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A SHORT RANGE 15 MEGABIT/S LED COMMUNICATOR1

L. U. DWORKIN and L. CORYELL
USAECOM

Ft. Monmouth, NJ

Summary   The design, development, and testing of a short range (distances up to 100 ft)
data communications equipment that utilizes a GaAs light emitting diode (LED) source is
discussed. Data rates of 15 Mb/s are accommodated by a transmission terminal which
consists of a line of sight (LOS) atmospheric portion and a fiber optic link. The system has
an all weather capability, is relatively inexpensive and is intended for tactical military
applications. This is the first attempt at developing a wideband optical communicator that
has a similtaneous LOS and cable capability often needed in a tactical military
environment.

Introduction   A variety of tactical army applications call for the transfer of high rate data
(up to 50 Mb/s) over relatively short ranges (0 - 3 km). In addition the communications
trunks and associated equipment must be highly mobile, relatively inexpensive, simple to
operate, provide a high degree of intercept security, operate in almost any terrain, and in
general meet tactical field army requirements. One alternative that has received serious
attention is the use of injection diode laser and light emitting diode (LED) systems
operating in the near infrared portion of the spectrum. The terminal equipments have a dual
capability of operating either through the atmosphere on a LOS basis or over a ruggedized
fiber optic cable. The user can option either mode as the tactical situation dictates or both
if a form of redundancy is required. Prior army tactical communications systems have
employed seperate cable and radio facilities.

The use of GaAs injection diode sources and LEDs in communications either through the
atmosphere or over a fiber optics cable has been a potential solution for a variety of
problems. Fiber optic work conducted at Corning, Bell Labs, and in Japan, etc., have
greatly advanced the state of the art in this area.

We will discuss one application of this technology to a 100 ft link used to interconnect two
conductively isolated communications vans. A data rate of 15 Mb/s with a probability of
error (Pe) of less than 10-8 is required. Cost constraints imposed a cost ceiling of
$1500/terminal in production quantities. A feasibility model of this equipment was
designed, constructed and tested.



The initial portion of the paper deals with calculating critical system parameters and
atmospheric effects on the system. This design concept is depicted in Fig 1. A summary of
the electrical, optical and mechanical design are followed by the test results. A model of
the system is shown in Fig 2.

Fig 1  Air Link/Fiber Optic System

Fig 2  Communicator Model

Discussion

Functional Concept   A block diagram of the LED communicator is shown in Figs 3 and
4. The transmitter is capable of accepting fractional baud (1/2 or less) pulses at a rate of 15
Mb/s or less, converting these to light pulses at 0.9 um, for transmission over a 100 ft
atmospheric or fiber optic path. When S1 is in the align position a 1 kiloHertz tone is
transmitted for system optical alignment purposes. Optical alignment can also be achieved
by sighting through an externally mounted sighting scope. The receiver, as configured in
Fig 4, converts the optical pulses into electrical pulses on a one for one basis. When high
speed data is received, it appears on the data-out line as a series of 34 ns pulses while the
1 kilohertz tone can be monitored with a head-phone. An AGC is provided to compensate 



Fig 3  Transmitter Block Diagram

Fig 4  Receiver Block Diagram

for the large dynamic range in incoming signals. This can occur over different atmospheric
paths or variable lengths of fiber cable.

We now calculate critical system parameters and the resulting performance of an
atmospheric link operating at 0.9 um. We assume a silicon avalanche photo diode is
employed as the detector electro-optic transducer. We will briefly discuss the effects of the
atmosphere on the optical signal. This will be followed with a calculation of the required
SIN for the system to maintain a probability of error of 10-8.



Once this is determined the required receiver power and transmitted power can be
calculated. Optimization of the bias of avalanche photo diode is of interest and system
performance is optimized for worst conditions. The system clear-weather-margin is also
determined.

Atmospheric Effects   The atmosphere tends to degrade system operation in two principal
ways: (1) path losses, and (2) background radiation giving rise to receiver noise.

Path losses can occur due to scattering, absorption, and turbulence effects [ref 1,2].
Turbulence, caused by variations in the index of refraction along the propagation path, will
be minimal in this system due to a combination of short distance (100 ft) and beamwidths
in the order of milliradians. Fades associated with this phenomena are expected to be no
more than a few dB [ref 3] and tend to occur during clear weather conditions when signal
level is a maximum. The two principal loss mechanisms are absorption and scattering. A
fairly detailed study of both these loss mechanisms is contained in ref 1 Absorption losses,
due to rain, and corrected for forward scattering, are shown to be approximately .5 dB
over a 100 ft path for a rainfall of 4 in./h. These conditions are considered deluge
conditions of very rare occurance. As will be shown later, system margins of 30 dB are
obtainable so that rain should not cause any system outages. Scattering losses that are the
primary logs mechanisms in fogs, snow, dust and smoke are the atmospheric conditions
that offer possible threats to this system. One has to attempt to provide sufficient margin so
that worst-case fogs, snow, smoke, etc., will not cause system outages. The effects of fogs
have been most closely studied while little quantitative data is known about the effects of
heavy man-made smoke and dust. Fogs have been observed that produce losses of 200
dB/km [Ref 4]. Losses of 1000 dB/km can be tolerated by this system as will be shown
shortly. No data is currently available on frequency of occurrence of fogs with these high
losses. Losses in snow have only been defined qualitatively as being somewhat less than
those associated with fogs. Even less is known about chemical smoke. For the moment we
shall say that an attempt was made to maximize the S/N margin of the system within
constraints on beam width imposed by stability requirement. The quantitization of losses
associated with heavy snow, chemical smoke and very heavy dust are still under
evaluation.

We will briefly comment on quantity and effect of atmospheric background noise.
Background noise can vary over a rather extensive range depending on weather conditions
and aiming of the receiver terminal. The worst case occurs when direct sunlight enters the
cone of acceptance of the receiver and, in general, the noise signal that results will saturate
the receiver circuits and prevent communication. Lesser conditions of background noise
occur on bright cloudy days or when light is partially reflected off of various objects into
the receive aperture. The only effective way one can deal with direct sunlight is to avoid it.
The equipment should be aimed so that acceptance angle is never pointed toward the sun.



If the beamwidth can be kept narrow enough, one can attempt to use the opposite
transceiver as a sunshade.

A quantitative discussion of background radiance can be found in refs 2 and 5 . Typical
values of N (8) = back round radiance, in units of watts/cm2 - sterad - D are 3 x 10-7 for a
bright day and 1 x 10-7 for a typical day. We will translate these numbers into detection
photo currents shortly. In general, average background noise is approximately equal to
receiver device noise of an avalanche photo diode.

The receiver operates in an asynchronous mode, constantly looking for pulses that exceed
a pre-established adjustable threshold. Such a mode of operation is inferior to a coherent
system since no sampling window is used at the receiver. However, this was necessary in
this application because the data transmitted was not synchronous. Also adjacent pulses
were separated by at least 67 ns. Because of the signal format employed, a T FAR analysis
used in radar systems is applicable [refs 3, 6, 7].

Assuming a probability of error (Pe) of 10-8, an approximate pulse width J of 34 x 10-9s,
and a bit period I of 67 x 10-9s, the required signal to noise ratio at the receiver was found
to be 21 dB.

In order to determine the required receiver power it is important to carefully describe the
avalanche photo diode (APD) gain and noise characteristics. The gain is a function of
external dc bias and should be optimized prior to determining the peak current necessary
to meet the Is/In square noise calculated above. The expression for signal current squared
to meansquare noise current ratio of the detector [ref-2] is

(1)

where:
Ip = peak primary signal current
IBP = primary DC background current
Ib = bulk dark current
Kt = thermal noise current spectral density
)f = equivalent noise bandwidth
M = ADP current gain
X = ADP excess noise factor
Is = receiver signal charge
In = r.m.s. receiver noise current
q = electronic charge



Here we neglect surface dark current which is not subject to gain multiplication and is
negligible compared to other terms in the denominator of Eq. (1). Note that unlike systems
at lower frequencies, the signal also contributes to the noise.

The value of In is assumed to be the same independent of the absence or presence of the
signal. Since this is not the case here, we have chosen the worst case assuming In has the
value associated with the signal being present. This forces a somewhat higher threshold
than required. This problem is treated more exhaustively in ref 6 where the assumption is
shown not to have a significant effect on calculations of system performance.

We next maximize Eq. (1) with respect to M by differentiating, setting the result equal to
zero. Solving for M opt. we obtain

(2)

Substituting back into Eq. (1) and letting                                 mean square thermal noise
current, we obtain

(3)

From our APD parameters we know Ib and ITH and can calculate IBP from N (8).

(4)

where:
Ar = receiver area
Sr = solid angle receiver field of view
Bo = bandwidth of optical filter
Tr = transmission coeff. of receiver optics
0d c = quantum efficiency dc
h = Planck’s constant
f = center frequency of the receiver filter



We now proceed to solve for Ip required to achieve the minimum

(5)
This involves the solution of a transcendental polynominal equation in Ip derived by
reforming Eq. (3). This solution can be found via iteration. Once Ip is known we can find
Mopt and check the solution by recalculating                 . To find the incident power from Ip

(6)

where s = 0ac /hf. The required peak power out of the transmitter can now be found since

(7)

where:
R = range 2t = beamwidth of transmitting
F = atmospheric loss coefficient  lens system

A typical set of parameters and resulting system performance is shown in Table I. Similar
calculations were conducted assuming that high loss fiber optic was employed. Setting IBP

= 0 one can find a required receiver power of 2.3 x 10-7 watts.  for a Pe = 10-8. Thus, one
could afford a total of 40 dB losses due to fiber and coupling losses.

TABLE I

SYSTEM PARAMETERS

GIVEN PARAMETERS

N(8) = 2 x 10-7 W/cm2-steredians-D
A r = 81 cm2 IBP = 1.46 x 10-8 A
Sr = 1.1 x 10-5 sterad )f = 7.85 x 107 Hz
B0 = 500 D ac = .25
Tr = .5 x = .3
0d c = .45 2r = 3.75 milliradians
ITH = 6.2 x 10-8 A Tt = .7 Ib = 1 x 10-8A



CALCULATED SYSTEM PARAMETERS

S/N = 127 PLED = 2.0 x 10-6W
Ip = 2.6 x 10-8 A M = 74
Pr = 2.86 x 10-7 W S/N margin  = 30 dB clear weather margin
Po = 1.27 x 10-6 W

Electrical Design   The functional diagram of the transmitter and receiver are shown in
Figs 3 and 4.

The transmitter utilizes seven dual in-line digital integrated circuits. Twisted pair
transmission lines feed current pulses to 18 mil diameter LEDs from their respective
drivers. Each driver consists of four paralleled dual input gates. The LEDs utilized are
Texas Instruments SL 1345 units and have an output power of 5mW at 150 mA drive
current. Power consumption of the transmitter is 1.25 W.

An avalanche photodetector is used in the receiver as an electro-optic transducer. It is
more sensitive than a photo diode and is needed because of the high loss (1000dB/km)
attenuation of the fiber optic cable. The avalanche photo-detector module, a Texas
Instruments TIXL-79, contains its own temperature compensated bias voltage regulator
and low noise transimpedance (current-to-voltage) amplifier. The receiver utilizes seperate
avalanche photo-detector modules for atmospheric and cable modes of operation as each is
operated at a different avalanche gain to maximize the SIN of each under its particular
background radiation level. The Noise Effective Power (NEP) of this module is
5 x 1013W/%Hz.

The output of each photodetector module is passed through a diode attenuator and into a
gate controlled, two channel amplifier. Switch S1 determines which input signal is
amplified by the integrated circuit video amplifier.

In order to compensate for fast (100 Hz) signal fluctuations of up to 20 dB (although only
3-6 dB have been observed) a limiter is utilized. Slow (1 Hz) signal variations are handled
by the AGC loop, which has a 40 dB range. DC restoration is used to eliminate baseline
wandering with different signal input patterns. Power consumption of the receiver is
1.75 W.

Optical Design

Atmospheric   Plastic aspheric lenses were used in the imaging system of this equipment
since they are both inexpensive (approx $25/lens) and low in angular blur. Glass lenses
and parabolic mirrors were considered, but were found to be not cost effective.



The transmitter lens is a plastic aspheric lens manufactured by Combined Optical
Industries, Slough, England. This lens has the following specifications:

Diameter 4.5 in. Transmission    92%
Focal Length 4.882 in.
Material Acrylic
Refractive Index 1.491

The angular blur of the lens was found to be less than 20 mils by using a pinhole technique
with the lens used as a collector and a 5 in. diameter HeNe laser beam used as the source.
The resulting beamwidth of the transmitter, which utilizes an 18 mil diameter light emitting
diode is 3.7 milliradians.

Since it was desired to have a receiver field-of-view comparable to the beamwidth of the
transmitter, an 8 in. focal length, 4 in. diameter lens was dictated by the 30 mil diameter of
the avalanche photodetector. Neither conventional nor Fresnel aspheric lenses are made
with such geometries. For this reason, a Fresnel aspheric lens is utilized which has had its
diameter machined down to 4 inches. The resulting lens has the following specifications:

Diameter 4 in. Material Acrylic
Focal Length 8 in. Refractive Index 1.491
Transmission 87%

The blur of this lens was measured as previously discussed, with the blur spot size found
to be slightly smaller than the detector of 30 mils.

In order to reduce the noise generated by background radiation incident on the detector, an
optical filter is used. A 500 D filter is utilized to match the spectal width of the SL 1345
transmit LED and is centered at 9050 D. The filter is located in front of the receiver lens to
reduce angular effects on the filter bandwidth and center wavelength.

In order to aid in system alignment, standard rifle telescopes (Weaver V-7) are mounted
and boresighted to the transmitter and receiver.

Fiber Optic Couplings   Standard high loss (1000dB/km) fiber optic cable (Corning
5010) with a numerical aperture of 0.6 and a diameter of 45 mils is utilized in the system.
The transmitter LED is mounted in a modified UHF feedthru connector with the fiber optic
cable terminated in a matching connector. Air index-of-refraction-matching (index equal 1)
is utilized to optimize signal coupling.



The avalanche photodetector module is secured in an adapter which is machined to accept
a teflon bushing. The receiver end of the cable is fitted into the teflon bushing which is
held in the adapter by a retaining ring. A protective window on the photodetector was
removed to allow the cable end to come within 15 mils of the avalanche photodiode
surface. No attempt at index of refraction matching was made at the receiver interface. A
loss of 3 dB is present at the cablephotodiode interface due to differences in cable and
photodiode diameters (i.e. 45 mils and 30 mils).

Production models of this equipment will utilize new low loss ( 20 dB/km) fiber optic
cable and index of refraction matching at both the transmitter and receiver to increase both
the range capability and reliability. Differences between cable and detector diameter will
also be delt with either through increased detector size or optical imaging techniques.

Mechanical Design   The transmitter and receiver packages were designed with flexibility
and simplicity in mind.

Both cases are constructed of aluminum with brass inserts for focusing, lens retention,
LED, and photodetector mountings. This arrangement gives good mechanical stability to
the optical system. Sighting telescopes are mounted on the side of each unit while tripod
mounting plates are provided on the bottom. Plexiglas windows are provided to protect the
transmitter and receiver optics. The electronics of each unit is contained on a single circuit
board. These boards are mounted in electronics compartments located on the rear of both
the transmitter and receiver.

Test Results   Approximately one month of testing was conducted over variable length
atmospheric paths up to 100 ft maximum. The fiber portion of the system was tested at
lengths of 20 ft, 40 ft. and 60 ft using conventional fibers. The bulk of the testing was done
on the atmospheric portion of the system. No system outages or errors were observed due
to the wide margin designed into the system. Tests were run during a moderate fog and a
heavy rain (1 in./h). No snow or smoke data has been taken. Because it takes extreme
conditions to produce a system outage we feel that the worst case conditions must be
simulated. The introduction of chemical smoke and manmade snow into the path seem
reasonable methods to indicate system limitations. Equipment testing under these special
conditions is continuing. The introduction of neutral density filters indicated.a threshold of
33 dB. A simulated N(8) 2 x 10-7 watts/cm2 - steradian-XD A (Pe) of approximately 10-5

was used as the threshold indicator. These results are consistent with the performance
calculated earlier.

Conclusions   A feasibility model of a short range 15 Mb/s LED data communicator has
been demonstrated. The system  utilized both an atmospheric and fiber optic link. This
dual capability is highly advantageous in many tactical communications problems



encountered in the army. The approach can be synthesized for less than $1500 per
terminal. Additional effort is required to obtain ruggedized fiber optics capable of meeting
military specifications. Also worst case testing of the atmospheric portion of the system is
still not completed. This type of system will provide a replacement for a variety of radio
and field wire systems currently employed as well as additional bandwidth capability.
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