ratio should be at least 15 dB
higher than that of the received signal to incur no more than 0.1-dB
degradation in overall C/N.

A multisection fiber optic link of length L may consist of m identical
segments each of length ¢ transmitting a set of modulated carriers in
a bandwidth B. The C/N at the output of the m segment link is

(g) 1 RuPY/qB o
N/, maFMIRP, + 1] + 16wkTC, f,.gM’ ®
The signal attenuation over one segment is given by

& — wl!10m

P 10 (10)

Consider two limiting cases of the photodetector: shot noise dominated
(such as in a high-gain APD receiver) and preamplifier thermal noise
dominated (such as in a PIN diode receiver where M = 1). In the first
case, equations (9) and (10) yield

(E) RGP, 10-atiom
N/~ 4qF(M)B m

(an

whereas, in the second case

C R2()P,2 ] 0 —2aLi10m
N/ = 16nkTC,f,.B m

(12)

where P, is the average optical power coupled into the fiber, and a is
the fiber attenuation in dB/km.

Assume a diversity link transmitting a 45-MHz bandwidth signal
over a 50-km distance with repeaters consisting of APD receivers and
Sources which couple 1 mW of optical power into the cable. For typical
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receiver characteristics of R, equals 0.5 A/W, M equals 100, and &,
equals 0.02. Equation (11) yields

(-C—) =664 - 10log,m — Eﬂ . (13)
N s m

From equation (9), (C/N),,. is plotted as a function of m in Figure
9 for a wide range of fiber attenuations. This figure shows that the
C/N is near maximum over a broad range of repeater numbers (repeater
spacings) for a given fiber attenuation and that a threshold exists.
When the repeater number is above threshold, performance is near
optimum. Maximum C/N occurs for a section loss of 4 dB. If threshold
is defined as 3 dB below maximum, then the number of repeaters
required to obtain the C/N at threshold is approximately one-third that
required to obtain the maximum C/N. Moreover, if the required optical
link C/N is 40 dB (or about 15 dB above the satellite to earth station
clear sky maximum elevation angle C/N), only four repeaters will be
required for a fiber with 2-dB/km attenuation.

If PiN diode receivers are used for the same link, then for a maximum
signal frequency of 100 MHz, junction capacitance of [ pF, and T of
290 K, equation (13) vields

C a
(ﬁ)md“ =849 — 10log,,m — IOOE . (14)

This is plotted in Figure 10. The optimum section attentuation is now
2 dB, but again C/N has a broad maximum. If the requirement is 40
dB, maximum C/N can be achieved with a 2-dB/km fiber and five
repeaters.

Digital transmission eommunications performanee

Link calcudations for a digital optical communications system begin
with the minimum optical power sensitivity P, of an avalanche
photodiode as given by equation (2). Minimum power and launch
sensitivities for optimum avalanche silicon photodiodes at 0.85 pum
and germanium photodiodes operating at 1.3 are shown in Figure 11
for a 10-° BER.

For a power-limited optical link (no dispersion), the repeater spacing
I(km) is given by the difference between optical power into the fiber
P, and P, divided by the optical cable loss/km (a). With an appropriate
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power margin P,,, the repeater spacing becomes

_Pi_Pu_Pm
tl

! (15)
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For bandwidth-limited links, intersymbol interference will occur,
and an additional equivalent power loss’km P;; must be included in
the numerator of equation (15). If Gaussian-shaped pulses are assumed,
P, is given by [25]
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Figure 11. Optical Detector Sensitivity vs Bit Rate

.
Py =2 (}) ("6)

where (1/7): = (0.408) + (1., 0/D?* + (= 4/ T)
%, = intermodal dispersion, s/km
7, = intramodal dispersion, s/km
T = bit interval.

Intramodal dispersion is a combination of both material () and
waveguide dispersion (7,); the magnitudes depend on the source line
width. The general expression for repeater spacing, therefore, becomes

_Pi_Pu_Pm_Plsl
a

! (17

This equation has been used to derive the repeater spacing as a
function of bit rate at three optical wavelengths—0.85, 1.3, and 1.55
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wavelengths would not be advantageous. LEDs offer more than
adequate bandwidths and output powers for typical step-index
multimode fiber links, and simple PIN receivers are normally
emploved.

b. The improved itermodal dispersion properties of graded-
index fibers make them particularly useful in the 0.8- to 0.9-pm
wavelength range for bandwidths up to about 100 MHz (200
Mbit/s). Operation at bit rates below 30 Mbit/s can employ LED
sources, while applications near the upper bandwidth limit must
employ LDs. PIN receivers can be used for these links, although
ApDs offer improved performance.

¢. Graded-index multimode fibers operating at 1.3 pm can
be employed in applications using moderate bandwidths of
50 Mbit/s (25 MHz) and repeater spacings of about 30 km. At this
wavelength, matenal dispersion 1s negligible and only intermodal
dispersion would be present.

d. Operation of single-mode fiber optic links in the 1.3- to 1.55-
pm wavelength range eliminates material dispersion and allows
for potentially large information bandwidths (>1 GHz) over
repeater spacings of up to 100 km. This technology is clearly
suited to long-distance trunk routes and future submarine cable
applications.

e. The upper bandwidth limit of optical links is determined by
the source or detector rise time. Modulation rates of 200 and 2,000
MHz can be achieved with LEDs and LDs, repectively, while PIN
diode and APD receivers can operate at bandwidths greater than
4 and 1.5 GHz. The type of source and detector employed must
be compatible with the desired operational bandwidth.

pwm. The results are plotted in Figure 12. Minimum optical power
sensitivities (which correspond to a BER of 10-°) shown in Figure 11,
source power levels (P;) of 0 dBm, and a power margin of 10 dB were
used in all the link calculations. Values for the intermodal and
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085 pym
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QPSK ¢(ransmission communications performance

Figure 12. Repeater Spacing vs Bit Rate A link calculation for a @psk-modulated signal is similar to the

baseband digital calculation starting with the photodiode sensitivity
given in equation (3). Consider, for example, a fiber optic link designed
to transmit a 70-MHz QPSK carrier with a bit rate of 60 Mbit/s over 35
km at the required C/N of 40 dB. Further, assume a laser diode source,
a graded-index multimode fiber with 4-dB/km attenuation, and a PIN
diode receiver with a 290 K noise temperature, 0.5 A/W responsivity,
and | pF junction capacitance.

For the above specifications with M = 1 and F(M) = 1 and assuming
negligible dark current, equation (3) gives a required incident optical

intramodal dispersion parameters are summarized in Table 5. The
results indicate the following:

a. The step-index multimode fiber is bandwidth limited to about
5 Mbit/s (2.5 MHz) for the 0.8- to 0.9-wm wavelength range
technology. Although fiber attenuation is reduced at longer wave-
lengths, this advantage is offset by further bandwidth reduction
at longer link lengths. Therefore, employing this fiber type at these
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power of —21.3 dBm. The required C/N can be achieved by coupling
0 dBm from the source into the 4-dB/km fiber.

The link bandwidth will be limited principally by the intermodal fiber
dispersion rather than by the laser source. For a laser spectral line
width which results in 0.1 ns/km of material dispersion and 1
ns/km of intermodal dispersion, the total dispersion of 1.005 ns/km
yields a bandwidth distance product of approximately 250 MHz/km.
Thus, a link bandwidth of 50 MHz is realized over the 5-km run length.
This link is, therefore, bandwidth rather than power limited, and three
repeaters would be required to obtain the necessary bandwidth.

Applications

The following section will address the complementary and compet-
itive applications of this technology in satellite communications. In
addition, optical-microwave circuits, which should improve the flexi-
bility and variety of onboard satellite optical signal processing, will be
discussed.

Interfacility links

A particularly suitable application of fiber optics technology to
satellite communications is interfacility links between earth terminals
and signal processing sites as shown in Figure 13. Either analog or
digital modulation may be employed, depending on the particular
application. Two configurations are of major interest. The first is the
intermediate frequency interfacility link (iF-1FL) where signal process-
ing equipment is remotely located from the antenna site. The received
down-link signal is down-converted to IF at the antenna site without
further processing. The IF signal is then converted to optical power
and transmitted on an optical fiber to the signal processing site where
carrier recovery (for digital transmission), demodulation, and demul-
tiplexing are performed.

IF-IFL
\ SIGNAL
PROCESSING

SITE

Figure 13. Interfacility Link
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The second configuration is the local distribution interfacility link
typically installed between a central earth station and several users,
none of whom require a dedicated earth station. The multiplexed user
data modulate an RF carrier at the central multiplexing unit.

Interfacility links may be either of these configurations or a combi-
nation of the two. Generally, they are less than 1 km long and do not
require optical repeaters. Fiber optics is attractive in such installations
because of its wide bandwidth and low loss characteristics, but more
importantly because of its light weight, flexibility, and immunity from
EMI.

A fundamental performance requirement of the interfacility link is
that it must not measurably degrade the C/N (or, equivalently, the
BER) of the satellite link. Thus, for example, in a satellite communi-
cations link which has a clear sky C/N of 25 dB in the 1r bandwidth,
the 1F interfacility link with a noise-free input should have an output
C/N of at least 40 dB. In the local distribution interfacility link, a
minimum BER at the link input of 10-* requires a fiber optic link BER
of less than 10-'° for an error-free input.

Table 6 gives typical specifications for both IF and local distribution
interfacility links. In the 1F interfacility link, analog intensity modulation
requires highly linear light output vs drive current optical sources. The
excellent linearity of GaAlAs laser diodes makes them particularly
suitable for high-capacity interfacility links. LEDs can also be used for
frequencies up to 100 MHz, but require distortion compensation
circuitry to correct L-1 nonlinearity [26]. It was previously shown that
a C/N of better than 50 dB can be achieved at a PIN receiver with a
relatively high-loss (10 dB/km) graded-index silica fiber. An LED source
will meet the specifications of the local distribution interfacility link,

TABLE 6. TypPICAL OPTICAL INTERFACILITY LINK SPECIFICATIONS

Parameter 1F-IFL Local Distribution IFL
Carrier Frequency 70 MHz Baseband
Signal Bandwidth 33 MHz 5§ MHz (10 Mbit/s)
Carrier Modulation 4¢ PSK-Burst Mode
Optical Source Analog Intensity On-Off Intensity
Modulation Modulation Modulation
Maximum Link Length I km 1 km
Input C/N or Brr 25 dB 10 *
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and a high-loss cable of 10 dB/km will provide a link BER several orders
of magnitude better than 10-*. Further, complete local distribution
links should be relatively inexpensive, since fiber optic bandwidth-
distance of about 5 MHz-km can be achieved with step-index fibers.

The IF interfacility link applications have been tested in the labo-
ratory. In this experiment, a 43-Mbit/s 4¢ psk-modulated burst carrier
was transmitted over a I-km graded-index fiber using a GaAlAs laser
diode source and a PIN diode receiver. Negligible degradation in BER
due to the fiber optic link was observed.
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Earth station spacial diversity has been proposed to overcome the ~ - ' %2
effect of rain-induced propagation attenuation at higher frequencies. ! = “
The distance between diversity stations can reach 50 km, and a basic ’—\_‘[] : 3
scheme is shown in Figure 14. The total signal bandwidth is 500 MHz | 25 i
in the 11/14-GHz band, and exceeds 2 GHz in the 20/30-GHz band. > 8 25 2
The wideband, relatively long-range trunking requirements of diversity < || &g Y
links are particularly suitable for digital or analog applications of optical 3 l 3
fibers. ! g
Nevertheless, state-of-the-art technology link designs are both band- 1] kS
width and power limited. Consider a typical 0.8- to 0.9-um multimode ﬂ: A
graded-index fiber with 3-dB/km attenuation and a 1,000 MHz-km ':::
bandwidth-distance product. This allows repeater spans of only 10 to 2 LE}
12 km and bandwidths of only 100 MHz per fiber. Wavelength division N S .
multiplexing and demultiplexing are required to overcome these limi- @/ & =
tations. However, diversity links without repeaters or wavelength £ g
division multiplexing requirements can be designed with single-mode .80
fibers in the 1.3- to 1.55-um wavelength range. In this range, fiber -
cable loss is typically 0.5 to 1.0 dB/km, and the available bandwidth- |
distance exceeds 50 GHz -km (see Table 5 and Figure 12). 5 : -
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Digital fiber systems N~ 9 | 5%
Large numbers of digital optical systems employing the presently v ° 1 E%
available 0.8- to 0.9-um wavelength range technology and operating at | =
T-2 and T-3 bit rates of 6.312 and 46.304 Mbit/s (96 and 672 telephone ’_\‘——[j |
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world. A recently announced ATT trunk system between Boston and Q g E%
Washington, D.C., will operate at twice the T-3 rate, i.e., 92.608 < : 52
Mbit/s. This design will employ repeater spacings of about 7 km, laser T |
|

diodes, graded-index fibers with 3-dB/km loss, and silicon ApD detec-
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tors. While this design is considered conservative, it is projected to be
much more economical than an equivalent coaxial cable system.

In the next few years, a more efficient longer wavelength single-
mode technology should emerge. Optical submarine networks operating
at the T-4 281-Mbit/s rate (or 4,000 circuits per fiber) are being planned
for the 1988 to 1992 time frame. The initial capacities of 12,000 circuits
can be expanded to 24,000 or 36,000 TASI circuits. Since this system
will operate with only six fibers (three each way), the possibilities for
increased capacity are obvious. By 1990, optical fiber cables will be
used for long-distance communications between areas requiring high-
capacity trunks. Since more advanced satellite systems will be avail-
able, continued use of alternate and diverse systems such as satellite
and fiber optic cables, is expected to occur.

Optical intersatellite link

Future satellite communications systems, such as multi-mission
geostationary platforms and satellite clusters or strings, will probably
employ intersatellite links (1sL.). Although microwave ISL systems [27]
are currently being considered, optical technology presents a viable
alternative.

Optical engineering feasibility models have already been successfully
tested, both functionally and environmentally, using a solid-state
Nd: Y AG laser system [9] and a CO, gas laser [28]. Among the available
laser sources for space application, the frequency doubled Nd:YAG
laser (at 0.532 pm) system is attractive for several reasons. It is simple
and efficient because it uses direct photodetection. Wideband traveling
wave electro-optic modulators and high-gain, low-noise detectors are
available: and GaAlAs laser diode-pumped lightweight YAG laser
sources can be highly reliable. The CO, laser system at 10.6 pm
requires heterodyne detection using cryogenically cooled detectors
and added reference laser sources, and it is more complex than
Nd:YAG laser systems. Further, the present 5000-hr lifetime of the
gas laser is not sufficient for space qualification.

Figure 15 shows a basic block diagram of the duplex YAG laser
optical 1SL. transreceiver using an internally frequency doubled
Nd:YAG laser at 0.532 pm and a Nd:YAIO laser at 0.540 pm. A 4-
Gbit/s ISL can be implemented using a l6-ary pulse-quadrature-
modulated (pipm) optical transmitter. Traveling-wave type electro-optic
LiTa0Q, modulators and optical delay circuits are used in the PQM
transmitter. Direct photodetection or a 2-photodetector method for

OPTICAL TRANSMISSION TECHNOLOGY 353

TRANSMIT | | RECEIVE
A=0832 4m | | A= 0540 s
|
CONTROL |
FLECTRONICS |
|
ACGUISITION |
aND | I IMAGING  }——|— — L
s [
MIRROR
! !
PHOTO OPTICAL LASER
DETECTOR MODULATCR SOURCE
RECEIVER
ELECTRONICS DRIVER céﬁ?g%L
l } ELECTRONICS
Gbit/s DATA Ghit/s DATA

OUTPUT INPUT
Figure 15. Optical ISL System

vertically and horizontally polarized components is possible. The
optical demultiplexers are acousto-optic Bragg cells with PbMoO,
crystals,

‘Figure 16 shows the optical 1SL weight burden of the transceiver in
Figure 15, based on the weight and power model of Reference 29. The
weight of an individual subsystem can be expressed as follows:

W=A+ BX®

where X is either the optical antenna aperture size or laser power, and
A, B, and C are constants determined from experimental design data
[30]. The 1sL link equation [9] was solved numerically for a GaAlAs-
pumped YAG laser with an output of 300 mW and a pump efficiency
of 1.2 percent. The required photodetector received optical power for
a link BER of 10-¢ was extrapolated from the M-ary optical channel
ar}alytical result [31] assuming an etalon filtered bandwidth of 0.1 nm,
with solar conjunction. Improved gigabit logic components and pho-
lqdetectors will reduce the overall system weight. The GaAlAs laser
diode-pumped YAG laser has not yet been space qualified.
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Figure 16 shows that the weight of an optical 1SL is only slightly
dependent on ISL distance. This is in sharp contrast with the rapidly
increasing microwave I1SL weight burden and distance dependence,
which can be attributed to the antenna size requirement [32]. The
optical 1sL is therefore attractive for high-capacity, long-range satellite
configurations. The present technology of optical components indicates
that a multi-gigabit rate optical 1SL ¢an be implemented by the 1990s,

Optical-microwave interaction technology

The rapidly developing optical-microwave interaction technology
will be particularly advantageous for onboard satellite applications in
which size, weight, power consumption, and reliability of the subsys-
tems are important. Microwave semiconductor devices are being
developed with built-in optical waveguides to couple optical signals
directly into the device active regions. Typical applications include
opto-GaAs FETs for optical mixing, optical injection locking of micro-
wave signals, and optical detection. Opto-GaAs Gunn devices are also
being developed for high-speed injection laser pulsed modulation.
High-speed control of microwave signals at relatively high power levels
with near-perfect isolation between the microwave circuit and input
control signals can be achieved with this technology. In addition,
small, flexible, lightweight optical fibers can be used to replace heavy,
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bulky waveguides in many microwave communications and radar
systems.

Opto-electronic switches with bandwidths from a few megahertz up
to 4 GHz have been investigated, and the engineering feasibility of
compact, high-performance, wideband switching has been demon-
strated using hybrid electronic-optical circuit configurations [33]. Op-
tical switching can be applied to advanced signal routing in high-
capacity analog/digital channels and to onboard microwave switch
matrices in future satellite-switched TDMA systems (Figure 17).

Many types of information processing functions can be performed
using coherent optical signal processing technology. For instance, a
very compact integrated optical RF spectrum analyzer consisting of
injection laser diodes, a Ti:LiNbQ, thin-film optical waveguide, geo-
desic lenses, surface acoustic wave transducers, and a detector array
has been demonstrated [34]. Very high-speed electro-optic analog-to-
digital converters in the 4- to 6-bit, 1- to 2-GHz range have been
reported |35] using single-mode optical waveguides on electro-optic
crystals (LiTa0,}). Holographic applications to image processing may
also be possible,

Potential applications of optical-microwave interaction technology
are also conceivable in space-based large antenna systems, in which
lightweight, reliable, and movable feeds are important. Ultrahigh bit
rate optical logic circuits that generate narrow clocking optical pulses
by mode-locking of injection lasers is another possible application.
Monolithic integration technology of optical, microwave, and electronic
devices on semi-insulating semiconductor substrates has also been
under investigation {36). This technology may improve performance
characteristics of existing communications subsystems and introduce
new configurations in system design.

Conclusion

This paper has reviewed some aspects of current optical communi-
cations technology with emphasis on satellite communications appli-
cations. The wide bandwidth capability and EMI resistance of fiber
optics make this technology particularly attractive for interfacility and
diversity links and in long-haul ground communications. Analyses
showing the applicability of fiber optics to these areas have been
presented. Laser communications techniques have developed suffi-
ciently to begin consideration of wide bandwidth, long-range optical
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Figure 17. Optically Switched TDMA System

intersatellite links; developments in optical signal processing technol-
ogy are introducing possible onboard satellite applications.
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The future of optical communications technology is promising,
Development of single-mode fibers and of reliable fiber optic compo-
nents in the 1.3- to 1.55-um wavelength range will increase the
bandwidth and decrease the attenuation characteristics of optical fibers
far beyond those of wire transmission lines. Future advances in laser
technology may make optical intersatellite links more attractive than
microwave links in the space environment, and optical signal processing
has potential applications in switching and data handling.
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Appendix

The complete optical receiver can be modeled as shown in Figure A-1. It
consists of the primary electron generator, which produces a Poisson distri-
bution of electrons at an average rate that is proportional to the incident optical
power; an internal gain, M, that is a random variable with a mean value
determined by the bias voltage on the detector; an ideal amplifier, A: and an
output filter, AJf#). The diode has a junction capacitance, €, and a bias
resistance, R,. In parallel with the bias resistance is the amplifier input
capacitance, C,. Thermal noise, {,, is associated with the equivalent resistance,
R, =R, | R,

The average rate of primary electron generation for the photodetector is
proportional to the incident optical power:

I
= (hlP0+—") (A-1)
v q
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Figure A-1. Oprical Receiver Model

where n= photodetector quantum efficiency
h= Planck’s constant
v= optical frequency
P, = incident optical power
I,= dark current generated thermally in the photodetector (in-
dependent of signal level)
g= charge on an electron.

For a Poisson distribution, the probability that K electrons are emitted in
an interval AT is given by

_{pAm)K e s

P(K, A1) = K {A-2)

If A(7) is the impuise response of the combination of C, R., and /{1, then the
current produced at the output at time ¢ because of K electrons produced in
an interval At centered on T is

i(tr, ) = MigKh(t — 7] (A-3)

where M is the instantaneous multiplication factor. The detected current,
which is the average current value at ¢, is then

-0

T = qﬂ[i KP(K, AT]] A(t - 1)

which, from equations (A-3), (A-2), and (A-1), is

i) =M [%‘v’ P.(T} + I,,] it — T AT . (A-4)
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Therefore, the actual current resulting from the continuous optical power input
is

i2) = M-J; {% Py + id} At — 1) dr . (A-5)

Since only the signal portion of this expression is significant, terms involving
I, will be ignored in calculating signal power.
In general, P,(t} assumes the following form

Po(ty = P,[m, + m(7)] (A-6)

where P, is the incident optical power without modulation, mi¢] represents the
information signal, and m; + m{7) is in the range 0 to 2. If the optical source
is modulated by a psk carrier, then m(r) equals M, cos [w! + 8(1)] and m,
equals 1. If the optical source is digitally modulated, then m(¢) assumes values
of 2 — m, and —m,, where m,; is the detector decision threshold level which
vields equal probability of error for both the logical one and zero. The use of
equation (A-6) in equation (A-3) yields the mean square current value:

5 MP\ [ ([
i (WT) LL"U — DAt - p)

'{m% + nlm(7) + m(w)] + miT) m(u)} drdp

_ (maMP,
B hv

) [m,H‘{O) + J: St} H(f)zdf:| . (A-7)

Only the second term carries information energy. The signal power in a 1Q
resistor is therefore

— z

— MP -

7= (“"mm) | s . (A-8)
The method used to evaluate the mean square noise current is simitar to the

one used to derive the signal power. Equation (A-3) yields

£t 1) = QZWKI}F(I -7 (A-9)
Mt — 1) [(pAT): + pAr]

1

The increment of noise power is then obtained by substituting equation (A-4)
Into equation (A-9):
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i, 7)

&, 1) — i(t, 1) (A-10)
FUM — MI)pAs? + MpAtlit — 1)

The first term is proportional to A7 so that as At approaches d7, it becomes
negligible. Integrating equation (A-10) then vields the average noise power at
L

“”"’MZL[“I:;(T) "]hzu Ddr . (A-11)

The thermal noise power, due to the noise current i; in Figure A-1, is assumed
to be white and Gaussian with a spectral density given by
2T

= —wsfs (A-12)
=R wsf

e

where R, = R.R,/R,+ R,
%k = Boltzmann’s constant
T = resistor temperature.

The thermal noise power at the output is then

B = f_lNo H(f)idf . (A-13)

Combining equations (A-8), (A-11), and (A-13) then yields the average C/N:

C i

ani, " Y12
(—,w )Lsm(f)lmfn daf

{q[“zpf’ (my +m) + 1 ]F(M) + 2 } f H( ) df

MR,

where F(M) equals the excess noise factor = MM’ and H(f) must be
sufficiently large to pass the modulating signal m(r). Therefore, it is approxi-
mated that

[ sapmpra | sona
T

(A-15)

| mcrwar

OPTICAL TRANSMISSION TECHNOLOGY 363

where B, is the double-sided noise bandwidth of H( f). With m, + m = 1, the
general form of average C/N is

AYE
c (ﬁ) [ sana
N L : A-16)
N P, 4T (
ng
[24[ Iy }F(M) R B,

Equation (A-16) yields an average C/N in terms of the modulation spectrum,
S.(0). For psk modulation of a carrier with a larger bit period than the carrier
cycle, this equation can be used to accurately determine the theoretical BER.
However, for digital modutation, because of the dependence of noise on signal
levels, the signal-to-noise ratio (§/N} for a logical one will, in general, differ
from that for a logical zero unless m, is chosen to equalize the two. This can
be illustrated through the following analysis.

Figure A-2 shows the current corresponding to a logical one followed by a
logical zero with a decision threshold at R,P,m,. The noise current during a
logical one is n,(f) with an rms value of o, The noise current during a logical

nﬁt)
CURRENT
WP — N /
RoPo
- npit
HDPOmT 0
/\_ (

Figure A-2. Receiver Current Response For a Logical One Followed
by a Logical Zero

7ero is n,{¢) with an rms value of o,,. The probability of error if a one has been
transmitted is the probability that a,(¢) descends below R,P,m,; the probability
of error if a zero has been transmitted is the probability that n.(r) exceeds

R,P,m,. For equally probable signal messages assuming the shot noise is
Gaussian,
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Ple) = %[P(m < Z2R,P, + RoPomy | 1)

+ P(n, > RoPm, 1 )] (A-1T)
— 1 1 J'i -xlz
- 2{\/ Rgpo:zm,)e dx
[ i -xlmdx
\p’ Lof‘om],;‘uo ¢
For equal probabilities of error,
RoPo(z - m;,-) - Rr)Po’nr (A~18)
oy Ty
or
my = 20 (A-19)
o, + O,

Choosing this value for the decision threshold equalizes the S/Ns for logical
one and zero. In this case, the S/N, given by equation (A-16) will equal the
individual bit $/N. The optical power required to achieve a given 3/N (and
thus a given BER) can be obtained from equation (A-16) by noting that

[ 5.5 ar =m0 (A-20)

=2 — m, and m, = —m,. Therefore,

'—'2(_ _ 2-—m)+ {m;) _ 2o} + U?)
= 2 B {o, + @)}

(A-21)

The rms noise power, ¢}, occurs when a logical zero is transmiited, This is
evidenced by equations (A-11) and (A-13) in which P,(r) = 0 is given by

[ ol FOT) + ;";}Bn . (A22)

When a logical one is transmitted, P (r) = 2P, and the rms noise power is

4kT
a3 [2q(2ROPU + L)F(M) + TR ] B, (A-23)
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ol = 4gRPF(M)B, + 0 . (A-24)
Then equation (A-16) yields

S ARLP)

N oty (A-25)

After algebraic manipulation, equations (A-22) to (A-25) yield

hv g — E 2o
P,=—/=|F R\/—Jru -
m N [ (M) N p {A-26)
where the bit rate, R, is approximately 2B8,.
For the case of analog modulation, ¢.g., when the optical source is modulatec
by a QPSK carrier,

Polt) = P.[1 + cos(wt + 8)] {A-27)

where © assumes the values of nw/2, n = 0, 1, 2, and 3. In this case, mi(s)
equals cos {(w + 6), and

[ sara=1

$0 that the C/N becomes

RyPH2
ZQR(,P(,F(M)B" + 0'(2)

C
N = (A-28)

When equation (A-22) is substituted into (A-2%) and the resulting equation is
solved for P, the optical power required to achieve a given (/N is

P, = @F(MRE[ \/l + 2[611,1}:(”[) i (ZkTm_flle,):”

@G (MIR(C/N)

assuming B, = R/2.
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Optical intersatellite links
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Abstract

In this paper, major system components and performance criteria for laser
intersatellite links are identified, and the transmission characteristics are
modeled analytically. Five types of laser transmitters are considered: HeNe,
GaAs, CO,, Nd:YAG, and frequency doubled Nd:YAG. Under the assump-
tions of a Poisson distribution for the photon arrival rate and quantum statistics
of black body radiation for the background solar noise input, a parametric
study of the link is conducted using a computer program developed for this
investigation. Antenna size requirements and achievable bit rates are deter-
mined as functions of the mutual separation between the satellites, and the bit
error rate for a binary pulse gate transmission system is calculated under
various operating conditions. Finally, inherent system tradeoffs and the
comparative viability of laser communications for high-capacity intersatellite
links in a global digital satellite communication network are assessed.

Introduction

Interest in optical communication has grown considerably in recent
years. Studies of various optical modulation/demodulation techniques
and their impact on communications channel performance have been
reported [1]-[3]. Specific applications have also been analyzed, e.g.,
NASA’s proposed TDRSS system [4] involving a CO, laser and the

369



370 COMSAT TECHNICAL REVIEW VOLUME 10 NUMBER 2, FALL 1980

U.S. Air Force’s Project 405B involving an Nd:YAG laser [5].

This paper presents preliminary results of a study of laser intersat-
ellite links (1sL) for geostationary communications satellites and
related parametric tradcoff analysis. Although some discussion of
other laser systems, such as CO,, HeNe, and GaAs, is included for
comparison, this paper primarily considers digital data transmission
using an Nd:YAG laser. Both the fundamental and the frequency
doubled (Fp) modes are presented for the Nd:YAG laser. Since all
of the above-mentioned laser systems are relatively well known in
terms of characteristics such as available power, size, beamwidth, and
reliability, attention is focused upon communications performance and
systems tradeoffs for ISL applications.

The basic system parameters of a laser ISL system are identified and
their theoretical interrelations explained to introduce the notations and
the system model involved. Numerical results obtained by using a
computer program developed on the basis of this model are presented.
Systems comparisons are given and potential applications indicated.

Optical ISL system model
General

Figure | is a block diagram of an optical 1sL system. The optical
wavelength carrier from the laser source is modutated by the input
signal (e.g., digitized voice or data) in the optical modulator and
transmitted to the receiving satellite, where the modulated carrier is
detected. Sources of noise include solar radiation, thermal noise,
quantum noise, and dark current noise. Since the noise due to
background selar radiation predominates, only this noise will be
considered [6]-[8].

In its simplest form, an optical detector consists of a photoemissive
surface (cathode) of a suitable material generating (primary) electrons
whose number and velocity depend on the frequency and intensity of
the incident radiation as well as on the cathode type. The incoming
radiation is focused upon the cathode by an optical device (mirror or
lens) which will henceforth be termed an “‘antenna’ with a charac-
teristic aperture diameter. Direct photoemissive detection can be
conveniently used for digital signals in combination with photomulti-
plication and gating. In particular, this type of detection provides a
convenient interface with the microwave components when a slow
wave structure tube (TwTA) using a photoemissive cathode is employed

[71.
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Figure 1. General ISL System Model

In a photoemissive detector, no electrons are emitted from the
cathode unless the frequency of the incident radiation exceeds a
threshold value characteristic of the cathode. Above threshold, the
number of emitted electrons is determined by the quantum efficiency
(number of electrons emitted per photon or quantum of radiation) and
is also proportional to the intensity (power) of the radiation {(number
of photons incident per second). An optical filter applied over the
aperture of the antenna accepts only radiation of the appropriate
wavelength range and limits the received noise to the solar radiation
within the filter passband.

At optical frequencies, the black body radiation of the earth is
negligible in comparison to that of the sun (6,000 K). The peak of the
spectral density curve of the solar radiation lies around 0.5-pm
wavelength, which is close to the wavelength emitted by the FD
Nd:YAG laser. In other words, the background solar radiation noise
is unavoidable, whereas thermal noise is negligibly small.

Dark current noise represents electrons emitted from the cathode
surface operating at a temperature 7 in the absence of radiation (signal
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or solar noise) impinging on it. The magnitude of the dark current is
given in terms of Richardson’s law, and can easily be evaluated for
typical detector systems. For instance, for an Sb-K-Na-Cs cathode
optical detector combining a high quantum efficiency with a low dark
current [7], the dark current density is typically about 10~ A ¢cm-?
at T = 300 K, which corresponds to about 10-'5/(1.6 x 10-1) = 6,25
x 10? electrons cm~—? s~'. On the other hand, the number of photo-
electrons due to the incident solar radiation at a wavelength of .53
pm is about 10° electrons s-'. Thus, only for cathode areas larger than
about 10¢ cm? can the dark current become increasingly significant.
Since the value of the cathode area is several orders of magnitude
smaller, the dark current contribution can be neglected in comparison
to the noise due to the background solar radiation.

It has been shown [8] that for typical detectors the dark current
noise contribution is smaller than the thermal noise contribution for
(dark) current densities less than 0.13 x 102 A cm~2 per unit of noise
bandwidth. This corresponds to an electron emission rate of about 10
cm~? s7! due to dark current for a noise bandwidth of 1 GHz, which
is many orders of magnitude larger than the dark current value for
typical detectors. Since the thermal noise is much less than the solar
radiation noise, the predominance of the latter is reconfirmed.

While the preceding discussion has focused upon direct photo-
emissive detectors, most of the arguments also apply to other detector
types such as photoconductive or photovoitaic detectors. The predom-
inance of the solar radiation noise diminishes as the signal wavelength
increases from the optical to the infrared region, with thermal noise
ultimately becoming dominant in the microwave range. In certain
cases, depending on the operating wavelength, temperature, and
cathode type, etc., the dark current noise may become appreciable
and should be appropriately considered, unless the cathode tempera-
ture is maintained at a sufficiently low level by means of cryogenic or
radiation cooling, However, detectors requiring such measures are not
suited to 1SL applications.

The quantitative results presented in this paper apply to Fb Nd:YAG
lasers; extrapolations for longer wavelength lasers such as HeNe,
GaAs, Nd:YAG, and CO, are less accurate. In particular, for the
CO, laser (10.6 pm) the characteristic noise bandwidth and path loss
are much smaller, largely compensating for the reduced antenna gain.
However, since the dark current of the photoconductive detectors
used in this case is large and detector cooling is required, the CQ,
laser is not well suited to ISL applications despite the large power
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available (—~500 mW). HeNe lasers, while ¢xhibiting high reliability,
have limited ocutput power (~2 mW} and hence can be considered only
for very close range 1SLs. GaAs lasers suffer from low output power
{(~5 mW) as well as from beam collimation and divergence difficulties.
Of the Nd:YAG and FD Nd:YAG laser systems, the latter is obviously
advantageous since higher antenna gain values lead to superior per-
formance.

The signal-to-noise ratio estimates in the following analysis pertain
to the input of the optical detector; hence, further degradations due
to other significant noise sources must be included to obtain the
corresponding estimates for the detector output or for the end-to-end
link performance. In particular, the noise contribution of the microwave
interface and components must be properly considered to determine
the overall link budget of the ISL system. In view of the related
degradations, the bit error rate (BER} and energy per bit to noise power
density (E,/N,) values presented here may be regarded as rather
optimistic upper bounds. However, these results constitute a useful
starting point for further analysis of specific system configurations
including different types of up-link and down-link transmissions and
modulation and multiple-access schemes.

Finally, pulse gate binary modulation {PGBM) was chosen because
of its inherent simplicity for operational implementation as well as for
analytical treatment. Alternative modulation methods could also be
considered. For instance, pulse quarternary modulation (pQM) could
provide higher system efficiency. Such modulation methods deserve
separate consideration and have not been included in this paper. It is
sufficient to note that the advantage of binary transmission is the
absence of degradations arising from the nonlinearity of the system
components.

Expressions for evaluating system performance in terms of the basic
system parameters will be derived in the following.

Signal power

The carrier-to-noise power density ratio (C/N,) for an ISL link can
be written as the ratio of the received signal power to the noise power
density due to solar radiation within the waveband of interest. The
received signal power can be conveniently written as

-2
4uR
P, = PG, ('“T) G.L- (1)
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where P, = transmit laser power
(. = transmit antenna gain
G, = receive antenna gain
A = wavelength
R = distance

L = insertion loss of the optical passband filter.

From the geometry of an 1SL between two geostationary satellites

R =2(R, + H)sin (%) (2)
where ¢ = angular separation between the two satellites
R, = radius of the earth (6,370 km)
H, = geosynchronous altitude (35,800 km).

With the well-known relationship

2
4 7D
Gx = T _AI = Tk — 3
N m ( N ) 3)
where x = ror rfor transmit or receive aperture, respectively

n = efficiency
A = aperture area
D = aperture diameter

the received signal power can be written as

2
wD,D,)

P, = Pmm,( ARN

(4a)

Assuming equal diameter and efficiency for the transmit and receive
apertures leads to

2
- wn?
e w

Channel neoise

Solar noise power density can be approximated by a black body
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radiating at temperature 7 = 6,000 K. In terms of Planck’s quantum
statistical distribution for black body radiation [6], the noise power
per unit frequency bandwidth in the vicinity of frequency v is [6]

[ (5)

ehw’kT _ 1

where k = Planck’s constant (6.63 x 10-*]J-s)
k = Boltzmann's constant (1.38 x 10-2 J/K)
v = frequency (Hz).

Figure 2 gives a plot of P, as a function of v in the range of interest
for the present paper.

5
10 T
=
£
2
(=)
z
=
@
z
w
D -
e
z
[&]
o
w
w
Q
z
2
a >
™~ < %
g 53 32
Z g T
w0’ t ] t * * *
1013 1ol 10/

FREQUENCY ( 1?) Hz ——=—

Figure 2. Spectral Density of the Solur Radiation (Noise)
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If it is assumed that other noise contributions (internal or dark
current noise, thermal noise, quantum noise, etc.) are negligible, C/N,
in dB at the input of the optical detector is

C P,
E = 10logq (IT) dB - (6)

Consequently, E,/N, in a PGBM system is

E Pr
N’ = 10log (P—'”) (7
where

T =

1
R (8

is the bit duration for a bit rate of R,.

Bit error rate

The BER is given by the sum
P,=pP¥ + (1 -p)P? 9

where p = a priori probability for the signal to be present
P = probability that the receive current is below the thresh-
old value for bit detection when a signal is present
within the bit duration
P = probability that the receive current is at or above the
threshold value when no signal is present during the
bit duration.

Clearly, p can be taken as the fraction of time at which the ISL
transmission takes place; that is, 100p represents the percent duty
cycle of the 1SL system. Further, assuming that the current is related
to the mean number of photoelectrons detected within the bit duration,
and that the photon arrival rate obeys a Poisson distribution [6], [7]
yields
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I3
m

Pm:[ganfﬂ(!), i=1,2 (10a)

e

Pi(l) = (n)) i=12 (105)

no
where P9([) = probability of ! photoelectron counts
n,, n, = mean numbers of photoelectrons involved in the
two cases distinguished above [i.e., corresponding
to P and P®, respectively]
m;, m! = lower and upper limits, respectively, of the actual
count of individual photoelectrons detected in each
of the two cases above (i = 1, 2).

Assuming a threshold », for bit detection results in
my=0,m =n-—-1,m=n,m = (11)
The mean numbers », and n, can easily be determined by noting that

the photoelectrons per second corresponding to the input power due
to the laser signal and the solar noise radiation are, respectively,

H, = m — (12a)
. g
n M —= (AB) l2b)
L4 q ! L (

where (AB), is the detector bandwidth (assumed to be wider than the
signal bandwidth), and m, is the quantum efficiency of the detector.

To further characterize the impact of the detector performance on
the error statistics, it is convenient to introduce the probability of
pulse detection due to the signal, p’:

r

g— 13
p n o+ n, (13)

where n! denotes the maximum number of signal photoelectrons
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received when a pulse is desired and a, the minimum number of
photoelectrons when no pulse is desired. Then,

n = (np' + Rt (14a)
= [nl —pY+nlr . (14b)
In particular, for p° = | (unit probability of pulse detection}, n, =

(n, + n,)7 and #, = n,7, as expected. The quantity

7,
Fo=— = ; (15)
13

denotes the maximum achievable ratio of the number of signal
photoelectrons received when a pulse is desired to that received when
no pulse is desired, This ratio is called the modulation extinction ratio
[2].

The value of (AB), depends on the efficacy of the filter employed to
reduce or eliminate noise radiation at wavelengths adequately separated
from the characteristic wavelength of the laser. For instance, for the
FD Nd:YAG laser, filters permitting radiation only within a wavelength
range of 1A are available. This corresponds to (AB), = 10" Hz. For
convenience, this value will be assumed for the other types of lasers
as well, except that a value (AB), = 10° Hz will be assumed for the
CO, laser, since the detector in this case is a photoconductive device
at IF or bC with a much narrower bandwidth.

The opitimum threshold

The threshold value, n,, of the number of photoelectrons for optimal
bit detection is easily obtained by requiring that the probability for
receiving n, or more photoelectrons when the signal is present must
exceed the probability of receiving an equal number of photoelectrons
when the signal is absent [9]:

pPU = (1 — P PEG j= 0, . (16)

This condition yields the following expression for the optimum thresh-
old corresponding to the equality in equation (16):

~n, + In(l = p)ip]
T In[l + (n/n)

(a7
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For a given value of p, since

] —
P

In P_ ¢, (constant) (18)

the minimum number of signal photoelectrons for achieving the
optimum threshold, 7#,, is given by the condition

on,
— =0 19
(’)ns ny=H, ( )
leading to the relation
{n, + n,) In (1 + ”*‘) =Rt . (20)

This transcendental equation can be solved graphically as illustrated
in Figure 3. Plots of the expressions on the lefi- and right-hand sides
of equation (20} as functions of A, are illustrated in Figure 3a, with n,
and p (and hence ¢,) as parameters. A plot of the right-hand expression
of equation {20) is obviously a straight line with unit gradient and
vertical intercept equal to ¢,. A plot of the left-hand expression is a
higher order curve passing through the origin. The point of intersection
of the two plots corresponds to the minimum value, A,, to achieve
optimum threshold detection.

Figure 3b presents linear plots for p = 0.05, 0.10, 0.25, and 0.50
corresponding to the laser transmission duty cycles of 5, 10, 25, and
50 percent, respectively. Nonlinear plots of the left-hand expression
corresponding to n, = 0.5, 1.0, 2.0, etc., are also shown. For a given
combination of », and p, the abscissa of the point of intersection
between the corresponding curves clearly vields the minimum value,
.. A plot of this minimum value as a function of n, with p as a
parameter (and vice-versa) is provided as the inset in Figure 3b. From
this result and equation (12), the minimum power, P.. to achieve the
optimum threshold detection and the corresponding e.i.r.p. can easily
be determined.

cirp. = 10log,e(P.G)dBW . 1)

In the inset of Figure 3b, the solid lines represent the variation of
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Figure 3b. Plot of the Transcendental Equation for Determining the
Figure 3a. Graphic Solution of Transcendental Equation (20) Optimum Signal Level, A,

expected. Furthermore, as the noise level decreases, the variation of
the optimum threshold minimum signal power level as a function of
duty cycle becomes relatively less pronounced. Similarly, as the duty
cycle increases, the variation of the optimum signal power level as a
function of the noise power level becomes less pronounced. In other
words, the optimal signal power is more sensitive to duty cycle at high
noise levels and to noise level for low values of duty cycle. Therefore,

A, with n, (bottom scale) for specified values of p, while the dashed
lines represent the variation of 4, with p (top scale) for specified values
of n,. At a given frequency, the number of photoelectrons is directly
proportional to the corresponding incident power [equation (12)].
Therefore, it is clear from the figure that the minimum signal power
to achieve the optimum threshold detection increases with the back-
ground noise level, but decreases with increasing duty cycle, as
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in the PGBM mode, channel performance as measured by the bit error
rate can generally be categorized as either duty cycle limited (or, more
generally, power limited) or noise limited in the extreme case of a very
low duty cycle or a very high noise level, respectively.

Numerical results and discussion

Numerical results obtained by using a simple computer program
developed to implement the model described in the preceding section
will now be presented. The results for the FD Nd: Y AG laser ISL system
will be presented in detail; results for other laser systems will be
indicated mainly for comparison. Unless otherwise specified. a 1-
Gbit/s bit rate will be assumed with unity probability of pulse detection.
The assumed parameter values include those given in Table 1.

TAaBLE 1. ASSUMED PARAMETER VALUES

CQ, GaAs HeNe Nd:YAG FD) Nd:YAG
Wavelength, A {um) 10.6 0.9 0.63 1.06 0.53
Average Transmit 500 5 2 100 100
Power, P, (mW)
Quantum Efficiency, 4 x 10! 4 x 10-% 5 x 107 10-3 2 % 10 ?
T
Noise Bandwidth, 1 100 100 100 100
(AB), (GHz)

Power levels correspond to conservative estimates of available
power output for the laser systems under consideration. The quantum
efficiency factors are based on the data in Reference [7]. Finally, it is
assumed that the efficiencies of the transmitting and receiving optics
are equal (m, = n, = 0.7), and that there is a 3-dB insertion loss for
the passband filter.

Bit error rate as a function of E,/N, for Nd:YAG and rp Nd:YAG
is given in Figure 4. It is clear that the lower frequency for Nd:YAG
implies an increase of over 10 dB in E,/N, to achieve the same BER
value.

Figures 5 and 6 present plots of BER as a function of aperture
diameter and intersatellite angular separation, respectively, for Fp
Nd:YAG operating at a 10-percent duty cycle; other parameters are
as specified in the respective figures. It can be seen that there is a
sharp drop in the BER as the aperture diameter is increased above a
certain minimum value for a specified angular separation, or as the
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angular separation is reduced below a certain maximum value for a
specified aperture diameter. For instance, a BER of 10-% or less 15
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achievable at 3° intersatellite separation with an aperture diameter of
about 5.5 cm, and at 120° separation with an aperture diameter of
about 25 cm. Similarly, from Figure 6, for an aperture diameter of 10

¢m, BER decreases only slowly with decreasing angular separation up
to about 35°, and then drops rapidly below 10-¢ for angular separations
of 16° or less.
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Link performance as a function of duty cycle is indicated in Figure
7, which gives plots of BER vs p for 60-Mbit/s data rates transmitted
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Figure 7. BER versus a Priori Signal Probability (FD Nd:YAG,
D = 10 cm, R, = 60 Mbit/s)
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with an FD Nd:Y AG laser using an aperture diameter of 10 cm. Results
for several values of angular separation (¢) are shown. It is apparent
that channel performance is relatively insensitive to changes of duty
cycle. Nevertheless, an improvement in performance occurs at low or
high values of the duty cycle, while a slight degradation in performance
(increase in BER) is encountered in the intermediate range. This
behavior can be understood by examining the variation of the threshold
number of photoetectrons (n) as a function of the duty cycle (p) for
specified values of the other parameters, as shown by the solid curves
in Figure 8.

Figure 8 also includes the values of the signal photoelectron number
(n,) and the noise photoelectrons (n,) within the bit period for com-
parison (dashed and dashed-and-dotted curves, respectively). Note
that n, is independent of p but depends on ¢, whereas r, is independent
of both & and p. The value of n, decreases with increasing p, as
expected [equation (17)]. Obviously, for specified values of n, and »,,
the bit error contribution due to the error probability Pt* related to
failure in signal detection [see equations (10) and (11)] decreases with
decreasing #,. On the other hand, the contribution due to the error
probability P resulting from false detection increases with decreasing
n,. It can thus be concluded from equation (9), that in the low value
range of p, the term P® dominates the remaining terms p| PV — P2,
causing the BER value to increase with increasing p. However, in the
high value range of p, an inversion in the dominance of these terms
causes the BER value to decrease with increasing p. This leads to a
peak in the BER value in the intermediate value range of p.

In other words, for better channel performance, it is preferable to
operate with a sufficiently low duty cycle, corresponding to a high
value of the optimum detection threshold, because the background
noise is less likely to be falsely detected as a signal. Alternatively, a
sufficiently high duty cycle yields better performance by virtue of a
larger a priori probability for the signal to be present, thereby reducing
the chance of failure in signal detection when the channel is active, or
of false detection when the ¢hannel is inactive. An intermediate value
of the duty cycle yields the worst performance and is therefore not an
optimal choice.

For a comparative evaluation of the laser systems mentioned earlier,
Figures 9 and 10 provide values of £,/N, as a function of angular
separation (Figure 9) and aperture diameter (Figure 10) (assuming 10-
percent duty cycle and 1-Gbit/s data rate) with the value E/N, = 40
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dB marked as a nominal threshold value corresponding to BER 10-°
{see Figure 4).
It may generally be observed from the results obtained that the Fp
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Nd:YAG laser system employing moderate size- (2\20-(:111). antennas
would exhibit excellent performance characteristics for optical wave-

| | ! |
/1 l .
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length 1SLs over all conceivable values of angular separations and over
a wide range of operating conditions. The Nd:YAG, CO,, HeNe, and
GaAs laser systems, which are applicable only to small angular
separations, provide marginal performance unless the transmit power
or the aperture size is drastically increased, with repercussions on
satellite weight, complexity, and cost.

The superior performance of the ¥Fb Nd:YAG laser system for 1sL
application arises from the high antenna gain and reduced solar
background radiation noise, which more than compensate for the path
loss. The solar radiation in the wavelength range of 5,300 A might be
turned into an advantage by using a sun-pumped D Nd:YAG laser
transmitter. Alternatively, a semiconductor laser dicde or LED could
be used advantageously instead of, or in addition to (as a backup during
a solar eclipse), the sun-pumped F» Nd:YAG laser [10]-[13]. Optical
fiber could perhaps be used for channeling the filtered solar energy for
optical pumping of the laser.

A factor in favor of the CO,; laser is its comparatively high power
conversion efficiency (=10 percent), which provides higher power
output from the laser transmitter for a given amount of primary (npc)
power. In other words, for a given mass allocation for the power of the
ISL subsystem, higher e.i.r.p. can be realized by the CO, laser compared
to the Nd: YAG laser (efficiency = 0.5 percent). Since satellite mass
is ultimately one of the major determinants of space segment cost and
system economy, the CO, laser system may prove to be more cost
effective for certain ISL applications. In general, apart from the
communications performance, factors such as the overall spacecraft
mass-power tradeoff, lifetime and reliability, and system economy
must be considered in greater detail to assess the relative viability of
different lasers for specific ISL systems.

Applications

Intersatellite links have been called the missing link of international
satellite communications. The placement of satellites over the Atlantic,
Indian, and Pacific Ocean regions, primarily to provide transoceanic
communications, has intimately impacted the overall system design,
performance, and cost of the space and earth segments. While this
inherent feature of the system is unlikely to change in the near future,
introduction of ISL capability may fundamentally alter the system
configuration and its design philosophy. Most probably, 1SL imple-
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mentation will contribute to the evolution of future generations of
satellites by improving system performance and especially by reducing
earth segment costs through elimination of double hop connections as
well as multiple earth station antennas and related equipment.

15L. technology, once sufficiently advanced and perfected, will play
increasingly significant roles in international communications as well
as in a variety of other innovative applications. For instance, a novel
approach to the international satellite system is placement of the
satellites in the geosynchronous arc mainly over continental land
masses instead of over the ocean regions. In this case, transoceanic
international communications would be primarily provided through the
I1SL, while the satellites would directly provide domestic, regional, and
international communications within continental regions. Placing the
satellites over continental regions could simplify antenna beam cov-
erage patterns and significantly reduce the number of onboard antennas
required. Furthermore, the e.i.r.p. of the satellite could be enhanced
for a given primary power, while retaining high values of earth station
antenna elevation angle. Both effects (fewer onboard antennas and
effective enhancement of the e.i.r.p.) have favorable implications for
the mass requirements of the satellite’s communications and power
subsystems, and hence its fabrication and launch costs (as well as its
lifetime) on one hand, and for earth station G/T requirements (and
hence cost) on the other. Multiple satellites (a *‘satellite cluster’) could
be deployed over a given continental region, with 1SLs among them as
necessary.

Increasing demand for domestic and regional communications sat-
ellites by many countries in the world poses challenging problems
related to the growth of the international system as well as the optimal
utilization of the geostationary orbit. 15Ls will alleviate these problems
b

Y a. permitting domestic and regional communications to be
provided within the overall framework of the global system without
proliferation of satellites in geostationary orbit;

b. freeing the geostationary arcs over the ocean regions for
other uses (navigational, maritime, and aeronautical satellites);

¢. providing a basic functionil role for international commu-
nications in the form of high-capacity transoceanic trunks;

d. avoiding double hops and/or a multiplicity of earth station
equipment.

In particular, item ¢ above may be viewed as a basis for justifying
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the amount of investment required to fully develop IsL technology,
Furthermore, the above system concepts can be advantageously
integrated with other advanced techniques, such as all-digital trans-
mission and ss/TDMA. More specifically, in the s$/TbMA mode, de-
pending on the requirements for domestic/regional and intracontinental/
transoceanic international traffic, transponders could be switched to
provide corresponding (domestic, regional, continental) coverage or
to carry the ISL traffic to the satellite(s) of adjacent continental regions.
Alternatively, the transponder(s) could be used in a dedicated mode
for the 1sL traffic. Obviously, a large degree of dynamic flexibility is
offered by this approach to accommodate all categories, levels, and
fluctuations of traffic.

Other potential 1SL applications include the tracking and data relay
statellite system (TDRSS) and centralized world weather watch, i.e.,
real-time meteorological observations on a global basis. Further in-
vestigation of the system concept, tradeoffs, and performance char-
acteristics is required, however, to adjudge the practical viability of
these and other practical applications.

Conclusions

A system model for an optical 1sL. has been presented for commu-
nication between geosynchronous satellites. Transmission channel
performance measures have been formulated for pGBMm digital trans-
mission on the basis of solar background radiation as the predominant
noise, and Poisson statistics for photon counting. In addition, an
expression has been derived for the minimum transmitted power level
for optimum threshold detection of the PGBM signal, and a graphical
method to solve the implicit (transcendental) equation has been
illustrated. The concept of duty-cycle-limited and noise-limited regions
of system performance has been introduced, and preliminary numericat
results have been provided.

Representative types of performance tradeoffs in terms of the basic
physical parameters of the system, such as angular separation, aperture
diameter, duty cycle, and bit rate, have been presented for the Fp
Nd:YAGQG laser 1st. system. Some results for other typical laser systems,
such as CO,, GaAs, HeNe and Nd:YAG, have also been included for
comparison.

It is generally concluded that an FD Nd:YAG laser system with
transmitter power of about 100 mW and aperture diameter of about 25
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cm would provide adequate 1SL channel performance for all practical
values of angular separation between the two satellites. The advantage
of using the FD Nd:YAG laser system stems not only from the inherent
superiority of its ISL channel performance, but also from the economy
in the satellite power budget which would be implied by the use of a
laser diode or solar radiation for optical pumping of the laser trans-
mitter. The compact, lightweight, and efficient FD Nd:YAG system
appears attractive for the practical implementation of an optical 1SL
providing high-data-rate, wide-bandwidth intersatellite communica-
tions with diverse applications.
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2-bit soft-decision weighted erasure
decoding for binary block codes
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Abstraet

The design and implementation of weighted erasure codecs are described
for binary block codes with 2-bit soft-decision demodulated signals. In terms
of implementation, weighted erasure soft-decision decoding is a simple and
cost-effective approach to achieve a given bit-error-rate performance for high-
speed digital transmission, A design case for a (24, 12) extended Golay code
is presented, and the measurement results are reported. It is demonstrated
that a simple rate Y2 codec with about 90 chips of standard Msi1 transistor-to-
transistor logic integrated circuits can achieve a coding gain of 3 dB at a bit-
error rate of 10-¢ over a simulated thermal noise channel. In its current form,
this codec can be operated at a clock rate up to 8 Mbit/s. With certain
modifications, the total chip count can be further reduced and the clock rate
can be increased to about 13 Mbit/s.

Introduction

It is well known that the performance of digital communications
systems can be substantially improved by forward error correction
(FEC) coding techniques. Since the discovery of the single error-
correcting Hamming code in 1949, coding theory has evolved in two
directions: more powerful codes which can be decoded without brute-
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force computation, and improved decoding algorithms for simpler
implementation or better performance. While two different approaches,
block and convolutional encoding, have evolved, the development of
practical decoding algorithms has centered around algebraic decoding
algorithms for cyclic and majority decodable codes, and probabilistic
decoding procedures for convolutional codes.

Algebraic decoding algorithms use the mathematical structure
embedded in a code and operated directly on the received sequence.
Probabilistic decoding procedures usually calculate the likelihood of
message transmission based on reliability information extracted from
the receiver. Generally, algebraic decoding algorithms are simpler and
therefore faster, but less powerful; whereas probabilistic decoding
algorithms are more complicated and slower, but more effective.
However, since decoding complexity generally increases rapidly with
the error-correcting capability, it is often easier to use a probabilistic
decoder for a simpler code, and an algebraic decoder for a much more
complex code to achieve a given performance objective. This is
particularly true when the coding improvement requirements are high,
and is probably the main reason that sequential decoding [1] and
Viterbi decoding [2] with convolutional codes have received much
attention during the past decade. Since superior performance of the
probabilistic decoders resuits from using reliability information ex-
tracted from the receiver, the performance of algebraic decoders may
also be improved by using such information.

Forney’s minimum distance decoding [3] and Chase’s algorithm [4]
are two techniques which exemplify the above-mentioned trend.
However, both algorithms require many iterations and thus lose the
principal attractions of an algebraic decoder, namely, simplicity and
speed. A different algorithm, weighted erasure encoding, which is
established on the same principle as Forney's minimum decoding, was
proposed by Weldon in 1971 [5]. It offers the possibility of implementing
very simple decoders that operate at high speed and uses extracted
reliability information to further improve performance.

In 1973, Goathal [6] proposed a set of weights which are linearly
related to the likelihood ratio and satisfy all of the constraints required
by the decoding procedure. He then demonstrated that the method is
equivalent to the maximum likelihood decision rule. However, it was
still believed that weighted erasure decoding is considerably more
complex than hard-decision decoding because it may require the
addition and multiplication of real numbers. This paper shows that
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sucllm a requirer_nent is unnecessary in the special case of 2-bit soft-
decision (.iecodmgf and that weighted erasure decoding can be imple-
mented directly with standard logic circuits of reasonable complexity,

Weighted erasure decoding

A typical digital communications system consists of a modulator
which accepts binary digits and outputs corresponding waveforms, a
wavefo‘rm channel, and a demodulator that estimates the binary dig}ts
transmitted based on the received waveforms. In some cases. the
dferqodu_lator also indicates reliability and is called soft—decisi(;n to
dlSt]]:lglllSh it from the hard-decision demodulator which does not
provide reliability information.

It is often assumed that the digital communications system is linear
and has sufficient bandwidth; therefore, it can be modeled as a discrete
memoryless channel with two inputs and g outputs as shown in Figure
1, whert; q = 2 corresponds to the case of hard-decision, and g > 2
soft-degslon. Without loss of generality, the g outputs can’ be ordered
according to their likelihood ratios, so that the most reliable outputs
are located at the two extremes. That is,

Pr0/) _ Pr(0/i + 1) _
Pr(n) Pri+ 1y 0 0Siga- 1. )

In Reference 1, Weldon assigns i i
: . gns each of the g outputs with
w;, with the constraints P @ welght.

0=m0§w|§w2

1A
IIA

w, | =1 (2a)
and

N (2b)

Given the set of v.ve.:ights (w), 0 =7 =gq — 1,it is always possible to
find a set of r positive real numbers (V.), 1 =j = r, such that

m!:ZaUVj , 1=j=vr (3a)
and

w, =2V, l=j=r (3b)
4
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Figure 1. Digital Communications System with Soft
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where a, are binary numbers of value 0 or 1. Obviously,
rzlog, g

and should be kept as small as possible because the implementation
complexity of the decoder is directly proportional to r.

For each demodulator output /, a corresponding binary r-tuple g,
= {a,, aa, . . ., a,} can be determined. The weighted erasure decoder
sends each of the r binary digits to one of r independent hard-decision
subdecoders. Upon receiving n binary digits where # is the block
length of the code, each hard-decision subdecoder decodes independ-
ently and counts the number of errors, ¢;, that it detects or attempts
to correct. A reliability indicator for the decoded block

R, = max[0,d — 2¢]] (4}

where d is the minimum distance of the code, is obtained for each
independent subdecoder. The final decision is made according to the
outpuis and reliabiltiy indicators of all » hard-decision subdecoders on
a bit-by-bit basis. The decision logic first calculates the preduct of the
reliability indicator, R}, and its corresponding weight, V,, for the set of
hard-decision subdecoders, §,, which output 0; it performs the same
function for the set of hard-decision subdecoders which output 1. The
decision rule is to choose 0 if

; RV, < Z RV,

and 1 otherwise. Goathal [6] observed that by choosing the weights

llOg [P()Pq—i—l”‘Pqu—ll (5)
2 log(Py/P, )

w; =

the decoding procedure is maximum likelihood, where P, = Pr (i/0)
=Prig — 1~ iN).

Weighted erasure decoding for 2-bit demodulation

A number of simplifications can be made in 2-bit soft-decision
decoding. First, since w, + w, = 1,
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Vi = wy (6a)
Vo=, (6b)

and the r-tuples @, are the binary representations of i, Thus, r = log,
g = 2 and only two hard-decision subdecoders are necessary (8-level
or 3-bit soft-decision demodulation usually requires three). If the
subdecoders produce inconsistent decisions, the decision rule involves
only a comparision of the reliability indicators; that is, decoder 1 is
chosen if R,V, > R,V,, and decoder 2 otherwise.

Since the reliability indicator holds constant for the entire block, the
decision rule can be made on a block-by-block basis instead of bit by
bit. Furthermore, the reliability indicator is only a function of the
number of errors detected or corrections attempted by the decoder.
If the weights @, and w, or V, and V, are determined, the decision rule
is only a function of the number of detected errors (e, and ¢;) or
attempted corrections. Thus, it can be implemented with digital logic
without comparing the value of reliability indicators. Usually, if the
code can correct or detect up to f errors, af + 1 by ¢ + 1 matrix can
completely describe the decision rule. Sometimes simple combinatorial
logic or a comparator may suffice.

Depending on the decoding method and the speed requirement of
the system, decoder complexity can be further simplified by allowing
the two subdecoders to share portions of the hardware. Generally,
clock generation or conversion circuits, synchronization circuits, and
output buffers can always be shared by both decoders. For simple
block codes, these circuits often dominate decoder complexity. In
some cases, almost all except the input buffer and syndrome generators
can be shared; consequently, the overall soft-decision weighted erasure
decoder is only slightly more complex than a hard-decision decoder.

Design case for the (24, 12) extended Golay code

The (24, 12) extended Golay code has been selected to demonstrate
the feasibility of simplified weighted erasure decoding partially because
it is a simple block code with good error-correcting capability. This
code is based on the (23, 12) three error-correcting Golay code with
generator polynominal g(X) = 1 + X + X* + X¢ + X’ + X* + X".
An overall parity check bit is added to the last position of the 24-bit
block so that the code can detect four errors. The encoder implemen-
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tation is fairly straightforward and will not be discussed. The decoder
implementation consists of two hard-decision decoders and weighted
erasure decision logic, which will be treated separately.

Figure 2 is a general block diagram of the hard-decision decoder,
List decoding is used instead of the standard decoding technique 7],
[8] to decode the (23, 12) Golay code: it is more cost-effective because
of rapid advances in solid-state technology during the past decade.
The syndrome corresponding to each of the 2,048 correctable error
patterns is computed in advance, and the most likely error pattern is

INPUT

Vv

UNNRNNERNEER

TO
COMPARATOR
PROM TABLE

V

NERRNNREREENES

&B— SUTPUT

— LITIITTTT T

Figure 2. General Block Diagram of a Hard-Decision Decoder for
the (24, 12) Extended Golay Code
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stored in a programmable read-only memory (PROM) at the appropriate
address. Only the information portion is stored because it contributes
to decoder output. To detect four errors, the parity of the entire 24-bit
block is computed and compared with that of the error pattern. Four
errors are detected if the two are inconsistent. The parity of each error
pattern must be stored because only the portion of error patterns
corresponding to the information bits is stored.

Unlike ordinary hard-decision decoders, the individual subdecoders
must determine the total number of errors corrected or detected and
inform the weighted erasure decision logic. This total must also be
stored for each syndrome. Fortunately, the parity of the error pattern
is the least significant bit of the total, and two bits are sufficient for the
triple-error-correcting, four-error-detecting Golay code for both pur-
poses. Because PROMs are organized in 4- or 8-bit wide forms, 32 K-
bit storage may be needed to accommodate the necessary information.
The syndrome generator and the input buffer are standard [9] and will
not be discussed. When four errors are detected, the information must
also be delivered to the weighted erasure decision logic. This is
achieved by combinatorial logic circuits between the parity of the
entire block and the total from the PROM.

The weighted erasure decision rule is based on weighting the decision
of the two decoders; however, weighting is again a function of the
transition probabilities of the 2-input, 4-output discrete memoryless
channel, which are determined by the noise characteristics, the signal-
to-noise ratio, and the quantization thresholds. Based on the assump-
tion that the noise is additive white Gaussian with one-sided spectral
density (N,) and standard deviation (¢ = VN,2), Table 1 shows the
value of optimum weighting as a function of the signal energy-to-noise
ratio, and the thresholds which are set at to, 0, and —to. It is clear
from the table that weighting as given by equation (5) depends basically
on the thresholds, and only slightly on the signal energy-to-noise
density ratio for the entire range of interest. The value of w; is greater
than Y5, which implies that the second subdecoder should be chosen
if it detects only one-half as many errors as the first subdecoder. If
both subdecoders detect or correct the same number of errors, the
first decoder must be chosen because the value of w, is less than Y.

For a double error-correcting code, these observations are sufficient
to determine the decision rule. When e, and e, are the number of
errors detected or corrections attempted by the primary and secondary
subdecoders, respectively, the secondary subdecoder is chosen if
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wid — 2e\) < wld — 2e,)

or equivalently,

o > d — 2e,
T Ad -6 —e)

because w, = 1 — w,. For the three-error-correcting, four-error
detecting (24, 12) extended Golay code, d = 8. The weighted decision
rule depends on the region to which the value of w, belongs: between
1/3 and 2/5, between 2/5 and 3/7, or between 3/7 and 1/2. Table 2
illustrates the decision rule for each region. Reexamining the values
of w, in Table 1 reveals that these three regions can be roughly mapped
tor= 0.5 03 =r=0.5 and r = 0.3 for a practical range of E/N,,.

TABLE 1. THE VALUE OF w, AS A FUNCTION OF SIGNAL ENERGY-
TO-NOISE RATIO AND THRESHOLD GAIN (£} IN AN ADDITIVE WHITE
GAUSSIAN NOISE CHANNEL
(=1 — wy)

E/N,

t 0dB 2dB 4 dB 6 dB 8 dB 10 dB
0.05 0.485 0.485 0.486 0.486 0.487 0.488
0.10 0.472 0.472 0.472 0.473 0.474 0.476
0.15 0.45%9 0.460 0.460 0.461 0.463 0.465
0.20 0.447 0.448 0.449 0.450 0.452 0.454
0.25 0.437 0.437 0.438 0.440 0,442 0.445
0.30 0.427 0.427 0.428 0.430 0.432 0.435
0.35 0.417 0.418 0.419 0.421 0.423 0.427
0.40 0.409 0.410 0411 0.412 0.415 0.419
0.45 0.401 0.402 0.403 0.405 0.407 0.411
0.50 0.394 0.395 0.396 0.398 0.400 0.404
0.55 0.387 0.389 0.399 0.391 0.394 0.398
0.60 0.381 0.382 0.383 0.385 0.388 0.392

A major difference between 2-bit soft-decision weighted erasure
decoding and 3-bit Viterbi or sequential decoding is that performance
is sensitive to the thresholds for the former. Note that the soft-decision
improves performance only when the primary subdecoder performs
incorrectly, the secondary decoder decodes correctly, and the weighted
decision logic chooses the second decoder. This occurs only if the
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probability of the second decoder being correct is reasonably large.
Consequently, t must be reasonably small. Computer simulation results
seem to indicate that the optimal value for ¢, which is generally a
function of the minimum distance of the code and the signal energy-to-
noise ratio, is above 0.3 for all practical ranges. The decision rule
should therefore be that of (a) or (b) in Table 2. However, the simulation
results seem to indicate that the performance degradation resulting
from using a simple comparator rule of (c} instead of (a) or (b) is so
insignificant that the comparator serves as a good approximation to
the optimal rule in all cases. Figure 3 shows a general functional block
diagram for the entire weighted erasure decoder.

TABLE 2. WEIGHTED DECISION RULES FOR THE (24, 12} EXTENDED
GorLAy CODE AS A FUNCTION OF @, *

(a) 1/3 < o, < 2/5 (b) 2/5 < w, < 3/7 €37 <w <12
£, €, €
e, 0 1 2 3 4 e, 0 1 2 3 4 e, 0O 1 2 3 4
0 I 1 I 1m I o I I 1 1 1m o I I I I 11
1 [ I I I 1 1 [ I 11 1 i 1 1 I o I u
2 1 I I nm 1 2 I I I I n 2 | I I H I
3 I I I I I 3 1 [ I I 11 3 1 I I I 1I
4 | 1 I I I 4 | I I I I 4 1 [ [ I I

* | = Choose the primary subdecoder, 11 = Choose the secondary subdecoder.

MSB INPUT HARD-DECISION
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L T e

OUTPUT BUFFER I

Y

Figure 3. General Functional Block Diagram for a Complete
Weighted Erasure Decoder
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After the logic design was completed, a prototype of the codec was
built on two 7.5 X 5.5in. (18.3 x 13.8 cm) wire-wrapped boards. The
weighted erasure codec is implemented with approximately 90 chips
of TTL integrated circuits and four pPrROM chips. A photograph of the
prototype is shown in Figure 4.

Figure 4. Prototype WED Codec

Performance measurement

The prototype was connected to a soft-decision modem and test
equipment to measure performance. Figure 5 is a general block diagram
for the test setup. A pseudorandom bit stream was generated by the
test set and sent to the modem. After being differentially encoded, the
bit stream is externally routed to the FEC encoder and returned to the
modem. The Brsk modulator then modulated the bit stream into 70-
MHz IF. In the meantime, thermal noise was passed through a 19-
MHz low-pass filter so that the filter output was essentially a white
Gaussian noise throughout the 19-MHz band. The IF signal and the
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Figure 5. Test Configuration for the Performance Measurement
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noise were combined by an IF combiner after appropriate attenuation
in order to simulate the actual received signal before soft-decision
demodulation.

The output of the integrate-and-dump circuit is quantized into eight
levels with uniformly spaced thresholds as shown in Figure 6a, where
E is the average signal energy for each channel bit. A few logic gates
are necessary to convert the modem output to a form acceptable to
the weighted erasure codec. Because the simulation results indicate
that the optimal set of thresholds is about {3/10, 0, —3/10} of the signal
amplitude, three thresholds between 001 and 000, 000 and 100, and
100 and 101 of the original modem output are selected. Figure 6b
shows the input to the weighted erasure decoder with respect to the
amplitude of the integrate-and-dump circuit. After the received signal
is decoded, the bit stream is routed back to the modem. The differ-
entially decoded sequence was returned to the test set for bit-error-
rate calculations.

onlmo‘om'ooo!
—\E 0 Ve

a. 3-BIT MODEM QUTPUT

N/

' oo|01|1o

S 0 rs

b. 2-BIT WEIGHTED ERASURE DECODER INPUT

Figure 6. Soft-Decision Thresholds

By measuring the output power of the altenuated signal and the 19-
MHz low-pass filter, the signal energy per information bit to one-sided
power spectral density ratio, E,/N,, can be calibrated by E,/N, = (C/N)
(B/R}, where C/N is the carrier-to-noise ratio, R is the information
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rate, and B is the filter bandwidth. The E,/N, is then adjusted by
changing the amount of attenuation to the desired level for error rate
measurements, The decoder was successfully tested at slightly higher
than 4-Mbit/s information rates or 8-Mbit/s channel signaling rates, but
the actual measurements were performed at 1-Mbit/s information rates
or 2-Mbit/s channel rates.

A computer simulation program was prepared (0 examine the
performance of the weighted erasure decoder. A pseudorandom num-
ber generator whose output is equivalent to a white Gaussian noise
passing through the soft-decision quantizer is used to create additive
noise at the receiver input. For comparison, differential decoding is
added at the output of the weighted erasure decoder (to be consistent
with modem used in measurements). Figure 7 plots the computer
simulation results, with quantization thresholds set at (—0.3VE, 0,
0.3VE). It also includes the performance upper bound of the uncoded
Gaussian channel, which is twice the error probability obtained without
differential coding, and the simulation results for the hard-decision
decoder with the same pseudorandom noise sequence. The coding gain
obtained from the hard-decision decoder seems consistent with that
reported by previous investigators [1]; however, the coding gain
contributed by weighted erasure decoding, about 0.5 to 0.6 dB, is less
than expected.

Figure 8 shows the actual measurement results. For reference,
modem performance with differential encoding was first measured
with the modulator and demodulator operating at 1 Mbit/s. The error
rate is more than twice the theoretical error rate because of differential
coding and modem implementation loss. The performance of the hard-
decision decoder, as well as that of the weighted erasure decoder, was
measured with the information rate kept at 1 Mbit/s and the channel
bit rate set at 2 Mbit/s. In both cases, differential coding was used, and
the effect of differential coding on the coding system was the same as
that on the uncoded system because the (24, 12) code is transparent
to bit inversion. Figure 8 reveals that coding gain achieved by the
hard-decision decoder matches the simulation results very closely,
that is, about 1.5 dB at 10-%, 1.8 dB at 10-%, and 2.0 dB at 10-°.
However, for weighted erasure decoding, a gain of 2.5 dB at 10-3, 2.9
dB at 104, and 3.0 dB at 107 is observed. This measured gain, which
is higher than that obtained in the simulation, may be attributed to the
capability of soft-decision decoding in reducing modem implementation
losses.
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Figure 7. Performance of Weighted Erasure Decoder With 2-bit
Soft-Decision for the (24, 12) Golay Code Obtained from Computer
Simulation

Conclusions

Implementation and ilaboratory measurements have demonstrated
that 2-bit soft-decision weighted erasure decoders can be implemented
with simple logic circuits, and that reasonable coding gain can be
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Figure 8. Measured Performance of Weighted Erasure Decoder with
2-Bit Soft-Decision for the (24, 12) Extended Golay Code

achicved with a two-fold increase in complexity over hard-decision
decoders. When an additional 0.5- to 1.0-dB coding gain is required
to meet the performance objectives, the two-fold increase in decoder
complexity is usually justified.

Among binary block codes, the BCH codes are the most popular
because of their relatively strong error-correcting capability and ease
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of decoding. For BCH codes which correct three or more errors, the
decoder requires the Berlekamp-Massey algorithm. For double error-
correcting BCH codes, list decoding is generally feasible for block
lengths up to 255; and for single error-correcting BCH (or Hamming)
codes, the error-trapping technique is used. 1t is a moderate increase
in implementation complexity from an error-trapping decoder to a list
decoder, and a very significant increase from a list decoder to a
Berlekamp-Massey decoder because of the iteration logic involved.

Implementation complexity is also affected by the buffer required
(usually slightly more than one block). In this case, a weighted erasure
decoder must buffer one block for each of the two hard-decision
subdecoders. This is about the same amount of buffer required for a
hard-decision decoder twice the block length. Therefore, a weighted
erasure decoder for a double error-correction BCH code is much
simpler than a hard-decision decoder for a three- or quadruple-error-
correction BCH code delivering approximately the same coding gain.
There is also a moderate reduction in hardware between a weighted
erasure decoder for a single error-correction BCH and a hard-decision
decoder for a double error-correction BCH code delivering similar
performance.

A further advantage of the weighted erasure decoder using list
decoding over the hard-decision decoder with the Berlekamp-Massey
algorithm is its capability to operate at high speed. The decoder logic
operates at the basic data rate in the list decoder, which is above 10
Mbit/s with the low-power Schottky TTL devices, The input data rate
can be even higher if faster logic is used (e.g., 30 Mbit/s with Schottky
TTL, or 120 Mbit/s with emitter-coupled logic). This speed is not
achievable for a Berlekamp-Massey decoder with the same solid-state
technology, without extensive buffering and parallelism.

It is concluded that the weighted erasure decoder with list decoding
may have great potential in low-cost, high-speed applications.
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CTR Note

Ship-to-shore tests of a MARISAT 56-kbit/s data
service

T. O. CaLvIT
(Manuscript received May 15, 1980)

Introduction

Since the launching of the MARISAT satellites in 1976, the system
has provided reliable teleprinter and voice grade service, including
facsimile and 1200/2400-bit/s data [1]. It presently serves ships in three
oceans, and experience indicates rapid growth in both utilization and
the number of ships equipped for service.

Long before the MARISAT system became fully operational, it was
recognized that the satellites could provide inexpensive, ship-to-shore,
high-speed, data transmission service. The operational concept for
such service at 56 kbit/s was disclosed in 1977. During the latter part
of November 1978, simplex 56-kbit/s data transmission tests {over 130
hours in about two weeks) were conducted from a ship in the North
Sea to the MARISAT shore station in Southbury, Connecticut. The test
results effectively demonstrated that a 56-kbit/s ship-to-shore data
transmission service could be implemented for small ships with a high
degree of reliability and availability, and, with minimal additional
equipment, to a standard MARISAT ship terminal.

Mr. Calvit is Program Director of SATCOL, Programs and Systems
Development Department, Systems Technology Services Division.
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Service description

It is technically feasible to introduce a new MARISAT s'_srwcz whl;ch
can provide ship-to-shore data transmission at 56 kblt.l'S [ %} igg
example, data transmitted from a ship in either tht? Atlantic lor a.lc]: ¢
Ocean could be instantly available to a data processing Cel"ltel’ l(:,.ny-w e e
within the continental United States. Even relatlve}y small s |§rs, Slif]e
as those engaged in seismic research, could_ easily acccl;mo dti.?i( he
necessary shipboard equipment. Such service would e avaldles
within those ocean areas which have 10° or hlg}_ler e]eva.tlor‘l at]15gow
toward the Atlantic or Pacific MARISAT satellite locations (

i ° i tively).
longitude and 176.5°E longitude, respec S .
"lghe services would consist of two communications channels:

a. A ship-to-satellite to shore St;l(t,i?(r[; -Zimplex channel capable

: itti ta at rates up to it/s. ‘
Ofli.rdis;?ct)?oncgoldznd control channel from shore station to satelllvltt/e
to ship. The use of both a 50-baud TTY cbannel and a 1200- l1 si
data over voice channel has been considered for the con rol
function, and either appears feasible; howeyer, the lower cong‘o
channel bit rate would require a proportlonqtely larger buffer
memory both on the ship and at the shore station to preservte an

acceptable throughput efficiency [2] of better than 30 percent.

Based upon current work, these services could be provided uimg
special modem, codec, and control component§ to augment' exii;' g}g
MARISAT ship terminal and shore station equ1_pmem. A;l dvala]ue:
quaternary phase-shift-keyed (QPSK) modfam using rate 172 hc'o?lvi)_nk
tional encoding and soft-decision decoding will _EIOquC 1Ig t! X
availability and bit-error rates (BERs) better than 107" at user elevatio

angles of 10° or higher.

Tests at sea

Feasibility tests were conducted in the North Sea} abloard tlhe Mf 1%
J. E. Jonsson, a 168-ft (51 m), 1,008 gross ton, seismic exp O(;au'(i}:
vessel operated by Geophysical Service Inc. The sh:p'ls equ1p;:je |rv:'1
a Scientific-Atlanta Model SA-3055 MARISAT terminal. Mo duda dl(:n
and forward-error-correction (FEC) equipment elements were ; : te 1/3
the existing terminal on the ship and at the shore station. hd eh_
convolutional encoding and a Qpsk modulator were useFI on [t) e' ship.
The input data stream to the coder/modulator was provided by a BER

tester.
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An existing high-speed data modem, originally used for laboratory
tests at 240 kbit/s, was reconfigured to operate at an effective data rate
of 56 kbit/s, and the package was mechanically modified for the
anticipated shipboard environment. The equipment was tested at
CoMsAT Laboratories with the MARISAT simulator and then with the
MARISAT satellite for demonstration in a static environment,

TEST EQUIPMENT

Figure 1 is a block diagram of the equipment configuration used in
the shipboard tests. A BER test set generated a pseudorandem sequence
at 56 kbit/s, and rate 1/2 encoding provided forward error correction,
The encoded data stream at 112 kbit/s entered the opsk modulator at
an IF frequency of 90.8 MHz which was compatible with the MARISAT
terminal used. This signal was up-converted to 1640.8 MHz in the
terminal and transmitted via the Atlantic MARISAT satellite to the
shore station at Southbury, Connecticut.

At Southbury, the received signal was filtered and demodulated to
a digital data stream at 112 kbit/s. This data stream was decoded to
detect and correct data errors and provide an output at 56 kbit/s. The
test set at the ground station checked each received bit against an
identical internally generated pseudorandom sequence. Each bit error
was counted, and the error statistics were recorded on a paper tape
printer,

TEST OPERATIONS AND RESULTS

The shipboard test equipment was located in a rack adjacent to the
MARISAT terminal. A coaxial switch was used to select either normal
MARISAT voice or test data as input to the terminal. The request for
start-up of operations was coordinated through the operator at South-
bury using normal MARISAT telephone service, Support personnel at
the shore station provided the required circuit patch and monitored
the operation of the shore-based test equipment. Tests were initiated
to run for several hours at a time depending on ship motion conditions,
circuit availability, and support personnel schedules.

During the test period, a wide range of environmental and ship
operational conditions was encountered. The elevation angle from ship
to satellite was about 17° as the ship operated in Storfjorden Fjord in
Norway (62.5°N, 7°E), and approximately 23° when the ship was in
Moray Firth in Scotland (58°N, 3°W). The typical link budget of Table
1 shows that with expected atmospheric and propagation losses, an
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TABLE 1. TypricaL LINK BUDGET

Up-Link
Ship Transmitter Power 37.2 W
Diplexer/Feed Loss 0.6 dB
o Ship Antenna Gain 23.5 dB
—— 1 Ship e.i.r.p. 386  dBW
z | - l Free Space Loss 1886  dB
5 I B l N Losses
o ‘ 42 Wet Radome 0.5 dB
" w8 ‘ N *‘E Polarization Coupling 0.2 dB
b | ' | = % Z Atmospheric Absorption 0.4 dB
& l w53 Satellite G/T -159  dB/K
> | = > = CIN,
2 | 5 l 5% Without Losses 62.7  dB-Hz
T | e g S5 . With Losses 61.6 dB-Hz
3 & l (= I :% Flux Density
@ | .3 = 3 Without Losses -1243  dBW/m
| | e b 0 s With Losses ~125.4  dBW/m?
| 3 Fo e -2 = Saturation Flux Density - 1006 dBW/m?
L- ————— a x Lz 3 Input Backoffl
g e @ © Without Losses 237 dB
& I g With Losses 248  dB
2 E g Down-Link
23 % Satellite Saturation e.i.r.p. 20.5 dBW
% LU:_() = Carrier Output Backoff
I ——— Lﬂ Without Losses 17.5 dB
I _ e 2 With Losses 18.5 dB
!— -t - e B~ Carnier €.i.r.p.
g —_ Without Losses +3.0 dBwW
‘ Y118 4 o g w With Losses +2.0  dBW
a - = | = = Free Space Loss 196.9 dB
1 % E e E | L?:n Losses
| s 3 % Z Atmospheric Absorption .3 dB
= - - | Rain Attenuation 0.5 dB
s l | Polarization Coupling Loss 0.4 dB
z |  — Rain-Induced Sky Noise 1.2 dB
3 2 =1 Shore Station G/T 3.0 dBK
- |z AN , CIN,
i | =& Z - Without Losses 67.7  dB-Hz
o o' 500 | . w2 With Losses 64.3  dB-Hz
T | %2 eS| 5 =5 CIN,
w = w» P X = [ ‘.
| 2z 2 8 Without Fade 81.7 dB-Hz
] o C= With Fade
L ______

833 dB-Hz
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TaBLE |. TTrPicAL LINK BUDGET (CONTINUED)

Total Link
C/IN,
Without Losses 61.5 dB-Hz
With Losses 59.7 dB-Hz
EJN,
Without Losses 14.0 dB
With Losses 12.2 dB

E/N, of 12.2 to 14.0 dB could be provided. Earlier laboratory tests
indicated that soft-decision decoding and QPSK modulation could
achieve a BER of better than I x 10-° for an E,/N, above 5t0 6 dB.
Experimental results indicated agreement with calculated performance.

Over a 2-week test period, there were approximately 136 experi-
mental hours. Tests were initiated whenever shipboard motion per-
mitted work activities (characteristically, for continuous ship rolling
motion of less than 10°). A summary of the test results presented in
Table 2 shows five separate sequential periods corresponding to
locations along the route of the vessel. Figure 2 illustrates the test
route with vessel locations marked at 6-hr periodic time intervals.
During test periods, link availability was defined as that percentage of
time, after initial carrier acquisition, when carrier lock was maintained
and data were being reccived. According to this definition, the minimum
time for loss of acquisition was 1 second because of bit error recording
equipment limitations. The BER is defined as the ratio of bits in error
to the total number of bits transmitted during a period of availability.

The first test extended over 2 days at dockside in Middlesbrough,
England. During a total of 29.7 hr of test data, the average BER
measured was 2.1 x 10-%; the errors occurred in bursts of about 40
bits or less. An error rate of 1.5 x 10-'® was observed during one
13-hr period. These BERs compare favorably with terrestrial and other
satellite communications circuits.

Soon after the journey from Middlesbrough to Alesund, Norway,
began, a storm was encountered. High winds and waves produced
peak ship rolls in excess of 20° during the test; however, 32.5 hr of
data were recorded during the 2.5 days required to cross the North
Sea. Circuit availability dropped to 97.2 percent and the average BER
observed was 1.8 x 10-7. Sometimes tests had to be completely
suspended because of extreme ship motion when the vessel was rolling
beyond 30°.
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TABLE 2.  SUMMARY OF TEST RESULTS

Total . Sea Environment
' ) Test  Availability and Vessel
Dates Location Hours (Percent) BER Mmi(;n
L1/15-11/16 Dockside 29,7 10
. 0.00 2.1 x ¥ i
Middlesbrough 107 Quiescent
11/17-11/19 Enr?utg 328 97.2 1.8 » 1077 High Wind and Waves
nglan i ° ‘
gl Ship Roll to 20
Norway
11/20-11/23 Operating 17.8 98.4 7.4 x 10 * Calm Waters
In i k
N . .
Storfjorden Mf)%:i)glb]e e
Fjord !
11/23-11/24 5nr0ule 6.2 92.4 53 x 10 % Very Heavy Seas
o;r)vay Winds to 40 knots
Waves 10 10 ft (3 m)
Scotland Pitch Angles as large as
20°
1125-11/29 Operations 50.2 95.6 1.6 x 10 * Cloudy and Rainy
1
Mo:ay Some Heavy Seas
forw Rapid Pitch Motions

Peaking at About 12°
Occasional Roll to 10°

Durm_g operation in the Storfjorden Fjord near Alesund over a 3.5-
day penod_, both the circuit availability and BERs improved. The watérs
were relatively calm in the fjord; however, some signal degradation
was noted when the vessel periodically made rapid heading changes
Very heavy seas, high winds and waves, and peak pitch angles to 20;
were observed on the return voyage from Alesund to northern S(;otland
Only 6 hr of data were collected during the 45 hr required to cross thP:
N01jth S.(?a because of environmental conditions. The measured circuit
aval!gblh'ty was the lowest recorded during the test. The antenna
stabllllzatlon system on the Jonsson terminal was designed to operate
at pitch angles of less than +7.5° and with pitch motion periodspof 2
sec-.:)nds or greater. These specifications were frequently exceeded
during this part of the voyage; however, the BER was better than
expected for the prevailing conditions.

The ﬁna} tests, performed in Moray Firth off the coast of northern
Scotland, involved the greatest number of test hours and operation in
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Figure 2. Ship Test Route

a variety of weather and sea-state conditions. Rapid pitch motign,
peaking at about 12°, caused the highest average BERs observed during
the tests. However, this 1.6 X 107° BER will allow adequate throughput

efficiency if the proper protocol and data block sizes are chosen.

Conclusion | .
It has been demonstrated that 56-kbit/s data transmission 1s tech-
nically and operationally feasible between seismic vessels and shore
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facilities. The shipboard test allowed performance evaluation over a
wide range of operational extremes for the seismic vessel. Measured
BERs were better than 1 X 10~ for much of the available test time.
Circuit availability above 97 percent was typical for most of the test.
The performance data exceeded expected results and show that the
MARISAT link is suitable for data transmission. The relatively trouble-
free operation of the equipment indicates the potential for good system
reliability.
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