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Noise Properties and Phase Resolution of
Interferometer Systems Interrogated by
Narrowband Fiber ASE Sources

Hyo Sang Kim, Ronald P. H. Haaksman, Trevor P. Newson, and David J. Richardson

Abstract—We present the results of a detailed theoretical based on the coherence multiplexing method and conventional
and experimental study of the noise properties of various inter- |aser sources [4], [5] is limited by phase induced intensity

ferometer systems interrogated using narrowband spontaneous ,qice (6], [7]. This limitation can be eliminated by the use
emission. The filtering effect of the interferometer is shown

to introduce periodic structure in the optical noise spectrum of gpproprlate optical gqtlng, and gopd §enS|tIVIty has been
with a period, level, and modulation depth that depends on achieved [8]. However, imperfect switching, coupled to the

the exact interferometer configuration and implementation, as inevitable switching speed limitations, can cause problems
well as the source linewidth and spectral shape. Our theoretical gye to crosstalk between channels and can give rise to signal

analysis, based on the assumption of a Gaussian random process, ., .asing difficulties, alternative approaches are therefore of
model for the inherent source noise is in good agreement with

our experimental results. Finally, using a dual Mach-Zehnder 9reat interest. .
interferometer incorporating a frequency shifter, we show that  In principle, the use of a broad-bangdZ0 nm bandwidth)
minimum phase sensitivities of a few tens ojrad/v/Hz can be source such as a superluminescent diode (SLD) or a fiber
achieved for practical values of length mismatch by optimization ASE source can enhance the inherent sensitivity of a co-
of the source linewidth, heterodyne frequency, and interferometer : : : :
birefringence. We believe the approach to be suitable for a broad herence muitiplexed:system and .pr(.)wdes |mprov§d reSIStgnce
range of sensing applications. to crosstalk effect_s. However, this is not a practical s_olutlon
for an extended fiber-based system (e.g., an acoustic sensor
system, where sensor length is required to obtain sufficient
acoustic sensitivity), since in order to obtain the required level
of visibility length matching within the interferometer needs

l. INTRODUCTION to be obtained to within the coherence length of the optical

URING the past ten years, tremendous advances h&@irce(several tens gim for a 20-nm bandwidth).

been made in the development of rare-earth-doped fiberA realistic practical level is generally accepted to be around
fabrication and associated semiconductor pump laser techrbfFm which implies the use of optical bandwidths-g.1 nm,
ogy. The advances have been driven by the need for efficiedit less. It is not easy to obtain such a laser linewidth directly
high-performance amplifiers within the telecommunicatiorf§om an oscillator, however it is readily achieved using nar-
industry, but have resulted in the parallel development ofrewband ASE sources. For example, using FBG technology
range of high-performance fiber laser systems with applich-is possible to fabricate filters of almost arbitrary spectral
tions across an extended range of market sectors. Fiber-ba8fape (and width) with which to spectrally slice the output
amplified spontaneous emission (ASE) sources are one sifetm conventional broad-band sources, providing a powerful
example offering high optical powers-(0 dBm) over broad and flexible means of generating light of well-controlled (and
spectral bandwidths40 nm). Such sources have potentiaflefined) coherence properties. It should be apparent that in
telecommunication applications, for example when spectralipntrast to the use of broad-band ASE sources, narrowband
sliced they can be used for a range of WDM transmissigkSE also has the advantage of offering increased scope for
applications where crosstalk and nonlinearity are a key isssensor multiplexing through the use of WDM technology
[1]. However, their use is common in the optical sensing fieldhen used with appropriate narrowband FBG-based sensing
where they are an established tool for interrogating fiber-baseterferometers. However, there is a major issue concerned
sensors such as fiber-optic gyroscopes [2] and fiber Braggh the use of narrowband ASE sources that needs to be
grating (FBG)-based systems [3]. addressed—that of source noise.

The coherence properties of spectrally filtered, narrowbandlt is known that fiber ASE sources exhibit thermal source-
ASE sources make them attractive for use with interferometiike noise properties [9], characterized in terms of excess
sensor arrays. The performance of sensor interrogation systgghston noise [10], [11]. As we shall show below, ASE sources
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Clearly then, it is important to establish the impact of sourdé4], [16]
noise on the use of narrowband ASE for the interrogation of Ry e 1
interferometers. It is well established that the statistical proper- Covy(r) = {(i(B)i(t + 7)) — (i(t)) @)

ties of thermal light can be explained on the ba_sis ofa Gaussiﬁﬂerei(t) is the detector current at tinte is the time delay,
random process model [12]. However, an estimate of the trygy (---) denotes the time-averaged value. The (electrical)

impact of the source noise on a given systems performangsise spectrunf(f) at a frequencyf can be written as
is complicated by the filtering effect in multiple-path optical

systems, such as interferometers [13], [14], which can cause S(f) = R/Oo Covi(1)e2 47 dr o)
redistribution of the optical noise power in the spectral domain. —oo

Note that this is also true of components such as polarizati
modulators and frequency shifters frequently incorporat%

within such systems for functions such as polarization contr(g tical intensity at the detectdi(t) when we consider only

and hgterodyne S|gr!al processing. C_onsequently, n ordert 8 noise component due to the optical source itself, and (1)
appreciate the full impact of the higher levels of SOUrCEan thus be written as

noise, and to assess the true potential of the approach, we
need to consider in detail the full interferometer system. In Covy(1) = a*Covy(7)

earlier works [14], [15], a suitable mathematical formulation :a2(<(f(t)f(t + 7)) — (I(t))Q) ©)
applicable to the use of a generalized low coherence source

was developed and applied to a few simple systems. Where« is a conversion factor from the optical intensity to
this paper, we have focused our study on the use of alectrical current.

erbium fiber-based, narrowband ASE source for the inter-For a polarized thermal sourcgv;(r) can also be ex-
rogation of Mach—Zehnder interferometers, which are ofeessed as

of the leading candidates for coherence-multiplexed systems. 9 s 9

We generalize the earlier theoretical approach to include the Covy(r) = [D(7)I" = (E* (A E(t + 7)) )

effects of birefringence in the optical paths and to cover thghereF(¢) is the electric field of the optical source afi¢r) is

inclusion of a frequency shifter (as required for heterodynghe correlation function of the electric field [17]. If the optical
based demodulation schemes) and then compare the resulisgalctrum of the source is

our detailed noise analysis with our experimental data. Our

results show that minimum phase sensitivities of a few tens I(v) = Ip¥(v — o) (5)
of pradh/Hz can be achieved for practical values of lengt .

mismatch by optimization of the source linewidth, heterodynf;(T) can be written as
frequency, and interferometer birefringence.

The paper structure is as follows. In Section I, we first
outline the basic theory used to describe the noise properties ) , ) , ,
of thermal source noige. We then describe the spepcifi?: ngpd by the Wiener—Khintchine theorem, trele€trica) noise
rowband ASE source we have developed and used within Agver spectrunt(f) can be written as
experiments and present results of noise measurements that 20 [ f f
show that its noise properties truly correspond to those of an S(f) =« IOR/ qj(”c - 5)\1/(3: + 5)‘1”7 7)
idealized thermal source. In Section I, the noise properties of -

a dual Mach—-Zehnder interferometer are treated theoreticaly}erelo is the intensity of the optical source,is the optical

and the predictions compared with experiment. In Section equency. is the center frequency of the source, aigr)

we extend the results of section to include the effects ofiathe normalized envelop function of the optical spectrum with
frequency shifter within the system, once again comparing tRecenter frequency of zero. From (7), we can understand that
theoretical results with experimental data. The conclusions §€ noise power at the frequengyis the summation of all

ere R is the output load resistance of the detector. The
rrenti(¢) in the above equations can be substituted by the

L(r) = Ioe_%i””/ \I/(a:)e_%i” dx (6)

— o0

our studies are summarized in Section V. pairs of spectral components whose frequency differenge is
If for the moment we assume a Gaussian spectral profile
I(v), ie.,
Il. NOISE PROPERTIES OFNARROWBAND ASE SOURCES T, 4 log. 2 — )2
I(v) = 0 \/ =08 = exp | —4 log, 2% 8)
Ay T Avg
A. Theory where A, is the full-width-half-maximum of the optical

In almost all optical systems, the physical quantity ultispectrum, then one can use (7) to obtain the well established
mately measured, and from which the useful information fesult that
derived, is the current of a photodetector. Optical source noise 212k /2 loa 2

. . a~lg 0g. 2 f
measurements are also most usually and conveniently derived S(f) = \/ exp|—2log, 2
- . Ay T Avg

from current measurements. It is well known that the noise
spectrum can be obtained from the Fourier transform of tAdne above equation shows the following important noise
covariance function of the currefov; which is defined as characteristics of thermal light. First, that the noise power

}. ©)
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- ASE source -70 T T T T T T
1SO POL T Experimental
e S g 9] o e ‘
QC Analyzer T
{ EDFA1 TF  EDFA2 D T 90 o 10MHz i
i m & 100MHz
Z 1004 . .
by total noise
Fig. 1. Experimental setup for the measurement of the optical source noise % -110 1 E
spectrum. EDFA’s: erbium-doped fiber amplifiers, TF: tunable filter, POL: & p .
polarizer, C: 50:50 coupler, FBG: fiber Bragg grating, D: detector, 1ISO: 8 -1204 vl detector noise
optical isolator. o I o
S 1301 P . shot noise __..-~"" .
_-~-source noise T
TABLE | 140 &2 . . e : . '
CHARACTERISTICS OF FIBER BRAGG GRATINGS -40 -35 -30 25 -20 -15 -10

Optical power (dBm)
Centerwavelength | FWHM | FWHM
Fig. 2. Spectral noise power versus optical power. The three symbols are
D (nm) {(pm) (GHz) the measured noise at the frequency of 1 MHz (square), 10 MHz (circle),
FBG1 1559.6 18 29 ?rgiltﬂgo’\fyﬁz (triangle). The lines (except the detector noise) are obtained
FBG2 1545.8 45 5.6
FBG3 1529.5 60 7.7 -90 Opt. Power Exp. Theory
FBG4 1529.3 81 10.4 < -20dBm: =
T 91 = -23dBm: 8  —-e-
FBG5 1529.3 115 14.7 E
m
T -1007
scales with the square of the optical intensity and, second %
and most significantly from the perspective of this study, the = -1057
inverse linewidth. The price we are to pay for the advantage %
of multiplexing capability and length mismatch tolerance is & -1107
increased optical noise. @
115 T Y Y
0 5 10 15 20

B. Noise Performance of Experimental

Narrowband ASE Source Source linewidth(FWHM) (GHz)

The experimental setup_used to c_hargcterize the noise_ PrOMncy was 10 MHz.
erties of narrowband ASE is shown in Fig. 1. The source itself
comprised two erbium doped erbium fiber amplifiers and two
spectral filters. The first stage erbium-doped fiber amplifiéf received optical power for the grating FBG3, and also
(EDFA) was used as a broad-band optical source, the outgatculated the noise power using the measured reflectivity
from this was filtered with a tunable filter of 1.3-nm bandwidtiprofile. The experimental results (total noise power spectral
and then amplified in the second EDFA to increase the spec@gnsity) are summarized in Fig 2. Superposed on the graph are
power density around the center-wavelength of the tunatiidts showing the detector noise (experimental), and theoreti-
filter. The output from the second amplifier was then spectralp@l plots showing the calculated ASE source noise, shot noise,
filtered using a narrowband FBG whose reflectivity spectrugnd total noise. The experimental results are in good agreement
ultimately defined the output spectral profile of the sourc@ith theory confirming the intensity-squared dependence of the
The tunable filter's central wavelength was obviously tungtpise power. At frequencies substantially less than the optical
to match the peak reflectivity wavelength of the FBG. Thiénewidth of the source, the optical power at which the ASE
filtered output was coupled off of the grating using a 50 : 5@0ise becomes larger than shot noise & dBm. The relative
coupler and polarized using a fiber polarizer. We had fivetensity noise (RIN) of this source was97.7 dB/Hz. Note
narrowband FBG’s each of different spectral linewidths (in thiéat the spectral noise power density is flat over the detector
range~2-15 GHz, see Table 1) and could therefore easily vabandwidth due to the relatively broad linewidth of the source
the spectral bandwidth and line shape of the source simply tgmpared to the detection bandwidth.
changing the output FBG. Fig. 3 shows the measured and the calculated spectral noise

The source output noise was first characterized using power at 10 MHz as a function of source linewidth for optical
RF spectrum analyzer and a fiber coupled, low-noise, InGapswers of —20 and—23 dBm. The actual reflectivity profile
detector incorporating a transimpedance amplifier of 200 MH# FBG3 was used in the theoretical noise calculations. The
bandwidth with an optical power to current conversion factaesults confirm the predicted noise dependency on inverse
« of 360 A/W using a load resistance of 50 linewidth.

Initially, we measured the spectral noise power at threeAs is apparent from (7), the detailed shape of the ASE
different frequencies (1, 10, and 100 MHz) as a functiosource noise is directly related to the optical lineshape. To

g' . 3. Spectral noise power versus source linewidth. Measurement fre-
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Fig. 4. Reflectivity profile of FBG1 and noise spectrum: (a) relative reflectivity of FBG1 and (b) noise power spectrum.

confirm this to be the case, we measured the noise spectrum of oc
the ASE source with a fast (6 GHz bandwidth) detector. The T, Pcm
ASE source optical lineshape was defined by FBGL1 in this ASE source I\ I,

instance. Since the source noise decreases at high frequencies,

a further EDFA was included after the polarizer to boost the @

source noise level above the detector noise floor in the high- X < X v

frequency regime. The ASE input power to the additional « « y
J A\ X

EDFA was —13 dBm, and the output power was set to be ~
0 dBm. The reflectivity profile of the grating FBGL1 is shown X ——m XX Y
in Fig. 4(a), and the measured and theoretical noise spectrum,
calculated using the FBG1 reflectivity profile in (7), are shown
in Fig. 4(b), the agreement is seen to be good. ) ) )

From the above results, it is clear that.our n.arrowband.A 'P5l5 nggl Mach—Zehnder interferometer: (a) schematics, (b) PP case, and
source behaves as expected and that its noise properties are

well described using a Gaussian random process model. This — . .
model can thus be used with confidence to predict the notSeth® second case, the polarization state of the light in one

properties of a variety of interferometer interrogation syster@éM Of €ach interferometer is changed to be orthogonal to the
employing such sources. light in the other arm folarization flipping (PF) case Both

cases result in maximum visibility for the interferometer.

(b) (©)

I1l. DUAL MACH—ZEHNDER INTERFEROMETER A. Theory for the “Polarization PreserVing Case”

As previously discussed, estimating the noise level for anThe output electric fieldE,., and the coherence function
interferometer is not straightforward. The filtering effect duf the output intensity".,(7) are
to the multiple optical paths significantly modifies the noise 1
distribution and leads to periodic structure in the frequencyEOut (t) = 22 [E(t) + B —T1) + E(t — 13)
domain. Note also, that this noise distribution is a function of +E(t-T, - T3)] (10)
the blrefrlngence within th(_a system_. Wg dempnstrate the abovpou (1) = (B 4y () Eows(t + 7))
two features in the following section, in which we evaluate, 1
both analytically and experimentally, the noise properties =51 {40'(7) + 2I'(7 + 1)
of dual Mach—Zehnde_r mterfe_rometer systems. The precise ol(r — T) 4+ 20(r + T3) + 20(r — T)
system we are considering is shown in Fig. 5(a). In our
calculations we assume for simplicity that the coupling ratio +r+ T+ 1)+ (=T = Tp)
of the couplers is 50:50, and that the relative time delays, +0(r+AT)+I'(r — AT)} (11)

L gnd T;, are much longer than the coherence time of thv(\?hereAT = T5 — T7. Note, that for convenience, the relative
optical source.

In order to understand the effects of birefringence within thz:%i Fl)ehraisse-rfgtlftinv(\:lm 32 do;:r::u(rlso)l:J iti;vssr:t tgei:rvé?e:;nmtst:ftgze
interferometer, we considered the two extreme cases, shown in P ; - -

Fig. 5(b) and (c). In the first case, Fig. 5(b), the polarization gfverall results of the analysis. The covariance function of the
the light passing through the two paths of each Mach—Zehnc?eurtpUt Covr(v) EeileERaiREEaS

interferometer is the samedlarization preserving (PP) caye Covy(7) = [Tom(T)]? (12)
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Fig. 6. Noise spectra of the dual Mach-Zehnder interferometer: (a) PP case and (b) PF case.

and has 81 terms in this case. Each term is of the fowhere F(f, T) is
I'*(r + T, )I'(r + 1), and provides a contribution to the total

noise spectruns;;(f) of w00
2p Joo F(f,T)= / v <g: - g) v <g: + g) e 2l g (17)
Sii(H) = 5 /,m D*(r + T)L(7 + T)e*™ " dr - (13) o

o?I’R o e From (16) two things are immediately apparent. First, the
_ 0 67271'21/0 (T;—T; )Cfﬂ'zf(T] +T5) § — T .
— o8 noise spectrum exhibits periodicity in the frequency domain

o0 ) see Fig. 6), the period of which is defined by the time delays
. |:/ \I/< f>\11<$ f>e—27rzac(Tj—Ti) d.’L':| ) ( g ) p Yy Y

5 +35 T, and T5. This effect is well known and is referred to

2 as the “filtering effect” of the interferometer [13]. Second,
the noise spectrum is highly dependent on the relative phase
The term in square brackets in the previous equation can [}@s A¢(=2m,AT). These points will be discussed again in
ignored wher|7; — ;| is much larger than the coherence timéelation to the experimental results presented below.

of the source. Therefor&€ov;(7) can be written as

— o0

(14)

Covy(r) = §{16|1“(7)|2 +4|0(r + 1)) +4|T(r —11)]*  B. Theory for “Polarization Flipping Case
FAD(r + D)2 +4|0(r — Tp)2 In this case we need to consider separately the noise

I T+ TN 4 T T TN interference effects within the two polarization eigenstates of
+ 0+ T+ D))+ D7 = (T + 1)) the system. In this case the output electric field is given by
+ [D(r + AT) ] + [T(r — AT

[T ()T (r + AT) + T(r — AT)) + ¢} Bot) = ow B (8) 1 0y By (1)
+ [ (r + T1)I(7 + T2) + c.c]
+ 4T (r — 1)T(r — T») + c.c]
+ [[*(r + AT)L(r — AT) +c.c]} (15) tey[E(t =T+ Et-D)]} (18)

- 2_12 {ew [E(t) + E(t — T1 — T)]

when the terms which give insignificant contribution to thgnd Covy(7) is given as
noise spectrum are ignored. Here c.c. denotes complex con-

jugate. 1
To simplify the calculation, we assume from now on that Covr(7) = §{8|1ﬂ(7)|2 +2[0(r + 1)) + 20(r — T1)[?
the optical spectrum of the source is symmetric about it's F2A0(r + To) 2 + 2|0(r — To)|?

center frequency, i.e¥(—xz) = ¥(z), a condition satisfied

2 2
to a good approximation in our current experiments. With this FIP+ (L + T)) + D7 = (11 + 12))

assumption the noise spectrum can be written as +|0(r + AT) > + |T(7 — AT)|?

o2I2R + [2I(7)(T(7 + AT) + T'(r — AT)) + c.c]
S(f) = =5 — 14 (£, 0)[(2 + cos 2 fT1)(2 + cos 2n f13)] + [20%(7 + T (7 + 13) + c.c)

+ 32F(f, AT) cos 7 fT1 cos 7w fTs cos 2mgAT +[2I*(r = T)[(7 — Tb) +c.c]

+2F(f, 2AT) cos 4mgAT} (16) + [*(r + AT) (7 — AT) + c.c]}. (29)
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After more patient analysis, it can be shown that in this case FS

the noise spectrum can be written as 7/\\
PCQ PC
Q
T, T,
_QQIgR ASE source A [\ L

S(f)= 58 {4F(f, O)[1 4+ (1 + cos 27 fT7) —
(14 cos 2nfTp)] + 16F(f, AT) cos n fT1 Fig. 7. Dual Mach-Zehnder interferometer using a frequency shifter.
-cos mfT5 cos 2mAT + 2F(f, 2AT)
- cos dmigAT}. (20)

imental and theoretical noise spectra is good. For the phase
bias of n/2 in Fig. 6 the noise spectrum has a period of
Once again, a periodically modulated noise spectrum is o992 MHz, which corresponds to the inverse of the elapsed
tained, however, the detailed form of the noise is actualfjyne for light to pass through the path imbalance of the
significantly different relative to the PP case. The main cofhdividual interferometers. The noise power is highes99
clusion of the analysis is that the PF case has reduced ”Qjﬁn/Hz) at O relative phase bias at the spectral maxima
levels relative to the PP case in an appropriately designed {8:g., at 7.62 MHz), and falls to its smallest value-e115
terferometer system, as demonstrated in the following sectigBm/Hz at the noise minima (e.g., at 3.46 MHz) for a bias
(see Fig. 6). of 7/2. The maximum noise level difference (maxima to
minima) at fixed phase bias is about 12 dB for #@ phase
bias.

For the PF case the general features of the noise redistribu-

In order to validate the above analysis we constructedtian were much the same, although there are slight differences
dual MZ system and examined its noise properties whemthe detailed spectral shape. The most important difference
interrogated with the narrowband ASE source described pigthat the maximum noise power is about 2.5 dB lower in this
viously (incorporating FBG3). The delay length in each dhstance (0 phase bias). The experimental results for the length
the interferometers was29.6 m. The coupling ratios of all mismatch of 9.3 mm showed the same features, although the
couplers was 50:50, and polarization controllers were placggpendence of the phase bias became weaker due to the lower
in each interferometer to enable us to set the polarization staggfhal visibility (~0.3), compared to the former caseQq48).
throughout the system for the PP and PF cases previouslyFrom these results, it is clear that a higher overall sensitivity
described. A piezoelectric fiber stretcher was included withiight be achieved for such an interferometer system by using
the first interferometer to allow us to adjust the relative phasige periodicity in the noise spectrum, simply by moving the
of the two interferometers. We measured the noise spectrgignal frequency (typically in the low-frequency regime), to a
in the frequency range of 0-20 MHz for the PP and PF casepectral region with a minima in the noise distribution. This
for two values of length mismatch between the interferometesan be readily achieved by incorporating a frequency shifter
(1.1 and 9.3 mm), and for three values of phase bias. Tigo the system, and operating in a heterodyne fashion, as
length mismatches were measured using a broad-band opti@honstrated in the next section.
source and an optical spectrum analyzer. Since the output
power was a function of the phase bias the output power
at the phase bias of/2 was set to be-23 dBm for all
measurements.

The polarization controllers were set as follows for the PP
and PF cases. First, we introduced a large bend loss in one of he heterodyne technique is frequently used in interferome-
the arms of the second interferometer, and set the polarizati6hsystems to avoid the high noise levels at low frequency and
controller in the first interferometer such that the spectral noiereby to achieve high sensitivity. In our system this is most
power was either maximized, (or minimized). This allowe#eadily implemented by including a frequency shifter in one of
us to set the output polarization states of the light passiﬁ@ arms of the first (reference) Mach—Zehnder interferometer
through the two different paths in the first interferometelsee Fig. 7). When a modulator is employed in the system,
to be either mutually parallel, (or orthogonal) [14]. Nextthe modulation changes not only the signal distribution in the
we removed the bend loss in the second interferometer, dfectral domain, but also the noise distribution as we show
set the polarization controller within this interferometer t&elow, both theoretically and experimentally, for both the PP
maximize the signal visibility, resulting in either the PP, (o@nd PF configurations previously described.

PF) configuration.

Fig. 6 shows the noise spectra for the three different pha’&e
bias points, for the length mismatch of 1.1 mm, and for the’ ] _ S )
different polarization cases. The noise redistribution prop- 1he output intensityl..(¢) is in this instance given by
erties of the interferometer are immediately apparent, re-
call from Fig. 2, that the source noise itself is a uniform I(t) =i|E(t) + B(t — 1) 4 E(t — Ty)
—105.6 dBm/Hz over this frequency range for a fixed opti- 24
cal power of—23 dBm. The agreement between the exper- + B(t-T — Tl)(327”‘f"ft|2 (21)

C. Experiments and Discussions

IV. DUAL MACH—ZEHNDER INTERFEROMETER
INCORPORATING A FREQUENCY SHIFTER

Polarization Preserving Case
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and, after some effort, the covariance function can be ex- -90 - =
eory Exp.
pressed as pp . 7
95 =1 o h
1
Covy(T) =55 [2|T(r + T1)|? + 2|0(r — T7)|? 00

+ 2|0(7 + T3)|? + 2T (7 — 1) |?

+ D+ T+ )P+ D =Ty — Tp)?
+|0(r + AT + |T(r — AT)|?

+ 8I0(T)? + 2|0 (7 + T0)|? + 2|0(r — T1)}?]

Spectral noise power (dBm/Hz)

+ [T+ T+ T)? + |T(r — T2)[%)
. (627rifh‘r +6—27Tifh"'):| 120 T — v !
2 Omifyr - 2mifyr 0 10 2 % “ %
+ [|F(AT)| (c te )] } (22) Frequency (MHz)

Note that (12) is not applicable in this case due to tHdo. 8. Noise spectra of the dual MZ interferometer using heterodyne
frequency shift term. In order to derive (22), we used tHES™"°¢
original definition of Cov;(7) shown in (3) and calculated
(I(H)I(t + 7)) and (I(t))? separately using the following The terms containing’(f + f.) in (24) and (27) imply noise
relation: redistribution due to the frequency shify, and the terms
containingé(f £ fr) correspond to the carrier signal in the
<E*(tl)E(tQ)E*(tg)E(t4)627rif1Lt> —0. (23) heterodyne method. Once again the noise spectrum is found
to exhibit periodic structure, although in this instance the issue
. : f relative phase bias between the two interferometers ceases
The noise spectrum can then be shown to be given by tﬁ)ebe of anv sianifi Plots showina th . distributi
following expression: ‘any significance. Plots showing the noise redistribution
properties for both the PP and PF for a particular implemen-

?I2R tation of this system are shown in Fig. 8 and compared with
S = 28 {4F(f’ O)[(1 + cos 2 fT1)(2 + cos 2m [T5)] experiment in the following section.

+P(f— fi.,0)[4d4+ 2 cos 2x(f — f1,)13] Note that when a small signal sin(2 f,¢) is applied to the

+ F(f+ fr, )[4+ 2 cos 2n(f + fu) T3] one of the interferometers, the signal power spectém( /)

2 can be written as
+ IDAT)P[8(F — fa) + 6(F + )} (24) o
_ 0 2
where () is the delta function. Ssig(f) = —51 {45(f) +VES(f = fr) +6(f + )l
2

B. Polarization Flipping Case +Vv? (%) [6Cf =(fn = fo)) + 6Cf = (fu + f5)

In this instance the intensity,.(t) is

1 O+ (= S+ + Gt £ (289
_ _ _ 27 fr, T 2
Lou(t) = 24 UE(t) BT Th)e | whereV is twice the signal visibility and is given by

/ U(z)e 2 (T=T) gy

—o

+ |B(t-T) + Bt - T1)62’Tif’”7|2} . (25)

V= . (29)

The covariance functiogov;(7) can be expressed as
1 The minimum theoretical detectable phase can thus readily be

Covy(r) = o {4I0(m)? + 2[0(7 + T1)* + 2/I(7 — T1)|*  obtained by equating the signal spectrum in (28) to the noise
2 spectral density at the signal frequengfy+ f..

+2I0(1 + T)|? + 2|1 (7 — T2)|?
+ P+ T+ D))+ D(r = 11 = T)? C. Experiments and Discussion
+ |[P(r + AT)|? + {07~ A‘T)|2 We built the dual Mach—Zehnder interferometer incorporat-
+ [20(7) |2 (27T 4 72T ing a frequency shifter shown in Fig. 7 to validate the above
+ [|1“(AT)|2((327T”"'T + e—27rif1,,7'):| } (26) theory. The delay length of each Mach—_Zghnder intgrferometer
was 26.52 m, a length chosen to minimize the noise around
The noise spectrum is given by the heterodyne frequency of 27.12 MHz, as defined by the

frequency shifter. A PZT phase modulator was inserted in
O)[(1 4 cos 27 fT1)(1 + cos 2x fT>)] one of the arms of the second interferometer to allow us

_ _ to apply a well defined level of phase modulation. Polar-
+28(f = fu, 0) cos 2n(f = fr)T> ization controllers were included in the system to allow us
+ 2F(f + fr, 0) cos 2n(f + fr)T> to set the polarizations within the system for either PP or
+ [DADYP(6(f — fr) +6(F + fu)) }- (27) PF implementations. We performed experiments for length

272
s() =0 Ry,
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both PP and PF polarization settings. The results are shown in
|Res. BW: 300 Hz

-20 f, = 27.12 MHz Fig. 10, superposed are theoretical curves derived using (24)
and (27). Good agreement between experiment and theory is

404 obtained. Note that all parameters u_sed inthe theqretical curves
6, = 25 mrad are measured—there are no free/fit parameters in the theory.

From Fig. 10 it is seen that a minimum detectable phase of
62 uradh/Hz is obtained for the practical length mismatch of
10.9 mm. The minimum value is obtained for a linewidth of
~5 GHz. At narrower source linewidths the increased source
noise reduces the sensitivity, whilst at broader linewidths
the rapidly reducing signal visibility limits performance. For
smaller, (but impractical), length mismatches significantly
20 lower minimum detectable phases can be achieved. For ex-
ample, values as low as 2&adA/Hz for a source linewidth

of 20 GHz are predicted. These results validate our theory

Spectral power (dBm)

T T

-10 0 1|0
Frequency deviation (kHz)

-20

Fig. 9. Signal and noise corresponding to system parameters describgy provide important information as to how to design an
within the tex. optimized system for any level of practical limitation on length
250 mismatch, source linewidth, sensor length, etc.
V. CONCLUSION
€ 200 . : . .
N In conclusion, we have investigated both experimentally and
% theoretically the noise characteristics and sensitivity limits of
g 1501 dual fiber Mach—Zehnder interferometers interrogated using
Py narrowband fiber ASE sources. We have shown that the system
o 100- performance is limited by the excess photon noise of the source
T and that the detailed system noise spectrum is dependent on
B the filtering effect and birefringence in the optical paths of
o 504 . ; :
= thg_ mterferomete_r. By e_mploy[ng a heterodyne technique and
S utilizing these noise redistribution effects, we have shown that
0 . : o e 20 it is possible to reduce the noise level in the signal frequency

region and have achieved a minimum detectable phase of
62 uradh/Hz, for a practical path length mismatch ofl cm.

We consider the approach we have demonstrated to be highly
practical, providing good phase resolution while remaining

. _ consistent with interferometer manufacturing tolerances and
mismatches of 1.3 and 10.9 mm. The length mismatches W?éﬁuiring relatively simple demodulation methods.
estimated from the periods of the measured noise spectra o

the individual interferometers to a resolutionb0.6 mm. The
average optical power was set 23 dBm throughout.

Fig. 8 shows the noise spectra for the source linewidth of The authors wish to thank Dr. M. Varnham of Sensor
7.7 GHz obtained from both theory and experiments for tHéynamics Ltd. (U.K.) for useful discussions and M. Ibsen for
different polarization settings, and for a length mismatch @roviding the fiber gratings used in these experiments. H. S.
1.3 mm. The noise level of the PF case is seen to be smalfém would like to thank Dr. R. Feced for valuable discussions.

than that of the PP case over the full detection bandwidth,

Source linewidth (GHz)

Fig. 10. Minimum detectable phase versus source linewidth.
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falling to —112 dBm at the spectral minima. In both cases
the signal power is the same for a fixed level of phasem
modulation (via the PZT). The noise level is thus substantially
lower (~5 dB) for the PF case. Similar patterns and levels of
noise redistribution were obtained for other values of source
linewidth and length mismatch. The minimum detectable phasié]
was measured by applying a known level of phase modulation
to the PZT and observing the heterodyne signal and noise flogy
on an RF spectrum analyzer. Fig. 9 shows the spectrum with
the resolution bandwidth of 300 Hz when a phase modulatio
of 25 mradian was applied for the PF case. The minimum
detectable phase was 44adh/Hz in this instance.
Measurements were made as a function of source Iinewidt[ﬁ]
for the two length mismatches of 1.3 and 10.9 mm, and for
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