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Abstract: A behavior model for the receiver of the Ethernet
passive optical network( EPON) is presented. The model consists
of a fiber, a photodetector, a transimpedance amplifier ( TIA)
followed by a limiting amplifier and a clock and data recovery
circuit ( CDR). Each sub-model is constructed based on the
architecture of a circuit. The noise and jitter in each block such as
shot noise, thermal noise, deterministic and random jitter are also
considered. The performance of the whole receiver can be
evaluated by the simulation of the behavior model, which is
faster than the ordinary circuit model and more accurate than the
analytical model. The whole model is implemented with C ++ and
simulated in Microsoft Visual C++ 6. 0. Using the Monte Carlo
method, the EPON receiver is simulated. The simulation results
show a good agreement with experimental ones.
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he Ethernet passive optical network ( EPON) integrates

Ethernet access technology and a broadband PON sys-
tem to provide a high-speed and long-distance access appli-
cation for Ethernet. The EPON has many advantages such
as high bandwidth, cost effectiveness, easy management and
maintainability. With the rapid development of the EPON,
especially the high speed EPON, it is essential to model and
analyze the EPON system with the aim of increasing the bit
rate and reducing the overall cost.

Generally, the methods of modeling and analyzing a com-
munication system fall into three categories: those based on
analytical calculations, those based on time-domain Monte
Carlo simulations, and hybrid approaches based on a combi-
nation of simulations and analytical calculations. With the
increase in bit rate, it is increasingly important to consider
noise effects on the EPON performance. There are several
commercial products which permit users to simulate optical
communication systems; however, they use simplified circuit
models which cannot analyze noise effects in detail or are
too complex to simulate within an acceptable time'' ™. Fur-
thermore, no current mature tools can simulate a whole opti-
cal communication system.

Because of the complexity of the laser diode, the transmit-
ter of the EPON is not included in this paper. An accurate
and fast simulator based on C++ for the EPON receiver is
proposed. All components used in the EPON receiver such
as fiber, photodiode, transimpedance amplifier( TIA), limit-
ing amplifier (LA) and clock and data recovery circuits
(CDR) are researched. Using the proposed simulator, both
optical device and system designers can simulate a complete
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EPON system and evaluate its performance before design
and implementation.

1 Receiver Architecture of EPON

As shown in Fig. 1, an EPON receiver consists of five
blocks: an optical fiber, a photodetector, a TIA, an LA and a
CDR. To simulate the receiver performance, a generator and
an analyzer are used to generate a set of sampling data and
analyze the responses. For modeling a whole EPON receiv-
er, each function block used in the system is modeled as ac-
curately as possible based on its function. Various factors af-
fecting the receiver performance are considered. For exam-
ple, when modeling the optical fiber, factors resulting in the
signal degradation are researched, while in other function
blocks, noises and jitters such as shot noise, thermal noise,
deterministic and random jitter are investigated. On the other
hand, this simulator can also give multiple result shapes,
such as signal waveforms, eye diagrams, deterministic and
random jitter, and bit error ratio( BER).
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Fig.1 The block diagram of EPON receiver
1.1 Modeling for fiber link

A fiber link can be considered as a low-pass filter, in
which fiber attenuation and pulse-width extension resulting
from dispersion are taken into account.

Let A, be the fiber attenuation, and it can be expressed as

POU[ 1
P, (D

in

A, =10log
where P, is the output power of the fiber and P, is the in-
put power. In the simulator, A, is a given parameter based
on the practical optical fiber.

Suppose that T, and T, are the width of optical pulses for
the output and input optical signals, respectively. And AT is
the broadened width of optical pulses. The pulse-width ex-
tension of optical pulses is shown as

out

T, =(T, +AT)" (2)

Let L be the fiber length, D be the dispersion parameter
(unit ps/(km - nm)), AA be the linewidth ( full width at
half maximum) of the laser. Then AT = LDAA.

In this simulator, the pulse width extension is modeled in
time domain by changing the sampling value of the wave-
form. After determining the sign of the incremental value
which is according to the slope of the waveform, the broade-
ning factor is computed using the trigonometric method.
Then, the output waveform is obtained by changing the sam-
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pling value.
1.2 Modeling for photodetector

PIN( positive intrinsic negative) and APD( avalanche pho-
todiode) are two kinds of photodiodes used in the EPON.
The fundamental difference is that a PIN does not have an
internal gain, while an APD has an internal gain due to its
self-multiplication.

Supposing that P, is the input signal power, then the aver-
age signal current of a PIN is

i, =RP, (3)

s in

where R is the responsivity of the photodetector( unit A/W)
and can be expressed as

R=T4_. (4)

where 7 is the quantum efficiency; g is the electron charge; h
is the Planck constant; v and A are the velocity of light and
the wavelength of the signal, respectively.

Since an APD photodiode is biased into the avalanche re-
gion, it has a gain of electrons produced in the avalanche.
Let G stand for the average gain. We can obtain the average
signal current of the APD as follows:

i, =GRP, (5)

The total current of a photodiode is the sum of i, and i,
which is the dark current,

i) =1,(0) +1i,(7) (6)

On the other hand, shot noise and thermal noise are two
fundamental noise sources contributing to the current fluctu-
ation. Shot noise results from the corpuscular nature of trans-
port and can be assumed as a stationary random process with
Poisson statistics. However, it is generally approximated by
Gaussian statistics. Supposing that B is the bandwidth, for a
PIN receiver, its shot noise is

2 .
lshol :2Bqls+d(t) (7)
While for an APD receiver, considering its excess noise
factor of F, its shot noise can be expressed as'

. =2FGBqi_, (1) (8)

shot

where

F=kAG+(1—KA)(2—1E) (9)

and k, is the ionization-coefficient ratio.

Meanwhile, thermal noise is caused by the load of the op-
tical receiver and can be analyzed using Gaussian statistics,
that is

. 4kTB
ir= R

(10)

where k is the Boltzmann constant and 7' is the absolute tem-
perature.
In practical use, the performance of a photodetector is of-

ten evaluated by carrier-to-noise ratios( CNRs) using the fol-
lowing equations:

CNR ; (RP,,)” (11)
T~ = " 2Bqi, (1) +4kTB/R
lshol T
CNR g (GRP.)" 12
AT — — T 2FGBgqi,, (1) +4kTB/R (12)
1 +1

shot T

For simulating the PIN and the APD in this simulator, first
Gaussian noise is generated, and then the mean and variance
of Gaussian noise are calculated according to Egs. (7), (8)
and(10) . After that, the output current is calculated accord-
ing to Egs. (3), (5) and (6). Finally, CNRs are obtained
based on Egs. (11) and (12).

1.3 Modeling for TIA

The function of the TIA is to transform a current signal
from a photodiode into a voltage signal and then amplify it.
While the LA converts the output swing of the TIA to a suf-
ficient logic level for the CDR. Generally, the TIA circuit
can be regarded as a digital filter with the parameters de-
rived from the transfer function of a real TIA circuit™ . Fig.
2 is the equivalent circuit of the TIA, in which the transim-
pedance stage consists of an inverting amplifier with a feed-
back resistor of R,. We can obtain its transform function
H(s) as follows:

v, B
B =1 =54,

s

(13)

where B is the bandwidth of the TIA, B=A /C,;7=(1 -
A)/(CiR,) +1/(R,C;). A, is the gain of the amplifier;
C. is the output capacitance of the photodiode; R is the in-
put impedance of the amplifier.

S
>
GD Cr— %RT V,

Fig.2 Equivalent circuit of transimpedance amplifier

Using the bilinear transformation method, H(z) can be
expressed as

_V(2) _ B(l+z™")
I(2) 2f(1-z") +7(1+z7")

H(z) (14)
where f, is the sampling frequency.

From Eq. (14), we can obtain the relationship between in-
put and output as shown below:

v(n) =Dv(n-1) +E[i(n) +i(n-1)] (15)

where D = (2f, - 7)/(2f. +7)and E=B/(2f, +71).
Thus, the output voltage V of the TIA can be calculated
based on the output current of the photodetector.
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1.4 Modeling for LA

The LA provides an additional voltage gain for the signal
to satisfy the input sensitivity of the attached clock and data
recovery circuit. The LA is a typical nonlinear amplifier. The
Cann model'” is adopted for the modeling of the LA, which
is one of the most popular models for nonlinear amplifiers.
The Cann model can permit independent control of the gain,
the limiting value, and the sharpness of the transition charac-
teristic. The expression of the Cann model can be written as

gVin
N VAY
[1 +(%‘V1n‘) ]

where g is the small-signal gain; L is the limit value of the
output signal; and s controls the sharpness of the transition
from a linear to a limiting state.

The coefficients in Eq. (16) can be obtained by using the
curve fitting method, and the accuracy of the Cann model is
dependent on the order of curve fitting. An order of 23 is se-
lected as a tradeoff between accuracy and computational
cost.

1.5 Modeling for CDR

(16)

VvV =

Generally, the CDR consists of three modules: a phase
detector(PD), a charge pump low pass filter(LPF), and a
voltage controlled oscillator( VCO), as shown in Fig.3.In a
PLL-based CDR, the PD is used to lock the VCO output sig-
nal to the reference clock. Normally, the reference clock is a
sub-multiple of the bit rate. Therefore, a divided down ver-
sion of the VCO clock is used for the comparison. Once the
VCO is locked to the approximate bit-rate frequency defined
by the reference clock, the logic circuit switches the VCO
correction values to the inputs of the delay line phase-fre-
quency detector, which further adjusts the VCO to match the
exact frequency of the received data rate. Then the retimer
determines the input data based on the VCO output signal.

Phase

detection

D, f D g

» Retimer [

vCco
'

Fig.3 Block diagram of CDR

In our simulator, a 3-state detector is used as a phase and
frequency detector ( PFD) because it is simple for simula-
tion”". As shown in Fig. 4, state — 1, state 0 and state 1 are
the states in which the clock frequencies are higher than,
equal to and lower than the frequency of D, , respectively.
State 0 is the assumed initial state(both U, and D, are ze-
ro) . Then when a rising edge of “fb” occurs, both U, and D,
are high for an instant. The maximum useful frequency for
this PD is limited by the minimum duration of state 0. The
PD is not sensitive to the duty cycle of the VCO or the ref-
erence oscillator.

The loop filter used in this simulator is a passive-lag loop
filter. Fig. 5 depicts the used loop filter. Then if 7, is much
smaller than 7, the transfer function H(s) can be expressed

| b fb ref

D

U, =0
D, =0

Upy=1
D, =0

State — 1I State OI State 1

Fig.4 State transfer diagram of PD
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T

Fig.5 Low pass filter

by the following approximation:

1 +sRC,
s’RC,C, +s(C, +C,)

H(s) = (17)

Considering the nonlinear effect of the voltage-controlled
curve, an accurate VCO can be modeled as

fun =+ KV + K, V. + K, V. (18)

where f, is the central frequency of the oscillator; V, is the
output voltage generated by the LPF; K|, K,, K, are the co-
efficients which can be obtained by the voltage-controlled

curve in the device’s datasheet.
2 Noises and Jitters

Receiver noise arises from a variety of sources, such as
electronic circuit noise, shot noise and avalanche multiplica-
tion noise. The latter two kinds of noise have been discussed
in section 1. 2. In this section, electronic circuit noise mainly
appearing in the TIA, LA and CDR is discussed. This kind
of noise can be assumed as a zero-mean Gaussian random
process with a variance determined by the average power of
equivalent input noise. The random generator for the Gaussi-
an random process can be described by the Box-Muller algo-

rithm™

X=[ -2In(U,)]1"*cos(2wU,) (19)

where U, and U, are two random numbers from the continu-
ous uniform distribution.

Based on the noise model discussed above, we can add the
noise to the sampling signals in order to evaluate its effect
on system performance. For example, in Fig. 3, the noise of
the PD and the VCO are dominant. The output of the PD is a
voltage signal; therefore, a voltage noise is superimposed on
the output voltage. The output of the VCO is in the phase
domain and contributes to the phase error, so the noise is
added on to the phase of the VCO. The RMS value of the
noise can be obtained by the simulation of detailed circuits.

On the other hand, timing jitters have significant effects
on the performance of the whole system. Jitters can be divid-
ed into two categories: deterministic jitter ( DJ) and random
jitter(RJ) . DJ is bounded peak-to-peak and does not have a
Gaussian distribution. RJ is considered unbounded and a
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Gaussian process in nature. So in the proposed simulator, jit-
ter is modeled as random Gaussian data for the peaks; mean-
while, for the value between peaks, it is modeled as bounded
random data. Fig. 6 shows the histogram of the generated jit-
ter.

Number
lo~, D w R & 0O
-

N
~

-0.2 0
Length of period/ns
Fig.6 The histogram of generated jitter
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3 Simulation Results

The whole model is implemented with C++ and simula-
ted in Microsoft Visual C++ 6.0. Using the Monte Carlo
method, an EPON receiver is simulated and the typical simu-
lation parameters are shown in Tab. 1. These parameters can
be categorized into four types:

1) Those used for the fiber link;

2) Those used for the photodetector;

3) Those used for the TIA and LA;

4) Those used for the CDR.

Except for the first type of parameters which can be set
based on the EPON standards, all the other parameters can
be set based on the datasheet of corresponding devices.

Tab.1 Simulation parameters

Type Parameters Typical value
Bandwidth/GHz 8
Optical power/dBm -14
1 Attenuation/(dB « km ") 0.4
Dispersion/(s + (nm - km) 1) 6.42 x 1012
Fiber length/km 10
Responsivity 0.8
Dark current/nA 100
2 Quantum efficiency/ % 59
Average gain of APD 9
Tonization-coefficient ratio 0.035 or 0.6
Input noise voltage of TIA/puV 1. 62
Deterministic jitter of TIA/ps 10.7
Random jitter of TIA/ps 0
Input noise voltage of LA/ pV 2
Deterministic jitter of LA/ps 16
Random jitter of LA/ps 1.1
Frequency of reference clock/GHz 9.6
VCO gain/(MHz - V™) 100
4 Capacitor in the loop filter/pF 0.1
Resistor in the loop filter/ () 314
Charge current/ A 10

Figs. 7 to 9 show end-to-end simulation results for the
whole receiver. From the figures, a fast evaluation on the
feasibility of the design can be obtained.

Fig. 10 shows the BER simulation results for the APD and
PIN receivers. Obviously, it can be seen that the APD out-
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Fig.7 Waveform and eyediagram of source. (a) Waveform;
(b) Eyediagram
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Fig.8 Output waveform and eyediagram of TIA. (a) Output
waveform; (b) Eyediagram

performs the PIN due to the internal gain of the APD.

In Fig. 11, two BER simulation results are compared, one
for the TIA with high gain, the other for the TIA with low
gain, but they have the same overall gain. We can see that in
the former case, the output signal of the TIA never drops to
the sensitivity of the LA, and thus the sensitivity of the over-
all receiver is mainly determined by the input-referred noise
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Fig.9 Output waveform and eyediagram of LA. (a) Output
waveform; (b) Eyediagram
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Fig.10 BER for APD and PIN receivers
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Fig.11 BER for receivers with high and low gain TIA

of the TIA. However, in the latter case, the output signal
drops to near the sensitivity of the LA and the sensitivity of
the overall receiver is significantly affected by the input

noise of the LA. Additionally, the jitter generated at the out-
put of the LA is increased and may result in an error in the
CDR block'".

Fig. 12 shows the test result for the output of the LA. By
comparing the test eyediagram with the simulation eyedia-
gram, the accuracy of the model can be evaluated. The test
results show that the variation of the model is below 15% .

Fig.12 The test eyediagram of the LA

4 Conclusion

A simple behavior model for the components and the noi-
ses of the EPON receiver are presented. The model includes
a fiber, a photodetector, a TIA, a LA and a CDR, which are
essential parts of the receiver. In this model, the behaviors
of each block are modeled. The thermal, shot and dark cur-
rent noises of the photo detector in the receiver segment are
considered. The time-domain models of the TIA and CDR
are also considered. The modeling is implemented with
C ++ . The complete electrical circuit model is useful in the
analysis of noise in optical communication systems.
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