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Abstract

Bonding wires are generally used fot high-
density I/O interconnection between package
and chip die. In this paper, we will ana-
lyze bonding wires using an electrostatic ap-
proach, discuss their electrical characteristics,
and propose some improvement methods Dif-
ferent configurations of bonding wire array are
compared, and guidelines for designing will
also be proposed.

1 Introduction

Bonding wires are used to connect chip die to
pads of a package, which have low cost, high
reliability, high manufacturability and high
I/O wire density[2]. Wire bonding parameters
include wire pitch, loop height, wire profile,
wire material and encapsulation materials de-
fined in the standard of JEDEC-JESD59 [3].
All the bonding wires in a package are encap-
sulated in a molded compound which is usually
an epoxy with €. = 4.2 [3]. The wires are usu-
ally made of gold (0 = 4.1 x 107S/m) and has
a diameter of 1-2 mils, length of 0.5-4.5 mm,
wire pitch of greater than 80 pum [4]. Electri-
cal performance of a bonding wire is limited
by its parasitic inductance [3]. The inductance

of a bonding wire is determined by the mag-
netic field distribution induced by the current
on the bonding wire and its return path. The
loop includes the bonding wire, ground plane,
ground via to the ground ring, and a bonding
wire from the ground ring pad to the die pad.
In generally, self and mutual inductances are
larger for larger loops.

2 Modeling Technigue

To analyze high frequency effects, wire geom-
etry, operating frequency, dielectric constant,
loss tangent, conductivity, permittivity, and so
on have to be considered. As the chip size
is reduced, measurements become more diffi-
cult because there are so many parasitic ef-
fects which may affect the signal-to-noise ra-
tio(S/N). To overcome the measurement diffi-
culties, one may use EM simulation and build
equivalent circuit to predict the high frequency
effects.

When the length of bonding wire is shorter
than A/100, lumped element model can be
used. The wire loop can be modeled as
an inductor with the self and mutual induc-
tance calculated by using quasi static ap-
proach. For more accurate prediction of bond-



ing wire, pad capacitance and resistance can
be incorporated to form a m-model. To adjust
the model to account for manufacturing tol-
errance, fine tune to fit measurement method
can be adopted [1].

3 Inductance

Fig.1 shows a bonding wire above ground
plane, which is equivalent to a closed current
loop by using image theory.

I current on bonding wire

bonding wire

ground plane

image current

Figure 1: The image of bonding wire

Inductance of a wire loop carrying current I
is defined as:
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The current loop can be divided into M seg-
ments and the inductance can be decomposed
into M? partial inductance as

where L, is the partial inductance on segment
p contributed by the current on segment gq.
Inductance of a bonding wire loop is de-
termined by the total magnetic flux linkages
contributed by self and nearby bonding wire
loops. The induced voltage at loop m is

where v, is the total magnetic flux through
loop m, Ly, is the mutual inductance from
loop n to loop m.
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Each bonding wire loop can be approached
by a polygon combination. The L,,, can be
calculation as the summation of partial induc-
tance LP? which is from the ¢ line segment at
' of loop m to the p line segment at 7 of loop
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pd the q line segment at r’
of loop m is rotated to +Z axis with a segment
length h from the original point by coordinate
rotation and the p line segment at 7 of loop n
is rotated to the XZ plane.

In calculating LP¢

4 Capacitance

Figure 2: The capacitance of Bonding wires

Fig.2 shows the capacitances of bonding
wires above ground plane. Charges on bond-
ing wires are related to pad voltages on IC as

Q1= (Cu-+Cin)Vi--- = CinVnN

pad on lead frame



Qn =-CinVi---+ (Cin---+Cno) VN

Compared with the matrix form,

Ql C11 C12 CiN Wi
Q2 Co1  C22 CaN Va
Qn CN1 CN2 CNN Vn

the capacitance can be expressed as

Cin = —Cin forn=1,....,N and n# i
N
Cio= Y Ccin
n=1,n#1

, where ¢ is the bonding wire number, C;, is a
mutual capacitance between wire ¢ and wire n,
and C}o is the capacitance to ground. By using
electrostatic electric calculation, the voltage of
a bonding wire above ground plane can be ex-

pressed as
V(q;):/ p(f’)<_ 11 )dgl
c 4me \|F —7| |F—7]

where |7 — 7| is the distance bewteen charge
and obvservation point on wire surface,
|F — 7| is the distance bewteen the image
charge and the observation point , and p(7')
is line charge density.

Similar to inductance calculation, the nth
bonding wire is partitioned into M,, segments.
The voltage V;P on segment p of mth bonding
wire is

o= [ (e
r)= _— —
m dre Joa \|F—7'| |F =7

n=1q=1
where the line charge density at segment g is
assumed to be a constant pl. Intergrating V.2
over segment p and assuming V2 to be con-
stant, the equations becomes
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which can be calculated as the inductance cal-
culation.

5 Resistance
DC resistance of a long wire line with radius
a and conductivity o is

1

oma?

Rdc =/{x (1)

The rf resistance of a long wire line with radius

a, conductivity o at frequency f is

1
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6 Comparisons with

Canonical cases

Here are tables which shows the inductance of
the close forms and the quasi-static polylines
calculation. The self inductance of a equilat-
eral triangle loop is [6]

3
Ls o 25 (1og ‘f) _ 1.40546)
2 r

The self inductance of a circular loop is [5]

)

The cirular loop is segmented into 16 parts
and 32 parts to compare with the close form
formula.

The mutual inductance between two circu-
lar loops is [7]

M Mm% ((1 - ﬁ) K(k) — E(k))

Ls = uR <10g

2



Table 1: Self inductance of a equilateral trian-
gle loop[6].

r(pm) s(um) [6](nH) This work(nH)
12.7 250 0.23616 0.26145
12.7 500 0.68026 0.70963
12.7 1000  1.77642 1.81004
254 500 0.47232 0.51008
254 1000  1.36053 1.40402

Table 2: Self inductance of a circular loop[5].

Table  4: Inductance of bonding
wirers|[8][9][10].

L length s(pm) MOM  This

(um) work(nH)

L, 500 0.278  0.27831

L,, 500 20 0.250 0.22565

L, 500 50 0.128  0.13011

L,, 500 100 0.071 0.69294

L, 500 200 0.028 0.02686

L 500 30 0.085 0.08551

3

r R [5] 16 32 the inductance by monent method below 30
127100 026930 026742 038583 G, as(s][9] 10
12.7 500  2.35733  2.31466  2.35236
12.7 1000 558650 549475  5.56316 L(30G) — L(0)
12.7 2500 1684490 16.60486 16.77663 I—L(O) x 100% = 3.06%
12.7 5000 38.04490 37.54757 37.00518
M(30G) — M(0
’ ( M)(O) O 100% = 8.06%  (a)

4ala2
(al 4 a2)® + h?

)

Table 3: Mutual inductance between two cir-
cular loops|7].

al a2 h [7] 32 segment
500 500 5  2.94350 2.93258
500 500 50  1.50144 1.49454
500 500 500 0.24704 0.24509
500 2500 50 0.20030 0.19966

7 Comparison with Hai-
Young Lee

In Hai-Young Lee’s research, the bonding wire
are parallel or with internal angle of 30 de-
grees.

In Hai-Young Lee’s research on bonding
wire of length 5004 m, the inductance by
quasi-static calculation is almost the same as

In [11], BGA can operate up to 31GHz, at
which the quasi-static calculation for bonding
wires is sufficient.

8 Conclusion

By comparing with the close form formula and
MOM method, the qusai-static method is ac-
curate and fast calculation. The method can
be used up to 30 Ghz with acceptable errors.
Any shapes of bonging wire can be calculated,
and only some sampleing points is needed with
the polygons is approximate the real shape.
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Abstract

This paper presents a rectangular DR antenna
with slit, fed by a coaxial probe. Slit at differ-
ent positions in the DR modify the input im-
pedance and resonant frequency of the TE;
and the TE3;; modes to different extent. The
DR antenna with a slit has a broad bandwidth
and lower Q factor compared with without slit.

1 Introduction

Since the introduction of dielectric resonator
antenna (DRA) in 1983 [1], there is a growing
interest to improve their radiation characteris-
tics [2)-[7]. In [2], [3] and [7], multiple coupled
resonators are used to broaden the bandwidth
or to achieve dual band. In [4], an air gap
between conductor and dielectric due to fabri-
cation tolerance broadens the bandwidth and
reduces the Q factor of the DR antenna. In
this paper, a rectangular DR antenna with a
slit is proposed to enhance its performance.

2 Rectangular DR with

Center Slit

Consider a rectangular DR antenna, in which
the feed probe is attache to the side wall of DR

to excite the TE;;; mode as shown in Fig.1.
A narrow slit is drilled in the middle of the
rectangular DR antenna, where the strongest
electric field of TEf;; mode appears normal
to the slit wall. Contrast of dielectric constant
between slit and dielectric further enhance the
electric field in the slit.

Fig.2 shows the return loss associated with
TE7;; mode of a rectangular DR antenna with
different slit width. Notice that the coaxcial
probe length, h, controls the coupling between
DR and coaxcial probe. In order to obtain
a good impedance match for these structures,
the probe length with solid DR antenna is 8.5
mm, and the probe length with the DR an-
tenna with slit is 12.5 mm. As shown in Fig.2,
the 10 dB bandwidth is 6.4 % with a slit of 4
mm width, higher than the bandwidth of 2.1
% without slit. The resonant frequency is also
increased with increasing slit width due to the
pertubation of slit.

Fig.3 shows the radiation pattern of the an-
tenna in Fig.1. The pattern is similar to that
of the DR antenna without slit. Since the
ground plane is finite, the back radiation still
exists.
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Figure 1: Rectangular DRA with center slit,
(a) top view, (b) side view.

3 Rectangular DR with

Side Slit

Next, study the effects of an air gap drilled
near one side of the rectangular DR as shown
in Fig.4. The slit is placed asymmetrically
with respect to the center axis where the
strongest electric field associated with TEZ,,
mode is normal to the slit wall. Hence, the
side slit is expected to cause stronger effect on
the TE3;; mode than on the TE;; mode.

Fig.5 shows the return loss of a rectangu-
lar DR antenna with different side slit widths.
In our simulation, the rectangular DR an-
tenna without side slit can not obtain good
impedance match concurrently for both the
TE3;; and TE3;; modes. The return loss of

20

Return Loss (dB)

1 1.5 2 25
Frequency (GHz)

Figure 2: Return loss versus frequency for the
rectangular DR antenna with different center
slit widths, €, = 40, a = 26.5 mm, b = 13
mm, d = 19.4 mm, r = 1 mm, S = 13.4 mm,
ground size is 50 mm x 40 mm, — - —: no slit,
---: W=2mm, — W=4 mm.

the DR antenna without slit for the TEf;
mode is well matched but the TE3;; mode is
not, as shown in Fig.5. However, with proper
choice of side slit in the DR antenna, the re-
turn loss below 10 dB for both modes can be
obtained concurrently.

The far-field patterns associated with the
TE3;;; mode of the DR antenna with side slit
are shown in Fig.6. With side slit, the null
in § direction for the TE3;; mode vanishes.
Because the side slit breaks the symmetry be-
tween two circular type electric field distribu-
tions in an otherwise solid DR.

4 Conclusions

The effects of a slit in rectangular DR antennas
have been studied in this paper. The TE7;
and TE3;; modes are excited. Discontinuity of
normal electric field at the interface between



Figure 3: Far-field patterns for the antenna in
Fig.1, (a) E, on the z-y plane, (b) E4 on the
y-z plane, - -: no slit, — W=4 mm.

air and dielectric incurs a stronger electric field
in the slit. The center slit in a DR antenna
has stronger effect on the TE};; mode and a
side slit has stronger effect on the TE3;; mode.
The slits broaden the bandwidth, lower the Q
factor, and increase the resonant frequency of
both the TE};; and TE3,; modes.
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Abstract—A novel microsrtip multilayered ring filter has
been proposed. The filter uses multilayered topology to
reduce circuit area by cascading resonators in layers.
This work also provides a method to control the
transmission zero by using equivalent circuit analysis.

Keywords — multilayered ring filter, equivalent circuit,
transmission zero

I . INTRODUCTION

Conventional approach used to design filters
include Butterworth (maximally flat), Chebyshev
(equal ripple), and elliptic [1]. The maximally flat
design has a flat response in the pass-band, but the
slope of band edge is smaller than other designs. The
slope of band edge of the equal-ripple design is
greater than that of the maximally flat design by about
2°N/4 where N is the order of filter, but it has ripples of
equal amplitude in the pass-band. Elliptic design is a
variation of equal-ripple design with even better
stop-band characteristics. These three approaches can
be implemented in lumped element and some simple
resonators.

Recently, microstrip resonators have been widely
used in planar filter including ring, half-wavelength
lines. They can provide sharper stop band slope.
Although they can provide sharper performance, they
need the area about A/2x A/2 or A/4x A/4. If we
want the sharper the stop band slope, we always use
cascading topology. This will make the big area about
nxA/2x A/2ornxA/4x A/4. This is not the result
we want.

In our communication system especially wireless
communication system, the requirement of the area is
very important. We all want to save the system total
area to let everyone convenient. Recently, it has a new
topology been proposed. That is multilayer topology.
In our RF front-end wireless system, passive
component area always bigger than active component

about hundred times. If we can save the passive
component area, it means we can save the whole
system area by the same proportion. This is very
attractive. In this work, we will present the multilayer
ring filter using multilayer topology to save the area.

II. RING FILTER

Ring filter as shown in Fig.1 can be seen as the
variable from the half-wavelength filter as shown in
Fig. 2. The half-wavelength resonator is used the open
half-wavelength transmission line‘s characteristic and

Fig. 1 The schematic of ring filter

Fig. 2 The schematic of half-wavelength filter

the ring filter can be seen as two open half-wavelength.
Basically, the ring filter will get better performance
than conventional half-wavelength filter.

Conventional ring filter has line-to-ring coupling
structure [2]. Its ring circle length is about the times of
our center frequency. In [2], the microstrip line
coupled to a circular ring via an air gap, but the
insertion loss is high. In order to reduce the insertion
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loss, coupling structures can be changed from
conventional gap capacitor to interdigited capacitor.
This will make the bigger capacitance and reduce the
coupled loss between the feed line and ring resonator.

There is a different kind of ring filter. It doesn’t
use the line-to-ring coupling structure. It is
direct-connected ring structure [3] with tuning stubs to
control the resonant frequency. It doesn’t use the gap
capacitor structure, so its insertion loss is lower than
the line-to-ring coupling.

We can analysis the two kinds of ring filter using
the equivalent circuit method. Equivalent circuits of
the structure are shown in [3] [4]. From the equivalent
circuit, we can get the characteristics of the ring easily.

The line-to-ring coupled structure is a band-pass
filter (BPF), capacitance of the coupled structure can
be controlled to form narrow band BPF. The
direct-connected  structure  utilizes  band-stop
characteristics of two stop-bands to construct a wide
pass-band. In general, the line-to-ring coupling
structure is suitable to build narrow band BPF, and the
direct-connected structure is suitable to build
broadband BPF.

|

Fig. 3 Cascaded square rings.

Sharper response can be obtained by cascading
several resonators as shown in Fig. 3[4]. However, the
circuit size will be increased proportional to the
number of resonators. A multilayered ring structure is
proposed to reduce circuit size.

[I. DESIGN of MULTILAYERED RING FILTER

There are many kinds of resonator filters. The
most typical one is half-wavelength resonator filter as
shown [4]. Because it needs the half-wavelength line,
it has very big size and its stop band curve slope is not
sharp enough. This is not our hope.

After this configuration, the ring filter has been
proposed. A ring structure can be equivalent to two
half-wavelength lines. According to the structure, the
size will no longer so long. It gets shorter. In another
way, due to the more resonators, it get sharper stop
band slope. The structure as shown in [4] will become
the structure as shown in Fig. 3 and it will get better
performance.

According to the two ring resonator structure, it
has too big area. In order to solve the problem, we

propose the multilayered ring structure. This structure
preserves the features of two coupled rings and saves
the area by about 50%. The equivalent circuit of the
multilayered ring filter is shown in Fig. 4.

IV. EQUIVALENT CIRCUIT of MULTILAYERED

)
I pene

— G

Fig. 5 The equivalent circuit of multilayered
ring filter

Here we will analysis the multilayered ring filter
with the equivalent circuit. The equivalent circuit as
mentioned above used the transmission line model. In
this work, we will use the basic lumped element to
combine the equivalent circuit as shown in Fig. 5.

From the equivalent circuit, we can easily find that
this structure is a band-pass filter. It has two parallel
resonators. In order to simplify the equivalent circuit,
we use the symmetry structure. That’s C; = Co = C,
and L, = L,. We can analysis this circuit into three
parts. One is the front part consisted with C;= C,,
Another part is the center part consisted with the two
resonators, coupling capacitor and mutual inductance.
The other part is the end part consisted with Co = C,.
We use the ABCD matrix to combine these three parts
as shown in Equation (1).

4 B [4 B4 B4 B]
c p| |c Dp|c, D|c, b

where
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Then we can use the ABCD matrix to get the
S-parameter matrix. Thus, we can know the
characteristic of the multilayered ring filter. From the
S,; of the center part of the equivalent circuit, we can
find that there is a transmission zero in our structure as
shown in Equation (2)

o, =0, k—MZ ()
\ ke (1-FK,,)
where
M
kK, = 2
M Ll
C
Ky, = —
E C 1
o _ 1
' L,C,

We can control our transmission zero frequency by
changing the mutual inductance and mutual
capacitance between two coupled rings. This will
make our stop band rejection better.

V. SIMULATION RESULTS

In this work, we design a multilayered ring filter.
This design is just for making sure if there is a
transmission zero or not. The simulation result is
shown in Fig. 6.

We can find there is a transmission zero in the
upper stop band. This is shown that our theory is
correct. During this work, we get a multilayered filter
which insertion loss is about 0.8dB and return loss is
about 12dB between 2.6 GHz and 2.75GHz.

In this work, stop band curve slope is about 40dB
/GHz. Comparing with another structure -
multilayered half-ring filter as shown in Fig.7, it has

Mognitude of Scotering Motrix (dB)
= — 1

21 2T 12 L]
Frequency (GHz)

Fig. 6 The simulation result of
multilayered ring filter

sharper stop band slope. The multilayered half-ring
filter’s stop band curve slope is about 30dB /GHz
as shown in Fig. 8.

Tl

Fig. 7 The schematic of multilayered
half-ring filter

s
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Fig. 8 The simulation result of multilayered
half-ring filter

We can find that the multilayered ring filter’s
performance is better than multilayered half-ring filter.
This is because the ring filter has more resonators than
half-ring filter. Following this rule, if we want get
sharper stop band slope, we don’t need more planar
area as the planar structure does. We just use more
layers as shown in Fig. 9. It doesn’t make our area
bigger. This is the best advantages of multilayered ring
filter.
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Fig. 9 The simulation result of three
layer multilayered ring filter

VI. CONCLUSION

A novel type of microwave ring filter structure by
using multilayer topology has been proposed. By
changing the mutual capacitance and mutual
inductance, the transmission zero frequency can be
controlled. The multilayered ring filter can be
improved by making more layers easily and doesn’t
need more area to contain the structure. For example,
the two layers ring filter’s area is the same with the
three layers or four layers ring filter. This is the
excellent advantage of multilayered ring filter.
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Abstract

In this paper, we present a simple and general
equivalent circuit to model the mesh antenna,
investigate several antenna parameters such as
input impedance and resonant frequency. The
current flow of the mesh is different from patch
antenna and disturb the radiation pattern of
original patch.

1 Introduction

In [1], a mesh antenna excited with a balanced
feed (MA-B) reveal a linearly polarized wave
without cross-polarization component in the
principal planes. mesh antanna with an un-
balanced (MA-U) feed excitation creates al-
most the same radiation characteristics as bal-
anced feed. A mesh antenna with perturba-
tion elements excited by unbalance feed(MA-
UP) generates circular polarization. Loop an-
tennas printed on dielectric substrate can ra-
diate both linearly and circular polarization.
MA-U can act as a dual linearly polarization
radiation element by selecting the feed point.
The cross-meshed array antenna has four feed
point a, b, ¢ and d. Changing the feed current
phase can radiate linearly or circular polariza-
tion [2].

Mesh antennas have wider bandwidth but
lower gain than their solid components. In
[3], a circular grid patch antenna with the grid
lines along the direction of currents flowing on
the original patch can be used to excite wanted
(exciting) mode and suppress unwanted mode.
Modifying mesh geometry for a given mode
may increase the cross polarization. Increas-
ing grid density raise the resonant frequency.
Meshing the patch improve the gain and de-
crease the cross polariztion. The gain varies
with mesh grometry and density, and are lower
than that of standard patch antenna. How-
ever, this is achieved at the expense of the
front-to-back radiation levels.

In [4], the dichroic microstrip antenna con-
cept is based on the utilization of printed fre-
quency selective mesh as microstrip patch an-
tennas at frequency fr, which in turn become
transparent to near-field radiation at fz from
another microstrip array in close proximity.
This technique can separate fr and fy many
octaves. The use of higher permittivity sub-
strates may lead to some bandwidth restric-
tions and some increased mesh dissipation loss.

In [5], the operation of linear wire-grid ar-
ray is argued that the current phasing be ad-
juested such that radiation by currents on
long segments cancel while that by currents on



short segments combine constructively. The
short segments are considered as discrete el-
ements fed via microstrip transmission lines
that these antennas are viewed as arrays.

The resonant frequency is defined as the
frequency where the return loss is maxi-
mum. Measurement result shows that the
resonant frequency decreases with increasing
mesh spacing when the same dimension of ra-
diating elements [6]. The bandwidth is defined
by the criterion that the VSWR is less than
2. Bandwidth increases with increasing mesh
spacing. Higher gain can be obtained by using
silver plate instead of Nickel plate.

In [7], the grid antenna has a linearly po-
larized frequency scannable pencil beam and
only one feed point per hundreds of radiating
elements which make it especially suitable for
HF, VHF and UHF frequencies when high gain
antennas are needed. The current along the
chain structure will acturally attenuate due to
the radiation. Radiation from te parts parallel
to the chain axis will add in phase in a cer-
tain direction. Radiations from the parts per-
pendicular to the chain axis will almost cancel
each other due to opposite currents in each in-
dividual side of the loops.

A grid antenna is a radiation element of
linear polization. As frequency changes, the
beam direction varies due to the phase change
in the current along the grid cells. In [8], a cen-
ter fed grid antenna excited by coaxial line is
presented. The antenna dimensions can be re-
duced by shorting the side length of each grid
cell.

Convential printed circuits are designed and
laid on printed circuit board (PCB) with solid
ground plane. Multiple ground planes are
also fabricated in a multilayered structure to
minimize crosstalk between adjacent traces.
However, metallic ground plane is easy to be
stripped from substrate due to thermal expan-
sion or humidity.

2 Feeding Method

The microstrip line feed are easy to fabricate
and simple to match by controlling the inset
position. However as the substrate thickness
increases surface waves and spurious feed radi-
tion increase. Coaxial-line feed is also easy to
fabricate and match, and it has low spurious
radition. But it also has narrow bandwidth.
Both method inherent asymmetries which gen-
erate higher order modes which produce cross-
polarized radiation.

The aperture coupling feed are most diffi-
cult to fabricate and it also has narrow band-
width, but easier to model and has moderate
spurius radiation. The aperture coupling con-
sists of two substrates separated by a ground
plane. On the bottom side of the lower sub-
strate there is a microstrip feed line whose en-
ergy is coupled to the patch through a slot
on the ground plane separating the two sub-
strate. A high dielectric material is used for
the bottom substrate, and thick low dielectric
constant material for the top substrate. The
ground plane isolates the feed from the radiat-
ing element and minimizes interference of spu-
rious radiation and polarization purity. The
proximity coupling has the largest bandwidth
(as high as 13 percent) and has low spurious
radiation, but is somewhat more difficult to
fabricate.

3 Lumped Element Model

To apply equivalent circuit analysis, first
model segments in the meshes as equivalent
lumped inductance and capacitance. Based
on image theory, a conductor line with zero ra-
dius and with a distance a above ground plane
can be viewed as two parallel conductors sep-
arated by 2a in free space, as shown in Fig 1.
According to Ampere’s Law, the magnetic flux
per unit length, ¥, and the vector potential A



can be related as

q/://vXA~§
S

where A is related to the current distribution

as
PN /1) J(F)
A(F) = — ——dr
=
where J is current density.

Assume that both conductors lie in the z
direction, and carry current I and —I respec-
tively, then the vector potential has only z
component, and can be written as

ol m
A (F) = ——In—
+(7) 27 T
where r; and ro are the distances from con-
ductor 1 and 2, respectively, to the observation
point.

A constant potential surface can be ob-

tained by set r1/re = p. Thus, we have

{=a(p*+1)/(p* - 1)

R2_ (2 — _42

Two cylindrical perfect conductors with radii
R can occupy the region with centers at (&£,
0), respectively, without affecting the mag-
netic field distribution.

_ bl (Lt
4. = 2 ln< R )

The total magnetic flux, ¥, between two
conductors become

ol {+a
U =—1
2m n( R)

and the inductance per unit length L can be
defined as

_q/_/,l,() é+04
L_I_len( R)

:ﬂln R
2r L —a

(1)

Similarly, capacitance can be obtained by
this procedure

TED

C=—p (2)
In 5

4 Mesh Antenna

A meshed antenna, which metallic lines
printed crossly on the substrate, is shown in
Fig. 1(b). It can be divided into lumped ele-
ments as shown in Fig. 2(b), which shows the
lumped circuit model at a junction of meshes.
Applying KCL at the junction, we obtain the
following equation

2
{wC’(dm +dy) = wLdz dey}
Vi+Vs Vot Vy
wLdy wLdz 0 3)

Based on cavity model, the fundamental res-
onant frequency of patch antenna is given by
foro = vo/2L./€;, where L is the longest edge
of the geometry and vg is the velocity of light
in free space. Electric field of the resonance
under the patch can be imaged as one-half
cosecant curve which starts at one side of edge,
zero at center, and becomes maximal negative
at the opposite edge. However, the other di-
rection of electric field is uniform.

The input impedance of patch and mesh
varies with inset postion, because the im-
pedance is proportional to the ratio of electric
field to magnetic field. To match the coax-
ial and radiating element, we tune the coaxial
position along the centerline of mesh. As the
feeding position move to L/2, the input im-
pedance tend to zero gradually, for the electric
field vanishs at the center of mesh antenna at
resonant frequency.

Due to that the feeding position does not
affect the resonant frequency seriously, we use



lumped element to model the mesh structure
and predict the resonant frequency. Further-
more, the model also shows the current and
voltage distribution, which gives the informa-
tion to choose the feeding position in order to
match the coaxial line.

5 Results and Conclusions

Near the coaxial feed point, the direction of
current flow on the patch is omnidirectional,
while that on the mesh antenna is limited on
the metallic line, that is, the capacity of cur-
rent of patch is large than mesh structure. So
the input impedance of mesh is larger than
patch. For the same characteric impedance
coaxial feeding, in order to match radiating
elements, the feed point of the mesh should be
closer to center than that of patch.

The current distribution on the patch at the
resonant frequency has only one direction. In
the mesh case, we force the current to flow
through metallic line, which has two direction
crossing each other. The major current direc-
tion is the same as patch antenna, but there
are some minor currents flowing orthogonally
to the major current direction. These minor
currents produce another polarization which is
unwanted.

Fig 3(a) shows the comparison of the result
obtained by simulation software HFSS and [9].
The FEM method used in HFSS shows good
agreement results with FDTD method. The
return loss of mesh antenna is shown ih Fig.
3(b). The width and length of outer dimen-
sion of mesh is 2 cm and 4 cm, respectively,
and the width of the line, ¢, is 1 mm. The
thickness of substrate is 0.75 mm and the di-
electric constant is 4.4. The feed point is 1.4
mm away from the center point.
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Figure 1: (a)Two circular conductor with sep-
arated by 2. S is a rectangle on the x-z plane
with unit length along z axis.(b) Mesh antnna.
L and W is the length and width of the mesh
total dimension. The mesh antenna can be
treated as combination of crossed microstrip
line with ¢ width.

(a)The basic element of mesh an-
(b)The microstrip line cross section
modelled by lumped element.

Figure 2:
tenna.

Figure 3: (a)The comparison of return loss
of coaxial feed patch antenna and [9] (b)The
comparison of return loss of mesh antenna and
patch antenna.
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Abstract

Estimation of mobile terminal location is
made difficult by non-symmetric contamina-
tion of measured data caused by non-line-of-
sight(NLOS) propagation effects. Three kinds
of scatterer models are summarized to simu-
late the NLOS effect and compare to measure-
ment result.

1 Introduction

Position location techniques is an impor-
tant issue in recent years, a major thrust
is the Enhanced 911(E911) phase II by the
Federal Communications Commission(FCC),
to be completed by October 2001. It re-
quires that the wireless communication service
providers must be able to report the location of
all the E911 mobile stations with an accuracy
of 100 m in 67% and 300 m in 95% in network-
based methods, 50 m in 67% and 150 m in
95% in handset-based methods. Several prop-
agation environment have been measured for
analysing multipath characteristics in cellular
networks. However, in a multipath propaga-
tion environment, very often the line-of-sight
(LOS) paths are blocked, and only non-line-
of-sight (NLOS) signals are available as data

of range-based method. Estimate the perfor-
mance of range-based method can be simipli-
fied by replacing the practical measurement
with the scatterer models.

2 Scatterer models

Parameters in the models will be verified by
measuring statistics of TOAs of multipath sig-
nals [1]-[3]. While exact location of scat-
ters depends on local surroundings, there are
several models to approximately describe the
topology of scatterers. These models are ring
of scatterers(ROS), disk of scatterers(DOS)
and Gaussian scatterer models. It is assumed
that radiation patterns of the base station and
mobile station antennas are omnidirectional in
the horizontal plane.

)
- II.\““:__.-__:’II

Figure 1: Ring of scatterers model.



2.1 Ring of Scatterers Model

In the ROS model shown in Fig.1, the scatters
are assumed to locate on a ring of radius rgosg,
centered at the mobile station. The scatterers
are uniformly distributed over 0 < a < 2,
with the probability density function(pdf) of

1/ (2777"ROS)
on the ring of scatterers

0,
elsewhere

pﬁos (T‘Ro& Ol) =

The LOS distance between mobile station
and base station is D, and the measured path
length is p. The associated NLOS delay is
defined as n = u — D. The cumulative distri-
bution function (cdf) in the ROS model is

]
Fros(p < pp) = 2/ Pros(TrROS, @)TROSAA
0

where p, is a given path length, 0

Figure 2: Disk of scatterers model.

L =
L u{.—' 'k

Figure 3: Local coordinates defined at BS and
MS.

cos™ ' {[rkos + D* = (1p — rrO5)*] /(2rROSD) }

is the marginal angle associated with f,,, then
the pdf associated with u; can be expressed as

pros(1) = (4 —rros)/ {rrosD

fined at the base station and mobile station
are related by

xp = rpcosB = xcoso + ysing

\/1 — (D = p)(D+ p—2rros)/(2rrosD) + 1]2}

,D < pu<D+2rgros

(1)

2.2 Disk of Scatterers Model

In the DOS model shown in the Fig.2, the
scatterers are assumed to distribute uniformly
within a circular disk with radius rpog. The
pdf of scatterers can be expressed as
1/(mr%0s), inside disk
p]SDOS (r7 Oé) =
0, elsewhere

As shown in the Fig.3, local coordinates de-

yp = rpsingd = —zsing + ycoseo
Ty = Tmcosa = xp — D

Ym = TmSIna = yp

where 12, = r? + D? — 2Drycosf3. The path
length, p, can be decomposed p = rp + rm,
which is the sum of distances from the scat-
terer to mobile and base station, respectively.
The time delay, 7, is related to the total path
length as cr = p.

As shown in Fig.4, all points having a con-
stant value of 7 forms an ellipse with the base
station and mobile station as its foci. To de-
rive the pdf of TOA, first find the area between
the interior of ellipse and the disk of scatterers.



Figure 4: The ellipse(hyperbola) defined by
the sum(difference) of 7, and rp,.

Take the derivation of the overlapping area di-
vided by the total area of DOS gives the pdf
of 7 as

d A (1)
dr mr

(2)

ppos(T) =

9]

The area can be calculated using polar coor-
dinate system defined at the mobile station,
(rm,a). Symmetry about the z axis can be
used. Hence, the overlapping area can be ex-
pressed as

Ar(r) =
0 - 2+2_p2 2
2.[0 %T%Osda + 2f9 % (QCT—Qch)osG) dao
2
T 272 p2
= rhos + J; (7557 da
(3)

To simplify (3), define 7,, = 7/79 and D,, =
D/rpos , where 7y is the propagation time

of line-of-sight between the base station and
mobile stations. Thus, we have

_ 2 D2(r5—1)? TnT

A (1) = rpostd + —% (7Z_1)y/m21
sinf

+ (72—1)(cosO—7y)

27, tanh™! | (147,) tan(0.50 1-72
N [(1+7,) tan(0.50) // }

Vi-T2(r2-1)

(4)

where 0 = cos (D, + 21, — D, 72)/2).

Then, the pdf of TOA can be derived as

2
r30s(Dnn—1)
T) =
pDOS( ) \/1—(D,21+2Tn—Dn7'3)/4

D2 ) _mym /72 —
4{\/75—_14-77 TA—1

47+ Dn (2—672)+ D21 (—1+477)

2(272-1)

+ 2Dn\/1—(DEL+27—n_DnTT2L)/4 \/1_7_7%
_1 | Q+7n) tanfcos™H(Dpn /24 Tn— Dy 72 /2)
tanh 1[ [ N ]} /2}

(5)

2.3 Gaussian Scatterers Model

Next, consider the Gaussian model when the
scatterers are assumed to follow a Gaussian
distribution. Define path difference, £ = ry, —
Tm, Which form a hyperbola family orthogonal
to the family defined by u = ry + rp,. Thus,
bipolar coordinates, (u,¢) are found. To de-
termine the pdf of 7, p(7), the scatterer den-
sity around the mobile is assume to follow a
Gaussian distribution as

1

2
2noz,

—(22,+%) /207,

e

(6)

p?; (xn’u ym) =

The pdf in bipolar coordinate system pZ (p, §)
can obtained by coordinates transformation as

s /’LQ _§2 s
pG(:uwf) = 4\//12 —DQ\/DQ _EQPG(:CTmym)
where
_r D
_ VW2 -D*»)(D*-¢)

The pdf of TOA is obtained form p§ (u,§) by
integrating over all possible value of ¢ at a



fixed p as

D
pa(7) = 2¢ [T}, pg (1, §)dE
_ c\/u2—D?2 fD pé(wm,ym)dé_
2 -D \/D2-¢
c D fer—Z3.s
+2\/Im f—D D? — §2pG (T Ym)dE

(7)

Substituting the Gaussian ditribution (6) into

(7), we obtain

c 2_D2 D
pa(T) = Nz f—D /D

. D
T o VDR €

1 1
2_g2 2mo2, e

/200 dg

(8)
By defining D,,, = D/om, D/c = 10, p =
¢TpTo, and € = Dsinf, (6) can be reduced to

—r /207,

1
2wo2, €

2
D
T2-1

pa(T) = e
/2

f—Tr/Z

_ DQJ (7, —sing)?

- do

(9)

(12 — sin?f) exp [

2.4 Root Mean Squares

Root mean square(rms) delay spread can be
defined as
-2

T =2

Trms = -7
where 72 and T are the mean square and mean

value defined as

D+2r D+2r
Tp(T)dT

)
(10)

Here, » = rros in the ROS model, r =
rpos in the DOS model, and r = o, in the
Gaussian scatterers model. Notice that the
defintions of mean square and mean value are
different from those defined in measurements,
where

D

72:ZTEP(T;C), %:ZTkP(Tk) (11)
k=1 k=1

where K is the number of time bins, P(7;)
is the relative amplitude of multipath compo-
nents fall in bin k. The measured rms delay
spread is derived from a single power delay
profile which is the temporal average of con-
secutive impulse response measurements col-
lected and averaged over a local area. Assume
that the scatterers around the mobile and base
stations have similar scattering characteristics,
then the signal strength in each time bins is
roughly proportional to the number of scat-

déerers that contribute to that time bin. Here,
(10) can be assumed to be equivalent to (11).

3 Simulations

Figure 5: Normalized rms delay spread as a
function of size parameter in scatterer models,
:regression line, - - -:scatterer model.

The rms delay spread can be related to
the parameters of scatterer model. Regression
analysis is also applied to the results of ROS,
DOS and Gaussian scatterer models, respec-
tively, as shown in Fig.5. Radius of scatterer
models can be related to 7yms as

TROS — 1.6767’rms



Figure 6: Distribution of TOA for ROS, DOS
and Gaussian model, ——: Gaussian model,
DOS model, ROS model, * :
measurement|[4].

rpos = 1.82¢Trms

Om = 0.79¢Trms (12)

Fig.6 shows the comparison of cumulative
distribution function of delay for DOS and
Gaussian model. The measured data in [4] are
also marked for comparison. The measured
rms delay spread is 0.682 us, and LOS distance
is 1,500 meters. The Gaussian model matches
better with the measurement than the DOS
model.
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