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RF Mixers

Consider RF signal processing:

RF mixers
V(o V(w,, * o,
(@) (@10 >)
(Weak) < V(w,,)V(w,)

V(w;,)|(Strong)

Typical RF Signal Processing Applications

Heterodyne mixer
— shift carrier

Gated mixer
— sample

Phase detection

1) Heterodyne mixer

V(a)) @, @)
CW V(a)w)

(2) Sampling/gating
Vi JIMLINI ® LI Vou

Clock ﬂ_ﬂJ]_



Optical Mixers

Consider RF signal processing:

RF mixers
V(a)s) V(a)LO i a)s)
(Weak) o V(wyo)V (w,)

V(w;,)|(Strong)

Optical-Frequency Mixer
E(w;)

2 E(w, - w,)

X

E(®,) « E(w,)E (o)

Closely analogous to RF mixer
but more difficult to implement

Many communications applications

WDM: wavelength conversion
TDM: mux/demux

OCDMA: correlator
dispersion/nonlinearity correction
switching ...

)

Optical Signal Processing Applications

(1) Wavelength Converter

E(w) Elo,- o)
_n—n-l_l-l OF mixer |-I U Ll L
I
— I
CW E(w)
(2) MUX/Sampling

E(w,) E(a)p- o,)
JULTLIII | LI

I
Clock ILILIL E(w)
(3) Spectral Inverter/Phase Conjugator

A

I
pump



Optical Mixers

Consider RF signal processing:

RF mixers
V(a)s) V(a)LO i a)s)
(Weak) o V(wyo)V (w,)

V(w;,)|(Strong)

Optical-Frequency Mixer
E(w;)

X(z) E(w, - w,)

E(w,)

« E(w,) E"(@,)

> 3000%/W conversion efficiency
> 70 nm conversion bandwidth
> 1 THz modulation bandwidth
> 50 dB dynamic range
pump power 10 ~ 20 dBm

)

Optical Signal Processing Applications

(1) Wavelength Converter

E(w) Elo,- o)
_n—n-l_l-l OF mixer |-I U Ll I-
I
— I
CW E(w)
(2) MUX/Sampling

E(w,) E(a)p- o,)
JULTLIII | LI

I
Clock ILILIL E(w)
(3) Spectral Inverter/Phase Conjugator

A

I
pump



Optical Fiber Communication Systems

EDFA :
N Ao Single Channel
1550 nm -2 PP ] UU Lo jimited bit rate (10~40 Gbrs)
Low loss of optical fiber
Erbium Doped Fiber Amplifier (EDFA)

Time-Division-Multiplexing (TDM) Wavelength-Division-Multiplexing (WDM)

| x |
|\ o,
B/ .U\

WDM (0.8 nm/ch)
100 channels x 10 Gb/s =1 Tb/s

Single A TDM 640 Gb/s
WDM+TDM: 19 Chs x 160 Gb/s = 3 Tb/s (NTT)



Demanding All-Optical Components

All-Optical Transport Layer
( Efficiency, Capacity, etc.)

Dispersion/Nonlinearity Compensator

EDFA

A Add/Drop A Converter A Router
A ho —2P A, A Ay —P) M
1742 1743 1 2 }\‘1 }\‘2 7\‘3 }\«2
Ao hg g
Cross-Connect Switching
A A

7‘1\0
7\42 7\,3 7\‘1_<}\’
A3 >< Ay 1

Optoelectronics

Electronics

wavelength
speed




Wavelength Conversion Technologies

Opto-electronic (O/E/O)

Incoherent wave mixing (SOA-based)
— Cross gain modulation
— Cross phase modulation

Coherent wave mixing
— ¢ : four-wave-mixing (fiber, SOA)
— | x'2): difference frequency mixing

Has most of the parametric properties of FWM

No FWM crosstalk
and

with more flexibility by engineerable QPM structures

Tractable Issues of All-Optical A-Converter

Multiple
WDM As
Bandwidth

+ Transparent

Penalty-Free
A-Conversion
Input Power
Dependence
Optical

Communications
Laboratory

Polarization
Dependence

Extinction
Ratio
Degradatio

Format
Dependency
> Efficiency
Additive

A. Willner

USC

>> 100 GHz speed
> 60 nm bandwidth
format transparent

> 60 dB dynamic range



RF Mixers vs. OF Mixers

RF mixers OF mixers
= E E(a)out = a)p i a)s)
Viw,) Viw,, »wp tw,) (0,) I
(Weak) T
TV(a)LO) (Strong) Pump E(w,)

- Strongly nonlinear elements available | * Only weak nonlinearities available
-prototype: diode junction P, o« yPEE, + 49

/
: A

! P

* Lumped mixers possible * Distributed mixers necessary
-L << A -L>> )
- broadband and low conversion loss - requires phase velocity matching

Previous lecture: QPM waveguide techniques to solve this problem




Outline

Introduce optical mixer

Physical implementation
— QPM and waveguides

Basic device properties
— simple and cascaded operation

Applications
— WDM
— OTDM
— OCDMA

Limitations on existing devices; advanced designs
— engineered tuning behavior

— distinguishability of input and output: balanced mixers
— quasi-group velocity matching

— polarization independent operation



QPM Wavequide Interactions

T— —

~ Buk ™

Diffraction limits useful confinement
tradeoff spot size for interaction length

Waveguides eliminate this tradeoff

L

< »

— A -

surface

P 4
]O)u =n[%/W]P,,

S
(2) 2 g2
V4 L~ . , AkL
o sinc ~ (———
7 n’ A ( 2 )
H_/ H_J A v J
Material Device Dispersion
properties geometry

Waveguide e

e 1 ~3000 %/W ;P 5~100 mW
— 100 % conversion efficiency
— 10 log (P,,/P;) =0dB

out

e Waveguide

- Tightly confined mode A \L
- Longer interaction length L T

- increase mixing efficiency > 103




Integrated Waveguide Structures

.

d O

Frequency conversion section
Mode filter & taper (domain inverted)

<

LO ~ 780 nm
ﬁA

Signa ~ 1550 nm|

—>

Directional coupler

Output

» Integrated mode coupling structure to couple 780 nm & 1550 nm
— tapers for mode transformation
— directional coupler for combining LO and signals
— in & out for fiber pigtailing
— independent optimization of each section

« < 3 dB fiber-to-fiber passive loss for 5 cm device



Difference Frequency Mixing (DFM)

Difference frequency mixing (DFM)

E(®) (1550 - A nm)
S '

—

Elw,,,, ) (775 nm)

pump

periodic patterning of y(?)

(2)
T EI I ey~
(~1550 + A nm)
E,, o EpES*
« L |

P, =kL’P,P, : Linear at fixed pump power
= 1y[%/ W]P,P, scales quadratically with L

S
o S

1550 nm

E,, < E,E; :Phase conjugate output

k[%/W —cm*]oc 9%/ 4,
7[%) W] =k



Typical Mixing Efficiencies

P

out

= k[’P,P,
= 770[”/_1 ]Ppljs

S
W] Bt

1550 nm

early work:  77,~5 W'

system expts: 7,~10--15 W'

current: 7o~35 W1 (104 x bulk)
maybe: 170>50 W-1

» Efficiency has improved over last five years
— application results based on various quality devices

0dB @ 20 -- 30 mW pump

parametric amplification for higher pump powers



1.5 um band PPLN A-Converters

Normalized efficiency > 500 %/W

Tapered Wavaguide
780 nm Directional coupler
Local Oscil WOM Channel shifting
Sianal ' Region
igna L
1534 nm
1583 nm

4-5 cm interaction length

wavelength (nm)

45 nm
= 0 1 1 1 1 1 > 1
E |
S -10} 4dB |y
= |
= -20| | signal .
o |
3 30k Output
o s
E _40 | 1 1 1 L |
£ 1540 1560 1580
o

-4dB @ ~ 90 mW of 780 nm pump

Mixing bandwidth exceeds EDFA gain BW

Relative conversion loss (dB)

EDFA ~ 40 nm
4+—>
0F by '. ° L ™
2k
4 F
70 nm
6 F
8t
-10 L 1 1 1 1
1520 1540 1560 1580 1600 1620

Wavelength (nm)

Linear over 50 dB measured range

-60 -40 -20
Input (dbm)
Chou, Hauden, Arbore, Fejer, Opt. Lett. 23 1004 (1998)

0




1.3-1.5 um band bi-directional A-conversion

3 um
e o] §
710 nm 710 nm
—_ 0 L B B B B e B O_ L T T T "l ]
o Signal . : - | | ~-9dB Signal :
= (Input) 2B 3 X (input) ;
€ 10 1 -10 lf .
= Output : : Output .
8] : a :
o) . . .
o ] y ]
P .20 . 20 F ;
) : ; :
2 : :- \ :
ch : : :
_30 M I PN B EPEPEPEPE B | N B _30 P EFEFEPEPE B RPN PN PR P
1300 1400 1500 1600 130 1400 1500 1600
Wavelength (nm) Wavelength (nm)

« Efficiency ~-9 dB with 40 mW pump at 710 nm
— same for 1.5 um -> 1.3 um and for 1.3 um -> 1.5 um

M. H. Chou, K. R. Parameswaran, M. A. Arbore, J, Hauden, and M. M. Fejer, CLEO ’98



Wavelength Conversion: Cascaded y®?

Doyt = -
® , (1550 nm 1D A P= o out =2ay, - W,

20p—0
—> P~ s
X(z) : X(z) = Xeff(3)'—>

behaves like FWM - “effective y®”

. 2 p2
Use y@twice: SHG : ogye=2 o, b, =kL'F,
DFM : 0gy = Ogug- 0s=2 0= 05 P, ~xL'P, P ~x’L'P.P
» High efficiency “pseudo” () device:
— all the advantages (switching speed, format transparency, etc)

— compact, avoids SBS, unwanted FWM products, ...

[Stegeman, Banfi]



Cascaded Multiple Channel Conversion

0
EDFA>| BPF PPLN WG £ -20
\ (Y@ y®) ==
/ E -40
=
(=
OSA H ol 60
T T T
1530 1540 1550 1560
Wavelength (nm)
* 4 channels same efficiencies 0 l - T T
High efficiency — B 7
-7 dB fiber to fiber w/ pump 200 mW S 20 -
L=
~2 dB parametric signal gain ~ B 7
. L 40 | W\, -
 S/N did not degrade = JULG
wideband (70 nm) g I A .
-60 | -

|. Brener . - l !
Lucent Technologies @ 1 520 1 540 1 560
e neator W avelength (nm)



Dispersion Compensation by Mid-Span Spectral Inversion

Mid-span Spectral Inversion:
10 Gb/s, 100Gb/s system tests Transmitter

chirp J\. o, o B
:% - @ E [: @ E D _________________________________________________
Spectral Inverter = ‘ |
InM I IM Out 10 Gbis, PRBS

................................................................................

. Error e Y ECL
/\ ! Detector
1 :

. recompress

|. Brener
Lucent Technologies

Bell Labs Innovations




Cancellation of Four-Wave Mixing by MSSI

Simple MSSI does not work in lossy fiber
loss breaks the symmetry

@ OPC/SI

D,a,n, E D,a,n, -
T ﬁ

—>

/\_/\_
_ A
A
A

N
A

MSSI + Raman amp will cancel Kerr efects
distributed gain symmetrizes the system

P P }
N |
\\ {’
Q ]
\ ///”
z z
§§ 22 LiNbO, (‘)
OPC
F1 FZ
D,a,n, D,o,n, Raman

pump

Two 75 km spools of Truewave fiber
launch 3 dBm at each of two wavelengths

i

17 dB Raman gain — 15 dB lower 4WM

Leoor Unconverted 0 1=25GHz

-
= channel ol
'S e
qg_) % 200
5 . Converted o)

= 30

channel S —

N | )
1544 1546 1560 15

Wavelength (nm)
AA =50GHz

-40 L ///v 1
- 1543 1544 1560 1561 1562
Lucent Technologies
Bell Labs Innovations |. Brener AA=25GHz



SPM and XPM Cancellation

Simulation

Experiment
10 x 80 km WDM network 2 x 80 km WDM network
5 channels, 4 dBm launched 1 channel, 100 Gb/s
5.
41
. . 31
Dispersion ) vd (b') ]
i - & - Raman Gain=xxdB (14A) [
compensated | 6 —e— Raman Gain=xxdB (15.54) / -
0 St ), -
4 ‘ %\ 4+ /ll .
= 5 [ 100 Gbss, 2x80 km, ) i
s S T ,[  2'PRBS / -
MSSI E?2 e ]
z ol i
& 0 -1 1 . 1 L 1 . L . 1 .
6 7 8 9 10 11
3 3 Launched power (dBm)
MSSI 2 2
+ Raman 1 1
0 0
0 100 200 300 O 20 40 60 80
Time (ps) Time (ps)

Lucent Technologies
Bell Labs Innovations |. Brener



Commercial Units in System Tests

640 Gb/s (16 x 40 Gb/s) over 800 km SSMF

* No in-line dispersion compensation
— only pre- and post-compensation

Khoe, Eindhoven TU
Spalter, Siemens
Sher, Lightbit

Intensity (dB)

-610530 1535 1540 1545 1550 1555 1560

w
S

Wavelength (nm)

A, Tx 42.6G
; Pre 100km
l‘ comp SSMF
16 &4x
PPLN
Rx 42.6G X (@, r
Post 100km
comp L SSMF
m | ”\ \ 102
1l
| ||‘ ||| |
|r| Hl "T * H h
I :
|| |||| I||“ ‘ m 104
I || |
|H | | | ‘ mlnput N B e
L] - 10
output ‘ o
1530 1535

Wavelength(nm)

1545



log(BER)

Higher Speed Operation of Wavelength Converter

 Theoretical speed >> 1 THz
— tested to 160 Gb/s

160 Gb/s back-to-back 100 Gb/s MSSI
14 ——r———+—+——
® Back to back M OTDM @ Iy s
Transmitter B Back to bac
1E5| B Converted b) & A 100 Gb/s 80 km 1E-4 | ® Converted
' § 1E-5 1
s s il
1E-6 (a) & & | (b) ] on | 2 1E-6
, i iy [ 1 g : % 1E-7 L
M&—&
1E-7¢+ 3% | 9 1es|
£ &
F 3 ;| ,. = 1E-9 r
1E-81 ISR 5 TP | | 100 Gbls
. 3 50 100 150 200 250 300 1E-10 | PRBS, 2 *'-1
"‘ % Time (ps)
1E-9 | R SR Y \ @ B 34 3230 28 26 24 22
OTDM .
Time (20 ps/div) Receiver Receiver Power (dBm)
1e-10p 100 Gb/s 80 km

-30 -28 -26 -24 -22 -20 -18

Receiver Power (dBm)

<0.5 dB penalty

Lucent Technologies
Bell Labs nnovations 6 |. Brener



160 Gbit/s OTDM Mux

o « 8 x 20 Gb/s operation with 8 parallel
B PPLN devices and 2 PLCs shown
20 Gbit/s NRZ 10 ps/ciy * recently silmilar 4 x 40 Gb/s
ptIC{ﬂ Ghit/s
T
S r:.h.:z: /_D
R hoa . //_C)
< e 7 i ch.3 .

ch. 4 ; 1'!/ :
ch.5 ////_:

ch. &

160 Gbit/s RZ 10 pe dy

ch. 7

¥ ¥ ¥ N

i e
/r//////: 160 Ghit/s

X x_, -8 OTDM signal
time coupler 1536 nm

1x8 ax1

r:ouplr:‘er COLIFJ'I?!T 12345?;3?2?455?8
T Y PPLN AMATIAY

_ tima PLC-L i
c-p:gtlclal .EE"_@HE waveguides T

I I
1 = MUX oulpul
) o bassling
10"

= ¢

20 GHz clock {0 ps/div m?” \\i
o )
NTT ®) oharaetal, CLEO 2002 it

Reczived power (dBmi

=

=

o

n
e o i TR
bopii 5 £ 1 .

BER




160 Gb/s Transmission

OTDM-MUX

2x1 PPLN
Couplar veguida
LT

1 PLC

:"!

fy

L

]
m

Opfical spactrum of MUX output

10 Gh/s NRZ
signals
oh 1 40 Ghb's
aﬁg 1010 40 Ghrs optical

T e [TV modulation
G_h' 18 1 signals

CW Laser| |Optical (Ch.15813)

1 Source Modulator][ich. 2,6,10,14)

: (Ch.3,7.1115)
Ch. 4 (Ch. 4,812 18)
Ch. 8
Ch.12
Ch.18 40-GHz

optical clock

1]
1 x4 Coupler

1 x4 Coupler

Transmission line 80 km (SMF+RDF)

™~

MMImupIEr WDM mup‘llar SOA-Army
1

F-‘nrl%

l/,mo Gb/s OTDM signal

20-GHz optical
control pulse train

NTT (©)

Paor2

OTDM-DEMUX

A

W

100 ps

Chi 2

34 5 B T 8 8

10 11 12 13 14 15 18

X

et YN d RS
L Lk L kD
e

rMUX ——

Laloiube (e Li

= | 40 Ghb/= optical
= medulation =ignal
m
-
=]
=]
g
=y
g L
2
= 16256 1636 1645 165G 1566
BPF Wavelength (nm)
160 Gh/s
OTDM signal
10
20 to 10 Gb's -#Chi
210) DEMUX X .0
Ch. 3,11} {0
Ch.442)
Ch.513)
Ch. 6,14)
Ch.7,15) @
Ch. B
Ch.B,16) oh 18 g 10
20 Gb/s optical 10 Gb/s signal: £
demultiplexed signals 5
10
10
10

-6
™ _16
EE-ZG S e S
\ 2.7dB [ E
)
7 £ é'% i85 0 15
E ® Channel
_ rst
8 fel
Best 6)
channel
10 (¢h. 15) | —
-1 L L Ll T T PR
=28 =26 =24 =22 =20 =18 -1€

Received optical power at 160 Gb/s (dBm)



Principle of Optical Sampling

Sampling oscilloscope
traditionally electrical sampling of electrical signal
faster operation: Optical sampling of optical signal

signalf pulses JV\J\,W\,\/\
NN Jl_ﬂ L /A\/n\om

2l NL

ﬁ JL Jl A A- detector
Gated mixer

sampling pulses

I:>sample

fop=Fo/N-Af

monitor

NTT (©)



Optical Sampling of 160 Gb/s signal

PPLN waveguide as nonlinear mixer:

160 Gbit/s "data" pulses —~

10 ps

NTT (©)

PD

M;TRL TDM.- 5
L Ll s
10 GHz h %
1.544 um X16 g
Time
Sampling pulse [I]]]]
ML-FRL 0.8 ps > oBPF
#2 Length: 40 mm
10 GHz Period: 14.7 um
1.555 um
Trigger Oscillo-
P| scope |«
Issue:

Temporal resolution « 1/Length: 13 mm = 1 ps
Sensitivity o« Length?
Discuss "quasi-group velocity matching" later




PLL

| | 160 Gbit's = " 20 GHz optical clock |
| I S 160 Gbit/s
I | ==l Cross signal -
} | o correlation
! ! ot signal _
[ [ l =
| | :
| | g
Optical “0
A — 2o
| 20 GHz ! oscilloscope =
e ___ optical clock | ..., ..  resoltion: 0.01nm |
a 1530 1535 1540 1545 1550 1555 1560
. Wavelength {(nm)
160 Ghit/s
______________________________________________ signal
: | -
' L l 160 Gblt/s signa
' PLL circuit I . .
| [~ @ |§| | E il F P P
B———. A N T FHIFUTEIREINVIEL
optical clock r r r
b = | center: 9.95328 GHz
. .tj -S = . L T
 PLL to lock 20 Gb/s optical clock to 160 Gb/s B [ o s
. . = = :
optical signal o |
— 150 fs jitter (10 Hz--10MHz), 400 fs drift ﬂ H
. . . . . o " g 28 G
— PPLN high efficiency, low noise optical i sﬁl‘m?lt_ ::‘EE@_ PenE |
— = D3
correlator = resolution: 3 Hz
W
=
@
=
Frequency
E _40 "~ r
= ™|

-50
0 300 6800 900 1200 1500 1800
NTT Elapsed time (second)

b



More Complex Processing Functions

OFM enable time-gating and A-switching Multi-wavelength-channel header
Add time delays via FBG recognition
— enables more complex functions IH ol 11 t
T|me slot mterchange ot Numbers MW WJIMWMWM Wﬂﬂw -
Ty ot Strcam WWWWMWM RN 7= oo
® /\/ 't \/\ /v \ N 0 g S
T T T S g
\m Jv\j \/ \ \. L \w/ \u 1\ j ‘\“_W/ (d) M MWWMMWJL _______ MMW M . Sgﬁtcc
EEERCEHEEREEEEERERERE 2 S JWWMM MW ) o
| )'10016100'11'11'fof0 F0017011706000 Time slo ©) MJJWWWJML— M | ox¢)
AT LT — e
L/ \./ i‘i@f - \/ \.J % \W-J
INPUT Optical Label Swapping OUTPUT
(Sidlabel ) Ol%a
SN AN AN M AN i i p P
«’VJ} l\f ]L \%N{ llg’af(‘\hmj[ lkf llJ\ij lllbj ./U*ﬂuj z \J ill\f\,‘rj \J \U’ J—j Uj X ]\ \pil'm L \ \,
?5%%11%‘1‘?(\7\{9 \—lfabqll SW rﬁ)ping Oel%zl DWabel ing
T .I ' T
usc | il




Issues and Approaches

« Limited allowed pump tuning range
— engineered QPM gratings

« Separation of output from input without spectral filtering
— for operation near degeneracy
— balanced optical mixer

« Limit on allowed pump modulation bandwidth
— quasi-group velocity matching



