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2.1.1 unasnumLgs (Light Source)
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2.1.1.2 w@aviad (Laser)
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2.1.1.2.1 Fabry-Perot Laser (FP laser)

IAsadssraaasin FP - Aldarudauniniinseairailuuuy double
hetero junction Tnaifidu active layer Hluansilszney InGaAsP Usznuuu-a1efiag
durnuas (Confinement Layer) T4N1N187N413 InP wazdsznudng-1a1faeans

2109 2.2 (L) TaaRAuaaaaulunig

4

4 A da am Y o
WRDURNNNAMaNTRN A TiouLARIAY
iwasuas 1.3 um uaz 1.5 um Haulnaiuuanedagiil 2.2 (819) Iarmisnnivug

IFandndan x wazy Tuansdszneu InGa, As P, #9UAINE19AAY 0.85 um

FF Source Test (Tra) ) e , Jnm Feak Amplitude -15.495 dBm

fearn Wavelength 156028 il 168 GHz  Total Power -8.07 dBm

Feak Wawvelength 196340 poseers - 960 nm Sigrna. 4 .07 nm
e f”:‘j F,

-2.00

-22.00

l

Y

-52.00
-102.00
1535.00 1560.00 1585.00
REW: 0.5 nm Gens: =60.00 dBm In Wac
WEW: 19.3 kHz 5T 5E.3 ma Ao Off

U7 2.2 (uw) Taseaiauay (a19) awnaiuaesamaiaiia Fabry-Perot



11

v
[

dl T A = o o % 1

desannaimesia FP Anannisinanulunisazfiauszndneanmmniaaes
U =3 o v a o o ] ¥
Fu AN lAAARINeueaLds (Resonant)  Ua1eMuAnITN19L dana’li
anaiuianeuziiugenuanidgln 2.2 (@19) AwiuFP Asdnegluames
szinnuanaisnm (Multimode-Longitudinal Mode, MLM) @4fgilnafueuns
niatszinne 3 nm asdudinaztuamedaiin FP unldeulunisdesisdieys
sraizng il inannnuwdulasinuaaiunmmien

aasiin FP daulvinjiluuuy uncooled laser Aa vinaulélnglifiaed

1 a

UTNRUN)NEIQRTa 85 “C Saianziy

Kl a

Ua FP uslLi3aed active
0) nanwuziluszuugnin

03 (L) Ruthiasfieuuad

< 5 D Ae ' e 4 da
ununrnieg 1y g JEEEEETETE TN W il Aiden A uenapaunal
AINADAARDINL (7= : W VANNNS1INN TR AT AR URLIIN

(Bragg Phase-Grating &"’ so eI 71LLAIANNNE NI ARUTHAz deTiau Ll

" =2 A & = .
seudnagny has il Pacuunvuadgs (Single-

Longitudiné v

p
1
J

) um uanessgLii 2.3 (@n9)

by

ﬂ’lJEJ’JVIEW]?WEI"Iﬂ‘i
Qﬁﬁﬁﬂﬂiﬁuuﬁﬂﬂmaﬂ



12
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2.1.1.2.3 Vertical-Cavity Surface-Emitting Laser (VCSEL)
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2.1.3.3 n17uananN1eLan (External Modulation)
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I PN A R - , A 34
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1 1
Riverw = Ry exp(ﬂ(? _T_)) [ohm] (2.6)
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2.2.2.3 2439RLANN DA

13asALANNLER (PID Controller Circuit) Wluasasildnszuaunisaauau

v o tﬁl = % oI/ o A ‘3' k4
wuvileunduasinisldlusnuacuaniall Tneaziunl¥acuandsiesnisacunu

b4 o o

(Plant) Tiduadnsiilulilainenfiainis nannisinauaessasaauaniles

LARNAAZLIT 2.15 Al 29999 ATUIUNAGNS (Error, e()) Tenaedtytynnuanean
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o
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v o 7

Signal, c(t) Wallinuye 2a1n Plant 1 Amudyynouisaanl?
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—_ = 6 o 1 1
A c NI UNTANNNY  (transfer
function) wulAIg RN Sl 18 1W9asAUANENNTAYLIAN
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AYLIANLLILLITW  WNNN9ATLIANLLLBYAWUS (Deriva-
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Feedback

AULINUNINY AN
q*‘I ﬁr] a q ﬂc@%&'ﬂ?@ﬁ igt,]‘%]—ttq E‘I (2.7)

Gpp(S) = {KP +%+ KDS} (2.8)
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ANNRANAIANANIUZANE LAA1ANT ITHNANDLAUAININ LTI UULUDITLULILE A
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2.2.2.4 padunseLadadda (Bipolar Current Driver)

1189370 TEC  #a9n13nalnnszunauanuazall iwadqsalunisszunesise
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2.2.3 UANNTAILANUUNNURILALTDS
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2.3 nsfudediayauuy DWDM
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2.3.1.1.1 weafiliuniusnanauls (Wavelength Tunable Laser)
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2.3.1.2 Fiagaudnuninnunaiad (Multiplexer)
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2.3.1.2.2 Array Wavequide Grating (AWG)
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2.3.2 NMATUR Y YIUNILES
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2.4.2 Flpuae Y uansEage
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ANUTUADYUIUAINITIGY LULRNABITBNANAIATABINANTUIHATBIAN
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3.1.1 wrasnanaguanasaiaganauaauliidiagnialy (EML)
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3.4.4.1 S-parameter

HANNIANABIUATHANNTIANIIALTIaUIBNATY U UMLILIEAGNG AN SD11 U89

o

dudnyonlulasamitlefiananisuansfesi 3.43 aannisanaenan SD11 - &

a

ANGIRALIZNIL 19 dB AAEATI9ANIND 10 GHz  lwaniziinanisdndadnnalag

|
d

LA384 Network Analyzer Agilent PNA-X 'a‘u N5242A NRGNULUATIATN 26.5 GHz

9./

[36] WuinAn SD11 Ruwalianfissnniuileannadunnio TneilAngagailscannns -9

dB Aimud 9 GHz Brfiansauuiusanaaasdiyynod 10 Gb/s UAnszane 7 GHz

'
v a ! o

Aalugin 2.36 wudduss NANNANINaNa @Rty U1 emnINLEe

sananalé

SD11 (dB)
|
|
|
:
s

-1 ADS Simulation

4 L
ol Measurement
|~' d

0 - 7
weguelicy (GHz) 3t

R T RLIAE] A 1k

Mﬂ’]T@W@@\TLL@ m@mmmmmvmummzﬁ“mmﬁmmumem S11 298U

m n 911 S11 X
@ﬂiumw ﬁﬁ ﬂf]@?wgﬂ:j ?ﬂ vjaggumiﬁmﬁﬁyu

munuum:ungqmmmmﬁqqmwn 10 GHz TneiAn $11 gegawiaiy -11 dB 7

8 9 10

D

1
a

AT 9 GHz Fedluiienasauuudinavasdynyudayasiean 10 Gb/s 7

ANUFTNIU 7 GHZ



84

T
|
|
|
|
-
|
|
L
|
|
| J
[
| J
|
|
|
- —— - ==

N

L H

—==== ADS Simulation

40H- 4~

(ap) 11S

10
woululasasiiuuuimen (S11)

91l 3.44 1lae

4

3 3

5 8

@ o

S

ym 1%

(@) °7

I @

N <
(9p]

- nZ

1= &

= =

oz G

od

(o

&

o7

@

Ca

&

[Q\]

= =
]
”N —0

[
& <
= @

o
@
€ TR
OIB —0
4 &
= =
2 =
— @
2 &
2 e
< [
S
% 3
"
S

<hULlbme!

NABILLA

uuiinsind

(7

&

1 S21

ANHNITDTAAN

|
|
|
|
|
|
|
l
5
frequency (GHz)

-1 aﬂ
@ &
m © =
&
— Q_u <
3 & =
< o iy
™ —r T . =
B TR >
S m 3 | \ | | &
i el |/ G
2 £ S A
= 'z o3 ¥ | | | =

—o & w.&m\ﬁ,x\-\\\, J N I S U | ©
5 LE “ A o e
19p) uw H v | | | -
3 e &=/ . &
& Al ! | | I | <
= W I I | &

I I I
n..lo BY || i = T il dedit [ttt Bt © ol-ﬂ
£ | =
““““““ - o
| (o
/ |

%
=
NG

S L s S R e A T T T T T T T T @ NB
¥ :
....L. \\\\\\\\\\\\\\\ N C
= 5
= N G e— - &
4
: e
= o Z
1= = < <
e - i c
< 1z o@
c £ € hiua :
€ 1§ o =
£ 3 g =
o m ol ' Yo
=% 12 <
m ym = q_ﬂl S
& = 1« s
=
G

v o

U



85

3.4.4.2 TDR
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5.4.2 Interchannel Crosstalk
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Abstract

This article describes  the design of 10 Gb/s
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measured 10 Gb/s eye-diagrams of 3 channels in 25-GHz DWDM
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without a considering attenuation and chromatic dispersion effects from
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Design and Performance of 10 Gb/s Optical Receiver in
50-GHz DWDM Transmission over 40-km SSMF
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ABSTRACT

This paper describes the design of 10 Gb/s optical
receiver, which consists of an Avalanche Photo-Dels
(APD) and a Clock & Data Recovery (CDR) cirg
components are successfully integrated onto tig ¥
FR-4 PCB, using two types of signal patl
microstrip and single-ended CB-CPW. T

are optimally chosen for matching impw ;
to the ADS simulations. The receiver’s pert
been evaluated under 3 impairments: .

crosstalk and fiber dispersion. The Perie ;
added to analyze histograms and me;
jitter tolerance. The crosstalk and disper
eye-diagram are demonstrated via the
Dense Wavelength Division MultiJiex
transmission over 40-km Standard Sir
(SSMF). The measured jitter toleranc
receiver can pass the SONET (Synch:
NETwork) mask standard with Bit Err
below 1072 The recovered eye-diagrams s|
design can reduce both crosstalk and dispersion'#
The power penalty of this receiver is determmed
BER plot to be within 2-dB standard _limit.

Keywords: Optical Receiver, J itter, ;,

1. INTRODUCTION ',l

W
Optical fiber communication has become popular due
to its tremendous bandwidth and low f@tlon The

contrast, the DWDM system has many channel spacings:
200, 100, 50, 25 and 12.5 GHz (equivalent to 1.6, 0.8,
'§0.2 and 0.1 nm at ~ 1550 nm wavelength) according
1 J-T G.694.1 standard of spectral grids for WDM
) Chis tight spacing requires expensive lasers
/‘ﬂle and narrower spectral widths. Multiple
-j iters and receivers can be integrated into
ﬁ“"eiver, for instance, 4 channel x 10 Gb/s
et < DM [3] and DWDM [4] at 200 GHz
2DM systems use 100 GHz spacing [5].
Hz [6] spacings are preferred for higher
;e lith additional power penalty due to a
ossialk.

is usually installed as core networks
rasmission distance of 2, 15, 40, 80, 120
istance is another performance criterion.
ni®hccur when using a long SSMF: fiber
W NGroup Velocity Dispersion (GVD). First,
tenu’ W18 n be compensated by optical amplifiers,
Eri @n Doped Fiber Amplifier (EDFA). Second,
wich causes pulse spreading, can be mended
Dispersion Compensation Fiber (DCF) that has a
ive dispersion. For the 10 Gb/s system over 40
1 JC-nm wavelength, both EDFA and
rding to the ITU-T G.691 standard

r ‘ ; the total cost of system.
oK, o > design of 10 Gb/s optical receiver is
Uescrioed. It consdldl of an APD, a CDR circuit and a 155
MHz reference clock soldered on a 4-layered Printed

Cir@ult Board The aim of this paper is to
main focus of research and ful integration of those
data rate of all components i av mponents onto a commonly

and optical receiver up to mul
bit rate per channel is 40 Gb/s for chlpset

Gb/s range The current
and optidl

manufactured FR- 4 PCB not a specially required high-
performaniEm dielectric. Usn%f the licensed Advanced

modulator [2]. Mea W{}Mﬂ §‘I other free ware, the
high-speed data tra ths ahd s between every pair
10° BER is rep aced by 10 BER

example, a typical or
error-free transmission. Moreover, the jitter impairment
deteriorates as data rate increases. The jitter generation of
optical transmitter as well as the jitter tolerance of optical
receiver must be exceptional; otherwise, the BER will be
worse. In order to sustain such strict criteria, some
additional circuits are required, such as, an equalizer and
CDR circuit with integrated low-noise amplifier.

The total transmission capacity of WDM system is
upgradable either by increasing a number of channels or
decreasing a channel space between adjacent channels.
To lower a system’s cost, the Coarse WDM (CWDM) is
generally chosen with fixed 20 nm channel spacing. In

of components were 51mulated for matching impedance
and optimally chosen under some realistic constraints,
such as the limitations of PCB fabrication, the smallest
PCB, a minimal number of design cycles, and the lowest
cost per prototype. Different PCB designs were
simulated, but only the best two versions were selected
for fabrication. This optical receiver was assembled as
our first prototype and it can pass all the following tests.
The receiver’s performance has been evaluated under
three impairments: jitter, interchannel crosstalk and GVD.
To analyze jitter, the PJ is injected into PG to measure
jitter histograms and the jitter tolerance of receiver. The
resulted jitter tolerance shows that this receiver can pass



the SONET mask standard with BER below 107 across
the jitter frequency range between 0.7 and 80 MHz.
Subsequently, to analyze crosstalk and GVD, three 50-
GHz DWDM channels are transmitted over 40 km long
SSMF and the received 10 Gb/s eye-diagrams are
measured. This transmission condition is properly chosen
from those described standards and in agreement with a
specification of 10 Gb/s optical transmitters used in the
experimental testbed. Since the receiver can reduce both
crosstalk and dispersion effects via its CDR circuit, the
recovered eye-diagrams can successfully pass the STM-
64/0C-192 data mask standard. The BER performance of
this receiver is also measured showing the power penalty
at 10” BER within 2-dB standard limit. .

The remainder of this paper is organized as fol.
Section 2 explains about jitter, interchannel cro g S
GVD. Section 3 describes the design and coii
10 Gb/s optical receiver. Section 4 shows b
of three measurement setups: jitter hi¥
tolerance, and DWDM transmission tms
analyzes the results, including jitter hiz
tolerance, eye-diagrams and BER plo#
gives a conclusion.

2. EVALUATED IMPAIRMENTS

There are three impairments thad
here. They are jitter, interchannel cross
Their basic knowledge is explained in
respectively.

2.1 Jitter 1

bkt
Jitter is a time variation of data’s bit pcr10

cause the frequency variation of recovered clock _,.'rg.gn- J 7

a receiver. Consequently, the period gf data
fluctuate, possibly causing some e}z
data. If the jitter becomes too severe| ¢
be unrecoverable by a CDR circuit =
eventually stop functioning. |

The total jitter can be classified in®™ftwo components
[8]: Deterministic Jitter (DJ) and Randmr .mer (R)), as
shown in Fig.1. Q :

“al dJitter

’J‘Vlﬁm;ﬁ
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and Inter-Symbol Interference (ISI). BUJ is caused by
signal crosstalk. And, PJ is caused by modulation and
periodic noise, such as a power supply’s noise. In this
paper, only PJ is investigated due to its deterministic
characteristic, in addition to the inherent RJ. Since PJ can
be explicitly experimented by injecting a sinusoidal wave
into PG, it is commonly applied as in the cast of jitter
tolerance test. In contrast, DDJ strongly depends on a
chosen data pattern whereas BUJ depends on an amount
of crosstalk. In this experimental setup, DDJ and BUJ are
fixed due to the selected 10 Gb/s Non Return to Zero
(NRZ) Pseudo Random Bit Sequence (PRBS) 2°*'-1 data
pattern and a constant amount of crosstalk. Hence, both
"ADJT and BUIJ are excluded from this investigation.

ter can be described by the equation (1) [9], which
1t to phase modulation.

S(t) = P2t + (1)) (M
<_jiuer added into the signal P(t) with fy

e, is the final signal with added jitter.
4.2 shows a clock signal with added PJ.

| M inusoidal wave. The period of ‘Ideal
Dy PJ’s amplitude, resulting in the
'."1. ' al

iy

Fig.2: Examp ! fCIock Signal with Periodic Jitter
ires many histograms of data’s
gram measurement mode. As

"tt lysis re
ussian histogram is a result of

total RJ in a system as shown in Fig. 3 (a). If PJ is added,

the fin 1 ra w111 ecmwa double Gaussian shape
f] a u 1an histogram with a
idto n in Fig. 3 (b).

Flg.l: Classification of Jitter

RJ having a Gaussian histogram is always included
in transmitted data. It is inherently present due to the
thermal noise in electronic components as well as the shot
noise from a random characteristic of arriving photons at
a photodetector. Within DJ, the jitter can be further
grouped as: Data Dependant Jitter (DDJ), Periodic Jitter
(PJ), and Bounded Uncorrelated Jitter (BUJ). DDJ arises
from the combination of Duty Cycle Distortion (DCD)

Eye
Diagram

A i A P
Histogram ; | :
| i
! : » time l_ Jk
| : | g >

@RJ and  (b)PJ
Fig.3: Bit Crossing of Eye-diagram and Jitter Histogram
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The amount of jitter is indicated either by peak-to- the measured eye height of recovered eye-diagram will
peak (p-p) or root-mean-square (rms) value. p-p is the also slightly decrease.
maximum jitter read at a bit crossing of eye-diagram as
shown in Fig. 3, whereas rms is the average of squared r glnsfo'a?;’ﬂ Mean — ~—Eye Window Boundaries
jitters. The unit of jitter is in second or Ul (Unit of g
Interval), which is the ratio of jitter in second over a bit _%
period. The Ul is preferred since it clearly indicates how ™
severe the jitter impairment occurs within one bit period. Eve

As described earlier, jitter will cause some errors in Ampliude |
recovered data due to the variation in sampling period of ¢ eigh !
recovered clock. The optical receiver will stop recovering _
data once the added jitter gets too high. This maximum K \-?___ i
amount of tolerable jitter, so called the jitter tolerance, !
must be measured across a frequency range. In this
experiment, the PJ with a fixed frequency is injected M)

Eye Width
a system. Its amplitude is gradually increasedy 3

1 ko o
system’s BER reduces to a typical value ol . él 5: Eye-diagram with Histograms

maximum amplitude of PJ is then recorde?

tolerance plot, as shown in Fig. 4 [8]. S — i 23 ‘d""ty Dispersion (GVD)

are repeated at other frequencies. The rms ] ; o ' o )

to a standard threshold line. If it lies ah~: . 2, knovyn as thf{ chromatic dlspers10n' or
the optical receiver passes standard. G L sl Wersion. It will cause pulse spreading

G the different wavelengths propagate at
(D is a combination of material and

sions. The variation of refractive index

SN N i mitted wavelength will give rise to
WNion, whereas the different designs of
' \Nindex profile will control waveguide

any record falls below a threshold.

7’

L.
>

Same BER

Pass

h™ always a negative value. GVD is also
Iti Mode Fiber (MMF); however, the
ek spltsion is more dominant over GVD.

Fail = = > (W8 GVD causes pulse spreading into adjacent
- : , which is so-called Inter Symbol Interference
is increases the rise time and fall time of data’s
well.as reduces the BER performance.
&elto GVD, tgyp, can be calculated
Ry’ | 10], where D(2) is the total GVD
v sutted wavelength 4, L is the total
BRRETSME, il o is the 3-dB spectral width of
transmitted opticarsignal.

PJ Magnitude (UI)

f L
¢ e 2

Fig.4: Standard Plot of Jittl§ 28

2.2 Interchannel Crosstalk .;I

The interchannel crosstalk is those uewanted power

from neighbouring WDM chapnels that 1 into g )
desired channel. Thus, the if@fcyi ignal \ﬁ 7] 5 w Ejfltﬂﬁ(lﬂ Lo, @)
different wavelengths. This différs e Mtrdcha

crosstalk, which is more seve

with interfering signa For SSMF, the value of D(4) can be calculated from
having the same wavglengt esjred signal. To regove . ¢ t er s the wavelength with
interchannel crossta wﬁﬁaﬁﬁeﬁ ifh auzﬁg;%/%oﬂ&ﬁ g%ersion slope of total
narrow bandpass profife sharpwa h SENGUD atlwabel A !

required. Any crosstalkiwill cause an increase in BER and
power penalty. The amount of interchannel crosstalk will 4

vary depending on the selected channel spacing. This D(4) = @{1_(ﬁ) } 3)
crosstalk can be determined from the bandpass profile of 4 A

optical de-multiplexer via an Optical Spectrum Analyzer

(O.SA)' Furthermore, thg cross‘Falk will become a.d ditional Otherwise, the value of D(A1) between 1500 and 1620
noise; resulting in the thicker lines at both data bit ‘1’ and
‘0’ on eye-diagram as proven later in the experimental
result section. These thicker lines are clearly observed by
examining the vertical histograms of bit ‘1’ and ‘0’ levels
as well as the eye height, as shown in Fig. 5. Since the
variances of both bits’ histograms will slightly increase,

nm wavelength can be determined from the measurement
line shown in Fig. 6. D(4) calculated from the equation
(3) is also plotted in Fig. 6 as a dash line. The solid
measurement line was exported from Agilent 860384B
Photonic Dispersion and Loss Analyzer after testing the
40-km SSMF used in this experiment. According to the



40-km SSMF’s datasheet from its manufacturer, A, is
specified at 1313.5 nm and Sy is 0.086 ps/(nm* km).
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{REN S

time of system must be less than 70 perc
for that transmission system to work.

In optical fiber communication, the optigi
typically uses two types of sindag
photodetector:  Positive-Intrinsic-Nj =
Avalanche Photo-Detector (APD). Fl'
and requires a lower biased voltage th "_[ AP
APD has a better power sensitivity a= a larger output,

and thus is more suitable for long distanfe afplications.
e

For these reasons, the APD is in
i Pig=T. (

The 10 Gb/s optical re
three main components as sh
Trans-Impedance Amplifier

033 module from Crystek). The datasheets and schematic
block diagrams of R197AL module and MAX3991 chip
are available in reference [11] and [12], respectively.

REF Clock
155.52 MHz

% 2
@ CDRILimiting [72 >

Optical Data In 5| Amplifier Data gut
e ? Clk Out

Optical Receiver

Fig.7: Components of 10 Gb/s Optical Receiver

: L
BENT:
A

I1A) (R197AL mod
from Cyoptics), (2).Cl ta Recgve Ve v o £
with Limiting Am eﬁﬁ ﬁﬁﬂ ip N%
Maxim), and (3) 155%2¥MHz ¥ nde kldc - FE
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All components were soldered on the 4-layered PCB
as shown in Fig. 8. After 10 Gb/s NRZ optical data is
launched into the optical receiver prototype via a fiber
pigtail on the left of picture, APD converts this optical
signal into photocurrent, and then TIA converts it into
small voltage signal. Next, LA amplifies this signal up to
a constant digital output and sends it through CDR. The
differential 10 GHz clock output is recovered by Phase
Lock Loop (PLL), whereas the differential 10 Gb/s data
output is regenerated by D-Flip-Flop (DFF) inside CDR.
Both data and clock outputs are CML (Common Mode
Logic) levels and have SMA connectors, located on the
right and the bottom of picture. The chosen CDR requires
raference clock input at either 1/64 (=155.52 MHz) or
=622 MHz) of transmitted data rate, which is
.9532 Gb/s (STM-64).

0.8 10 Gb/s Optical Receiver Prototype

gectiopal view of 4-layered PCB on FR-4
=) 2. 9. The signal planes are on top
.r?-‘ reas the ground and power planes
Layers, respectively. All dimensions
Y chos g} | from the cost and limitations of PCB

. . ¥ . . .
fabrication as wel™s the impedance simulation results.

= mils (0.508 mm)
(el =14 mils (0.035 mm)
mils ( 6.

| ( )
‘v .10.3 I4I . _2 mm)  FRa M1 (Signal layer)

M2 (Ground plane)

M3 (DC power plane)

M4 (Signal layer)
Fig.9: Cross-sectional View of 4-layered PCB

Since both data and clock outputs are differential
signals, the differential microstrip line must be applied.
Its cross-sectional view is shown in Fig. 10 (a). In some
sections of signal paths, the single-ended Conductor-
Backed Co-Planar Waveguide (CB-CPW) is chosen over
a typical single-ended microstrip line due to its better
control of the characteristic impedance, according to the



simulation results given in Fig. 11. The cross-sectional
view of CB-CPW is shown in Fig. 10 (b).
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To prove the matching impedance of designed PCB,
the differential Time Domain Reflectometer (TDR)

54754A module from Agilent Technologies is connected

W=14mils q_—.:
< » S=7mils
- T=1.4mils

H=10.33 mils FR4
T

by the marker in Fig. 13.
(a) Differential Microstrip Line

“E Fle Control Setp  Measure  Calbrate  Utilties
TORTDT ok

Help 22.Jul 2010 17:40 |

to both data+ and data- outputs without a CDR chip, their
differential impedance is measured to be 97.67 ohms,
which is almost equal to the required 100 ohms, as shown

=]

_ f W=20mils _ .
G=10mils » G=10mils

N

umber Averages = 16

T=1.4mils

A

L
R

OR Cal
s Time:

FR4

' H=10.33 mils

(b) Singled-ended CB-CPW

Fig.10: Cross-sectional Views of Signal Paths sl
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curement of Differential Data Lines

es the main parameters of prototype
Onci®al transceivers (from Finisar and
\Mlering only parameters from receiver
\’s bit rate can be varied by changing
ck’s frequency, whereas the commercial
1CW ot have a fixed bit rate as they receive
clock from their host boards. The output
ris¢ fall time are within the same ranges. This
e can detect a wide range of wavelength and has
sitivity of -25.3 dBm at 10> BER. Thus, it
fi iaiic range of (-2-(-25.3)) 23.3 dB.
1m penalty of prototype read from
section 5.3), which is less than that

_ Table 1: Comparison of Receiver’s Parameters

The measurement results o F—— ‘
singled-ended microstrip an v Chajacilg Mic Finisar [14] | Bookham [15] | Unit
Fig. 12. The 3-dB bandwidt ' Dal¥'BitRa 9.95-10.7 9.95-10.75 | Gbrs
whereas the CB-CPW’s bandwilth is beyond 10 GHz Different Output 575-725 340-850 360-770 mv

Data Output
" - ' e 3 24 ps
Corpsumpionflf | § o1 JRx) TH&H) | 3.5 Tx&Rx) w
Optical )
Characteristics
Center Wavelength 1280-1610 1270-1600 1530-1560 nm

g lgcle(’){‘(f‘ Semsitivity | 553 24 -15.8 dBm

£ Receiver Overload 2 7 B dBm

g Maximum Path 5

= Penalty @ 40km (20 0.8 2 dB

¢ ps/nm/km) (@80 km)

4. MEASUREMENT SETUPS
There are two main sets of measurement setups: jitter

Frequency {GHz)

Fig.12: Measurement Results of S,; Parameter

measurements and DWDM transmission testbed, as given
in section 4.1 and 4.2, respectively.



4.1 Jitter Measurements

Jitter measurements have two setups: jitter histogram
and jitter tolerance, as given in section 4.1.1 and 4.1.2,
respectively. 10 Gb/s NRZ PRBS 2°'-1 data is generated
by the BER Tester (BERT) Agilent N4901B-100 that has
Pattern Generator (PG) and Error Detector (ED). The
transmitter (TX) using an Electro-absorption Modulation
Laser (EML) [16] sends optical data through a Variable
Optical Attenuator (VOA) to simulate fiber loss. The
receiver (RX) recovers 10 Gb/s data for either (1) the eye-
diagram measurement by DCA (Digital Communication
Analyzer) Agilent 86150B 15 GHz optical / 20 GHz
electrical module [17] as shown in Fig. 14, or (2) the
BER measurement by ED as shown in Fig. 15. The sy
wave from Signal Generator (SG) is fed to the deli 88 \
port of BERT to generate added PJ. .

recorded, and compared to those without -
results are analyzed in section 5.1.1.

7777777777

| BERT
|
Sine Wave | I| Pattern 110 Gbr
o 7—3.—47
Generator ! Generator |, Datan " -
VOA

Tr|qqer

Fig.14: Block Diagram of Eye-diagram M

4.1.2 Jitter Tolerance

To measure jitter tolerance as; (¥ Fi
clock outputs are connected to ED%= =
The sine wave’s frequency is fixed &g 4
0.7, 1,2, 4, 10, 40 and 80 MHz. Its ammiua®
increased while maintaining BER bet ii than 107", 1ic
maximum p-p jitter amplitude is recorded. The same

procedures are repeated at other frequened=he results
are plotted and compared w1tﬂ ﬁnﬁ] ﬂ
threshold [18] as shown in sdctibn d1

jitter tolerance of BERT is alsmneasured as ‘loop back
reference by connecting PG directly to ED.

Pattern 1
Generator

Sine Wave
Generator

2 Data Out

& - VOA Clk Out
Error |- Loop back
Detector [+
|

Fig.15: Block Diagram of Jitter Tolerance Measurement

4.2 DWDM Transmission Testbed

To demonstrate DWDM transmission, 3 wavelengths
at 50 GHz spacing are transmitted through 40-km fiber,
as described in section 4.2.1 Transmitter Side. Next, in
section 4.2.2 Receiver Side, the 10 Gb/s data on center
channel is dropped for eye-diagram analysis and BER

amaanimﬁm
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measurements. The block diagram and photo of DWDM
testbed are shown in Fig. 16 and 17, respectively.

TX 1 (()) AL

15650.92 nm
MUX
AN
@
1551.32 nm | Optical Data 10 Gb/s

TX 3 (Q)&J

AN A

> Coupler 2

Data 10 Gb/s| X 2
—

15651.72 nm
SSMF 40 km o DEMUX
FBG A A
1 D 2
Data 10 Gb/s

[ 2
! RX | Clock 10 GHz
! 2
|
|
ffffff >{ PIN (DCA)

Diagram of DWDM Transmission

PIN(DCA)

[ sove ¢
:
‘ DWDM Experimental Testbed

el lransmitt jy ide

Three transmitters (TX1, TX2 and TX3) using EML
lepeths at 1550.92, 1551.32 and

ﬂ ug}qﬁce er channel is modulated with
0 b ed output from BERT, unlike

in a real sgstem Where all wavelengths are modulated.

a ce of optical receiver
a e
T

these 3 wavelengths

ir modulated spectra,

shown later in Fig. 20. All wavelengths are multiplexed

into one fiber via two 3-dB optical couplers. Their output

powers after 2" coupler are set to the same level with a

total average power of +2.2 dBm measured by an inline
optical power monitor at VOA.

The fiber is a single spool of 40 km long SSMF. Its
total loss and length are measured by an Optical Time
Domain Reflectometer (OTDR) = 7.77 dB and 39.9746
km, respectively, as shown in Fig. 18. Thus, the fiber
attenuation is (7.77/39.9746) = 0.1944 dB/km at ~ 1550
nm wavelength. Its GVD is calculated from equation (3)
to be 16.21 ps/(nm.km). This GVD will increase the rise
and fall times of received signal.



40km-s-out2. TRC
dB A

148

NetTest TraceView - Version 3.0a Beta
Date: 09/29/09 Time: 01:14 PM

50 km/0.250 m

IIIL?IIII“

P S S

4.2.2 Receiver Side

3 fln gl
After SSMF, the center wavelength is d ##pe,

optical de-multiplexer, which consists of on¢
circulator and a Fiber Bragg Grating (FB
transmitted and reflected profiles of FB
by an Optical Spectrum Analyzer L&
the upper and lower lines, respectif *&
transmitted profile has its bottom Pt
wavelength 30 dB below those of other}|fivelerige
FBG will then reflect the center wav®tngth and allow
two neighbouring wavelengths to prom@ through.

Consequently, this de-multi i g 4 2 k- \
center wavelength for data mﬁiuvntr PJ vb, Erﬂﬁ ﬁ:ﬂ:a:f 4/ ¢ R R S N
|

10

ST AR

-20.00

1544320 tirfi 1551.320 0,400 rirnelive 1553.320

Fig.19: Transmitted and Reflected Profiles of FBG

In contrast, the reflected profile of FBG has its power
level at center wavelength 16.9 dB higher than both sides.
Therefore, the drop wavelength from de-multiplexer has
its peak power 16.9 dB above those of two neighbouring

LRI T L |

[H] 1.00s / 100.0m
Lvg: Medium 32768
235-001-QTDR-1/1550.00 nm/SM

., W Wshown in Fig. 20. This power difference
&¥ount of interchannel crosstalk that will
oV B penalty.

| RER 0.00dBd

) |/

-50.00

v

50,00 '
15483 i 1MU 0.400 A/ 1553.320

TNAIURNNLINEIAL
R e N T T Flg. 20: Spdc 0 ived Optical Signal

After de-multiplexer, 10 Gb/s data is recovered by
the receiver prototype. However, its output level does not
vary proportionally with input power due to the data
regeneration inside CDR circuit. As a result, the effects of
both crosstalk and GVD cannot be clearly observed from
the recovered eye-diagrams. For this particular reason,
the PIN receiver Agilent 86105B module inside DCA,
which has a linear characteristic detection, is temporary
used instead for the observation of worsen eye-diagrams,
but never for the performance comparison with receiver
prototype. The photo of PIN receiver is shown in Fig. 21.
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This PIN receiver has degraded over the years. Its current
sensitivity is relatively worst at -6.3 dBm for 10° BER.
Hence, its input power must be above that level for the
PIN receiver to functionally perform optical-to-electrical
data conversion.

system RJ and added PJ. These results are in agreement
with Fig. 3 (b). The total p-p jitters are also measured and
reported in Table 2. The analysis of these p-p jitters
indicates that the total jitter will be proportional to the
applied amplitude of sine wave, which in agreement with
equation (1). However, it will be inversely proportional to
the applied frequency of sine wave. Due to the jitter
transfer characteristic of chosen CDR chip, the measured
total jitter will be reduced at those applied frequencies

Fig.21: PIN Receiver inside ™2

5. EXPERIMENTAL RESULTS

There are three main sets of experime:

and jitter tolerance of receiver prototype,
section 5.1.1 and 5.1.2, respectively.

5.1.1 Jitter Histogram Results
Gk

Fig. 22 shows the recovered
from receiver prototype before ad
jitter histogram inside a dash recl 4%
Gaussian profile due to inherent RJ T3
system. This shape is in agreement vilf Fig. 3(a).
measured total p-p jitter and rms jitter are 0.1 UI,, and
0.013 Ul,,s, respectively.

L aav

Ulp-p

100 mV/d1v, 20 ps/div

1
1
1
1
1
1
s

Fig.22: 10 Gb/s Eye-diagram with Jitter Histogram
Before Adding Periodic Jitter

After adding PJ, at two different amplitudes and
frequencies of sine wave, the resulted jitter histograms
are compared in Table 2. Obviously, the jitter histograms
become double Gaussian peaks due to a combination of

above 1 MHz.

Table 2: Jitter Histograms when the Voltage and
Frequency of Input Sine Wave is Varied

f=10 MHz

221

14 Ulp-p/|

ar "% lerance Results

3 shows the measured jitter tolerances at 107
ical receiver prototype, ‘RX’ line, and BERT,
ipce the ‘RX’ line is above the
::ad , ‘SONET MASK’ line and is
¢ line as expected, this receiver
“udaJf} jitter tolerance test. The explanation
10r nigher tolerai4id at lower frequency is due to a slow
change in phase such that the clock recovery circuit can
mélitgi]ts ﬁa

=

m— SOMET MASK [
—%— Loop back
—e— R

__________

L%

-------

_____

_______

Jitter Amplitude (Ulg

=,

i S
10° 10
Jitter Frequency (MHz)

Fig.23: Comparison of Measured Jitter Tolerances




5.2 Crosstalk and Dispersion Results

The effects of interchannel crosstalk and GVD on
eye-diagrams detected by PIN receiver and recovered by
receiver prototype are described in section 5.2.1 and
5.2.2, respectively.

5.2.1 Eye-diagram from PIN receiver inside DCA

1) Crosstalk Effect: The transmission testbed is set
as in Fig. 16, but without 40-km SSMF. The detected 10
Gb/s eye-diagram from PIN receiver with one wavelength
and three wavelengths transmitted at the same average
input power of -6 dBm are shown in Fig. 24(a) and Fig.
24(b), respectively.

(b) Three Wavelengths without SSI#F  fj7as

Fig.24: PIN’s Eye-diagrams with 1 & 3 ﬁf"

i g

After a careful examination of] i}
bit ‘1> and ‘0’ on eye-diagrams in “F=
effect is very slightly shown as awd
24(b). This little difference is due --[
interchannel crosstalk level of 16.9 dB2¥'m FBG.

2) GVD Effect: The testbed is set asfrag 16, with
only the center wavelength tr
de-multiplexer due to its inse
of one wavelength without fi
are shown in Fig. 25(a) and Flg 5(b) respectlvely

Comparing the
clearly show an incr he 1 1 u
GVD impairment. Th measured rise and fall times 1n

Fig. 25(a) are 23.6 and 25.8 ps, respectively; whereas the
rise and fall times in Fig. 25(b) are 53.8 and 54.2 ps,
respectively. From these results, the GVD effect of 40-km
SSMF can be analyzed as follows.

First, the GVD is calculated from equation (3) to be
16.21 ps/(nm.km). Then, the rise/fall time due to GVD is
calculated from equation (2): tgyp = 16.21x40x0.06 =
38.904 ps. The measured rise and fall times in Fig. 25(a)
are the combined rise/fall time from transmitter and
receiver, without GVD, as given in equation (4). Hence,
the total rise and fall times of entire transmission system
are recalculated from equation (4), using the calculated

mWﬁmv
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tevp together with the measured rise and fall times in Fig.
25(a), = 45.50 and 46.68 ps, respectively These numbers
are slightly lower than the measured results at 53.8 and
54.2 ps, probably due to the inaccurate measurement of
very distorted and noisy eye-diagram in Fig. 25(b).

(a) One Wavelength without SSMF
.50 uW/div, 20 ps/di

I M velength with 40-km SSMF

I Eye-diagrams with & without SSMF

"% irom Optical Receiver Prototype

|Wlkffect: The testbed s set as in Fig. 16,

SSMF. The recovered 10 Gb/s eye-
ver prototype with one wavelength and
oths transmitted at the same average input
-2C% Bm are shown in Fig. 26(a) and Fig. 26(b),

ely.

5 w Ejﬂ ﬁ/ﬂﬁngth W|thout SSMF
: ’ 1ﬂﬂmV div,.20.p: dlv

(b) Three Wavelengths without SSMF
Fig.26: Prototype’s Eye-diagrams with 1& 3 As

A careful comparison between two eye-diagrams in
Fig. 26 concludes that the crosstalk effect is unnoticeable
due to the data regeneration of prototype. In the middle of
eye-diagram, the bit ‘1’ and ‘0’ outputs are always fixed
to the CML level, as described in section 3. Hence, this
receiver can reduce the crosstalk impairment.



2) GVD Effect: The testbed is set as in Fig.16, with
three wavelengths transmitted. The eye-diagrams of three
wavelengths without fiber and with 40-km SSMF at the
same averaged power of -26 dBm are shown in Fig. 27(a)
and Fig. 27(b), respectively.

X R RO

Comparing these two eye-diagran£ in
clearly show a broad and noisy spread of |
to GVD impairment. In the middle of eye-
‘1’ and ‘0’ outputs are again fixed to the,
levels. The measured rise and fall times are 31.6 ¢
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1) Crosstalk Effect: The penalty between 3wl 50GHz
case and 1wl case is (-26.1-(-26.4)) = 0.3 dB, whereas the
penalty between 3wl 50GHz+40km SSMF case and
1wl+40km SSMF case is (-25.3-(-25.7)) = 0.4 dB. These
two power penalties arise from the interchannel crosstalk
impairment.

2) GVD Effect: Similarly, the penalty between
1wl+40km SSMF case and 1wl case is (-25.7-(-26.4)) =
0.7 dB, whereas the penalty between 3wl 50GHz+40km
SSMF case and 3wl case is (-25.3-(-26.1)) = 0.8 dB.
These two penalties arise from the GVD impairment.
They both are lower than the 2 dB maximum penalty
specified in the G.691 standard [7].

—*— 1wl

—— 3wl 50GHz

—&— 1wl 40 km SSMF E
—& 3wl 50GHz, 40km SSMF i

-26 -25.5 -25
Average received power (dBm)

i°lot of 10 Gh/s Optical Receiver Prototype

ps, respectlvely These numbers are much less tl“ _,-'rgr." J /]

from PIN receiver in Fig. 25 (b) duep da
For that reason, this receiver can si
GVD impairment. The eye- dlagrar F
passes the standard STM-64/0C-19278"=, &

a gray rectangle at center as well as tl I Ipper ane
borders.

5.3 Bit Error Rate Results
Fig. 28 shows the BE eurgl ’me &L

optical receiver prototype und@Jfour transmission cases
(1) only the center wavelength transmitted (1wl), (2) thie

e ey LTS B M@ﬁﬁﬁﬁ

(1wl+40km SSMF), an§ (4) three wavelengths transmitted
at 50 GHz spacing over 40-km SSMF (3wl 50GHz+40km
SSMF). Evidently, the BER results will shift upward as
the interchannel crosstalk and GVD effects are included
in the experimental transmissions.

In order to determine the power penalty or path
penalty of this prototype, first, the average received
optical powers at 10° BER must be read from Fig. 27.
According to those four transmission cases, their
corresponding received powers are -26.4, -26.1, -25.7 and
-25.3 dBm, respectively. Subsequently, the penalty is
calculated as a power difference between a pair of those
numbers, as follows.

JSION

1(} Gb/s optical receiver prototype
sgrated TIA, a CDR chip with LA,
Leference clock is described. All
wrare s jj ) essfully integrated onto the 4-layered
FR-4 PCB. The =4 sclected types of signal paths are

d%ntlal mlcrostrlp line and single-ended CB-CPW.

ipnsar ally chosen for the lowest cost
Illl ‘—%
S frd

ccording to the equations and
prototype’s performance has ieen evaluated under three

nd PolarSi8000 software. The

sstalk and GVD. The

d PJ are analyzed to

ersely proportional to
frequency of applied sine wave. The jitter tolerance of
prototype passes the SONET threshold with BER below
1072, The experimental testbed of three 50-GHz DWDM
wavelengths transmitted over 40 km long SSMF is
demonstrated. The effects of crosstalk and GVD on eye-
diagrams are observed as the slightly thicker bit levels
and the increase in rise and fall times, respectively. The
measured rise and fall times are analyzed under GVD
effect. The recovered eye-diagrams from prototype show
that its design can reduce both crosstalk and dispersion

effects. The BER performance of prototype are reported
under four transmission cases, and the power penalty at



10 BER is determined to be 0.8 dB due to GVD effect.
This value is within the standard limit of 2 dB.
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Performance of 10 Gb/s Optical Receiver
In 50-GHz DWDM Transmission over 40-km SSMF

Wanee Srisuwarat, Jirawut Akaranuchat, Duang-rudee Worasucheep
Electrical Engineering Department, Chulalongkorn University, Bangkok, Thailand, 10330
E-mail: return_19@hotmail.com, ofgalo@hotmail.com, duangrudee.w@chula.ac.th

Abstract- This paper describes the design of our 10 Gb/s In this work, our designed 10 Gh/s optical receiver has been
Avalanche Photo-Detector (APD) optical recelver and its olverall o aluated under 3 problems jltter crosstalk and dlspersmn
perornancs n 506 e vvengts s e G IR s ot i i h e variation of bt o
(SSMF). The experimental eye-diagram results shov been experlmented_a_nd reported in reference [_7]
receiver can reduce the effects from channel crosstis 4 “//‘)ONET/SDH specification. Thus, this paper will
dlspersmn In addition, its measured bit error deri crosstalk and dispersion effects using 50-GHz
below 10°® and the power penalty is within standa _har =ssssss—d 40-km SSMF. This transmission condition

is 1 i 10 those described standard values and in
~the specification of 10 Gb/s optical transmitters

l. INTRODUCTIO

Optical fiber communication has beco:=#¢ 5 % oc Wetal testbed.
compared to other systems because of its lar ’ u jnanized as follows. Section 11 explains the
low attenuation per distance. The main fs < - OO0 O optical receiver. The testbed of 50-GHz
development is to increase data rate of all c g = yer 40-km SSMF is described in section I11.
both optical transmitter and optical receiv : Shi faigmults are analyzed in section IV. Finally,

range. The current bit rate is 10 Gb/s for chi: 2is vvork is in section V.

Gbl/s for optical modulator [2].
Transmission capacity of WDM system i
by increasing the number of channels or decree J#f¢
space between adjacent channels. For lower CIst
coarse WDM (CWDM) is normally used with ch #
of 20 nm. Many transmitters and receivers are integras
one CWDM transceiver [3]. In contrast, the DWDI‘ ,u_g
has many values of channel spacing: 200 400, 54 il
GHz (equivalent to 1.6, 0.8, 0.4, 0.2, an(
nm wavelength) according to the ITU-'

DESIGN OF OPTICAL RECEIVER

| | communication, an optical receiver generally
2ty W C¥ semiconductor receiver: Positive-Intrinsic-
(P48 and APD. PIN has lower noise level than APD.
APLU has a better sensitivity as well as larger output,
is more applicable for long distance applications. As a
B is chosen in this design.

’ .
=471 Receiver REF Clock
LY ‘ 155.52 MHz

spectral grids for WDM application. AnQ, " or %2

transmitter in DWDM is much narrower tfﬂ that 01" % , — o

Most DWDM systems [4-5] use 100-GHz sgécing, whereas the — W) ] CDR/Limiting 727 out
50- and 25-GHz channel spacing [6] are chogénafor a higher ~ Offiga! Dataln 2| Ampliier | o

capacity system. B o e T e
DWDM system is generally us H& g(yllﬂew j w IElmp 10 Gbr/s Optical Receiver Prototype
transmission distance of standard OF * Our receiver prototype consists of 3 main components as

160 km. Thus, the dlstance between optical transmitter agfd  chown in @ 1: APD with Tr@g#-Impedance Amplifier (TIA)
re<_:e|ver is another key )B@Jock and Data Recovery
using a long SSMF ( aﬁﬁmuﬂnﬂ nﬂ@iﬁl\ﬂ@%l chip from Maxim),
attenuation and Group Vi C'ty Dlspe sion and reference clock (CCPD-033 module from Crystek). After

attenuation can be compensated by using optical amplifiers, o ical data is launched into the receiver, APD converts optical
such as Erbium Doped Fiber Amplifier (EDFA). Secondly, the  gjgnaj into photocurrent and then TIA converts it into a small

dispersion that causes pulse spreading along distance can be tage signal. Limiting Amplifier amplifies this signal up to
mended by using Dispersion Compensation Fiber (DCF),  consiant voltage digital output and passes it through CDR.
which has a large negative dispersion. For the 10 Gb/s system ook output is recovered by phase lock loop, whereas Data
over 40 km long SMF at 1550 nm wavelength, both EDFA and  o,¢t s regenerated by D-flip-flop and recovered clock. This
DCF will be used according to the ITU-T G.691 (standard of  cpR requires a reference clock signal at 1/64 (155.52 MHz) or

optical interfaces for single channel STM-64 and other SDH 1,16 (622 MHz) of data rate, which is 9.9532 Gb/s (STM-64).
systems with optical amplifiers). '



Main parameters of receiver prototype are shown in Table |
and compared with 2 commercial optical transceivers (Finisar
and Bookham) by considering only those parameters from
receiver side. The data bit rate of prototype can be varied by
changing frequency of reference clock. Both commercial
transceivers do not have a fixed data bit rate because they
receive reference clock from their host boards. The output level
and rise/fall time are within the same ranges. This receiver
prototype can detect a wide range of wavelength and has a high
sensitivity of -25.3 dBm at 102 BER. Thus, it gives a larger
dynamic range (-2-(-25.3))=23.3 dB. In addition, the maximum

path penalty of receiver prototype is measured to be 0.8 dB (in

section 1V, C), which is less than the other two.

TABLE |
PARAMETER SUMMARIZATION AND COMPARISO
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A.  Transmitter Part

Three optical transmitters use the Electro-Absorption
Modulation Integrated Lasers (EML) [10]. Their wavelengths
are 1550.92 nm, 1551.32 nm and 1551.72 nm. Only the center
wavelength is modulated with 10 Gb/s data due to a limited
output from our Bit Error Rate Tester (BERT), unlike the real
systems where all wavelengths are simultaneously modulated.
However, in this case, the receiver’s performance will not be
significantly altered since these 3 wavelengths are farther apart
as compared to their modulated spectral widths, as shown in
Fig. 3(b). All wavelengths are multiplexed into one fiber via
two 3-dB optical couplers. Their output powers after 2™
lex are set to the same level with a total average power
to be 2.2 dBm by an optical power monitor.

/ssion fiber is a single spool of 40 km long SSMF.

Its™ ‘“easured to be 7.3 dB, thus the fiber attenuation

Recer POV — i =
Electrical Characteristics sosner Finisar [8] pO\I - StanCE) 1S (73/40) K 0183 dB/km The GVD
Prototype ise . 2.km). This dispersion will increase the rise
- Data Bit Rate 9.95328 - \ - icceived data signal.
|
- Different Output Voltage 575725 340-850 \ ,:\:“\ = 10,00
- Data Output Rise/Fall Time 30 38 "\,.' \ ! \\ | A L REF: p.00 dB ;gfgﬂ
W T i
- Power Consumption 0.71(RX) 3.5 (TX& = "“'-.\ TTN ~ -to0n
L) ¥ T | N

Optical Characteristics _— \_ } \ jkf I
- Center Wavelength 1280-1610 1270-1600 ‘ \ - \ { -
- Receiver Sensitivity @ 107 253 24 1 Y
- Receiver Overioad 22 =

eceiver Qverloa . i
~ Maximum Path Penalty P 2 @80 km) m 1551.320 0.400 nmidiy 1553.320

@ 40km (20 ps/mm/km) ’ (@
- - REF} 0.00 dBy
11. TESTBED OF 50-GHZ DWDM SYSTEM UVER¥= =
SSMF _— :
S b A T )

To demonstrate 50-GHz DWDM ‘ issi
SSMF, 3 fixed wavelengths at 50 Gh
combined and propagate through 40 krik "
diagram is shown in Fig. 2. -

o

TX 1
1550.92 nm F-™
Data 10 Gb/s A L Ly ¥
TX 2
—p| ﬁ pler]
1551.32 nm

Optical Data 10 Gb/s ﬂ

TX 3 A A
1551.72 nm ! .

SSMF 40km g
7 ; cR 5 FBG J\ J\
Q)

DEMUX

Data 10 Gb/s

2
Clock 10 GHz

2

ffffff >/ PIN (DCA)

Figure 2. Block Diagram of 50-GHz DWDM system over 40-km SSMF
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1548 320 1551.320 0.400 rirn /el 1553320

B. Receiver Part
After SSE4E, the center wav@ghgth is dropped by an optical

1% Qi istpf@-fort optical circulator and
) ijer Br rhtiogy (F TileJtransmitted and reflected

profiles of FBG are shown as the upper and lower lines,
respectively, in Fig. 3(a). The transmitted profile has its center
wavelength 30 dB below other wavelengths. Thus, the output
spectrum from FBG will eliminate center wavelength and
transmit neighboring wavelengths. In contrast, the reflected
profile has its center wavelength 16.9 dB higher than both
sides. Therefore, the reflected output will have a higher power
at center wavelength than neighboring wavelengths, as shown
in Fig. 3(b).



Next, the reflected 10 Gb/s signal is detected by our receiver
prototype to perform BER measurements. Due to the data
regeneration from CDR, the output signal does not vary with
its input power level. Thus, the effects of channel crosstalk and
fiber dispersion will not be clearly seen from the eye diagrams
of prototype’s output. For this reason, the PIN receiver having
a linear characteristic detection (inside Digital Communication
Analyzer (DCA) 86150B module) is used instead to observe
those worsen eye diagrams. But, this PIN receiver has a low
sensitivity of -6.3 dBm at 10”° BER, so its BER plot can not be
measured as a comparison to our prototype. The pictures of
PIN receiver in DCA and the prototype are shown in Fig. 4.

@
Figure 4. (a) PIN receiver inside DCA (b) optical r

V. EXPERIMENTAL RESU

A.  Eye Diagram from PIN receiver inside DCA
1) Crosstalk: The testbed is set as in Fig.2,

km SSMF. The eye diagrams of one wavelenc @Fand

wavelengths at the same average optical power (#6 %

shown i in Fig. §(a) apd qu. 5(b)4 respectlvely.

Figure 5. Eye diagram of PIN receiver (a) one wavelength (b) three wavelengths

After examining the line thickness of bit ‘1" and bit ‘0" on
eye diagrams in Fig. 5, the crosstalk effect is very slightly
shown as a thicker line in Fig. 5(b). This little difference is due
to the low crosstalk level of 16.9 dB from FBG.

2) Dispersion: The testbed is set as in Fig.2, with only the
center wavelength and without de-multiplexer due to its loss.

wmﬁ;
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The eye diagrams of one wavelength without fiber and one
wavelength with 40-km SSMF are shown in Fig. 6(a) and Fig.
6(b), respectively.

50 uw/div, 20 ps/div

50 uW/diy, 20 ps/div

% broadened 5|gnal The measured rise and
Wh2) are 23.6 and 25.8 ps, respectively,
"k “-. ired rise and fall times in Fig. 6(b) are 53.8
Sh tively. From these results, the dispersion
L SMF is analyzed as follows.

SO I time from dispersion effect is calculated
1) to be tgyp = 20x40%0.06 = 48 ps.
tawo * ‘D‘LO-/I (1)
is the rise/fall time due to GVD, D is the fiber’s
atal Igzath of fiber, and o is the 3-dB spectral
(4= elength.

Ry | rise and fall times in Fig. 6(a) are the
ic from both the transmitter and receiver,
/D as given in equation (2).

Hiber’sj

2 2
tx+t rx)+t GVD

O]

I time of system, ty is the rise/fall
di. i the rise/fall time of receiver.
r e and fall times of whole transmission

system are calculated from eqyation (2), using the calculated
aII times in Fig. 6(a), to
8Jan Sﬂrﬁg} eI hese numbers are almost

me as d rés g. 6(b).

B. Eye Diagram from the Optical Receiver Prototype

1) Crosstalk: The eye diagram of 3 wavelengths without
SSMF at an averaged power of -26 dBm is shown in Fig. 7. In
the middle of eye diagram, bit ‘1’ and bit ‘0’ are fixed to upper
and lower levels because of limiting amplifier. But, at the bit
crossing of this eye diagram, it shows a little spread due to the
crosstalk effect.
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100m\V/div, 20 ps/div compared to case 1wl is 0.3 dB (-26.1-(-26.4)). The power
penalty of case 3wl 50GHz+40km SSMF compared to case
1wl+40km SSMF is 0.4 dB (-25.3-(-25.7)). These two penalties
arise from the crosstalk effect. Similarly, the power penalty of
case 1wl+40km SSMF compared to case 1wl is 0.7 dB (-25.7-(-
26.4)) and the power penalty of case 3wl 50GHz+40km SSMF
compared to case 3wl is 0.8 dB (-25.3-(-26.1)), which is lower
than the 2 dB maximum penalty of G.691 standard [11]. These
later two penalties arise from the dispersion effect.

V. CONCLUSION

Figure 7. Eye diagram of receiver prototype, 3 wavelengths without SSMF

The design of 10 Gb/s optical receiver prototype using APD
Jrated with TIA, limiting Amplifier and CDR is described.
rimental testbed of 50-GHz DWDM transmission

The measured rise and fall times are 31.6 and 33% ﬁ‘SMFdIS demonstratfﬁ. The efft;cts ofd_channel
are less than those from the PIN receiver (53.C"mmmm cre er dispersion on the measured €ye diagrams

- e (e Nalyzed. The BER results of optical receiver
because the CDR regenerates a new output .sha}.‘ Toror . “ow 109 with the power penalty of 0.8 dB,

0 e standard limit of 2 dB.

2) Dispersion: The eye diagram of 3 wavelengths with 40,
km SSMF at the same averaged power of -26 dBm is sho "
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ANANENIARY ATNNIATFIUTEIATYEY104 DWDM ITU-T 694.1 A3A19199 A.1

1.5 Vrer
Laser Package
Vser VcontroL
20kOs— Bipolar
- —» TEC
Current Driver

1.5 ;/REF ' - T(-C) @

10kQY 10kQ Thermistor

n.1)

W K UAE V. Windu 1.5V

o - = ! o
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BT
Channel Ve V. TN L. Ve VoontroL
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dF

33 18.2 15561.92
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¢ o QL
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