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1 Introduction

Abstract. Optical fiber offers many advantages over coaxial cable for
the transmission of radio frequency (rf) signals in antenna-remoting ap-
plications, as well as cellular networks and cable television (CATV) sig-
nal distribution networks. Optical fiber shows significantly less loss, can
support signals demanding much higher bandwidth, is immune to elec-
tromagnetic interference (EMI), and enables considerable size and
weight savings when compared to coaxial cable. Free-space optics
(FSO) communications is a technology that uses modulated optical
beams to transmit information line of sight through the atmosphere. FSO
can be deployed faster and cheaper when compared with optical fiber.
Recently, FSO has been investigated by the telecommunications indus-
try and research centers to transport digital signals for civilian “last mile”
applications and military applications. We demonstrate the successful
transport of modulated rf analog signals over an FSO link and compare
key performance measures against a fiber optic link configured in an
identical manner. Results of measurements of optical power, transmis-
sion response, reflection response, group delay that defines phase dis-
tortion, carrier-to-noise ratio (CNR), and dynamic range that defines non-
linear distortion are presented. Results from this comparative study
indicate that FSO for rf applications is a suitable replacement for fiber

optic transmission links over short distances. © 2006 Society of Photo-Optical
Instrumentation Engineers. [DOI: 10.1117/1.2174623]

Subject terms: free-space optics; radio frequency; transmission response;
carrier-to-noise ratio; dynamic range; cable television.
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1. FSO transmission links can be deployed quicker, and
in some instances more economically, than optical

Free-space optics (FSO) communication uses modulated
optical beams, usually generated by laser sources or light
emitting diodes (LEDs), to transmit information line of
sight through the atmosphere. Recently, there has been an
exponential increase in the use of FSO technology, mainly
for “last mile” applications, because FSO links provide the
transmission capacity to overcome bandwidth bottlenecks.'
The desire to develop high-speed Internet access has stimu-
lated much of this growth and as a result, the major focus
of most FSO research and development has been toward
the transmission of digital signaling formats. Fiber optics
has been traditionally used for transmission of both digital
and analog signals. The transmission of rf intensity-
modulated signals over optical fibers is well established. .
However, the authors are not aware of any research work
reporting on the effectiveness of FSO for transmission of
analog signals. This paper investigates the effectiveness of
FSO to transport modulated rf analog signals and compares
it with that of fiber optics in a similar environment.

The advantages of transmitting modulated rf signals
over FSO links are as follows:
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fiber links.

. When compared with wireless rf links, FSO requires

no licensing and provides better link security and
much higher immunity from electromagnetic interfer-
ence (EMI).

. FSO is highly invulnerable to interference from other

.. 4
sources of laser radiation.

. FSO can be implemented for portable applications,

e.g., movable radar dish antennas.

. FSO provides a viable transmission channel for trans-

porting 1S-95 CDMA signals to base stations from
macro- and microcell sites and can decrease the setup
costs of temporary microcells deployed for particular
events, e.g., sporting events, by eliminating the need
for insstalling directional microwave or connecting
cable.

. FSO introduces a viable transmission medium for the

deployment of cable television (CATV) links in met-
ropolitan areas where installing new fiber infrastruc-
ture can be relatively expensive.6

. Analog FSO can reduce the cost of transmission

equipment as compared to a digital implementation.

The objective of this paper is to characterize an end-to-end
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Fig. 1 Experimental setup for measuring transmission response, reflection response, and group

delay.

communication channel for transmission of modulated ana-
log rf signal transmitted over an FSO link, and compare
with that using an identical fiber optic link. The motivation
for comparing with rf photonic links is to obtain the same
attributes as conventional rf over optical links, but with
extended transmission distance, lower cost, improved per-
formance, better operating frequency, and lower complexity
and size. Therefore, it is important to evaluate the perfor-
mance of rf photonic links in terms of the same generally
accepted criteria typically applied to conventional rf links.
Standard performance criteria for conventional rf links in-
clude rf loss and frequency response, with no attention
given to nonlinear distortion or additional noise unless the
signal is amplified. In rf photonic links, additional noise
generated by the laser source and the photodiode can de-
grade the carrier-to-noise ratio (CNR), and nonlinearity of
the modulation device can reduce the spurious free dy-
namic range. Therefore, the important rf performance crite-
ria for rf photonic links are

1. the rf gain and frequency response
2. the additional noise and CNR
3. the spurious free dynamic range (SFDR)

The remainder of the paper is organized as follows. Section
2 describes the experimental setup to transmit modulated rf
signals over fiber optics and FSO. The experimental results
are reported in Sec. 3, which includes measurements of
optical power, transmission response, reflection response,
group delay, CNR, and dynamic range for rf analog signal
transmission over both fiber optic and FSO links. Conclud-
ing remarks are given in Sec. 4.

2 Experimental Setup

Figure 1 illustrates the experimental setup used in transmis-
sion response, reflection response, and group delay mea-
surements for both fiber optic and FSO links. An Aurora
AT3510 analog laser transmitter, with an International Tele-
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communications Union (ITU) grid compliant output wave-
length of 1552.524 nm, was fiber-coupled to either (1) a
Dominion Lasercom DAViD® FSO telescope assembly or
(2) a 3-m optical fiber. In the first case, the transmitting
telescope was aligned line of sight with an identical receiv-
ing telescope that was approximately 3 m away. The dis-
tance between both telescopes was short, but sufficient to
characterize the key performance measures of the channel
between the optical transmitter and receiver. Deployed FSO
systems will suffer atmospheric loss, but the atmospheric
affects are beyond the scope of this paper. The receiving
telescope was fiber-coupled to an Aurora AR4001 analog
receiver. In the second case, the 3-m optical fiber was
linked to the same fiber jumper that connected the receiving
telescope to the AR4001, thus matching the same jumper
and connector losses throughout the analog communica-
tions link.

The rf frequency range of operation for the transmitter
and receiver was from 46 to 870 MHz. The rf input signal
to the transmitter was supplied by an Agilent 8712ET rf
vector network analyzer. The rf output signal from the re-
ceiver was connected back into the network analyzer. For
transmission response, group delay, and CNR measure-
ments, a built-in rf amplifier inside the analog receiver and
an Aurora OA4444T-42 RF amplifier were connected be-
tween the receiver output and the input of the network ana-
lyzer, thus providing rf signal gain.

Figure 2 illustrates the experimental setup used in the
CNR measurements. Compared with Fig. 1, note that the
only significant difference between these experimental set-
ups is that, for the CNR measurements, the vector network
analyzer has been replaced by a Rohde & Schwarz SMHU
signal generator to feed rf signal to the transmitter. A Tek-
tronix WCA280A wireless communication analyzer was
used for rf output signal measurements. CNR measure-
ments were made with and without the rf amplifier.

For the dynamic range measurements, the only signifi-
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Fig. 2 Experimental setup for measuring CNR.

cant change in the setup (see Fig. 3) from Fig. 1 was that,
on removal of the vector network analyzer, the Rohde &
Schwarz SMHU and Agilent 8642A signal generators were
connected to the transmitter input to supply the composite
rf input signals.

The operating wavelength of 1552.524 nm is well
matched with most commercial FSO systems that operate at
or near 1550 nm. This wavelength range is of importance
because, from a laser safety perspective, higher output
powers can be used since the human eye is less vulnerable
to injury at this wavelength. With these higher output pow-
ers, the FSO links can be longer and better able to operate
in critical meteorological conditions, e.g., fog.7

3 Experimental Results

In this section, experimental measurements of optical
power, transmission and reflection response, group delay,
CNR, and dynamic range are reported. These measure-
ments comprehensively characterize the communication
channels.

3.1 Optical Power Measurements and Analysis

Investigation of the analog optical links must be addressed
from two major criteria, optical and rf criteria. This subsec-
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tion provides a complete study of the optical criteria, ad-
dressing the results of the optical measurements for both
fiber optic and FSO links and illustrates the existing
sources of optical loss that affect the optical power during
its transmission through both links. The rf criteria are in-
vestigated in details in the upcoming subsections.

From the optical standpoint, the amplitude of the rf in-
tensity modulated optical signal is much less than the in-
tensity of the unmodulated optical carrier. Consequently,
the link can be characterized using the small signal ap-
proximation. Beginning with analog fiber optic link, the
peak optical power and output wavelength of the analog
laser transmitter were measured using an Advantest Q8384
optical spectrum analyzer. The resulting measurements in-
dicate that the peak power and output wavelength at the
output of the analog transmitter were 9.49 dBm and
1552.530 nm, respectively. These values are shown in the
lower table of Fig. 4.

Repeating these measurements at the input of the analog
receiver shows that the peak power and output wavelength
were 6.05 dBm and 1552.535 nm, respectively. These val-
ues are shown in the lower table of Fig. 5. The sensitivity

Wireless

Communication
Analyzer RF v \ RF

Optical Fiber

Analog
Receiver

RF Amplifier

Fig. 3 Experimental setup for measuring the dynamic range.
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Fig. 4 Screen capture from the Advantest Q8384 optical spectrum
analyzer illustrating the results of peak power and output wave-
length measurements at the output of the analog laser transmitter.

of the photodiode is near 0 dBm, which indicates the pres-
ence of additional power that can be used to extend the link
distance.

Clearly, there is a loss in the signal power of nearly
3.45 dB. The sources of loss are connectors, jumpers, and
attenuation occurring during the transmission through the
optical fiber. Since the total length of the fiber path from the
transmitter to the receiver is 11 m, including the fiber
jumpers connecting the transmitter and the receiver with
the main fiber span, the optical signal incurs little attenua-
tion. The major sources of loss in this case are therefore the
connectors and jumpers—nearly 3 dB.

Applying the same optical signal measured at the output
of the analog laser transmitter, as shown in Fig. 4, to the
analog FSO link demonstrates the optical disparity between
both fiber and FSO links. Using the Advantest Q8384 op-
tical spectrum analyzer, a peak power of —4.21 dBm and
output wavelength of 1552.530 nm was measured at the
input of the analog receiver. These values are shown in the
lower table of Fig. 6.

Clearly, there is a loss in signal power of nearly
13.70 dB. Major sources of optical loss are insertion, lens,
geometric, and atmospheric losses. Figure 7 illustrates the
sources of power loss throughout the FSO link.

Geometrical losses occur due to the divergence of the
optical beam. These losses can be calculated using the fol-
lowing formula®
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Fig. 5 Screen capture from the Advantest Q8384 optical spectrum
analyzer illustrating the results of peak power and output wave-
length measurements at the input of the analog receiver for fiber
optic link.
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Fig. 6 Screen capture from the Advantest Q8384 optical spectrum
analyzer illustrating the results of peak power and output wave-
length measurements at the input of the analog receiver for FSO
link.
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where Dy and Dy are the diameters of the transmitting and
receiving lenses measured in cm, both 5 cm in this case.
The distance between the FSO transmitter and receiver is d,
measured in kilometers, d=0.003 km in this case, and 6 is
the divergence of the transmitted laser beam in milliradi-
ans, #=2 mrad in this case. Using Eq. (1), the calculated
geometrical loss for this experimental setup is approxi-
mately 1 dB. This loss is low because the space gap be-
tween the FSO transmitter and receiver is only 3 m. There-
fore, it does not add significantly to the overall loss of
13.70 dB.

Atmospheric losses are due to absorption, scattering,
scintillation, and weather conditions. Since these experi-
ments were conducted in a laboratory environment over a
short distance, atmospheric losses are negligible and be-
yond the focus of this paper.

The connectors and FSO telescope assemblies at the
transmitting and receiving ends are responsible for a sig-
nificant amount of insertion loss, nearly 12.70 dB in this
case. Usual insertion losses for industrial FSO links are
around 4 dB. The insertion loss was high in these experi-
ments because the FSO telescope assemblies and connec-
tors were not optimally manufactured to match the analog
transmitter and receiver. Under typical operation, the Do-
minion Lasercom DAViID® FSO system offers an optical
power at the transmitter output of around 20 dBm
(100 mW), to overcome the propagation loss plus the in-
sertion losses.

3.2 Transmission Response Measurements

The rf transmission response measurements provide the
relative loss, or gain, in a communications link with respect
to the signal frequency. The rf transmission response of a
photonic link is frequency dependent. There are three key
causes of frequency dependence: (1) the laser source, di-
rectly modulated or externally modulated, may have fre-
quency dependent response; (2) the voltage or current de-
livered to the analog modulator may have frequency
dependent features due to the electrical characteristics of
the input circuit; and (3) the analog receiver, including its
photodiode, may have frequency dependent characteristics.
Any signal attenuation due to the communications link will
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Fig. 7 Sources of loss in FSO link.

manifest itself in the transmission response measurement.
The vector network analyzer computes the output measure-
ment trace using

Transmission(dB) = 10 log(@> , (2)

mc

where Py, i the rf power measured at the output of the
receiver and P;,. is the rf power measured at the input to
the laser transmitter. Results of the transmission response
measurements, with and without the rf amplifier included,
for the fiber optic link are shown in Fig. 8. There is a
built-in rf amplifier connected to the output of the photodi-
ode inside the analog receiver, which yields approximately
up to 7.5 dB of gain, depending on the operating frequency.
Consequently, the resulting gain can compensate the loss
produced by the optical/rf conversion stage in the receiver.
As mentioned previously, the received optical power at the
input of the photodiode is still greater than the sensitivity,
which eliminates the impact of the attenuation through the
optical fiber.

Without the rf amplifier, the transmission response var-
ied from 1.50 to 7.28 dB over the frequency range of 55 to
870 MHz. These measurements compare favorably with the
—20 to —50 dB loss reported as typical for analog fiber

optic links.” With the rf amplifier, the transmission response
(gain) varied from approximately 13.69 to 18.34 dB over
the same frequency range.

The results of the transmission response measurements
for the FSO link, with and without the rf amplifier included,
are shown in Fig. 9. Transmission response without the rf
amplifier varied between —12.11 and —19.03 dB over the
frequency range 55 to 870 MHz, while the transmission
response with the rf amplifier varied between 7.65 and
13.53 dB over the same frequency range. The figure depicts
a relatively smooth response over the measured frequency
range. These measurements compare favorably with the
previously reported measurements in this study, through the
fiber optic link. Inclusion of the rf amplifier produced suf-
ficient gain to overcome the FSO link losses, thus allowing
the FSO signal to travel farther distances.

3.3 Reflection Response Measurements

Reflection response provides an evaluation of the amount
of reflected power relative to the incident power versus
frequency at the insertion input of the transmitter. The re-
flected power is predominantly due to impedance mismatch
between the rf cable and the input to the analog transmitter,
as well as reflections within the transmitter rf/optical con-
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Fig. 8 Transmission response measurements for fiber optic link.
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Fig. 9 Transmission response measurements for FSO link.

version circuitry. In determining the rf reflection response,
the network analyzer calculates the output measurement
trace using

Reflection(dB) = 10 log(ﬁ) , (3)
mc

where P;,. is the rf power measured at the input to the laser
transmitter and P is the reflected rf power measured at
the same input. Results of reflection response measure-
ments for the analog transmitter are the same for both fiber
optic and FSO links over the frequency range 55 to
870 MHz, as shown in Fig. 10.

3.4 Group Delay Measurements

The group delay is a measure of the total delay a signal
experiences when traversing a communications link, which
thus gives rise to a phase shift in the signal. To guarantee
that a communications channel does not introduce phase
distortion, it is important to ensure that the group delay
does not vary considerably with frequency. The group delay
measurements for the fiber optic link, with and without the
rf amplifier included, are illustrated in Fig. 11. Note that,
without the rf amplifier, the group delay has an approxi-
mately constant average value of 84.70 ns. The rf amplifier
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Fig. 11 Group delay measurements for fiber optic link.

introduces quite a bit of variation in the group delay below
125 MHz, but settles to an approximately constant average
value of 93.62 ns above 125 MHz. Thus, without the rf
amplifier, phase distortion is so small over the 55 to
870 MHz operating range of the fiber optic link as to be
negligible. With the rf amplifier, operation should be
bounded to an operating range of 125 to 870 MHz if phase
distortion is to be reduced.

Results of group delay measurements for the FSO link
are shown in Fig. 12. Clearly, without the rf amplifier, the
group delay has a nearly constant average value of
79.66 ns. With the rf amplifier, the group delay has quite a
bit of variation below 110 MHz, but settles to an approxi-
mately constant average value of 90.22 ns above 110 MHz.
Similarly, without the rf amplifier, little phase distortion can
be seen over the 55 to 870 MHz operating range of the FSO
link. With the rf amplifier, operation should be limited to an
operating range of 110 to 870 MHz if phase distortion is to
be avoided. Obviously, the speed of light in free space is
faster than that in the fiber, as shown in the measured val-
ues of the group delays in both links.

3.5 CNR Measurements

CNR is an important measure that quantifies the perfor-
mance of communication channels relatively to the existing
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Fig. 10 Reflection response measurements. Fig. 12 Group delay measurements for FSO link.
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noise. CNR plays an important role in determining the
minimum average signal power that can provide error-free
transmission through a communications channel.

There are three key statistically independent sources of
noise in rf photonic links:

1. Thermal noise caused by the thermally induced elec-
tron movement in conductors. The mean-squared cur-
rent of the thermal noise is expressed by

_4kTB

2
<llhermal noise> - R > (4)

where k is Boltzmann’s constant, 7" is the absolute
temperature in degrees Kelvin, B is the noise band-
width in hertz, and R is the resistance producing the
noise in ohms.

2. Shot noise generated by the photodiode, which pro-
duces an electrical current proportional to the optical
signal at the input. When an external laser modulator
is used, the shot noise is the dominant noise source.
The mean-squared current due to shot noise is ex-
pressed by

<i§hot nuise> = 26<Id>Ba (5)

where e is the electron charge, I, is the dark leakage
current in amps, and B is the noise bandwidth in
hertz.

3. Relative intensity noise (RIN) caused by spontaneous
emission in the laser source. These variations of laser
intensity at the laser transmitter output can have im-
pact at the photodiode output after being converted to
electrical current. The mean-squared noise current is
expressed by

<Id>2 10RIN/103’ (6)

2 _
(fRin) = 5

where RIN is the optical noise power, /; is the dark
leakage current, and B is the noise bandwidth. When
a directly modulated laser transmitter is used, the
RIN is dominant over all other noise sources through-
out the rf photonic link.

For this investigation, CNR measurements were performed
for both fiber optic and FSO links, with and without the rf
amplifier, over a frequency range of 55 to 870 MHz. The 1f
output power from the signal generator was 0 dBm for all
measurements. The results of the CNR measurements for
fiber optic link are shown in Fig. 13. Without the rf ampli-
fier, the CNR varied between 40.75 and 58.13 dB over the
frequency range 55 to 850 MHz, while CNR with the rf
amplifier varied between 58.54 and 73.15 dB over the same
frequency range. These values compare favorably with re-
sults from CNR measurements on other analog fiber optic
links reported in Refs. 3 and 10.

The results of CNR measurements for the FSO link are
shown in Fig. 14. Without the rf amplifier, the CNR starts
at minimum value of 17.52 dB at 55 MHz and trends up-
ward with increasing frequency to a maximum value of
46.55 dB at 850 MHz. With the rf amplifier, the CNR starts
out at a minimum value of 43.52 dB at 55 MHz and trends
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Fig. 13 CNR measurements for fiber optic link.

upward with increasing frequency to a maximum value at
63.3 dB at 850 MHz. These values compare favorably with
results of CNR measurements of the previous fiber optic
link. Therefore, FSO can be a viable replacement for fiber
optics in short distance implementations.

3.6 Dynamic Range Measurements

Dynamic range measurements indicate the range of the rf
input power over which no distortion of the output signal
occurs due to the effects of harmonic distortion. Nonlinear
devices incorporated into the analog transmitters and re-
ceivers are the major causes of distortion in an optical link,
particularly the analog modulators.!" Distortion is a key
link parameter in certain distribution systems that convey
multiple carriers, such as CATV applications.6 However, it
has minor importance in distribution systems that carry one
single frequency, such as radar applications.

Contrary to the noise, distortion is a deterministic phe-
nomenon, which can be defined for any link that includes
nonlinear devices. There are two principal methods used to
measure the dynamic range:2’
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Fig. 14 CNR measurements for FSO link.
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Table 1 Fiber optic link parameters.

Table 2 FSO link parameters.

Optical wavelength A 1552.524 nm
Optical output power P, 10 dBm
Laser noise RIN -159 dBm
Optical modulation index MOI 8.8% /channel
Modulator impedance R, 75 Q
Optical link loss L, 3.45 dB
Photodiode responsivity Mp 0.85 A/W
Photodiode load R, 75 Q
Noise bandwidth BW 1 Hz

DFB N 1552.524 nm
Optical output power P, 10 dBm
Laser noise RIN -159 dBm
Optical modulation index MOI 8.8% /channel
Modulator impedance R, 75 Q
Optical link loss L, 13.70 dB
Photodiode responsivity Mp 0.85 A/W
Photodiode load R, 75 Q
Noise bandwidth BW 1Hz

1. Inject a single rf sinusoid signal f through the optical
link and measure the resulting second- and third-
order harmonic distortions at 2f and 3f, respectively.

2. Inject two sinusoidal rf signals of equal amplitude
and close in frequency spacing through the optical
link and measure the second-order intermodulation
distortion at f,+f; or f,—f; and the third-order inter-
modulation distortion at 2f|—f5, 2f>—f, 2f1+f>, or
2f>+f;. Narrowband links allow the frequencies 2f
—f> and 2f,—f, to pass and eliminate the rest.

The second method is the more practical way of measuring
the dynamic range and was used in this paper. The third-
order intermodulation (3IM) power was measured to pro-
vide the 3IM free dynamic range. An rf multiplexer was
used to multiplex two equal power rf signals at closely
spaced frequencies of f1=499 and f,=501 MHz. Supplying
the composite rf signal into the FSO channel, the 3IM sig-
nal power was measured at frequencies 2f|—f,=497 and
2f,—f1=503 MHz. Repeating the same measurements
while increasing the input power for both frequencies en-
ables the 3IM line to be plotted. Measuring the output
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Fig. 15 Third-order intermodulation free-dynamic-range measure-
ments for fiber optic link.
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power of the fundamental frequency f=500 MHz over the
same range of input power allows the fundamental output
line to be plotted, which intersects the 3IM line. In this
study, a directly modulated, distributed feedback (DFB) la-
ser diode was used as the transmitter, so RIN is the domi-
nant noise source.

Table 1 provides the component parameters for the fiber
optic link under test. These parameters were taken from the
specifications of the utilized components. The 3IM free dy-
namic range was found to be 101 dB Hz??, as shown in
Fig. 15. Previous studies have reported a typical 3IM free
dynamic range of 116 dB Hz*? for the CATV application
over fiber-optic links. #1112 Thus, the measured result is
acceptable compared to the reported result. The reduction
in the measured 3IM free dynamic range results from the
built-in rf amplifier (a nonlinear device) at the output of the
photodiode.

Table 2 provides the component parameters of the FSO
link under test. The 3IM free dynamic range was found to
be 101 dB Hz??, as shown in Fig. 16. This value compares
favorably with the previously mentioned measured value
for the fiber optic link under test and indicates the absence

04
3
g
~ 3IM Free Dynamic Range = 101 dB.Hz2/3
s ’
’
S ’
° 7 ]
=100 U
o 1 ’
- 7 Slope 3
5 /
a 7
- ’
=]
O -150 Optical Noise Floor
7’
’
7
1 7
[ 4
200
-160 110 £o 10 )

Input Power (dBm)

Fig. 16 Third-order intermodulation free-dynamic-range measure-
ments for FSO link.
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of any nonlinear devices. From a distortion point of view,
both fiber-optic and FSO links behave similarly. However,
the addition of an optical amplifier to the FSO link to in-
crease span length would lead to increased distortion.

4 Conclusion

This paper presents a comparison of key performance mea-
sures for a FSO link versus a fiber optic link for the trans-
port of analog rf signals. The authors are not aware of any
reports of similar comparative studies in the literature. The
comparative study consists of experimental data collected
from optical power, transmission response, reflection re-
sponse, group delay, CNR, and dynamic range measure-
ments. The data indicate that FSO is suitable for rf trans-
missions and performs comparably with similar fiber optic
links. When direct line-of-sight is available between two
locations, FSO can offer an attractive substitute for fiber
optic links to transport modulated rf analog signals over
short distances.
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