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Abstract: A small-signal equivalent circuit model and the extraction techniques for photodetector chips are presen-

ted. The equivalent lumped circuit, which takes the main factors that limit a photodetector’s RF performance into

consideration.is first determined based on the device’s physical structure. The photodetector’s S parameters are

then on-wafer measured.and the measured raw data are processed with further calibration. A genetic algorithm is

used to fit the measured data.thereby allowing us to calculate each parameter value of the model. Experimental re-

sults show that the modeled parameters are well matched to the measurements in a frequency range from 130MHz

to 20GHz,and the proposed method is proved feasible. This model can give an exact description of the photodetec-

tor chip’s high frequency performance,which enables an effective circuit-level prediction for photodetector and

optoelectronic integrated circuits.
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1 Introduction

With the rapid development of communica-
tion technology,next-generation optical communi-
cation systems operating at 40Gb/s per channel
are required. Optoelectronic integrated circuits
(OEIC) are very attractive because of their high
integration and high-speed performance at long-
wavelength (1. 55um) . To exactly estimate or sim-
ulate OEIC.accurate equivalent models of discrete
device chips are very important for designers'"*'.
The photodetector is one key device for OEICs.
Many modelling methods have been developed to
analyze the characteristics of photodetectors®~",
These modelling methodologies are primarily
based on numerical and physical equations,e. g. ,
the continuity equation,leading to a lack of sim-
ple equivalent circuit models for quick determina-
tion of the photodetetor’ s RF performance. A
small-signal equivalent circuit model is computa-
tionally less demanding. It can better describe the
device’s “black box” behavior and be used in a
complete OEIC circuit-level analysis. As an exam-
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ple. an optical integrated receiver may contain
photodetectors, transistors,and resistances. Design
and simulation of the whole receiver can be done
by combining the small-signal equivalent models
of individual devices in a circuit simulator.

In this paper,a small-signal equivalent model
and the extraction techniques for a photodetector
chip are described. First, the model is discussed
based on a pin-diode structure and physical mech-
anisms. Second, the chip’s S parameters (S, and
Ss, ) are measured. The measured raw data are
processed with further calibration. Finally, a ge-
netic algorithm (GA)is used to fit the measured
data,whereby we can calculate each value of the
proposed model. Experimental results show good
agreement with the modeled data in the frequency
range from 130MHz to 20GHz, and the proposed
method is proved feasible and reliable.

2 Small-signal equivalent model of
the photodetector chip

Small-signal equivalent circuit models aim to
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Fig.1 Small-signal equivalent circuit model of a pin
photodetector (a) Cross section of a pin-diode; (b)
Equivalent circuit of a partly depleted intrinsic region;
(c) Equivalent circuit of a completely depleted intrin-

sic region; (d) Small-signal equivalent circuit model

simulate actual device frequency performance by
circuit response,and the circuit for simulating the
integrated device can be obtained by combining
different models of individual devices. Figure 1
(a) shows the cross section of a pin-diode. First,
we analyze the equivalent circuit model of the in-
trinsic region under different conditions: when ap-
plied reverse bias is not high enough to deplete
the whole intrinsic region,as shown in Fig. 1 (b),
the depleted region and the undepleted region can
be both modeled as paralleled resistance and ca-
pacitance; When the photodetector is under nor-
mal working conditions, the intrinsic region will
be completely depleted, as shown in Fig.1 (c¢),
and R, = C, =0, thus the intrinsic region is mod-
eled as parallel to R; and C;. The following part
can be easily modeled: R, represents the semicon-
ductor bulk resistance of the non-depletion re-
gion; C, represents the capacitance introduced by
the top contact; the pad and interconnection line
can be modeled as lump elements R, L,,and C,,

similar to a circuit model of a transmission linet® .

characteristic resistance,respectively,and the val-
ues are both set to 50Q.

The model is based on the device structure,
but the factors affecting device frequency re-
sponse should also be taken into account. There
are two main factors limiting high frequency
bandwidth of photodetectors: the finite time that
it takes for carriers to transit the intrinsic region
and the charging and discharging time as a result
of distributed resistance and capacitance. The
photocurrent generated in the intrinsic region will
limit the high frequency response of the photode-
tector as a result of the carriers’ transit time,and
the photocurrent’s frequency dependence within
the intrinsic region was described in Ref. [7].
Generally, this frequency dependence can be quite
well fitted to that of an RC-link. Therefore, the
photocurrent intrinsic frequency dependence can
be modeled with a voltage controlled current
source through the relationship I = GVygg, where
Ve is the voltage at point a, as shown in Fig. 1
(d),and G is a constant adjusted according to the
photodetector’s quantum-efficiency. The distribu-
ted parameters above have been modeled as a
lumped impedance network, which can effectively
simulate the charging and discharging delay
caused by the distributed parameters.

3 Accurate on-wafer measurement of
photodetector chip’s S parameters

3.1 Scattering matrices of the photodetector

For the optical port,as seen in Fig. 2, a; de-
notes the incident intensity modulated optical sig-
nal. Since no optical power travels from the right-
hand side to the left across the optical port, b, is
equal to zero.On the electrical port,a, and b, de-



1880 AP T

{ZS

i % 28 &

22
-+

. Voltage
source

'
Reference plane 2

Fig.3 Schematic graph for measurement of S, (LD:
Laser-diode; VNA: Vector network analyzer)

note the electrical incident-wave and reflected-
wave,respectively. The electrical wave b, has two
sources: the modulated optical power incident and
the electrical wave a, incident from the right-
hand side and reflected back by the receiver’s im-
perfect match. The photodetectors’ scattering ma-
trices can be defined as follows:

{Zj: [som SOJX [Zj

where S, describes the amplitude of the forward

(@Y

electrical wave created by a, when a, = 0"/, and
S, 1s the electrical reflection coefficient of the
photodetector’s electrical output port.

3.2 Measurement and calibration of the photode-
tector chip’s S parameters

To calculate model parameters from the S
parameters, accurate on-wafer measurements of
S» and S, are needed. S;, can be obtained using
the one-port reflection coefficient measurement
technique, which is widely used and unnecessary
to explain here. S, were measured using an opti-
cal - modulation technique'®’ . Figure 3 shows that
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Fig.4 Flow graph of S, measurement system

by connecting the DUT (device under test) and
the modulated light source with a calibrated two-
port vector network analyzer ( VNA), we can
measure S, data of the DUT.

For on-wafer measurement, these procedures
neglect some important errors such as modulator
and microwave probe frequency response, and
mismatches between ports. Measured data are in-
accurate as a result of insufficient calibration,
which may generate incorrect models. In order to
remove the remaining errors, we have developed a
“flow graph” calibration method"” . Flow graphs
are usually used in system cybernetics. Similar to
system cybernetics, the propagation of micro-
waves is only related to the propagating path and
nodes. Using a flow graph to describe microwave
propagating characteristics can simplify the analy-
sis. The flow graph of the S, measurement system
is shown in Fig. 4.

Furthermore, the calibrating formula is de-
duced based on this flow graph:

Prob Mod
SZlmCETSZ]O

where Ep is the directivity error, Ey is the reflec-
tion error, Eg is the source match error, E, is the
load match error, E+ is the frequency response er-
ror, Ex is the isolation error, S5 " is the reflection
coefficient of photodetector chip’s electrical out-
put, S (i,j=1,2) are the microwave probe’s §
parameters,and S,z are the measured raw data of
S21 . Precise model parameters can be obtained
with more accurate measured data. A pin-diode
chip’ s § parameters were measured. Figure 5
shows that the frequency response curve of S, be-
comes smoother after further calibration.

S}z)lUT = E(S:r — Ex) (2)
where E is the error coefficient,
(1 - SYE)+ S5 E, X det[S™] — ST E, — S5, S11°) (3)
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Fig.5 Magnitude of S, before and after further cali-
bration (solid line:before calibration;dotted line:after
calibration)
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Z, = R, + Z, (3
4 Genetic algorithm for extraction of P GZ.Z2.Z,Z,
model parameters DR+ ZY(ZAZ) + 2R Zi+ 2o+ Zy)
(6)
The extraction of the model parameters is 7. - ZJIZ(R, +Z)+Z (R, +Z;+ Z)]
22 —
done by fitting the calculated S parameters to the (Ry+Z)(ZA+Z)+Z (R +Z; +Z, +Zy)
measured S parameters with GAM ™% GA is a (7
stochastic optimizer that imitates the evolution of where Z, = R, + - 1 Z, = RjR 7. = - 1 JZ. =
natural species toward generations with ever bet- JoC JoCiR; JoC
ter average fitness. Each individual is coded as a jol.+R.,.Z,= jaij
P

bit string obtained by suitably joining the binary-
coded values of parameters. Starting from an ini-
tial population, with the principle of survival of
the fittest, through reproduction, crossover, and
mutation operation, a GA continues to produce
successive populations with increasing average fit-
ness until termination conditions are satisfied. The
operation is divided into the following steps:

(1) Choose proper length n of the code
string: Each parameter is coded as a binary string,
the minimum change step is expressed as:

(upper bound — lower bound) /(2" — 1)

A more precise solution can be achieved with
larger n,but when n becomes too large,operation
speed will slow down. To enhance solution preci-
sion as well as operation speed, bound scopes can
be reset based on preliminary results. We chose 12
as the n value.

(2) Determine the individual number N in
each population: an optimum solution is difficult
to achieve with small N, while convergence time
is increased if N is too large. As a trade-off, we
chose 60 as the N value.

(3) Create error function Yp.v: Calculate
each individual’s fitness with the error function.
Smaller Yy v values suggest better fitness. The er-

)

€]
where S, and S,m are the measured S parame-
ters,and Suc and Sy are the calculated § param-
eters. Syc and Sy are calculated as follows:
D Calculate Z parameters based on the pro-
posed model:

ror function is defined as follows:
S7 - S’) S - S?'
Yy = 2 ( ‘ 21M 21C 22M 22C

SZZM

SZIM

+ ‘

all points

@ Transform Z parameters to S parameters,
referred to as Suic and Sac.

(4) Starting from an initial population (cho-
sen randomly within bounds set by the user), re-
peat the following steps until termination condi-
tions are satisfied:

(D Calculate each individual’s fitness with er-
ror function Ygiv;

@ Based on the calculated fitness, ecach indi-
vidual is processed through the reproduction,
crossover, and mutation operation, and the indi-
viduals with the best fitness in this generation are
reserved for a new population.

Table 1 shows the extracted values. Figure 6
compares the calculated S,; and S, with the meas-
ured ones. The simulated S-parameters matched
well with the measured ones over the whole inves-
tigated frequency range.

5 Conclusion

The photodetector is a key device in OEIC.
To simulate its high frequency characteristics, we
present a small-signal equivalent circuit model and
its extraction techniques. The model is based on
the photodetector’s physical mechanisms and can
be obtained with accurate on-wafer measured S
parameters. GA is used to extract the model pa-
rameters from the measured S parameters. Experi-
mental results show that the model approximates
the measured S parameters well in the frequency
range from 130MHz to 20GHz. The proposed
method is proved feasible and reliable and can be
used in a complete OEIC circuit-level analysis.
The proposed method not only helps to simulate

Table 1 Extracted model parameters of a pin-diode chip under reverse bias of 1. 5V

C. C; C. Cy R,

R; R, R, L, G

25.3fF 65.5fF 28.5fF 6.0fF 176.7Q

30.8kQ 58.5Q 7.1Q 18. 5pH 0. 0057
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Fig.6 Comparison between calculated and measured
S parameters (solid line: the calculated; dotted line:
the measured) (a) Sz ; (b) Su

and design OEICs, but also, through correlations
between the model and the device,can provide a
way to optimize photodetectors for high bit rate
applications.
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