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IV. CONCLUSIONS

Models for lossy transmission lines and Schottky diodes have
been installed into SPICE 2G.6. The models offer capabilities not
previously available in the public domain. Although these models
can (and have been) implemented into SPICE as subcircuit
models, our installation directly into the source code of SPICE
yields execution times typically five times faster, according to
numerical experiments performed by us.

Interested readers should contact the authors concerning
arrangements for distributing the modified SPICE source code
(which also includes our previous released models for enhance-
ment- and depletion-mode GaAs FET’s [2)]). It should be noted
that the models described here are not directly compatible with
SPICE 3A7. One reason for this is that version 3A7 is written in
the C programming language, while SPICE 2G.6 is written in
Fortran. ‘

APPENDIX I
USER’S GUIDE FOR THE LOSsY TRANSMISSION LINE MODEL

Model Usage:
"~ Txxx nl n2 n3 n4 paraml = vall, param2 = val2, ..., Skin
Notes:

nl n2: Nodes at port 1 of the transmission line

n3 n4: Nodes at port 2

Skin: If this word is present, then skin effect calculations are
performed.
Example:

T11020Z0=50Td=1ns NL =1 NorLc=10 Nr =10 Skin

Parameter Variable Default Value

70 (a Z and a zero) Characteristic impedance (ohms) —
Td Transmission delay (seconds) —

Parameter Description

NL Electrical length of Line 0.25
in number of wavelengths

F Frequency at which line is —
NL wavelengths long (Hz)

Nr Resistance per unit wavelength 0.0
of line (ohms/wavelength)

NorLe Number of elemental sectione used 10

within SPICE to model lossy Iine

Note. 1 At most 2 of the parameters Td, NL, and F should be specified
since the relation Td = NL /F is enforced in SPICE.
2 NorLc need be specified only if Nr is not equal to zero.
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APPENDIX 11
USER’S GUIDE FOR THE SCHOTTKY DIODE

Model Usage:
Dxxx nl n2 Your_Model_Name
.Model Your_Model_Name Sd(paraml = vall, param2 =
val2, ...)
Notes:
nl: Anode
n2: Cathode
Example:
D1 2 0 Schottky
.Model Schottky Sd(Is = 0.3p Rs = 70.0 N =1.05 Rss =90
Iss =14.4u Ns = 0.389)

Parameter Variable Parameter Description Default Value

Is Saturation current for principal le-14
diode (D1 in Fig. 3)

Iss Saturation current for auxiliary le-14
diode (D2 in Fig. 3)

Rs Ohmic+ bulk resistance of 0.0
principal diode

Rss Schottky spreading resistance 36.0

N Emission coefficient of 1.0
principal diode

Ns Emission coefficient of 1.0

auxiliary diode
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Fig. 1. Imagce guide wavelength A, plotted as a function of normalized

dimension parameter B, where B = (4b/Ag)[Re(¢,)~1]Y2, ¢, =2.25, and
a/h=1.Upper left: cross sectional view of dielectric image guide.

losses of a dielectric image guide using the effective dielectric constant
(EDC) method to a higher order of approximation than previously reported
work. Our results differ significantly from other EDC calculations close to
the waveguide cutoff frequency. In this region, we find that there is a
minimum in the waveguide attenuation that has not been alluded to in the
literature, and also a peak in the imaginary parts of the transverse
propagation constants related to dimensional resonances within the wave-
guide. These results imply that the propagation losses will be lowered and
the fields will be more effectively confined within the waveguide at
frequencies close to the cutoff. Thus, it may be advantageous when using
dielectric image guides for low-loss transmission line applications to oper-
ate near cutoff where the corrections included in our calculations are
critical.

I. INTRODUCTION

The image guide is a simple waveguide structure used often for
millimeter-wave integrated circuits, as shown in Fig. 1. Mareatili
[1] calculated approximately the propagation characteristics of
the diclectric image guide. Toulios and Knox [3] followed
Marecatili’s approximate method and introduced an effective di-
electric constant (EDC) method of calculation. It is the most
commonly used method for calculating the propagation char-
acteristics of dielectric waveguides [4]-[7]. More accurate solu-
tions were obtdined by Goell [2] using infinite mode solution
technique. Other calculations used the mode-matching technique
[8]-[10], the generalized telegraphers’ equations [11], or the finite
element iterative method [12]. All theése methods involve consid-
erably more computational complexity than the EDC method.

In this paper, we have calculated the dispersion and dielectric
and conductivity losses as a function of frequency. We have
adopted the EDC method but included in our calculations an
additional factor which was ignored in previous calculations [1],
[3]. This factor arises simply from proper application of Maxwell’s
equations to this problem. Using this factor in the transcendental
equation for transverse propagation constant allows us to obtain
improved results which show significant differences from previ-
ous work.

II. METHOD OF ANALYSIS

Our analysis shares several basic assumptions with the previous
[1], {3] approximate methods. These are the single-mode assump-
tion, field distribution assumption, and large-aspect-ratio - as-
sumption. All these assumptions were described in the literature

[4], [5].
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In Fig. 1, for the E{} mode, the field components in terms of
H,_ are

H,=0 (1a)
J oh,

= k, dx (1b)
1 3%h,

B wek, dydx (19)
E= wek, (ki - kz)hx (1d)
J 9k,
E ~-—
° we dy (1e)

where € is the dielectric constant, w =2#f, f is the frequency,
ks k,, and k_ are propagation constants in the dielectric, and

2a
k? = wpge k= whpgeo = (T)
0

and A, is the free-space wavelength.

Applying (1) to boundary conditions as in previous calcula-
tions [1], [3], we obtained the following equations for the trans-
verse propagation constant k :

ke K

kxa=———tan*1(k—0 71)’ m=1,2,3,---  (2)

ko= [ (€, ~1) K2 — k2] (3)

(4)

(5)

Previous authors [1], [3] approximate the factor (k2 — k?) in
(1d) as (—k?), omitting the k2 term. At high frequencies,
k3> k? so that F,/F =1, which gives exactly Toulios’s or
Marcatili’s expression for k. Hence, at high frequencies, their
approximation is quite reasonable. At low frequencies, k2 ~ k3
so that F, /F, #1, and their approximation [1], [3] may not be
appropriate.

To allow for small losses in the dielectric rod, a complex
dielectric constant is introduced, € — je”. This means that the
propagation constants k,, k,, and k, are also complex.

The guide wavelength is defined as

dor

Ag = Re(k,) (6)

As in previous publication A, is normalized with respect to the
free-space wavelength so that A, /A, is plotted as a function of a
normalized dimension,

4b
B=>\—,/Re(e,)—1 .
0

In a similar manner the dielectric propagation losses are normal-
ized with respect to an infinite medium propagation less, «, or
o

(7)

€

op =

aDC
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Fig. 2. Dielectric propagation losses are plotted as a function of frequency
for the fundamental Ej; mode of propagation (¢, =2— j3X 1074 a=b=
0.25 cm).

where
a.=-Im(k,) (8)
m/Re(e,
a, = —’(~—-)— tané 9)
Ao
and
tan8 =—-
€

The attenuation eonstant o, due to conductor losses can be
calculated from

WL
¢ 2WT

o (10)
where W, is the power lost per unit length and W; is the total
power transmitted (including power outside of guide). The in-
tegral expressions for W, and Wi are contained in [3].

The total propagation loss, due to both dielectric and conduc-
tor losses for the image guide, is given by

=a,+a,. (11)

Qiotal

ITI. CALCULATIONS AND RESULTS

Solving the transcendental equation (2), we have calculated
dispersion, dielectric losses, and conductor losses of a dielectric
image guide as shown in Fig. 1. For comparison purpose, we have
also used Marcatili’s [1] and Toulios’s [3] approximations. In
addition, we have compared the dispersions obtained with the
exact method of Goell [2]. The comparison between our results of
dispersion and the others is shown in Fig. 1. Our curve is closer
to the exact curve of Goell’s-[2] than either of the other ap-
proximate methods. At high frequencies, all the curves overlap
each other. This is understandable, since k2 < k3.

The dielectric and conductivity loss curves aré plotted in Figs.
2 and 3, respectively. In Fig,. 2, the dielectric loss in our calcula-
tion approaches zero tuch faster than that in Toulios’s results at
low frequencies. In our curve, the dielectric propagation losses
approach zero at 22 GHz, while in Toulios’s there are significant
losses until 8 GHz. Both calculation methods predict the same
results for frequencies above 55 GHz.

In Fig. 3 we show the conductivity losses calculated as a
function of frequency. At frequencies lower than 10 GHz, the
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Fig. 3. Cohductivity_propagation losses are plotted as a function of frequency
for the fundamental Ej; mode of propagation (e, =2— j3x107% a=b=
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Fig. 4. Imaginary part of &, is plotted as a function of frequency for various
values of «. Upper right: resonant frequency of Im(k,) is plotted as a
function of a~ 1.

conductivity losses in our calculation are much higher than those
predicted by Toulios. At high frequencies, the two methods agdin
are in very good agreemeént. We note that there is a minimum in
the conductivity losses near the cutoff of the image guide. This
minimum was not previously noted in the literature.

We have plotted the imaginary part of the.transverse wave
vector k. as a function of frequency in Fig. 4. We.see that there
is a maximum in {Im(k )| at low frequencies. We find a typical
resonant behavior with a resonance frequency of 25 GHz for the
square-cross-section guide considered above (curve 3). A similar
peak is obtained in [Im(k,)| at slightly lower frequency. Near
these maxirma the fields are more efféctively corfined within the
waveguide. ,

In order to establish the cause of these peaks, we calculated the
imaginary parts of k, and k, for various values a and b, which
are the cross dimensions of the image guide. As shown in the
inset of Fig. 4, the peak frequency of |Im(k,)| is inversely
proportional to a. In fact, if we plot the frequency of the peak of
cither —Im(k,) or —Im(k,) as a function of a~! or bt
respectively, we find approximately linear relationships, as shown
in Fig. 4 for k. Thus, we conclude the resonant behavior in the
losses is related to geometrical factors—very similar to the so-
called dielectric resonance behavior in materials of the finite
dimension.
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Our results suggest that the attenuation of the waveguide is
significantly lower near cutoff than at high frequencies and that
the dimensional resonance can be utilized at the same frequency
to more effectively confine the wave to within the dielectric. This
implies that operation of a dielectric image guide near cutoff may
be advantageous for some purposes. Near cutoff the dispersion
and attenuation are strong functions of the frequency; therefore
our more exact approximate calculation may be critical for the
design of devices in this region.

IV. DiscussioNs AND CONCLUSIONS

We introduced a new factor Fy /F, (which arises simply from
Maxwell’s equations) into the transcendental equation for the
transverse propagation constant. Using this higher order ap-
proximate equation, we have calculated dispersion, dielectric
losses, and conductivity losses of a dielectric image guide. Our
results differ significantly from previous results [3] at low fre-
quencies. We found that propagation losses have a minimum at
low frequencies near cutoff. In addition, we found that the
transverse attenuations show resonance behavior. Such reso-
nances are dimensionally related. By measuring coupling losses
near cutoff, it may be possible to characterize precisely the mode
characteristics of an image guide. OQur new results suggest that
the operation of a dielectric image guide near cutoff may be
advantageous for some applications.
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A 4.5-GHz GaAs Dual-Modulus Prescaler IC

MASANOBU OHHATA, MEMBER, 1EEL, TOHRU TAKADA,
MASAYUKI INO, MEMBER, 1EEE, NAOKI KATO, MEMBER, IEEE,
AND MASAOQO IDA

Abstract —A 4.5-GHz 100-mW GaAs divide-by-256 /258 dual-modulus
prescaler with a reset function has been developed. The operating frequency
obtained for this modulus prescaler is the highest to date, while the power
dissipation is comparable to others that have been reported. The supply
voltage is as low as 3 V. A low-power, source coupled FET logic (LSCFL)
using novel level shift circuits and 0.5-pm-gate buried P-layer SAINT
(BP-SAINT) FET’s have been used to achieve this high performance.

1. INTRODUCTION

Prescaler IC’s that operate in the gigahertz frequency range
under low power dissipation are required for battery-operated
portable radios. Many prescalar IC’s using low power, source
coupled FET logic (LSCFL) [1] have been fabricated to take
advantage of the excellent characteristics of this logic, such as
high speed and large noise margin. Several attempts to reduce the
operating current at a 4 to 5 V supply voltage have been reported
(2]. [3}.

In this letter, we report an even lower supply voltage operation.
Not only by reducing the current, but also lowering the supply
voltage is an effective way to extend the battery lifetime by
changing the battery connection to parallel. Alternatively, by
lowering the supply voltage, fewer batteries are needed. This can
obviously help to reduce radio size and weight.

A 45-GHz 100-mW GaAs divide-by-256 /258 dual-modulus
prescaler with a reset function has been successfully fabricated
using a three-level series gate LSCFL with novel level shift
circuits [4] and new FET fabrication technology (buried P-layer
SAINT) [5]. The 4.5-GHz operation 1s the highest modulus
prescalar so far reported. The supply voltage, at 3 V. is the lowest
value reported among LSCFL prescaler IC’s. In addition, a reset
function has been introduced to the newly designed prescaler for
a phase-initialized frequency synthesizer [6] to reduce standby
power dissipation.

II. Circulr DESIGN

A block diagram of the fabricated divide-by-256,/258 dual-
modulus prescaler is shown in Fig. 1 The prescaler consists of
three D-type master-slave flip-flops (D-FF’s), six T-type mas-
ter—slave flip-flops (T-FF’s), two NOR gates, threc OR gates, and
four 1/0 buffers. These circuits are constructed using a three-level
series gate LSCFL that offers the advantages of high speed, low
power dissipation, and wide allowable threshold voltage vana-
tion. because of its true and complementary operation [1]. The
NOR1 and NOR2 gates are included in DFF1 and DFF3, respec-
tively, using a series gating technique. All FET’s are normally-off
types with a threshold voltage of 0.1 V. Divide-by-256 and 258
operations are selected by a mode control terminal (MC). Divide-
by-256 is selected when the MC is set at a high level, and
divide-258 is selected when the MC is set at a low level, or left
open. The output signal is fixed at the low level when the reset
terminal (R) is set at the high level. This reset function is the first
attempt for the phase-initialized frequency synthesizer.
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