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Abstract

Effective compensation of phase noise in laser communication callaggrreal-time, adaptive wavefront control. We present
an analog, continuous-time, high-speed VLSI (Very Large Scale fatieg) controller implementing multi-dithering perturbative
gradient descent optimization of a direct measure of optical perfezearhe system applies parallel sinusoidal perturbations
to the wavefront over a range of frequencies, and performs pasgifehronous detection of the metric signal to derive the
gradient components over each frequency band. The systenmtepexar a wide range of frequencies, supporting applications of
model-free adaptive optics extending from compensation of slow atmeaspturbulence to compensation of fast random phase
fluctuations in the actuators and laser amplifiers. The system has beeh deste phase controller for a multiple laser beam
wavefront propagating through a highly turbulent medium. The resullicdate a compensation bandwidth exceeding 300 kHz
matching the turbulence bandwidth.

I. INTRODUCTION

Optical communications between a single sourdetransducer transmitting array and a single receiver (E)gcan be
significantly impaired due to phase noise introduced in tfstesn. Typical examples of sources that alter the phasealf ea
channel and lead to non-coherent detection of the combiiggthlsat the receiver are atmospheric turbulence [1]-[#age
noise of the laser source itself, as well as phase noiseduntexl by the fiber amplifiers [5]. These sources can be clesized
by a highly non-linear and time-varying behavior, featgrimandwidths that can exceed a few MHz. The need for highespee
adaptive controllers for phase correction is thereforeaggmt, and significant efforts in the optical engineeringhgwunity
have been directed towards increasing bandwidth and eraé adaptive optics control systems, e.g. [6], [7].

Analog Very Large Scale Integrated (VLSI) circuits haveeieed a lot of attention as a candidate means of implementing
adaptive controllers due to their advantages comparedftovase and discrete-component solutions: low-power congion,
compact size, faster computation and control of multiplanctels in a smaller area. Effective compensation of skitith
caused by atmospheric turbulence has been demonstratef8][fly using analog VLSI chips implementing the stochastic
parallel gradient descent (SPGD) optimization techniquebfindwidths up to several hundreds of Hz. A challenging tes
been to opt the adaptation speeds of such controllers, bsilppsmplementing different algorithms in VLSI, in orden be
able to compensate higher bandwidth sources of phase tdistor

A proposed alternative to the SPGD algorithm has been sidalsmulti-dithering, so far demonstrated using only deter
component hardware [9], [10]. The distinctive differenetvieen the two methods lies in the choice of the dithers supesed
to the controlling signals of the phases; for SPGD, a snmajiaude binary random sequence is applied to each cordridivie,
whereas in sinusoidal multi-dithering the dithers are sindal signals of distinct frequencies, different for eaehiable. Due
to the very nature of the two algorithms, there are advastagepplying the one over the other, according to the specific
application. Stochastic algorithms require less hardwaree they are computationally more efficient and are, thezemore
appealing when easy integration of multiple channels isleéeOn the other hand, sinusoidal multi-dithering achidaster
adaptation and can compensate for higher bandwidth destort

A multi-dithering parallel architecture for adaptive phasorrection in optical systems, its implementation in aga¥/LSI
circuits, and its experimental demonstration in an optjalver combining application, are presented in this papae T
architecture consists of 8 channels for control of up to 8spheariables and can be tiled in order to incorporate more
channels. Moreover, the architecture features additiomalitry in order to address issues pertinent to the cémifghase
and fabrication non-idealities of the phase shifters. Mspecifically:

« The dynamic range of the control variables (phases) isdignitithin programmable limits that correspond to the opegat
region of the phase shifters. Saturation is avoided by pantisly monitoring the values of the control variables and
performing voltage jumps equivalent ter Dhase shifts, whenever the controlled variables try to exdée limits. The
observed metric (received power, SNR, etc.) is not affeatetbng as the jumps are instantaneous, due to its modulo-2
relation to the controlled phases.
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Fig. 1. General considered setup. A controller is neededijisstthe signals that pre-distort the phase of the beamschtawnnel, in order to compensate
distortion later introduced by the unknown and time-varyptant.

« The common mode of all controlled variables is adjusted dsd eonstrained within programmable limits. In this way,

common mode drift across the channels is avoided.

Operation of the controller has been tested in an all-fibéicalpsetup and the performance has been measured by afiservi
the power of the combined optical signals at the receivee fHfation between the controlled phases and the obserweer po
metric is provided in Section II-A. Suppression of in-lodpage distortion and equivalent power maximization is destrated
for bandwidths up to 300kHz.

Il. METRIC OPTIMIZATION

The objective of multi-dithering gradient descent contsalo adaptively minimize a supplied metric of optical penfiance,
by measuring the gradient of the metric with respect to tharobvariables through parallel dithering [9]. Before geating
the implemented architecture, we define and review the mesed here for optical beam power combining, and show how the
well-known multi-dithering approach to gradient estimatextends td.,-norm minimization of the metric through rectification
of the gradient estimate.

As a general framework, the setup of Fig. 1 is considered.mlsilaser source is split uniformly int&/ channels, so
as to take advantage of power redistribution and maxintinadit a single spot during coherent combination at the receiv
The beam at each channel is amplified and then appropriaitelgteld at a center spot in the receiver. The beam positjonin
mechanism is beyond the scope of this paper and will not beeaded. An unknown and time-varying plant introduces a
random, time-varying phase shift to each beam causing tighitbination at random coherence levels in the receiverrdero
to ensure power maximization, a feedback mechanism is greglthat uses the information of received power and prexdsst
the phase at each channel of the transmitter, so as to coatpeirs continuous-time, phase distortions later intreduby the
plant.

A. Power Calculation
Let us assume a single optical source driviNgtransmitters aligned towards the same receiver [11], tjincan unknown
and turbulent propagation medium (“plant”) as shown in Rigand denote the wavefunction of light at the receiver, from

each transmitter, as o
ai(Ui,t) = AieriGJQTrfCt, 1=1,....n

where A; is the amplitude[J; is the phase at which light arrives to the receiver from seurend f. is the frequency of light
emitted by the source.
The resulting optical wave(U, t) at the receiver is the superposition of all wavefunctiand’;, ¢)

n
a(U,t) = ZAieriej%fct
i=1
and the total average power at the receiver will be propaatito

P(U) x R {a(U,t);z*(U,t)} = Zi,j A;A; cos(U; — U;y).

Power is maximized when all phase differendés— U; are multiples of 2, i.e., when the optical waves from alN
transmitters are coherently combined at the receiver.



B. Multi-Dithering

Sinusoidal multi-dithering in optics was first introduceg ® Meara [9] as a method for coherent adaptive optics. Hibes,
basic principles will be reviewed and the way multi-ditimgrican be combined with the gradient descent (ascent) tohni
in order to achieve optimization will be clarified. Moreouwtie advantages of using the sinusoidal multi-ditherindnnégue
over other optimization techniques will be presented.

1) The Gradient Descent Algorithm: The gradient descent algorithm, known in its continuoosetiform also as gradient
descent flow, drives a scalar metriccontrolled by variables: = (u1, us, . .., u,)" to a (local) minimum, if such exists, by

updatingu according to the following rule

du
i —GVJ(u) Q)

whereG > 0 is a constant that adjusts the convergence speed. A vadantdf (1), easier to implement in hardware, requires
only the information of the sign of the partial derivativengoonents of the gradiet J

o ——ngn(an>,z—1,...,n. (2)
Proof of convergence for the above rule is achieved by expgrtie time derivative of/ and using the chain rule
d Tdu

ZI) = (VI(w)' = = -G|vJ|,, 3
where|VJ|; = 31, \8"| denotes the L-1 norm o¥.J. According to (3), sinceV.J|; will be always non-negative] will
continuously move towards a (local) minimum.

2) Snusoidal Multi-Dithering: Multi-dithering relies on perturbing in parallel all vabies «; that control a metric/(u)
in order to estimate the gradient df It is a model-free [12] adaptive algorithm and thereforguiees minimum knowledge
about the system on which it is applied, making it ideal foplegations where the under optimization plant is time-vuagyand
described by highly nonlinear state equations. In sinugaiaulti-dithering, the dithers that perturl) are sinusoidal signals
of different frequenciesy; for each variable and of small amplitude

U; = u; + 0u; = u; + acos(w;t), i=1,...,n

Parallel coherent detection between the perturbed pesflocenmetric/ and the dithers at each channel leads to an estimate
of the patrtial derivative%, and therefore the gradient

a 0J
2 ou;’

where the overline denotes low-pass filtering. More detaildiow coherent detection can lead to the above expressioheca
found in [9], [13].

J(@) cos(w;t) =

t=1,...,n

Il. SYSTEM ARCHITECTURE
A. General description

The block diagram of a single channel for the phase contri@lshown in Fig. 2. A 3-phase oscillator generates the dithe
that perturb the control variableg at distinct frequencies;. The amplitude of the dithers can be tuned using the capacito
array preceding the output of the channel. The perturbedbleri; = u; + « cos(w;t) is applied as a control signal to tlieh
phase shifter in Fig. 1. The power metric is evaluated and phievided back to the controller. At the front-end of the trolter
the dither is used for synchronous detection — multiplaatand low-pass filtering — of the received metric. The oufgfut
the low-pass filter, as shown in Section 1I-B.2, is propaoréibto the partial denvatlvéL element of the gradierfv J. The
comparator quantizes the gradient information and an XOR gaused to select between minimization or maximization of
the under optimization metric. Finally, a charge pump ueslat, which is stored across capacitot. Further details on the
circuit implementation of the blocks can be found in [14].

B. Multiple 2 Phase Control

Phase distortions in the unknown plant can dictate contiauncrease or decrease of the predistorting phase shiéidadd
by the controller, over multiple 2 cycles. Considering candidate phase shifters, spatiht godulators (SLMs), such as
Pockels Readout Modulators (PROM) [15], microchannel SUM, light valves that use KEPO, crystals and Fabry-Perot
modulators [17] offer very high resolution [18], howeverguée control voltages in the kV range and have slow resmnse
(hundreds of ms) [16]. On the other hand, Lithium NiobataN@h®;) phase modulators have bandwidths that exceed 40GHz
[19], nonetheless suffer from drift of the phase correspantb a specific control voltage and from lower resolutiompared
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Fig. 2. Block diagram architecture of a single control ctelnifhe metric is shared by all channels in the system.

to SLMs. Since drift can be compensated by the controllerrasdlution is less of a concern than bandwidth for our specifi
application, LINb@Q phase modulators were chosen for the implementation.

Irrespective of their type, all phase modulators have atéichrange of achievable phase shifts, limited by saturatadnes
on the upper and lower end; typically, the operating rangmsm few 2 regions. A technique that has been proposed for
adaptive optics applications in order to compensate farration is the use of the Interference Phase Loop (IPL) [EA]],
[21]. In the IPL, the feedback signal used to control the phamdulator and achieve phase compensation is the intensity
of the interference between the received signal and a refersignal. Since the interference intensity is propodido the
sine of the phase difference between reference and recsigadl, the control signal of the phase modulator will beaglsv
bounded, and the bounds can be chosen to be absolutely lbarethe saturation values.

The IPL method has been so far demonstrated for compensatmmly a single phase. In this work we have been primarily
concerned about techniques that can be applied along vatmtiiti-dithering algorithm for phase compensation in atipld
channel architecture. The approach that has been follosvitldstrated in Fig. 3. The control signa} of each phase modulator,
which is the voltage across capacitor(Fig. 2) of the charge pump at every channel, is monitored biyaait, further referred
to as the “Z circuit”. The “2r circuit” comparesu; to programmable upper and lower boundsg, andv_o, respectively,
and whenevei; exceeds these limits, its value is reseto The voltage differences, o, — vp andvg — v_o, should be set
so as to correspond tor2phase shifts in the phase modulator. The reset operatiandshe ideally instantaneous. The idea
behind this approach lies on the fact that the received pé@wveroportional to}_, , ; cos(u; — u;) and therefore instantaneous
27 jumps in eitheru; or u; will not affect the power. It should be noted that the voltalifierencesv o, —vo andvy — v_ox
can be set to correspond to any multiple af s long as12, andwv_o, fall within the linear operating region of the phase
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Fig. 3. (a) Block diagram architecture of the Zircuit (b) Comparator architecture with nMOS input (c) Comgter architecture with pMOS input.

In practice, the reset time is not instantaneous and depleoittison the value of capacitar’ as well as the differences
vyor — Vg andvy — v_o,. INverters functioning as delay elements have been add#tetdesign in order to provide sufficient
time for the control value to be reset before the nMOS or pM@3ent source gets disabled. The operation of the circuit ca



be suspended by setting the signal2N low.

A simple 5-transistor design has been implemented for bothparators, as shown in Figs. 3(b) and (c). Input with nMOS
(pMOS) transistors has been chosen for comparison with pperu(lower) threshold s, (v_s2,) so that these bounds can
take values up to the positive (negative) rail.

In order to further clarify the operation of the #Zcircuit”, let us assume the case of Fig. 4, where sinusoitiakp noise
of amplitude 3 has been considered to be introduced in one channel and teddscompensated by the phase controller.
The figure depicts the resulting output phase from the maéolubsssuming that, corresponds to O rads, o, to 27 rads and
v_s, t0 -2 rads. The modulo 2 phase difference between noise and control is always O.

3m >~ —

(a)
2m

(b)

Fig. 4. Example of the ideal response (b) of the controllerwirging to track a sinusoidal phase shift (a) of amplitude 3he controller output will be
bounded between s2and 2r, however, its modulo 2 difference from the externally applied phase shift will bevays 0.

C. Common Made Adjustment

Common-mode adjustment is external to the VLSI system, lwhiowever provides the average value of all controlled
variables, and has been embedded to the testing board thatigs an interface between the system and the phase shifter
where the control signals are applied. A simplified scheenaitithe circuit is shown in Fig. 5, where avg is the averagellof a
controlled variables provided from the VLSI system, @ygand avg,, are programmable thresholds angh)eand Vsink are
the voltage biases for the current sources used for updatiée icharge pump.

avi
97 + Vp1 Vp2
_@VGhigh | _ S SET Q
Vsource
— Vsink
aVQiow + Rcoar Q g
avi
¢ B an Vn2

Fig. 5. Circuit for common-mode adjustment of the controlledseisa

According to whether the average value of the phases is atmolelow the defined thresholds, the state of the S-R flip-flop
is changed and either the first or second pair of biasing saisiselected. The biases,;\and V,; are set in such a way so
that in one state the source current is higher than the simemtuand vice versa.

IV. EXPERIMENTAL SETUP AND MEASUREMENTS

In order to interface the VLSI system with the optical phasiters, a test board was fabricated. Special attention paéc
so that all inputs and outputs were matched t6)5hd thus achieve maximum power transfer for the controlSigmals,
bearing dither frequencies up to 1GHz. The biasing currseitsng the operating point of the system were externaljysaed
through a PC. The biases need to be set once and according tmittdwidth of the system, the number of channels, the
desired dither frequencies and slew rate of adaptation.@ghows a picture of the testing board.

Laboratory experiments in a polarization-maintaining (FiMer optic setup (Fig. 7) were performed to validate theamngd
measure the performance of the controller. Results of$pese experiments using the specific controller can be foufgR].
The source in the fiber setup was a diode laser, emitting &glat wavelength of 1552.93nm with a PM fiber-coupled output.
Reflections from next stages of the setup back to the source lecked using an optical isolator. Light was then splibin
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Fig. 6. Test board used as an interface between the VLS| datertiand the optical phase shifters. Biasing is externaityvided through a PC.

up to 4 channels and phase pre-distorted using a LiNti@ase modulatori{, =3V) driven by the multi-dithering controller.
Phase pre-distortion was applied in order to compensatghfase distortion later introduced in the optical path. Toetmlling
signals were applied to the phase modulator through broatjbdagh-speed inverting amplifiers.
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Phase

Controller
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Fig. 7. Experimental setup. An external PC just sets the fgalgvels of the different blocks in the chip. Phase distoriis introduced in the path through
external noise sources (signal generators). An extra @hamith O introduced phase shift is used as a reference.

The above setup provides an ideal environment in order wyshe effects of phase noise in optical communicationgesin
other issues common to free-space communications and plmos turbulence, such as beam spreading and beam wander,
are suppressed due to the very nature of fibers. In the setimof, phase noise was emulated by introducing phase shifts
to each of the channels, through LiNp@hase modulatorsif. =1.55V) actuated by external sources.

The loop was closed by combining all channels and measuhiagrésulting optical power via a PIN photo-diode. The
photo-diode’s output voltage was used as the metric of thesy and fed back to the controller. Further details on thialp
components of the system can be found in [23]. The expergnfertused in simultaneously introducing time-varying ghas
distortions to the optical channels and testing the respohshe multi-dithering controller in trying to cancel tleegistortions
and optimize power.

Denoting asu; the phase shifts applied to the optical paths from the cietrand asu the phase distortions from the
external sources, the total phase shift introduced to ehahrel isU; = u; + u}. According to the results of Section II-A,
power is maximized when

(Ui —U;) mod2r =0« (U; mod27) —(U; mod27m) =0, Vij, t#] (4)
Applying the variable transformation; = (U; mod 27), (4) can be rewritten as
ri—z; =0z, =25, Vij, i#j (5)

Equation (5) implies that all variables will have the same value, which, however, is undetermined. Applying the inverse
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Fig. 8. Adaptation of 3 controlling outputs from the chip to Fig. 9.  Adaptation of 3 controlling outputs from the chip to
externally applied sinusoidal phase noise in 3 differerdanctels externally applied triangular phase noise in 3 differerdratels of

of the system. The sinusoidal phase distortions have fraigen the system. The sinusoidal phase distortions have freqeerndi

of 290kHz, 295kHz and 300kHz, and their peak-to-peak angditu 110kHz, 115kHz and 120kHz, and their peak-to-peak amplitude
corresponds to & phase shift. The dither frequencies for the corresponds to ar phase shift. The dither frequencies for the
control outputs were set at 41MHz, 63MHz and 88MHz. control outputs were set at 41MHz, 63MHz and 88MHz.

variable transformatio’; = x; + 2«7, x € Z and taking into account thdf; = u; + u., we have that
Ui =c+2km < u; = —uj+ ¢+ 26w, k€ Z. (6)

From (6) it is readily deduced that in order to compensatepfase distortions, the phase shift introduced by the clbatro
at each channel needs to cancel only the distortion at thextrell. This phase shift can be a Pultiple of the distortion
and will have a common mode componeat,pertinent to all channels. In the experimental setup ueedphase shift was
introduced to one of the channels (Fig. 7), setting in thiy wa= 0. Moreover, by enabling the “2 circuit”, the possible
values ofu; were limited to within only two possiblei2regions.

Fig. 8 shows the response of the controller when sinusoitiak@ distortion of peak-to-peak amplitude equaltds
introduced to 3 channels. The frequency of the distortiarefich of the channels is 290kHz, 295kHz and 300kHz. The mithe
frequencies of the controller were set at 41MHz, 63MHz anili88. The controlling voltages shown are the ac components
of the output signals from the chip, prior to inverting arfipiition. These signals follow closely the introduced disbo and
keep the received power at the photo-detector continuonihin 90-95% of the maximum achievable value. Depicted are
also two instances of the received power without any control

Using the same configuration but this time with triangulaagsh distortion ofr peak-to-peak amplitude and frequency



110kHz, 115kHz and 120kHz for each of the 3 channels, theralet response was that of Fig. 9. The dither frequencies
were again set at 41MHz, 63MHz and 88MHz. Again, the conitrglkignals follow closely the applied distortion and bring
the received power within 90-95% of the maximum achievainfit.| Although not shown in the above figures, whenever drift
in the phase modulators causes the applied phase distéotierceed the thresholds of the#“Zircuit”, the control signals
are instantaneously (in practice very fast) shifted hyir2 a direction opposite to that of the drift.

The effect of the “Z circuit” in the control signals and the metric is shown in Fif). For the experiment, distortion was
applied to only one channel, while the common mode signalseady a second channel. Control was introduced only to the
phase-distorted channel with a dither frequency of 41MHmde-distortion was a sinusoidal signal of frequency 50&hid
peak-to-peak amplitude ofr3 triggering at every cycle the ‘2circuit”. In Fig. 10, the control signal has been approiiat
scaled, so that then2shifts are better pronounced with respect to the distortibith the controller enabled, the received
power stays within 80-90% of the maximum achievable limheTeffect of the 2 shifts is minimal to the average power.

Experimental results from the use of the proposed intedredatroller in a free-space optical setup have been demadedt
and reported in [22].
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Fig. 10. Response of the system to an external sinusoidaephaise of peak-to-peak amplitude equal to&hd frequency equal to 50kHz, with ther 2
circuit enabled. At the points where the control is resed, rifetric is instantaneously left uncontrolled. The dithegtrency of the control was set to 41MHz.

V. CONCLUSION

A mixed-signal architecture of an adaptive phase contraiigplementing the sinusoidal multi-dithering techniqueMLSI
has been presented. The architecture is meant for fastieglapnhtrol in optical communications and is suitable foplagations
requiring high bandwidth phase noise cancellation, suatoagoensation of phase noise introduced by laser sourcestioalo
amplifiers. The architecture performs adaptation in camtirs-time by achieving compensation of the delay introduog
the loop. Moreover, it allows for phase control in multiple Pegions, a necessary feature for the case where performance
metrics related in a modulor2fashion with the controlled phases are used. Experimeasallts in a fiber optic setup reveal
compensation bandwidths in the range of several hundred$inf and minimal effect in the controlled performance neetri
during operation in multiple 2 regions.
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