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Figure 8 Dependence of the circulation condition of ( k , , ,  ),,, R and 
G,"/y, on the value of k, ,  for positive inhomogeneous factor R with 
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planar ferrite junctions. For brevity. only the effect of the 
inhomogeneous k component is shown. However, this calcu- 
lation may be easily extended to thc cases with inhomoge- 
neous componcnt p and the practical cases where both k 
and p are inhomogeneous and determined by the distribu- 
tion of the magnetizing field. Different current and voltage 
distribution on the three ports of the circulator can also be 
encountered by using these methods. The above methods and 
calculations should be helpful to the research and design of 
MMIC ferrite junction circulators. 
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ABSTRACT 
The finite-di~eretice-rimr-dor,?ai,i method is applied to studv the retuni 
loss atid radiatiori partem of at1 E-plane sectoral hom e.rcited by UI I  

opened niicrosrrip. This antenna has a complicated shape that is mod- 
rled with the use of a polygonal upproximution in cunvd bowduries atid 
pertcctlv mntched layers. 0 1996 John Wile?, & Son.s. Inc. 

1. INTRODUCTION 

With advances in computer technology direct computational 
methods such as the finite-difference-time-domain mcthod 
[ l ]  becomc feasible for the analysis of structures where a 
complicated geometry is involved. The introduction of new 
formulations in the FDTD increases the efficiency of the 
numerical method. For instance, the use of a nonuniform 
FDTD mesh increases the efficiency because a fine mesh is 
used in regions where small dctails, gaps, and sharp edges are 
present, and a coarse mesh is useful to model homogeneous 
and open regions where the fields behave softly [2]. A prob- 
lem that is present in the FDTD method that uses Cartesian 
coordinates is the use of a staircase approximation to trcat 
curvilinear surfaces. The FDTD method fails to provide good 
accuracy when curved surfaces are present. In  the literature 
several methods to conform the FDTD grid are proposed 
[3, 41: however, they require the implementation o f  a mesh 
generator, which is a difficult task when general curvilinear 
coordinates are involved. The use of Cartesian coordinates is 
simple but not accurate. A method was proposed recently [ 5 ]  
that circumvents the drawbacks of the rcctangular coordi- 
nates. This method replaces thc staircase approximation with 
a polygonal approximation in the modeling of curved bound- 
aries. In the present article that method is adopted with a 
nonuniform mesh combined with the use of perfectly matched 
layers [6, 71 in the modeling of a dielectric partly filled 
E-sectoral horn excited by an opened microstrip. 

The antenna is shown in Figure 1. It presents a highly 
complicated geometry that is very difficult to analyze with 
traditional techniques, and difficult to model even with the 
FDTD method in its wide operation band from 2 to 18 GHz. 
The antenna is built in a mixed technology waveguide mi- 
crostrip. It consists of a microstrip line whose strip width 
steadily increases up to a givcn point. From this point upper 
and lower metallizations are  opened, giving the shape of an 
E-plane sectoral horn. The antenna is basically made of a 
taper where the dielectric width is gradually increased, and 
the upper and lower metallizations are gradually opcncd. The 
E-plane sectoral horn is partly filled with dielectric and a 
combination of both regions is designed for matching pur- 
poses. The antenna produces a linear polarized field in the 
aperture, where the E plane is perpendicular to the mi- 
crostrip plane. The present antenna is a good candidate for 
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Figure 1 E-plane sectoral horn excited by an opened microstrip 

broadband phased array antennas where adequate angular 
coverage and easy array integration are needed. 

II. FDTD MODELING 
The nonuniform FDTD algorithm can be easily derived from 
Maxwell's equations for an isotropic media in integral form. 
However, the derivation can be considered as an extension of 
the original Yee schcme [l]. The electric field components 
are located along the edges of the cells, and the magnetic 
field components are located on the faces of the cells. The 
discretized form of the equation is 

Therefore, we can write 

( 2 )  

The equations for E y ,  E,, H I ,  H y ,  and H, are derived 
similarly in a homogeneous conductor-free region [81. Consid- 
ering the special cells located in the curved metal boundaries, 
we have to modify the original scheme of the equations 
slightly to update the magnetic field. An extra factor of 0.5 
multiplying the cell surface (see [5, Figure 11) is introduced. 

Figure 2 Detail of the x - z mesh showing the Chebyshev transi- 
tion 

The antenna is shown in Figure 1. The FDTD modeling is 
performed with a nonuniform FDTD mesh [ 2 ]  in which the 
antenna is embedded. The mesh is designed in such a way as 
to approximate the straight boundaries with the cell faces, 
and the curved boundary with the ceI1 diagonal. Figure 2 
presents a detailed look at the x - z cross section of the 
antenna mesh corresponding to the mesh that defines the 
Chebyshev transition in the microstrip. The y - z mesh will 
define the conducting flaps (E-sectoral horn) that are gradu- 
ally opened. 

Because the antenna is going to radiate the main power 
broadside, in this plane a second-order absorbing boundary 
condition (ABC) or a good absorbing condition such as the 
perfectly matched layer would be desirable. In the side walls 
the use of a first-order ABC [9] is considered sufficient. In 
theory a single PML absorbing layer would be enough, but in 
practical FDTD applications the discretization of the PML 
region in several layers has proven more convenient. In this 
way, the perfectly matched layers are introduced at the 
planes z = constant, in which a conductivity (r2, q )  is intro- 
duced for the field subcomponents Ex,, Eyz [6-8). In the 
present analysis, 10 layers are used in the PML region in the 
z direction [6], in which the gradual increase in the conductiv- 
ity in the z direction is given by a;(d) = C T , ~ ~ J ~ / D ) ~ ,  where 
D is the total width of the PML region and d is the location 
inside the PML region. is adjusted at each PML wall in 
order to get an apparent reflection coefficient given by [6, 71: 

R = exp -2uzmaRD - i d ' ; )  
111. ANALYSIS OF THE E-SECTORAL HORN 
In our scheme the feed that consists of a coaxial 5 0 4  line is 
embedded in the total mesh of the antenna that is described 
in Figure 1 [2]. In this way no interpolation schemes are 
needed to move across interfaces formed by the juxtaposition 
of different meshes [lo]. The antenna is modeled with the use 
of a fine nonuniform mesh that describes every detail of the 
structure and also with a nonuniform mesh with the correc- 
tion introduced by Mezzanote, Roselli, and Sorrentino [5] for 
the curved boundaries. Both meshes include the input coaxial 
line and the connector. The FDTD results for the reflection 
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Figure 3 Reflection coefficient in the input coaxial line for the 
antenna of Figure 1. Dotted line. FDTD with 22 X 42 X 126 mesh: 
solid line. FDTD with polygonal correction. 22 X 49 x 176 mesh: 
dashed line. measurements 
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coefficient are compared in both cases against measurements 
in Figure 3. Figure 3 shows a clear benefit in using that 
correction in the vicinity of an oblique conductor boundary. 
The peaks in the S,, are slightly displaced with respect to the 
experimental results when the conventional FDTD spatial 
integration is used. This is the same phenomenon that is 
observed in [S. Figure 61. The displacement disappears when 
the correction for the spatial integration of Reference [5]  is 
used. This correction improves the numerical results without 
having to resort to a much finer mesh, especially when o u r  
program is run on a Pentium personal computer and the 
memory available is limited. The finer mesh without polygo- 
nal correction for the results of Figure 3 was 22 X 42 X 226 
in the .Y - . y  - z directions, respectively, where only half of 
the antenna was modeled because of the symmetry of the 
structure along the J - 2 plane. The mesh for the modified 
FDTD scheme was 32 x 49 x 176. The implemented soft- 
ware runs relatively quickly in both cases, executing around 
40 . l r  FDTD time iterations per minute. 

The numerical radiation pattern is obtained by transform- 
ing the electric and magnetic currents on the surface of a 
small volume containing the antenna to the far ficld [ 111. The 
magnitude and phase of the currents in the surface can be 
obtained by performing the Fourier transform with a Gauss- 
ian pulse excitation (the excitation consists of a TEM wave in 
the coaxial input line. which was modulated by a Gaussian 
pulse in the time domain), or by using a single-frequency 
excitation and recording the magnitude of the tangential 
fields at the surface as well as their time delay with respect to 
a phase reference point. In this way a second run of the 
program is needed, but we can get the radiation pattern for 
the operating frequency exactly with fewer iterations neees- 
sary than in the pulsed case. The numerically obtained radia- 
tion pattern and the measured radiation pattern for both E 
and H planes of the antenna are shown in Figure 4, in which 
a good agreement is observed. 

30- 

35- 

IV. CONCLUSIONS 

An E-plane sectoral horn excited by an opened microstrip 
was analyzcd with the FDTD method with a nonuniform 
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Figure 4 
FDTD: dashed lines, measurements. (a) H plane, (b) E plane 

Radiation pattern for the antenna of Figure 1. Solid lines, 

mesh and the polygonal correction of Mezzanote. Perfectly 
matched laycrs were used to absorb the radiation in the 
broadside direction. The numerical results were compared 
with those obtained with a conventional scheme that has a 
finer mesh. The analyzed antenna has a complicated shape, 
and the polygonal approximation was proved to be effective. 
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ABSTRACT 
In this article we present the analysis and simulation of nonlinearities in 
the GaInAs/InP p-i-n photodetector at high illuminations. It u shown 
that the nonlinearities are generated principally in the low-field region of 
the intrinsic layer. The frequency response, especially for the nonlinear 
characteristics, is illustrated to differ significantly between top-illumina- 
tion and substrate-illumination operations at common biasing level. 
0 1996 John Mley & Sons, Inc. 

1. INTRODUCTION 

GaInAs/InP p-i-n photodetectors (PD) are important com- 
ponents in long-wavelength wideband microwave optical links 
[l]. The P D  is designed so that its intrinsic layer is very thin 
( - 1 pm) and its reception surface is quite small in order to 
satisfy the wideband detection condition. O n  the other hand, 

the implementation of optical preamplifiers or heterodyne 
detection schemes require high optical power ( 2 1 mW) 
incident on the PD. The high power absorbed in such a 
limited active region results in a strong space-charge density 
that will dramatically change the biasing electric field distri- 
bution within the device, introduce significant nonlinearities, 
and seriously distort the detected rf signals. 

The wideband GaInAs/InP p-i-n photodetector in a com- 
mon 1.3- or  1.5-pm wavelength system generally operates in 
the substrate-illumination mode, where the optical beam 
illustrates the N +  InP substrate side, and is then absorbed in 
the depleted intrinsic GaInAs region. Recently a new p-i-n 
photodetector structure has been put forward [2] .  I t  is fabri- 
cated from a semiinsulating InP substrate and permits a 
top-illumination operation (the lightwave illuminates on the 
top P+ InP layer instead of the substrate) with the applica- 
tion of an air bridge. Moreover, this structure is easy to 
fabricate and is compatible with monolithic optoelectronic 
integration. 

The nonlinearities in GaInAs p-i-n photodetectors at high 
illuminations have recently attracted much attention [3-51, 
but this attention focused on the substrate-illumination oper- 
ation. No publications are presently available that compare 
the nonlinear behaviors of two types of illumination. The 
work presented here further investigates the physical mecha- 
nism of the nonlinearities in the device, and compares its 
frequency response under two types of illumination: top and 
substrate illumination, which will provide valuable informa- 
tion for the design and operation of this type of wideband 
photodetector under high illumination. 

II. ANALYSIS 

For the analysis of both top and substrate illumination of a 
GaInAs/InP p-i-n photodetector we use the model shown in 
Figure 1, in which the external circuit has also been taken 
into account. As described previously, when light enters into 
the depleted intrinsic region via the p region the device is 
referred to as being under top-illumination operation, 
whereas when light enters via the n region the device is 
referred to as being under substrate-illumination operation, 
as indicated in the figure. At 1.3-pm optical wavelength the 
optical absorption coefficient in a GaInAs ternary alloy is 
about lo4 cm-l  [6]. After falling on the PD the optical power 
decays in the intrinsic layer because of the absorption, which 
results in a nonuniform distribution of generation rate of the 
carriers in the active region. Therefore, two types of illumina- 
tion lead to different generation-rate distributions in the 
device. 

For the simplicity of the analysis, we take the incident 
optical power P O )  as 

where Po is the average optical power, m is the modulation 
depth, and o is the microwave angular frequency. 

Under illumination, the carriers are generated in the 
intrinsic region: 

ah 

hcS 
a h  

11 cs 

g ( x ,  t>  = ---P(t)e-a’ (top illurnination), (2a) 

g ( x ,  t )  = - P ( t ) e - a ( L - X )  (substrate illumination), (2b) 
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