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What	  wavelength?	  

•  Op2mizing?	  	  Cost?	  	  Performance?	  
•  Laser	  wavelength	  availability	  
•  Op2cal	  amplifier	  wavelength	  availability	  
•  Type	  of	  receiver:	  Direct?	  Photon	  count?	  	  
Coherent?	  

•  Atmospheric	  transmission	  
	  



Atmospheric	  transmission	  



Laser	  TransmiSers	  
Modula2on	  format	  

	  

	  
	  Direct	  detec2on	  system:	  
	  
	  On-‐Off	  Keying	  (OOK),	  Pulse	  Posi2on	  Modula2on	  (PPM)	  
	  
	  Coherent	  detec2on	  system:	  
	  
Phase-‐ShiX-‐Keying	  (PSK),	  Frequency-‐ShiX-‐Keying	  (FSK) 	  	  



Wavelength	  Division	  Mul2plexing	  (WDM)	  



Laser	  transmiSers	  
Modula2on	  implementa2on	  

Direct	  detec2on	  system: 	  	  
	  
•  Direct	  modula2on	  (current=>	  intensity)	  

Simple,	  low	  cost,	  may	  increase	  op2cal	  spectral	  width	  	  
	  

•  External	  modulator	  
Extra	  electro-‐op2c	  component	  and	  	  
higher	  power	  drive	  electronics.	  	  	  
Can	  buy	  integrated	  laser	  +	  modulator	  
Gives	  narrower	  op2cal	  spectral	  width 	  	  



Laser	  transmiSers	  
Modula2on	  implementa2on	  

Coherent	  detec2on	  system: 	  	  
	  

•  External	  modulator	  
Extra	  electro-‐op2c	  component	  and	  	  
higher	  power	  drive	  electronics.	  	  	  
Can	  buy	  integrated	  laser	  +	  modulator	  
Gives	  narrower	  op2cal	  spectral	  width 	  	  



Examples	  



Example – direct modulation 
850 nm Vertical Cavity Surface Emitting Laser (VCSEL) (4 x 28G) 
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Digi-‐key	  Inc.	  price:	  	  $	  1551.68
	   	  	  

	  



Even	  higher	  single	  VCSEL	  rate:	  
40	  Gbps	  (8	  ps	  rise/fall)	  850	  nm	  transmiSer	  

Oscillator	  

1
0	  



Example:	  1550	  nm	  transceiver	  

•  10Gb/s,	  	  
Single	  Mode,	  
Mul2-‐Rate	  SFP
+	  Transceiver	  

Digi-‐key	  Inc.	  price:	  	  $	  870.03
	   	  	  

	  



TransmiSer	  front-‐end	  PIC	  
DFB	  with	  Integrated	  MZ	  modulator	  

Comparison	  of	  integrated	  	  InP	  to	  LiNbO3	  	  
DE VALICOURT et al.: MONOLITHIC INTEGRATED INP TRANSMITTERS USING SWITCHING OF PREFIXED OPTICAL PHASES 665

Fig. 2. (a) A cross-view of a SI buried ridge. (b) Transmitter chip mounted on HF submount. Photographies of integrated (c) BPSK & 2ASK-2PSK transmitter,
(d) QPSK transmitter and (e) packaged QPSK transmitter.

passive and different active regions made of AlGaInAs multi-
quantum wells. In SAG, different areas of material optimized for
active or passive optical function are defined in a single epitaxial
step by use of dielectric masks that locally enhance growth rate.
Unlike the Butt-joint technique, self-aligned and genuinely con-
tinuous SAG guide avoids reflection between each area whatever
was the number of engineered bandgaps. The simulated photo-
luminescence wavelength for each photonic function area of the
four-arm integrated transmitter has been calculated and more
details could be found in [8]. Up to five different material gaps
are designed and realized for this circuit with SAG (laser, EAM,
VOA, SOA and transparent waveguides). The two-arm circuit is
simpler and required three different material gaps (laser, EAM
and transparent waveguides).

Second epitaxial technique used in the realization process of
the component is the Semi Insulating Buried heterostructure for
low RC product EAMs. In addition to its simplicity (only one
single regrowth for all PIC components), it enhances the chip ro-
bustness, thermal dissipation and current confinement. A cross-
view of a semi insulating-buried ridge is shown on Fig. 2 (a).
A blocking layer prevents the inter-diffusion between the semi
insulating InP and the upper p-doped InP which finishes to bury
all the structure. The final device was coated with a high reflec-
tion coating on the laser side and with an anti-reflection coating
on the output guide. Finally, the device is mounted on a high
frequency submount in order to perform high speed measure-
ments, Fig. 2(b). The QPSK transmitter has been assembled in
a standard LiNbO3 package providing dc and high frequency
connections. In Fig. 2(e), the chip is displayed in its large box,
suggesting ∼100 times footprint reduction with InP technology
as compared to conventional unintegrated photonic components.

The monolithic two-arm interferometer transmitter is repre-
sented in Fig. 2(c). It includes eight components on chip such
as three passives (two MMI, one taper) and five actives (one
laser, two EAM and two PSs). The propagation loss split is as

follows: 2.5 dB for linear waveguide, 2 × 0.5 dB for waveguide
bends, 2 × 0.5 dB for MMI excess loss and 0.5 dB for on-state
EAMs. The output power coupled into the fiber for constructive
interference state and unbiased EAMs at 150 mA laser-biased
current was measured to be +2 dBm, under modulation the
average coupled optical power is –5 dBm. The circuit dimen-
sions are 2.65 mm × 0.5 mm, making it the smallest reported
100 Gb/s PSK-capable integrated transmitter, to the best of our
knowledge.

For the QPSK transmitter, the four waveguides are then com-
bined by a two-stage 2:1 MMI into a single output. The total
chip size is 5200 µm length and 500 µm width, which makes it,
again to the best of our knowledge, the smallest reported QPSK
transmitter [see Fig. 2(d)]. The loss split is as follows: 6.5 dB for
linear waveguide, 3×0.5 dB for waveguide bends, 3 × 0.5 dB
for MMI excess loss and 0.5 dB for on-state EAMs. A SOA was
integrated to compensate for partially such losses. Therefore the
continuous wave optical power coupled into the fiber was also
+2 dBm however the optical output power under modulation
was reduced to −9 dBm. Low bias current was used for the
SOA to prevent laser oscillations due to the non-ideal fabrica-
tion process. The chip integrates in total 19 components: five
passive (four MMI and one taper) and 14 active (one laser, four
EAM, four variable optical attenuators, four PSs and one SOA).
For the two-arms transmitters, the quality of the output signal
mainly depends on the SMSR of the laser. For the four-arms
transmitter, the output optical signal-to-noise ratio (OSNR) is
reduced due to the extra noise added by the SOA resulting of
around 20 dB OSNR.

III. INTEGRATED TRANSMITTER CHARACTERISTIC

Moving to a real device induces different sources of distor-
tions which may be considered when looking for the most effi-
cient configuration. Device limitations can be mainly attributed
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Monolithic Integrated InP Transmitters Using
Switching of Prefixed Optical Phases

Guilhem de Valicourt, Haik Mardoyan, M. A. Mestre, P. Jennevé, J. C. Antona, S. Bigo, O. Bertran-Pardo,
Christophe Kazmierski, J. Decobert, N. Chimot, and F. Blache

Abstract—Recent progresses on monolithic InP integration are
presented for achieving high-performance transmitters for cost-
sensitive metropolitan networks. We demonstrate the generation
of advanced modulation format using two types of integrated trans-
mitters with prefixed optical phases. Complex modulation formats
are generated with constellations exploiting the whole complex
plane such as BPSK, quadrature phase-shift keying, N-QIM, and
2ASK-2PSK modulation. We achieve data rate up to 224 Gb/s using
2ASK-2PSK modulation with polarization division multiplexing.
Finally, we assess its suitability for metropolitan networks with a
large number of cascaded nodes.

Index Terms—Coherent communications, integrated optics
devices.

I. INTRODUCTION

COHERENT technologies have been revolutionizing op-
tical core networks and are expected to conquer a large

market share in metropolitan and inter-datacenter networks in
the very near future. However, these segments are particularly
sensitive to cost, and therefore to footprint and power consump-
tion, while possibly facing stringent requirements from larger
cascades of optical nodes than in core networks.

In order to contain cost, several chips can be co-packaged
in the optoelectronic transmitter. For example, in [1], laser and
modulator chips were co-packaged and produced optical data
at 32 GBaud. However, monolithic integration is expected to
provide larger cost savings than co-packaging. The first gen-
eration of monolithically integrated transmitters was inspired
by LiNbO3 modulators, based on Mach–Zehnder modulators
(MZMs) and designed with Indium Phosphide (InP) technol-
ogy. In [2], four of such MZMs were integrated with the cor-
responding lasers and an optical multiplexer, but the output
symbol rate did not exceed 14.3 Gbaud per laser. More re-
cently, a monolithic transmitter incorporating a MZM with
a sampled grating-distributed Bragg reflector tunable laser, a
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semiconductor optical amplifier, and an absorber was reported
and produced data streams at 10 Gbaud [3]. Here again, de-
spite the high level of integration, the transmitter was lim-
ited in terms of modulation bandwidth by the MZM. A record
bandwidth operation of transmitter photonic integrated circuits
(PICs) (28 Gbaud/wavelength) was demonstrated however its
performances in optical transmission systems still need to be
assessed [4]. To extend this bandwidth while further reduc-
ing footprint, short electro-absorption modulators (EAM) are
natural candidates, but act primarily as intensity modulators.
However, several EAMs in an interferometric arrangement can
produce complex amplitude/phase modulation [5], [6]. We built
upon this principle our two previous reports where we showed
that a monolithic chip incorporating two EAMs and a laser
source could be used to deliver 12.5 Gbaud binary phase shift
keying (BPSK) [7] and 28 Gbaud polarization division mul-
tiplexed (PDM) -BPSK [8]. Both proof-of-concept papers fell
short of the requirements of metropolitan optical terrestrial (only
40 km distance shown at 12.5 Gb/s).

In order to modulate light along the positive and negative
parts of one single axis, the combination of two intensity mod-
ulators with a phase difference of 180° is needed. With this
approach, we demonstrated modulation formats such as BPSK
or two-level amplitude shift keying (2ASK), two-level phase
shift keying (2PSK) 2ASK-2PSK by driving the modulators
with DACs [9]. We can also generate non-quadrature intensity
modulation (N-QIM) formats in the complex plane (2-D) with
the limited number of two intensity modulators and a phase
shift different than 180° between both arms; however the imple-
mentation of such scheme based on photonic integration induces
extra-penalties due to non-ideal devices. Therefore 2ASK-2PSK
remains the less noise sensitive four-symbol modulation for-
mat which however requires 4-level electrical signals. In order
to achieve quadrature phase-shift keying (QPSK) modulation
with intensity modulators, the obvious solution consists of us-
ing four modulators with phase shifts of 0 and 180° on the one
hand, and 90° and 270° on the other hand. Such InP-monolithic
QPSK transmitter is achieved at the expense of a more complex
4-arms interferometer device which integrates 19 components.
130 Gb/s data-rate on a single wavelength is demonstrated using
such transmitter; however a relatively large linewidth and low
power of the laser were limiting the propagation distance [10].

In order to cope with the metropolitan network requirements,
we propose to use the 2ASK-2PSK modulation format and
achieve a record 224 Gb/s bit-rate per wavelength for mono-
lithic transmitter. We then show the robustness of the generated
signal to narrow filtering in optical nodes.

0733-8724 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information.



Distributed	  Feedback	  (DFB)	  laser	  
(i.e.	  includes	  gra2ng	  to	  give	  narrow	  op2cal	  spectra)	  



400G	  modulator	  



Op2cal	  amplifiers	  

•  Fiber	  op2c	  amplifiers:	  
– Erbium	  doped:	  	  1530	  -‐1570	  nm	  range	  
– YSerbium	  doped:	  1030	  -‐1080	  nm	  range	  

•  Semiconductor	  tapered	  amplifiers	  
– 625	  –	  1500	  nm	  range	  



5	  W	  fiber	  amp	  



Yb	  amplifier	  module	  	  
(just	  slightly	  too	  big	  for	  CUBESat)	  



Semiconductor	  tapered	  amplifiers	  



Semiconductor	  tapered	  amplifiers	  

slide 3www.m2k-laser.de

Characterisation – cw and qcw operation

Efficiency nearly comparable 
to broad-area lasers.

- 5mm resonator length
- coating: 1% / 95%

=> 60% wallplug efficiency
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Semiconductor	  tapered	  amplifiers	  
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Characterisation – beam quality measurements
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Semiconductor	  tapered	  amplifiers	  
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MOPA – Performance
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MOPA – spectral performance

(a) Spectrum without seeder

No laser peaks visible
⇒ Really low antireflection

values <0.01%

(b) TA5.0 with Seedlaser

• No additional side peaks

• Sidemode suppression of 
46dB

• Spectral width <0.1nm 
(limited by optical spectrum
analyzer)
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Semiconductor	  tapered	  amplifiers	  -‐4	  
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Packaging of Tapered Amplifiers

C-mount packaging with different thickness of the c-mounts 
is available. All diodes are soldered on submount by hard 
solder followed by soft soldering of submount on c-mount. 

The DHP mount can be ordered in several stages:
• The DHP-inset (DHP-I) offers a better heat dissipation by 

a bigger gold coated copper block in comparison to c-
mount designs. The DHP-I mount is fixed by two screws 
on the left and right hand sides of the copper block 
whereas the c-mount design offers only a srew hole 
directly below the chip. 

• The DHP-inset can be fixed in the DHP-frame (DHP-F-
option). This package offers a good stability and 
protection of the chip. Also the connections of the diode 
are already fixed.

Resonator lengths:
500mW => 2.0mm

1000mW => 2.5mm
2000mW => 4.3mm
3000mW => 5.0mm



PMF$for$input$seed$
laser$

Amplified$
Output$

PMF$–$Polariza8on$Maintaining$Fiber$
FAC$–$Fast$Axis$Collimator$
SAC$–$Slow$Axis$Collimator$
COS$–$Chip$on$Submount$
TEC$–$Thermoelectric$Cooler$

Leads$for$TEC$

(a) (b) (c) (d)



Ferdinand-‐Braun	  Ins2tute	  

Compact Diode 
Laser Modules 

Technology 

AlInGaAsP-based layer structures for highly sophisti-
cated optoelectronic devices are grown on 2“, 3“, and  
4“ wafers in multiwafer MOVPE reactors. Single and 
multiple GaInP, GaAsP, and InGaAs quantum wells are 
grown as active regions for use in semiconductor lasers  
at wavelengths between 630 nm and 1180 nm.

The FBH runs a highly flexible and industry-compatible 
process line for compound semiconductor devices on 
2“, 3“, and 4“ wafers. It includes an i-line wafer stepper, 
as well as holographic and e-beam exposure for sub-
micron structures. 

High-performance automated die bonding and assembly 
tools are used for mounting laser chips on submounts 
and for assembly of laser modules. Micro-optic com-
ponents are fixed in place using an adhesive technology 
which is qualified for space applications and enables 
stable attachment with sub-micron precision. 

The performance of these high-brightness, high-power, 
narrow linewidth laser diodes is comprehensively char-
acterized in FBH’s test laboratories by using state-of-the- 
art measurement technology.

1   High-precision mounting – integration of optical and electro- 
optical components into a space-compatible, Doppler-free  
spectroscopy module

2   Handheld probe with implemented dual-wavelength diode laser 
for mobile Raman & SERDS spectroscopy

3    Small-sized yellow-emitting diode laser module, suitable for  
analytics in medical and biological applications

4   Integrated ps laser light source based on semiconductor devices 
used as seed laser in material processing

5   Space-compatible micro-integrated MOPA for high-precision 
spectroscopy

6    Compact diode laser module for holographic display technology

1

4

6

5

2 3



Laser	  Receivers	  

Direct	  detec2on	  system:	  
	  
Detector	  wavelength	  sensi2vity,	  area	  and	  bandwidth	  are	  key 	  	  
•  “Large	  signal”	  –	  linear-‐mode	  avalanche	  photodiode	  (APD)	  

	  	  Not	  discussed	  here	  
	  

•  Photon	  coun2ng	  
•  Large	  area	  photomul2plier	  tubes	  (PMT)	  
•  Geiger-‐mode	  APD	  arrays	  (Large	  area	  due	  to	  array)	  
•  Linear-‐mode	  photon-‐sensi2ve	  HgCdTe	  APDs.	  	  Need	  to	  cool	  to	  77	  K.	  
.	  	  	  	  	  	  Not	  discussed	  here.	  
•  Superconduc2ng	  nanowires:	  	  Need	  to	  cool	  to	  1-‐4	  K.	  	  	  

Not	  discussed	  here.	  



Photon counting detector array 
Sensl Silicon (400 – 1030 nm?) APD Array 

Detector:  Sensl MicroFM-SMA-10020 
Lot # 131218 
 
Active Area: 1mm x 1mm 
# of Cells: 1144 
Fill Factor: 48% 
 
 
NOTE: New “Red” version available 
with higher near-IR QE.  
 
Price:  ~ $500.00  
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Sensl	  –	  photon	  detec2on	  efficiency	  (PDE)	  
“Red	  sensi2ve”	  wavelength	  response	  



Sensl APD array 
Communication performance (@850 nm) 

29 

RZ-OOK 100 Mbps data rate with PRBS=2^31-1  
Operated with similar results to 400 Mbps 

1.”Novel photon-counting detectors for free-space communication” M. A. Krainak ; G. Yang ; X. Sun ; W. Lu ; S. Merritt ; J. Beck 
 Proc. SPIE 9739, Free-Space Laser Communication and Atmospheric Propagation XXVIII, 97390T (March 15, 2016); doi:
10.1117/12.2213190 
 
2. “Low noise, free running, high rate photon counting for space communication and ranging” Wei Lu ; Michael A. Krainak ; Guangning 
Yang ; Xiaoli Sun ; Scott Merritt   Proc. SPIE 9858, Advanced Photon Counting Techniques X, 98580T (May 5, 2016); doi:
10.1117/12.2225925 
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Fig. 8. Jitter histogram from SPM2 with fitted Guassian curve. The FWHM is
65 ps.

Fig. 9. SPM microcell gain as a function of over-bias.

avalanche event divided by the charge on an electron. The gain
is a function of detector bias and temperature. The intra and in-
termicrocell gain variation can be determined from the FWHM
of the photoelectron peaks

Fig. 9 shows the microcell gain increases linearly with de-
tector bias and is greater than 1 10 at 0.7 V above the break-
down voltage. A similar dependence and gain value was found
for SPM1.

G. Dark Rate Measurement

The dark rate was recorded using the counter function on
a 54641A Agilent oscilloscope. The counter function counts
trigger level crossings and displays the result in Hz. The dark
rate is a function of the trigger level and to record the rate of
single level Geiger pulses the trigger level was set at half the
peak height of the single Geiger pulses.

Fig. 10 shows the dark rate as a function of over-bias for
SPM1 and SPM2 at room temperature and at 20 C. At room
temperature the dark rate increases linearly at a rate of 0.95
MHz/V for the SPM1 design and 1.67 MHz/V for the SPM2
design.

Fig. 10. Dark rate as a function of over-bias for SPM1 and SPM2 at room
temperature and at 253 K ( 20 C).

Fig. 11. Arrhenius plot of SPM2 dark rate at 2 and 3 V above the breakdown
voltage. The activation energy is 433 meV at 2 V above breakdown.

As the dark rate at room temperature is thermally activated it
is a strong function of temperature. Fig. 11 shows an Arrhenius
plot of the dark rate of SPM2 at 2 and 3 V above the break-
down voltage. The plot gives a dark rate thermal activation en-
ergy of 433 meV at 2 V above breakdown and 388 meV at 3 V
above breakdown. These activation energies are close to half the
bandgap of silicon (560 meV) and are indicative of thermal gen-
eration from a single trap level in the depletion region [20].

H. Optical Crosstalk

The optical crosstalk probability can be estimated by the ratio
of the count rate at the second photoelectron level to the count
rate at the single photoelectron level. The count rate at the single
photoelectron level is measured by setting the threshold at half
the peak height of the Geiger pulses while the rate at the second
photoelectron level is measured by setting the threshold at 1.5
times the Geiger pulse peak height. The measurements were
taken at 253 K to reduce the primary dark rate. At room tem-
perature were the dark rates are of the order of megahrtz, there

“Performance of 1-mm ︎ Silicon Photomultiplier” A. G. Stewart, V. Saveliev, S. J. Bellis, D. J. Herbert, P. J. Hughes, and J. C. Jackson  
IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 44, NO. 2, FEBRUARY 2008 157 



Hamamatsu	  InGaAs	  Near	  Infrared	  Photomul2plier	  Tubes	  
-‐	  Device	  Descrip2on	  

TE cooled (turn-key operation), QE~18% (custom device) at 950-1600 nm 

HV supply and PMT housing 

TO-8 PMT package with 
transmissive photocathode 

H10330-75      TEC cooled with no vacuum pump
Photon Counting Performance

31	  

Devices on hand: 
s/n BB0059 (QE=10%) 
s/n BB0085 (18%) 
s/n BC0018 (12%)      
      (currently used) 
s/n BC0015 (12%) 
s/n BC???? (8%) 
s/n BC???? (3%) 



Microchannel	  plate	  PMT	  	  
(350	  –	  700	  nm)	  



Coherent	  receivers	  

Beyond	  the	  scope	  	  of	  “laser	  and	  detectors”	  talk	  
	  
	  
But	  “simple”	  idea	  is:	  
	  
|	  Signal	  +	  LO|2	  =>	  	  cross	  product	  =	  Signal*LO	  
	  
Thus	  we	  “mix”	  (i.e.	  mul2ply	  )	  the	  signal	  and	  LO	  on	  a	  “square	  law”	  detector	  
	  
“Square	  law”	  detector	  is	  typically	  a	  high	  speed	  PIN	  (posi2ve	  intrinsic	  nega2ve)	  
semiconductor	  detector.	  	  	  
	  
“Gain”	  comes	  from	  a	  “big”	  LO	  rela2ve	  to	  a	  “small”	  signal	  	  
	  
	  
LO	  =	  Local	  Oscillator	  



Coherent	  receivers	  
Defini2ons:	  
	  
Differen2al	  Phase	  ShiX	  Keying	  (DPSK):	  	  
“Trick”	  is	  to	  operate	  at	  one	  fixed	  clock	  frequency	  and	  delay	  the	  signal	  one	  bit	  with	  
a	  “delay	  line	  interferometer”.	  	  Then	  =>	  “mix”	  the	  signal	  with	  a	  delayed	  version	  of	  
itself.	  
	  
Heterodyne:	  Mix	  with	  LO	  to	  give	  a	  fixed	  Intermediate	  frequency	  (IF).	  
	  
Homodyne:	  Mix	  with	  LO	  at	  the	  exact	  same	  frequency	  (i.e.	  IF	  =0	  also	  called	  
“baseband”)	  
	  
Intradyne:	  Mix	  	  with	  LO	  at	  variable	  frequencies.	  	  I	  call	  this	  –	  “use	  a	  digital	  signal	  
processor	  (DSP)	  to	  figure	  it	  out”.	  
	  
I	  and	  Q:	  In-‐phase	  and	  Quadrature	  (i.e.	  90	  degree	  phase	  shiXed)	  
	  
Constella2on	  diagram:	  	  NOT	  a	  set	  of	  CUBESats	  in	  space.	  	  Rather	  a	  plot	  of	  the	  
possible	  symbols	  that	  may	  be	  selected	  by	  a	  given	  modula2on	  scheme	  as	  points	  in	  
the	  complex	  (real	  and	  imaginary)	  plane.	  



Coherent	  receivers	  

•  Because	  we	  are	  “mixing”	  signals	  to	  recover	  the	  temporal	  
phase,	  we	  need	  “single	  spa2al	  mode”	  =>	  in	  short	  =>	  we	  
typically	  need	  single-‐mode	  fiber.	  	  At	  1550	  nm	  wavelength	  
“single	  (spa2al)	  mode”	  fiber	  is	  typically	  9	  microns	  in	  
diameter	  (standard	  is	  SMF-‐28	  fiber).	  

•  Due	  to	  atmospheric	  turbulence,	  we	  need	  “adap2ve	  op2cs”	  
to	  efficiently	  focus	  the	  light	  into	  a	  single-‐mode	  fiber	  

Wrapping	  up:	  	  	  
	  
There	  are	  plenty	  of	  commercial,	  high	  speed	  (mul2	  Gigabit),	  
erbium	  fiber	  preamplifiers	  and	  PIN	  diode	  detectors	  



Example:	  Coherent	  receiver	  detector	  


