
A, with measurement errors below 1 dB for OSNR values below
32 dB. This validates the proposed monitoring method, even in
conditions of significant signal distortion.

4. CONCLUSION

A novel OSNR monitoring method using an AH has been pro-
posed and validated experimentally. This method consists in using
a previous calibration that produces an RAH, obtained in condi-
tions of low optical noise, in order to obtain the AH that would be
expected in conditions of optical noise-induced degradation. Mea-
surement errors below 1 dB have been verified for OSNR values
below 32 dB. The proposed method shows resilience to GVD-
induced distortion, maintaining the same 1-dB error margins ver-
ified without signal distortion. The principal limitation of the
proposed method is a minimum average optical power required at
the input of the monitoring device. In the case of the tested system,
a minimum input power of �7.5 dBm was verified. It is shown that
electrical bandwidth limitations may be required to reduce this
value. This indicates that a compromise between minimum input
power and maximum evaluated bit rate must be found.

Future work will involve monitoring of interferometric
crosstalk and chromatic dispersion using derivates of the proposed
technique.
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Received 3 January 2006

ABSTRACT: A method to extract the elements of the small-signal
equivalent circuit and the noise parameters (NPs) of heterojunction bi-

polar transistors (HBTs) is presented. The extraction is done by simulta-
neous fitting of the measured S-parameters, noise figure (for a well-
matched impedance), and NPs (estimated using the so-called F50

method). An additional error term, given by the root square sum of the
differences between the NPs estimated from the F50 method and the NPs
directly computed using the Hawkins model, is considered in order to
avoid nonphysical results in the extraction of the intrinsic noise sources.
To obtain the initial values of the equivalent-circuit elements, analytical
expressions are applied under a number of bias conditions, namely, re-
verse bias, forward bias, and active bias. Experimental verification of
the extraction of the equivalent-circuit elements and NPs of an HBT, up
to 8 GHz, are presented, and the NPs are compared to those measured
with an independent (tuner-based) method. The behavior of Fmin, ex-
tracted using the proposed method, as a function of the HBT collector
current, is also presented. © 2006 Wiley Periodicals, Inc. Microwave
Opt Technol Lett 48: 1372–1379, 2006; Published online in Wiley Inter-
Science (www.interscience.wiley.com). DOI 10.1002/mop.21649

Key words: heterojunction bipolar transistor (HBT); small-signal model;
noise model; noise parameters extraction

1. INTRODUCTION

Heterojunction bipolar transistors (HBTs) have demonstrated good
low-noise performance in microwave frequencies, making them
viable candidates for low-noise amplifier (LNA) applications [1,
2]. To guarantee the successful design of an HBT LNA, accurate
characterizations of the device small-signal model and noise model
are required.

Several methods have been proposed to extract the elements of
the small-signal model of HBTs (see Fig. 1). Those can be divided
into two groups: optimization-based methods and direct-extraction
methods. The former obtain all or some of the elements using
optimization algorithms. Some of them propose complex algo-
rithms to avoid local minima [3, 4], or consider additional mea-
surements to fit the response of some elements [5–7]. A problem
with these optimization techniques is their dependence on the
starting values, which may result in nonunique solutions for the
extraction results. On the other hand, direct-extraction methods
obtain involved analytical expressions of the Z-, Y-, or H-param-
eters of the small-signal equivalent circuit under a number of bias
conditions, such as reverse bias, forward bias, and active bias
[8–11]. To extract the values of the small-signal equivalent-circuit
elements, the direct-extraction methods either consider some ap-
proximations at different frequency ranges [12, 13], or use addi-

Figure 1 HBT small-signal equivalent circuit, in T-topology, including
shot- and thermal-noise sources
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tional structures to determine the values of the parasitic-element
parameters [14]. The advantage of the direct-extraction methods
(despite their complexity) is to provide physically significant val-
ues for the equivalent circuit parameters. Other methods combine
both approaches by dividing the equivalent-circuit elements into
two groups: extrinsic (or parasitic) and intrinsic elements. The
extrinsic elements are obtained by optimization, whereas the in-
trinsic elements are determined by means of analytical expressions
[15]; conversely, the extrinsic elements can also be obtained from
measurements under reverse-bias and forward-bias conditions and
the intrinsic elements are estimated by optimization [16].

The HBT noise behavior is described by its noise parameters
(NPs). Several works in the literature propose models to compute the
NPs of an HBT from the admittance parameters, [17–19], but those
models only describe the intrinsic-device noise behavior. Addition-
ally, the method in [18] requires previous knowledge of the values of
the base and emitter resistances. Therefore, to use those models for
obtaining the NPs, the parasitic elements must be extracted first from
S-parameter or Y-parameter measurements, through a de-embedding
procedure. In the work of Hawkins [20], the HBT noise model, and its
noise parameters, can be obtained using the Hawkins model for the
intrinsic noise sources, taking into account the extrinsic noise contri-
butions. The Hawkins model assumes that the HBT intrinsic noise-
sources are functions of the intrinsic resistances and the base transport
factor, and that the extrinsic elements contribute only to thermal noise;
hence, they can be directly computed from the small-signal circuit
elements [21]. However, measurement uncertainties, local minima of
the error function to be minimized (in optimization methods), and the
approximations (assumed in the direct-extraction methods) will com-
promise the accuracy of the small-signal circuit elements’ extraction,
thus producing a misleading estimation of the noise sources, and
therefore the four NPs, that is, minimum noise figure Fmin, equivalent
noise resistance Rn, and magnitude ��opt� and phase �opt of the
optimum source reflection coefficient �opt. To overcome this draw-
back, other works [22, 23] have proposed fitting the S-parameters and
the NPs simultaneously. However, the measurement of NPs in [22,
23] requires an input tuner [24] to synthesize the multiple source
impedances required at the HBT input (base) port (typically, 10
source states or more at each frequency). In [25] an intrinsic noise
model (admittance noise-matrix configuration) was proposed to ex-
tract the NPs using new analytical expressions; however, the accuracy
of the method still depends on the extraction quality of the small-
signal parameters. Recently, a method to extract the NPs by fitting
measurements and estimations of the noise figure has been proposed
[26]. The analytical expressions presented in [25] were used to obtain
the initial values, which are function of the small-signal model pa-
rameters and are also obtained through an optimization procedure.

In this paper, we propose a new method to simultaneously
extract both the small-signal and noise model of the HBT using
only measurements of the S-parameters and noise figures. Hence,
a tuner to measure the NPs of the HBT is no longer required, which
reduces the time, complexity, and cost of the measurements. Spe-
cifically, instead of measuring the NPs, the so-called F50 method
[27] is used to extract the HBT intrinsic noise-sources. The F50

method, based on measuring the device noise figure as a function
of frequency for a well-matched source impedance (therefore, only
one source state per frequency is required), was previously applied
to determine the four NPs of FETs without using tuner [27]. This
method uses frequency redundancy rather than source-state redun-
dancy (as in the tuner-based methods), assuming a smooth fre-
quency dependence for the elements of the intrinsic-noise corre-
lation matrix, which can be interpolated in frequency with a
low-order polynomial. Therefore, we develop an optimization
method to extract the small-equivalent equivalent-circuit elements,

with the noise model as a function of these elements [28]. The
error function to be minimized in the optimization process is the
sum of three terms, the root sum of squares (RSS) of the differ-
ences between the measured and estimated S-parameters, the RSS
of the differences between measured and estimated noise figure
(from the Hawkins model [20, 21]), and an additional term given
by the RSS of the differences between the NPs obtained from the
F50 method and those NPs estimated from the Hawkins model.
This last term helps to avoid local minima, which would produce
nonphysical NPs results. To obtain the initial values, analytical
expressions are determined at different bias conditions applying
some frequency approximations, as in [12, 16]. The procedure to
compute the initial values is described in section 2, the noise-
model extraction using the F50 method is developed in section 3,
the minimization procedure is explained in section 4, and the
experimental results of the small-signal and noise-model of a
GaAs HBT, extracted up to 8 GHz, are presented in section 5.

2. SMALL-SIGNAL MODEL

The HBT small-signal equivalent circuit, in T-topology, is shown
in Figure 1, where the intrinsic and the parasitic device noise-
sources are included. The elements of the equivalent circuit are
split into extrinsic (parasitic) and intrinsic elements. The former
are assumed bias-independent and obtained by applying approxi-
mations at low frequency under reverse-bias and forward-bias
conditions, as in [16]. Specifically, the parasitic capacitances Cpb,
Cpc, and Cpbc are extracted from the Y-parameter measurements
of the device under reverse-bias condition (Vbe � 0 V and Vce �
0 V), for which the simplified equivalent circuit shown in Figure
2(a) holds. Under these conditions, the admittance parameters have
a linear frequency dependence and are basically capacitive in the
lower-frequency range. The extrinsic resistances Rb, Rc, and Re

and the inductances Lb, Lc, and Le are computed from the Z-
parameter measurements of the device under forward-bias condi-
tion (Vbe � 0 V and Vce � 0 V), for which the simplified
equivalent circuit shown in Figure 3(a) holds. Under forward-bias
conditions, the real part of the device impedance is basically
constant with frequency and the imaginary part has an inductive
linear frequency dependence. Figures 2 and 3 illustrate the behav-
ior of the measured admittance and impedance parameters of a
GaAs HBT (2 � 320 �m2 emitter area) under forward bias and
reverse bias, respectively. In Figures 3(b) and 3(c), it is observed
that, under forward-bias conditions, the effects of the intrinsic
elements are still present, since the imaginary part of the imped-
ance Z12 is negative, and the real part is constant only at high
frequencies. This effect is due to the influence of a distributed
diode between the base and the collector and between the base and
the emitter. Hence, we propose to use the measurements under
reverse [Fig. 2(b)] and forward [Figs. 3(b) and 3(c)] conditions to
compute an initial estimation of the extrinsic elements. These
values are introduced in an optimization algorithm in order to
minimize an error function, as explained in section 4.

The intrinsic elements depend on the device bias. They are
obtained by fitting the estimated and the measured S-parameters
under active-bias conditions. The initial values are computed using
the following procedure.

First, the extrinsic elements are de-embedded, from the measured
S-parameters, in order to determine the intrinsic impedance matrix,
Zint (Fig. 1). Then, the following relations of the elements of Zint

[12], are used to estimate the values of the intrinsic elements:

Z11
int � Z12

int �
RbiZf

Rbi � Zf � Zbc
�

Rbi � j�RbiRbcCbc

D
,
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Z22
int � Z21

int �
ZfZbc

Rbi � Zf � Zbc
�

Rbc

D
,

Z12
int � Z21

int �
�ZfZbc

Rbi � Zf � Zbc
�

�Rbc

D
,

D � 1 � �2RbiRbcCbcCf � j��Rbc�Cbc � Cf	 � RbiCf
, (1)

with

Zf � 1/� j�Cf	,

Zbc � Rbc/�1 � j�CbcRbc	,

Zbe � Rbe/�1 � j�CbeRbe	. (2)

The base transport factor, �, is directly computed from [21]:

� � �0e
�j�� �

Z12
int � Z21

int

Z22
int � Z21

int , (3)

where �0 the magnitude of �, ��� its phase and � is the transit
time. When � 3 0, the intrinsic base resistance can be approxi-
mated by

Rbi � Re�Z11
int � Z12

int	 (4)

Figure 2 (a) HBT equivalent circuit under reverse bias (Cin � Cpb �
Cbe, CbcT � Cpbc � Cf � Cbc, and Cout � Cpc), (b) imaginary part of
the admittance parameters [Y] of a GaAs HBT with Vce � 0 V and Vbe �
�2.0 V

Figure 3 (a) HBT equivalent circuit under forward bias; (b) real part and
(c) imaginary part of the impedance parameters [Z] of a GaAs HBT with
Vce � 0 V and Vbe � 1.2 V (Lb0, Le0, and Lc0 are the independent terms
of the imaginary part of the Z-parameters)
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and the base-collector resistance by

Rbc � Re�Z22
int � Z21

int

Z11
int � Z12

int�Rbi. (5)

The auxiliary variable D in (1) is computed as:

D �
Rbc

Z22
int � Z21

int . (6)

Then, the base-collector capacitance is determined as

Cbc �
Im�D � �Z11

int � Z12
int		

�RbcRbi
(7)

and the feedback capacitance Cf as

Cf �

Im�D	

�
� RbcCbc

Rbc � Rbi
. (8)

The equivalent impedance of the base-emitter branch is defined as

Zbe �
Rbe � j�Rbe

2 Cbe

1 � ��RbeCbe	
2 � Z12

int �
�1 � �	 j�RbiRbcCf

D
. (9)

If (�RbeCbe)2 �� 1, then

Rbe � Re�Zbe	, (10)

Cbe � �
Im�Zbe	

�Rbe
2 . (11)

As pointed out above, the final values of the intrinsic elements are
computed by applying an optimization algorithm. The final values
of the elements of the equivalent circuit are obtained using the
procedure described in section 4, in which the device noise figure
and NPs are also taken into account.

3. NOISE MODEL EXTRACTION

The Hawkins model [20] is used to describe the intrinsic transistor
noise, where two uncorrelated shot noise sources icp and eRbe,
whose mean quadratic values are functions of the intrinsic base-
emitter resistance Rbe and the base transport factor �, are consid-
ered (Fig. 1):

icp
2 �

2kTa��0 � ���2	

Rbe
�f, (12)

eRbe

2 � 2kTaRbe�f, (13)

where �0 is the low-frequency value of �, �f is the noise integra-
tion bandwidth, Ta is the room temperature, and k is the Boltz-
mann’s constant. Also, a thermal noise contribution from resis-
tance Rbi is assumed, whose mean quadratic value is given by

eRbc

2 � 4kTaRbi�f. (14)

In the same way, it is assumed that the parasitic resistances (Rb,
Rc, and Re) have a thermal noise contribution:

eRx

2 � 4kTaRs�f, (15)

where x � b, c, e, respectively. The NPs are computed from the
total noise-correlation matrix in its cascade representation (CAT)
of the HBT equivalent circuit [29]. The matrix CAT results from
the following noise analysis, in which it is expressed as a function
of the intrinsic and extrinsic noise contributions:

CAT � P2 � CYj � P2
† � CA

ext, (16)

where

CYj � Yi � � e1
2 e1e*2

e2e*1 e2
2 � � �Yi	

†, (17)

e1
2 � eRe

2 � 4kTaRbi � �Zbe�2
eRbe

2

Rbe
2 ,

e2
2 � eRe

2 � �Zbc�2icp
2 � �Zbe�2

eRbe

2

Rbe
2 ,

e1e*2 � e2e*1 � eRe

2 � �Zbe�2
eRbe

2

Rbe
2 , (18)

CA
ext � P1 � �eRb

2 0

0 eRc

2 � � P1
†, (19)

P1 � �1 �AT11

0 �AT21
� � Z2 � Y1; P2 � P1 � Zj. (20)

In (16)–(20), the superscript ‘†’ denotes the transpose-conjugated
operator, Yi is the admittance matrix of the intrinsic part (without
including the feedback capacitance Cf) adding the emitter resis-
tance Re and inductance Le, Zj is the impedance matrix of the
former block (Yi) in parallel with Cf, Y1 is the admittance matrix
corresponding to block Zj in series with the resistances Rb and Rc,
and Z2 is the impedance matrix of the device, without considering
the extrinsic base and collector inductances, Lb and Lc, respec-
tively (see Fig. 1). Matrix CA

ext groups the extrinsic contributions,
whereas the first term of the right-hand side of (16) includes the
intrinsic contribution (Cyj) as well as the emitter-resistance con-
tribution.

Note that the direct-extraction method proposed here can be
directly applied to -configuration of the small-signal equivalent
circuit or Y representation. In this case, the admittance correlation
matrix (17) is obtained from base and collector noise sources (base
and collector shot noise and the correlation between the noise
sources due to the transit time [30, 31]).

From (12)–(20), it is observed that the NPs can be easily
calculated, if the equivalent circuit elements are known, using the
expressions for the NPs of a two-port as a function of its CAT

presented in [29].
To extract the elements of the intrinsic-noise correlation matrix

Cyj, we propose to use the F50 method, similarly to [27] for FETs.
Using the definition of the noise figure as a function of the source
impedance Zs and of the device noise correlation matrix CAT given
in (16) [28, 29]:

FTRT�Zs
i	 � 1 �

�Zi	 � CAT � �Zi	†

4kT0Re�Zs
i	

, Zi � �1 �Zs
i	*
, (21)
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where T0 � 290�K is the standard temperature, and Zs
i � Rs

i �
jXs

i is the source impedance measured at the ith frequency point.
Usually, the source impedance Zs is either well-matched (50�)—
thus FTRT is called F50—or near 50�, in order to avoid transistor
oscillations. Then, substituting (16) into (21), the intrinsic contri-
bution is expressed in terms of the noise figure (measured at Nf

frequency points) and CA
ext as follows:

�Zi � P2	 � CYj � �Zi � P2	
† � 4kT0Re�Zs

i	 � �FTRT�Zs
i	 � 1


� �Zi	 � CA
ext � �Zi	†. (22)

Reordering (22) and making a change of variable, the following
linear equation system for the ith frequency point is obtained for
CYj:

�i � �M1
i M2

i M3
i M4

i 
 � �CYj11 CYj22 Re�CYj12	 Im�CYj12	

T,

(23)

M1
i � �P2,11�2 � �Zs

i �2�P2,21�2 � 2 Rs
iRe�P2,11P*2,21	

� 2Xs
iIm�P2,11P*2,21	,

M2
i � �P2,12�2 � �Zs

i �2�P2,22�2 � 2 Rs
iRe�P2,12P*2,22	

� 2Xs
iIm�P2,12P*2,22	,

M3
i � 2 Re�P2,11P*2,12	 � 2�Zs

i �2Re�P2,21P*2,22	 � 2Rs
iRe�P2,11P*2,22

� P2,12P*2,21	 � 2Xs
iIm�P2,11P*2,22 � P2,12P*2,21	,

M4
i � 2 Im�P2,11P*2,12	 � 2�Zs

i �2Im�P2,21P*2,22	 � 2Rs
iIm�P2,11P*2,22

� P2,12P*2,21	 � 2Xs
iRe�P2,11P*2,22 � P2,12P*2,21	, (24)

�i � 4kT0Re�Zs
i	 � �FTRT�Zs

i	 � 1
 � �Zi	 � CA
ext � �Zi	†. (25)

In (23), the superscript T denotes the transpose operator and the
unknown correlation matrix CYj has been arranged as a column
vector whose elements are CYj11, CYj22, and the real and imagi-
nary part of CYj12, Re(CYj12), and Im(CYj12), respectively. If a
redundant number of frequency points (Nf � 4) is considered, the
expression (23) is an overdetermined linear equation system. This
expression is similar to (5) in [27] for FET devices, where it is
assumed that the four unknowns have a smooth frequency depen-
dence that can be interpolated using an L-order polynomial; ap-
plying the same principle here each unknown can be expanded as:

Cij � �
l�0

L

flCij
l ; Cij � CYj11, CYj22, Re�CYj12	, and Im�CYj12	.

(26)

In this work it is assumed that L � 2 for all the elements,
except Im(CYj12), for which L � 1 is considered. These figures
for L are selected according to the frequency dependence of the
power spectral densities observed in (18). Then, substituting (26)
into (23), an equation system with eight unknowns (polynomial
coefficients Cij

l ) is obtained. The unknowns are computed (esti-
mated) using an optimization algorithm for the best fit of the
computed F50 [(23)–(26)] to the measured noise figure. The initial
values are computed using the pseudo-inverse method to (23);
then, according to their decreasing sensitivity, each element is
obtained according to the following optimization order: C22

0 , C22
1 ,

C22
2 , C11

0 , C11
1 , C11

2 , Re(C12)0, Re(C12)1, Re(C12)2, Im(C12)0,

and Im(C12)1. The optimization limits are set in such a way that
the elements of the correlation matrix meet the following condi-
tions:

CYj11 	 0; CYj22 	 0; 0 
 ��� � � CYj12

	CYj11 � CYj22
� 
 1, (27)

where � is the correlation coefficient of the intrinsic noise sources.

4. OPTIMIZATION ALGORITHM

As pointed out in section 2, the extracted equivalent-circuit ele-
ments must be consistent with the noise model [Hawkins model,
see (12)–(20)]. To this end, an optimization method is applied,
where an error function is minimized. The error function is defined
as the weighted-sum of individual errors, initially eS and eNF,
defined as the RSS of the difference between the measured and the
estimated S-parameters:

eS �
1

Nf
	�

j�1

4 �
i�1

Nf

�Sjm
i � Sje

i 	2 (28)

and as the RSS of the difference between the measured noise figure
(NFm) and noise figure estimated from the Hawkins’ model (NFe):

eNF �
1

Nf
	�

i�1

Nf

�NFm
i � NFe

i 	2. (29)

In (28) and (29), the subscript j denotes the four S-parameters ( j �
11, 12, 21, 22), m denotes measures and e denotes estimated
values. However, it is observed that if the optimization method
only minimizes the errors of the S-parameters and noise figure (eS

and eNF), the results of the NPs may be misleading in spite of the
good agreement between the estimated noise figure and the mea-
surements, since the optimization method converges to a local
minimum. To avoid this drawback, the F50 method described in
section 3 is used to extract the noise correlation-matrix Cyj of the
intrinsic part plus the resistance Re and the inductance Le (see Fig.
1). Then, the contributions of the base and collector resistors are
added and finally the NPs are computed from the expressions of
the total cascade noise correlation matrix. Note that, to use the F50

method, only the extrinsic elements must be known, since the
matrices Zj, Y1, and Z2 (Fig. 1) are determined by subtracting the
effect of those elements from the measured total impedance from
those computed from the measured S-parameters. Thus, an addi-
tional error term, eNP, is considered simultaneously with eS and
eNF in the optimization algorithm, given by the RSS of the differ-
ences between the NPs estimated from the F50 method, NPF50, and
NPs directly computed using the Hawkins’ model, NPH:

eNP �
1

Nf
	�

j�1

4 �
i�1

Nf

�NPH, j
i � NPF50, j

i 	2. (30)

In (30), the subscript j denotes one of the four NPs, Fmin, Rn,
��opt�, and �opt. Then, the total error term to minimize is eT �
w1eS � w2eNF � w3eNP, where w1, w2, and w3 are weighting
factors. The optimization procedure (see flowchart in Fig. 4) is
as follows: (i) first, the initial values of the equivalent circuit
elements are estimated by the procedure described in section 2,
and the intrinsic elements are computed using (3)–(11); (ii)
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next, eS is evaluated using (28); (iii) the noise parameters NPH

and noise figure NFe are estimated using the Hawkins model
[(12)–(20)], and eNF is evaluated using (29); (iv) the NPs are
estimated by applying the F50 method (NPF50) with (23)–(26),
and eNP is evaluated using (30); (v) finally, the total error eT is
evaluated and compared to a predefined tolerance value (Tol). If
eT is larger than Tol, the elements of the equivalent circuit are

updated and the process is repeated from step ii until the error
reaches the Tol.

5. RESULTS

The proposed method has been used to characterize a GaAs HBT
with 2 � 320 �m2 emitter area, biased at Vce � 0.5 V and Ice �
11.2 mA. The S-parameters, noise parameters, and noise figure
were estimated using the elements of the equivalent circuit ex-
tracted by minimizing the eS error only, and by applying the
procedure proposed in this work (minimizing eT to simultaneously
fit the S-parameters, noise-figure measurements, and NPs). Figure
5 compares the S-parameter measurements with the estimations
from minimization of eS only, and minimizing eT, good agreement
is shown in both cases. Figure 6 shows the noise-figure measure-
ments of the device, compared with the estimations by minimizing
eS only and minimizing eT (the proposed method), respectively. It
can be observed that, although the S-parameters fit correctly when
minimizing eS only (see Fig. 5), the estimated noise figure does not
match the measured noise figure, whereas if eT is minimized, both
the estimated S-parameters and the estimated noise figure are in
agreement with the measurements.

Figure 7 shows the estimations of the noise parameters from
minimization of eS only and minimizing eT, respectively. As a
consequence of the disagreement of the noise-figure results when
only the S-parameters are optimized, the estimated NPs may be
spurious. This is observed mainly in the minimum noise figure
Fmin, which presents a small negative slope, whereas the results
from the proposed method show an increase with frequency, thus
agreeing with the results in the literature [21, 32]. The three other
NPs show a similr frequency response in both cases. Table 1 gives
the initial values of the equivalent circuit elements and the results
from minimization of eS and of eT. It is observed that Cpb, Le,
Cbe, Cbc, and Rbc are the elements showing the largest variation
between the initial values and results from minimization of eT. The
variation in Cpb is due to the effect of the intrinsic part, which is
still significant when the device is reverse-biased, due to the
distributed diode between the base and the collector and between
the base and the emitter [16]. A similar effect happens when Le is
estimated, whereas the variation of Cbc, Cbe, and Rbc is a conse-
quence of the deviations in the extrinsic values.

Figure 4 Flowchart to extract the elements of the small-signal equivalent
circuit. X � [Cpb, Cpc, Cpbc, Lb, Lc, Le, Rb, Rc, Re, Rbc, Cbc, Rbi, Cf,
Rbe, Cbe, �0, �]; w1, w2, and w3 are the weighting factors of the error
function eT

Figure 5 Real and imaginary part of the GaAs HBT S-parameters:
measured (E) and estimated by minimization of es (-�-) and by applying the
proposed method (minimization of eT) (�). Bias points: Vce � 0.5 V and
Ice � 11.2 mA

Figure 6 GaAs HBT noise figure: measured (E) and estimated from the
elements of the equivalent circuit extracted by minimization of es (-‚-) and
by applying the proposed method (minimization of eT) (-�-). Bias point:
Vce � 0.5 V and Ice � 11.2 mA
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To verify the results obtained for the NPs, a comparison with
independent results is performed. Indeed, the NPs have been
measured using a tuner-based method [24], which does not require
an estimation of the equivalent circuit. The results are also plotted
in Figure 7. Very good agreement is observed between the NPs
measured using the tuner method and estimated using the method
proposed herein.

Figure 8 plots Fmin as a function of the collector current Ice

measured by applying the proposed method. It can be seen that
Fmin increases with Ice, which agrees with the results reported in
the literature for GaAs HBTs [21, 32], and SiGe HBTs [19]. This
effect is mainly due to the contribution associated with the emitter-
base resistance, which is inversely proportional to the collector
current, and thus the shot-noise contribution becomes more im-
portant.

6. CONCLUSION

A method for a reliable characterization of the small-signal equiv-
alent circuit and the noise model of HBTs has been presented. It
allows the device equivalent-circuit elements (in T-topology) and
its noise parameters to be extracted simultaneously, using only the
measurements of the device S-parameters and noise figure for a
well-matched impedance. To avoid nonphysical results, the F50

method is used to generate an additional error term in the mini-
mization procedure. Using the proposed method, the noise param-
eters of a GaAs HBT have been measured up to 8 GHz, exhibiting
excellent agreement with the measurements using the tuner-based
method.
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ABSTRACT: We systematically analyze the mode-coupling effects of
stress-induced long-period gratings (LPGs) using photonic crystal fiber
(PCF). Two Mach–Zehnder interferometers based on this grating are
demonstrated. These devices offer the unique advantages of being tun-
able and reconfigurable. Their good interfering efficiency makes them
promising for wavelength-selective filters in WDM communication
systems. © 2006 Wiley Periodicals, Inc. Microwave Opt Technol Lett
48: 1379 –1383, 2006; Published online in Wiley InterScience (www.
interscience.wiley.com). DOI 10.1002/mop.21647

Key words: photonic crystal fiber; long period grating; photoelastic
effect; Mach–Zehnder interferometer

1. INTRODUCTION

Long-period gratings (LPGs), which satisfy the phase-matching
condition between the fundamental core mode and a set of for-
ward-propagating cladding modes in an optical fiber [1–4], are
fiber-optic components that are widely used in optical telecommu-
nications and sensors. This grating device has advantages of low
back-reflection and insertion loss, insensitivity to electromagnetic
interference, and cost-effectiveness. In recent years, many research
interests have been attracted to the LPGs in photonic crystal fibers
(PCFs) [5–9], which consist of a pure-silica core, and a micro-
structured air-silica cladding. Because the microstructured clad-
ding consists of air holes, a PCF’s cladding index shows strong
wavelength dependence. This makes such fibers exhibit some
properties that are distinguishable from conventional optical fiber.
Inscription of LPGs into such special fibers was demonstrated by
periodic stress relaxation using CO2 laser [6]. However, this tech-

DOI 10.1002/mop MICROWAVE AND OPTICAL TECHNOLOGY LETTERS / Vol. 48, No. 7, July 2006 1379


