IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 41, NO. 9, SEPTEMBER 1993

Circuit Model for Substrate Resonance Coupling
in Grounded Coplanar Waveguide Circuits

Robert W. Jackson

Abstract— At high frequencies, grounded coplanar waveguide MMIC
circuits can be prone to destructive intercircuit coupling effects due to
substrate resonances. Analytic formulas for a simple circuit model of
this coupling are presented in this paper. The model can be used with
commercially available CAD in order to estimate the importance of such
coupling for a particular circuit and substrate configuration. Results
predicted by this model are compared to numerically rigorous spectral
domain results and to experiment.

L. INTRODUCTION
Grounded coplanar waveguide (GCPW) has recently been used in
several MMIC circuits including one distributed amplifier operating
up to 100 GHz [1]. GCPW’s principle advantage is the location
of the signal grounds on the same substrate surface as the signal

line. This eliminates the need for via holes and thus simplifies -

the fabrication process. It also reduces the parasitic inductance that
occurs in grounding active devices. GCPW circuits differ from
conventional coplanar waveguide circuits in that GCPW has an
additional conducting plane on the opposite side of the substrate from
the circuit side. The most important purpose of this additional plane
is to provide heat sinking, but it also provides shielding and support.

Unfortunately, parallel plate waves exist between the circuit plane

and the lower ground plane. These waves can provide a means for
undesirable coupling between GCPW circuit elements [2]—[5],[8].
Usually only the lowest order parallel plate wave, the TMy wave, is
not cut off. It is TEM when the dielectric between the planes is uni-
form and non-TEM when the dielectric is nonuniform, as it is when
two substrate layers with differing permittivity are present. The TMp
parallel plate wave takes the place of the TMy surface wave which
_is always present in conventional coplanar waveguide [6]. GCPW
energy couples into this wave at all circuits discontinuities and,
for a strictly defined GCPW, also leaks from uniform transmission
lines [2].

When the GCPW substrate is bounded laterally, TMy waves reflect
off the boundaries and can add constructively or destructively at
points within the substrate. If the refiection is strong and there is little
loss in the substrate, circuits located in certain spots can experience
enhanced coupling at resonance frequencies. If the lateral boundaries
are conducting (as a result of ribbon bonds or conductive epoxy), it
is clear that a dielectric filled rectangular cavity is formed between
the side walls and top and bottom ground planes. This is illustrated in
Fig. 1 where the cavity dimensions are a x b X (d1 + d2). The cavity
may resonate at a number of frequencies in a bandwidth depending on
the electrical size of the substrate. The importance of the resonance
with respect to circuit operation depends on the ¢} of the resonance
and on the degree of coupling between various circuit elements and
the resonant field.

A simple circuit model for substrate resonance coupling is pre-
sented in this paper. The circuit elements in the model are casily
determined using analytic formulas which are derived starting from
full wave analysis. No fitting parameters or lengthy numerical cal-
culations are necessary. The resulting circuit model can be used
with commercially available circuit CAD ‘in order to estimate the
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Fig. 1. Grounded coplanar waveguide on a substrate bounded by conducting

sidewalls.

. importance of GCPW resonance effects for a particular circuit and

substrate configuration. A similar type of model has been derived for
coupling microstrip circuits to their packages [7].

In the next section the theoretical derivation of the circuit model is
described. In Section III a comparison to a full wave moment method
solution is presented. In Section IV the model results are compared to
experiment. Lastly, in Section V, the applicability and implications
of the model are discussed. '

II. DERIVATION OF THE MODEL

A. Mutual Admittance Near Resonance

Fig. 1 shows apertures in which electric fields Ey; and E,; are
supposed. The illustrated apertures are lengths of coplanar waveguide,
but the derivation is only slightly modified for a length of slotline.
The apertures are supported by two substrates with thickness d; and
do and dielectric constants €; and e2. As stated previously, a cavity
is formed by vertical perfectly conducting walls at z = [0, a] and
y = [0,b] and the horizontal conductors at z = [0, —(d1 + d2)].
Above z = 0 the fields are unbounded. The mutual admittance
between the ith and jth apertures is defined to be

1 :
ViV // de dy EyiJy; @)

Yi; = —

where
Jy; =AH,; = H}, —H;. 0))

The fields H j'J and H_, are the magnetic fields evaluated just above
and below the z = 0 plane. They result from the F, field in the jth
aperture. V; and V; are voltages appropriate to the E field structure
in the ¢th and jth apertures. ,

The model we are developing is valid near a resonance. And since
this resonance occurs in the cavity located below z = 0, H_; will
be much larger than H;. We can relate the field H_ to E,; via a
Green’s. function,

H;j(az,y) = //dx' dy' Gm(:c,m',y,y')ij (x/,y') 6)]

where M, = —E,; and G, is as defined in the Appendix. Inserting
(3) into (2) and combining with (1) results in

1
Y;, = T/i—vj//dx dy {-—EyH;r] —Ey; | de’ dy' G”Eyj] . @

Define the fi(z) and g;(y) to be the z and y dependence of E,;
such that Ey; = fi(2)gi(y). Substitute these expressions and the
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expression for G, into (4) to get

k2 k]
Y, = szabkz{ ZM}
< Fo(ks)Gu(ky ) Fy (ke )G, (ky) (52)
where
F. (k) = /dz‘ f.(z) sin(k,z) (5b)
G.(ky) = /dygl(y) cos(kyy) (5¢)
he= =2, k=10 ©6)

and we have neglected the H , part of (4).

We now divide the summatlon in (5a) into resonant and nonreso-
nant parts. For a specific choice of {n, m} values, say {n',m’}, Zg
and Zjs can, in general, be zero at a number of frequencies cor-
responding to the TE,s,,, and TM,:,,, cavity modes (where
! = 0,1,2---). The substrates of interest to MIC and MMIC
designers are thin enough that only the T'M,,s,,,/o mode will resonate.
At frequencies near that resonance Zys is small and the »’, m’ term
in (5a) dominates. Thus the part of (5a) that dominates near a reso-
nance is

TR = ab:;“iz Fy(ks ) y)F(k ) V*’) — %)

Now define the real frequency wo by
Im[Zr(wo)] = 0 ®

and expand Zjs around wo such that
Z(w) = Re(Zar) e + j Im[0Zys /Ow] o (w=—wo) (9

where Re[8Zs/0w](w — wo) is assumed to be negligible. In cases
where the substrate is low loss, Re(Zas) is very small and near wo
(7) becomes very large. From this expressions one can determine a
useful approximation for the cavity resonance @,

Q _w_o Im(@ZM/aw)
- 2 Re(ZM)

We can further simplify (7) by evaluating F, and G, in (5b) and
(5¢). Assume that the ith aperture is a short section of transmission
line centered at x = x, with a length A¢,. Then from (5b)

F,(k;) = f(x)AL; sinkgx,.

(10

(1

In the case where the transmission line is a slot of width W centered
at y,

Gi(ky)
12
v (12)
where ¢,(y) is assumed to be 1 within the slot. In the case where
a section of CPW transmission line is centered at y, with two slots
of width W separated by a strip width S, ¢(y) is assumed to be +1
within the slot located at y > y, and —1 within the slot located at
y < y,. After some manipulations we can approximate
Gu(ky)
V.
We define the voltage V; = f,(x,)W for both the slot and CPW.
Now insert expressions (9), (11), (12) or (13) into (7) to get
NN,
~ Re(Zy) + j Im(8 20 /Ow)|w — wol

= cos[k,y.|W/V,

~ —ky sin[k,y:]W (S + W)/V,. 13)

VEx (14a)
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Fig. 2. A simple circuit consisting of a length of transmission line short cir-
cuited at the ends and driven in the middle. The RLC circuit and transformers
model the substrate resonance effect.

resonance

where
2 ky .
\/_ k, Sl sin(kz2o) cos(kyya), (14b)
for a single slot or
-2 K
Ny \/_ ) Al (S + W) sin(ks2) sin(kyya),  (14c)
for a CPW.

B. Equivalent Circuit

Suppose a GCPW or slotline circuit to be made up of a number of
sections of transmission line. In a conventional circuit theory analysis,
ABCD matrices, or other two-port matrices, can be used to couple
these sections together to form a larger circuit. Package or substrate
resonances add additional coupling which conventional circuit theory
does not include.

All of these coupling effects are included in the rigorous method of
moments (MoM) solution. In coplanar circuits MoM makes use of the
mutual admittance Y, defined in (6). The effect of Y, excluding Yf
is usually approximated by the conventional network theory solution.
To include Y,? in the network formulation we must include circuitry
that approximates that effect.

Consider the topology illustrates in Fig. 2. The basic circuit in
this example is a length of transmission line short circuited at both
ends and excited at the center. The transmission line is divided into
three sections where each section is connected at its end points to
its neighbor with the typical network theory voltages and currents.
The topology in the figure shows additional coupling via circuitry
which models the resonant coupling term in (6). This includes the
transformers and the series RLC circuit. Away from resonance the
RLC circuit has a low admittance and, since the turns ratio of
the transformers is normally very small (light coupling), the admit-
tance seen looking to the right into the primary of each transformer is
very small. At resonance, with a high @) cavity, the RLC admittance
is very high allowing a large current to flow in the resonator circuit.
This permits strong resonance coupling between circuit sections and
supplements the conventional junction coupling. This topology was
chosen with the aforementioned qualities in mind.

The admittance matrix for coupling from the ith primary to the jth
primary of the resonance circuit model is
n,M,

TR+ j[uL- =]

N, 7,

YRC
R+12L[w—

15
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where the approximation is the usual one for frequencies near
resonance.

The analytic expressions for R, L, C,n, can now be determined
by comparing YEC in (15) with Y'® in (14). Thus,

1 LYAY:
1
C= I (16b)
R=Re(Zy)| =woLl/Q — (woLe"/e") (16¢)
wo
No = Na (16d)

where Q is the unloaded @) of the substrate cavity and the arrows
show the simplification for the single substrate case. The expressions
for the turns ratio n. in the model {see (14b) or (14c)] depends on
the location of the o segment on the cavity surface, on the mode
number (via k,, k), and on the segment dimensions. Each different
TM,.mmo resonance will require a new set of circuit components.

When the GCPW cavity is a single layer substrate supporting
only T,.., modes, the expressions for R,L,C are particularly
simple. The arrowed expressions in (16) result from setting 1 =
g2 = ¢ 4 je" and dy + d2 = d. The resonance frequency
becomes wo = co[(k2 + k2)/e']'/? where the reader is reminded
that k&, = nn/a and k, = mn/b. At resonance, the maximum
possible mutual admittance between two GCPW segments on a single
substrate becomes, Y,7** = (n,n,)™**Q/(wopod) which shows
that resonance coupling is reduced by reducing (), increasing d, or
reducing (S + W) in n,.

The procedure for evaluating the circuit model is as follows: 1)
find wo from (8) for the TM, .. resonance of interest; 2) evaluate
the @ of the cavity from (10); 3) evaluate the derivative of Zp,
(numerically if necessary); 4) determine R, L, C' of the model from
(16); 5) divide the circuit into segments; 6) evaluate the turns ratio
ne for the transformer associated with each segment from (16d) and
(14b,c) where z4,¥yq is the location of the center of the segment.
Lastly the overall circuit model is assembled on a CAD simulator.

III. COMPARISON TO MOM CALCULATIONS

In this section we use the circuit model to calculate the effect
of a substrate resonance on a single GCPW dipole circuit and then
compare the results to a full wave method of moments analysis of the
same circuit. The dipole circuit to be analyzed can be described by
referring to Fig. 1 except that only one length of GCPW is present
and not the two implied by the figure (space limitations preclude a
separate figure). The dipole consists of a single 1.05 mm length of
GCPW shorted at both ends and fed by an ideal current generator
at the center. Its strip and slot widths are S = 50pm, W = 25pm.
It is centered at x; = 2.08 mm and y, = 0.5 mm and lies in a
perfectly conducting plane located at z = 0 under which two 125um
thick layers of GaAs (¢, = 12.8) are located. The upper one has a
loss tangent of 0.002 while the lower one has loss tangent of 0.01
for one set of curves and 0.1 for the other set. The lower ground
plane is located at z = —0.25 mm and is connected to the top plane
by perfectly conducting side walls at the edges of the substrate. The
cavity thus formed has dimensions ¢ = 3 mm and b = 2 mm.

Fig. 3 shows the frequency response of the real part of the
impedance seen by the current generator. One of the two peaks
shown in each trace results from a substrate resonance (the TM220
mode) occurring at 50.4 GHz. The other results from the half wave
resonance of the dipole itself near 54 GHz.

The circuit model for this structure is the circuit already il-
lustrated in Fig. 2. The GCPW parameters are determined to be
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Fig. 3. Full wave method of moments calculation (dashed line) compared to
circuit model results (solid line) results when substrate 2 has a loss tangent
of 0.01 and 0.1.

Z = 45.4Q,c.8 = 6.94. A phenomenological attenuation factor
of 0.16/cm is assumed for reasons to be discussed later. To add
the resonance coupling model, the GCPW dipole is divided into
three sections. Each section has a length A{ = 0.35 mm and a
transformer attached at its center. The centers are located at + =
1.73,2.08,2.43 mm and y = 0.5 mm. Using these values in (14c)
gives turns ratios of » = 0.026,0.052,0.052. Equations (16) give
L = 0.314 nH, C = 0.0317 pf. The Q of the two layer cavity is
easily computed via perturbation theory to be ¢ ~ 170 and 20 for
the loss tangents 0.01 and 0.1, respectively. Equation (16c) gives
resistance of R = 0.6 and R = 5.0€), respectively.

To check the accuracy of the modeling, we compare the results
to an MoM solution. This solution includes effects such as radiation
in the upper half space and loss due to reactive coupling with the
substrate below. To account for this in the circuit model we include
sufficient attenuation in the model transmission lines to make the peak
Rpear at 54 GHz in the circuit solution equal to the corresponding
peak resistance in the full wave solution. No change in this attenuation
factor was necessary when the loss tangent was changed. The model
and full wave solutions agree remarkably well given the simplicity
of the model.

Increasing the number of sections (and transformers) to 4 results in
about a 10% change in the peak of R;, at 50 GHz. Further increasing
the number of sections to 5 results in a negligible change. The
number of sections necessary depends on the scale length of change in
either the circuits’s fields or the resonance mode fields—whichever
is smaller. In this case the former is slightly smaller and thus we
choose it to be the relevant scale. So in the three section example a
result to 10% accuracy was achieved with a section length of roughly
1/6 of a circuit wavelength. Our experience with this experiment
therefore suggests that section lengths should be set to 1/6 or less
of the smallest relevant wavelength.

IV. COMPARISON TO EXPERIMENT

An experimental GCPW circuit was constructed to further test
the model’s ability to predict resonance coupling. The circuits were
fabricated on a high resistivity silicon substrates roughly 10 mm
square. The top surface pattern is shown in the inset to Fig. 4 with the
shaded areas indicating the lack of conductor. Each circuit consists
of a length of CPW transmission line open circuited at each end and
probed at an off-center location. The top substrate, with the circuit
etched on its upper surface, sits on top of a second high resistivity
silicon substrate which in turn sits on top of a metalized ground
plane. The total thickness of the substrates sums to 760um. Silver
epoxy paint is used to connect the upper plane to the ground plane
at the substrates’ perimeter. Thus a 10 x 10 x 0.76 mm cavity is
formed. Ideally, no coupling would exist between the two circuits;
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Fig. 4. Measured (---) and modeled (— ) transmission results for the
experimental two port circuit shown in the inset. Darkened areas in the scale
diagram denote 50um slots in the conducting plane.

however, cavity resonances do cause coupling. We have measured
this coupling and compared it to the coupling predicted using the
previously described circuit model. Fig. 4 shows the measured results
from 6 to 16 GHz. Five resonance peaks are apparent.

More of the specifics of the experiment are as follows. The more
accurate lateral dimensions of the chip are ¢ = 10.4 mm and
b = 9.74 mm. The inset figure has been reproduced from the mask
we used and is thus to scale (space limitations preclude a more
generous figure). Although it is difficult to see, the circuit pattern
is shifted upward slightly and thus is not exactly centered on the
substrate surface. Each transmission line is 3.3 mm long including
the end slots. The center strip width is 200um except at the probe
points. All of the slots, including the ends, are 50um wide. The
gold metallization is 2.5—-3um thick everywhere except in the near
vicinity of the CPW where it can be as thin as 1.3um as a result
of the processing technique we used. The bulk dc resistivity of the
substrates was measured to be 4.5 + 1.0 kQ2—cm. This results in a
cavity () of about 200 to 500 over the frequency range of interest.
The contribution of conductor loss to the calculated () is relatively
small and has been neglected. The microwave measurements were
obtained using a Cascade prober and an HP-8510 system.

In applying the circuit model to this structure, we assumed a
dielectric constant of 11.8 for the silicon and found that theoretically
the lowest order resonance should occur at 6.14 GHz. Instead it is
measured at 7.0 GHz. We account for this by assuming a physicaily
plausible 22 micron air gap between the lowest substrate and the
ground plane. This shifts the lowest order model resonance up so
that it lines up with the measurement. All the other resonances then
line up fairly well.

It turns out that the model predicts that the coupling results
primarily from the slots which form the open circuit at the end of each
transmission line and not from the coplanar waveguide in the middle.
As a result, each model transmission line has a transformer attached
at each end—four total for modeling a single resonance. In the case
of the 7.0 GHz resonance the circuit elements were B = 0.21Q2, L =
0.97 nH, ¢' = 0.53 pF, and n = 0.020,0.005,0.011.0.024. The
turns ratios are listed for each slot starting from the bottom and
progressing in order to the top of the inset to Fig. 4. Note that
calculating the transformer ratios from (14b) gives negative values
for the least two values listed. The sign of these values was switched
to reflect the different orientation of the voltage polarity defined at
the upper ends of each line. Also the length of the modeled slot A¢
was chosen to be 250 microns instead of 300 to reflect the fact that
the fringe slot fields turn at the corners of the open end. The resulting
circuit model is similar to Fig. 2 except that two transmission lines
are present with the end of each line terminated with a transformer
primary and the four secondaries form a loop with a RLC circuit.

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 41, NO. 9, SEPTEMBER 1993

The model results in Fig. 4 were first computed from 6 to 12 GHz
and then from 12 to 16.5 GHz. There are three resonances in the first
range and thus the model has three tank circuits/transformer sets in
it. The agreement between theory and experiment is good at two out
of the three resonances. There are also three resonances in the second
range, but the model predicts that one of them, the [3,1] resonance
at 15.2 GHz, would not couple significantly and thus it was left out
of the model. The measurement confirms the negligible effect of the
[3, 1] resonance although a small peak is just visible. The remaining
two peaks are off by about 6 dB from the model. We attribute this
to a reduced @ at each of the resonances due to the fact that the slot
line mode of the CPW line becomes resonant near 17 GHz and thus
increased radiation occurs. We think that this radiation occurs as a
result of the slot line being incompletely shorted by wire bonds. Note
that the dip in measured response occurring at 15 GHz is reproduced
by the model. This dip results from the interaction between the [2, 2]
and [3,1] modes.

The measured results agree reasonably well with the model when
one takes into account the uncertainties in loss and the possibly
uneven air gap that evidently exists.

V. CONCLUSION

In the previous sections a simple circuit model for resonance
coupling in GCPW circunits has been described and verified by
comparison with full wave simulation and with experiment.

The principal advantage of this model is its simplicity. The
components of the model can be calculated with a hand calculator
in many cases. It makes it possible to include the effect of a
substrate resonance in with a circuit CAD model without resorting
to an electromagnetic simulator. This will be useful as a diagnostic
tool, showing “hot” coupling spots and providing bounds on the
seriousness of a resonance coupling effect.

The modeling scheme can become unwieldy if it is not used
carefully. A large number of transformers may be necessary if more
than a couple resonances are modeled at once or if a large circuit
with many sections must be modeled. In calculating the model for
large circuits it uswally becomes apparent that many sections of a
circuit do not couple significantly and thus their transformers need
no be included. For example, slots or components with unbalanced
field structures couple to a resonance much more effectively than
CPW components. Thus anytime slot-like coupling is likely to occur,
a first cut mode] would include it and neglect CPW coupling,

If very accurate coupling estimates are necessary, the @) of the
GCPW cavity must be accurately known. In practical cases this may
be difficult since substrate loss may not be accurately known and other
losses may be difficult to quantify. One such loss is the radiation loss
resulting from incompletely short circuited side-walls. Also, substrate
resonance fields may excite the undesirable “even” CPW mode in the
surface circuitry. If such modes are incompletely air bridged, they
can radiate and reduce Q).

From a circuit point of view one wants to reduce the substrate
resonance () since this reduces the undesirable mutual admittance
between circuit components. Since the losses mentioned above may
not be repeatable from circuit to circuit, it may be better to include
lossy material at the edges of a substrate, or to include a lossy sub-
substrate as described in Section III (doped silicon is a lower cost
alternative with much higher thermal conductivity). As is the case
for coupling to parallel plate waves in a laterally open substrates
[2]-1[5],[8], a thicker substrate and smaller GCPW cross-section will
reduce coupling to resonant mode fields.
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VI. APPENDIX

The derivation of Green’s functions of this type is fairly well
known and the details are not presented here. The following Green’s
functions relates an x or y directed magnetic current located on the
z = 07 plane of Fig. 1 to the H field on the same plane.

G(wz'yy'):iii ﬁ.;._ki
e n=1m=1 abk% ZE ZM
- cos(kyy) cos(kyy') sin(ksz) sin(ko2')

Gzy(a:aa;lay’yl) = Z Z

~dksky (£-4)
n=1 m=1 abk% ZE ZM

- sin(kyy) cos(kyy') cos(ksz) sin(k.z')

(A1)
where
nmw mm
ky = =T
a ky b
K2=K2 4K,  k =[enk}— k2
: Zrvs tan(kads) 4+ Zrvy tan(kidy)
Zy =37 2
v=3arvi Zrvi — Zrve ta,n(k‘zdz) tan(k1d1) (A )
where
kmo k0770
V/ 2 = s . = .
M p— ZrE T,
V=EFE or M, i=1 or 2.
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CPW Oscillator Configuration for an
Electro-Optic Modulator

Vesna Radi§i¢, Vladan Jevremovi¢, Zoya Basta Popovié

Abstract— A CPW 2 GHz 3-port MESFET oscillator was designed
with an electro-optic modulator application in mind. The oscillator has
a self-biased gate. The source or drain ports can be used for external
injection-locking. The frequency of oscillation, as well as the output
power at the fundamental and first two harmonics were analyzed using a
nonlinear device model and a harmonic balance technique. Comparison
with measured results on a hybrid CPW oscillator fabricated on a Dureid
substrate are presented.

I. INTRODUCTION

Recently, there has been great interest in gigabit modulation
of guided optical signals for high data rate communications. A
Mach—Zehnder modulator with electrodes in a push/pull configu-
ration, fabricated with both SiO, and SiN buffer layers and indium
tin oxide (ITO) was reported in [1]. The difficulty in the operation
of wideband modulators is that the modulation is performed with
an applied voltage. For a practical modulation index this voltage
needs to be at least 5 V. The necessary modulating power decreases
dramatically with the electrode structure. Izutsu ez al. [2] presented a
three-electrode coplanar waveguide modulator with a short circuited
resonant line for the modulating electrode. Another analysis of CPW
for LiNbO; optical modulators was presented in [3], but no active
modulators for this purpose have been reported in the literature.
The purpose of designing the CPW oscillator presented in this
work is an efficient, compact, low power, active modulator with an
open circuited resonant line for the modulating electrode. A 2-port
superconductive CPW oscillator has been reported in the literature
[4], but the approach taken here was to design a 3-port oscillator,
and use the additional port for external injection-locking.

CPW is an attractive guiding medium for this application for a
variety of reasons. Since the microwave voltage is applied between
the central electrode and coplanar ground planes, many layers can
potentially be stacked for dense electro-optic interconnects. The
ground planes act as a good heat sink and monolithic implementation

is compatible with active device layout, so that no via-holes are

required. Further, although the widths of the gap and inner conductor
are not fixed for a given impedance, their ratio is fixed. This allows
for flexible design and high frequency operation.

1. DESIGN, ANALYSIS AND MEASUREMENT OF THE CPW OSCILLATOR

The oscillator configuration is shown in Fig. 1. The analysis of
the oscillator was done on Hewlett Packard’s Microwave Design
System (MDS) using transmission line circuit modeling. The device
is a Fujitsu GaAs MESFET (FSC11FA/LG), which is a low noise
device for C-band satellite communication receivers. The gate of the
device is self-biased in order to minimize the number of bias points.
The source and the drain are connected to 502 transmission lines.
If needed, an additional bias line can be added at an appropriate
place along the gate resonator. Since the gate is self-biased, and
therefore the transistor is deep in saturation, a nonlinear analysis
was performed.
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