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ABSTRACT

Theoretical analysis 1S formulated for a solid state laser based optical phase-locked
loop (01 ’1.1.) disturbed by shot noise, amplitude modulated noise, and frequency noise.
The frequency noise spectral density of solid state lasers is modclled to contain a white
component, a 1/f component, and a strong 1/f2 component at the laser output. This
model is verified and spectral content of cacli commponent is measured using an open-loop
RY frequency diser ininator. The choice of loop filter iS made by consider ing, the frequency
noise components, transient eflects, and the loop damping factor (. The total phase e or
variance as a function of loop bandwidth is displayed for several values of carricr signal-
to-noise ratio for the measured frequency noise spectram. Optimal loop bandwidth is also
cal culated as a function of carrier signal-to-noise 1atio. An01'1,1, expernment is performed,
and measured phase ern o1 variance iS compared with the theoretical predictions using the
measured frequen ¢y noi se sp ectrum.  The result s show that the ineasured phase err 017

variance closcly matches the theoretical predictions.



1. INTRODUCT ION

Coherent heterodyne optical communicat ion techmology can provide impr oved receiver
sensitivity and better rejection capability of background noise over direct detection systeins
[1-2]. Coherent optical systeins can Denefit spacecraft navigation, call support potential
space-based scientific experiments sucl1as gravitational wave detection, and have strong
potential for multiple-access conmmumnications over a single lasing, bandwidth. In order to
achicve the full advantage of heterodyne reception, it is desirable that an optical signal
be coherently demodulated.  Coherent demodulation is generally accomplished by syn-

chrouizing, the incoming, carrier with a local reference using a phase-locked loop (1’1 |1, )

[3-4].

The perforinance of an OPLI operating with semiconductor lasers has been analyzed
extensively by several authors. 1 most cascs, the analyses were performed for a semi-
conductor laser based systemn suppor ting, high data rate conmnunications. For high data
rate fiber optic links using seiiconductor lasers, it IS shown that the O1’L1 performance
IS dictated by the receiver shot noise and the white frequency noise. ‘' J'he performance of
both heterodyne 1 eceiver and homodyne 1 eceiver has been analyzed by modeling the  aser
frequency noise as a white Gaussian noise process [4-5). The treatment of the OPLI has

also been extended to include 1 /f frequency noise [6-7].

However coherent phase tracking loops for diode-laser based systeins require several
megahertz of bandwidth because of the large linewidth of diode lasers [8], and the [ow
signal power expected from sotne free-space links precludes the use of high bandwidth phase
tracking loops. Conscquently, development of frec space commnunication systeins employing,
sciniconductor lasers have been con fined to noncoherent heterodyne or direct detection

Systems. Recently, with the advances in diode-pumped solid state laser technology, sub-



KHz linewidth frequency stabilized lasers have been developed [9-14]. The high spectral
purity of the frequency stabilized solid state laser is very desirable in applications such as
free-space optical commmunications, where synchronization and retrieving of the received

signal phase in the presence of weak incident signal power is required.

Initial application of the OPLI theory developed for scmiconductor lasers {4, 9] to
systems cmploying the frequency stabilized solid state lasers from Lightwave Electronics
Inc., demonstrated that the measured phase error variance cannot be adequately explained
by assuming, that the frequency noise is dominated by the white frequency component [15-
17]. In particular, the assumnption that the laser frequency noise is dominated by white
frequency noise has led to a predicted phasce error variance that is 3-4 orders of magnitude
larger than values that were experimentally measured using Lightwave lasers [16]. Further-
more, for a free space system, one would like to analyze the amplitude inodulated chanmnel.
The amplitude modulated signal can be dctcc.tee{ using either coherent (heterodyne) 017
noncoherent (direct) detection receivers and therefore pernits a greater flexibility when

interaction with a variety of receiver installations may be necessary.

In this paper, the design, analysis, and experimental verification of an 01'1114 based
on Lightwave model 120-01A frequency-st abilized diode-pumnped solid state lasers will be
addressed. Specifically, the work will focus on the development of a new laser frequency
noise model and its application to the design of an 01'1,1, operating uiider weak incident

signal power.

1. 01'1.,1/ DESCRIFTION ANDPERFORMANCE SUMM ARY

Phasc-locked loops have been analyzed extensively for communications systems using

radio frequency (RF)[18, 19]. The stochastic integro- differential equation describing a
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lincarized QPLI, can be derived, using similar approach as in RF systemns, as

1 o
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where @.(t1)isthe phasc error, fy(t)isthe frequency noisc Hrocess due to both the received
signaland local oscillator (1,()) lascr, A* is the average 1¥ signal power, I p 1S the tuning
constant of the 1,0 laser,n(t) is tile additive noise, and fp(t) denotes the impulse response
of the tracking loop filter. The termn m(1) = a(1) sin[¢e(t)] is the modulation noise, due
t 0 amplitude modulation a(t). In order to kecp the analysis general, description of the
modulation format will not be specified until sect ion V. The equivalent block diagram of
the linearized OPLI describing (1) is shown in Fig. 1, where ¢(t) is the phase of the 1O

laser.

The closed loop transfer function is defined in the literature [18] as,

AK pFp(s)

N ?
Hi(s) s+ AKpFp(s) ’

where Fp(s) is the loop filter transfer function (the Laplace transforin of the impulse
responsc of the loop filter). The transfer function from fa(t) to ¢.(1), Ho(s), is related to

the closed loop transfer function by

Hy(s) = [1- Hy(s)] 3

The performance of the OPLL depends on the propertics of the input signal and loop
design. The perforinance is affected by shot noise, modulation noise, and frequency noise.
When the loop is operating in the linear region, the effects oOf each noise cau be determined
scparately and combined to obtain the net results [1 9], Therefore, the total phase error

variance can be written as

2
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where oi , 0 3,“ , 03,, are phase error variances due to additive noise, nodulation noise.
A\ ’

and frequency noise respectively.

The additive noise n(t), due primarily to the 1.O shot noise, can be modelled as an
additive white Gaussiau noise with power spectral density (PSD) Ny. The phase error

variance contributed by shot noise can be written as [19]

No .
"o B (5)

where By, is the one sided loop bandwidth defined by

I - /0 (MG )2 df. (6)

For an amplitude modulated systemn, the modulation noise can be regarded as an
amplitude noise, and can be treated in asimilar fashion as the additive noisen(t) [1 ).
The PSD of the modulation mnoisen(t) is, in general, quite difficult to obtain because of
the sinusoidal nonlincarity. However, it canbe Written using the linear approximation as
m(t) = a(1)¢.(t), when the phase error is small. Furthermore, a(t) and ¢(t) are assuined
to beindependent. This is a good approximation when the bandwidth of the loop filter
is narrow compare to the data rate and hence ¢.(2) is a function of a long history of a(t)
which is composed of many independent data bits. By letting S.(f) and Sy, (f) be the
PSD’s of a(t) and ¢.(t) processes respectively, the PSD of the amplitude modulated noise

m(t) can be written as
400
!
sit) = [ S Sa () Q
- OO
Typically, S¢, (f) is very narrow compared to So(f), and (7) can be approximated as

100
Sm(f) “\1 Salf~ 02 6p(f) df' = 02_Su(f) ¥
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where og,c is the total phasc error variance and é7( f)isthe llirac-delta function. Therefore,

the phase error variance due to modulation noise becomes

o2+ of / (520 D) Salf) . (9)
0

The phase error variance contributed by the frequency noise can be writ en as

ol - / |Ha(G2n )P Sy(f)df | (10)

were Sg(f) is the PSD of frequency noise. As will beshownin the next section, the
frequency noise of Lightwave model 120-01A lasers consists Of three major commponents: a
1/f or 1/f? component at low frequencies, a white frequency noise, and spectral peaks
that correspond to relaxation oscillations. Mathematically the PSD o frequency noise is
modelled as:

ko

k
Sif)=ho+ 51 0<f<x, (1)

By using the frequency noise model given by (11), the phase error variance cent ributed by

the frequency noise can be written as

o2 = /oole(jan)|2 [ko 1 f}l + %] df . (12)
0

It can be shown that H2(j27 f) has a ‘{zero” at f =- O for a perfect second-order
loop, whereas first-order and imperfect sccoxld-order loops clo not have this property. This
property is very desirable since the ‘(zero” of Hz(j2n f)at f = O will cancel the “poles’ of
the 1/f ant] ] /f? frequency noise components. Consequently, a perfect second-order loop
can track out low frequency fluctuation that would occur when first-order or impcx-feet
second-order loops are utilized. Interins of Doppler tracking, first-orcler and iln~mr-feet

second-order loops can track the initial phase oflset with zero steady state error but will

result in a finite steady state error when tracking the frequency offset [18, 19]. A perfect
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second-order loop has an advantage over first-o1 der and imperfect second-order loops in
that the former loop not only can track the phase and frequency oflset with zero steady
state error, but also can track the Doppler rate with finite steady state error (18, 19)].
Interms of frequency acquisition, a perfect linearized second-order 100p theoretically has
aninfinite pull-inrange whereas first-order and imperfect seco]ld-order loops have finite
pull-in ranges [1 8]. Furthermore, it is well known that perfect sccond-order loops arc
unconditionally stable [1 8, 1 9]. Hence a perfect second-order loop was chosen with the
loop filter transfer function
14 72

I+(g) = — (13)

T18

Using (2), (3), and section 2.161 of [20], along with algebraic simplifications, the phase
error variance contributed by the frequency noise for a perfect second-order loop can be

dernived as

1 1

ROy (14)
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where 90(€), g]((), and 92(¢) are defined by
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111, MEASUREMENT OF I, ASER FREQUENCY NOISE

As pointed out in the previous section, the performance of the phase tracking loop
depends critically onthe frequency noise characteristics of tile lasers. Therefore accurate
knowledge of the laser frequency noise is required inorder to design an optimal feedback
control. The frequency noise statistics of the lightwave model 120-01 A lasers were mea-
sured by first heterodyne detecting the optical signal and then performing the frequency
deviation measurement using an open-loop RF frequency discriminator at the intermediate

frequency.

An experimental setup for the IF frequency noise measurement is shown in Fig. 2, The
signal from a laser is mixed with an identicallocal oscillator laser and then detected using
a balanced detector. The IF signal is then mixed with an FM-modulated reference signal
to provide a calibration for the resulting frequency noise measurements. After the second
frequency mixing, the 1F signal is subsequently amplified and passed through a bandpass
limiter. The passband of thelF is chosen to be sufficiently wide (10 MHz) such that the
frequency drift during the measurement period is small compared to the IF bandwidth.
The purpose of the bandpass limiter is to provide AM sideband rejection, These AM
sidebands, located near 300 kHz, are due to the interaction between signal and 1,0 mean
fields withthe fluctuations in LO and signa amplitudes. Amplitude-varying noise such as
the relaxation oscillation can produce AM sidebands that, if not properly suppressed, can
corrupt the frequency noise measurement. Unlike the signal and LO intensity noises that
are located near dc and can be suppressed by using the balanced detector configuration,
these AM sidebands are located near the IF spect ral peak, and cannot be suppressed by
using a balanced detector, Since the relaxation oscillation is an amplitude noise ant] not a
frequency noise, inclusion of the AM noise in frequency noise measurements can result in

erroneous prediction of the phase tracking loop performance. After bandp ass filtering, the




1T is fed into an RF frequency discriminator. The output from the discriminator is then

amplified, low-pass filtered, and fed into a dynamic signal analyzer.

The mecasured frequency noisc power spectral density (PSD) of the Lightwave lasers
is shown in Fig. 3. The calibration] peakat 400 Hz is ducto the FM calibration signals.
Also showninthe figure is an empiric.al modcl of the laser frequency noise consisting a
white component, a 1/f component, and a 1/f? compouent. The parameters associated
with the frequency noise model showninFig. 3 arc ko= 0.2 Hz, &y = 1.5 x 10! Hz*,
and k2= 1 x 10'Hz3. It is scen fromn Fig. 3 that the power spectral density of the laser
frequency fluctuation contains a strong 1/f? component in addition to the 1/f and white
noise components. Furthermore, the measurement confirmed that the white component of

the frequency noise is less than 0.2 Hz.

IV. DESIGN OF AN OPLI,

The total phase error variance can be writter, by substituting (5), (9), and (14), into

(4), &s

1 1

2 _ e NO , d A =
04, = MF [ A By + kogo(C)]};: } k]g’(C)B?L . ’»292(()1}1? '} (19)

where By, go(€), 91(¢), and ¢,(¢) are defined by (6), (15), (16), and (17) respectively. The
functions get((), ¢1(¢), and 92(¢{) are plotted in Fig.4. Note that go(¢) is monotonically
decreasing as ¢ increases, and asymptoticall y approaches 1/16. The minimum of 91(¢)
occurs at (= 1.14 with ¢,(1.14) =- 0,19, and ¢,(({) is fairly constantfor1< ¢ < 1.5, For
all practical purposes, g¢;(¢)=g¢2(1.14)= 0.19 for 1 < ¢ < 1.5. Unlike the above two cases,
QQ(C) decreases with increasing ¢, and reaches a minimum of 1,04 at (= 0.71, and begins
to increase as ( increases further.
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The modulation factor M F in (19) is defined by
o) e ]
MF - [1 - / llh(j?nf)l?Sa(f)df-J , (20)
0
For binary pulse position modulated (BPPM) signal, the mmodulation factor canbe written

approximately as
l.’;‘L . 4 -1
2 s (@
MF = [1 / °-A,,{,2(,,,) dm] , (21)
0 z

where I is the data rate, and it is assumned that Hy (j2x f) is a p erfect low pass filter with
cut-of 'frequency By, . With this approximation,the modulation factor depends explicitly
onthe ratio of bandwidth to data rate(%’: ). As indicated in (9), the effect of amplitude
modulation onthe total phase error variance appears as a multiplicative factor. For the
case of no modulation or ill the limit as 81,/ b goes to zero, it can be shown that M F =1,
and the phasc error variance is the bracketed terinin the expression (1 9). Figure § shows
the MF as a function of B1L/Ry for 0 < B1/Ry < 2. Note that the MF increases
monotonically as Bj /R, increases. The implication is that for a fixed data rate, the
total phase error variance in ( 19) increases as loop bandwidth increases in the absence of
frequency noise. This agrees with one’s intuition that more and more modulation noise
passes through the closed loop transfer function, HI (27 f), as the loop bandwidth increases,
and hence degrades the tracking perfortance. It can also be seen from Fig. 5, that M F
is roughly equal to 1 for BL/Rs < 0.25. This implies that the effect of modulation is
negligible for an OPLL with aloop bandwidth sinaller that one fourth of the data rate

when using amplitude modulation

Because of the nature of the. BPPM input, the 01'1,1, must be able to track a phase
step input, during the “off-to- on transition” time of the signal. The height of the phase step
input depends onthe amount of relative phase drift between the two lasers during the last

off period, and the phase error at the “on-to-off transition” instant, A critically damped
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(¢ = 1) or an overdamped (¢ > 1) loop is desirable in order to minimized the transicent
effects such as ringing, and overshoots. By cmnphasizing the requirement of minimizing the
transicnts duce to the phase step inputs of the OPLL, an overdamped loop with ¢ = 1.5 was
choser @s a practical compromise between the functions ¢o(C), ¢1(¢), and ¢2(¢). A loop
filter was designed for 1aboratory demonstrations with 75 == 250 usec and 7, = 8.81nsec,
which results in an overdamped loop (¢ = 1.5) wit h loop bandwidth of 10 KHz at baseband

signal amplitude of 1 volt.

Using these parainecters, the contribution of shot noise, white frequency noise,1/f
fiequency noise, 1/f?{requency noise to total phase error variance canbe calculated,
Figure 6 shows the contributions to the totsl phase error variance from cach of the noise
components, as Well asthe total phase error variance. The figure was plotted with loop
bandwidth from O to 20 KHz, and for A?/Ng: 70 dB-Hz with no modulation. It can
be scen from Fig. 6 that performance of the 01'1,1, is frequency noise limited if the loop
bandwidth is less than 3 KHz, and is shot noise limited if the loop bandwidth is greater
than 3 KHz. A family of curvesrepresenting total phase error variance with different
values of A* /N is plotted inFig. 7 as a function of loop bandwidth for the case of no
modulation. It can be seen from Fig. 7 that the standard deviation of the phase tracking
error is less than 10° for A*/A’ > 60 dB-Hz for an OPLL with a loop bandwidth of 10
KHz, This verifies that the linear approximation made throughout the analysis is valid

when A*/N,>60 dB-Hz.

It is scen from Figs.6 and 7 that the phasc error variance decreases with increasing
loop bandwidth until a minimum is reached. Further increase in loop bandwidth will
result in an increased phase error variance. The existence of an optimal bandwidth or
minimuin phase error variance is aso seen from (19), Assumning that ¢ = 1.5, MF = 1,

and the measured frequency noise parameters, the optimal loop bandwidth can be plotted
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as a function of the carrier signal-to-noise ratio (CNR). Figure 8 shows that the optiinal

loop bandwidth inereases as 4%/No increases.  The performance of the 01’ 1,1, becomes
frequency noise limited as the CNRincreases, and therefore Letter tracking perfortnance
can be obtained by widening the loop bandwidth. Although Figs. 6-8 are plotted for the
case of no modulation) it isimportant tonote here that they are equally valid for the case

of tracking amplitude modulated signals as loug as B1./1 < 0.25.

V.OPLL FE XPERIM ENT

A simplified block diagrain of an OPLI experiment is shown in Fig. 9. The received
optical signal is detected using a balanced detector coufiguration. The balanced detector
configurat ion is used to cancel the 1O laser intensity noise [21], The IF signal is filtered
through anIF bandpass filter and further mixed down to basecband using a RF mixer and
a stable frequency reference. The error signal at the output of the mixer is filtered by a
loop filter to obtain an estimate of the phase error between the received and the LO laser
signals. The output signal of the loop filter is then fed back into the fiequency tuning

input of the LO laser.

Frequency tuning of Lightwave model 120-01 A lasers is achieved through itstwo BNC
inputs. By applying a voltage to the thermal BNC input, continuous frequency tuning is
possible over a range of 16 GHz [22], However thermal tuning is generally slow to stabilize
at each new frequency, and much faster tuning is required fen- phase locked operation.
A small PZT stack deposited on top of the Nd:YAG crystal reacts to the control input
voltage by applying stress to the lasing cavity, This altersthe physical characteristic.s of
the lasing cavity slightly, and hence the lasing frequency of the laser with a guaranteed
range of 30 MHz and a response time of a few microseconds [22, 23]. Tuning constant K p»

of approximately 1.2 MHz/V has been mecasured for the 1,0 laser.
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Although the PZT controller is sufliciently fast to track the instantancous phase of
the loop, it does not possess the wide frequency tuning range needed to compensate for the
large drift inlasing frequency. Ambient temperature drifts can cause the lasing frequency
to drift by as much as 1.2 GHz/°C. Consequently, a frequency compensationloop must
b e included to maintain the PZT controlled loop at the center of its dynamic range.
Temperature control is accomplished by applying a proper compensating signal at the
thermal control input. This compensating signal is obtained by scaling and integrating

the loop filter output appropriately.

A phase tracking experiment was perforined, and the measured phase error variance
vs. loop bandwidth is plotted in Fig. 10. Also shownin the figure are the theoretical
predictions derived using a white frequency noise of 6 KHz linewidth [12], and results
derived using the frequency noise model given in Fig. 3. It is scen from Fig. 10 that
the predicted phase error variance using a white frequency noise of 6 KHz linewidth is
3-4 orders of magnitude larger than experimentally measured values. However, measured
phase crror variance closely matches the theoretical predictions using OPLI theory derived

from the noise model given in section I1.

V1. CONCLUSIONS

Theoretical analysis indicated that the phase error variance of an 01'1,1, can be written
as a combination of the contribution from shot noise, modulation mnoise, and frequency
noise. The frequency noise contribution can be evaluated by modelling the frequency noise
spectruin as @ suin of a white component, a1/ f component, and a strong 1 / f2 component.
Contributions of shot noise and of cach frequency noise component to total phase error
variance of the OPLI have been derived in closed form to display their explicit relationships

to loop bandwidth and dainping factor. The effect of amplitude modulation on total phase
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error variance Of the ()} '1,1, appears as a multiplicative factor, and is negligible for loop

bandwidths smaller than one fourth of the data rate.

The design choice of the loop filter can be made by considering the frequency noise
components, and the transient eflects due to phase step inputs occurri ng from the natur -
of amplitude Inoculated signal. It can be concluded that it moderate eflfort in character-
izing, the frequency noise is spent initially, then the systemn performance can be predicted
accurately. Furtherimore, an OPI .1, can be designed successfully to operate under weak

incident signal power with optimum tracking bandwidth.
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Figure 1, Block diagram of the linearized OPLL..
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Figure 3. Measured frequency noise floor of the Lightwave nonplanar ring oscillator
lasers and the theoretical model used to derive the phase tracking loop
performance.
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Figure 4. Relative weight of go({‘),g1(§),92(0 as a function of ¢.
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Figure 5. Modulation factor as a function of loop bandwidth to
data rate ratio, By /Ry, ,for 0 <B; /R, < 2.
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Figure & Contributions of each noise components to total phase error variance

as a function of loop bandwidth for A%/N =70 dB-Hz, k= 0.2 Hz,
k =1.5x 104 Hz? 'k, = 1x 107Hz3and MF = 1,
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Figure 7. Total phase error variance as & function of loop bandwidth for

ky = 0.2 Hz, k = 1.5x 104 H22?, k,=1x 107 H23, and MF = 1.
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Figure 8.Optimal loop bandwidth as a function of A?/No ,for{ =15,
k0 = 0.2 Hz, k= 1.5 x 109Hz22 , k2 = 1x 107 Hz3 , and MF = 1.
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Figure 10. Measured phase error variance from the phase tracking loop experiment.
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Also shown is the theoretically predicted phase error variance derived
from the frequency noise model given in section Ill, as well as the 6 KHz
white frequency noise model.




