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ABSTRACT

This paper describes the design, configuration, testing, and performance of a Fiber
Optic Link used to transmit the signals from a remotely located S-band telemetry system
to the main facility at the Kwajalein Missile Range (KMR). This fiber optic system
demonstrates for the first time the feasibility of linking RF data from multiple antennas
via a single fiber and over a nearly 100-km distance. Measured data of key link
parameters such as gain, bit-error-rate, crosstalk, phase and gain stability, dynamic range,
and noise figure are presented.
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INTRODUCTION

The Kwajalein Missile Range (KMR) is executing an advanced modernization and
remoting program that will benefit both the government and range users. The primary
objective of this program is to reduce operating cost while continuing to meet range
user's growing requirements. This objective will be reached by: (1) replacing obsolete
high maintenance equipment with modern substitutes capable of fulfilling current and
future customer needs, and (2) automating and remotely operating radar, telemetry and
optics assets that are in remote locations. Consequently, logistics support requirements
will be reduced by minimizing the personnel needed in the remote locations. This paper
describes a fiber optic link that has been developed to remotely operate the KMR Post
Impact Telemetry System (PITS), a telemetry receiving system on the remote island of
Gagan.



POST IMPACT TELEMETRY SYSTEM

The Post Impact Telemetry System (PITS) is one of the KMR systems that are being
modernized and remoted. The primary role of PITS is to acquire and record telemetry
data that reflects the health and status of reentry vehicles from shortly before, until
shortly after, the impact event. As depicted in Figure 1, PITS is located on Gagan Island
nearly 65 km northwest of Kwajalein, where the geometry is most advantageous for
collecting the impact data.

Figure 1. KMR Post Impact Telemetry System



The current PITS configuration utilizes three non-tracking S-band disk-on-rod antennas
located on a 220-ft tower, as illustrated in Figure 1. The beam width of each antenna is 15
degrees. During reentry mission tests these antennas are oriented in azimuth to cover the
reentry vehicles impact. The impact areas are typically located east or west of Gagan
Island. During the last 4-5 seconds of the flight, each PITS antenna acquires the telemetry
signal centered in the 2.2-2.3 GHz band that is transmitted by the reentry vehicle. On
receive, each antenna produces two orthogonally polarized (RHC and LHC) RF signals.
Thus a total of six RF signals are produced from the three antennas. As depicted in Figure
2, the received signals are filtered, amplified (via a Low Noise Amplifier), and then
routed through nearly 1000-ft of RF cable to the building that houses the RF receivers
and recording devices. Line drivers with 40-dB of gain are included to compensate for
the losses of the RF cable. The received data are then processed and recorded.

Figure 2. PITS block Diagram prior to remote operation

To operate and maintain this system, telemetry personnel are currently transported to and
from Gagan by way of 40-minute daily helicopter flights. Their presence is required to
maintain the receivers, combiners and recorders currently in place. In an effort to cut the
logistics support cost the high-maintenance equipment is being moved off Gagan, leaving
only the antennas and the amplifiers that are needed to receive the signals. The signals are
then transmitted at RF by a fiber optic link (FOL) between Gagan and Kwajalein where
they are received and recorded. This link consists of an optical transmitter and an optical
receiver linked by a span of a single-mode optical fiber. The latter is already in place and
is a part of the existing Submarine Fiber Optic Transmission System (SFOTS). The
SFOTS network is a series of point-to-point links that form the intra-atoll communication
system that serves all ten KMR instrumented islands.
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FIBER OPTIC LINK

During the past decade, fiber optic links have become increasingly popular in many
applications. This is because fiber optic links are architecturally simple, easy to design,
and provide a reliable, high capacity link for voice, data, and video traffic. In the area of
radar [1], telemetry [2,3] and communications [4] many FOL applications have been
reported. In these applications the FOL is used to remote the operation of a single channel
over relatively short distances. The following sections describe a fiber optic link capable
of remoting up to four dual polarized antennas located nearly 100 km away. Figure 3
displays the placement of the FOL relative to the PITS equipment.

Figure 3. PITS with remoting fiber optic link.

Requirements

The FOL that connects Gagan with Kwajalein must meet several requirements. For
instance, this link shall be able to support data transmission from Gagan to Kwajalein.
The range span between the two islands is 92-km. Future KMR remoting requirements
may require data transmission from Roi to Kwajalein thus covering a distance of nearly
110-km. Accordingly, the fiber optic system must be designed to operate without
degradation over a path length of 110 km.
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Furthermore, the link must be able to support simultaneously up to eight RF signals. Each
RF signal could be centered anywhere in the 2200-2400 MHz frequency band with an
amplitude ranging from  –127 dBm to –57 dBm. Additionally, signals from orthogonal
polarizations are coherently combined at the RF receivers and hence several
specifications are present to ensure that this can be accomplished. Gain variation between
two channels from the same antenna shall not exceed 0.5 dB. The relative gain drift
between two channels from end-to-end shall not exceed 0.2 dB/minute or a total of 0.5
dB over a 15-minute period. Additionally, the end-to-end phase change between two
orthogonal polarizations from the same antenna on the same link frequency shall not
exceed 10 degrees/minute.

The requirements also specify channel-to-channel interference. The crosstalk or
electromagnetic coupling between orthogonal polarizations from the same antenna on the
same link frequency shall not exceed –20 dB. Crosstalk between signals at different link
frequencies, separated by 10 MHz or more, shall not be more than –30 dB. The third
order intermodulation product resulting from transmitting, on the same channel, two
simultaneous signals separated by 1 MHz or more shall not exceed –25 dBc.

The final design goal is to minimize the amount of equipment required at the remote
locations without degrading data quality and while retaining operational flexibility.

Design and Architecture

An important requirement of the FOL is to have the ability to transmit from Gagan to
Kwajalein, over a single fiber and without degradation, up to eight S-band RF signals. To
meet this requirement the FOL was designed to operate in the third transmission window
of single-mode fiber, around 1550 nm, where fiber losses are low (about 0.2 dB/km) and
where Erbium Doped Fiber Amplifiers (EDFA) work well. Additionally, a relatively new
fiber optic technology known as Wavelength Division Multiplexing (WDM) enables the
user to multiplex multiple optical carriers over the same fiber, thus permitting a dramatic
increase in bandwidth. Figure 4 illustrates the application of WDM in a two-channel
FOL. As shown, the RF signal (in each channel) to be transmitted is fed to the input of a
Mach-Zehnder optical modulator (MZM), which amplitude modulates the optical output
of a single-frequency diode-pumped solid-state laser. The laser diodes produce optical
signals at specified wavelengths matched to the WDM. The RF modulated optical signals
are then wave division multiplexed (i.e. combined) and coupled into the single-mode
optical fiber for transmission. On the receive end, a demultiplexer separates the
transmitted wavelengths and routes the sorted individual optical signals to their
corresponding photo-detectors. The detected RF signals are then sent to the proper RF
receivers for further processing and recording.



                                        E/O Transmitter

O/E Receiver

Figure 4. A wavelength division multiplexed fiber optic link.

To compensate for the combined insertion loss of the modulator, the detector, the optical
fiber, and the multiplexers an Erbium Doped Fiber Amplifier (EDFA) is used. The EDFA
helps in retaining the system low noise floor and high dynamic range. This device
amplifies the incoming light beam and provides a high gain near 1550 nm when pumped
in one of several absorption bands.

Figure 5 displays photographs of the FOL transmitter and receiver that were designed and
built to remote the PITS operation. The bare single-mode fiber spools shown in Figure
5(a) are used to test the link during the development phase of the hardware. This 100-km
span of bare single mode fiber (SMF) simulates the remoting distance between Gagan
and Kwajalein. The EDFA, displayed with the receiver in Figure 5(b), has 40-dB of gain
and operates in the 1520-1575 nm band. When activated (within the link) this optical
preamplifier operates with 27.5 dB of gain. The remaining components of the link are
depicted in the schematic diagram of  Figure 6, which illustrates the flow of RF signal
through the FOL from end-to-end. Electrical parameters for each of the component are
also listed. The RF link gain is determined from these parameters using the following
expressions [5],

G_link = 20log( ηmod ηdetector) – 2 Loptical + Grf

where,
Loptical = Lmux + Lfiber – GEDFA + Ldemux
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and ηmod is the modulator efficiency, ηdetector is the detector responsivity, Loptical is the
optical insertion loss, Lmux is the multiplexer optical insertion loss, Lfiber is the fiber loss,
GEDFA is the EDFA gain, Ldemux is the demultiplexer loss, and Grf is the RF gain
introduced by the LNA and the medium power amplifier. The calculated end-to-end gain
of the built FOL, using a 100-km span of SMF, is 31.5 dB.

 Bare Single Mode Fiber

     (a) Optical Transmitter    (b) Optical Receiver

Figure 5. FOL Transmitter and receiver

Figure 6. Schematic diagram of the FOL
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Performance

Performance testing of the FOL was carried out at three levels (1) subsystem testing, (2)
post-installation full system testing, and (3) operational testing. First, the FOL was tested
with the SFOTS fiber cable linking Gagan with Kwajalein. This cable is about 92 km
long and it consists of three segments spliced together. The end-to-end gain for this
configuration, and other key link parameters, were measured during this test and found to
be consistent with the bench test results shown in Figure 7. The bench test data were
collected on Kwajalein using a 100-km long bare SMF. The measured average gain,
during the subsystem test, was 31.7 dB (over the 2.3-2.4 GHz band) which is in excellent
agreement with the bench test results shown in Figure 7. The channel-to-channel
crosstalk characterized in each channel was found to be at least –50 dB. The level of the
third order intermodulation (IM3) product resulting from transmitting, on the same
channel, two simultaneous signals separated by 1 MHz, was measured. As shown in
Figure 8, the IM3 is at least -25 dB below the fundamental signal over 65 dB of the link
dynamic range. The single tone dynamic range of the FOL is 75dB; this is determined by
the1-dB compression point of the pre-amplifier.

Figure 7. FOL Measured gain characteristics
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Figure 8. FOL measured dynamic range intermodulation distortion

In the second test, the FOL was integrated with the PITS components and an end-to-end
full system characterization was performed on each channel. Calibrated test signals with
known power levels and 1 MHz bandwidth were injected into the PITS front end, just
prior to the band-pass filter, as illustrated in Figure 2. The system response was then
recorded on Gagan (the baseline response), prior to transmission over the FOL and also
on Kwajalein after travelling over the FOL. The Kwajalein data was compared with the
Gagan baseline data. An end-to-end gain of 44 dB was measured in the Gagan-to-
Kwajalein system compared with 34 dB in the baseline Gagan system. The link data
quality was characterized by performing a bit-error-rate test by injecting a 100 kHz NRZ-
L PCM/FM signal and then receiving with a standard bandwidth of 500 MHz. To achieve
a 10-5 BER it was determined that the required signal-to-noise ratio is approximately 14
dB. A similar BER result was obtained for the baseline system. The system sensitivity
was ascertained by determining the antenna gain to receiving system noise temperature
ratio (G/Ts). The G/Ts of the FOL-remoted PITS was found to be –6.5 dBi/K, about 1 dB
higher than that of the baseline system. This improvement is realized due to better gain
distribution in combination with the low noise figure of the FOL. Finally, the time delay
introduced by the FOL was measured and found to be 461 microseconds. The measured
delay is within one microsecond of the theoretical prediction of 460 microseconds, which
is based on 5 picoseconds of time delay per 1 mm of fiber.

The third level of performance testing involved data collection during two reentry tests in
which post-impact telemetry data was collected and recorded by the baseline system in
parallel with the FOL system. Figure 9 displays post-impact telemetry data recorded
during one of the reentry missions. The left-hand curve represents the 450 microseconds
of post-impact data that was recorded on Gagan. The right-hand curve shows the FOL
remotely collected data. Apart from the 461 microseconds in time delay, the two curves
are practically identical and can hardly be differentiated from each other. This result
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clearly demonstrates that the developed FOL is capable of transmitting the PITS data
without any appreciable degradation.

   (a) Gagan recorded PITS data             (b) Kwajalein remotely recorded PITS data

Figure 9.  Reentry mission post impact telemetry data

SUMMARY

We have successfully designed, built, tested and fielded a fiber-optic link to transmit,
over a single fiber, the RF signals from three remotely located high dynamic range
telemetry systems. The new wavelength division multiplexing technology was exploited
to meet the multiple channel requirements and to take advantage of the relatively
unlimited fiber bandwidth. Thorough bench and post-installation testing was performed
on the link. The measured results show that this link meets, or exceeds, the system
performance specifications in terms of gain, noise figure, crosstalk, dynamic range, and
bit-error- rate for the current link distance of 92 km. The data consistently and
conclusively demonstrate that today’s photonic technology is well suited for long
distance multiple systems remoting.
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