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Key words: dielectric resonator antenna, monopole antenna, low-noise amplifier, ultra-wideband,
switched-inductor oscillator, charging time, liquid crystal display, driver, field sequential color.

The outcome of this project is divided into six subjects, respectively presented in six journal
papers and six patents. These six subjects are
Subject 1: Broadband dielectric resonator antenna with metal coating
Subject 2: Dualband split dielectric resonator antenna
Subject 3: A K-band CMOS low-noise amplifier with low dc power consumption
Subject 4: Dual-band VCO with switched inductors for UWB applications
Subject 5: Active and adaptive charging method on data lines for delay compensation
Subject 6: Design constraints on FSC LCD
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crystal display is proposed by comparing data of adjacent rows. The
proposed method bundles three rows in one set, and the charging
period allocated for these three rows are rearranged to charge all three

rows more precisely than conventional methods.
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Broadband Dielectric Resonator Antenna With Metal
Coating

Tze-Hsuan Chang, Student Member, IEEE, and Jean-Fu Kiang, Member, IEEE

Abstract—A broadband dielectric resonator (DR) antenna is
proposed, which consists of a rectangular DR coated with metal
on three sides and placed on a ground plane. The structure is ana-
lyzed by modelling the dielectric-air interface as perfect magnetic
conductor (PMC). A coplanar waveguide (CPW) with terminating
slots is used to feed the antenna. Measurement results exhibit a
wide bandwidth of about 47% over which the E, pattern on the
horizontal plane is nearly omnidirectional. The 10-dB bandwidth
of this broadband DR monopole covers 4.2-6.8 GHz. Hence, it can
be used for WLAN 802.11a applications.

Index Terms—Dielectric resonator (DR) antenna, monopole an-
tenna.

1. INTRODUCTION

HE prevalence of wireless communication demands

broadband antennas which can be embedded within a
handset to provide versatile applications. Since it is difficult
to obtain wide impedance bandwidth with single resonant
antenna, multiple antennas with different operating frequencies
have been integrated to satisfy the bandwidth requirement [1],
[2].

High-permittivity dielectric material has been used in mi-
crowave circuits such as filters or oscillators [3]. In order to fa-
cilitate the design of dielectric resonator, a heuristic approach
that models the dielectric-air interface as a perfect magnetic wall
was proposed to predict the resonant frequencies of cylindrical
resonators in 1965 [4]. Since 1983, dielectric resonators have
been designed as antenna elements by exciting different modes
of DR using conventional feeding mechanisms [5].

A DR antenna exhibits a broader bandwidth if its () factor is
lower. In [6], a notched rectangular DR antenna with a low ¢
factor is proposed. By lifting a DR above the ground plane, its
@ factor can be effectively reduced [7]. The bandwidth of DR
can also be increased by modifying its geometry. For example,
a truncated tetrahedral DR with its narrow base attached to the
ground reaches an impedance bandwidth of 40% [8]. A split
conical DR with split side attached to the ground can reach a
bandwidth of 50% [9].

High-permittivity material can be used to reduce the size of
DR at the expense of bandwidth reduction. However, DRs with

Manuscript received October 24, 2006. This work was sponsored by the Na-
tional Science Council, Taiwan, ROC, under contract NSC 93-2213-E-002-034.

The authors are with the Department of Electrical Engineering and the Grad-
uate Institute of Communication Engineering, National Taiwan University,
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larger aspect ratio has been used to reduce the () factor and
hence obtain a wider impedance bandwidth [10], [11].

Multiple DRs with close resonant frequencies can exhibit
broadband characteristics by coupling their resonant modes. For
example, two cylindrical DRs can be stacked to couple their
HEM 115 modes [1]. In [2], two rectangular DRs with different
sizes are placed at proximity, leaving a slot to couple their TEY,
modes.

The bandwidth of DR antenna can also be extended by at-
taching additional parasitic elements to incur another resonance.
In [12], two metal strips are attached to the top of a DR to incur
additional resonance close to that of the DR. The inductance
of the metal strip and the capacitance between the strip and the
ground plane form an LC tank which can be coupled to the DR
resonant mode to exhibit a wider bandwidth.

The impedance bandwidth of DR antennas can be further in-
creased by modifying their feeding structures. In [13], a cou-
pling slot is proposed to excite the DR. The resonant modes of
slot and DR are coupled to increase the antenna bandwidth.

In [14], a patch resonant mode and a dielectric resonant mode
are coupled to increase the DR antenna bandwidth. The signal is
fed from the microstrip feed line, through the slot on the ground
plane and the slot on the patch, to the DR. In [15], a DR is
attached to a circular slot and an eccentric ring slot to achieve
a broad bandwidth. A grounded metal plate placed in a plane
of symmetry of the electric field distribution can reduce the DR
size by half without perturbing the original field distribution.
In [16], a rectangular DR integrated with an inverted L-plate
antenna is proposed. The DR not only serves as a radiator but
also serves as a feeding element for the L-plate.

Typical bandwidth of a rectangular DR antenna is about
6—10%, which can be increased to more than 10% by using
lower-permittivity dielectric at the cost of increasing the DR
size. Stacking DRs of different sizes or using parasitic DRs
can further increase the impedance bandwidth to more than
20% [1], [2]. The former incurs a higher antenna profile, while
the latter occupies larger space. Stacking DRs of different
permittivities can achieve well coupling to microstrip line
and a wider bandwidth of 40% simultaneously. However, the
antenna complexity increases. Conical or truncated conical DR
can provide more than 50% of impedance bandwidth, but the
radiation pattern varies over the band due to the presence of
higher-order modes [9].

In this work, a broadband dielectric resonator antenna with
a nearly-omnidirectional radiation pattern is proposed. The di-
electric resonator is partially coated with metal on its surface,
which can be modeled as a cavity having perfect electric con-
ductor (PEC) and perfect magnetic conductor (PMC) walls on

0018-926X/$25.00 © 2007 IEEE
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Fig. 1. DR with metal coating on the bottom and on the other: (a) five sides
and (b) three sides, gap of height h. is open near the bottom, metal coating is
marked by gray shade.
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(a) (b)
Fig. 2. Current distribution on metal coating (gray surface), and electric

field distribution on DR surface (white surface), corresponding to the DR in
Figs. 1(a) and (b), respectively.

different portions of the surface. The resonant modes of the DR
are investigated. The electric field and the current distributions
of these modes are carefully studied to understand their rela-
tion to the radiation patterns. The metal coating is also fed as a
monopole. The input impedance can be matched by adjusting
the DR position and the slot length, and broad bandwidth is
achieved by coupling the resonant modes of the metal-coated
DR and the monopole.

II. RESONANT MODES OF COATED DR

Fig. 1(a) shows a rectangular dielectric resonator partially
coated with metal, and a small gap of height A, is open near the
bottom of the dielectric resonator. Since the permittivity of the
dielectric is much higher than that of the air, the dielectric-air in-
terface can be approximated as a PMC boundary, and the metal
coating is treated as a PEC boundary. Hence, the structure is a
cavity with PEC and PMC on different portions of the surface,
filled with high-permittivity dielectric.

The current and the electric field distributions of the funda-
mental mode are plotted in Fig. 2(a). The fields and the currents
concentrate near the bottom of the dielectric. The electric field
across the gap is mainly parallel to the PMC surface. The cur-
rent flows vertically from the bottom, changes direction on the
metal coating, and ends on the opposite side.

The effects of varying parameters are summarized in Table 1.
It is observed that the resonant frequency is significantly af-
fected by the DR dimensions a and b, and is less affected by the
metal height £, since the fields concentrate near the bottom. The
effect of decreasing the DR height d while keeping A constant
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TABLE 1

EFFECT OF STRUCTURE DIMENSIONS ON THE RESONANT FREQUENCY ( f)
h (mm) 6 8 10 12 14
fr(GHz) 65 649 65 647 649
b (mm) 3 35 4 4.5 5
fr (GHz) 713 683 641 615 5.79
a (mm) 1.5 1.7 1.9 2.1 23 2.5
fr (GHz) 759 7.3 6.67 627 587 553
d (mm) 1 2 3 4 8 12
fr (GHz) 8.09 67 654 652 646 647
he (mm) 0.2 0.5 0.8 1.4 1.7 2
fr (GHz) 568 609 637 659 675 6091

Default parameter (mm): a =2, b =4, d=12, h =12, ho =1,
DR is coated on five sides and grounded as in Fig. 1(a).

(a)
R=d@mm) 10 11 1z 13 14
fr (GHz) 605 602 608 604 607
b (mm) 3 55 6 65 7
fr (GHz) 607 605 607 605 599
a (mm) 25 27 29 31 33 3%
fr (GHz) 714 66 617 584 549 519
Fie (mm) 02 05 08 14 17 2
fr (GHz) 568 609 637 659 675 691

Default parameters (mm): 6 =3, b=6,d=h =12, h. =1,
DR is coated on three sides and grounded as in Fig. 1(b).

(b)

has also been considered. The height d has significant effect on
the resonant frequency only when d is comparable to /..

Fig. 2(a) shows that the current of the fundamental mode
on the back coating has strong horizontal component, which
generates electric field with horizontal polarization on the
zy-plane. Hence, the back coating is removed to reduce the
horizontal current, as shown in Fig. 1(b). Fig. 2(b) shows the
current and the electric field distributions on the metal coating
and the DR surface, respectively. The current distribution is
similar to that in Fig. 2(a). The electric field starts from the
bottom vertically, gradually decreases and bends to terminate
at the metal coating. The effects of varying parameters are also
summarized in Table I. Compared to that in Fig. 2(a), the width
b now has little effect on the resonant frequency.

III. MONOPOLE MODE OF METAL COATING

Place the DR with metal coating as shown in Fig. 1(b) on
a ground plane as shown in Fig. 4(a). The metal coating is
connected to coplanar waveguide (CPW) signal line to form
a monopole antenna, and its resonant frequency is increased
as its height is decreased. Fig. 3 shows that the current flows
mainly vertically, having a maximum near the ground plane.
The current gradually decreases and vanishes at the top. The
electric field starts from the ground plane, flows vertically
inside the DR, bends and terminates at the coating. Both the
current and the electric field have dominant vertical component,
which generates strong vertical polarization on the zy-plane.
Since the coating width is comparable to its height, the current
has a small amount of horizontal component which generates
the horizontal polarization on the zy plane.

IV. ANTENNA PROPERTIES

Fig. 4(a) shows the configuration of the proposed DR an-
tenna. The DR with three-side metal coating shown in Fig. 1(b)
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Fig. 3. Current and electric field distributions of the monopole mode on metal
coating (gray surface) and DR surface (white surface), respectively.

Foot print of
DR monopole
A Y

AN

(b)

Fig. 4. (a) Configuration of DR-monopole antenna with feeding structure, (b)
layout of feeding structure, and (c) photograph.

is placed on the ground plane, the metal coating is connected to
the signal line of the CPW to excite the monopole mode, and a
pair of open-circuited slots at the end of the CPW are used to
excite the DR mode.

Fig. 4(b) shows the layout of the feeding structure, and
Fig. 4(c) shows the photograph of the DR-monopole antenna.
The DR is placed over the terminating slots of the CPW, and
the length of the terminating slots is [. The size of ground
plane is Lg X W, and the thickness of the substrate is £. The
width w and the gap g of the CPW are adjusted to obtain the
characteristic impedance of 50 €2.

By tuning the monopole height and the dimensions of DR,
the resonant frequencies of the monopole and the fundamental
mode of DR can be moved close to each other. By changing the
lengths of the terminating slots [ and the offset between the DR
and the terminating slots s, good impedance matching can be

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 55, NO. 5, MAY 2007

Return Loss (dB)

Frequency (GHz)

Fig. 5. Return loss of DR-monopole, ¢ = 3.3 mm, b = 5.6 mm, h =
12mm, h, =0.5mm, g = 0.5mm, w = 10mm, s = 0mm, ¢t = 0.6 mm,
I =5.25mm, Wg = Lg = 70 mm, —: measurement, — — —: simulation.

achieved. The broad impedance bandwidth is achieved by cou-
pling the resonant bands of the monopole and the fundamental
mode of DR with metal coating. Fig. 5 shows the return loss
of the DR-monopole antenna, the measurement and the simula-
tion results match reasonably well at the band edges. The 10-dB
bandwidth is about 47.3% (4.2—-6.8 GHz), which is wide enough
to cover the IEEE 802.11a applications. Two nulls occurs at 4.56
GHz and 6.32 GHz, which are close to the resonant frequencies
of the monopole and the fundamental mode of DR, respectively.

Fig. 6 shows the radiation patterns generated by the
DR-monopole with coating on three sides and five sides,
respectively. For frequency associated with the monopole
mode, the DR-monopole with three-side coating has a more
omnidirectional Fy pattern on the zy-plane than that with
five-side coating. The £, component with three-side coating
is lower than that with five-side coating at ¢ = 75°. For
frequency associated with the fundamental mode of DR, the
DR-monopole with three-side coating also has a more omnidi-
rectional g pattern on the zy-plane that with five-side coating.
Hence, the DR with three-side coating is preferred.

Figs. 7 and 8 show the measurement and simulation radiation
patterns at f = 4.56 GHz and f = 6.32 GHz, respectively.
At f = 4.56 GHgz, the Ey pattern on the xy-plane is nearly
omnidirectional, with the gain of about 1.2 dBi. The horizontal
current exists on the side metal coating as shown in Fig. 3 and
incurs I, component with multiple lobes. Hence, the 724 com-
ponent is only a few dB lower than the ¥4 component in some
directions. The Fy pattern on the yz-plane is symmetric, and the
maximum gain of 3.2 dBi occurs at § = 44.6°. The Ey pattern
on the zz-plane is asymmetric, and the maximum gain of 5.2
dBi occurs at § = 33°.

At f = 6.32 GHyz, the horizontal current on the side coating
as shown in Fig. 2(b) incurs F4 components on the zy-plane
with multiple lobes. The Ey component on the zy-plane is
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Fig. 6. Comparison of radiation patterns on x-y-plane between DR with coating
on three sides and five sides: (a) monople mode and (b) fundamental mode of
DR, —: Ey of DR with coating on three sides, — — —: Ey of DR with coating

on five sides, —-—: E, of DR with coating on three sides,— X —: E; of DR with
coating on five sides, 10-dB per division on radials.

nearly omnidirectional with gain of 1.9 dBi. The Fy pattern on
the yz-plane is symmetric and has a maximum gain of 3.0 dBi
at # = 53°, while that on the zz-plane is asymmetric with the
maximum gain of 5.7 dBi at § = 50°.

The maximum of Fy component on the zz- and the yz-planes
is tilted from & = 90° due to the finite size of ground plane.
Hence, the antenna gain of vertical polarization is less than 2
dBi on the zy-plane. For WLAN applications, for example, this
DR antenna can be placed on a desk with the z-axis pointing
to zenith, providing a nearly omnidirectional radiation pattern
with vertical polarization on the horizontal plane (zy-plane).

Fig. 9(a) shows the effect of antenna height / on the reso-
nant frequency. When A = 10 mm, the resonant modes of the
monopole and the DR are strongly coupled. As A is increased to
11 mm, the coupled band is split into two resonant bands. When

270

Fig. 7. Radiation patterns at f = 4.56 GHz, (a) xy-plane, (b) yz-plane, (c)
xz-plane, — : measured Ep, — — —: measured E,, —o-: simulated Ep, - X -:

simulated E, 10-dB per division on radials, all parameters are the same as in
Fig. 5.

h is further increased, the first resonant frequency gradually de-
creases, and a third null appears between the two nulls associ-
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180
()
Fig. 8. Radiation patterns at f = 6.32 GHz, (a) zy-plane, (b) y=z-plane, (c)
xz-plane, —: measured Ep, — — —: measured E,, —o-: simulated Ep, - X -:

simulated Ey, 10-dB per division on radials, all parameters are the same as in
Fig. 5.

ated with the monopole mode and the DR mode, respectively.
Fig. 10 shows the current distribution and the electric field dis-
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Fig. 9. Effects of antenna height  and dielectric constant on resonant fre-
quency, ¢ = 3mm, b =6mm, h, = 1 mm,! = 5.35mm, s = 0.2 mm,
g =0.5mm,w=10mm, Ws = Ly = 70mm, ¢t = 0.6 mm, (a) e, = 20,
—:h=10mm, ——=-:h =11mm,——:h = 12mm,—o—: h = 13 min,

®)h =12mm, —:¢, =16, ——-:¢, = 18,——:¢, = 20,—0—:¢,, = 22.

tribution at f = 5.5 GHz, associated with the curve shown in
Fig. 9(a) with & = 13 mm. The current distribution is similar to
that of the DR mode near the bottom and similar to that of the
monopole mode around the upper portion.

Fig. 9(b) shows the effect of the DR permittivity on the reso-
nant frequency. As the dielectric constant is increased, the wave-
length in the cavity is reduced, rendering a lower resonant fre-
quency. Note that the first resonant frequency is hardly affected
by the dielectric constant.

V. CONCLUSION

In this paper, a broadband CPW-fed DR-monopole is pro-
posed. The resonant bands of monopole and dielectric resonator
are coupled to render a wide bandwidth of 47%. The bandwidth
can be adjusted by tuning the resonant frequencies of the DR
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Fig. 10. Current distribution on metal coating (gray surface), and electric field
distribution on DR surface (white surface) at f = 5.5 GHz, parameters are the
same as in Fig. 9(a) with » = 13 mm.

and the monopole separately. The Fy component is nearly om-
nidirectional on the horizontal plane over the band. The size of
the DR-monopole is 12 mm X 3.3 mm X 5.6 mm, and the band-
width is wide enough to cover the IEEE 802.11a applications.
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Dualband Split Dielectric Resonator Antenna

Tze-Hsuan Chang, Student Member, IEEE, and Jean-Fu Kiang, Member, IEEE

Abstract—A dualband dielectric resonator antenna (DRA) is
designed by splitting a rectilinear dielectric resonator (DR) and
carving notches off the DR. It is observed that notches engraved
at different positions affect different modes. Removal of dielectric
material from where the electric field is strong incurs a significant
increase in resonant frequency. The abrupt change of normal
electric field across the discontinuities reduces the Q-factor and

increases the impedance bandwidth. Both the TEY, , and TEY ,

modes incur broadside radiation patterns on the xy-plane. The
proposed DRA can cover both the worldwide interoperability for
microwave access (WiMAX, 3.4-3.7-GHz) and the wireless local
area network (WLAN, 5.15-5.35-GHz) bands.

Index Terms—Dielectric resonator (DR).

1. INTRODUCTION

IELECTRIC resonators made of low-loss and high-per-

mittivity material have been used to implement antennas
[1]. They have higher radiation efficiency than printed antennas
at higher frequency due to the absence of ohmic loss and surface
wave, in addition to compact size, light weight, and low cost.

Many efforts have been devoted to developing multiband or
wideband dielectric resonator antennas (DRAs) [2]-[15]. For
example, make the feeding aperture radiate like a slot antenna
to incur another band [2]-[4] and induce parasitic effects with
attached metal strips [S]-[7].

In [8], specific higher order modes with the electric field dis-
tribution on the top surface of the dielectric resonator (DR) sim-
ilar to that of the fundamental mode are intentionally excited. In
[9] and [10], higher order modes of truncated conical or tetra-
hedral DR are excited to obtain wide impedance bandwidth.

DRs of different sizes have been placed vertically to form
a stacked DRA, or at close proximity, to form a multielement
DRA to attain wideband or dualband features [12]-[15].

In this paper, a dualband DR antenna is proposed by split-
ting a rectilinear DR evenly. The electric field over the gap in
between is significantly enhanced, hence reducing the (J-factor.
Two notches are also engraved in each piece to tune the reso-
nant frequencies and increase the impedance bandwidth as well.
The effect of the gap and notches on the resonant frequencies
are carefully studied and the resonant bands associated with the
TE?,, and TEY, ; modes can be adjusted to cover the worldwide
interoperability for microwave access (WiMAX, 3.4-3.7-GHz)
and the wireless local area network (WLAN, 5.15-5.35-GHz)
bands.

Manuscript received January 20, 2007; revised May 1, 2007. This work
was supported by the National Science Council, Taiwan, under Contract NSC
93-2213-E-002-034.

The authors are with the Department of Electrical Engineering and the Grad-
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Fig. 1. Configuration of split DRA. (a) Panoramic view. (b) Top view.
(c) Photograph.

II. ANTENNA CONFIGURATION

Fig. 1 shows the configuration of the DRA, which is com-
posed of two identical rectangular DRs of dimension a X b X d,
separated by a gap p. Each DR is engraved with two notches
at its bottom and side edge, with dimensions s; X b X dy and
89 X b X da, respectively. The DRs are placed on a ground plane
of size W, x L4 on an FR4 substrate of thickness ¢ and permit-
tivity 4.4. A microstrip line is used to feed the DRs through an
aperture of size L, X W,. The microstrip line is extended over
the aperture by L. The offset between the aperture and the DR
is d.

The resonant frequency is mainly determined by the DR
dimensions a,b,d and permittivity ege,.. The carved notches
change the electric field distribution in the original DRs, hence
the resonant frequencies. Since the gap is perpendicular to the
electric field of the TEY;; mode of the otherwise intact DR,
the electric field is enhanced within the gap. Thus, the resonant
frequency of the TEY,;; mode and the input impedance are
significantly affected. The input impedance can be fine tuned
by adjusting the DR offset d, the length of the extended
microstrip line, and the aperture length L.

0018-926X/$25.00 © 2007 IEEE
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III. PREDICTION OF RESONANT FREQUENCY SHIFT

The electric field Fy and the magnetic field Hy in a dielectric
resonator taking the space V satisfy the Maxwell’s equations

-V x Ey = jwopHo (D
V x FIO = ijEEO (2)

where wy is the resonant frequency. When the shape of dielec-
tric resonator is modified by engraving gap, tunnel, or notch, the
dielectric constant in the space V' becomes a function of location
¢/(7) and the field distributions and the resonant frequency be-
come E, H and w, respectively, satisfying the Maxwell’s equa-
tions as well. Applying the reaction operation between the orig-
inal field and the perturbed field [16], the resonant frequency of
the modified DR can be expressed as

W +Web
W —|—Wea

]ffS(HxEO—i—HO x E)-ds

3)

where

which indicates that the resonant frequency is affected by the
reaction between the field distributions of the original and the
modified DR structures. It also implies that the resonant fre-
quency can be more accurately predicted if the perturbed field
can be approximated with reasonable accuracy. For example, if
a small gap is carved off a DR, the electric field normal to the
air-dielectric interface will be significantly enhanced, which can
be observed by simulation.

IV. RECTANGULAR DIELECTRIC RESONATOR WITH
SHAPE MODIFICATIONS

A DR of dimension d X b X a on an infinite ground plane can
be viewed as a single block of rectangular dielectric with height
2d in free space, as shown in Fig. 2. Since the permittivity of DR
is much higher than that of the air, the air-dielectric interface can
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be approximated as a perfect magnetic conductor (PMC) wall in
afirst-order analysis [17], and the modes can be categorized into
transverse electric (TE) and transverse magnetic (TM) modes
[18]. It is shown that the PMC approximation gives more accu-
rate results with the TM modes than with the TE modes [17].
The dielectric waveguide model (DWM) is proposed to render
more accurate prediction, in which the DR is treated as a por-
tion of a dielectric waveguide truncated in the propagation di-
rection [19]-[21]. The PMC approximation is imposed on the
guide surfaces and total reflection is assumed in the propaga-
tion direction. By this way, the fields of the TEY,,,, modes with
odd m can be derived as

Eo. = =k, Acos(kyx) cos(k,y) sin(k,z)

Eoy =0
Ey. =k, Asin(k,z) cos(k,y) cos(k.z)
kyk
Hy, = =Y Asin(k,x) sin(k,y) cos(k. 2
0o = S i) sin(y ) cos(h2)
k2 + k2
Hy, = —= + ——= A cos(k,x) cos(k,y) cos(k.z)
Jwp
k.k
HO: =

=Y Acos(k,x)sin(k,y) sin(k.2) 4)
jwp

where A is an arbitrary constant, k, = 7/2d, k. = mn/a, and
ky is determined from [22]

T (m) s

— =tan
2 k,

The resonant frequency can thus be calculated as

fr= K2+ k2 + k2. (©6)

\F

The field expressions of the TEY;,, modes with even n can
be derived as

Eor = —k. B cos(k,x) cos(kyy) cos(k,z)

Eoy =0
Ey. = k,Bsin(k,x) cos(kyy) sin(k.z)
k. k
Hy, = 2 Bsin(k,z)sin(k,y) sin(k.z
b = % i) sin(Fy ) sin )
k2 + k2
Hy, = R ——= B cos(k,x) cos(kyy) sin(k.z)
Jwp
k.k
Hy. = ——2 B cos(k,) sin(k,y) cos(k. z) @)
Jwp
where I3 is an arbitrary constant, k, = 7/2d, k. = nn/a, k,
and the resonant frequency can be determined from (5) and (6),
respectively.

Fig. 3 illustrates the electric field distributions of the first three
modes indexed by the third suffix, which indicates the number
of variations of the electric field in the DR. The . component
along the z-axis has an odd number of variations for the odd
modes and has an even number of variations for the even modes.
The F, component is antisymmetric with respect to the x-axis
for the odd modes and is symmetric for the even modes.
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M O

Fig. 3. Electric field distribution of (a) TE{;; mode, (b) TE?,, mode, and
(¢)TE{,; mode of a solid DR.

(b)

Fig. 4. (a) DRs on a ground plane with gap in between. (b) Panoramic view of
the equivalent problem.

A. Field Enhancement by a Gap

Fig. 4(a) shows two rectangular DRs placed on a ground
plane, separated by a gap at » = 0. At z = 0, F, component
of the TEY,; and TE{,3; modes reaches the maximum while
that of the TEY;, mode vanishes. The gap p is much smaller
than a and the resonant modes associated with the single DR
formed by filling the gap between the aforementioned two DRs
are excited. The air-dielectric interface of the gap is normal to
z, hence the . component is significantly enhanced to satisfy
the continuity condition on D..

Fig. 5 shows the effect of gap width p on the return loss.
It is observed that the resonant frequency of the TEY;; mode
increases significantly, while those of the TE{,, and TEY, ,
modes are slightly affected. Note that the band associated with
the TEY;; mode merges with that of the TE{,, mode.

By image theory, the structure in Fig. 4(a) is equivalent to
that in Fig. 4(b) if the ground plane is of infinite extent. The two
DRs with a separating gap can be regarded as an inhomogeneous
DR with permittivity € (7). The gap width p is assumed much
smaller than a, hence the field distribution inside the single in-
homogeneous DR is almost the same as that without the gap,
except the normal electric field F, inside the gap is enhanced to
satisfy the air-dielectric continuity condition. Thus, the fields of
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Fig. 5. Effect of gap width p on return loss, ¢« = 28 mm, b = 9 mm, d =
10 mm, €, = 20,w, =2 mm, L, = 10 mm, L, = 8 mm, d, = 7 mm,
Wy =L, =70mm, ¢t = 0.6 mm, w,,, = l.I5mm. (—) p = 0mm. (- - -)
p=02mm. (— - —)p =04 mm. (— X —)p =0.5 mm.

TABLE I
COMPARISON OF RESONANT FREQUENCY SHIFT DUE TO GAP WIDTH;
FREQUENCY UNIT: GIGAHERTZ, LENGTH UNIT: MILLIMETER

A p=01 7 =02 p—04 =05
HFSS 3.03 (0.1) 3.11 (0.18) 3.25(0.33) 3.3 (0.37)
Theory 293 (0.1) 3.03(0.2)  323(041)  3.33 (0.50)
(TEY, )

HFSS 3.65 (0.01) 3.67 (0.03) 3.65 (0.01) 3.66 (0.02)
Theory  3.666 (0.014) 3.673 (0.028) 3.669 (0.056)  3.696 (0.07)
(TEq112)

HFSS 764 (001) 465002  466(003) 467 0.08)
Theory 4.7 (0.02) 4755 (0.04) 486 (0.05)  4.92 (0.07)
(TEV )

the TE{,; and TE{ 3 modes in the air gap can be approximated
as

E, = mik,Asin(k,x) cos(ky,y) cos(k.p/2)
E,=E,~0
H = H,. ®)

Note that the £, component is enhanced by a factor my. For
the TEY;; mode, m approaches ¢, as the gap width is very
small. For the TEY, , mode, it is observed that the £, component
is only slightly enhanced, incurring a small 721 of about 2 to 3.
Hence, the resonant frequency of the TEY,; mode is slightly
increased. In contrast, the fields of the TEY,, modes in the air
gap are approximately

E, = k.Bcos(k,y) cos(k,z)
E.=E,~0
H = Hy. 9)

Substituting (4) and (8) with k, = w/a and k., = 37 /a, respec-
tively, into (3), the resonant frequencies of the TEY,; and TEY, ,
modes can be estimated. Substituting (7) and (9) with k., = 27/a
into (3), the resonant frequency of the TE{,, mode can be esti-
mated. The theoretical prediction and simulated results are sum-
marized in Table I. The resonant frequency of the DR is also af-
fected by the feeding position, resulting in a deviation between
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Fig. 6. (a) DR on ground plane with tunnel engraved at its bottom. (b) Equiv-
alent problem of DR in free space with a tunnel.

simulation and prediction. Note that the increments of resonant
frequency listed in the parentheses match reasonably well.

The radiation patterns can be determined from the tangential
electric fields on the DR surfaces. Since the electric field distri-
bution of the TEY,, mode E, o sin(27z/a) has opposite direc-
tions on different portions of the DR top surface, a null in the Fy
pattern occurs in the Z-direction. The resonant frequencies of the
TEY,; and TE{,, modes move closer as p is increased and the
two bands are merged at p = 0.5 mm. However, due to the differ-
ence of radiation pattern, it is preferred to separate the band asso-
ciated with the TE{;, mode from that with the TE{;; mode.

B. Effect of an Air Tunnel

Based on (3), the resonant frequency of the TEY,, mode can
be shifted away from that of the TEY,; mode if an air tunnel
is engraved at where the electric field of the TEY,, mode is
strong while that of the TEY;; mode is negligible. As shown
in Fig. 6(a), an air tunnel is engraved at the center bottom of the
DR with the dimensions of d; x b x 2s;. The effect of the tunnel
half-width s; is shown in Fig. 7. The resonant frequency of the
TE{,, mode is increased as s; and d; increase, while those of
the TEY,, and TEY,; modes are almost unaffected since their
electric field at the tunnel is weak.

Fig. 6(b) shows an equivalent problem in free space by dou-
bling the heights of the DR and the tunnel using the image
theory. Since the electric field of the TE{;; and the TEY,
modes rotates about the g-axis, the field is tangential to the
air-dielectric interface of the tunnel. Hence, it is reasonable to
assume that ¥ ~ Ey and H ~ H,.

As for the TE};, mode, the tunnel is located at where the
electric field reaches the maximum. The ¥, component is en-
hanced in the tunnel and can be approximated as

E, = k.aDB cos(kzdy) cos(kyy) cos(fz)
E.=F,~0
H = Hy. (10)

By observing the simulated field distributions and fitting the
data, we record o ~ 10 and 3 ~ 568.8 at dy = 0.5 mm,
a ~ 1.5and 8 ~ 275 at di = 4 mm. Substituting (7) and
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Fig. 7. Effect of s1 on return loss, ¢ = 28 mm, b =9 mm, d = 10 mm, p =
Omm,d; =4 mm, e, = 20,w, =2mm, L, = 10mm, L, =8 mm, d, =
7mm, W, = L, =70 mm, * = 0.6 mm, w,, = 1.15mm. (—) s; = 0.5 mm.
(---)si=1mm. (—-—)s; = L.5mm. (— X —) 5y =2 mm.

TABLE II
COMPARISON OF RESONANT FREQUENCY SHIFT DUE TO TUNNEL WIDTH;
LENGTH UNIT: MILLIMETER, FREQUENCY UNIT: GIGAHERTZ

fr(Af) 81 =0.5 81:1 81:1‘5 31:2
TE?ll

HEFSS 2.93 (0.01) 2.94 (0.02) 2.94 (0.02) 2.95 (0.03)
Theory  2.83 (0.008) 2.844 (0.015) 2.85 (0.023)  2.86 (0.032)
d1 =4

TE{IQ

HFSS 36 (0.02)  3.64 (0.06)  3.67(0.09  3.73 (0.15)
Theory 368 (0.03) 3.7(0.05)  372(0.07)  3.73 (0.08)
dy =05

a=10

TEZIJ12

HFSS 367 (0.07) 3.74(0.14)  3.85(0.25)  3.96 (0.33)
Theory  3.74 (0.08) 3.82 (0.165) 3.91 (0.246) 3.98 (0.323)
dy =4

a=15

TE{}4

HFSS 463 (0.01)  4.63(0.01) 465 (0.03)  4.67 (0.05)
Theory — 4.65 (0.004)  4.66 (0.013)  4.68 (0.032)  4.71 (0.066)
d1 =4

(10) with k, = 27/a into (3), the resonant frequency shift of
the TE{,, mode is predicted. The simulated and predicted re-
sults are summarized in Table II. The tunnel has stronger effect
on the resonant frequency of the TEY,, mode than that of the
TEY,, and TEY,; modes. Hence, the effect of tunnel height of
d1 = 0.5 mm and d; = 4 mm, respectively, is investigated and
listed in Table II. It is observed that the F, is strongly enhanced
by « fold as the tunnel is thin. The resonant frequency f,. of
the TEY,, mode is 3.646 GHz. The increments of resonant fre-
quency listed in the parentheses match reasonably well.

C. Modification by Engraving Notches

Since the F, component of the TEY,,, TE{,,, and TEY,,
modes reaches maximum at z = =a/2, their resonant frequen-
cies should be affected by notches near z = Za/2. Fig. 8(a)
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Fig. 8. (a) Grounded dielectric resonator with two notches on its edges.
(b) Panoramic view of an isolated DR with one notch.
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Fig. 9. Effect of s5 on return loss, ¢ = 28 mm, b = 9 mm, d = 10 mm,
€ =20,w, =2mm, L, =10mm, L, =8mm,d, =7mm, W, =L, =

70 mm, t = 0.6 mm, w,, = 1.15mm. (—) sz = 0.5mm. (---) s = 1 mm.
(—-—=)s = 1.5mm. (— X —) $3 = 2 mm.
TABLE III

COMPARISON OF RESONANT FREQUENCY SHIFT DUE TO NOTCH DEPTH
ms, = 1.5; LENGTH UNIT: MILLIMETER, FREQUENCY UNIT: GIGAHERTZ
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Fig. 10. Return loss, @ =28 mm, b =9 mm, d = 10 mm, p = 1 mm, dy
4mm,s; =2mm,d, =4 mm, s, =2mm, e, = 20,h =4 mm, w,
2mm, L, = 10mm, L, =25 mm,d, =4mm, W, = L, =70 mm, ¢
0.6 mm, w,, = 1.15 mm. (—) Measurement. (- - - ) Simulation.

A

()

S

fr(Af) (GHZ) s2 = 0.5 sg =1 so =1.5 89 = 2
HFSS 293 (0.01) 295(0.04) 296 (0.05) 2.98 (0.07) [
Theory 2.86 (0.03) 2.89 (0.06) 292 (0.09) 2.95 (0.12)
TEY | (b)
HFSS 359 (0.01) 3.65(0.07) 3.69 (0.11) 3.73 (0.15)
%ZOYY 3.71(0.06) 3.78(0.12) 3.84 (0.18) 3.9 (0.23) Fig. 11. Electric field distribution at (a) 3.45 and (b) 5.26 GHz.
112
HFSS 468 (0.08) 4.72(0.08) 476 (0.12) 4.82 (0.18)
Theory 475(0.11)  4.85(0.21)  4.94(0.30)  5.02(0.37) o
TEY . than the £/, component. The £, component normal to the air-di-

shows a grounded DRA with two notches engraved around
its edge. The notches will distort the electric field distribution
and the Q)-factor of the DR will decrease, incurring a wider
impedance bandwidth. Fig. 9 shows that the resonant frequencies
of the three modes are increased by increasing the notch depth ss.

By image theory, the grounded DR with two notches is equiv-
alent to an isolated DR with four notches on its edges. First, con-
sider only one notch of dimensions ds X bx s, engraved off a DR
in free space, as shown in Fig. 8(b). The electric field within the
notch is more complicated since both ¥, and F, components
exist. The simulation show that the £, component is stronger

electric interface of the notch is enhanced to satisfy the conti-
nuity condition and can be approximated as

E, = —maok, Acos(k,dy ) cos(kyy) sin(k.z),

for TEY,, and TEY,; modes (11)
E, = mak. B cos(k,dy ) cos(kyy) cos(k,z),
for TEY,, modes. (12)

With ds =4 mm, m. is about 1.5. Substituting (4) and (11) into
(3), the resonant frequencies of the DR with notches are ob-
tained. The predicted and the simulated results are summarized
in Table III. The prediction for the TEY,; mode is less accurate,
but the increasing trend is consistent.
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270

270

(b}

Fig. 12. Radiation patterns at f = 3.45 GHz: (a) zy-plane and (b) zz-plane.
( —) Measured Ey. (- - - ) Measured E4 (— o —) Simulated Ey. (— X —)
Simulated E ., the gain at 6 = 90° and ¢ = 0° is 5.6 dBi, 10-dB per division
on radials; all parameters are the same as in Fig. 10.

V. DESIGN WITH COMBINATION

The design begins with a rectangular DR of dimension 10 mm
X 9mm x 29 mm, d;, =7 mm, ., = 8 mm, w, = 2 mm, and
Lo = 10 mm. The resonant frequencies of the TEY,,, TFY,,,
and TEZ{13 modes are 2.92, 3.58, and 4.62 GHz, respectively. In
order to tune the resonant frequencies of the TE{,, and TEY, ,
modes to cover the WiMax (3.4-3.7-GHz) and the WLAN
(5.15-5.35-GHz) bands, the DR is modified to the shape as
shown in Fig. 1(a), with p = 1 mm, dy = d» = 4 mm, and
s1 = 89 = 2 mm. The resonant frequencies of the three modes
are shifted to 3.58, 4.3, and 5 GHz, respectively. By adjusting
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©)

Fig. 13. Radiation patterns at f = 3.6 GHz: (a) xy-plane and (b) zz-plane.
(—) Measured Ey. (- - - ) Measured E,. (— o —) Simulated Ey. (— X —)
Simulated E, the gain at # = 90° and ¢ = 0° is 3 dBi, 10-dB per division on
radials; all parameters are the same as in Fig. 10.

the offset d, the extended length of microstrip line L, and
the length of the aperture L, the DR can be matched to 50 €2
microstrip line feed, with the resonant frequencies slightly af-
fected by the feeding structure. Fig. 10 shows the measured and
simulated return loss. There are three bands over 3.375-3.93
GHz (15%), 4.6-4.79 GHz (4%), and 5.08-5.415 GHz (6%),
associated with the TEY,,, TEY,,, and TEY,; modes, respec-
tively. The first band covers the WiMax (3.4-3.7 GHz) and the
third band covers the WLAN (5.15-5.35 GHz).

Fig. 11 shows the electric field distributions over the first and
the third bands, respectively. The third resonant band around
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270

270

Fig. 14. Radiation pattern at 5.265 GHz: (a) xy-plane and (b) xz-plane. (—)
Measured Ej. (- - - ) Measured E . (— o —) Simulated Ey. (— X —) Simulated
E,, the gain at 6 = 90° and ¢ = 0° is 7.2 dBi, 10-dB per division on radials;
all parameters are the same as in Fig. 10.

f = 5.265 GHz is associated with the TE{,; mode. The split
DRs can be viewed as two radiators placed closely along the
2-direction.

Figs. 12 and 13 show the measured and simulated radiation
patterns at f = 3.45 GHz and f = 3.6 GHz, respectively. On the
xy-plane, the Ey component is stronger than the £/, component
by about 10 dB over —60° < ¢ < 60°, the maximum gain is
5.6 dBi at f = 3.45 and 3 dBi at f = 3.6 GHz. The gain at
3.6 GHz is lower because the main beam of the £ pattern is
slightly tilted on the zz-plane.
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On the zz-plane, the £y component is stronger than the £y
component by 10 dB over —90° < # < 90° and the maximum
gain is 6.5 dBi at f = 3.45 GHz and 6 dBi at f = 3.6 GHz. The
front-to-back ratio is about 10 dB.

Fig. 14 shows the measured and simulated radiation patterns
at f = 5.265 GHz. On the zy-plane, the Fy component is
stronger than the £/; component by about 10 dB over —75° <
¢ < 75° and the front-to-back ratio is about 12 dB. The an-
tenna gain is 7.22 dBi, which is higher than that at f = 3.45 and
3.6 GHz because the beam of the Fy pattern on the zz-plane is
narrower and is slightly tilted to # = 85°. The gain at the beam
direction is 8.4 dBi.

The efficiency is about 94% for the TE{,; and TEY, ; modes.
The insertion loss of the feeding microstrip is about 0.5 dB due
to the substrate loss. For WiMax or WLAN applications, this
DRA can be mounted on a vertical wall with the z-axis pointing
to zenith, providing a broadside, vertically polarized radiation
pattern in front of the wall (Z-direction).

VI. CONCLUSION

A dualband DRA is proposed, which is composed of two
notched DRs separated by a narrow air gap. The effects of
gap and notches on the resonant frequency shift are carefully
studied. Two bands are attained in 3.375-3.93 GHz (15%)
and 5.08-5.415 GHz (6%) with broadside FEy pattern on the
zy-plane; the third band in 4.6-4.79 GHz (4%) is not practical.
The proposed DRA can be used in the WiIMAX (3.4-3.7 GHz)
and WLAN (5.15-5.35 GHz) bands.
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A K-Band CMOS Low-Noise Amplifier with Low
DC Power Consumption

Ping-Yuan DengStudent Member, IEEBnd Jean-Fu Kiandgylember, IEEE

Abstract— A K-band low-noise amplifier (LNA) is designed and
fabricated in a standard 0.18 ym CMOS technology. A design

method of CMOS LNA is used to render the optimum source 7 Zs Zin Zowe 21

resistance Ropt) close to 509 and Zi, = Zg,¢ by using small | | |

devices and small bias currents. This LNA chip achieves a peak Input -~ < B Output

gain of 13.5 dB and a noise figure of 4.7 dB at 24 GHz. The supply Vs matching Transistor matching Zs
voltage and supply current are 1 V and 8.3 mA, respectively. The network e e <« | network

input and output return loss are lower than —10 dB. The input | | |

referred 1-dB compression (Pias) is —7 dBm. The chip size is Iy T Tow T,

0.64 mm x 0.48 mm.

Index Terms—CMOS, K-band, low-noise amplifier (LNA), Fig. 1. Two-port network of a microwave amplifier.
microwave monolithic integrated circuit (MMIC).

. INTRODUCTION )
T frequencies above 20 GHz, GaAs-based HEMT and I v,
HBT processes dominate most of the applications in the ﬁl
past. With the rapid advance of CMOS technologies, it is Vou
becoming plausible to implement RF systems operating at 20 v '_l " v '_I
GHz and higher using CMOS technologies. RF and baseband " ! "

circuits realized in CMOS are expected to reduce the cost
of systems such as FMCW (24 GHz ISM band) [2], ultra-
wideband (UWB, 22-29 GHz) short-range radars [3], and local (@) (b)
multipoint distribution systems (LMDS). Low-noise amplifiergig > | NA topology, () common-source amplifier, (b) cascode amplifier.
is a key module for any RF system. CMOS LNAs have been
designed for frequencies above 20 GHz [4]-[6]. LNAs with
low noise figures (NFs) are usually achieved at the expenseTdfe transducer gaid/r is affected by the input and output
high dc power consumption. matching networks. In the LNA design, the input matching
In this paper, we present a design method of CMOS lowetwork transformsZ; to Z,,, (I's = I'opt) t0 achieve min-
noise amplifiers to achieve simultaneous noise matching amaum noise figureNF ;. If the load reflection coefficient
power matching by tailoring the device size. It is found'; is adjusted to transfer maximum power to the lo&d, =
that Ropy close to 50§ and Zy, = Z7,, can be obtained '), thenGr = G 4. In practice, input matching in the LNA
by using small devices and small currents. This design aldesign usually involves trade-offs among power gain, noise
achieves acceptable power gain, low noise figure and Idigure, and VSWRs .
power consumption. Circuit design considerations of LNA will Many LNA topologies have been proposed in the literatures
be presented in Section Il. Simulation and measurement resifiis [7]. The most frequently used LNA topology is the
will be discussed in Section lll, followed by the conclusionscommon-source (CS) and cascode configurations as shown
in Fig. 2. The CS-stage can exhibit minimum noise figure
with a proper input matching, and it can work at low supply
voltage below 1 V. The cascode amplifier has higher power
A. General Considerations gain and reduced Miller effect, but it can not work at low

Fig. 1 shows the two-port network of a microwave amplifiesupply voltage. Compared to a common-source amplifier, the

The transducer power gaifi; and available power gai¥, ~ cascode amplifier has a poorer noise performance especially
can be derived as [1] when the operation frequency is close fip. Hence, the CS-

stage is chosen in this work.

II. CIrRcUIT DESIGN

e Us/” 151 1Ty
11— SiTs|? 11— Toul'z|? B. Noise Matching with Power Matching

A= 1—|Ts]| | 21|2 1 _ Fig. 3 (a) shows a common-source amplifier with source
11— S Ts)? 1 —|Tout)” inductor Ly; as a feedback. Fig. 3 (b) shows the small-
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Input Input Cot Lo RFC IMN
matching —l MI matching H .
Rs network Rs network M
I \ 1
5 [ N e SR
RF Zs 7, L VR Zs 7, .
il 1 1 1 Vee Z z, s1
(a) (b) = §

(@)

Fig. 4. (a) Schematic of source inductor feedback amplifier with series
inductor, (b) effect of addind.g; .

|
Rs
. . . . . p V. t| F L~1
Fig. 3. (a) Schematic of the source inductive degeneration amplifier, (k' ® Zs Z, )
small-signal equivalent circuit of the input matching network of (a), where
w1 = gm1/Cgs1, (C) gain circle and noise circle on the Smith chart. = =
(@) (b)

signal equivalent circuit of the input impedance in Fig. 3 (aﬁ 5. () Schematic of ductor feedback lfier with shunt
. _ . . _ . | . a chematic ol source Inductor teeaback amplitier with shun

Neglectlng_ t_he gate drain capacitance, source bulk capacita g ctor and series capacitor, (b) effect of adding and C’.

and parasitic resistance df;;, the input impedance can be

calculated as

L . .
T ~ gn(mjl UL 5Ly + the dc power consumption can be reduced. In other words, if

os1 5Cge1 the conditions

Thus, proper choice Qfin1, L1, andCyg will yield an input
impedanceZ;, = Ri, —jX, whereR;, = gm1Ls1/Cgs1 = 50 . X
Qand X = 1/wCq1 — wLs . In practice, the last two terms Zin = Zg = Zgy
may noft resonate "flt the_frequency Of. interest. By selectlgge met, then the goals of high gain, low noise figure, reason-
appropriateLs;, the input impedance will be moved close tq . :
. . . -~ “able VSWRs, and low power consumption can be achieved
the constant 50 circle in the Smith chart, thereby simplifying _. : )
: : .simultaneously. Becausg;, is frequency independent, thus
the input matching network [7]. Another advantage of this. . . : ;
. X L ; Simultaneous noise and power matching can be achieved in a
technique is that the gain circles around the maximum gain ...
. . . - specific frequency band.
and the noise circles around the minimum noise figure becorfe
closer as shown in Fig. 3 (c) [8], [9].

The equivalent transconductance can be expressed as C. Input Matching Network

Re(Zs) = Re(Zopt) = 50 Q2

_ m1 _ Fig. 4 (a) shows the schematic of the source inductor feed-
L+ jwLsi (gm1 + jwCes1) back amplifier with the gate inductdr,; for input impedance
where Cyg; is the gate-to-source capacitance, gpd is the matching [9]. To achieve noise matchings = Z,,¢, and
transconductance without inductive source degeneration. Ts@wer matching,Z;, = Z§ = Zyoy = Ropt — jX, an
inductive source degeneration will make the transistor moaglditional gate inductol,; is used to resonate with-j.X
resistive and increase the linearity @f/;, at the cost of at the intended frequency, as shown in Fig. 4 (b). However,
decreasing its equivalent transconductance. the inductancel,; is about 0.5-1 nH at 24 GHz, and the

In the LNA design, the source impedance is choseA@s-  noise performance df,; is sensitive to its parasitic resistance.

Zopt, fOr noise matching to readNF ;. The input impedance Additional bias network such as a large shunt resistor (or RFC)
is chosen ag’;,, = Zg to achieve power matching. By tailoringand large dc-block capacitors are required. Consequently, an
the device size of/; and the value oL;, we can make?,,; alternative input matching network is required at this fre-

close to 500 and Zi, = Z;,; with a small bias current, thus quency range.

I
9m1 =
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Fig. 6. Schematic of K-band LNA.

Fig. 5 (a) shows the proposed schematic of source inductor

feedback amplifier with shunt inductor and series capacitor fc Voo
input impedance matching. Proper device sizé/&fis chosen /‘E\ c
to tune the source impedance i@ = Z,,y = Ropt +7X = Feedback off-chip
50+jX. At conjugate matching4, = Z;,,;) as shown in Fig. through Von
5 (b), a shunt inductof,; will change the negative reactance I:
to a positive reactancgX on the same constant-conductance —l: Feedback > '—|
circle on the Smith chart, the series capacitaggeis then thmugh GND
used to resonate withi.X. The combination ofL,; and C;
transfersRs to Z,p,, Ly and C; also act as part of the bias
network and dc block, respectively. Lenp
By using this approach, the required valuelgf is about %

0.2~0.3 nH, which can be practically implemented in Si-base: L
technology at frequency above 20 GHz. A bypass capacitor @) (b)

Cy is added to stabilize the supply voltagg; and to isolate

the noise to it. Thus, no additional bias networks such &®. 7. Stability concern: (a) Feedback through supply loop or nonideal
Iarge shunt resistors and Iarge de-block capaC|t0rs are requ”?g'aund (b) large bypass capacitors are used to quench the oscillation at low

requency.
which leads to a smaller chip size and lower noise figure.

D. Design of 24 GHz LNA

Since a single transistor does not generate enough gain
at high frequencies, the three-stage cascaded common-source
structure is proposed as shown in Fig. 6. In the first stage,
proper choice 0§,,,1 andCys; Of M; andLLg; are used to shift
the input impedance for noise matching. In order to reduce the
power consumption, the device size &, should be as samll
as possible to reduce the bias current. In this wadrk, is
designed to have 11 fingers with the total gate width of 33
um, and is biased at 1 V with drain current of 3 mA. Under
these conditions, the input impedangg is conjugate tdZ,, .

Thus, minimum noise figure, high power gain, low bias current
and good input impedance matching (VSWR) are achieved
simultaneously.

The shunt inductol,; and series capacit@r; are used to
conjugate match the input impedance. Higher gain of the first
stage will suppress the noise contribution of the subsequ
stage, leading to a better noise performance. In this work, wgg mm.
chooseLy; = 0.28 nH andC; = 112.3 fF.

Common-source amplifiers with inductive degeneration are
used as the second and the third stages to increase the overall

Die micrograph of the 24 GHz LNA, the chip size is 0.64 nxm
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gain. The inductord.s, and Lg3 are connected to the source

directly to improve the stability of the circuit. Since increasing 20
the inductance will reduce the amplifier gain, the magnitude

of inductance is restricted.

The inter-stage matching network is a high-pass filter con- 15
sisting of Lg;and Cs to achieve conjugate matching between
the drain of M; and the gate of\/,. Similarly, L4 and Cs 10

are used to match between the drainidf and the gate of
Ms. The output matching network consists bfs and Cy to
provide conjugate matching with,,;, andC, also acts as a 5
dc block. The parasitic capacitan€g.q due to the input and
output RF pads is included as part of the matching network.

$>1 (dB)

The value ofC,.q depends on the pad size and the metal 0

layers. In this work, The RF pads are implemented with top

metal and bottom ground-shielding metal, the valueC@fq -5 . . . .

is about 30 fF. The on-chip bypass capacit6iswith a value 16 20 24 28 32 36

of 4 pF is implemented using the MIM feature. Frequency (GHz)

E. Stability Concern Fig. 9. Power gain of 24 GHz LNA, —: measurét;, - - -: simulated

An LNA design that is nominally stable may oscillate a’?+ "~ Simulatedsz; including parasitic capacitances.

some unexpectedly high or low frequency due to manufac-
turing tolerances. The LNA may become unstable due to the
feedback throughpp or the feedback between two stages via 7
nonideal ground nod&  are shown in Fig. 7 (a). To solve the
first problem, the voltage supply is separated ibie,, Vb2

and Vp3. However, the amplifier may still become unstable
due to the nonideal ground af. If the start-up conditions are
met, low-frequency oscillation will occur at any node in the
circuit via Cgs as shown in Fig. 7 (b). To overcome possible
low-frequency oscillation, off-chip capacito€&,g-cni, 0f 100

nF are shunt at the drain bias networks to bypass these low
frequency signals.

NF (dB)

F. Layout Issues

Compared with GaAs substrate, the silicon substrate with
low-resistivity will cause severe loss to RF circuits. To operate
above 20 GHz, low-loss inductors with small inductance and
high self-resonance frequency (SRF) are required. No grount
plane is interposed between the inductor and the substrate
to avoid reduction in the SRF due to increased parasifi@- 10- Noise figure of 24 GHz LNA, e—: measured, - - - simulated.
capacitance. In order to reduce the unwanted coupling effects,
adjacent inductors are separated by at least®0 Transmis- . :
siojn linesL;-Ls in Fig. 6 zfre addedyfor Iay(?lhjt consideration'.nput port and output port of the LNA chip are measured on-

To minimize the resistive loss, the transmission lidgsLs as wafer using high-frequency probes. The dc supply and ground

. nads are wire-bonded to the testing board. Phparameters
well as inductors are placed on the topmost metal layer W|Ent the inout and outout " d usi
2.34 ;m metal thickness. etween the input and output ports are measured using an

) o L HP 8510 network analyzer. The noise figure is measured
Moreover, wide transmission line is preferred to reduce

the resistive loss. Since wide line increases the parasi%Slng an Agilent N8975A noise-figure meter with a 346C-

: . ‘gl noise source. Figs. 9 and 10 show the gain and noise
capacitance between the inductor and the substrate, hence_the . i .
figure, respectively. The power gain reaches a maximum of

cubsiate 1055ea wsing the fid smletor Momentum 11, 125 08 a 24 GHz with 3-d8 bandvicthfrom 21 to 26 GHz
The noise figure reaches a minimum of 4.7 dB at 24 GHz. The
input and output return losses are lower thah0 dB around
lll. RESULTS AND DISCUSSIONS 24 GHz as shown in Figs. 11 and 12, respectively. The dc
The 24 GHz LNA is implemented in the 0.18m CMOS power consumption is 8.3 mW at 1 V supply.
technology. Fig. 8 shows the die micrograph of the LNA Fig. 13 shows the output power versus the input power
with an area of 0.64 mmx 0.48 mm, including pads. The of the LNA at 24 GHz. The measured input referred 1-dB

3
2

Frequency (GHz)
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TABLE |
PERFORMANCE OF THEPROPOSEDLNA.

Parameter [4] [5] [6] [7] [10] This work
Technology 0.18 um CMOS | 0.18 um CMOS | 0.18 um CMOS | 90 nm CMOS | 0.18 m CMOS | 0.18 um CMOS
Supply voltage (V) 1.8 1 15 15 2 1
Center frequency (GHz) 23.7 24 21.8 20 12-20 24
Maximum gain (dB) 12.86 13.1 15 5.8 7.5 13.5
Noise figure (dB) 5.6 3.9 6 6.4 4 4.7
S11/S22 (dB) —11/-22 —15/—20 —21/-- —20/—-20 —10/-10 —10/-15
Piag (dBm) —11.1 —12.2 -- 1 -- -7

1IP3 (dBm) 2.04 0.54 -- 3 -- 13
Circuit topology CS+CS+CS CS+CS CGRF+CS+CS CS CS CS+CS+CS
Power consumption (mwW 54 14 24 10 50 8.3
Chip area (mmx mm) 1.05x 0.7 0.57 x 0.6 0.2 x 0.25 0.7 x 0.8 -- 0.64 x 0.48

CGRF: common-gate resistive feedthrough

57 (dB)

0] -20
16 20 24 28 32 36 16 20 24 28 32 36
Frequency (GHz) Frequency (GHz)
Fig. 11. Ir)put return Ios_,s of 2_4 GHz LNA — me_asurSdl, - - - simulated Fig. 12. Output return loss of 24 GHz LNA, —: measurds, - - -
S11, -- -1 simulatedS;; including parasitic capacitances. simulatedSss, -- - simulatedS»» including parasitic capacitances.

compression K1qg) is —7 dBm and the simulated IIPis 1.3 from the two-portS-parameter measured from 100 MHz to
dBm. The gate biasel,;, V2 and Vg3 are tuned to 0.7, 0.75, 20.1 GHz [12]. Finally, the performance of the proposed LNA
and 0.8 V, respectively, to increase linearity. and comparison with the literatures are listed in Table I.

As can be observed, the measurgg differs from the
simulatedS;; by a few dB, and the measureth; is also
lower than the simulateflz; by a few dB. By careful review of
the layout, we suspect that the parasitic effects contributed byA 24 GHz LNA has been fabricated using a standard 0.18
the silicon substrate under the transmission lines are the caysa. CMOS technology. A design method of CMOS LNA
Retrying the substrate parameters such as aawl permittivity is proposed to rendeR,; close to 502 and Z;, = Z3;
in the EM simulator, we build equivalent lumped circuitdy using small devices and small currents. This LNA chip
for these transmission lines. As a result, several capacitachieves a maximum gain of 13.5 dB and a minimum noise
are added between the transmission lines and the groundfigare of 4.7 dB at 24 GHz. The input and output return losses
shown in Fig. 6. After adding these parasitic capacitances, e lower than-10 dB. The supply voltage and supply current
simulated results fit more closely to the measured results. Pare 1 V and 8.3 mA, respectively. The input referieédg and
of the deviation between simulation and measurement may the [IP; are—7 dBm and 1.3 dBm, respectively. The chip size
due to the inaccurate active device model which is deductsd0.64 mmx 0.48 mm. Compared to the LNAs around 20

IV. CONCLUSION
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[8] R. E. Lehmann and D. D. Heston, “X-Band monolithic series feedback

LNA,"lIEEE Trans. Microw. Theory Techrol. 33, no. 12, pp.1560-1566,
e .
9] H ?N s%:Einzlu S. S. Lu, and Y. S. Lin, “A 2.17-dB NF 5-GHz band
—_ monolithic CMOS LNA with 10-mW DC power consumption|fEEE
= Trans. Microw. Theory Techvol. 53, no. 3, pp.813-824, Mar. 2005.
A [10] H. Yanoet al.,, “Performance of Ku-band on-chip matched Si monolithic
= amplifiers using 0.18:m gatelength MOSFETSJEEE Trans. Microw.
— Theory Tech.vol. 49, no. 6, pp. 1086-1093, June 2001. )
i 11] Momentum Software, ADS users manual, A&}ent Technologies, 2004.
o 12] TSMC 0.18:m mixed signal 1P6M salicide 1.8V/3.3V RF spice models,
% 2004.
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Fig. 13. Power amplification of 24 GHz LNA, (a) one-tone result to infer
P14, —: measured, - - -: simulated, (b) simulated two-tone result to infer
IIP3.

GHz in 0.18um CMOS process found in the literatures, this
LNA takes the lowest power consumption.
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Dual-band VCO with Switched Inductors for UWB
Applications

Wei-Yang Lee,Student Member, IEEE and Jean-Fu Kiangylember, |EEE

Abstract—A dual-band VCO is designed in a 0.18 yum CMOS IEEE 802.11a

process by applying the switched-inductor approach on a single
PMOS cross-coupled pair VCO to enable its operation in 3,960
and 7,128 MHz bands. The VCO operates on an 1 V power uws ) uws) vwaYuws | uws Y uws ) uwe)uws Yuws Juws Y uws Yuws) uws{vws

supply, its phase noise at 1 MHz offset is —113.8 dBc/Hz at ' 2 =0 ¥ 012 % 913 O o % <!
3,960 MHz and —110.2 dBc/Hz at 7,128 MHz. The core VCO & & 2i35 & 5i3 & &i% § 3ig g freqeny
consumes 8.95 mW at both bands. A T TS R R I UL
Groupl ;  Growp2 ¢ Growp3 ¢ Growp4 | Groups |
Index Terms—CMOSFETSs, phase noise, switched circuit, : : : : .
voltage-controlled oscillator (VCO). Fig. 1. Frequency allocation of MB OFDM [15].
. INTRODUCTION gain while maintaining low phase noise due to its cyclostation-

E;y noise properties. In [9], a varactor architecture is proposed
The 3.1-10.6 GHz frequency band has been allocated the differential control line of a VCO to achieve large

the Federal Communications Committee (FCC) for the UItrE‘MRR. In [10], the NMOS cross-coupled pair is used with
wideband (UWB) system to enable a high data-rate transmjfg ffer composed of shunt inductors to increase the output
sion over the air [15]. Fig.1 shows the frequency allocation (Hower. In [11], a 40 GHz wideband VCO is implemented
the multi-band orthogonal frequency-division ml_JItipIe_x (MI_31n a 0.18 um CMOS technology, designed based on a non-
OFDM) aPproaCh- There are _14 bands orgamzed_lnto f'anniform standing-wave VCO with a switched transmission-line
groups, with _each band covering 528 MHz. The first fOLLcrgrchitecture in order to achieve a wide tuning range. In [12],
groups contain three bands each, and the last group containg,mjementary cross-coupled differential structure is used
two bands. The operation within the first group is mandatory, ,chieve a higher transconductance. To avoid large process
and all the other groups are optional. Note that the 5-6 GRiz jation of load resistors, PMOS transistors are used as the
band has also been allocated for wireless local area netw%gds of the buffer. In [13], a 3-D LC VCO incorporating
(WLAN). ) metal-6 on-chip inductors is implemented id8 ym 1P6M
The voltage-controlied oscillators (VCOs) are key comp-pmos technology to increase the Q factors and halve the die
nents of an UWB system. VCOs are widely used as CWeq. |n [14], switched-inductor technique is used to designed
signal generator in a phase-locked loop (PLL) based frequengyyal-band oscillator, but the usage of asymmetrical switched-
synthesizer. Though multiple VCOs can be used to genergigctor raises the phase noise.
signals in multiple frequency bands, using a single multiband |, this paper, a daul-band voltage-controlled oscillator is
VCO is desirable to reduce chip area and cost [1]. proposed for the MB OFDM system. A symmetrical switched-
In designing a VCO, there is usually a trade-off betwegRqyctance instead of a switched capacitor is used to switch
phase noise and dc power consumption. Other factors inclyglg oscillator frequency. A switched inductor can replace more
the center frequency of oscillation, tuning range and outpifitched capacitors to reduce the phase noise, since the latter
power level. requires more MOS switches hence generates more phase
By employing a PMOS cross-coupled pair with a capacitiviggise.
feedback, a significant improvement in phase noise and output
swing can be achieved [2]. In [3], a balanced Hartley VCO
is presented, and a-network is implemented to provide
the required180°phase shift for the feedback signal. In [4], Fig.2 shows the architecture of the frequency synthesizer
a Hartley differential CMOS VCO with a large-resistanceomplying with MB OFDM. Two PLLs are used with the
element is applied to supress the even mode. In [5], a 90 GEl@ammon reference clock of 33 MHz. One PLL locks the main
VCO is designed with the ring-coupled quad, and is fabricat&CO at 3,960 MHz or 7,128 MHz, and the other PLL locks
in a 90 nm CMOS process. This ring-coupled quad takes fouhe slave VCO at 528 MHz. When the frequency of the main
stage common-source transistors to create a higher open-lagpO is 3,960 MHz, the single-sided band (SSB) mixer can
gain. generate 3,432 MHz and 4,488 MHz signals which are the
In [6] and [7], current-reuse structure like frequency multiether two bands in group 1. When the frequency of the main
plier is embedded in VCO to lower the power consumption. MCO is 7,128 MHz, the single-sided band (SSB) mixer can
[8], a differential Colpitts oscillator is designed to have a highgenerate 6,600 MHz and 7,656 MHz signals in group 3. The

II. CIrRcuUIT DESIGN
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Fig. 2. Architecture of UWB receiver complying with MB OFDM. Fig. 4. Q-factor ofLy to Ly, —: L3, La, - -1 L1, Lo

determined byC; and L3 as
1

s _|br——" Joott = 5 TTaCh

When the switch is on, the higher oscillator frequency is
determined byC4, L, and L3 as

1
foon = T
Veut where Lo, = L3 || L;. Note that placing a switch between
\I‘Ir\ ! /= the differential nodes halves the switch size compared to that
R Cs C, Vi C Cs R, the single-ended counterpart.
M |_ I - 7, _| M The inductorsL; and Ly need no headroom, hence the
3 R ' | | - R 4 voltage swing amplitude can be increased to reduce the phase
. 1 ) - noise. The buffers are composed of the resisfors Ro, Rs,
L; Ly R4, and the NMOS transistors/s, M,. The capacitors’s
and(C, are used as dc block.
. C The phase noise of ahC-VCO can be expressed as [16]
Fig. 3. Schematic of the dual-band VCO with switched inductors. PN(f) T Reg F 1, 2 - Afl/f"* B
V2 2QAf Af

dual-band VCO has the advantages of reduced die size i€/ is the oscillator frequencyy f is the offset frequency,
cost because fewer PLLs are required. @ and R., are the quality factor and equivalent resistance,

. . .., respectively, of thd.C' tank, V; is voltage swing amplitude?’
Fig.3 shows the proposed dual-band VCO with switch . .
inductors. The PMOS cross-coupled pair is composed of t§?the excess noise factor, addf, s is the corner frequency

. . the flicker-noise spectrum. The phase noise is inversel
transistorsM; and M,. Although the NMOS transistors have P P y

: : _ proportional to the quilty factor. Since the quilty factor of a
smaller size than the PMOS transistors to achieve the ggme o . . .
. . . t lly high hin the UWB band, th lit

the PMOS transistors provide lowgy f noise and lower hot- capactior IS usua’y nign enolign In the an e quattty

carrier induced white noise compared to NMOS transistors{ﬁgtogt(;)rf the LC-tank is thus determined by the that of the

The current mirror is composed of the transistdvf,  Fig.4 shows the quality factor of the inductors used in the
Mg and the resistorR;. The large resistance provided bygesign. The quality factor of; and L, is 9.08 at 3,960 MHz
M maintains the Q factors of théC-tank. The swithed- ang 12.1 at 7,128 MHz. That of; and L. is 6.85 at 3,960
inductor approach can reduce the number of MOS switchesggiz and 10.1 at 7,128 MHz.
in conventional switched-capacitor approach, thus the formergig 5(a) shows the circuit model of switch at the off state,
approach renders lower phase noise of the oscillator. where Cy, is the drain-to-substrate capacitance afd; is
When the switch is off, the lower oscillator frequency ishe drain-to-gate capacitance. The drain-to-substrate resistance
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T:; % Fig. 7. Output power of the oscillator, —-: measurement, - - -: simulation.
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Fig. 6. Measured phase noise of the oscillator around 3,960 MHz. '6000 1(')0 260 360 460 300
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Rqup in series with Cy, will reduce the Q factor of the _ _ _
capacitor. Fig.5(b) shows the circuit model of the switch at tHég- 8. Simulated output waveform of the oscillator at 3,960 MHz.
on state. In order to increase tunabilityq, and Cyq should

be made smaller. However, when the transistor is designed . ) )
narrower, its finite on-resistandg,,, will increase and boost th_e output power IS -7.7 dBm at 7,128 MHz by S|mula_t|on.
the tank loss. Fig.12 shows the simulated output waveform of the oscillator

at 7,128 MHz. Fig.13 shows that the tuning range around 7,128
MHz is about 10.5%.
Ill. RESULTS AND DISCUSSIONS The core VCO withVgq = 1 V takes 8.95 mA of current

Fig.6 shows the measured phase noise of the oscillatoradid consumes 8.95 mW of power. The buffer witly = 1.8
3,960 MHz, and the phase noise at 1 MHz offset-i§13.8 V takes 4.47 mA of current and consumes 16.092 mW of
dBc/Hz. Fig.7 shows the output power of the oscillator, angower. The die micrograph is shown in Fig.14, and the chip
the output power is -8.5 dBm at 3,960 MHz. Fig.8 showsize is0.85 x 0.65 mm?.
the simulated output waveform of the oscillator at 3,960 We choose the figure of merit (FOM) for VCO as defined
MHz. Fig.9 shows the tuning range around 3,960 MHz. Thea [1]
dash-dot curve is the simulation result including the parasitic f p
capacitance of layout near the gates\éf and M,. The tuning FOM = PN(Af) — 201log (A}) + 101log (1 H?;\/) (2)

range is about 8%.
Fig.10 shows the measured phase noise of the oscillatomdtere PN(A f) is the phase noise at an offsaAtf from the

7,128 MHz, and the phase noise at 1 MHz offset-i$10.2 carrier frequencyf,, Pq. is the VCO power consumption in
dBc/Hz. Fig.11 shows the output power of the oscillator, amiW. The FOM of the proposed VCO is 180.6 dB at 3,960
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Fig. 12. Simulated output waveform of the oscillator at 7,128 MHz.
Fig. 10. Measured phase noise of the oscillator around 7,128 MHz.

but its phase noise is97 dBc/Hz at 1 MHz offset, higher than
MHz and 185.2 dB at 7,128 MHz. the proposed VCO. The power consumption and phase noise in

Finally, the performance of the proposed design will bg 1] are 27 mW and-99 dBc/Hz at 1 MHz offset, respectively,
compared with those in the literatures. The design in [}he proposed VCO consumes less power and creates less phase
creates less phase noise, but the proposed VCO has a smgiffe. The design in [12] consumes more power of 49.97 mW,
chip size. Compared with 32 mW in [2], the proposed VC@yt it has a smaller chip size than the proposed VCO.
consumes less power. The design in [3] consumes less powel, symmary, the proposed dual-band VCO with switched
of 4.2 mW, but the proposed VCO has a smaller chip sizgquyctors consumes less power than those in [2], [5], [8], [11],
Compared with [4], the proposed VCO can provide twp ] [13], and has a smaller chip size than those in [1], [3],
frequency bands instead of one in [4]. The design in [§}] The phase noise of the proposed VCO is lower than those
consumes less power as 0.97 mW, but the proposed VG{)e), [9], [10], [14].
creates less phase noise.

The design in [7] consumes less power of 0.59 mW, but
the proposed VCO has a smaller chip size. The design in [8]
creates less phase noise-aR20 dBc/Hz at 1 MHz offset, but A novel dual-band VCO with switched indutors is designed
its power consumption is 12.6 mW, higer than the proposeahd fabricated in a 0.1&m CMOS process. The swithed-
VCO. The design in [10] consumes less power of 0.69 mWductor approach reduces the phase noise by reducing the

IV. CONCLUSION
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[15]
[16]
[17]

number of transistors. The proposed VCO can generate two
bands centered at 3,960 MHz and 7,128 MHz, respectively.

The core VCO consumes 8.95 mW, the phase noise at 1
MHz offset is —113.8 dBc/Hz at 3,960 MHz and-110.2
dBc/Hz at 7,128 MHz. The FOMs are 180.6 dB and 185.2
dB at 3,960 MHz and 7,128 MHz, respectively. The tuning
ranges are 8% at 3,960 MHz, and 10.5% at 7,128 MHz. The
chip size is0.85 x 0.65 mm?.
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Active and Adaptive Charging Method on Data
Lines for Delay Compensation

Chun-Hsi Chen and Jean-Fu Kiargember, IEEE

Abstract— Charging time is a critical constraint in the design precharge phase and the fine-tune phase, and a look-up table
of large-size or high-resolution liquid crystal display (LCD). A s used to generate the precharge voltage. This method has the
fast charging method is proposed to generate adaptive charging same drawbacks as [4].

voltages by comparing the pixel values between previous and dri | . lculated b .
current frames. Data line segmentation is also proposed to !N [6], an over-drive voltage is calculated by using a
charge different subpixels on the data line precisely, which VGA chip, based on the data line voltages. It has the same

is implemented by using operational amplifiers and resistor drawbacks as conventional over-drive method. The scan-line

networks. delay near the scan driver is shorter than that away from it,
Index Terms—LCD driver, TFT LCD, display. due to the resistive and capacitive loads contributed by the
data lines.

In [7], the panel is split into an upper part and a lower
part, with separate data driver serving each part. The signal

High-resolution TV has more rows to charge in one framgelay on a data line can thus be reduced by half. This method
time, thus the available charging time for each row is shortegquires a memory to store one frame of data before sending
than that for standard TV. The voltage levels on data lineg the two data drivers.
change with the picture content, and such change must ben these precharging methods, the charging period is divided
completed during the allocated charging period. If the voltaggto a precharge phase followed by a fine-tune phase. A fixed
levels on a data line are significantly different between twgltage is applied in the precharge phase, and the data voltage
consecutive frames, precharge method is usually used idoapplied in the fine-tune phase. If a buffer is used to store
shorten the charging time. the previous frame, the fine-tune phase can be executed more

In [1], the charging period for a data line is divided intcefficiently with the additional load of computing the voltage
two phases, a voltage higher than needed is applied during tierence between two consecutive frames.
precharge phase, then the data voltage is applied during then this paper, we propose an active and adaptive charging
fine-tune phase. However, when the voltage levels of one pixgkthod to charge the LCD panel fast by comparing the pre-
in two consecutive frames are close, this precharge meth@dus and the current frames of data to generate the charging
may over-charge this pixel. Since the precharge voltageigitage. A resistor network is implemented to compare the
fixed, the fine-tune phase must be long enough if the voltaggitages sent to the operational amplifier to compensate for

difference is large. the data-line delay at different distances from the data driver.
In [2], the charging period is divided into the precharge

phase and the fine-tune phase as in [1]. Apply the voltage
corresponding to the highest gray level during the precharge
phase and apply the data voltage during the fine-tune phase.
The higher the pixel gray level is, the longer the precharge | Data Driver |
phase takes, and vice versa. Similar to [1], when the previous  —
gray level is significantly different from the current one, the
fine-tune may not be complete in time.

In [3], a line time extension method is proposed to extend
the equivalent charging time for a pixel. Two adjacent rows are
pulled up at the same time. After a charging timelaf,,, the
scan line of the first row is pulled down and the data voltage is N1 } .
applied to the second row. This method can effectively extend L N s
the charging time. However, if the data on two adjacent rows
differ too much, the fine-tune phase may not be sufficient f&i9- 1. Segmentation of data lines.
the second row.

In [4], a frame buffer is used to store the previous frame, Without loss of generality, a 60" LCD with full HD res-
and a look-up table is used to generate the over-drive voltagiation of 1,920 x 1,080 will be considered throughout this
by comparing the previous frame and the current one. Tipsper. To charge data lines more precisely, a data line serving
method can charge the pixel faster but not very precisely. 1080 subpixels is divided into multiple segments, as shown
[5], the charging period for a data line is divided into thén Fig.1.

|. INTRODUCTION

II. DESIGN APPROACH

row Segment
1

4]

W

Scan Driver
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TABLE |
PARAMETERS OF40” FuLL HD TFT-LCD [3]. 40 T
=03
&0 =05
Parameter Value - 30f —=0=09
) = —a=0.99
resolution 1,920 x 1,080 °
g —a =0.995
pixel size xm? ) 151 x 454 2 20— Z 0999
=
resistance of vertical line (k) 18 §
capacitance of vertical linepf) 276 10
resistance of horizontal line (¥ 5
capacitance of horizontal lineF) 480 00 20 40 6‘0 30
pixel capacitancep(t) 1.35 Length of D(at)a Line (cm)
a
LCD mode TN
10

Define the charging ratio as the ratio between the charged
voltage and the intended voltage. For example, if the intended
voltage at a pixel is 6 V and the pixel voltage reaches 5.5 V
at the end of the charging period, the charging ratio will be
5.5/6 = 0.917.

Based on the signal line model consisted of infinitesimal
RC segments, the voltage waveform on a data line or a scan
line can be expressed as

Effective Time Constant (1Ls)

v(z,t 4 w2t : . .
vzt ~1— —exp (—4—02) 1) % 20 40 60 80
Va i RCz Length of Data Line (cm)
where R and C' are the per-unit-length resistance and capaci- (b)

tance, respectively, along the ling; is the intended voltage, _ o
andv (z, t) is the voltage on the line at timeand at a distance F'9- 2- (@) Delay timel,, and (b) effective time constant,, along a data

z from the source. To reach the charging ratio0d#95, the
delay time will beT} 995 = 2.245RC 2.

In general, the delay time for the voltage ato reach the 454, — 49.032 c¢m, henceR = 18/0.49032 = 36.71kQ/m,

charging ratioa is approximately C = 276/0.49032 = 562.897pF /m.
ARCZ®  7(1-a) _ Figs.Z(a) and 2(b) show the del_ay tirdig (z? and the effe(_:-
To(2) = — > In 1 (2) tive time constants, (z), respectively, at different charging

) ) ) ) _ . ratios. It is observed that, (z) is insensitive tow, especially
Since the signal line can be viewed as a cascade of infinitgen « is closed to unity. In practical applications, the value

imal resistive and capacitive loads, the signal line from thgr ., is chosen to be greater than 0.995 to have high fidelity.
driver atz = 0 to any subpixel locatior: can be modeled Th,s we may set, (z) = 7 (2).

as an equivalenfzC' circuit with an effective time constant 1ne time allocated for displaying each row is

T« (2) which can be expressed in terms’hf (z) as . .
T, (Z) Trow = X X (1 - async)

. tal\s) frame rate  number of rows
7o (2) —In(1 —a)

3) where oy is the fraction of time reserved for horizontal
ARC' 22 7(1—-a) sync. When the data line is being charged, the transistors on
= =5 i—a) In 1 the deS|gr_1ated row m_ust be turr_1ed on _by se_ndlng a pulse along
T the associated scan line. The pixels will wait fQf;.., before
Since no data of line resistance and capacitance are availahkpulse arrives, wherg ... is the delay on scan line which
for a 60" LCD panel with full HD resolution, we assumecan be calculated using (2). Note thatsc.n Of the farthest
the per-unit-length resistance and capacitance of the 60" LQiixel from the scan driver must be shorter thgg,, to have
panel are the same as those of the 40" LCD panel. Table | li€ough margin. Since the loading effect of a single pixel on a
the parameters of a 40” TFT-LCD with full HD resolution. Thedata line is negligible, the available charging timéiga. . =
length of a scan line i€ = 1,920 x 151y x 3 = 86.976 cm, Tiow.
henceR = 5/0.86976 = 5.7487k)/m, C' = 480/0.86976 = The signal delay is longer for those subpixels which are
551.876pF/m. The length of a data line i¥ = 1,080 x farther from the data driver, and is shorter for those which
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are closer to the data driver. The effective time constant for

the subpixels in segmentcan be approximated by a constant To = —Teharge (6)
T at certain pointz: = /5 in segments at which the voltage In(1-a)
waveform is where AV is the difference of voltage between two consecu-

vs (1) = [vs (00) — vs (04)] (1 — ch/“) +vs (04+)  (4) tive frames. N ) _ _
At the specified charging ratia, the maximum allowable

wherev; (t) is the voltage at time, v, (c0) is the intended deviation of voltage level in segmentoccurs at both ends,
voltage, andv, (0+) is the initial voltage. z = by and z = lg. At z = {4, the voltage level is
(1 — a) AV too high, namely,

Data driver (==0) Vd amp (1 _ echhargc/st) — AV = (1 — a) AV
Segment O or
—4Lcharge
Ts = — (7)
— 7, =17, (Z:/U:llh) 1n(1—0[+6 TChargC/st)
2—-—«a
Segment 1 A
— 7, (z=14) At z = /.., the voltage level ig1 — «) AV too low, namely,
— 7, =7,, (z =1, = /2/’) AV — Vd amp (1 _ e*Tchargc/‘rse) _ (1 _ Oz) AV
Segment 2 or
— 7, (z :/2) S _Tchargc (8)
[~ T2 = T3 (: =/l = /3/7) * In (1 —at aeiTChmgC/Ts)
— T (-— = /(_q,l)g = /Sh)
Segment S . (_ — ) R, SW,
— S P4 N - s
— Tmz\x z = 1) Timing .

generator

Fig. 3. Segmentation plan of a data line.

| ——AMW—S o———
Fig. 3 shows the segmentation plan of a data line. Segment ——I R, |

Rep  [TWNV O
SW,

0 (0 < z < {y) is close enough to the data drive so that no
active charging is required. Segment 4,(< z < /q.) lies
next to segment 0 so thét, = ¢,. The effective time constant
in segment 1 is approximated as a constantor the ease of
implementation. The value af; is chosen so that the voltage
level att = Teharge at 2 = 415 is 1 — o above the intended
level. The other end_ point = (1. is Chose_n so that its VOltageFig. 4. Operational amplifier with resistor network and switches for data
level att = Teharge IS 1 — a below the intended level. The line m.

parameters in the next segment are then determined in the

same way.

)
© Vi amp

v,

d.now

The applied voltagevq.mp, is determined by letting i iD—TO SW
Vs (Tchargc) = Ud,nows Us (OO) = Vd,amp, Us (O+) = Ud,pre b — 8:’6 !
in (4) to have o ] :ED—TO SW,

1 e~ Tenarge /s et 927
Ydamp = T T e /e RO T T g /7 | PT counter [ ] 11-bi :D_TO W
(5) || decoder %D—T SW
. : 0 5
wherewvqg pre @andvg now are the voltage levels of the previous — — ’
and the current frames, respectively. The subpixet at ¢ || :j >_T0 SW,
reaches the charging ratio of exactly 0@t ¢ = Tinarge- by L 075

The data line fromz = 0 to z = ¢, does not require active i To SW,
charging because its voltage level can exceed the specified v L0s0
charging ratioa at Tcharge. T0 find the time constant, at
z =¥, let Fig. 5. Timing generator which is reset when scan line 1,080 is on, and

changes switch when scan line 826, 927, 988, 1035 or 1075 is on.
AV (1= ¢ Taemse/ ™) — aAV
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col.1R col1G col.1B TABLE Il
Video data | e Rl sl st -
i 1 l ) PARAMETERS OF SEGMENTS AT CHARGING RATIO 0#.995.
[’docum | | Latch | | Latch | | Latch | .
' i ' ' ' :ILW“LC]”I Segment| 75 (uS) | Rs/Ryet Subpixel
: | 0 - - 1~ 825
nchor | Latch | | Latch | | Latch |
T~ 1 31821 | 99501 | 826~ 926
=" T " 2 3.7404 | 49.502 927 ~ 987
Frame | i l l |
buffer i | Doeen ][ | Lo ][] [gaen | - ! 3 41658 | 32.836 | 988~ 1,034
(p{cvious t I | | | Lach
frame) I | layer 2 4 4.5295 24.503 1,035 ~ 1,074
|
Pt Cen || [ ]| [aen | oy 5 4.8566 | 19.504 | 1,075~ 1,080
| | | ] ]
I voltages
14
| DACI |[paca]| DACI |[pac2 || DACI |[pac2] ™ 12
~ 10
9
=
| Buffer | | Buffer | | Buffer | % 8
______________________________ =
6
y (T T T E
"SC.’N'.H*| s s s o
_subpixel _subpixel [ subpixel A 4
(1,n-1)R (1,n-1)(| (1,n-1)B|
can =1 £ £ 2
fsubpixel] ~ []subpixel] ~ []subpixel 0 : . . v . n
ok S“Ibp‘: A 0 20 40 60 80 100 120 140
(L d.mG am Length of Scan Line (cm)
Fig. 7. Delay time on scan line with = 0.995.
Fig. 6. Active charging circuit on data lines with frame buffer. charging, thus the data voltage is sent $i&, to the data

line. In charging the pixels from rows 826 to 926, the data
) S ] _ voltage is sent vi&W, and the output voltage is determined
To determine the parameters in Fig.3, first calculgtasing by resistance?; and Rt as in (9), and so on.

(6), then calculate; by settings = 1 and7i, =70 In (7), e " Fig.6 shows the driver circuit with a frame buffer to charge
is then obtained from (8) by setting= 1, and so on. Based (5t lines. The data in the previous frame is stored in the
on (3), the distance from the data driver is related tas buffer to be compared with the data in the current frame to
5 calculate the voltage to be sent to the data lines.
5 T(z)m* (1 - a) Each time a rising edge 8f,,. 1or arrives, the first stage of
ARCIn (1-a) latch layer 1 receives one subpixel data of the current frame,

and the first stage of latch layer 2 receives the subpixel data
Fig. 4 shows the circuit of an operational amplifier tof the previ_ous frame from the frame buffer. When_ the n_ext
generate the voltage amp. A resistor network is required Vsync_yhor arrives, the second stage of latch layer 1 will receive
to implement theS sets of coefficients in (5). When switchthe first row of data of _the cur_rent fran_1e, and the second stage
of the latch layer 2 will receive the first row of data of the

SW; is closed, the output voltage on data linebecomes : .
previous frame. The data stored in these stages are then sent

_ Rt \ Rref to DAC 1 and DAC 2, respectively, to be transformed to the
VUd,amp = Ud,now 14 Vd,pre (9) . . . .
Rins Rpns voltage inputs for the operational amplifiers to determine the
By comparing (9) and (5), the resistané, . can be deter- OutPut voltages for all the data lines.

mined as
T / I11. D ESIGN EXAMPLES
Rms 1 — ¢ Lecnarge/7s

=—— . = eTenarge/Ts _ 1 (10) In the standard HDTYV, the frame rate is 60 Hz, thus the
Rres e el frame period is1/60 = 16.67 ms. With resolutionl, 920 x
Fig. 5 shows the circuit of timing generator designed tb, 080, each row is allocated a peridd,, = (1/60/1,080) x
change switches in the circuit of Fig. 4 to fulfill the charging.95 = 14.67 s, whereagyn. = 0.05.
ratio of 0.995 for a 60” LCD panel with full HD resolution. Fig.7 shows the delay time on the scan line with the
In this case, the pixels from rows 1 to 825 do not need actiwharging ratioo = 0.995. Based on (2), the maximum delay
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o
o)

—a=0.99

log (R, / R.op)

Deviation of Charging Ratio (%)
(=}

-0.5F
500 616 732 848 964 1080 10 5 1'0 1'5 2'0 25
Subpixel Index Segment Index
(a)
] ] . ] . Fig. 9. Resistance of resistor network.
& 015t
2 140
= 0.1t
[
on 120}
.a 0.05¢ "
5 £ 100}
5 0 £
% 2 80f
g -0.05¢ [
-8 c
p= 5 60t
= -0.1f °
2 g
A 5 40
" " A ) . Z
500 600 700 800 900 1000 20t
Subpixel Index
(b) 0 SRR
0 80 100 120 140 160 180
Fig. 8. Deviation of charging ratio along a data line, a}= 0.995 and (b) Panel Size (in)

a = 0.999.
Fig. 10. Number of segments required for different panel sizes2t0.995.

time on a scan line at the charging ratio of 0.995 is aboyid.4
too close tdl}.., = 14.67us. If both ends of the scan line are Table lll lists the segmentation of subpixels along a data
driven simultaneously by the scan driver, then the maximuline at different charging ratios. At higher charging ratio, more
scan-line delay of about 4.4s will occur at the middle of segments are required, and the number of subpixels in each
the sacn line, thus the delay time along the scan line will néegment is reduced. The number of subpixels in a segment
prevent any pixel from being turned on early enough. farther away from the driver is smaller than that in a segment
If the LCD is changed from white to black, the data voltageloser to the driver.
is changed from 0 to 6 V, renderingV = 6 V. By using Fig.8 shows the deviation of charging ratio along a data line
conventional method, the voltage on the last subpixel of eagha = 0.995 and o = 0.999, which are less than 0.5% and
data line can only reach 5.7 V at 14.6%, which accounts to 0.15%, respectively. LCDs are voltage-sensitive display. For
13 gray levels of error. On the other hand, the active chargingltage error greater than 5 mV, the transmittance difference
voltage to charge a subpixel from 0 to 6 V is 6.306 V, and theould be visible. To overcome this problem, a higher value
voltage on the subpixel reaches 5.99 V at 14,67 with the of charging ratio« is suggested. The segmentation plans
error of 0.413 gray level. associated with Figs.8(a) and 8(b) are designed based on the
Table Il lists the effective time constant and the subpixeloltage error within 25 mV and 5 mV, respectively.
range of each segment at the charging ratio of 0.995. ApplyingFor LCD in MVA or IPS mode, the voltage swing some-
the segmentation plan, each data line is divided into siiknes can reach 10 V. Considering the inversion feature of
segments, and the resistance ratios are determined using (LGP, the magnitude of one gray level is about 23 mV. To
The switches are controlled by the timing generator shown irduce the error to within one gray level, the charging ratio
Fig.5. The counter counts from 1 to 1,080 repeatedly, triggeretust be greater than 0.999, and 23 switches are needed for
bY Viyne,nor- When the counter counts from 1 to 828V, is each operational amplifier.
closed, no active charging is exerted. When counting from 826Fig.9 shows the resistance associated with the resistor
to 926,SW, is closed, rendering; = 3.1821us for segment networks at different charging ratios. The range of resistance
1, and so on. is wider at larger charging ratio.
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TABLE IlI
SEGMENTATION OF SUBPIXELSALONG A DATA LINE.

(2]

Segment|  « =0.99 a=0.995 a = 0.999 (3]
0 1~ 882 1~ 825 1~ 726
1 883 ~ 1,009 826 ~ 926 727 ~ 792 “l
2 1,010 ~ 1,080 | 927 ~ 987 793 ~ 829 [5]
3 - 988 ~ 1,034 830 ~ 856
4 - 1,035~ 1,074 | 857~ 879 (6]
5 - 1,075~ 1,080 | 880 ~ 898 -
6 - - 899 ~ 915
7 - - 916 ~ 930
8 - - 931 ~ 944
9 - - 945 ~ 957
10 - - 958 ~ 970
11 - - 971 ~ 981
12 - - 982 ~ 992
13 - - 993 ~ 1,002
14 - - 1,003 ~ 1,012
15 - - 1,013 ~ 1,022
16 - - 1,023 ~ 1,031
17 - - 1,032 ~ 1,040
18 - - 1,041 ~ 1,048
19 - - 1,049 ~ 1,056
20 - - 1,057 ~ 1,065
21 - - 1,066 ~ 1,072
22 - - 1,073 ~ 1,080

Fig.10 shows the relation between the panel size and the
number of segments required to reach = 0.995. The
number of segments increases linearly with the panel size.
For example, the numbers of segments for 60", 80", and 160"
panels are 6, 20, and 105, respectively. For the large one like
160" panel, two data drivers may be considered to drive the
data line from opposite ends, and the total number of segments
can be reduced to about 40.

IV. CONCLUSIONS

An active charging method for large-size or high-resolution
LCD is proposed. In this method, the data between adjacent
frames are compared, different effective time constants at
different locations on a data line are considered to generate
the precise active charging voltage at the given charging ratio.
Compared to conventional method, this method can charge
large-size panel more precisely within the charging time.
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Design Constraints on FSC LCD

I-Yin Li, Member, IEEE, and Jean-Fu Kiandylember, IEEE

Abstract— Design constraints on field-sequential color (FSC) . :T:
LCDs are proposed and compared with those of conventional data line m c, )
color filter (CF) LCDs. Application of these constraints to the M i scanline n_ 4\
design of LCD screens is demonstrated. \, C m c 1 3
L. . L . C & “ & Coe data
Index Terms—Liquid crystal display, thin-film transistor, s [c 1 '—%—I - —1 line
power demand, TV display, HDTV. - — —T”—ﬁJ_ J_ | mtl
I Cs (VL('I R |
.. T
|. INTRODUCTION HC|_—| v, = = T”_
. i “ | c C.,
Compared with color-filter (CF) LCDs of the same scree | "“:_ | ™

power and can support a finer resolution. Under the sar
resolution, the pixel size of the FSC LCDs is three times that i}
the CF LCDs while its charging time is one third of the latte.
[1]. The FSC LCDs _dlspla_y a color image using the tec_hmqqgg 1
of temporal color mixture instead of the spatial color mixture,
hence the response of liquid crystal molecules and circuits
must be three times faster than those of the CF LCDs. pixe| Capacitance can be decomposed as [4]

In 1989, Kaneko developed a pixel model based on an
equivalent circuit [2], however, no design constraints were ~ Cpx = Cs + Crc + Cga + Cpar + Cpa + Cpgr + Cpg
mentioned. In 1996, a dynamic analysis of an a-Si TFT-LCD ~ Cg+ CLc
pixel was presented by embedding an a-Si TFT model and a . _
liguid cyrstal capacitance model in the SPICE simulator [3 here we assume the parasitic capacitarcgs Cpar, Cpa,
but no design constraints were discussed. Tsukada proposed’ Cpg are much smaller thad.c and the storage capac-
a theory to analyze LCD subpixels [4], [5], but no systemati'ct,ancecsg' ) ) )
design procedure was proposed. In 1998, Tsukada proposed 0 _estlmate the loading e_zﬁect ofa _plxel on a scan line [9],
scaling theory to analyze the gate delay and offset voltaé]eo]' first calculate the equivalent resistanB... as
in TFT-LCDs with narrow bus-line width and small pixel R Lycan
capacitance [6]. scan = fscan Ascan

In 2001, Zhu presented the simulation results of k'Ckba%hereAscan — toonn X Waean is the cross-sectional area of the

voltage on a-Si TFT-LCDs, with the orientation of liquid CIYS—gcan liNe pecan, Wanen @Ndtacan are the resistivity, width, and

tal molecules con_trolled by an imposed voltag_e [7]- Higyc%ickness, respectively, of the scan lifg,,, is the length of
developed poly-Si TFT-LCDs using a dual-drive technlqugf1e scan line across a pixel. The load capacitafige,, can
[8]. In 2006, Tai proposed the concept of operation WindO\He approximated as

based on the mechanisms of charging, holding, coupling and
delay [9], which can be used to determine the pixel storag&can ~ Cgs + CrrT + Cgo + Cx1 + Cga + Cpg + Cper (1)
capacitance and the TFT channel width. . . . .

In this paper, an equivalent circuit of a supbixel is used Next, ponS|der the loading effect of a pixel on a data line.
derive a set of design constraints for FSC LCDs. An operatiflpe equivalent resistanchaa:. can be calculated as
window is thus built to analyze the difference between FSC R _ Laata
LCDs and CF LCDs at various screen sizes. The models data = Pdata 7y
of pixel and signal line will be described in Section 2, the ore Adata = tdata X Waata is the cross-sectional area of
constraints on pixel design will be presented in Section 3, thea qata line patar Wiata, andtaaca are the resistivity, width,
pixel design for FSC LCDs will be proposed in Section 4, thg 4 thickness, respectively, of the data line, dngha is the

assessment of different screen sizes based on these constr?é'ﬂbs[h of the data line across a pixel. The load capacitance
will be discussed in Section 5, followed by the conclusions.cd .. can be approximated as
ata

T " scanline n+1

size, the field-sequential color (FSC) LCDs consume le (\i(
oS
e

I

ground line

Equivalent circuit of a pixel.

Il. M ODELS OFPIXEL AND SIGNAL LINE Caata > Cx1 + Cx2 + Cao + Cys + Cpar + Cha

Fig. 1 shows the equivalent circuit of a pixel, whetg,c A scan line or a data line can be modeled as a lossy
and Rrc are the capacitance and resistance, respectivahlgnsmission line with the per-unit-length resistance and ca-
between the ITO and the common electrode of a pixel. Thpacitance ofR and C, respectively. Assume the signal line
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has a finite lengtlY and is open circuited at = ¢, and the B. Holding Phase

driving voltage atz = 0 is a step function of time, then the | the holding phase, the charge leaks through the equivalent
waveform atz = £ will be [4] RC circuit formed by Ryc, Rogx and Cpy, Where Rog =
() 4 (—1) (2n — 1)272 Vea/Iog is _the off-resistance of 'Fhe TFT_ with,y = Ve —Vy
———= =1+ p Z —7 exp | ——————1 (2) [10]. The time constant of the pixel during the holding phase
n=1

Vy 2n 4RC(? is
Whent > RC/?, (2) can be approximated as o = RicRos c, (@)
* " Ruc+ Reg
v(¢,t) 4 2t
— L~ ] - = - The leakage current,z can be expressed as [10
v, —exp ( 4RC€2) g o p [10]
I ~ O'Dtscmi‘/edw
Thus, it takes the delay time of.03RC¢?, 1.96RC¢* and off = L
2.25RC(? for the voltage at the load to reaal((,t)/Vy = \whereop andt..., are the dark conductivity and thickness,
90%, 99%, and99.5%, respectively. respectively, of the semicoductor layer.
Define the retention ratio in the holding phase as
I1l. CONSTRAINTS ONPIXEL DESIGN  — o Tirame/Tox

As shown in Fig. 1, the voltag®, at the display electrode

is a function of the data line voltage; as [5], [6] To display a distortion-free image, the voltage deviation due

to leakage must be less than one grey level, which leads to

1 —ae t/7 1
Ve = T pe—t/- V4 r>1-— 5N (5)
with where Ny, is the number of bits. Substituting (4) into (5), we

L Vi—Vio 2(V,—Vi— Vi) +Vy obtain the second constraint

Vi 2(Va—Vi—Va) +Va— Veo v Cox )
b Vi— Voo L Tirame2V%t 0ptsemi
2(Vs —gt = Va) +Va—Veo C. Asymmetric Kickback
T L At the end of the charging phase, the TFT is turned off and

fo (Ve = Vi = Va) the pixel is switched to the holding phase, the voltage at the
whereV; is the voltage on the scan lin&; is the threshold gate terminal oiC,q4 is pulled low, and the display electrode
voltage of the TFT,V.o = V.(t = 0), and 5y = psCyW/L at the other terminal o€,q is pulled low, too. By imposing
is a parameter determined by the TFT geometry and matettia¢ law of charge conservation and assuming the scan pulse
[4]. The channel widthiV and lengthL of the TFT are the is a square pulse, a kickback voltage of magnitude [4]
design parameters to be optimized. Cya + Cpyg

AV - s,on — Us,off
kb (’U ’ Ys, ﬂ) ng-‘rcpg-‘rCLc(V)-l-Cs
A. Charging Phase will appear at the display electrode of the pixel, whetg,,

First express the rise-timg in units of r ast, = k,r, and anduvs.e are the voltages on the scan line at the on and off

define the voltage ratio, = V. /V;, thenk, can be expressed States, respectively,, is the parasitic capacitatance between
as the gate and the drain electrodes of TFT, aick(V) is the

voltage across the pixel.

ky = Ind— bre Define the deviation ofA Vi, as
1—r.
A‘/kb,max - A‘/kb,min
The rise-time must be shorter than the periid, allocated A (AVig,) = B)
for displaying one row of pixels, deducting the delay over the (Vs.on — Us.off) (Caa + Cpg)
scan line, namely, = 2(Cya + Cpg + Crc.oum + Cs)
t, < Trow — Tdclay CLC,max — CLC,min (7)

ng + Cpg + CLC,max + CS

Yhe average oAVjy, can be compensated by tuning the volt-
age level of the common electrode on the color-filter substrate,
w Chpx ky but the voltage deviatiod (AV;y,) tends to induce a residual
- > 3 . ) . ;

L terCq (Vs — Vi — Vi) (Trow — Taelay ) direct current with a preferred polarity, which will degrade

Note that the delay time along a sacn line depends on the TE]le quality of the liquid crystal. Hencen (AVi,,) must be

. . onstrained by an acceptable residual voltage threshiid
parameters. Hence the maximum allowable delay time mustg)e [9] y P 9
estimated iteratively, incorporating the other constraints tha

will be discussed later. A (AVi,) < Fup 8)

whereTqelay is the maximum allowable delay time over a sca
line. Thus, we obtain the first constraint
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The capacitanc€’,q can be expressed in terms éfgd, the wheree,c and drc are the relative dielectric constant and
gate-to-drain capacitance per unit channel width, as thickness, respectively, of the liquid crystal layer.
~ Similar to the derivation leading to (3), the lower bound
Cga = CgalV ©) (W/L) sharge.psc for FSC LCDs can be derived as
Substituting (7) and (9) into (8), and assumifigy < Cr,c +

Cs, a third design constraint is derived as Cpxrsc i
/Lcﬁ'cg (‘/s - ‘/t - Vd) (Trow,FSC - Tdclay)
2 (Crc,min + Cg) (Crc,max + Cs) Fup i
(Wsom — s0m) (Cromex — Cromm) Cpg As a comparison, the lower bound@V/L) ;... cr for CF
W < s,on $,0 émax ,min (10) LCDs iS
ed Cpx,CF kt
D. Delay /Lcﬂ'cg (‘/s - ‘/t - Vd) (Trow,CF - Tdclay)

To estimate the delay along a scan line using the l0S&nce 7., psc = lew or and Crerse = 3CLo or, the
transmission line model, first approximate the per-unit-lengtf) ; |ower bounds e rélated as ’ ’

resistance and capacitance along the scan lineRas=

Rycan/Lscan @nd C' = Cycan/ Lscan, respectively. If there are W 1+ EinsudLc hesc | oy
Nyata pixels along one scan line, the total length of the scaé_) ~9 tinsu €LC (_)
line will be NyataLscan. The delaytq scan for the voltage to charge,FSC 1+ €insudLC her L ] charge.cr
reach90% of its intended level can thus be calculated as linsu€LC
tq —1.03N2. R.. C (11) Following the derivation leading to (6), the upper bounds
pseam T 2 dataTiscantsean of W/L derived from the holding phase constraint are
This delay must be shorter than the specified,.,, namely,
K _ Cpx,FSC
td,scan < Tdclay (12) L hold,FSC Tframcypsc2Nb‘f O0Dtsemi
Substituting (1) and (11) into (12), we obtain the fourth w _ Cpx,cF
constraint on the channel widfiv as L )oiacr  Tirame,cF2MNitoptsemi
Tdclay P
. dly (¢ Cy+C Cou respectively. They are related by
W < 1'O3N§ataRSCan ( g0 * 1t pg + pg ) p
= €insudLC
2ng + 6insuEOL/tinsu (W) ~9 1+ mhFSC (W)
WherngS ~ Cgq = ngW, Crpr = EinsuEOWL/tinsu- €insu L hold, FSC o 1+ €insudLC hor L hold, CF

and t;,su are the relative dielectric constant and thickness, tinsu€LC
respectively, of the insulator layer.

Similarly, one may substitut® = Rgata/Ldata and C =
Cdata/ Ldata into the lossy transmission line model to estimat
the delay along a data line. Since a data line runs adkss,
rows of pixels, the total length of a data line McanLaata,  2(CLC,minFsc + Csrsc) (Cre,maxrsc + Cspsc) Fun Coe

Similar to the derivation of (10), another upper bound
of W based on the asymmetric kickback voltage constraint,
%kaypsc, is derived as

thus we derive another constraint (Vs,on — Vs oft) (CLC,max,Fs¢ — CLC, min,FSC)
T .
% - (Cxl + Cyo + Cyo + de + de/) ng
W < 03 Ngcanltdata _ for the FSC LCDs, and the counterpaify, cr for the CF
Cga LCDs is
IV. PIXEL DESIGN FORFSC LCDs 2 (C(chmmvcp + (’;S((CJF) (CLC’maX’Cg + CS’CF; Ho _ Chg
v — Vs off — i
Under the same resolution and screen size, the frame perieg——>22 01/ LG max,CF 7 VLG, min,CF
Thame and the pixel sizedive1 of the FSC LCDs and the CF Cea
LCDs are related as The kickback voltage is a function of the falling slope of the
1 scan pulse, a steeper slope induces a larger kickback voltage.
Tirame,Fsc = §TffamchF In this analysis, an infinite slope is assumed to derive the
Apixel, FSC = 3Asubpixel,CF largest possible kickback voltage.
Similar to (11), the scan-line delayyscan rsc for the
As a consequenceliow rsc = ngwycF, Crc,rsc =  voltage to reac)0% of its intended level can be expressed as
3CLC,CF1 andRLcypsc = _RLC,CF- Define the ratio between td,scan,FSC = 1-O3N§aca7FSCRscan,FSCCscan,FSC

the size of storage capacitor and that of the pixelhas=

Under the same resolution, screen size and process con-
Acy /Apixel, thenClhx rsc can be rephrased as P

dition, and assuming the R, G and B subpixels on the CF
€insudL,C thc) screen are aligned horizontally, the sacn line length passing

through an FSC pixel will be three times that passing through

Cpx,rsc =~ CrLc,Fsc (1 +
tinsuELC
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TABLE |
GENERAL PERFORMACES ORB0” AND 2.4” LCD PIXEL, *: AR=0. ( )
a
parameter 30" HDTV 2.4” portable 600 i — T T T
resolution WXGA QVGA ]
(1,366x768) (320x240) 500 ! g
aspect ratio 16:9 4:3 : /
Tdelay 1.7 us 17 ns ]
Apepsc(um?) | 236,500 23,226 400 '
Acubpx.cr(M?) | 78,833 7,742 —_ "
Frso (0.120, 0.496) | (0.116, 0.04T) % 300 '
hcr (0.430, 0.876) (0.416, 0.903) — l'
Wresc(pm) (157, 284) (3.59, 223.8) & 200 |
Weor (um) (34, 70) ((0.93,73.33)
ARpsc(%) (@2, 79) ©, 82) 100, |
ARcr (%) (0, 45) (0, 48) H
ARFSC max ]
= 1.76 1.7 0 : s . s .
ARCF max 0 0.1 0.2 0.3 0.4 0.5 0.6
h
a CF subpixel, henc&gata,rsc = 5 Ndata,cF, Rscan,Fsc =~
200 : 7
3Rscan,CFn Cscan,FSC =~ 3Cscan,CF1 and td,scan,FSC =~ i
td,scan,CF- I,
The data-line delayy data,rsc for the voltage to reach0% 150 h
of its intended level can be expressed as ;’
td,data,FSC = 1-O3N52can7FSCRdata,FSCCdata,FSC 2 100 f!
SinceNscan,FSC = Nscan,CFn we haveRdata,FSC =~ Rdata,CF; & ’f
Clata,Fsc =~ Cdata,cF, @NAtq data,FSC ~ td,data,CF- 50 ;F
Since a scan line drives more pixels than a data lir
does,tq scan > td,data, thus the delay timéy.., during the ;‘
charging phase is dominated by the scan line delay, hence o , , , N ,
0 0.1 0.2 0.3 0.4 0.5 0.6
Tielay,Fsc ~ Tdelay,CF h
namely, both FSC LCDs and CF LCDs have similar dele
time budget.
In summary, the major constraint on the FSC pixel desigiy. 2. Operation window of 30" WXGA LCD, (a) FSC LCD, (b) CF
is the short charging time. On the other hand, the FSC pi)&é}D’ — o —: charging constraint- — — : holding constraint, —: asymmetric
ickback constraint— « —: scan-line delay constraint, cell gap ds,c =

design is less restricted in the holding, asymmetric kickbacky ,;m. line widths areWuean = 20 pum and Wi, = 10 um, sheet

and delay mechanisms. Sin€gc rsc = 3CLc,cr andCpy >~  resistance is16.8 nQm, dielectric constant and thickness of insulator are
Bgsu = 6.9 and tinsy = 300 nm, parameters of TFT argeg = 0.15 x

CLc +Cs, the storage capacitance required in the FSC LCDBigsy = | 1

can be decreased. Since the storage capacitor and the T ™ /VsandV; = 0.7 V.
are opaque, smallér andW are preferred. A higher aperture
ratio can be realized in the FSC LCDs, which requires lower

backlight intensity and hence lower power consumption. If the minimum channel widthsiVsp» rsc = 157 pm at

hgoﬂypsc =0.121 andW30”7C}F =34 pm athgoﬂycp = 0.423,
respectively, are chosen, the maximum aperture ratios will be
V. ASSESSMENT OFDIFFERENT SCREEN SIZES .
) ] ) ARso» rsc = 79% and ARsp» cr = 45%. The available AR
'E‘ this section, the performances of a 30" WXGA and &; gifferent channel widths and area ratios are marked in Fig.
2.4" QVGA LSD will be analyzed. The FSC LCDs and thé; The maximm AR of the FSC LCDs is about twice that of
CF LCDs will be compared in terms of operation windowy,e cF | .CDs.

aperture ratio, and power consumption. The performance parameters of two different LCD screen
_ sizes are summarized in Table I. The lower boundidfis
A. Operation Window determined by the charging phase constraint for both screen

Fig. 2 shows the operation windows of 30" WXGA LCDssizes, but the dominant factors for the upper bound/iof
based on the design constraints, whBreis the TFT channel are different. For the large-size LCDs, the upper bound of
width andh = Ac,/Apixel is the ratio between the size of W is determined by the holding phase and the scan-line

the storage capacitor and that of the pixel. The operatigi¢lay constraints. For the small-size LCDs, the asymmetric
window of the FSC LCD has relatively lov and high1w  kickback constraint affects the operation window and can not

compared with that of the CF LCD, withsy rsc > 0.121  be neglected as shown in Fig. 4.
andhsg» cr > 0.423. For 2.4” QVGA LCDs, the minimum TFT channel widths
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Fig. 3. AR of 30" WXGA LCD, *: W3¢» pgc = 157 pm, o: W3gp» psc =
284 pum, +: Wap» pgc = 411 um, &t Wiagr o = 34 um, A Wagr cp =
70 pm, x: I/Vin“,CF =108 pm.

of the FSC LCD and the CF LCD afe59 pm and0.93 pm,
respectively. At a givert, larger L implies largeriV based on
the holding and charging constraints, and the intercept po
of the charging and holding bounds will be moved towar
smallerh and larger¥’. In this case, the asymmetric kickback
constraint instead of the holding constraint will dominate th
upper bound of the operation window in the FSC LCDs.

Note that the scan driver can be used to drive the scan li
at both ends simultaneously, and the longest delay will occ
at the center of the scan line. When using this double-driv
technique Tyc1y Can be reduced to about one quarter that «
using conventional single driver.

The pixel aread i1 is proportional toC,. In the charging
phase, larger current is required to charge a lafggr and the

Fig. 4. Operation window of 2.4” QVGA LCD, (a) FSC LCD, (b) CF
LCD, — o —: charging constraint- — — : holding constraint, —: asymmetric
kickback constraint— = —: scan-line delay constraint, parameters the same

charging current of TFT is determined by the channel widthy in Fig.3, excepVecan = Wanie = Waround = 3 11 M.
W. Thus, there is a positive correlation between the channel
width W and the pixel are& pixe1.

The capacitive load on a scan line can be reexpressed a8. Aperture Ratio

tinsu Lscan

~ L
Cscan = (2ng + EinsuEOt

insu

) W + 2€insu60

) Wscan

Thus, the delaylyc1.y Can be rephrased as

Spg
Wdata

Lscan
——— + €insu
dLC tinsu

+€o (ﬁLc

L B
1.03N? —scan +D
dataPscan tscan Wscan
where
A L tinsu L
B = (2ng + €0€insu—) W + EOEinsuM
insu Spg
L W,
D =¢ (ELC S 1 €insu data)
dLC tinsu

For 30" LCDs, signal delays can not be neglected, and wid

scan-lines are needed to reduce the delay along the scan lines.

For example, if choosingVscan, 307 = 20 pm andWean 2.47 =
3 pm, the delay times will be 1.7s and 17 ns, respectively.

The aperture ratio is defined as

AR = Apixcl - Aopaquc
Apixcl

where A, paque 1S the opaque area in a pixel. As shwon in Fig.
1, Aopaque is decomposed as

Aopaquc = Adata + Ascan + Aground + ATFT + ACS - Across

where Adata = Ldata X Wdatay Ascan = Lscan X Wscann
Aground = Lscan X Warouna @re the areas of data line, scan line,
and ground line, respectively, in then(n)th pixel, Arpr =
W x L is the area of the TFTd¢, = hApixe IS the area of the
storage capacitor, andcross = Waata X (Wscan + Weround)

is the overlapping area between a scan line and a data line.
The relation betwee@'s/Cpx andh is

er
CS - CS hdLC

Cox ~ Cs+CLc  hdpc + tinsu€Lc/€insu
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design is less constrained in the holding, asymmetric kickback
and delay mechanisms, but is more strictly constrained in
the charging phase. Higher aperture ratio and less power
consumption can be achieved for the FSC LCDs due to
the smaller storage capacitance needed. The line width and
channel width are critical in large-size LCDs, especially in
the FSC LCDs. Although the frame rate of the FSC LCDs is
three times that of the CF LCDs, the power consumption in
pixel related circuitries of the FSC LCDs is close to that of
the CF LCDs.
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The backlight consumes the most power in the LCDs.

Higher aperture ratio implies higher backlight efficiency or less

power consumption. In the FSC LCDs, the backlight efficiency

is three times that of the CF LCDs since no color filters are

used. If ARpsc max/ARcr max iS about two, then the total

backlight power consumption of the FSC LCDs will be only

one sixth that the the CF LCDs. For example, if the 30" CF

LCDs require 130 W of backlight, then the 30" FSC LCDs will

require only 24 W to provide the same luminance. Similarly,

for 2.4” LCDs, if the CF LCDs require 500 mW of backlight,

the FSC ones will require only 90 mW.

Fig. 5. Relation between capacitance ratio and area ratio, grey area for FSC
with W = 284 pm, slit area for CF withW = 70 um, ——: e;,c = 3.8,
—: er,c = 11.7, parameters the same as in Fig.3.

C. Power Consumption
The power consumption of the data driver can be estimated
as [11]
NscanCdata AV max
2T ow

where Vpp is the power supply voltageAV; max is the
maximum voltage swing on the data lines. Thus, the power
consumption ratio between the FSC LCDs and the CF LCDs
is close to one.

P = VDD Ndata

VI. CONCLUSIONS

Design constraints on the FSC LCDs have been derived and
demonstrated with two different screen sizes. The FSC pixel
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Broadband DR-Loaded Planar Monopole

Tze-Hsuan Chang and Jean-Fu Kiang*
Department of Electrical Engineering and
Graduate Institute of Communication Engineering
National Taiwan University, Taipei, Taiwan
E-mail: jtkiang@cc.ee.ntu.edu.tw

Introduction

Many approaches have been proposed to broaden the impedance bandwidths of
monopoles. A common way is to replace the radiating wire with elements of differ-
ent shapes to increase the radiating surface areas and impedance bandwidth [1], [2].
Since the current is concentrated on the outer edge of a planar monopole, the broad-
band characteristics are maintained when a hole is drilled off a planar monopole to
form an annular strip [3]. Moreover, resonant elements can be embedded within
annular planar monopoles to provide band-notched characteristics [4].

Printed monopoles with different shapes have been proposed proposed to provide
broadband width [5], [6], dual-band [6], [7], and band-notched characteristic [8].
Printed monopoles can have a wider impedance bandwidth than wire monopole.
However, the radiation pattern is deteriorated at higher frequency.

In this work, a compact monopole made of dielectric resonator (DR) is proposed.
The conduction current in the microstrip line is transformed to the displacement
current in the DR. The impedance bandwidth covers 5.745-14.94 GHz, over which
the Fy pattern on the xy-plane is nearly omnidirectional.

1 Design and Implementation

Fig. 1 shows the configuration of the DR-loaded planar monopole. A microstrip line
of width w,, is extended over the ground plane by p and attached to a rectilinear
dielectric resonator. A strip extended from the microstrip line is bent vertically and
adhered on one side of the DR. The antenna is fabricated on an FR4 substrate of
size Wy x Ly and thichness ¢.

Dielectric
resonator

Microstrip line

Figure 1: Panoramic schematic of DR-loaded planar monopole .

Fig. 2(a) shows the effect of the DR length a on the resonant frequency. The first
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Figure 2: Return loss of DR loaded planar monopole, b = 5.34 mm, d = 2.5 mm,

Wy, = 1.15 mm, ¢t = 0.6 mm, (a) a effect, p =1.5mm, — a=1mm, - - -: a =4
mm, --: ¢ =7 mm, - a¢ = 10 mm, -o-: a = 16 mm, (b) p effect, a = 8 mm, —:
p=11mm,---: p=13mm,-- p=15mm, - p=17 mm, -o-: p=1.9 mm.

resonant frequeny decreases from 9.8 to 5.8 GHz as the length a is increased from
1 to 16 mm. Note that the decrease rate of resonant frequency slows down when
the length a becomes larger. The DR acts as a monopole radiator, having stronger
electric field near its feeding strip and weaker field at its end. The second resonant
frequency is basically determined by the dimension of DR since the DR resonates at
its higher-order mode. Fig. 2(b) shows the effects of gap p on the impedance and
the resonant frequency. The effect of gap p has been discussed in [3], [5]. The first
resonant frequency is reduced as the gap p is increased.

By tuning the gap p and adjusting the size of the loaded DR, the input impedance
can be matched well. Fig. 3 shows the return loss of the proposed DR-loaded
monopole. The measurement and simulation match reasonably well. The 10-dB
impedance bandwidth covers 5.745-14.94 GHz. The bandwidth is achieved by merg-
ing by two resonant bands around at f = 6.525 and f = 11.92 GHz.

Fig. 4 shows the electric field distribution in the DR at these two resonant frequen-
cies. The electric field distribution at the first resonant frequency is mainly in the
z-direction, parallel to the current direction on the microstrip line. The antenna
radiates a stronger Ey component than the Ey; component on the zy-plane. The
electric field distribution at the second resonant frequency shows two loops, and the
radiated Fy component is also stronger than the E4 component.

Fig. 5 shows the measured and simulated radiation patterns of the DR-loaded
planar monopole. It is observed that the Ey component on the zy-plane (H-plane)
is stronger than the Fy component over the 10-dB bandwidth in almost all directions.
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Figure 3: Return loss of DR loaded planar monopole, —: measurement, - - -
simulation, ¢ = 7.86 mm, b = 5.34 mm, d = 2.5 mm, p = 1.4 mm, w,, = 1.15 mm,

t = 0.6 mm.
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Figure 4: Electric field distributions inside the DR, (a) f = 6.525 GHz, (b) f = 11.92
GHz.

Figure 5: Measured and simulated radiation patterns on the yz-plane, (a) f = 6.5

GHz, (b) f = 11.865 GHz, —: measured Ep, - - -: measured Ey, -x-: simulated Fy,

-0 -: simulated Ey, 10-dB per division on radials, all parameters are the same as

in Fig. 3.



Conclusions

A broadband DR-loaded planar monopole is proposed with 10-dB impedance band-
width over 5.745-14.94 GHz. A nearly omnidirectional radiation pattern of vertical
polarization on the zy-plane is obtained. The antenna size is 8 mm x 5.5 mm X
2.5 mm.
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Bandwidth Enhancement by Merging Resonant Modes of
Dielectric Resonator Antenna
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Introduction

Dielectric resonators (DR) have the merits of high efficiency and low loss [1]. Com-
pared to the conventional microstrip antenna, the DR antenna features a wider
impedance bandwidth since the latter radiates through multiple facets of the DR.
The radiation pattern of DR is determined by the field distribution on the DR sur-
face. Hence, different radiation patterns can be obtained by exciting proper resonant
modes.

Different approaches have been proposed to increase the bandwidths of DRs. For
example, stacking two cylindrical DRs of different sizes to merge their resonant bands
[2], attaching parasitic metal strips on DR surface to incur additional resonance [3],
leaving air gaps between a DR and the ground plane to incur more effective radiation
[4], adjusting the aspect ratio of a DR to reduce its @ factor [5], modifying the DR
shape to create discontinuities [6], [7], and so on.

In this work, a broadband DR antenna is designed by merging three resonant modes.
The radiation patterns of the mixed modes are studied. A wide impedance band-
width of 29% and a broadside radiation pattern of vertical polarization on the xy-
plane are achieved.
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Figure 1: (a) A rectangular DR on a ground plane, (b) schematic .




1 Design and Implementation

Fig. 1 shows a rectangular DR fed by a microstrip line through a coupling aperture.
The dimension of the DR is a x b x d, and the coupling aperture has dimension
of L, x wy. The relative position between the aperture and the DR is ds, and the
length of microstrip stub over the aperture is Ls. The ground of dimension W x Ly
is fabricated on an FR4 substrate of thickness t.

Return Loss (dB)
Directivity (dBi)
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Figure 2: (a) Simulated return loss of a rectangular DR, (b) directivity of Ey at
0 =90° ¢ =0°a=20mm, b =8 mm, d =10 mm, ds = 11 mm, w, = 1 mm,
L,=7mm, Ly =4 mm, Wy = L, =70 mm.

The DR with ground plane is equivalent to an isolated DR of dimension a x b x 2d
in free space. Based on the dielectric waveguide model, which two opposite surfaces
are assumed to be total reflection boundaries in while the other four sides behave
like PMC walls, we have k, = 7/2d, k, = mn/a, and k,, is determined by [8]

/12 1 12
% = tan~! <%> (1)
y

The resonant frequency can thus be determined as
fr = (c/Ver)\J K+ kj + k2. (2)

Consider a rectangular DR of dimension 20 mm x 8 mm x 10 mm, the resonant
frequencies of the TEY;;, TEY,,, and TE{;; modes are 3.2, 4.53, and 6.1 GHz,
respectively, by using (2). By tuning the coupling aperture size L, X w, and the
microstip stub length Lg, the input impedance can be matched well, and the three
modes can be excited simultaneously, as shown in Fig. 2(a) by using HFSS. The
nulls of the return loss occur at f = 3.42 GHz, 4.66 GHz, and 5.82 GHz, which
are associated with the resonant frequencies of the TEY,,, TEY,,, and TE{,; modes,
respectively.

It is well known that the TEY,; and T E?lS modes of a rectangular DR incur broadside
radiation patterns of vertical polarization on the xy-plane. On the other hand, the



directivity of the Fy pattern associated with the TEY,, mode is close to zero around
6 = 90°. Fig. 2(b) shows the directivity of the Ey pattern at § = 90°, ¢ = 0°.
Since the opposite electric field on the top surface of the DR cancels to each other
at 0 = 90°, the directivity around the resonant frecmencv of the TEY. . made i<
significantly decreased.
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Figure 3: (a) Return loss of a rectangular DR, o marks the resonant frequencies of
TEY,,, TEY,,, and TEY,; modes, respectively, (b) directivity of Ep at § = 90° and
¢ = 0°, and directivity of Ey pattern (dBi) on the (c) zz-plane, (d) zy-plane, —:
f=4.26 GHz, - - -: f =4.68 GHz, —o—: f =5.12 GHgz, -A-: f =5.5 GHz, 10-dB
per division on radials, ¢ = 29 mm, b = 19 mm, d = 4 mm, ds; = 11 mm, w, = 1
mm, L, =7 mm, Ly = 3.5 mm, W, = Ly, = 70 mm.

If the resonant bands of these three modes are merged, the directivity of Fy pattern
on the zy-plane around the resonant frequency of the TEY;, mode can be increased
to some extent. Hence, merging the resonant bands of the TEY,,, TEY,,, and TEY,,
modes can achieve a wide bandwidth in both impedance and radiation pattern.

Consider a rectangular DR of dimension 29 mm x 19 mm X 4 mm, the resonant
frequencies of the TEY,,, TEY,,, and TEY,; modes are 4.573 GHz, 5 GHz, and 5.637
GHz. Fig. 3(a) shows the return loss of the DR antenna. The nulls of return loss do
not occur at the resonant frequencies of the resonant modes due to mode coupling



and the feeding structure. Since the three resonant frequencies are close enough,
their bands are merged to form an impedance bandwidth of 29%.

Fig. 3(b) shows the directivity at § = 90°, ¢ = 0°. Note that the directivity at the
frequency around resonant frequency of the TEY,, mode is raised to certain extent.

Figs. 3(c) and 3(d) show the directivity of the Ep pattern on the xz-plane and
xy-plane, respectively, at different frequencies. A broadside radiation pattern is
observed over the bnad. The directivity of the Ey pattern at # = 90° and ¢ = 0°
is slightly reduced as f = 5.12 GHz. The Ejy pattern is changed as the frequency is
increased, however, its maximum roughly keeps at 8 = 90°. Hence, the directivity
on the xy-plane is not significantly reduced.

Conclusions

In this work, the resonant bands of different modes in a rectangular DR is mergerd
to achieve a wide bandwidth in both impedance and radiation pattern. The antenna
can be used for WLAN applications in an indoor environment.
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