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ABSTRACT: Scattering from and propagation over rough-terrain pro-
files, as well as reentrant surfaces are investigated using an integral
equation (IE)-based spectrally accelerated biconjugate gradient stabi-
lized (SA-BiCGSTAB) method, with a storage requirement and a compu-
tational cost of O(N) per iteration, where N is the surface unknowns in
the discretized IE. Numerical results in the form of current and path
loss are presented and compared with previously published as well as
measured results in order to assess the accuracy and efficiency of this
method. © 2005 Wiley Periodicals, Inc. Microwave Opt Technol Lett
46: 158–162, 2005; Published online in Wiley InterScience (www.
interscience.wiley.com). DOI 10.1002/mop.20930
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1. INTRODUCTION

Accurate analysis of electromagnetic-field strengths and propaga-
tion over rough-surface profiles has great importance for military
and commercial applications such as frequency-channel planning,
coverage area estimation, and so forth. Therefore, various solution
methods have been proposed. Majority of them are propagation-
prediction models such as the Okumura, Hata, and ITU-370 ap-
proaches [1–3], which depend on empirical formulas obtained via
statistical analysis, yielding general scattering or diffraction prop-
erties. More accurate predictions can be obtained using integral
equation (IE)-based methods solved via the method of moments
(MoM). However, they suffer from the storage and the computa-
tional-cost requirements when applied to electrically large geom-
etries, even though using an iterative method can alleviate the
computational cost to some extent. Therefore, the spectral accel-
eration (SA) algorithm was developed in [4] for slightly rough
surfaces and modified in [5] to handle very undulating geometries,
which accelerated the stationary forward-backward method (FBM)
[6] and decreased both the computational cost and memory re-
quirements to O(N). However, the spectrally accelerated FBM
(SA-FBM) fails when the geometry of interest is a multivalued
one, such as a reentrant surface of a ship, due to the nature of the
FBM [7]. To overcome this problem, the spectrally accelerated

generalized forward-backward method (SA-GFBM) and the
multiblock generalized forward-backward method (MBGFBM)
have been proposed in [8] and [9], respectively. It should be noted
that in [8], although the overall computational cost is O(N), the
SA-GFBM becomes computationally expensive when the reen-
trant region becomes electrically large, whereas in [9], the pro-
posed MBGFBM has an overall computational cost of O(N2) and
is claimed to be reduced to O(N) when combined with the SA
algorithm. Naturally, the implementation of SA-GFBM and MB-
GFBM is scatterer specific, which is undesirable for the develop-
ment of general purpose codes.

In this paper, electrically large rough-terrain profiles as well as
reentrant geometries have been examined using the nonstationary
iterative spectrally accelerated biconjugate gradient stabilized
method (SA-BiCGSTAB) with a storage requirement and a com-
putational cost of O(N), where the SA principles given in [5] are
used. Although the SA algorithm is valid for ordered surfaces
(which becomes problematic for a reentrant geometry), such a
geometry remains inside the strong field region in the SA-BiCG-
STAB method, and requires a computational complexity of O(Ns

2)
(with Ns the number of unknowns for the strong region) as op-
posed to O(Ns

3), reported in [8]. Hence, in addition to its accuracy
and robustness due to the nonstationary nature of BiCGSTAB
method, the SA-BiCGSTAB method becomes more efficient than
the SA-GFBM. Moreover, the O(Ns

2) operational count for the
strong region can be improved by using the fast-multipole method
(FMM) in conjunction with the BiCGSTAB method [10]. Conse-
quently, inherent robustness of a nonstationary technique (BiCG-
STAB) has been merged with the SA algorithm in order to inves-
tigate electrically large arbitrary profiles efficiently and accurately.
Such a hybrid method whose convergence characteristics is inde-
pendent of the surface geometry, is very suitable for general
scattering problems.

The paper is organized as follows: in section 2, the geometry
and the formulation of the problem are given with a brief expla-
nation of the spectrally accelerated BiCGSTAB method. In section
3, numerical results composed of current distributions and path
losses are given and compared with the measurements and previ-
ously published results in order to assess the accuracy and effi-
ciency of the method. An ej�t time convention is employed and
suppressed throughout the paper. �, k, and � are the angular
frequency, wave number, and wavelength of free space, respec-
tively.

2. FORMULATION

An arbitrary-terrain profile with no variation along the transverse
direction of the propagating field, as in [4–9, 11–14] is depicted in
Figure 1. The electromagnetic fields characterized by Ei and Hi are
incident upon the surface. The terrain profile is modeled to be an
imperfect conductor (with permeability � and permittivity �) and
analyzed using an impedance boundary condition (IBC) [15] to be
able to investigate more general situations.

2.1. IE and MoM Formulation
An IE is formed by applying IBCs on the surface of the scatterer,
and the EFIE for a TM wave can be written as

�Ey
i � ��sJy��� �

��

4 �
C

Jy����H0
�2��k�� � ����d��

� j
k�s

4 �
C

Jy����n̂ � �̂H1
�2��k�� � ����d��. (1)
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In Eq. (1), Ey
i is the incident field, Jy is the unknown current

distribution to be solved, which is tangential in the transverse
direction to the plane of the surface, �s is the surface impedance
of the structure, � and �� are the observation and source points,
respectively, n̂ is the unit-normal vector at the source point, C is
the contour of the surface and, lastly, H0

(2) and H1
(2) are the Hankel

functions of the second kind with orders of zero and one, respec-
tively. Similar to the TM case, the MFIE is utilized for the TE
polarization by assuming that a TE magnetic source is incident
upon the surface, and can be expressed as

�Hy
i � Jt��� 	

���s

4 �
C

Jt����H0
�2��k�� � ����d��

	 j
k

4 �
C

Jt����n̂ � �̂H1
�2��k�� � ����d��. (2)

In Eq. (2), Hy
i is the incident field and Jt is the unknown current

distribution to be solved, which is tangential to the surface. Al-
though the MFIE can be applied only to closed surfaces, the
surface in this problem is assumed to extend to infinity, since the
source illuminates only a limited region on the surface. Expanding
the unknown surface current density J(��), whether Jy in Eq. (1)
or Jt in Eq. (2), by N (the number of unknowns) unit pulse basis
functions and using a point matching technique, the following
matrix equation is formed:

Z� � I � V. (3)

In Eq. (3), V is the excitation vector which contains the minus
of the incident field at the observation points (�Ey

i (�) in (1) or
�Hy

i (�) in (2)), I has the unknown current coefficients, and Z� is
the impedance matrix whose entries are given by

Znm � ��
��

4 �1 � j
2



ln��k�xm

4e ���xm �
�m

2
n � m

�j��G(�n, �m)�xm 	 �m�xm

�G(�n, �m)

�nm

n  m
(4)

for the MFIE (TM polarization case) and

Znm � �
���m

4 �1 � j
2



ln��k�xm

4e ���xm 	
1

2
n � m

j���mG(�n, �m)�xm � �xm

�G(�n, �m)

�nm

n  m
(5)

for the MFIE (TE polarization case). G(�n, �m) in Eqs. (4) and (5)
is the 2D Green’s function, which can be expressed by

G��n, �m� �
H0

�2��k��n � �m��
4j

. (6)

Once the impedance matrices [whose entries are given in (4)
and (5) for TM and TE polarizations, respectively] are formed, the
corresponding matrix equation given in (3) should be solved for
the unknown current coefficients I � {Im}.

2.2. Spectrally Accelerated Biconjugate Gradient Stabilized
Method
The BiCGSTAB method is a nonstationary iterative method whose
pseudo code can be found in [16]. The storage and computational
costs (due to two matrix-vector multiplies at each iteration) of the
method (O(N2)) are improved to O(N) using the SA algorithm,
which is mainly based on a spectral-domain representation of the
2D Green’s function. The SA algorithm is applicable to both PEC
and imperfect-conducting cases, and although it is well suited for
the FBM in that it precedes the forward and backward sweeps of
the propagating fields, it can be used in any standard iterative
technique as well, since these sweeps are represented by matrix-
vector multiplies. Here, only the basic concepts of the SA algo-
rithm are given. Interested readers may refer to [4, 5] for more
details.

In the SA algorithm, radiating elements over a given receiving
element are divided into two groups: namely, one is the forward-
propagating field (Ef for the EFIE, Hf for the MFIE) via preceding
source elements including the source element itself, and the back-
ward-propagating field (Eb for the EFIE, Hb for the MFIE) via the
following source elements with respect to the nth receiving point.
The forward-propagating field for Ef for the TM polarization (the
same assumption is valid for the TE polarization case) is also
decomposed into two groups: the strong interaction group and the
weak interaction group, which are expressed as

Ef��n� � Ef,s��n� 	 Ef,w��n� (7)

with

Ef,s��n� � 	
m�n�Ns�1

n

ImZnm (8)

and

Ef,w��n� � 	
m�n�Ns�1

n�Ns

ImZnm. (9)

The decisive factor defining these groups is the distance of a
radiating element from the receiving element. Thus, for a distance
Ls (which is very small compared to the length of the terrain), the
strong group contains Ns � Ls/�x (with �x the unit-pulse width)
elements (Ns �� N, independent of the maximum height deviation
and the number of unknowns) including the self interaction,
whereas the rest of the source elements construct the weak group.
Radiations from the strong group are found by the matrix-vector
multiplication of exact impedance elements yielding O(Ns

2) oper-
ations. However, the weak-group contribution is obtained by em-
ploying the spectral representation of the 2D Green’s function,
given by

Figure 1 An arbitrary terrain profile
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G��n, �m� �
�j

4
 �
C�

e�jk	� xn�xm�cos ��� zn�zm�sin �
d�, (10)

where C� is the contour of integration in the complex angular
space. The derivative of the Green’s function (which takes place
within the off-diagonal entries of the impedance matrix) can be
found by taking the derivative of (10) with respect of the normal
vector at the source point. Substituting (10) and its derivative into
(9), one can derive the forward weak field as an integral in the
complex � space, whose integrand can be given by the following
recursive relation:

Fn��� � Fn�1���e�jk	� xn�xn�1�cos ��� zn�zn�1�sin ��] 	 Ins�xns
1

�
�ns

�0
[cos �nscos � 	 sin �n,ssin ��e�jk	� xn�xns�cos ��� zn�zns�sin �
,

(11)

where ns � n � Ns. Due to the recursive procedure in (11), the
radiated field from the nth element updates itself in terms of the
previous one. Hence, the computational cost required for the weak
region is O(N � Ns). The final field value for the forward field is
the sum of the strong and weak region contributions. Since (N �
Ns) �� Ns, a total operational cost of O(N) is maintained. Note
that details related to the efficient evaluation of the complex �
integral which yields the forward weak field can be found in [5].

The recursive relation in (11) and the deformation of the
integration contour are valid for ordered surfaces which create
problems if a reentrant geometry is analyzed. By including this
reentrant geometry into the strong field region in the SA-BiCG-
STAB method, the operation count of the strong region is O(Ns

2),
which is more efficient than O(Ns

3) in the SA-GFBM. A similar
procedure is used for backward propagation.

3. NUMERICAL RESULTS

To assess the accuracy and efficiency of the SA-BiCGSTAB
method, several numerical examples, in the form of induced cur-
rent and path loss, are obtained and compared with the results in
previously published papers, as well as the measurements. The

stopping criteria of the SA-BiCGSTAB method is to reduce the
residual error below a level of 10�3.

The first example is an unordered surface profile such that the
target under test is a ship placed on a 400-m sea surface. The
dimensions of the ship in terms of � are shown in Figure 2.
Random sea-surface specifications can be found in [8]. The results
are demonstrated in the form of current distributions for a TM
polarized plane wave with a 5° incident angle. The profiles of the
sea and the ship at 5-m/s and 10-m/s wind speed are depicted in
Figures 3(a) and 4(a), respectively. Figures 3(b) and 4(b) show the
results when both the sea and the ship are considered to be PEC.
In Figures 3(c) and 4(c), the surface impedance of the sea is taken
as �s � 76.4 � j65.1 while the ship remains PEC. As can be seen
in both figures, the agreement of the SA-BiCGSTAB method with
the SA-GFBM is very good. The frequency is 300 MHz, yielding
approximately 4500 unknowns. The total number of iterations is

Figure 2 Ship geometry on the sea (with respect to �)

Figure 3 Current distribution on the sea and the ship at 300 MHz (wind
speed � 5 m/s) with N � 4500 and no. of iterations � 69. [Color figure
can be viewed in the online issue, which is available at www.
interscience.wiley.com]

Figure 4 Current distribution on the sea and the ship at 300 MHz (wind
speed � 10 m/s) with N � 4500 and no. of iterations � 69. [Color figure
can be viewed in the online issue, which is available at www.
interscience.wiley.com]
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69. In this example, although the number of the iterations for the
SA-BiCGSTAB method is larger than that of SA-GFBM [8], for
geometries with electrically large reentrant parts (such as multi-
ships), SA-BiCGSTAB method becomes advantageous.

The next set of numerical examples are related to the investi-
gation of scattering from electrically large terrain profiles. The
analyses have been done on real terrain profiles which take place
in Northern Jutland in Denmark. To show the accuracy of the
method, the results are compared with measurements at different
frequencies, which were performed by Hviid et al. [12]. Two
profiles with a path length of 6–8 km and height deviation of
20–50 m are examined. The TM polarization case is considered.
Since no information is received about the plant cover or the
electrical properties of the terrains, the surface impedance is taken
as �s � 20 � j8.2 to simulate spinneylike land cover. The source
is considered to be a dipole antenna located at the left-most point
of the terrain above a height of 10 m with a transmit power of 10
W and gain of 8 dBi. The scattered field is evaluated at 2.4 m
above the terrain by using the SA once again resulting O(N)
operations. The results are also compared with the SA-FBM [17]
in order to demonstrate that the path-loss values obtained using
another numerical technique perfectly match the values deter-
mined by the SA-BiCGSTAB method, when the electrical prop-
erties of the terrain and the source are the same.

The Hadsund measurements and the results of the SA-BiCG-
STAB method are plotted in Figure 5 at a frequency of 435 MHz.
The prediction of the SA-BiCGSTAB smoothly fits the curve of
the measurement data. Furthermore, the field values found by the
SA-BiCGSTAB method and the SA-FBM perfectly match each
other. A similar result is obtained for the Jerslev terrain, which is
depicted in Figure 6 at a frequency of 970 MHz. As illustrated in
Figure 6, the agreement of the SA-BiCGSTAB method with the
measurement results, as well as with the SA-FBM, is very good.

Path-loss examples show that from the broadcasting point of
view, the SA-BiCGSTAB method is very accurate for use in the
propagation analyses. Furthermore, the excellent agreement be-
tween the SA-FBM and SA-BiCGSTAB methods also shows that
the SA-BiCGSTAB method, as it is a nonstationary numerical

technique, can be used for electrically large terrain-scattering
problems with or without an electrically large reentrant part.

4. CONCLUSION

Scattering and propagation analysis over rough surface profiles as
well as reentrant geometries have been examined using an IE,
which is solved by the SA-BiCGSTAB method with a storage and
computational cost of O(N) per iteration. The results were pre-
sented in the form of current distributions and path losses and were
compared with previously published results and measurements in
order to assess the accuracy of the method. Due to the nonstation-
ary nature of the BiCGSTAB method, precise results can be
obtained even for reentrant structures without any computational
complexity, which cannot be handled by any stationary methods.
Apart from that, the method is also applicable for MFIE problems
with more rapid convergence characteristics due to better condi-
tioning of the system interactions. By merging the robust charac-
teristics of nonstationary techniques with the SA algorithm, the
SA-BiCGSTAB method can be employed for general scattering
problems.
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ABSTRACT: In this paper, a multiwavelength erbium-doped fiber laser
based on a microstructure fiber Bragg grating (FBG) is proposed and
demonstrated. The fiber Bragg grating is fabricated in a large-air-hole
microstructure optical fiber using the phase-mask method. The laser
based on this novel grating can be designed to achieve a three-wave-
length output at room temperature. The lasing wavelengths of the chan-
nels are 1557.84, 1555.07, and 1552.70 nm, respectively, and the wave-
length separation is about 2 nm. © 2005 Wiley Periodicals, Inc.
Microwave Opt Technol Lett 46: 162–164, 2005; Published online in
Wiley InterScience (www.interscience.wiley.com). DOI 10.1002/mop.
20931

Key words: erbium-doped fiber laser (EDFL); multiwavelength fiber
laser; microstructure fiber (MF); fiber Bragg grating (FBG)

1. INTRODUCTION

Multiwavelength fiber lasers are useful sources in wavelength-
division-multiplexed (WDM) fiber-communication systems, fiber
sensors, and optical-instrument testing. With regard to wave-
length-selection components for lasers, fiber Bragg gratings
(FBGs) are ideal ones due to the unique advantage of fiber com-
patibility. Various techniques have been proposed to realize mul-
tiwavelength oscillations by utilizing cascaded FBG cavities [1],
polarization-dependent loss element [2], an FBG written in a
birefringent fiber [3, 4], a sampled FBG [5], two overlapping
cavities composed of two FBGs with a common gain medium [6],
and FBG fabricated in a few-mode fiber [7].

Air-silica microstructure fibers are all-silica fibers which con-
tain air voids that run along the length of the fiber. Such novel
optical fibers differ from traditional fibers with regard to their
optical properties, due to the effect of the structure of the fiber
cladding on the spatial distribution and the effective refractive
indices of cladding mode, thus increasingly attracting attention to
this class of fiber-waveguide structures. Recently, increased inter-
est has focused on the guidance properties of the cladding modes.
The inscription of both FBG and long-period grating in micro-
structure fibers with different geometrical cross sections has been
reported [8–11]. In this paper we choose a “grapefruit” fiber,
which is a typical large-air-hole microstructure fiber, for fabrica-
tion of an FBG in the photosensitive core using the phase-mask
method. The grating formed in this novel waveguide shows mul-
tiple resonances in both its transmission and reflection spectra, as
compared to conventional FBGs in single-mode fibers. This FBG
is incorporated into an Erbium-doped fiber-laser cavity as a wave-
length-selective component for the first time, to the best of our
knowledge. The proposed laser can be made to operate with a
three-wavelength output at room temperature. The lasing wave-
lengths of the oscillations are 1557.84, 1555.07, and 1552.70 nm,
respectively, and the wavelength separation is about 2 nm. The
output powers for the three wavelengths are �5.2, �3.1, and �4.1
dBm, respectively.
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