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Short Papers

Dispersion Characteristics of Grooved Microstrip Line
(GMSL)

W. Chamma, N. Gupta, and L. Shafai S

Abstract—n this paper, the method of lines and finite-difference time- \
domain numerical methods are used to investigate the field distribution,
dispersion, and impedance characteristics of the grooved microstrip line
(GMSL) structure. It is found that the GMSL is less dispersive compared
to conventional microstrip lines, and also provides a wide range of charac-
teristic impedance values as a function of the groove width. Increasing the
groove width of the microstrip structure can also reduce the dielectric and
conductor losses of the GMSL.
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|. INTRODUCTION

hi

Microstrip lines are widely used in microwave circuits and antennas
feed systems. Among various microstrip configurations, the suspende
microstrip lines [1], [2] have always been a topic of interest for re-
searchers because of low-loss configuration and for being less dispe:-
siyg. These important fez_;ltures make it eminently suitable for usel-_?é. 1. Geometry of the GMSL structure inside a FDTD lattice.
millimeter-wave frequencies.

Generally, practical suspended lines employ grooves in the sidewalls
of the metallic enclosure to support the dielectric substrate. A grooved
line [3]-[5] basically extends the idea of suspended microstrip line -

and provides a better solution for construction and assembly of the %’MM\/\/\,_—
types of lines. Thus, instead of providing grooves in the sidewalls of tt
enclosure, the printed substrate is mounted over the grooved dielec
substrate. For larger groove dimensions, the dispersion and impeda W

characteristics of the grooved line remains close to the conventior
suspended-line case. W1 =3W2
The concept of grooved structure is not new in monolithic-mi
crowave integrated-circuit (MMIC) technology and is implementet M\‘N
using micromachining technology [6], [7]. In [8], a new type of
monolithic planar transmission line, i.e., microshield line, has beeg
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proposed. The removal of the silicon substrate material in the vicini% W1 =1.6W2
of the metal structures significantly improves the insertion-los“
characteristics, frequency-response bandwidth, transmission-li W1=W2
dispersion characteristics, and impedance control capability. Simil

improvement is found to be true for the microwave integrated circui W1 = 0.43W2

(MIC’s) well. The performance characteristics of such lines, suc s

as dispersion and impedance characteristics, mainly depend on

groove dimensions. Therefore, to achieve an optimum performan o

of this line, it is necessary to investigate its various characteristics f

different groove dimensions. 500 600 700
In this paper, two numerical techniques, i.e., the method of line - Time Steps

(MOL) and the finite-difference time-domain (FDTD), have been ) . .
Fig. 2. E,-field component below the strip line of GMSL for different groove

widths atk = 150d=.

W1 = 0 {micorstrip line)
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Fig. 3. Normalized electric- and magnetic-field components inithgplane att = 150dz, ' = 15 GHz, W; = 3W5.

impedance characteristics are then computed and compared andieectric losses have been presented from the knowledge of the
themselves. Finally, an approximate measure of the conductor afféctive dielectric constant, impedance, and current density.
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140 =
Il. NUMERICAL METHODS

An extensive analysis and design of the microstrip structures usini 135 |
the FDTD is described in [9], and, hence, is not repeated here. Fig.
shows the geometry of the grooved microstrip configuration modelec
inside a FDTD lattice of array dimensiong;, ny, andnz. The lattice
boundaries are truncated with second-order Liao’s absorbing bounda
conditions (ABC's) [10] to simulate the free space. However, in the
MOL analysis, the ABC is replaced by perfect conducting walls. In&
calculating the effective dielectric constant of the microstrip line using;:’ k
the FDTD, the propagation constant is first calculated from the Fourie
transformation of the field values at two locations along the transmis:
sion line. The input impedance is calculated from the knowledge of the
voltage difference between the strip and ground plane and the curre|
on the strip. In this case, the strip is terminated with the ABC wall to
insure no reflections. s MOL

A comprehensive description and detailed formulation involving the
MOL is concluded in [11]. Following the analysis procedure with the 100 1 ) ) 1
MOL, the y-dimension is discretized and the propagation is assumet 5 10 15 20 25 30 % 40

. . . . . Frequency (GHz)
along thez-direction. For the case of a grooved microstrip configura-
'[IOI’?, a§ shown !n ':'9- l,.the permittivity as §hown in distribution ,alSEig. 4. Characteristic impedance of a GMSL obtained using the FDTD and
varies in one direction, i.ey, therefore, beside the scalar potentialsvoL methods for different groove widtig’,- (b, = 0.127 mm, ks = Wo =
the dielectric constant must be also discretized. 0.254 mm, g, = €0 = 2.2).

I1l. RESULTS AND DISCUSSION

Numerical analysis is carried out for the grooved microstrip con-
figuration on a substrate withy, = zx2 = 2.2 and the dielec-
tric constant of the groove, = 1.0. The dimensions of the enclo-
sures are a8W, x 10W, for the MOL analysis. For FDTD, a lat-
tice dimension oz = 30, ny = 40, andnz = 300, spatial steps
dx = dy = dz = 4.2333 x 10~° mm, and a time ste@t = dx/2c, ¢
¢ being the free-space speed of light are used. In both methods, di reff
to structural symmetry, only half of the structure is modeled. The strig
width is assumed to b&; = 0.254 mm. The height:; andh., are
assumed to be 0.254 and 0.127 mm, respectively.

A. Field Analysis

12 FDTD
Fig. 2 shows snapshots of tii& electric-field component belowthe ol MOL
strip, at locationk = 150dz along the length of the transmission line, Yr
for different groove widthd¥; together with the suspended line case. , , , , \ . , , ,
In these snapshots, a dispersion of the Gaussian pulse is observed, 5 10 15 20 25 30 35 40
well as faster propagation illustrated in the earlier occurrence of thi Frequency (GHz)

pulse as the groove width increases. This behavior indicates a decrease
in the effective dielectric constant of the structure as the groove Wiagig- 5. &xerr Of 2 GMSL calculated using the FDTD and MOL methods for
increases, reaching a minimum at the suspended line case. This | f&e_zerlt gffio\;ezv)wdthsm. (hh = 0127 mm, hy = Wy = 0.254 mm,
havior is observed for the electric field at all othie= 70, 110 values — ~
and even with large values &f = 150 where the Gaussian pulse is
more dispersed. effect only on the effective permittivity of the grooved microstrip line
Next, a three-dimensional vertical-cut contour plot of the normalizgGMSL). Such a behavior of the electric and magnetic fields was ob-
electric- and magnetic-field componentsy, andz, located onthe—y  served at other frequencies as well (5 and 30 GHz), which suggests
plane normal to the transmission lingkat= 1504 = from the excitation that there is no significant change in the dispersive characteristics of
plane(k = 1) is presented. The location of the contour plots plane e GMSL versus frequency.
chosen at: = 1504z to eliminate the presence of evanescent modes
and to record only the dominant mode. Fig. 3 shows these contour plgts
for a groove widthi, = 3W, at FF = 15 GHz. These contours are
computed from the time history of the corresponding field components1) Characteristic ImpedanceThe input parameters and dispersion
located at the cut-plane by implementing the discrete Fourier transfoharacteristics of the GMSL are also calculated using the FDTD and
mation (DFT) on each field components. As shown in Fig. 3, high-ilMOL. Inthe FDTD, inputimpedance can be calculated from the knowl-
tensity concentration of the electric-field y, and= components are edge of the voltage difference between the strip line and ground plane,
located in the groove region. Not much change is observed for the m#ge current on the strip in the time domain, and by terminating the
netic-field distribution, suggesting that such a groove geometry hassirip line by the ABC of the FDTD lattice to eliminate any reflections.

Input Parameters
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Hence, the impedance can be calculated in the frequency domain ajgr sirip are increased, the effective dielectric constant of the transmis-

cationk = ko along the transmission line as sion line decreases, indicating an increase in the volume af the 1
space.

(1) 3) Conductor and Dielectric LossFinally, the conductor and di-
electric losses are calculated from the perturbation formula by sub-

; . stituting for the value of impedance and current density [13]. Fig. 6

whereV (w) andI(w) are the frequency-domain voltage and currenty, s the conductor-loss characteristics as a function of groove width

obtained by the DFT of the time-domain voltage and current. In theyhe frequency range from 1-40 GHz. As seen in the figure, the con-

case of the MOL, the impedance is obtained from [12] by substituting,q(or joss decreases as the groove width is increased. At the same

the value ofs.. obtained from MOL calculations. Fig. 4 shows the; e partial removal of the dielectric material in the vicinity of the

characteristic impedance of the GMSL obtained from the two methogg;, conductor reduces the dielectric loss. Fig. 7 shows dielectric-loss
fgr dlffere_nt gropve widthsV’y : W2, 2W2, anddivz, as well ‘f"s' the characteristics and, as evident from the figure, the dielectric loss also
simple microstrip (no groove}; = 0) and the suspended-line casgyeqreases as the groove width is increased. For large groove dimen-

(very large groove). Both methods agree favorably in showing an igiong, the conductor and dielectric losses are found to be close to those
crease in the characteristic impedance as the groove width is increagge, o suspended line.

Atlow frequencies €5 GHz), a maximum discrepancy of less than 4%
is observed between the two methods for the suspended-line case.
2) Effective Permittivity: In computing the effective dielectric con- IV. ConcLusioN
stant of the microstrip line using the FDTD, the complex propagation The GMSL is studied and analyzed using the FDTD and MOL. A
constanty(w) is first calculated from the Fourier transformation of theletailed field distribution is presented using the FDTD. The GMSL
field values at two locations along the transmission line. The effectiyeovides low loss and is found to be less dispersive in comparison
permittivity is defined througl#(w), the imaginary part of(w), as to the conventional microstrip lines. It also provides a wide range of
impedance values as the groove dimensions add to an extra degree of
erett (@) = 8% (w) ) freedom in varying the impedance.

w22,y

V(w)

Zo
I{w) k=ko
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previous work to study the problem of minimization of microwave
reflection from the coated side of the glass sheet.

Il. MINIMAIZATION OF REFLECTIONS

For an infinite EC coating of thicknegs conductivity o, permit-
tivity ¢, and permeability:, the good conductor condition > we
is valid for conductors and semiconductors at microwave frequencies.
With ¢ less than a few hundred angstroms, we would haxeé, where
6 = y/2/wpo is the skin depth in the order of micrometers. Under
these two conditions, we can represent the EC coating as a shunt sheet
resistanceRs = 1/at for both the normal and oblique incidence of

Microwave Reflection and Transmission Properties of
High-Performance Heat Reflective Glass

P. Hui, E. H. Lim, and H. S. Tan

Abstract—Microwave reflections from both coated and uncoated sides of

high-performance heat-reflective glass (HPHRG) can be minimized by the
use of appropriately designed electrically conductive (EC) coatings. For-
mulas for optimal sheet conductance for the minimization of reflections
from HPHRG are presented in this paper. Experimental results are pre-
sented for comparison with the theoretical model to confirm these findings.

electromagnetic waves.

With the transmission-line model shown in Fig. 1(b), we have found
[3] that the reflection from the uncoated side of HPHRG can be mini-
mized by the sheet resistance of the EC coating. The normalized sheet

Index Terms—High-performance heat-reflective glass, microwave reflec- conductance for the minimal reflection is given by
tion/transmission, permittivity.
1+ y2tan? 4

Y2 + tan2§

1)

gS min = Yg
. INTRODUCTION

High-performance heat reflective glass (HPHRG) has been wideiperey, =Y, /Yo andf = j,d are the phase shift over the glass sub-
used for windows and panels in modern building structures. TRirate. There are two special cases worth mentioning. At the half-wave-
HPHRG is basically a flat sheet float glass of soda-lime-silical@ngth resonancean¢ = 0, we havegsmin = 0 andSu = 0,
coated on one side with a thin layer of electrically conductive (EG}€aning that no coating should be used to minimize the reflection
film, as shown in Fig. 1(a). Klein [1] has reported results of a studg§vel- For the quzarter-wavelength configuratiom ¢ — oo, we ob-
on microwave transmission through EC-coated glass, giving the up®f! ¢smin = v, — 1 a}nd S = 0. This condition is equivalent
and lower limits of the shielding effectiveness. Nivetsal. [2] have 10 Yy /(Gs +Yo) = Yo. In other words, we can adjust the sheet
studied TV signal reflections from HPHRG in VHF and UHF bandsconductance of the EC coating so that the input admittance after the
showing that large sheet resistance of the EC coating in the ordedggrter-wave transformer of the sheet glass will be matched to the char-
k-Q/O is needed to reduce the reflection level from the HPHRG. [Rcteristic admittance of alr, thereby resulting in no reflection from
[3], we published results that show that the microwave reflection frofi€ uncoated side Of_ HPHRG. _
the uncoated side of HPHRG can be minimized by appropriate choicéifter careful examination, we have found that the reflection from the

of the sheet resistance of the EC coating. In this paper, we extend gpted side of the HPHRG can also be minimized by the EC coating.
The optimized sheet conductance of the EC coating and the minimal

reflection coefficient are given as
Manuscript received November 11, 1998. This work was ssupported under

the Ministry of Defense/Nanyang Technological University Joint Research and gsmin = V02 +1—g (2
Development Program MINDEF-NTU/09/96.
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Nanyang Technological University, Singapore 639798. |5 |ain = b 3)
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where

Yg (yf7 - 1) tan 6
b= ————— 4a
y2 + tan? 4 (4a)

Yg (1 + tan® 9)

4b
y2 + tan? (4b)

g =
We note that such minimization of reflection from the coated side o
HPHRG occurs only when the glass substrate satisfies the followin
two conditions:

Reflection Coefficients (dB)

§ < tan™! (5a)

1.6 1.8 2 22 24 26 28
Frequency (GHz)
g > V3. (5b)

Fig. 2. Measured and fitted reflection coefficient from the uncoated side of

5.75-mm HPHRG with TiN coatings of 250, 300, and 450 in ftvband.
For the half-wavelength resonance, we haygi, = 0 and|S..| = 0,

i.e., no coating should be used. However, for the quarter-waveleng ;4 B
configuration, there is no minimum point for the reflection level from i | : ; g il
the coated side of HPHRG due to the condition on the phase shift spe : i | 3 :
ified by (5a).

IIl. M EASUREMENTS

The flat HPHRG samples used are green float glass of soda—lime—s
icate of thickness 5.75 mm with titanium—nitride (TiN) EC coatings
of thicknesses of 250, 300, and 450 A. Experiments in khband
(1.7-2.6 GHz) and7-band (3.95-5.85 GHz) have been performed
using waveguide sample holders and an HP 8722C vector netwo L
analyzer to measure dielectric constants of the glass samples and st & 35 L
the effects of EC coatings on microwave reflection and transmissio
properties of HPHRG. b | i : ; :
790 IS SR SN S B
A. Uncoated Sheet Glass 16 1.8 2 22 2.4 26 2.8
Frequency (GHz)

flection Coefficients (dB)

We extract the reflection and transmission coefficients directly from.

the network analyzer, and curve fit the raw data with the transmllgi-g_ 3. Measured and fitted reflection coefficient from the coated side of

sion-line model [3]. The relative permittivity and loss tangent are de:-75.mm HPHRG with TiN coatings of 250, 300, and 450 in fveand.
termined from the curve fitting. We have checked the accuracy of our

measurement and curve-fitting process by using Teflon samples as
trol measurements. The measured results for Teflonlate 2.08 and
tand = 1.4 - 10~*, which agreed with published values [4].

For the green float glass, the measured resultsare- 6.6 and

_ A9 i _ r_ _ H
tand = 0.042 in theR band, and:,. = 6.8 andtan$ = 0.006 in Jor 250 A, 1689/00 for 350 A, and 1002/ for 450 A.
the G-band. The detailed results for the green float glass measure N, Fig. 2, we show the return loss in tizband from the uncoated

the G-band have been presented in [5]. These values agree well Wéme of the three HPHRG samples and one uncoated 5.75-mm
published values of, = 6.82 andtan 6 = 0.0072 for soda—lime glass soda-lime glass. It is seen that over the frequency range of 1.7-2.6

at 10 GHz [6]. . GHz the return loss has been reduced due to the TiN coatings of
‘z‘go- and 300-A thickness, as compared to the return loss from the
uncoated glass sample. However, for the HPHRG sample with 450-A
STiN coating, the return loss increases over the frequency from 1.7 to
2.05 GHz, and decreases over the frequency from 2.05 to 2.8 GHz
i ) compared with that of uncoated glass. The experimental and fitted
B. Effects of the TiN Coating results clearly indicate that the reflection coefficient from the uncoated
We measured the sheet resistané®;) of TiN film using a Cas- side of HPHRG can be reduced by the presence of the EC coating,
cade Microtech C4S-54 four-point probe station. For 5.75-mm HPHR&d there exists an optimal EC-coating thickness (or sheet resistance)
samples, the measuréd values are 25Q/C] for the 250 A, 1382/0  for the minimization of reflection.
for 300 A, and 83/C1 for 450 A, corresponding to the calculated The reflection coefficients from the coated side of the HPHRG sam-
electrical conductivity values of 1.5710° S/m, 2.45- 10> S/m, and ples and the uncoated glass sample infiakand are shown in Fig. 3.
2.67- 10° S/m, respectively. The difference in conductivity is likelyFirst, we observe that, for each coating thickness, the reflection from

$35e due to the variation in actual coating thickness. Nevertheless, we

only need values of sheet resistance in our fitting processes for reflec-
tion and transmission coefficients. It is noted that the fitted ac sheet re-
sistance is higher than the measured dc sheet resistance, i.€/275

constants are,. = 6.2 andtan 6 = 0.002 inthe R-band, and. = 6.3
andtan 6 = 0.0008 in the G-band. It is noted that BK7 glass is les
lossy than the green float glass.
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Fig. 5. Reflection from the uncoated side of 5.75-mm HPHRG wijtk= 6.8

Fig. 4. Measured and fitted transmission coefficient through 5.75-M0 dtan & = 0.010G with respect to the sheet resistance

HPHRG with TiN coatings of 250, 300, and 450 in tReband.

the coated side of HPHRG samples is always higher than from the ui O T T
coated side. Second, as the coating thickness increases (equivalen . ' ‘
reducing the sheet resistance), the reflection level increases. We do 1
find any minimum of reflection level for the three HPHRG samples. As —~
calculated using (2), the optim&ls for a 1.8-GHz frequency is about
600£2/C1. For the three HPHRG samples used, the sheet resistances
from 83 to 2542/, which is too low to produce a reflection minimum
from the coated side of HPHRG in tHe-band.

The transmission coefficients in th&band are shown in Fig. 4. Itis
seen that the transmission through HPHRG has been reduced from 4
3 dB for a 250-A coating, from 7 to 4 dB for a 300-A coating, and from
9 dB to 6 dB for a 450-A coating as compared to those of uncoate
glass.

— — 245GHz ]
o ]
-—-- 4GHz ]
. ]
- —55GHz [3
~ ’

Reflection Coefficients (dB

10" 10° 10° 10* 10°
Surface Resistivity (ochm/square)

C. Minimization of Reflection Coefficients

To further verify the phenomena of minimization of reflection due to
the sheet resistance of the EC coating, we plot in Eig. 5the theoretiglall 6. Reflection from the coated side of 5.75-mm HPHRG with= 6.8
and experimental return loss from the uncoated side of the 5.75-@;?&&11(5 = 0.0106 with respect to the sheet resistance.
HPHRG sample as a function &5 at four different frequencies of
1.8, 2.45, 4, and 5.5 GHz. ABs increases from 83 to 254/, the
return loss is reduced for frequencies of 1.8 and 2.45 GHz, but ireflection from the coated side of HPHRG increases for all four fre-
creased for 4 and 5.5 GHz. It is clear that the EC coating can be usgekncies. The theoretical calculations using (2) indicate that there are
to minimize the microwave reflections from the uncoated surface ofinimum points for frequencies of 1.8, 2.45, and 4 GHz, as shown
HPHRG. The reduction of the level of the return loss at the minimuim Fig. 6. However, the reduction at these minimal reflection points as
point as compared to that of the uncoated glass depends on the plecasepared to the reflection levels for the uncoated sheet glass is smaller
shift through the sheet glass. For the special case of quarter-wavelerlén 0.5 dB.
configurationd = 90°, the reduction reaches the maximum, being null
reflection if glass is lossless. Ignoring the small loss tangent and using
£, = 6.8, we have calculated the guided wavelength of the sheet glass
to be 6.68 cm for 1.8 GHz, 4.81 cm for 2.45 GHz, 3.02 cm for 4 GHz, In addition to the minimization of the reflection from the uncoated
and 2.14 cm for 5.5 GHz. The corresponding phase shifts through gide of HPHRG, our results show that the reflection level from the
5.75-mm sheet glass are 31,@3.1°, 68.6', and 96.5, respectively. coated side of HPHRG can also be minimized by the EC coating, but
Itis seenin Fig. 5 that as frequency increases, the phase shift becoordyg for certain phase-shift range of the sheet glass. At the minimum
larger and approaches 9Qtthereby causing a larger reduction in thepoint, the reduction of the reflection level from the coated side of the
return loss at the minimum point. HPHRG is not as significant as the reduction of reflection from the un-
Similar results for the reflection coefficients from the coated sideoated side. Formulas for the optimized sheet resistance for minimizing
of the HPHRG samples with respect to the sheet resistance are shtvareflection from both uncoated and coated sides of the HPHRG have
in Fig. 6. As the sheet resistance reduces from 254 t1©/83 corre- been given. Experimental results have been compared with the results
sponding to the coating thickness increasing from 250 to 450 A, tb&our transmission-line model to confirm the findings.

IV. CONCLUSION
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An inexpensive solution is to etch a slot in the ground plane exposed on
the bottom side of the low-temperature co-fired ceramic (LTCC). This
technigue retunes the coupler by changing the even-mode impedance
Ze.ven @nd, to a lesser degree, the odd-mode impedaige. During

LTCC processing, the bottom ground-plane metallization is omitted.
Afterwards, the dimensions are measured and a slotted ground plane is
thin-film deposited on the bottom of the post-fired board (Fig. 1).

Tunable Microwave Coupler Buried in Low-Temperature
Co-Fired Ceramic

Scott A. Wartenberg

Abstract—This paper outlines a method of tuning a microwave broadside Il. THEORY
coupler buried in low-temperature co-fired ceramic. Etching a slot in the ) ) ) . )
exposed ground plane tunes the characteristic impedanc#, of a stripline An iterative approach determines electromagnetic perturbation ef-

coupler. An iterative method computes the correct dimensions of the slot. fects by the slot on a broadside coupler. The approach consists of the
Applying the method salvages microwave circuits detuned due to manufac- f||owing five steps [1].

turing tolerances. Step1 For a broadside coupler with uniform ground planes (i.e,

Index Terms—Co-fired, low temperature, multilayer ceramic, stripline no slot), find the electric surface currehtfor the even
coupler. and odd modes of each conductor using conventional
TEM-wave analysis [2], [3]-
Step 2  Separate the problem into two physical regions [4], [5].

[. INTRODUCTION )
For a slotted ground plane at= 0, the conductors are in
During firing of multilayer ceramics, the thicknes®f each layer they > 0 region. The tangential electric fieB; of the
has a tendency to grow or shrink abeit—10%, resulting thickness slot is replaced by an equivalent magnetic surface current
t' = t+/-0.10¢t. The conductive paste used for the buried conduc- M. In they < 0 region,—M likewise replace®;. Ex-
tors (widthw) also has growth or shrinkage on the same order (re- pressions in the spectral domain are written for the mag-
Sulting Stripline Width’ll)’ = 11)-1—/—0.1071)). Changes in the ceramic netic fieldsH~ in the two regions_ cOntinuity of the tan-
thickness and conductor width impact the microwave impedance of the gential magnetic fieldH;~ for the slot aty = 0 re-
lines. Since they are inaccessible, the conductors cannot be trimmed. lates the two regiong < 0 andy > 0. Applying the

spectral-domain immitance approach gives the spectral
. . Green's function& ~ and the unknowiM ~ [6].
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Fig. 3. Insertion loss of broadside coupler with slotted ground plane @fig 5. Return loss for unterminated ports of broadside coupler with slot in
bottom. Center frequency shifts to 11.7 GHz. exposed ground plane on bottom of LTCC board.

Freq (GHz)
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Using this technique can significantly enhance the yield of LTCC
boards containing microwave circuits detuned from ceramic shrinkage
or conductor paste squeeze out.
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