
5°. Figure 4 also shows good agreements on the responses
between the measurement and EM simulation.

4. CONCLUSION

A new approach to realize the miniaturize microstrip branch-line
couplers has been proposed. Using the �-modeled approach, two
types of planar branch-line couplers have been developed at the
operating frequency of 2.4 GHz. The corresponding design equa-
tions have been described under ideal lossless conditions. The
maximum achievable size reduction for the designed couplers is
62.92%. Moreover, these couplers can be fabricated using a stan-
dard PCB process, of which being easily applicable to the design
of microwave or minimeter-wave integrated circuits.
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ABSTRACT: The electric arc technique is used to apodize fiber Bragg
gratings (FBGs). Arc discharges applied to the ends of the grating pro-
duce a smoothing of the refractive-index modulation profile reducing the
sidelobes of the reflection spectrum at longer wavelengths. A sidelobe
reduction of 17 dB was obtained. © 2007 Wiley Periodicals, Inc.
Microwave Opt Technol Lett 50: 316–319, 2008; Published online in
Wiley InterScience (www.interscience.wiley.com). DOI 10.1002/mop.
23056
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1. INTRODUCTION

Fiber Bragg gratings (FBGs) represent one of the most significant
developments in the field of optical fiber technology, due to their
flexibility and unique filtering performance. In optical telecommu-
nication applications, FBGs are recognized as key components in
dense wavelength division multiplexing because of their low-
insertion loss, high-wavelength selectivity, low-polarization de-
pendent loss, and low-polarization modal dispersion.

In a Bragg grating with a uniform modulation of the refractive
index, the main peak of the reflection spectrum is accompanied by
series of sidelobes at adjacent wavelengths, because of the abrupt
index change produced in the FBG fabrication between the aver-
age refractive index of the modulation profile and the initial
refractive index of the fiber’s core. In the case of DWDM appli-
cations, the reflection spectrum of the FBGs has to fulfill the
required specifications that will necessarily lead to sidelobe reduc-

Figure 3 Frequency and phase responses of hi-impedance �-modeled
microstrip branch-line coupler. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com]

Figure 4 Frequency and phase responses of low-impedance �-modeled
microstrip branch-line coupler. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com]
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tion to decrease crosstalk and increase isolation levels between
adjacent channels. This sidelobe suppression comprises the tailor-
ing of the modulation of the refractive index along the grating
length and is called apodization.

Several methods have been used to apodize FBGs, namely, a
phase mask with variable diffraction efficiency [1], automatic pure
apodization through a phase mask [2], stretching the fiber [3], and
UV-pulse interferometry [4]. In this article, the electric arc tech-
nique, which has been exploited in the fabrication of long period
gratings [5], will be used to perform symmetric apodization of a
uniform FBG.

2. THEORETICAL SIMULATIONS

As it was explain in the introduction, the well-known spectral
response of a uniform FBG is not desirable in some optical
communications applications due to the presence of the sidelobes,
which are caused by the step produced in the average refractive
index.

The refractive-index modulation profile of a FBG in the core of
the fiber can be written in a general form as follows:

n� x� � n0 � �n � n0 � �n�1 � cos�2�x

� ��, (1)

where n0 is the refractive index of the core of the fiber, �n is the
amplitude of the induced refractive-index modulation, and � is the
spatial period of the modulation. Therefore, the total average
refractive index in the FBG region can be easily written as

nav � n0 � �n. (2)

To apodize a FBG, this average refractive index should remain
constant or it should have a smooth transition between the index of
the core of the fiber and the average index in the grating region.
However, the apodization of a FBG not only gives a reduction of
the sidelobes but also changes its dispersion characteristics. Figure
1 shows the average and modulation of the refractive index of a
uniform fiber Bragg [Fig. 1(a)] and two types of apodized FBGs
[Figs. 1(c) and 1(e)]. This figure also shows numerical simulations
of the reflection spectra and delays for these modulation refractive-
index profiles. As it can be seen, the undesired sidelobes are
present in the reflection spectrum of a uniform FBG [Fig. 1(b)],
while the apodized FBGs show a reduction of the sidelobes [Figs.
1(d) and 1(f)]. The first apodization is a nonuniform Gaussian
apodization [Fig. 1(d)] and consists on smoothing the step profile
at the edges of a uniform FBG. This type of apodization causes a
Fabry Perot cavity between the edges of the grating producing
resonances at shorter wavelengths [6]. The second apodization is a
uniform Gaussian apodization [Fig. 1(f)], in which the average
refractive index of the FBG remains constant while the refractive-
index modulation amplitude changes gradually. On the other hand,
the apodization process of a FBG also changes dramatically the
group delay characteristics of the FBGs reducing the delay ripples
at the edges of the spectrum, as the bottom figures show.

To achieve a good apodization of a FBG, it is necessary to
modify and measure the amplitude of the refractive-index modu-
lation profile. This amplitude is related to the coupling coefficient
through the expression [7]

� �
��n�

�
, (3)
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Figure 1 Uniform, nonuniform Gaussian and uniform Gaussian modulation amplitude profile of the refractive index (top) and the reflection spectra and
group delay responses (bottom) calculated using the transfer-matrix method

DOI 10.1002/mop MICROWAVE AND OPTICAL TECHNOLOGY LETTERS / Vol. 50, No. 2, February 2008 317



in which � is the fraction of the fiber mode power contained within
the fiber core boundaries, and � is the propagating wavelength in
the FBG. The importance of the coupling coefficient is that it can
be experimentally measured using optical frequency domain re-
flectometry [8] given thus information about the amplitude of the
induced refractive-index modulation, �n. In forthcoming sections,
the coupling coefficient will be measured to demonstrate nonuni-
form symmetric apodization of a uniform FBG using electric arc
discharges.

3. FABRICATION

To demonstrate the apodization method, a uniform 5-mm long
FBG centered at �B � 1555 nm and with a bandwidth (FWHM) of
0.3 nm was photoimprinted using a diffractive phase mask illumi-
nated with a KrF excimer laser operating at 248 nm. The length of
the FBG was chosen to be possible to measure the sidelobes in the
optical spectrum analyzer (OSA) at its maximum resolution of
0.08 nm.

Figure 2 shows a close view of the FBG apodization setup. The
fiber, placed on a motorized translation stage with a resolution of
0.1 �m, was longitudinally moved along its axis in such a way that
the grating was moved toward the heating zone in steps of 200 �m.
On each step, an electric arc discharge was produced with a current
less than 9 mA during 0.5 s. After the grating have sensed the heat
from the arc discharge for the first time, the steps were decreased
to 50 �m and the time duration, t, was increased exponentially
from 0.5 to 2.5 s as the grating was approaching the arc discharge
region; 35 electric arc discharges on each side of the grating were
needed to achieve the apodized grating as shown in Figure 3. The
fiber movement and the arc discharges were synchronized by a
personal computer. The whole process was monitored in real time
using a broadband optical source and an OSA to obtain the best
reflection spectrum for the apodization profile.

4. RESULTS AND DISCUSSION

The reflection spectrum of the grating after the apodization process
(see Fig. 3) shows that the longer wavelength sidelobes were
reduced due to the smoothing of the refractive-index modulation
profile, as caused by the high temperature annealing during the arc
discharges. The shorter wavelength resonances became more evi-
dent as a result of the average refractive-index change that pro-
duces cavity effects at those wavelengths [6, 9]. The spectrum also
shows a slight decrease of the peak reflectivity as expected because

the refractive-index modulation step profile was partially erased
due to the high temperature applied by the electric arc discharges.
The delay measurement [10], shown in Figure 4, presents the same
behavior as a nonuniform apodized grating, when compared with
Figure 1(d), confirming that the grating has been apodized and also
shows cavity effects at shorter wavelengths.

To have a quantitative measurement of the variation of the
amplitude of the modulation refractive-index profile, the optical
frequency domain interferometry technique was used for the re-
construction of the spatial distribution of the coupling coefficient
[8] along the grating region. Figure 5 shows a comparison between
the coupling coefficients of two FBGs of the same length. One is
a uniform FBG and the other is the nonuniform apodized FBG
using electric arc discharges. For the uniform FBG, the coupling
coefficient has a step profile while for the apodized FBG the profile
is smoother at the edges of the grating region, as it was expected.

These results enable one to conclude that a nonuniform average
refractive-index longitudinal distribution was obtained after the
apodization process instead of the uniform FBG, as it was already
predicted in previous theoretical sections. Better results are ex-
pected if a preconditioning photosensitivity response and effective
index profile are accomplished by exposing the fiber to the electric
arc before the grating photoinscription in the same region, achiev-
ing a uniform apodization as shown in Figures 1(e) and 1(f).

Figure 2 Photograph showing in detail the main part of the apodization
setup

Figure 3 Reflection spectra versus wavelength. Initial FBG (solid line)
and FBG with 35 discharges on both sides (bold solid line)

Figure 4 Reflection spectra (solid line) and group delay (dotted line)
versus wavelength for a nonuniform apodized fiber Bragg grating
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5. CONCLUSIONS

A FBG was apodized using the simple, reproducible, and fully
automated electric arc discharge technique. The improvement of
this apodization technique, which may be applied to any type of
FBG, requires the definition of a preconditioning refractive index
and/or photosensitivity response profile using also electric arc
discharges.
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ABSTRACT: A set of transmission lines (TLs) for millimeter-wave
(MMW) CMOS RFIC applications was implemented in a standard 0.18
�m CMOS technology and then postprocessed by CMOS-compatible
inductively-coupled plasma (ICP) etching, which removed the silicon
underneath the TLs completely. TL parameters such as characteristic
impedance ZC, attenuation constant 	, phase constant 
, effective per-
mittivity �eff, minimum noise figure (NFmin), parallel capacitance/con-
ductance C/G, and series inductance/resistance L/R, as a function of
frequency were extracted. It was found that 	, �eff, NFmin, C, and G
were greatly improved after silicon removal. The state-of-the-art perfor-
mances of the on-chip TLs-on-air suggest that they are very suitable for
application to realize ultralow-noise MMW CMOS RFICs. Besides, the
CMOS-compatible backside ICP etching technique is very promising for
MMW system-on-a-chip applications. © 2007 Wiley Periodicals, Inc.
Microwave Opt Technol Lett 50: 319–324, 2008; Published online in
Wiley InterScience (www.interscience.wiley.com). DOI 10.1002/mop.
23055

Key words: substrate effects; transmission-line; millimeter-wave; low
noise; CMOS; RFIC

1. INTRODUCTION

In the design of millimeter-wave (MMW) low-noise-amplifiers
(LNAs) for single-chip receiver front-end applications [1–3], the
minimum noise figure (NFmin) of the transmission line (TL) used
for interconnection at the input port of the LNAs is crucial for the
overall NF performance of the LNAs. This is because the total NF
(in dB) of an LNA is usually equal to the NFmin (or the inverse of
maximum available power gain 1/GAmax) of the input passive
network, which normally includes a short piece of TL and an
inductor, connected to the input transistor plus the NF of the other
part of the LNA. The NFmin is obtained because the impedance
match at both input and output ports of the input passive network
is usually achieved simultaneously in the design, since the input
impedance match and noise match of CMOS LNAs usually can be
optimized simultaneously [4].

The NFmin performance of an RF passive device is limited by
the loss in the conductive silicon substrate. Various methods have
been proposed to reduce the substrate loss of RF passive devices,
such as (wet etching based) front-side and backside micromach-
ining [5–9], porous silicon [10, 11], proton implantation [12], and
substrate transfer [13], etc. However, most of the proposed meth-
ods are inherently nonstandard CMOS processing steps. Fortu-
nately, this problem can be improved to a large extent by our
CMOS-compatible backside inductively-coupled-plasma (ICP)
deep trench technology [14]. In this work, a set of TLs was
implemented in a 0.18 �m CMOS technology and then postpro-
cessed by ICP etching, which removed the silicon underneath the
TLs to study the substrate effects on them. In addition to NFmin,
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Figure 5 Reconstructed coupling coefficient versus position of a uni-
form (line) and nonuniform apodized (solid line) fiber Bragg grating
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