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[. INTRODUCTION

Among the different optical modulator technologiesilable such as polymer, IlI-V semiconductor$icSi,
the well-known Lithium Niobate (LN) offers the beside-off in terms of performances, ease of use,ppwer
handling capability [1-9]. The LN technology islistvidely deployed within the current high dataedtbre
optic communications networks. This technologyl$® dhe most mature and guarantees the relialilitich is
required for space applications [9].In or der tdilfthe target specifications of opto-microwaveyfmads, an
optimization of the design of a Mach-Zehnder (MZ)dulator working at the 1500nm telecom wavelengals w
performed in the frame of the ESA-ARTES "Multi Gidgrtz Optical Modulator" (MGOM) project in order to
reach ultra-low optical insertion loss and low effee driving voltage in the Ka band. The seleateadulator
configuration was the X-cut crystal orientations@sated to high stability Titanium in-diffusionqmess for the
optical waveguide. Starting from an initial moduolatonfiguration exhibiting 9 V drive voltage @ &8Hz, a
complete redesign of the coplanar microwave eldesavas carried out in order to reach a 6 V droleage @
30GHz version. This redesign was associated to @imization of the interaction between the optical
waveguide and the electrodes.

Following the optimisation steps, an evaluationgoaon was applied on a lot of 8 identical modulatér$ull
characterisation was carried out to compare pedog®s, showing small variations between the irdtnal final
functional characteristics. In parallel, two simitaodulators were submitted to both gamma (10-1@d)kand
proton irradiation (10.10p/cm2) with minor performance degradation.

[I. OPTICAL MODULATOR APPLICATIONS AND REQUIREMENTS

During past years, innovative payload concepts dase photonic technologies were investigated byldha
Alenia Space [10-11]. Several architectures weabaiated covering different application cases iticlg (but
not limited to) flexible analogue repeaters based@hotonic centre section and photonic receir@tfends
for advanced antennas allowing digital beam form#gch architectures rely on photonic subsystentes tab
assist, complement, replace and/or extend the daigstof conventional RF subsystems including:

« Optical generation/distribution of microwave Lo€xdcillators (LO)
« Photonic RF frequency up and down conversion
« Routing ofu-wave signals in repeaters
« Photonically assisted beam forming networks
» Optical sampling for analogue to digital conversion
In this context, optical modulators play a key rinléhe implementation of such functions.
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For instance, the optical distribution of LO’s ré&gs to produce a microwave LO signal, under opfiman,
with low phase noise and optical power high enotmtbe deliveredto a large number of receivers while
meeting system requirements. The transfer of a-figfuency signal onto an optical carrier througreat
modulation of the laser current is not applicalilbigh frequencies and requiresexternal electrécapintensity
modulators. In particular, optical double sidebanddulation with carrier suppression (DSB-CS) is@ L
generation technique making use of a high-power 18%r and a MZ electro-optical modulator (EOM) bias
at minimum optical transmission, as shown in Figlr&/hen the modulator is driven by a microwavenaigt
W o/2 frequency, the optical output signal mainly eom$ the first two modulation side-bands. Optical
heterodyning at the photo receiver generates aomi#re signal at they o frequency.

Photonic RF frequency mixing for both ugnd downconversion of microwave signals can be achieved
optically by means of EOMs. The sinusoidal trandferction of MZ modulators make¢hem attractive as
mixers. In addition to a very wide bandwidth andir#mite LO to RF input port isolation, a remarkaleature

of electro-optical mixing is its ability to perior simultaneously multiple frequency-conversions.ttis
concept, shown in Figure 2, the optical mixer id f&y several optical LO’s through wavelength-dieisi
multiplexing (WDM). In this way, the RF signal dtetwre frequency driving the modulator is mixed to the
different LO’s and frequency-converted to severginals at variouswe frequencies. The most critical
requirements for the EOM in previously depicted leagpions are low optical loss, higthynamic extinction
ratio, high optical power handling capability amivl RF half-wave voltage. . More exhaustively, aficefnt
optical modulator shall, in particular:

 operate in the high frequency domain (to comphhwia band requirements and above),
 operate under low driving power (to lower the posensumption budget of the overall system)

« exhibit low optical insertion loss (to improve R&ig and noise figure performance),

« handle high optical input power (to improve RF gaimdl noise figure performance),

- feature good linearity (to meet the requirementaraflogue systems),

< come in small size (to accommodate in systems wgigeeis critical, e.g. phased array antennas),
» withstand the space environment constraints.

The Table 1 hereafter summarizes typical specifioat for optical intensity modulators used in these
applications.

ITEM TARGET FIGURE

Operating wavelength 1520 — 1600 nm
Maximum input optical power handling 200 mW

Optical insertion loss =3dB

RF operating frequency Up to 40 GHz
RF driving voltage (or power) @ 30 GHz (Note 1) =4V (= +16 dBm)
Dynamic extinction ratio >20dB

Linearity : carrier-to-3 intermodulation (Note 2) > 60 dBc
Impedance 50 ohms

RF return loss (in the band) *15dB

Optical fibre input/output PMF / PMF or SMF (Notg 3
Package hermetic

Volume =8cnt

Mass =209

Lifetime > 15 years

(Note 1) Peak-to-peak RF voltage (or power) for%Q@odulation at 30 GHz, i.e. half-wave voltageNtach-Zehnder modulator.
(Note 2) Carrier-to-Intermodulation ratio, witht@e @ 30 GHz, and power per tone 25 dB below RFe grower
(Note 3) Polarisation-maintaining fibre / Polarisatmaintaining fibre or Single-mode fibre

Table 1: Typical modulator specifications
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It is practical in microwave analogue applicatitmsise the following figure of merit (FOM) :

Fom =107 (1)

TRF

Whereagg is the optical insertion loss (dB), anggY is the effective half-wave voltage (V) at the agiarg
frequency. One should notice that the RF gain né@amplified link is directly proportional to thisoM, and
that the RF noise figure is inversely proportiot@lthis FoM. The factor of merit described herel Wi a
guideline in the following description. We describghe next paragraphs the MZ modulator.

[ll. NEW MODULATOR DESIGN

A previous assessment of different modulator teldgies highlighted the suitability of LN modulates a
mature and promising technology for space appticat{9].

Figure 3 shows a conventional broadband modulatos constructed from a Mach-Zehnder waveguide
integrated in a LN substrate. Depending on the diperformances, two crystals orientations are ptessin
many cases, for thermal stability reasons, thetakgsientation is X-cut.The reason is that theuZ-arientation
is sensitive to pyroelectric effects requiring thapecial antistatic layers in the fabrication toidvfailures due
to temperature variations. Single drive Z-cut matluls are also characterized by chirp which canabe
drawback for DSB-CS modulation.

Two technologies can be used for the waveguideidation. However, the technology called Titanium in
diffusion waveguide (TI-WG) is preferred to protexchange for thermal stability reasons. For an dugd or
intensity modulator, the design of a waveguidées Mach-Zehnder configuration with one input wavdgua
Y-branch section for spatial separation of the tripeam in two waves, two parallel waveguide armsg@ond
Y-branch section and an output waveguide playiegthe of modal filter.

Fig. 3. Microwave electro-optic Mach-Zehnder modulator

Coplanar waveguide microwave electrodes are pattiein order to allow the electro-optic interaction
between the electric signal and the optical ligbldf propagating into the waveguide. A silica buffayer is
introduced between the electrodes and the waveguideler to achieve the 30 characteristic impedance. The
thickness of the buffer is selected in order tachethe phase matching condition, i.e. the microweiffective
index is equal or very close to the optical effeztindex. Moreover, the thickness of the gold etmigs is
adjusted in order to reduce the conductor lossalljinthe gap between the central line and thedaiground
plane is designed to optimize the driving voltage.

In order to reach the targeted performances redjirirenicrowave photonic payloads, described inisadf it
was necesary to improve the initial version of Bfeotline broadband analog modulator. This initiatsion
exhibited a half-wave voltage in excess of 9 V @t@Hz and the RF and DC electrodes were separated.
Following multiple microwave and optical simulatgyra new version was designed. One single RF etbtr
allowed driving both the RF and DC voltage via alidated bias tee termination. The CPW electrodes an
optical waveguide designs were deeply remodeledrder to ensure an effective driving voltage redubg
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30% while keeping a minimal footprint. The housimgs also improved in order to reach a smaller ftachor
(85 mm long packaging while previous version wa@ &n long).

To validate the new modulator design, prototypesevgibmitted to a functional test campaign andntiaér
tests were carried out to assess their stabilitye Theasured low frequency half-wave voltage on Re
electrodes was typically 4.1 V. The;Slectro-optic response at 30 GHz in the Ka band wladB. The
corresponding effective half-wave voltage of 6.%Vhus expected to reach the aim target of 6-7 V.
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Fig.4 : Insertion loss variation (blue line) during Fig.5: DC bias drift (blue line) with temperature
temperature steps from -30°C up to +70°C variations, from -30°C up to +70°C

The X-Cut and TI-WG devices showed optoelectroeisults in compliance with the original target. Thei
high stability under temperature variations wa® atsnfirmed. The devices were hermetically sealed a
submitted to 6 steps of temperature ranging frodiC3-20°C, 0°C, 20°C, 40°C & 70°C. Each stepsldst20
minutes. The insertion loss (IL) variations (Figdreblue line) and the bias voltage drift (Figdreblue line)
were recorded and plotted for each of them, witie temperature variations are represented by aasied
line..

The tested modulators exhibited a very high bidtage stability over the whole temperature rangé) peak
to peak drift of 3 V for the worst case (1 V in tbese of Fig. 5) while at stable temperature, tfife \das very
low. In all cases, the insertion loss remainedlstéb0.5 dB) over the whole temperature range.

Based on this optical modulator prototype dedicéechicrowave photonic payloads, an evaluation thase
space applications consideration was launched. perdgraphs describe the adopted test plan.

IV. TEST PLAN

In order to fully assess the suitability of thiswnnenodulator design for the previously mentionedcgpa
applications, 8 identical samples were fabricated Rhotline and evaluated through a functional and
environmental test campaign. They were screenedthed submitted to an initial characterisation. Two
additional samples (#1946-12 & #1946-14) of simiachnology (X-cut, Ti-WG) were used for irradiatio
(gamma & proton) tests.

The test plan sequence for the different samplekasvn in table 2, and it can be summarised ol

* The sample (5246-18) was chosen as reference ntodaled did not pass any of the tests. This sample
was submitted to destructive physical analysis (D&4he end.

» The samples (#4816-11 & #6243-04) were submittedntxhanical tests only, i.e. SRS (Shock
Response Spectrum), sine and random vibrations.

* The sample #4816-18 was submitted to the thern@lura test only (0°C 70°C).

* The samples #5246-17 was submitted to endurancertlys(2000hrs)

e The sample #5246-06 was submitted to both mechaeists and thermal vacuum tests.

e The sample #5246-13 was submitted to both theramawm tests and endurance tests.

e The sample #5246-11 was submitted to the threeesegs of mechanical tests, thermal vacuum tests
and endurance tests then final DPA for comparisitim tive reference modulator #5246-18.
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‘ STEP | | DESCRIPTION | | SAMPLE #
4816-11 4816-18 5243-04 5246-06 5246-11 5246-13 5246-17  5246-18Ref 1946-12 1946-14
Production Screening SCC 5000 T T T T T T T T T T
|
Step 1 Initial Inspection T T T T T T T T T -
|
Step 2 Inital Optoetecronic T T T T T T T T T T
|
Step 3 Irradiation y T T
|
Step 4 Irradiation Proton T T
|
Mechanical Test T T T T R
Step 5 I
Thermal vacuum Test T T T T R
I
Step 6 Endurance test T T T R
I
Step 7 Final DPA T T

Table 2. Test plan sequence and samples distribution T,: e reference)

The initial and final characterisations were catrieut by Thales Alenia Space, while intermediate
characterisations were carried out by Alter Tecbggl in collaboration with Universidad Politécnica d
Madrid.

The measured characteristics were the following:

» Static E/O response, based on the output opticabpaneasurement versus DC bias voltage (no RF
signal applied). It provides optical insertion IoB€ Extinction Ratio and DC half wave voltage

* RF half-wave drive voltage (%g) by optical power measurement at minimum transionissThe RF
frequency signal is set at 30 GHZ-8rder interception point and RF voltage measurérféri,) at
30 GHz based on the two-tone measurement method.

e Optical bandwidth, based on the output optical pomeasurement versus wavelength, at DC bias
voltage (no RF signal applied) for maximum transiois at 1550 nm.

In next paragraphs, we report the results obtagmethe different samples after each tests and Wekéck
the main drift thus obtained. We focus in particuda the variations of the insertion loss and & éffective
half wave drive voltage at 30 GHz, in order to dade on the stability of the aimed FoM at the efidhis
space assessment.

V. TEST RESULTS
A. Irradiation test results

The irradiations tests were carried out in two stdp the first step, modulators were exposed tmrga
radiations with a cumulated dose up to 100 kradh witermediate characterisation and followed byried
annealing steps. Table 3 summarizes the main i@rgabf insertion loss and drive voltage. The secstep
was dedicated to proton radiations with doses utp/cn?. Table 3 summarizes the corresponding variations
of drive voltage and insertion loss.

No major degradation of insertion loss (exceedidB)1 and \fiz- were observed after the two irradiation steps
(gamma and proton) .
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Parameters | Samples 10 30 60 100 [annealing |Annealing [Annealing Proton Proton Proton
krad | krad | krad | krad 24h 168h 70°C 168h | 5x10°p/cm? | 5x10°p/cm? |1x10%°p/cm?

AlL(dB 1946-12 0.6 0.6 0.3 0.1 0.1 0.5 0.3 -0.03 -0.03 -0.05

1946-14 -04 | -1.2 | -0.8 | 0.07 -0.6 -0.9 -1.0 -0.03 -0.01 -0.02

AVICY) 1946-12 -0.1 [ 0.0 0.0 0.0 0.0 0.0 0.0 -0.17 -0.33 -0.75

1946-14 01| -02| -01] -0.1 -0.1 -0.1 -0.1 0.04 -0.02 -0.04

B. Overall test results

Table 3. IL and Vrge drifts of samples # 1846-12 and 1946-14
Gamma irradiation followed by thermal annealingpsteéhen Proton radiation

Fig. 6 shows the variations of the key parametigrse(tion loss IL and drive voltageridy) measured after

each main steps (mechanical shocks, sine vibratimmslom vibration, thermal vacuum, endurance) \aith
intermediate characterisations.
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Fig. 6 : Insertion loss IL (a) and drive voltagen\: (b) drifts during tests achievements
(red line: reference modulator)

During the environmental test campaign no deletsrieffect was observed. In particular, thermal and
mechanical tests were successfully passed by th@ulaiors tested: no dramatic variations of the main
parameters (IL & Vikr) were measured. However, thermal vacuum testsligigbd different behaviours
among modulators submitted to this test possibly tuslight differences in the design. All samplese fully
operational after the complete mechanical seriéh, wery good stability on the DCa/and RF \t @30 GHz.
Slight variation of IL parameter after random vitiwa could be observed on some samples.
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Following the environmental tests, a final functibtest campaign was performed in order to evalttae
variations of the FoM defined in (1) between thgibeing and the end of the full test campaign. Fhee
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parameters as during the initial functional testevmeasured. Fig. 7 summarises the FoM variatidriheo
samples on a chart taking into account both ctipesameters (IL and Wkg).

VI. CONCLUSION

The design of the modulators allowed reaching loseition loss (2.6 dB at best) concurrently witlatreely
low driving voltage (6V). Thus, the reached figuwok merit meets the requirements of photonic micneava
payload in particular LO generation technique. Pphetotypes were submitted to a space assessntenfinal
characterisation showed no significant drift, intjgalar relative to insertion loss. The averagseition loss
variation was found to be -0.12 dB while the averalgiving voltage drift was found to be -0.125 Vewh
comparing the initial and final characterisatioesfprmed at 30 GHz.

This evaluation carried out on new multi GigaHesftical modulators, anticipates a full space gicalifon
process. The low drift of physical parameters aifterdiation, vacuum thermal cycling in particuzonfirms
the suitability of this technology of optical modtdrs to operate in space with a proven level baldity
within future microwave photonic payload.
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