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nmolu (Electro-Absorption Modulator Integrated Laser, EML) niou
suUAILAUQUNTR 1R IAIuANA TR (Proportional  Integral
Derivative controller, PID controller) smvf'mamsmﬂaumawﬁdo
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AMUAIAATDUYBIANEINAUEGIUTI £ 10 pm AMIATFIU
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MUUIUY (Dense Wavelength Division Multiplexing, DWDM) 311U
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Abstract

This article describes the design of 10 Gb/s optical
transmitter using an Electro-Absorption Modulator Integrated Laser
(EML) with temperature control system using a Proportional Integral
Derivative (PID) controller. The experimental results show that the
wavelength deviation of the optical transmitter is kept within £ 10 pm
according to ITU-T G.692 (Frequency Deviation) standard. The
measured 10 Gb/s eye-diagrams of 3 channels in 25-GHz DWDM
transmission meet the SONET(OC-192)/SDH(STM-64) specification,
without a considering attenuation and chromatic dispersion effccts from

short fiber patch cord.

Keyword: Optical Transmitter, Temperature Control System,
PID Controller, Densc Wavelength Division Multiplexing
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ABSTRACT

This paper describes the design of 10 Gb/s optical
receiver, which consists of an Avalanche Photo-Detector
(APD) and a Clock & Data Recovery (CDR) circuit. All
components are successfully integrated onto the 4-layered
FR-4 PCB, using two types of signal paths: differential
microstrip and single-ended CB-CPW. Their dimensions
are optimally chosen for matching impedance, according
to the ADS simulations. The receiver’s performance has
been evaluated under 3 impairments: jitter, interchannel
crosstalk and fiber dispersion. The Periodic Jitter (PJ) is
added to analyze histograms and measure the receiver’s
jitter tolerance. The crosstalk and dispersion effects on
eye-diagram are demonstrated via the testbed of 50-GHz
Dense Wavelength Division Multiplexing (DWDM)
transmission over 40-km Standard Single Mode Fiber
(SSMF). The measured jitter tolerance proves that this
receiver can pass the SONET (Synchronous Optical
NETwork) mask standard with Bit Error Rate (BER)
below 1072, The recovered eye-diagrams show that this
design can reduce both crosstalk and dispersion effects.
The power penalty of this receiver is determined from the
BER plot to be within 2-dB standard limit.

Keywords: Optical Receiver, Jitter, Crosstalk. Dispersion

1. INTRODUCTION

Optical fiber communication has become popular due
to its tremendous bandwidth and low attenuation. The
main focus of research and development is to increase
data rate of all components inside both optical transmitter
and optical receiver up to multi Gb/s range. The current
bit rate per channel is 40 Gb/s for chipset [1] and optical
modulator [2]. Meanwhile, the performance criteria of
high-speed data transmission are constantly better. For
example, a typical 10° BER is replaced by 10"'> BER 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

contrast, the DWDM system has many channel spacings:
200, 100, 50, 25 and 12.5 GHz (equivalent to 1.6, 0.8,
0.4, 0.2 and 0.1 nm at ~ 1550 nm wavelength) according
to the ITU-T G.694.1 standard of spectral grids for WDM
application. This tight spacing requires expensive lasers
with more stable and narrower spectral widths. Multiple
optical transmitters and receivers can be integrated into
one WDM transceiver, for instance, 4 channel x 10 Gb/s
transceiver for CWDM [3] and DWDM [4] at 200 GHz
spacing. Most DWDM systems use 100 GHz spacing [5].
The 50 and 25 GHz [6] spacings are preferred for higher
capacity, however, with additional power penalty due to a
severe channel crosstalk.

DWDM system is usually installed as core networks
with a standard transmission distance of 2, 15, 40, 80, 120
or 160 km. This distance is another performance criterion.
Two impairments occur when using a long SSMF: fiber
attenuation and Group Velocity Dispersion (GVD). First,
the attenuation can be compensated by optical amplifiers,
such as Erbium Doped Fiber Amplifier (EDFA). Second,
the GVD, which causes pulse spreading, can be mended
by using Dispersion Compensation Fiber (DCF) that has a
large negative dispersion. For the 10 Gb/s system over 40
km long SMF at 1550-nm wavelength, both EDFA and
DCF are deployed according to the ITU-T G.691 standard
[7]; however, they raise the total cost of system.

In this work, the design of 10 Gb/s optical receiver is
described. It consists of an APD, a CDR circuit and a 155
MHz reference clock soldered on a 4-layered Printed
Circuit Board (PCB). The aim of this paper is to
demonstrate a successful integration of those
commercially available components onto a commonly
manufactured FR-4 PCB, not a specially required high-
performance dielectric. Using the licensed Advanced
Design System (ADS) software and other free ware, the
routes and dimensions of signal paths between every pair
of components were simulated 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 10™'* 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 follows.
Section 2 explains about jitter, interchannel crosstalk and
GVD. Section 3 describes the design and components of
10 Gb/s optical receiver. Section 4 shows block diagrams
of three measurement setups: jitter histogram, jitter
tolerance, and DWDM transmission testbed. Section 5
analyzes the results, including jitter histograms, jitter
tolerance, eye-diagrams and BER plot. Finally, section 6
gives a conclusion.

2. EVALUATED IMPAIRMENTS

There are three impairments that will be evaluated
here. They are jitter, interchannel crosstalk, and GVD.
Their basic knowledge is explained in section 2.1 to 2.3,
respectively.

2.1 Jitter

Jitter is a time variation of data’s bit period. It will
cause the frequency variation of recovered clock signal at
a receiver. Consequently, the period of data sampling will
fluctuate, possibly causing some errors in the recovered
data. If the jitter becomes too severe, the clock signal may
be unrecoverable by a CDR circuit and the receiver will
eventually stop functioning.

The total jitter can be classified into two components
[8]: Deterministic Jitter (DJ) and Random lJitter (RJ), as

=
PR -

Fig.1: 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)
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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
DDJ and BUJ are excluded from this investigation.

Jitter can be described by the equation (1) [9], which
is equivalent to phase modulation.

S(t) = PQaf,t + o(1)) (1)

where ¢(t) is jitter added into the signal P(t) with f;
frequency, and S(?) is the final signal with added jitter.
For example, Fig.2 shows a clock signal with added PJ.
In this case, PJ is a sinusoidal wave. The period of ‘Ideal
Clock’ is varied by PJ’s amplitude, resulting in the
‘Jittered Clock’ signal.

: Ideal Clock :
S - =g

Fig.2: Example of Clock Signal with Periodic Jitter

The jitter analysis requires many histograms of data’s
bit crossing in the eye-diagram measurement mode. As
previously mention, the Gaussian histogram is a result of
total RJ in a system, as shown in Fig. 3 (a). If PJ is added,
the final histogram will become a double Gaussian shape
due to the multiplication of a Gaussian histogram with a
double peak histogram of PJ, as shown in Fig. 3 (b).

1 1
1 '
'

(@ RJ (b) PJ
Fig.3: Bit Crossing of Eye-diagram and Jitter Histogram

and



The amount of jitter is indicated either by peak-to-
peak (p-p) or root-mean-square (rms) value. p-p is the
maximum jitter read at a bit crossing of eye-diagram as
shown in Fig. 3, whereas rms is the average of squared
jitters. The unit of jitter is in second or Ul (Unit of
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.

As described earlier, jitter will cause some errors in
recovered data due to the variation in sampling period of
recovered clock. The optical receiver will stop recovering
data once the added jitter gets too high. This maximum
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 into
a system. Its amplitude is gradually increased until the
system’s BER reduces to a typical value of 1072, This
maximum amplitude of PJ is then recorded in the jitter
tolerance plot, as shown in Fig. 4 [8]. Same procedures
are repeated at other frequencies. The result is compared
to a standard threshold line. If it lies above a threshold,
the optical receiver passes standard. Otherwise, it fails if
any record falls below a threshold.

A
Same BER
= Pass
2
8 Jitter tolerance
2 threshold
&
@ Fail
b3
b
a
fe PJ Frequency

Fig.4: Standard Plot of Jitter Tolerance

2.2 Interchannel Crosstalk

The interchannel crosstalk is those unwanted power
from neighbouring WDM channels that leaks into the
desired channel. Thus, the interfering signals will have
different wavelengths. This differs from the intrachannel
crosstalk, which is more severe with interfering signals
having the same wavelength as desired signal. To remove
interchannel crosstalk, the optical de-multiplexer with a
narrow bandpass profile and sharp wavelength cut-off is
required. Any crosstalk will cause an increase in BER and
power penalty. The amount of interchannel crosstalk will
vary depending on the selected channel spacing. This
crosstalk can be determined from the bandpass profile of
optical de-multiplexer via an Optical Spectrum Analyzer
(OSA). Furthermore, the crosstalk will become additional
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,
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the measured eye height of recovered eye-diagram will
also slightly decrease.

— One Level
Histogram Mean

Eye Window Boundaries

Eye
Amplitude

Eye Height

..

Zero Level
Histogram Mean

%I‘I Eye Width I} F
3o 3o

Fig.5: Eye-diagram with Histograms

2.3 Group Velocity Dispersion (GVD)

GVD is also known as the chromatic dispersion or
the intramodal dispersion. It will cause pulse spreading
along SMF due to the different wavelengths propagate at
different speeds. GVD is a combination of material and
waveguide dispersions. The variation of refractive index
depending on transmitted wavelength will give rise to
material dispersion; whereas the different designs of
SMF’s refractive index profile will control waveguide
dispersion, which is always a negative value. GVD is also
in effect in Multi Mode Fiber (MMF); however, the
intermodal dispersion is more dominant over GVD.

Since the GVD causes pulse spreading into adjacent
data bits, which is so-called Inter Symbol Interference
(ISI). This increases the rise time and fall time of data’s
eye-diagram as well as reduces the BER performance.
The rise/fall time due to GVD, {;yp, can be calculated
from the equation (2) [10], where D(4) is the total GVD
of SMF at a transmitted wavelength A, L is the total
length of SMF, and o; is the 3-dB spectral width of
transmitted optical signal.

taw = |D(2)| Lo, 2

For SSMF, the value of D(A) can be calculated from
the equation (3) [10], where A, is the wavelength with
zero dispersion, and S, is the dispersion slope of total
GVD at wavelength A,

D(A) = %[1 —(%H 3)

Otherwise, the value of D(4) between 1500 and 1620
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 S, is 0.086 ps/(nm’.km).

- ! T 7 7 ! r

Chromatic Dispersion (ps/nm/km)

''''' Equation

—— Measurement

i i i §
1550 1600 1650

5 i
1300 1350 1400 1450 1500
wavelength (nm)

Fig.6: Group Velocity Dispersion versus Wavelength

After calculating the rise/fall time due to GVD, Gy,
from equation (2), the total rise/fall time of system, f,
can be calculated from the equation (4) [10], where ¢, is
the rise/fall time due to an optical transmitter and ¢,, is the
rise/fall time due to an optical receiver. The total rise/fall
time of system must be less than 70 percent of bit period
for that transmission system to work.

2 2 2
t,. =4, +
svs \/( 1x rx ) GVD (4)

3. DESIGN OF 10 Gb/s OPTICAL RECEIVER

In optical fiber communication, the optical receiver
typically uses two types of semi-conductor based
photodetector:  Positive-Intrinsic-Negative (PIN) and
Avalanche Photo-Detector (APD). PIN has lower noises
and requires a lower biased voltage than APD. However,
APD has a better power sensitivity and a larger output,
and thus is more suitable for long distance applications.
For these reasons, the APD is chosen in this design.

The 10 Gb/s optical receiver prototype consists of
three main components as shown in Fig. 7: (1) APD with
Trans-Impedance Amplifier (TIA) (R197AL module
from Cyoptics), (2) Clock and Data Recovery (CDR)
with Limiting Amplifier (LA) (MAX3991 chip from
Maxim), and (3) 155.52 MHz reference clock (CCPD-
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 Cl

Optical Receiver 15552Miz.

TIA >

< Data gut

Optical Data In:

N

Clk Out

Fig.7: Components of 10 Gb/s Optical Receiver
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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
a reference clock input at either 1/64 (=155.52 MHz) or
1/16 (=622 MHz) of transmitted data rate, which is
exactly at 9.9532 Gb/s (STM-64).

Fig.8: 10 Gb/s Optical Receiver Prototype

The cross-sectional view of 4-layered PCB on FR-4
dielectric is shown in Fig. 9. The signal planes are on top
and bottom layers, whereas the ground and power planes
are on the 2™ and 3" layers, respectively. All dimensions
are properly chosen from the cost and limitations of PCB
fabrication as well as the impedance simulation results.

W=20 mils (0.508 mm)

-
I T=1.4 mils (0.035 mm)

H=10.3346 mils (0.262mm) Fra | M (Signal layer)
M2 (Ground plane)

H1=31.496 mils FR4

(0.8mm) Dielectric

54.965 mils

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).

W=14mils :
< » S=7mils
> T=1.4mils

\ H=10.33 mils FR4

T
(a) Differential Microstrip Line

_ . W=20mils ~_ f
G=10mils » G=10mils
Y
! H=10.33 mils FR4

T=1.4mils

(b) Singled-ended CB-CPW
Fig.10: Cross-sectional Views of Signal Paths

Several dimensions and routing of signal paths were
simulated using the licensed ADS software and a free
ware PolarSi8000. Their results are compared with the
computation of equations in reference [13]. For example,
Fig. 11 compares the impedance results of G-parameter in
singled-ended CB-CPW. Two versions of PCB design
(straight versus curved lines) with the shortest path and
the best matching impedance were fabricated.

70 T T T T T T T
: : : : —&— Equation
Polar$i3600
—e— £DS

] S T .

50

35
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&y cpcw (Ohm)
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Fig.11: Simulation Results of CB-CPW

The measurement results of S;, parameters between
singled-ended microstrip and CB-CPW are compared in
Fig. 12. The 3-dB bandwidth of microstrip is 8.2 GHz,
whereas the CB-CPW’s bandwidth is beyond 10 GHz.

o R i S R s
S21 Microstnp
S21 Coplanar

Femee -

S parameter (dB)

S
-

Frequency (GHz}

Fig.12: Measurement Results of S,; Parameter
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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
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
by the marker in Fig. 13.

Differential Data Lines

Fig.13: TDR Measurement of

Table 1 compares the main parameters of prototype
with two commercial transceivers (from Finisar and
Bookham), considering only parameters from receiver
side. The prototype’s bit rate can be varied by changing
the reference clock’s frequency, whereas the commercial
transceivers do not have a fixed bit rate as they receive
the reference clock from their host boards. The output
level and rise/fall time are within the same ranges. This
prototype can detect a wide range of wavelength and has
a better sensitivity of -25.3 dBm at 10 BER. Thus, it
provides a larger dynamic range of (-2-(-25.3)) 23.3 dB.
In addition, the maximum penalty of prototype read from
BER plot is 0.8 dB (in section 5.3), which is less than that
of the other two transceivers.

Table 1: Comparison of Receiver’s Parameters

Electrical Receiver e :
Characteristics Prototype Finisar [14] | Bookham [15] | Unit
Data Bit Rate 9.95328 9.95-10.7 9.95-10.75 Gb/s
Different Output 575-725 340-850 360-770 mV
Data Output

Rise/Fall Time 29 38 24 ps
Power Consumption 0.71 (Rx) 3.5 (Tx&Rx) 3.5 Tx&Rx) w
Optical

Characteristics

Center Wavelength 1280-1610 1270-1600 1530-1560 nm
Receiver Sensitivity

@10 -25.3 -24 -15.8 dBm
Receiver Overload -2 -7 -1 dBm
Maximum Path 2

Penalty @ 40km (20 0.8 2 dB
ps/nm/km) (@80 km)

4. MEASUREMENT SETUPS

There are two main sets of measurement setups: jitter
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 sine
wave from Signal Generator (SG) is fed to the delay input
port of BERT to generate added PJ.

4.1.1 Jitter Histogram from Eye-diagram

To measure jitter histogram as in Fig. 14, the DCA
must be set properly to measure the histogram of data’s
bit crossing in eye-diagram mode. The amplitude of sine
wave is set to 160 and 320 mV at two frequencies: 1 and
10 MHz. Their eye-diagrams and jitter histograms are
recorded, and compared to those without added PJ. These
results are analyzed in section 5.1.1.

__________

| BERT !
!

Sine Wave | | Pattem

Generator | 1| Generator DCA
i ]

Fig.14: Block Diagram of Eye-diagram Measurement

4.1.2 Jitter Tolerance

To measure jitter tolerance as in Fig. 15, data and
clock outputs are connected to ED for BER monitoring.
The sine wave’s frequency is fixed at one of these values:
0.7, 1,2, 4,10, 40 and 80 MHz. Its amplitude is gradually
increased while maintaining BER better than 10" The
maximum p-p jitter amplitude is recorded. The same
procedures are repeated at other frequencies. The results
are plotted and compared with the standard SONET/SDH
threshold [18] as shown in section 5.1.2. In addition, the
jitter tolerance of BERT is also measured as ‘loop back’
reference by connecting PG directly to ED.

i BERT )
SineWave| 1| Pattem |i 10 Gbis
Generator ! Generator - o —

i|  Error 1': Loop back

i| Detector :,A:

I

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

e | @A
1550.92 nm i ,
M| M A M
Data 10 Gb/s| X 2 y/ RVAN :
e e | @0 e} o)
1551.32 nm | Optical Data 10 Gb/s I
{
1551.72 nm 2 I T |
SSMF 40 km DEMUX

e

Fig.16: Block Diagram of DWDM Transmission

Fig.17: Photo of DWDM Experimental Testbed

4.2.1 Transmitter Side

Three transmitters (TX1, TX2 and TX3) using EML
[16] have their wavelengths at 1550.92, 1551.32 and
1551.72 nm. Only the center channel is modulated with
10 Gb/s data due to a limited output from BERT, unlike
in a real system where all wavelengths are modulated.
However, in this case, the performance of optical receiver
will not be significantly altered since these 3 wavelengths
are farther apart as compared to their 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.
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Fig.18: OTDR Measurement of 40-km SSMF

4.2.2 Receiver Side

After SSMF, the center wavelength is dropped by an
optical de-multiplexer, which consists of one 3-port
circulator and a Fiber Bragg Grating (FBG). The
transmitted and reflected profiles of FBG are measured
by an Optical Spectrum Analyzer (OSA) and shown as
the upper and lower lines, respectively, in Fig. 19. The
transmitted profile has its bottom power level at center
wavelength 30 dB below those of other wavelengths. This
FBG will then reflect the center wavelength and allow
two neighbouring wavelengths to propagate through.
Consequently, this de-multiplexer will drop only the
center wavelength for data measurement.
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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

wavelengths, as shown in Fig. 20. This power difference
indicates the amount of interchannel crosstalk that will
cause a power penalty.
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Fig.20: Spectrum of Received 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.



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.

Fig.21: PIN Receiver inside DCA

5. EXPERIMENTAL RESULTS

There are three main sets of experimental results: (1)
jitter, (2) crosstalk and dispersion, and (3) BER, as
described in section 5.1, 5.2 and 5.3, respectively.

5.1 Jitter Results

Two jitter results are jitter histograms of added PJ,
and jitter tolerance of receiver prototype, as described in
section 5.1.1 and 5.1.2, respectively.

5.1.1 Jitter Histogram Results

Fig. 22 shows the recovered 10 Gb/s eye-diagram
from receiver prototype before adding PJ. The resulted
jitter histogram inside a dash rectangle has only one
Gaussian profile due to inherent RJ in this transmission
system. This shape is in agreement with Fig. 3(a). The
measured total p-p jitter and rms jitter are 0.1 Ul,, and
0.013 Ul,,,, respectively.

5 100 mV/div, 20 ps/div

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
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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
above 1 MHz.

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

f=1MHz f=10 MHz

320mV

V=

160 mV

\Y

022 Ulpp

0.14 Ulp-p

5.1.2 Jitter Tolerance Results

Fig. 23 shows the measured jitter tolerances at 10™'
BER of optical receiver prototype, ‘RX’ line, and BERT,
‘Loop back’ line. Since the ‘RX’ line is above the
SONET standard [18], ‘SONET MASK’ line and is
below the ‘Loop back' line as expected, this receiver
passes the standard jitter tolerance test. The explanation
for higher tolerance at lower frequency is due to a slow
change in phase such that the clock recovery circuit can
rapidly complete its phase locking.

| — SONET MASK [
! ~—%— Loop back
| —e—Rx

T

Jitter Amplitude (Ulp-p)

H | H R PSS | ! ~
107 10° 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.

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

(b) Three Wavelengths without SSMF
Fig.24: PIN's Eye-diagrams with | & 3 As

After a careful examination of the line thickness of
bit ‘1’ and ‘0’ on eye-diagrams in Fig. 24, the crosstalk
effect is very slightly shown as a thicker line in Fig.
24(b). This little difference is due to the very low
interchannel crosstalk level of 16.9 dB from FBG.

2) GVD Effect: The testbed is set as in Fig.16, with
only the center wavelength transmitted and thus without a
de-multiplexer due to its insertion loss. The eye-diagrams
of one wavelength without fiber and with 40-km SSMF
are shown in Fig. 25(a) and Fig. 25(b), respectively.

Comparing the two eye-diagrams in Fig. 25, they
clearly show an increase in the rise and fall times due to
GVD impairment. The measured rise and fall times in
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
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tgvp 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

(b) One Wavelength with 40-km SSMF
Fig.25: PIN’s Eye-diagrams with & without SSMF

5.2.2 Eye-diagram from Optical Receiver Prototype

1) Crosstalk Effect: The testbed is set as in Fig. 16,
without 40-km SSMF. The recovered 10 Gb/s eye-
diagram by receiver prototype with one wavelength and
three wavelengths transmitted at the same average input
power of -26 dBm are shown in Fig. 26(a) and Fig. 26(b),
respectively.

.......
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(a) One Wavelength without SSMF
-..100mV/div, 20. ps/div.
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(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.

.........
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(a) Three Wavelengths without SSMF

(b) Three Wavelengths with 40-km SSMF
Fig. 27: Prototype’s Eye-diagrams with & without SSMF

Comparing these two eye-diagrams in Fig. 27, they
clearly show a broad and noisy spread of bit crossing due
to GVD impairment. In the middle of eye-diagram, the bit
‘1’ and ‘0’ outputs are again fixed to the same CML
levels. The measured rise and fall times are 31.6 and 33.3
ps, respectively. These numbers are much less than those
from PIN receiver in Fig. 25 (b) due to data regeneration.
For that reason, this receiver can significantly reduce the
GVD impairment. The eye-diagram in Fig. 27 (b) also
passes the standard STM-64/0OC-192 data mask, shown as
a gray rectangle at center as well as the upper and lower
borders.

5.3 Bit Error Rate Results

Fig. 28 shows the BER performance of 10 Gb/s
optical receiver prototype under four transmission cases:
(1) only the center wavelength transmitted (/w/), (2) three
wavelengths transmitted at 50 GHz spacing (3w! 50GHz),
(3) the center wavelength transmitted over 40-km SSMF
(Iwl+40km SSMF), and (4) three wavelengths transmitted
at 50 GHz spacing over 40-km SSMF (3w! 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.
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1) Crosstalk Effect: The penalty between 3w/ S0GHz
case and /wl/ case is (-26.1-(-26.4)) = 0.3 dB, whereas the
penalty between 3wl 50GHz+40km SSMF case and
Iwl+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
Iwl+40km SSMF case and Iwl 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].

Edi At § Hord -

~+= 3wl 50GHz
1 wl, 40 km SSMF
=B~ 3wl 50GHz, 40km SSMF

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

BER
3

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

107 1 1 1 1 1 1 1
275 -27 -26.5 -26 -25.5 25 245 24 -23.¢
Average received power (dBm)

Fig.28: BER Plot of 10 Gb/s Optical Receiver Prototype

6. CONCLUSION

The design of 10 Gb/s optical receiver prototype
using an APD with integrated TIA, a CDR chip with LA,
and a 155.52 MHz reference clock is described. All
components are successfully integrated onto the 4-layered
FR-4 PCB. The two selected types of signal paths are
differential microstrip line and single-ended CB-CPW.
Their dimensions are optimally chosen for the lowest cost
and matching impedance, according to the equations and
the simulations from ADS and PolarSi8000 software. The
prototype’s performance has been evaluated under three
impairments: jitter, interchannel crosstalk and GVD. The
double Gaussian histograms of added PJ are analyzed to
be proportional to amplitude and inversely proportional to
frequency of applied sine wave. The jitter tolerance of
prototype passes the SONET threshold with BER below
102, 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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Abstract- This paper describes the design of our 10 Gb/s
Avalanche Photo-Detector (APD) optical receiver and its overall
performance in 50-GHz Dense Wavelength Division Multiplexing
(DWDM) transmission over 40-km Standard Single Mode Fiber
(SSMF). The experimental eye-diagram results show that our
receiver can reduce the effects from channel crosstalk and fiber
dispersion. In addition, its measured bit error rate (BER) is
below 10~ and the power penalty is within standard limit.

L. INTRODUCTION

Optical fiber communication has become very popular as
compared to other systems because of its large bandwidth and
low attenuation per distance. The main focus of research and
development is to increase data rate of all components inside
both optical transmitter and optical receiver up to multi Gb/s
range. The current bit rate is 10 Gb/s for chip set [1] and 40
Gb/s for optical modulator [2].

Transmission capacity of WDM system is upgradable either
by increasing the number of channels or decreasing the channel
space between adjacent channels. For lower cost systems, the
coarse WDM (CWDM) is normally used with channel spacing
of 20 nm. Many transmitters and receivers are integrated into
one CWDM transceiver [3]. In contrast, the DWDM system
has many values of channel spacing: 200, 100, 50, 25, and 12.5
GHz (equivalent to 1.6, 0.8, 0.4, 0.2, and 0.1 nm at about 1550-
nm wavelength) according to the ITU-T G.694.1 standard of
spectral grids for WDM application. And, the spectral width of
transmitter in DWDM is much narrower than that of CWDM.
Most DWDM systems [4-5] use 100-GHz spacing, whereas the
50- and 25-GHz channel spacing [6] are chosen for a higher
capacity system.

DWDM system is generally used in core networks with the
transmission distance of standard values: 2, 15, 40, 80, 120 or
160 km. Thus, the distance between optical transmitter and
receiver is another key performance. There are two problems in
using a long SSMF (Standard Single Mode Fiber): fiber
attenuation and Group Velocity Dispersion (GVD). First, the
attenuation can be compensated by using optical amplifiers,
such as Erbium Doped Fiber Amplifier (EDFA). Secondly, the
dispersion that causes pulse spreading along distance can be
mended by using Dispersion Compensation Fiber (DCF),
which has a large negative dispersion. For the 10 Gb/s system
over 40 km long SMF at 1550 nm wavelength, both EDFA and
DCF will be used according to the ITU-T G.691 (standard of
optical interfaces for single channel STM-64 and other SDH
systems with optical amplifiers).

In this work, our designed 10 Gb/s optical receiver has been
evaluated under 3 problems: jitter, crosstalk and dispersion.
The jitter problem, which is the time variation of bit period,
has already been experimented and reported in reference [7]
according to SONET/SDH specification. Thus, this paper will
demonstrate the crosstalk and dispersion effects using 50-GHz
channel spacing and 40-km SSMF. This transmission condition
is properly chosen from those described standard values and in
agreement with the specification of 10 Gb/s optical transmitters
used in our experimental testbed.

This paper is organized as follows. Section Il explains the
design of our 10 Gb/s optical receiver. The testbed of 50-GHz
DWDM system over 40-km SSMF is described in section I1I.
The experimental results are analyzed in section IV. Finally,
the summary of this work is in section V.

II. DESIGN OF OPTICAL RECEIVER

In optical fiber communication, an optical receiver generally
uses 2 types of semiconductor receiver: Positive-Intrinsic-
Negative (PIN) and APD. PIN has lower noise level than APD.
However, APD has a better sensitivity as well as larger output,
and thus is more applicable for long distance applications. As a

result, the APD is chosen in this design.
'REF Clock

@ N | 4| corttimiting [7AT——

Optical Data In 2| Amplifier Cgta St
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Optical Receiver

Figure 1. Components of the 10 Gb/s Optical Receiver Prototype

Our receiver prototype consists of 3 main components as
shown in Fig. 1: APD with Trans-Impedance Amplifier (TIA)
(R197A module from Cyoptics), Clock and Data Recovery
(CDR) with Limiting Amplifier (MAX3991 chip from Maxim),
and reference clock (CCPD-033 module from Crystek). After
optical data is launched into the receiver, APD converts optical
signal into photocurrent and then TIA converts it into a small
voltage signal. Limiting Amplifier amplifies this signal up to
constant voltage digital output and passes it through CDR.
Clock output is recovered by phase lock loop, whereas Data
output is regenerated by D-flip-flop and recovered clock. This
CDR requires a reference clock signal at 1/64 (155.52 MHz) or
1/16 (622 MHz) of data rate, which is 9.9532 Gb/s (STM-64).



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 10"'? 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 IV, C), which is less than the other two.

TABLE |
PARAMETER SUMMARIZATION AND COMPARISON
Recewer
Electrical Characteristics Finisar (8] Bookham [9] Unit
Prototype
- Data Bit Rate 9.95328 9.95-10.7 9.95-10.75 Gbps
- D:fferent Output Voltage 575-725 340-850 360-770 mv
- Data Output Rise/Faii Time 30 38 24 pPs
- Power Consumpticn 0.71(RX) . 3.5 (TX&RX) 3.5 (TX&RX) w
Optical Characteristics
- Center Wavelength 1280-1610 1270-1600 1530-1560 nm
- Recewer Sensitvily @ 107 -25.3 -24 -15.8 dBm
- Recewer Overioad 2 -1 =5 dBm
- Maximum Path Penaity 0.8 2 (@80 km) 2 dB
@ 40xm (2C ps/nmykm)
1. TESTBED OF 50-GHzZ DWDM SYSTEM OVER 40-KM
SSMF

To demonstrate 50-GHz DWDM transmission over 40-km
SSMF, 3 fixed wavelengths at 50 GHz channel spacing are
combined and propagate through 40 km long fiber. Its block
diagram is shown in Fig. 2.
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Figure 2. Block Diagram of 50-GHz DWDM system over 40-km SSMF
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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"
coupler are set to the same level with a total average power
measured to be 2.2 dBm by an optical power monitor.

The transmission fiber is a single spool of 40 km long SSMF.
Its total loss is measured to be 7.3 dB, thus the fiber attenuation
(power loss per distance) is (7.3/40) = 0.183 dB/km. The GVD
is about 20 ps/(nm.km). This dispersion will increase the rise
and fall times of received data signal.
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Figure 3. (a) Profile of FBG and (b) Spectrum of received signal
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B. Receiver Part

After SSMF, the center wavelength is dropped by an optical
de-multiplexer, which consists of 3-port optical circulator and
a Fiber Bragg Grating (FBG). The transmitted 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 receiver prototype

IV. EXPERIMENTAL RESULTS

A. Eye Diagram from PIN receiver inside DCA
1) Crosstalk: The testbed is set as in Fig.2, but without 40-
km SSMF. The eye diagrams of one wavelength and three
wavelengths at the same average optical power of -6 dBm are
shown in Fig. 5(a) and Fig. 5(b), respectively.
i i - 50-uW/d

(b)
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.
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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

< =

(b)
Figure 6. Eye diagram of PIN receiver (a) without SSMF (b) with 40-km SSMF

Comparing the eye diagrams in Fig. 6, they clearly show the
dispersion effect as broadened signal. The measured rise and
fall times in Fig. 6(a) are 23.6 and 25.8 ps, respectively,
whereas the measured rise and fall times in Fig. 6(b) are 53.8
and 54.2 ps, respectively. From these results, the dispersion
effect of 40-km SSMF is analyzed as follows.

First, the rise/fall time from dispersion effect is calculated
from equation (1) to be 7Gyp = 20x40x0.06 = 48 ps.

,GVD ~ IDILO'J. (])
where fgyp is the rise/fall time due to GVD, D is the fiber’s
GVD, L is the total length of fiber, and oy is the 3-dB spectral
width of transmitted wavelength.

Second, the measured rise and fall times in Fig. 6(a) are the
combined rise/fall time from both the transmitter and receiver,
without the fiber’s GVD, as given in equation (2).

2 2
t:ys = \/(tzlx +t rx) +t GVD (2)

where tq, is the total rise/fall time of system, ¢, is the rise/fall
time of transmitter, and ¢, is the rise/fall time of receiver.

Lastly, the total rise and fall times of whole transmission
system are calculated from equation (2), using the calculated
teyp as well as the measured rise and fall times in Fig. 6(a), to
be 53.48 and 54.49 ps, respectively. These numbers are almost
the same as the measured results in Fig. 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.



mV/div, 20 ps/div

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

2) Dispersion: The eye diagram of 3 wavelengths with 40-

km SSMF at the same averaged power of -26 dBm is shown in
Fig. 8. The dispersion effect can be seen at the bit crossing.
The measured rise and fall times are 31.6 and 33.3 ps, which
are less than those from the PIN receiver (53.8 and 54.2 ps),
because the CDR regenerates a new output shape.

BER

00mV/div, 20 ps/div

Figure 8. Eye diagram of receiver prototype, 3 wavelengths with 40-km SSMF

BER of Receiver Prototype
£
10 T 1 25 ¢
—%— 1wl
i —— 3wl 50GHz
107 1 wl. 40 km SSMF
—B— 3wl 50GHz, 40km SSMF
10°*
10°%
10"
107
10"‘2 l i i i

1

215 27 -26.5 -26 255 25 245 24 -235
Average received power (dBm)

Figure 9. BER plot of receiver prototype

Fig. 9 shows the BER plot of our receiver prototype. The

experiment was conducted in 4 cases: (1) one wavelength (/w/),
(2) 3 wavelengths (3w/ 50GH-), (3) one wavelength with 40-
km SSMF (/wl+40km SSMF), and (4) 3 wavelength with 40-
km SSMF (3wl 50GH=+40km SSMF). The average received
powers at 10”° BER of these 4 cases are -26.4, -26.1, -25.7 and
-25.3 dBm, respectively. The power penalty of case 3w/ 50GH:=
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compared to case /w/ is 0.3 dB (-26.1-(-26.4)). The power
penalty of case 3w/ 50GHz+40km SSMF compared to case
Iwl+40km SSMF is 0.4 dB (-25.3-(-25.7)). These two penalties
arise from the crosstalk effect. Similarly, the power penalty of
case Iwl+40km SSMF compared to case /wl/ is 0.7 dB (-25.7-(-
26.4)) and the power penalty of case 3w/ 50GHz+40km SSMF
compared to case 3w/ 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.

Vi CONCLUSION

The design of 10 Gb/s optical receiver prototype using APD
integrated with TIA, limiting Amplifier and CDR is described.
The experimental testbed of 50-GHz DWDM transmission
over 40-km SSMF is demonstrated. The effects of channel
crosstalk and fiber dispersion on the measured eye diagrams
are observed and analyzed. The BER results of optical receiver
prototype are below 10° with the power penalty of 0.8 dB,
which is within the standard limit of 2 dB.
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Laser Package
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—p| CIRCUIT Current Driver
1.5 VRrer T(C)
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[(ufe)
(nm) Vierm (V) V) (nm) Vieru (V) (V)
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(o)
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