


EORGIA INSTITUTE OF TECHNOLOGY ‘ . OFFICE OF CONTRACT ADMINISTRATION

SPONSORED PROJECT TERMINATION/CLOSEOQUT SHEET

e

"
” Date 6/14/84

oject. No._A-3520 R - , School/Lab_RAIL-AD

8

ey

cludes Subproject No.(s)

oject Directorls) E. 0. Rausch

GTRI XXBXK
onsor___Lockheed-Georgia Company, Marietta., GA
tie | Fiber Optic RF Stra‘n’h Sensor
Fective Completion Date:- 4/30/84 , . {Performance) 4/30/84 {Reports)

-ant/Contract Closeout Actions Remaining:

None

Final Invoice or Final Fiscal Report

Closing Documents

Final Report of Inventions

Govt. Property Inventory & Related Certificate

Classified Material Centificate

0000060

Other
sntinues Project No. _ ' . Continued by Project No.
JPIES TO:
oject Director ‘ - o Library
asearch Administrative Network ‘ - GTRI :
zsearch Property Management : ' Research Communications (2)
ccounting Project File
ocurement/EES Supply Services s Other
zsearch rity Services 4
e@_goggjmm) (OCA) *
:gal Services

»m OCA 60:1028






ENGINEERING EXPERIMENT STATION
Georgia Institute of Technology

A Unit of the University System of Georgia
Atlanta, Georgia 30332

June 29, 1983

Dr. M. C. Whiffen
D/72-11,7403 ’
Lockheed-Georgia Company
Marietta, Georgia 30063

Subject: Monthly Technical Status Report No. 2, "Fiber Optic RF Strain Sensor,"
Purchase Order No. CA20741, Georgia Tech Project A-3520

Dear Dr. Whiffen:

This report summarizes project activities performed under the sub;ect contract
for the period May 14, 1983 through June 13, 1983,

TECHNICAL ACTIVITIES

Signal-to-noise ratios (S/N) as a function of fiber length for various bandwidth and
frequencies were computed and plotted. These ratios were converted to a minimum
observable phase shift, A¢, and a minimum observable strain, Ae, (i.e. strain
sensitivity). Computed values are in good agreement with experimental data. To date,
only sensor systems utilizing a laser diode have been computer modelled. LED sensor
systems will be addressed during the next reporting period.

Phase changes due to 1°c temperature variations have been calculated and
compared with minimum observable phase changes. These results show the RF strain
sensor to be temperature sensitive at a frequency of 1 GHz for bandwidths less than 1
MHz and fiber lengths greater than 1 m. In general, increased strain sensitivity can be
obtained by increasing RF frequency, decreasing bandwidth, increasing fiber length, or a
combination thereof. Economic considerations favor an LED system with variable
bandwidth to obtain the required strain sensitivity.

AN EQUAL EMPLOYMENT/EDUCATION OPPORTUNITY INSTITUTION






ENGINEERING EXPERIMENT STATION
Georgia Institute of Technology

A Unit of the University System of Georgia
Atlanta, Georgia 30332

July 29, 1983

Dr. M. C. Whiffen
D/72-11,7403
Lockheed-Georgia Company
Marietta, Georgia 30063

Subject: Monthly Technical Status report No. 3 "Fiber Optic RF Strain Sensor,"
Purchase Order No. CA20741, Georgia Tech Project A-3520.
Dear Dr. Whiffen:

This report summarizes project activities performed under the subject contract
for the period June 14, 1983 through July 13, 1983,

TECHNICAL ACTIVITIES

Signal-to-noise ratios as a function of fiber length, RF frequency and pulse width
were computed utilizing an LED. These ratios were converted to a minimum observable
phase shift, a minimum observable strain, and an expected dynamic range.

Phase changes due to atmospheric pressure differentials between sea level and
33000 ft. were also calculated. These phase values were superimposed on the minimum
observable phase shifts to compare the magnitudes of these parameters. Task |l of Phase
I is now complete.

AN EQUAL EMPLOYMENT/EDUCATION OPPORTUNITY INSTITUTION









Georgia Institute of Technology
ENGINEERING EXPERIMENT STATION
Atlanta, Georgia 30332

January 17, 1984

Dr. M. C. Whiffen
D/72-11,7403
Lockheed—-Georgia Company
Marietta, Georgia 30063

Subject: Monthly Technical Status Report No. 6 "Fiber Optic RF Strain Sensor,”
Purchase Order No. CA20741, Georgia Tech Project A-3520.

Dear Dr. Whiffen:

This report summarizes project activities performed under the subject
contract for the period January 1, 1984 through January 31, 1984.

TECHNICAL ACTIVITIES

A wirewrapped prototype of the control 1logic circuit board was built and
tested. Final versions of the control logic and amplifier boards have been
completed and tested. The rear panel of the unit has been finished. Power
supplies and power wiring have been installed. Fabrication of mountings for the
coaxial components is in progress.

Delivery of the fiber optic transceiver will be postponed by LeCroy
Corporation for another two weeks.

FUTURE ACTIVITIES

Assembly of the main unit will continue into the next reporting period and
preliminary testing will begin.

Respectfully submitted,

Ekkehart O. Rausch, Ph.D.
Senior Research Scientist

" Approved:

Robert N. Trebits, Ph.D.
Chief, Analysis Division

EOR/dmp

GEORGIA TECH IS A UNIT OF THE UNIVERSITY SYSTEM OF GEORGIA
AND AN EQUAL EMPLOYMENT/EDUCATION OPPORTUNITY INSTITUTIDN
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SECTION 1
INTRODUCTION

1.1 OBJECTIVES

From April to September 1982, the Radar and Instrumentation Laboratory of
the Georgla Institute of Technology Engineering Experiment Station, working
under a Lockheed—Georglia Company Contract (Purchase Order No. CA20741),
conducted the first phase of a two—phase research program to analyze, construct,
and test an RF fiber optic strain sensor. The goals of Phase 1 were to:

1. Conduct an analysis of the sensor that specifies the minimum observable
change 1in phase shift as a function of system bandwidth, fiber length,
and modulation frequency. Included in this analysis were the sensor's
sensitivity to temperature and pressure changes, the 1mpact of
vibrations on sensor operation, and changes in the sensor's phase
resolution for pulsed versus CW operating modes.

2. Review the analysis and formulate design specifications that will serve
as a gulde in the construction of the sensing device, translate these
parameters into a specific system design, and produce an electrical

schematic dlagram and an associated parts list.

The objectives of Phase 2 are to: (1) construct the sensor and (2)
quantify experimentally the sensor's performance. In this report, only the
results of the analysis completed in Phase 1 and the assoclated mathematical

apparatus are presented.

1.2 BACKGROUND

In recent years, glass fibers for use as a transmission medium of broadband
signals have been developed and improved to the point where transmission losses
are less than 3 dB/km and bandwidth-length products are greater than 1 GHz~km
for commercially produced fibers.(l’z) Similarly, research in integrated optics
has led to the development of miniaturized broadband optical components (e.g.,

solid state lasers, couplers, modulators, and detectors) which provide fast



processing and input/output capabilities for use with optical fibers. To date,
the bulk of research and development efforts in fiber optic technology has been
directed towards communications applications. Other important potential uses of
this technology in signal processing and sensing areas have been realized only
recently. At present, fiber optic sensors are being developed for sensing a
variety of physical parameters such as strain, acoustic pressures, magnetic

fields, temperature, acceleration, and rate of rotation.

Fiber optic sensors have some general inherent advantages over conventional
methods because the fiber is typlically made of silica or plastic. This type of
sensor has negligible electromagnetic interference susceptibility, can be used
in explosive or high voltage environments, and can be integrated into conducting
or non-conducting materials to measure signals in real-time (e.g., in-flight

measurements of strain in aircraft wings).

The most sensitive fiber sensors employ a Mach-Zehnder interferometric
approach wherein the optical phase shift induced in the sensing arm by extermal
signals 1s compared with the optical phase shift in a reference arm. Both
optical and microwave interferometers have been conceived and will be presented

in this section.

The optical interferometer 1s shown in Figure 1. Here the optical source
is operated in the Cﬁ mode. The optical signal is split via a one-to-two fiber
coupler into"a reference arm and a sensing arm. The outputs are then recombined
and detected by a photodiode. Changes in the fiber's physical length and index
of refraction due to external forces affect the optical propagation speed.
Provided the optical source 1s coherent, this difference in propagation speed
between the reference and sensing signals creates a relative phase shift which,
in turn, produces an interference pattern at the input to the photodiode. If
only a narrow portion of the interference pattern 1is sensed, any changes, for
example, due to variations in stress—strain can be detected as changes in the
detected voltage signal. For lasers operating in the visible or near IR region,
this stress sensor 1is highly sensitive because a 2 = phase shift requires an
optical path length difference of only 600 to 1300 nm. On the basis of this
technique, strain sensitivities of less than 0.4 x 107 have been reported in

the 1iterature.(3)
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Figure 1. Simplified block diagram of an optical interferometer
using fiber optics.



The RF interferometer, an alternate concept, does not require a coherent
optical source nor a single mode fiber (see Figure 2). 1In this case, the output
intensity of the source 1s modulated with CW RF signal, 1i.e., the optical
frequency acts as a carrier. The modulated optical signal is routed through a
sensing fiber. The RF 1s redetected with an intensity sensitive photodiode and
combined with the reference signal in a mixer. The output voltage of the mixer

is sensitive to the RF phase shift between the reference and sensor signals.

The RF interferometric method 18 potentially inexpensive to implement
because of the use of light emitting diodes (LED). Unfortunately, the highest
modulation frequency for LEDs 1s on the order of 108 Hz. 1In contrast, optical
frequencies are six orders of magnitude greater, or typically in the 1014 Hz
region. As a result, the maximum sensitivity of the RF interferometer is
expected to be orders of magnitude 1less than that of the optical
interferometer. But, because the RF interferometer 1is operated in a CW mode, a
very narrow filter placed about the center of the modulation frequency can
remove much of the unwanted noise in the circuit and in effect 1increase the
sensitivity of this type of sensor. Recent experiments have demonstrated a
strain sensitivity, e, of 7 x 10'4 using a total fiber length, L, of 1 m, a
modulation frequency of 1 GHz, and a bandwidth of 100 MHz.

In 1ts simplest configuration (as shown in  Figure 2), the RF
interferometric sensor can produce spurious signals since a mixer is sensitive
to amplitude as well as ﬁhase differences at its input terminals. Thus, changes
in the fiber's speckle pattern due to fiber displacement or vibrations can be
converted into voltage oscillations at misaligned fiber-fiber comnections (i.e.,
modal noise) and transferred through the system to the mixer output. Modal
noise ogcillations can be removed by splitting the reference and sensor signals
into two equal componenté and introducing a 90° phase éhift in one sensor arm,
as shown in Figure 3. The output voltages of the two mixers, Q@ and I, are now
proportional to Ag A cos ¢ and Ag A; sin ¢ , respectively, where Ag and Ap
are the amplitudes of the sensor and reference signals, respectively, and ¢ 1is
the phase angle between the two signals. Hence, the phase difference, ¢ , is
given by






¢ = arctan (Q/I). (1.1)

Any changes in the amplitudes of the mixer input signals (e.g., due to modal
noise) will appear equally in amplitude in the Q@ and I components and, thus,
will not affect © 1in Equation 1.1.

The analysis presented in this report 1s based on the sensor configuration
of Figure 3. In Section 2, the signal-to-noise ratio of the system 1is
calculated and used in Section 3 to derive the sensitivity of the system to a
small phase change, Ad¢. A¢, 1n turn, is translated into a minimum strain
sensitivity. These calculations 1involve two optical sources: the 1light
emitting diode (LED) and the injection laser diode (ILD). A comparison of
measured and predicted phase shifts 1s also included in Section 3. Section 4
concludes the report with an analysis of the system's sensitivity to temperature

and pressure changes.
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Figure 3. Block diagram of a practical RF fiber optic interferometer.
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The modulated 1light output from the laser diode i3 assumed to be a CW
sinusoidal signal at frequency , with a modulation depth m. The optical
power fed into the fiber is then

Pin(t) =P(l +mcos & t) + S(t) (2.1)

where P is the average optical power and S(t) is the spontaneous emission noise

generated by the laser.

The magnitude and spectral characteristics of this noilse are quite
complicated and have been invegtigated by several authors (4, 5). Figure 4
(from Reference 5) 1llustrates the spectral properties of laser noise for
various laser operating parameters. P9 is defined as the laser operating
current divided by the laser current threshold. The operating currents can be
related to laser output power and plotted against the photon noise values. This
has .been done in Figure 5 which shows the low frequency ( < 1 GHz) relative
photon noise per 1 Hz bandwidth as a function of laser output power. Relative
2> /Np? where < | N, | >
is the average number of noise photons in a bandwidth of 1 Hz, and NpL is the

photon noise 13 defined as the ratio < I Np

number of photons in the lasing mode. The mean source laser noise power (32) at
a specified laser output power 1is now easily obtained by multiplying
< I Np |2 > /NPL2 by the square of the laser output power.

Propagation through a fiber of length L subjects Pin(t) to an attenuation

factor of 10 L/lO; hence, the optical output power is

L/10

Poue(t) = 107 Py, (t) (2.2)

10
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The current generated by the APD is proportional to the incident optical power
{lumping splicing and insertion losses into the attenuation term) and is given

by
1(t) = [(GPen2m)/(hw) | Poue(t) (2.3)

where G and n are the avalanche gain and the internal quantum efficlency of
the APD, respectively, h 1is Planck's constant, w 1s the optical frequency, and
e 1s the electronic charge. Using Equation (2.2) we have

i(t) = |[(GPen2w)/(hw)]| (1 + m cos Qt) 16°L’1°

-a L/10 (2.4)

+ [ (Gen2w)/(hw) | S(t) 10
The first term in Equation (2.4) represents the signal current. The second term

is the laser noise current, which will be considered separately.

The total current 1(t) 1s then passed through an amplifier which has
bandwidth Av and current gain G,. The power gain of the amplifier is Gi .
The signal current at the amplifier output port can be rewritten to include the
- amplifier current gain G,

-aL/10

15(t) = ((6,6 Pen2m)/(hw)) (m cos at) 10 (2.5)

where the DC signal term ({(GPen27)/(hw)) IO-GL/IO

in Equation (2.4)
disappears because the amplifier 1s assumed to be AC coupled to the APD. The

average electrical signal power 1is given by

P>=< 12> R
S S

12



where R represents the 50 ohm load, and < ii (t) > is defined by

+T/2
<i2> =2 | ik oa
1/2

or

oL/5

< 1§ > = 0.5 ((GAG?enan)/(hm))z 10” (2.6)

2.2.2 DERIVATION OF NOISE POWER

We will now consider four independent noise sources in the fiber 1link.

These are: the dark current, laser noise, shot noise, and thermal noise.(6)

The shot noise current has a mean square value of(6)

i = 2elAv (2.7)
shot

where I 1is the average amplified current given by

-a L/10

T = [(G,Gen2w)/(hw)] (P10 ) + 6,1 (2.8)

Ad

and id is the dark current of the APD.

]

Combining Equations (2.7) and (2.8) yields the shot noise current generated
in the APD by the optical DC bias term

iﬁ = 2e ((G,2Gen)/(hw)) (P 10

SHOT

—oL/10y (2.9)

The shot noise current due to the dark current has a mean square value

i; = 2G, el Av (2.10)

dark current ATd

Background light entering the APD in a closed fiber optic system was assumed to
be negligible.

13



The thermal nolse current has a mean square value given by

2

2
= G (4 KTN_/R_ )Av (2.11)
thermal A F RL

where Np i1s the noise figure of the amplifier, RL 18 the load resistance
(50 2), k 18 the Boltzmann constant, and T 18 the equlvalent absolute

temperature of the system (including the noise temperature of the amplifier).

The laser nolse S(t) 1s attenuated in passing through the fiber and

generates a mean square nolse current at the amplifier output equal to

2

= ((6,Cenzm)/ (h))? < 8% > 10795 4, (2.12)
laser

which takes into account the amplifier power gain and bandwidth.

Thus, the total noilse power is

shot thermal Nlaser Ndark current

-a L/10

2eGA((Gen2ﬂ)/hm)) (P10 ) Av + 2eGAi AV (2.13)

d

Gi (4KIN /R ) AVH((G,Gen 2my/ ()2 < s 2107 %5 Ay

The signal-to-noise ratio is

2 2 2 2
S/N = < is > R/(iN R) = < 'is > /1N
or

S/N = 0.5 ((GAGPean-n)/(hm))Z 10""1‘/5 )/ I— (2.14)

Z N

1k



where i; i3 given by Equatiomn (2.13). Equation (2.14) 13 the SNR for a

monomode fiber link with a CW signal.

But the actual desired SNR 1s obtained at the output of the mixer which
follows the amplifier stage. A typical mixer multiplies the two 1inputs (i.e.,
f1 and fz) and generates an output at f, - f5 and f; + f5. Since in this case
f1 1s equal to f, the output appears at DC and at 2f; (or 2 £,).

The 2f; component 1s filtered out (see Section 3), whereas the energy of
interest at DC 1s passed. Thus, the signal as well as the noise voltage from
the fiber 1link 1s reduced by a factor of two (the power 1s decreased by a factor

of four). 1In addition, the mixer generates its own thermal noise given by

i§ = (4KTN,/R, )av (2.15)

thermal-mixer
where Np is the noise figure of the mixer. By incorporating the thermal noise
term of the mixer and the reduction factor into Equation (2.14) the final
desired expression for the SNR is

0.25(0.5)((cAgpenmzn)/(hm))210‘°L/5
3

Nthermal-mixer

)

S/N = (2.16)

(13) 0.25 + 1

2.2.3 NUMERICAL ESTIMATIONS

In this section, the contributions of the four noise terms will be

estimated.

Typical parameters for a silicon avalanche photodiode are: G = 100, n =

0.6, and 14 = 16 nA. The values of the constants are:

h = 6.626 x 10734 J-gec, e = 1.6021 X 10719 ¢,
w = 2.216 x 10715 gz, and

k = 1.3805 x 10~233/9¢

15



Hence, (Gen2w)/hw = 4l1.1 ampere per watt at the wavelength of GaAs laser
diodes (850 nm).

The DC bias power, P, coupled from the laser diode into the optical fiber

is approximately 3.0 mW. Hence, the shot noise contribution is

-al./10 20 0-0L/10

= 3,9%X10 “°G.1

2e((GAGen2n)/(hw))P10 A

The dark current contribution 1is
= =27
2eid Gy 5.1 X 10 Gy

Assuming an ambient temperature of 300 K and a noise figure, Np, of 6 dB, the
thermal noise contribution of the amplifier is
21 2

2 -
GA(AKTNF/RL) =1.3X 10 GA

and that of the mixer (Np = 5 dB) 1s

-21
4KTNp/Ry = 1.047 X 10

The laser noise power 1s determined by specifying the average laser output power
in Figure 5 and multiplying the square of that quantity by 1its corresponding
relative photon noise ratio. Given an average optical output of 3.0 mW from the
laser diode, the mean square laser noise power 1s approximately < Sz> = 7.2
X 10721 watt2 per Hz. The optical noise power launched into the fiber 1s about
337 of < Sz>, or 2.4 x 10721 watt2 per Hz. Hence, the electrical mean square

noise current at the amplifier output is

2 oL/5

((GAGen2ﬂ)/(hw))2< s > 10 =
4.1 X 10718 19”9/ Gi

The electrical signal contribution is
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(0.25)(0.5)( (Gen2xPm))/ (hu) 210~ %L/ 3 ¢

A
5.25 X 1070 o? 1070/ &2
Thus, the signal-to-noise ratio is
2 . -dL/5 G —oL/10
S/N = (An” 10 A )/[0.25 (86, 10 )
2 2 -aL/5
+ CGA + GA D + g E 10 ) Av + FAUJ
where
A =5.25 X 107 (signal)
B = 3.9 X 10720 (shot noise)
¢ =5.1%10"%7 . (dark current noise)
D= 1.3 x 10721 (thermal noise, amplifier)
E=4.1 X 1018 (laser noise)
F=1.1 X 10721 (thermal noise, mixer)

Equation (2.17) 1is the principal result. The contributions of the various
noises as a function of fiber length-attenuation product are shown in Figure
6. If the attenuation is 4 dB/km, then the x-axis will be scaled in km.
Furthermore, for a fiber loss of 4 dB/km, laser noise dominates for L. < 4 km,

and the signal-to—-noise ratio is approximately constant,

S/N = (Amz)/(O.ZSE Av) = 5.1 X 1013/Av (2.18)

where m, the modulation index, was chosen to be 1.
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Figure 6. Noise power as a function of total attenuation in
fiber. Amplifier gain, GA js 1. System bandwidth
Av, is 1 Hz.
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Beyond 4 km, the SNR is fiber length dependent, because the dominant noise
in this region (i.e., thermal noilse) i1s independent of oL, whereas the signal
continues to decrease with dL.

Hence, the SNR is given by

aL/5

S/N = (AmZ 10~ GAZ)/((o.'zsc2 DAV) + FAV)

A
Since GAZ >> 1, the term FAv 1is negligible and

-aL/5

S/N = (1.6 x 107 a2 10 )/ Av

The SNR for a L > 15 dB is linear with respect to oL as indicated in
Figure 7.

2.3 DERIVATION OF SNR FOR A SYSTEM WITH MULTIMODE FIBER-CW
SIGNAL-ILD

In previous calculations, 1t was assumed that the carrier signal falls
within the transmission bandwidth of the optical fiber. The bandwidth-length
product for single-mode fibers can be as high as 100 GHz-km (assuming a single
mode laser source), while the bandwidth-length product for multimode fibers 1is
commonly in the range of 1 GHz~km. Thus, a 1 GHz RF modulation signal 1lies
comfortably within the bandwidth of a single mode 2 km fiber link, but not a 2
km multimode fiber link. This effect will now be included and its consequences

will be examined.

The bandwidth-limiting factor 1in multimode fibers 1s intermodal
dispersion. Multimode fibers support a large number (several hundred) of
transverse 6ptica1 modes due to their relatively large size. These transverse
modes, each carrying a sinusoidal modulation, travel down the fiber at different
group velocities. Hence, the received signal i1s a sum of sinusoids of different
phases. The result is a lowering of the modulation depth as compared with that

at the input where each mode carries modulation with the same phase (Apendix A).
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Figure 7. Signal-to-noise ratio as a function of total attenuation
in a monomode fiber optic Tink for various system band-
widths. The bandwidth is: (1) 1 GHz, (2) 500 MHz,

(3) 100 MHz, (4) 50 MHz, (5) 1 MHz.
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The amount of intermodal dispersion in a multimode fiber 1s usually
" specified in time~spread/km. When an optical impulse is fed into the fiber, the
output can be approximated by a Gaussian pulse with pulse-width increasing

linearly with fiber length(7). Thus, the impulse response of the fiber is
— 2,,.2.2
g(t) = (1/ (YL/w )) exp(-t"/(¥y"L%)) (2.19)

where the intermodal dispersion constant (Yy) 1s measured in ns/km, and L 1is
the total length of the fiber in km. The factor 1/(yLYw) 1s a normalization

constant required for power conservation.

The response of ‘the fiber due to an arbitrary input 1s given by the

convolution integral

Pout (1) = j_w gn(t + 1)g(t)dt (2.20)
For a purely sinusoidal input with modulation depth m,

Pi(t) = P(1L +mcos Q t),
the output is

Pyye (t) = P (1 +m exp ( -vL2/2)% cos at), (2.21)

where t was substituted for the variable Tt . Hence, the modulation depth is
reduced to an effective value

¥

n' = mexp (-yL8/2)% : (2.22)

Details of this calculation are described in Appendix B.

According to Equation (2.17), the signal-to-noise ratio 1s proportional to
n2. It follows that the SNR decreases as exp (-YZLZQZIZ). This effect was
included in Figure 8 for two modulation frequencies. The effect 1s a sharp

reduction in SNR once the modulation frequency falls outside the fiber
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Figure 8. Signal-to-noise ratio versus total attenuation in a
multimode fiber optic 1ink.
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bandwidth. As long as this 1s not the case, the difference between single mode
and multimode fibers 1is minimal. For a 100 m multimode fiber, this requirement
is satigfied if the modulation frequency 1is equal to or less than 1 GHz.

2.4 SNR CALCULATIONS OF A SYSTEM WITH MULTIMODE FIBER - PULSED
SIGNAL - ILD

This section describes the interaction of a pulsed optical signal with the
regsponse function of a multimode fiber as a function of fiber length and pulse

width of the input signal. Detalls of the calculations are given in Appendix C.

In previous sections the RF 1input signal was assumed to be a continuous

sinusoldal signal of frequency { with a fixed modulation index m, 1i.e.,
Pin(t) = P(l+mcos g t)

In this section, the RF signal is not continuous, but assumes a pulse shape with
a Gaussian envelope. The optical signal power launched into the multimode fiber
is given by

2

Py (t) = B(1 + m " cos qt) (2.23)

where B 1s related to the standard deviation of the input pulse. The output
power 1s given by the convolution of Pin(t) with the impulse response function

of the fiber (Equation (2.19)). Hence Pout can be written as

P (D) = (B/(YLVT) | 2|1 +m exp(8(t - 15 )
cos @ (t - 1) Jexp(-t2/(y’L3)dt (2.24)

The solution to the integral is

12 '

P (t) =P(l+mett cos at) (2.25)

out
where
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v . 2 .22 2 2 ————
m mexp ( (=97 Y L)/ (4Y" L"B + &) /BYZLZ +1

Q'= /(8y*L? + 1)

B = 8/(8v°L? + 1)

and t was replaced by 1 .

2

Note that if BYZL << 1, Equation (2.25) reduces to Equation (2.23).

We will now address the magnitude of the term BYZLZ. For a multimode
fiber, at Yy 1is equal to 0.2 x 1072 s/km at 850 nm, and B 1is related to the
standard deviation of the pulse according to Equation (2.26).

B = 1/20> ‘ (2.26)

Assuming a minimum 10 nanosecond pulse width, i.e., 30 = 1078 8, we obtain o

= 0.3 X108 and B = 5.6 x 1016572

If L is < 100 m, then

2 5

BYZL = 2.2 x 10

which is small compared to 1.0. Thus, B' becomes g 1in Equation (2.25) under

these conditions.
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2.5 MAXIMUM MEASURED SNR IN A MULTIMODE SYSTEM WITH CW SIGNAL
AND ILD

The maximum SNR of the multimode fiber delay line is defined as the ratio
of maximum to minimum detectable output power. The minimum detectable power for
short fibers is obtained when the signal power is equal to the average laser

noige power. Thus, the calculated maximum SNR is

2
SNR = <1 >/<»12LASER > (2.27)

where <i§ > 1s the maximum signal power. This calculated value is the maximum
SNR at a L. € 15 dB which is 57 dB for a 100 MHz system bandwidth.

The measured maximum SNR can be derived from Figure 9 which shows the
gystem's gain linearity. The B curve amplifier was 1limited to 500 MHz
bandwidth. The A curve amplifier exceeded one gigahertz in bandwidth and had a
smaller gain than the B amplifier. V, is the output voltage and V4 is the input
voltage. The range on the B curve extends from a minimum observable V, of

0.0053 to a maximum V, of 4.0 volts. The measured value is
SNRy = 20 log (V, yax/Vo MIN)
SNRy = 57 dB

which is in good agreement with the calculated wvalue.

2.6 DERIVATION OF SNR FOR A SYSTEM WITH AN LED SOURCE

A coherent optical source, such as an ILD, is not a requirement for proper
operation of the RF interferometer gsince the output intensity of the source only
acts as a carrier for the RF CW gignal. Other sources, such as light emitting
diodes (LEDs), are less expensive and more reliable. However, the highest
modulation frequency for LEDs 1is about 250 MHz. In contrast, commercially
available laser diodes can be modulated up to 6 GHz. Since the operating RF
frequency is one parameter that controls gystem sensitivity,‘ the choice between

an LED or ILD is a function of economical considerations and maximum required
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Figure 9. Peak to peak output voltage of multimode fiber optic

transmission 1ink versus peak to peak input voltage.
System A had a lower gain than System B.
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system sensitivity. This section will explore the LED's impact on the signal-

to-noise ratio of the system.

Experimental evidénce at Georgia Tech and at other institutions has shown
that the dominant noise in an LED fiber 1link originates in the receiver
circuitry (shot noise, thermal noise), not the LED. To include this fact in our
analysis, we eliminated the optical source noise term, i.e., E was set to zero
in Equation (2.17) and the source output power, P, was reduced to a value of 2.5

W , which 1s typical for LEDs having wide bandwidth and 1long 1lifetimes.
Figure 10 shows the SNR in dB for an LED system as a function of total
attenuation. The plot 1is fiber length dependent and linear with respect to
fiber attenuation, oL, since the thermal noise, a constant, 1is the dominant
noise source. The 1length dependence 1s due to signal attenuation 1in the
fiber. The values for C, D, and F in Equation 2.17 have not changed. FE was set
to zero. B was changed to 3.29 X 10723 and A was changed to 1.32 X 1072 because
of the reduced LED output power (2.5 X 10"6 W). Thus, the SNR 1is given by

1.02 X 102

Av

-aL/5
S/N = 10

(2.28)
Once again, m, the modulation index, was chosen to be 1. If Av 1s 1 MHz and L
= 0, then the SNR is 1.02 X 109 or 60 dB, as shown in Figure 10.

In the case of the strain sensor, an additional noise term, namely the
thermal noise generated in the mixer, was taken into account. Furthermore,
reduction in signal level by 3 dB due to the mixing action was also incorporated

into the computer program. The net effect was to decrease the SNR by 6 dB.
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Figure 10. Signal-to-noise ratio as a function of total attenu-
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frequency was set at 100 MHz.
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SECTION 3
SENSITIVITY ANALYSIS

3.1 MIXER TRANSFER FUNCTIONS

The general signal at the output of the strain sensor can be described by a
single vector S where

s = aZel?

(3.1)
A2 is the intensity of the signal, and ¢ 1is the absdlute phase difference
between the reference and the sensor signal. S can be separated into its vector

components as

s = A% (cosé + 1 sing), O (3.2)

where A2c03¢ is referred to as the real, or in-phase (I), component and
A231n¢ is known as the imaginary or quadrature (Q), component. The two

components can be measured with I and Q mixers as shown in Figure 1l.

The sensor signal input to the I mixer is Agcos(wt -~ ¢) and the reference
input signal is ARcoswt. w 1s the oscillator frequency, Ag and AR are the
sengsing and reference signal amplitudes, respectively, and ¢ 1s defined as
before. The mixer multiplies the two signals together such that the product i:h

1= ARcoswt *+ A cos(wt —- ¢) (3.3)

S
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Figure 11. Block diagram of a practical fiber optic RF sensor.
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Expanding. sin{wt - ¢), we obtain

Q= —ARAScost;)t (sinwt cos¢ — coswt sing)
or

Q= -A.RAS (coswt sinwt cosy - coszmt sing),

and using the above relationships for coszmt and coswtsinwt we obtain

- - sin2wt _s8iné¢ _ cos2ut
Q ARAS (—-——2 cos¢ 5 5 sing).

Again, a low pass filter will remove all terms containing 2uwt.
Then

Q = (ApAgsing)/2. (3.6)

The relationship of the I and Q components is shown in Figure 12. 1In
practice, at any instant in time, I and Q are fluctuating quantities due to
noise contamination. This noise i1s added to I and Q as AI and AQ to form the
noise vector Sy as shown in Figure 13. The vectorial addition of Sy and S
generates a new vector R and an uncertainty in ¢, which 1s A¢. Figure 13
clearly shows that the value of A¢$ depends only on the relative magnitudes of
Sy and S (i.e., SNR) and the orientation of Sy3 it does not depend on the
orientation of S itself. In the following sections, the dependence of A$ on
SNR and the orientation of Sy will be explored, and a mathematical expression
relating A¢ to SNR will be derived.

3.2 MINIMUM OBSERVABLE PHASE SHIFT

The phase shift due to noise (see Figure 13) at an arbitrary phase ¢ 1is

Q, + 4Q

L2 . (3.7
I, + AL

tan(¢ + A9) = Q/I =
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Solving for A¢ we obtain

Q, + 4Q

Ap = arctan(I——_rﬁ)
o

- arctan (igo
o
Without 1loss of generality, this expression can be simplified by setting
$=0 (since, from Figure 13, A¢ does not depend on ¢) which sets Q, = 0
and arctan (Q,/I,) = O.
Then

A¢ = arctan(

A
1:133) (3.8)

AQ/ AL
Ap = arctan(I—o—]%I—_-._—l) (3.9)

Figure 14 shows the Q, = 0 situation. Represented are the component I,, the

or

noise vector Sy with an instantaneous magnitude ARAn/z and instantaneous phase
value ¢n’ and the phase uncertainty A¢. Since ¢ can assume any value with
equal probablity, its wvalue was chosen to maximize A¢. This situation occurs
only if the vectors R and Sy form a right angle. The following relationships
are obtained from Figure 14.

AQ/ AT = —tang (3.10)
—(ARAS cosd) (ARAN cos¢n)
IO/AI = 5 / 5
or
A
I_/AT = izi/(AR‘:N cosé ) (3.11)

Substitution of Equations (3.10) and (3.11) into Equation (3.9) yields

tan ¢
L } (3.12)

Ap = arctan{ ™ rww

AS
I_( ] )/(( ] ) c°8¢n) J_]-
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¢n is determined by setting

A Ay

cos(m - ¢n) =—2/ 1

Ar 45

Yy [/ ( 7 C0S¢),

sy
T2

0o

but ¢ = 0, so cos ¢ =1,

and cos(w - ¢n) = cos¢n.

Thus
A
cos¢_ = - ﬁ AR_ZS’ ~Ay/As, (3.13)
and
tan ¢ = tan(arcos(- AN/AS)), (3.14)

The substitution of tan ¢n and cos P into Equation (3.12) yields

tan (arcos(-=A_/A.))
An'ts } (3.15)

- (agdmd) -1

Ap = arctan{

Note that ARIZ does not appear in Equation (3.15). This fact merely confirms
that ARIZ is a scaling factor that is applied to both the signal and the noise
level; therefore, it does not affect A¢. ARIZ is henceforth set equal to 1 to
simplify the mathematics. Hence, the magnitude of the noise vector is given by

Ay- To arrive at the desired expression that relates to SNR the ratio

A
AS/AN must be converted to a signal-to-noise ratio, and A:inmust be related to
the minimum observable phase shift A4 in

Consider Figure 15, which shows two signal vectors S and S' and two noise
vectors Sy and S8'y. In general, Sy and S'y can assume any orientation 0 and -
their magnitudes are random variables each having a Gaussian probability density
function with a non-zero mean u and a standard deviation o. Thus, the tips

of the resultant vector R and R' are distributed 1inside two rotationally
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Figure 15. Relationship between minimum observable phase
shift, A¢yrys and phase shift due to noise,
Ad

37



symmetric, two-dimensional, Gausslan probability density functions having two
different means u and u', but they will have the same standard deviation o
if the I and Q channels are assumed to be balanced with respect to maximum
output voltage. The line L connecting the vectors S and S' represents a one-
dimensional cut through the two—~dimensional Gaussian distributions, as shown in
Figure 16. The horizontal axis denotes distance along L. Each distribution in
Figure 16 consists of noise vectors that are aligned with L but have magnitudes
Ay that vary according to a Gaussian function. Now, the minimum observable

phase shift is defined as a change in phase between S and S' such that

¢

the separationthtween the two Gaussians in Figure 16 yilelds a probability of
true phase detection (PD) of nearly 1.0 and a probability of false phase
detection due to noise (probability of false alarm, PFA) of 10-6. With these
imposed conditions, the separation between the means of the Gaussian probability
functions was found to be 9.4 ¢ 1in Appendix D. The discrimination threshold
was placed at the intersection of the two Gaussians, which 1is its optimal

position.

According to Figure 15, A¢ can be determined mathematically via Equation
(3.16),

Mnin = A¢|AN = 9.4¢ (3.16)
where A¢ 1s evaluated by setting Ay equal to 9.4 o. In other words, the
minimum observable phase shift can be determined if the length of line L joining
S and S' 1s replaced by a noise vector with amplitude Ay equal to 9.40.

We will now show that o 18 related to the RMS noise amplitude. Consider,
for example, a sample distribution of Ay An approximation of the standard
deviation of that distribution is given (8) by

)
Ly (X, = w)
g = /i—i— (3.17)

n-1
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where the Xi‘s are the sampled Ay (ANi - JAI':'_ + AQi ), u 1is the mean, and n
is the number of samples. For large n (n>l00), Equation (3.17) reduces to

o=V (Xi- u)

i
n

which 1is identical to the definition of the root mean square amplitude, ARMS'
The ratio AS/AN can now be written as

Ag/Ay = AS/9.40 = A/ (9.4 Ay_p ) (3.19)

where Ay pyg 13 the RMS noise amplitude and Ag is the peak signal amplitude.
AS/AN can be written in terms of the SNR by converting Ag to an RMS value as

follows

As

S (3.20)
Asps =

Substituting Equation (3.20) into Equation (3.19), we obtain

72 Ag_pus
Aslby = s A

But Ag_pys/An-pms 18 defined as the square root of the signal-to-noise ratio
(SNR). Therefore, Ag/Ay can be rewritten as

/2 N
AS/A'N 9.3 YSNR = 0.15045 ¥SNR (3.21)
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Equation (3.21) 1is substituted into Equation (3.15) to obtain the desired

expression for A¢min'

tan (arcos(-6.6468/vSNR))
~0.02263 SR - 1 J

= arctan | (3.22)

A¢min

3.3 MINIMUM OBSERVABLE STRAIN SENSITIVITY

Butter and Hocker(3) reported for their experiment a phase shift A¢ per
unit strain per unit fiber length as

-ég = 1.2 x 107 rad/m. (3.23)
Thelr measurements were taken at an optical wavelength of
-6
A _=0.63x10 m.
op

Interpolation to wavelengths other than 0.63 x 10_6 m ylelds the expression

A
2 7 Jop
= 1.2 x 10 7 XRF
or
A% 2 1.2 x 10 <A°—P) F (3.24)
el * c

where F 1s the system operating frequency and ¢ 1is the speed of 1light.
Substituting for c and Aop’ we obtain

%L? = (2.52 x 10" rad) F.

b1



The minimum observable strain emin 1s then defined as

8¢
e . = min . (3.25)

min 2,52 x 1078 B)

3.4 ESTIMATED DYNAMIC RANGE

The estimated dynamic range is defined as

DR = E!ég. (3.26)
N

-

where EMAX is defined in this report as the strain on the fiber with a 100,000
PSI pull. Strain, in general, is defined as

¢ = F/A (3.27)

where F/A is the force per unit area exerted on the fiber (i.e., 100,000 PSI)
and Y 1is Young's modulus for a quartz fiber; Y = 8.12 x 106 PSI. Thus,

- 10 x 104

8.12 x 10°

= 1.23 x 1072

“Max

and the estimated dynamic range 1is

DR = 1.23 X 1072/ . (3.28)
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3.5 TEMPERATURE SENSITIVITY

The absolute phase ¢ of a signal that exits a sensing fiber of length L
is

$ = 27L/A’ (3.29)

where A' 1is the wavelength of the signal within the fiber. It is known that
A'F = c/n , where F is the optical frequency, n is the index of refraction, and
c 1s the speed of light. Thus, nA'F = ¢ = FA

]
or A n= )

1
or A = A/n, (3.30)
which says that the wavelength of the RF modulation in free space, A, 1is
1
related to the wavelength within the fiber, A, according to A' = A/n .
Substituting for A' 1in Equation (3.29) we obtain

¢ = (2wnL)/A. , (3.31)

The change in phase with respect to temperature, 23¢/3T, 1s

but
oL
ﬁ ol

where o 1s the linear thermal coefficient of expansion. Substituting oL for
3L/ 3T, we obtain

2 _ 21

an
3T 3 TL+naL)

=T
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or

3¢ 21
aT A

B+ e (3.3

The values of 3n/dT and a were reported in the literature for silica
fibers.(g) These are

a= 8 x 10-7/°C

and

an -5
T 10

Thus,

an -
ﬁ"‘" na = 1.12 x 10

5 (3.34)

was assumed to be 1.48. Substituting Equation (3.34) into Equation (3.35), we
obtain

%T? = (7.037 x 107°L)/A . (3.35)
Solving for A¢, we obtain the final expression
-13
Ap = (2.1096 x 10 "TLF)AT (3.36)

where ) was replaced by F/c and the partials 3¢ and 3T were replaced by the
approximations A¢ and AT. F is the RF frequency in sec'l, and L is the

fiber length in meters.
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and RF bandwidth was 100 MHz. Although the trend of the graph is linear, the
sensor output does exhibit oscillations due to modal noise. It should be
emphasized that modal noise is associated only with optically coherent sources
such as laser dilodes. Modal noise and, thus, voltage oscillations are
nonexistent in systems using LED sources or the I, Q detection scheme suggested
in this report. As a result of using only one mixer with an optically coherent
source, the mninimum strain sensitivity (Aemin = 44 x 10-4) determined from

these measurements 1s a worst case example.

In this section, the predicted phase shift will be derived in two ways: (1)
by using the Hocker Equation (3) with the relevant frequency and the measured
strain sensitivity extracted from Figure 17, and (2) by using Equation (3.22) in
this report.

The predicted phase shift using Hocker's equation is

A
-:%- 1.2 x 10’ rad/m at A = 630 x 10 °m,

but the required phase shift at A = 0.3 m (modulation frequency is 1 GHz) is

Ad -9
H _ 630 x ;0 2 (1.2 x 10’ rad/m)

or

A
= - 25.2 rad/m.

The absolute phase shift sensitivity is, thus, given by

A¢H = (25.2 rad/m) eL. - (3.40)
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3.8 ANALYTICAL RESULTS

Computer generated analytical results were compiled to serve as reference
material and to enable predictions and comparisons of the sensor's sensitivity
and performance under varying conditions. All results were packed 1into one
section and divided into two groups to facilitate the comparison task. In group
1, the optical source was a laser diode; in group 2, the laser was replaced with
an LED. Each group was further subdivided into four sets. Each sget, in turn,
conslists of four plots showing, always 1in the same succession, the following
four prameters: SNR; wminimum phase sensitivity, Ap; minimum strain
sengitivity, Ae ; and estimated dynamic range. These key parameters are
plotted as functions of various other quantities. 1In set #1, the key parameters
are plotted as a function of fiber 1length for five different system
bandwidths. The modulation frequency remained constant at 1 GHz. In set #2,
the key parameters were agaln plotted as a function of fiber 1length, but, in
this case, for four different frequencies. The bandwidth remained congtant at 1
kHz. In set #3, the key parameters were plotted as a function of frequency for
five various fiber lengths. The bandwidth was set to 1 kHz. 1In set #4, the key
parameters were plotted as a function of system pulse width for five various
fiber lengths. The source 1in this case was operated in a pulsed, not CW,
mode. The modulation frequency was set at 100 MHz. The pulse was modeled as a
CW sinusoidal waveform with a rectangular envelope. In order not to distort the
pulse shape and to maximize the signal-to-noise ratio, the output bandwidth of
the system, BW, must be

BW = 0.75 (1/PW) (3.44)

where PW 1s the width of the pulse in the time domain. Equation (3.44) was
incorporated into the computer program. Thus, pulse width was translated 1into

bandwidth which, in turn, affected the key parameters.

The computer generated plots are attached to this section. The figure

numbers differ from the conventional numbering system to facilitate a comparison

L8



of the various results. .Each number contains three digits separated by
dashes. The first digit denotes group 1 or 2, i.e., it shows whether the plot
was generated with an ILD or LED. The second digit refers to one of the four
sets, and the third digit refers to the particular parameter of interest within
each set. For example, the user may wish to compare the minimum observable
phase shift as a function of modulation frequency for two different optical
sources such as an ILD or LED. This 1is done simply by comparing Figure 1-3-2
with Figure 2-3-2.
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Figure 1-1-2. Minimum observable vhase shift, AP, as a function of fiber
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4

The optical source is a iaser diode. At 1 GHz the temperature
sensitivity is 2.1096 x 107%rad/°C-m and the pressure sensitivity

is 7.638 x 10—5rad/atm—m.
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The optical source is a laser diode.
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The optical source is a laser.
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frequency was set to 100 MHz. The optical source is a

laser.
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The optical source is a laser. Maximum strain value is

1.23 x 10°2.

Minimum strain value is strain sensitivity.
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The optical source is an LED.
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where the resultant amplitude AR and phase ¢R are given by

AR = 2A cos (¢/2) and ¢R = ¢/2

If ¢ 1is the phase difference between two transverse modes propagating through
a fiber, then ¢ 1is in general non-zero at the output of the fiber. Hence, the
resultant amplitude Ap 1is less than 2A (i.e., the sum of the amplitudes of the

two sinusoids).
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APPENDIX B
DERIVATION OF THE OUTPUT POWER OF A CW SIGNAL PROPAGATING
THROUGH A MULTIMODE FIBER

Given the input power of the signal

Pin(t) =P (l+mcos Qt) (B.1)
and. the response function of the fiber

g(t) = (1/(y L/;)) exp[-tZ/(Ysz)J, (B.2)

Pout(t) 1is then given by the convolution of g(t) with Pin(t)'

POut(r) = {n Pin (t - 1) g(t) dt

or

Pout(t) = | P(lL +mcos Q(t - 1)

~—00

/(YL /D expl-t2/(v?L?)) at (B.3)
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P (= P/(YL /1) | (L+mcos & (t ~ 1))

-0

expL-tZ/(Ysz)J dt

P (D) = (B/(v L/m) | exp(-t?/(¥'1?)) at

+ ((Pm)/(YL ¥®)) | cos @ (t - 1) exp(—tZ/(YZLz)) dt.

The solution of the first integral is
(B/(yLvVm)) (YL /m) =P

The solution to the second integral is

((Pm)/(Y L /7)) | cos @ (t - 1) exp(-t2/(¥LY)) adt.

= ((Pm)/(Y L /;)) ] (cosQt cos Qt + sinQt sin Qrt) exp[-tZ/(Ysz)j dt

but

/] sin Qt sin Qr exp(—tZ/(YZLz)) dt = 0

since | even function + o0dd function = O.
- 00
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Set X =t - at/A, then dX = dt and t - 7 =X+ at/A - 7. The integral

becomes

| exp(~-A(t - aT/A)z) cos Q(t - 1) dt

= | exp(—AXz) cos 2 (X + aT[A - 1) dX

= | exp(-AXz) [cos @ X cos |2 (T/(A)(a = A)] - sin@X sin [Q(t/A)(a - A)]] dX

- 00

= | [exp(—AXz) cos Q X cos |2 (1/A)(a - A)] dx~- | [exp(—AXz) sin QX

sin Q[(T/[A) (a - A)]] dx.

[ -]
The integral with the sine functions 1s zero because | even function =+« odd

function dx = 0. Thus, we need only to evaluate the integral with the cosine

functions.

J exp(-AXz) cos @ X cos |Q(t/A) (a - A)] dX

= cos |2 (a- A) T/A]] exp (-A§ ) cos QX dX

-0

=(/7/ YK) cos|@ (T/A) (a - A) ] exp(-8 /4A) (C.9)
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P (t) =B {1+ (a//ay’L? + 1) exp[(-a2vL2) /(hayPL? + 4]

out

2 2

exp[(-ottz)/(a'rzL + 1)) cos @ [1/(a~sz + 1)) tf (C.11)

where o and y are constants. Equation (C.1ll) can be simplified by writing

2° = (@//oy%L? + 1) exp(-22v2L2)/ (b ay?Ll2 + 4)

Q* = o/(av?L? + 1)

o = a/(aYZLz

+ 1)

Hence, Pout(t) becomes

P _ﬁz P
Pout(t) = P (1 + m” exp(—a’t”) cos Q°t). (C.12)
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