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In this study, we studied Lamb wave resonator driver circuit with inductive compensation of the internal capacitance
to improve the frequency limit by the transition frequency fT which is one of the important parameters of active com-
ponents for deciding amplification and oscillation. Comparing with an SAW resonator, the Lamb-wave oscillator can
provide highly stable frequency-temperature characteristics and smaller frequency deviation at the normal temperature.
The inductive cancellation scheme of the internal capacitor of the CMOS inverter realizes oscillation over fT .
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1. Introduction

Recently communication networks are increasing in speed
and volume and network traffic keeps increasing. A high-
frequency, low power, stable clock is needed in telecommuni-
cation infrastructure. In a recent work on the high frequency
fundamental (HFF) oscillator, the active component was se-
lected among discrete bipolar devices: a germanium silicon
transistor (1). In the industrial solution for high-performance,
a significant part of the production is realized by a mixed
digital-analogue complementary metal oxide semiconductor
field effect transistor (CMOS FET) technology enforced as
an integrated digital and analog circuit (2). One of the engi-
neering issues for quartz crystal oscillators is oscillation at
higher frequencies. Several works report the modification of
the conventional Pierce oscillator circuit for higher-frequency
oscillation. This circuit has lower negative resistance in the
high frequency region. A popular scheme to expand the os-
cillation region is the use of an inductor connected to the
quartz resonator in series. This circuit shows transition be-
tween quartz resonance and LC resonance oscillation and the
inherent short-comings for high frequency oscillation. In this
work, we develop a compensation scheme of the internal ca-
pacitance using an inductor connected between the input and
output terminal of the active circuit. Engineering issues are
suppression of the LC oscillation and extension of the op-
erational frequency limit of the CMOS-inverter. The com-
pensation of input capacitance of the CMOS inverter with an
inductor is operable at frequencies higher than the nominal
transition frequency of the CMOS inverter. The Lamb-wave
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resonator has been studied by Nakagawa et al., at the Uni-
versity of Yamanashi, as a future candidate for a high fre-
quency oscillator using the piezoelectric resonators (3)–(8). In
general cases, high frequency time base can be realized by
the fundamental resonance oscillation with a SAW resonator,
which provides better performance of jitter characteristics of
the signal compared with the phase-locked-loop (PLL) fre-
quency multiplication technique using AT-cut quartz reso-
nance oscillation. Lamb waves combine both primary longi-
tudinal waves (P waves) and shear vertical/transverse waves
(SV waves), which change modes and converge at the upper
and lower boundaries. As Lamb waves propagate through a
piezoelectric material, a compound mode is formed of four
waves with additional electromagnetic waves. Confined to a
depth of roughly one wavelength from the surface, surface
acoustic waves propagate mainly along the x-axis at a slow
rate. In contrast, with the Lamb wave, the entire plate vi-
brates. Depending on how the longitudinal and transverse
waves converge, various modes can emerge, ranging from the
slow-rate mode to the fast-rate mode. The developed Lamb-
wave resonator is comparable with standard SAW resonators
with respect to the jitter characteristics, or phase noise. Pro-
viding the same performance in the high-frequency region,
better frequency deviation characteristics at normal temper-
ature and frequency-temperature characteristics can be real-
ized. In spite of the complicated nature, the Lamb-wave res-
onator can be simplified to the same model as an ordinary
quartz crystal resonator. The resonance oscillation of the
Lamb-wave resonator oscillator is demonstrated at 442 MHz
using a low-cost CMOS single gate inverter. The Lamb res-
onator oscillator shows the level of the phase noise compara-
ble with a SAW resonator and higher stability with respect to
variation of the ambient temperature.

2. Circuit Design and Analysis

2.1 Analysis of the Quartz Resonance Oscillator
Figure 1 shows the circuit diagram. Complex impedances
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Fig. 1. High frequency LAMB-wave resonator oscilla-
tor

represent axial inductor L2, ceramic capacitor C3 and a
Lamb-wave resonator. At the high-frequency region, induc-
tance Lp is treated with resistance rp, and internal capacitance
cp. Cx is a capacitor for tuning. C3 is a capacitor for the local-
resonator. C4 is coupling capacitor. C5, C6, and C7 are dis-
tributed pass-capacitors connecting between Vcc and ground
lines. R3 and R4 are feedback resistors for the gain control
and the protection against the surge. The transconductance
is aimed at the branch to be led to the resonance oscillation,
because LC oscillation is excited in the case that gm is exces-
sively large. We will discuss this in detail later.

Table 1 shows circuit constants in the analysis and exper-
iment. Tables 2 and 3 show the equivalent circuit compo-
nents of the Lamb-wave resonator and a SAW resonator as
a standard. Central part of a quartz substrate was processed
by the photolithography to a reduced constant thickness and
IDT launching electrode for Lamb wave and two IDT reflec-
tors were placed on the flat surface. The oscillation frequency
Fr = 441.951 MHz concurs with the theoretical estimation of
the Lamb-wave resonance.

These resonators are prototypes produced for the present
research purpose, and there is no catalogue number at-
tributed.

IC1 is a non-buffer type CMOS inverter, which is selected
from low-cost unbuffered CMOS inverter TC-7SUG04F. Fig-
ure 2 shows simplified oscillator circuit: equivalent circuit-1.

The frequency limit is determined by internal capacitors.
Cp:gd and Cp:gs for P-channel MOSFETS, Cn:gd and Cn:gs for
N-channel MOSFETs are gate-drain and gate-source capaci-
tances, respectively.

Cp:gs = Cn:gs = Cgs,
Cp:gd = Cn:gd = Cgd.

· · · · · · · · · · · · · · · · · · · · · · · · · · · · (1)

C3o = C3 + Cos,
Cdi = 2Cgd + cio.

· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (2)

cos and cio are drain-ground and drain-gate capacitance. Cdi

is composed capacitance of Cgd and cio. C3o is composed
capacitance of C3 and cos. Capacitances are set equal.

Lp, rp, and cp are composed to equivalent resistance rq.

Table 1. Circuit constants

Table 2. Equivalent circuit constant

Table 3. Equivalent circuit constant

Then, rq and inductance Lq are found.

rq =
rp⎧⎪⎪⎨⎪⎪⎩1 −

(
ω

ωp

)2
⎫⎪⎪⎬⎪⎪⎭

2

+

(
ω

ωq

)2
,

Lq = Lp

1 −
(
ω

ωp

)2

−
(
ωp

ωq

)2

⎧⎪⎪⎨⎪⎪⎩1 −
(
ω

ωp

)2
⎫⎪⎪⎬⎪⎪⎭

2

+

(
ω

ωq

)2
.

· · · · · · · · · · · · · · · · · (3)

Frequencies are defined as in the following forms.

ω2
p =

1
Lpcp

, ωq =
1

cprp
. · · · · · · · · · · · · · · · · · · · · · · · (4)

IC1 is represented with a part of the MOSFETs, and each
active component is replaced with constant current source,
gmVgs, where the equal intensity of Vgs is applied between
the gate and the source. Figure 3 shows equivalent circuit-2.

The direction of current flow is indicated. Cgs is the capac-
itance between the gate and the source. Vgs and If are found.
Vin is the gate voltage with respect to the ground level and Iin

is input current. The feedback resistors are set to R3 = R4 =

Rf .

Vgs = ZsIs · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (5)
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Fig. 2. Simplified oscillator circuit. Equivalent circuit-1

I f = (1 + gmZs)Is · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (6)

where gm = gmp − gnp.

Vin = ZsIs + Rf I f = ZsIs + Rf (1 + gmZs)Is · · · · · · · (7)

Iin = 2Is · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (8)

Input impedance is defined.

Zin=
Vin

Iin
=Rin+

1
jωCin

=
Rf +(1+gmRf )Zs

2
. · · · · · · · · (9)

where,

ZS =
1

jωCgs

The real part of the input impedance is Rin, and the input
impedance is expressed in the terms of the reciprocal of
equivalent capacitance Cin.

Rin =
Rf

2
,

1
Cin
=

1 + gmRf

2Cgs
. · · · · · · · · · · · · · · · · · · (10)

Output current Iout is expressed in the following form. Now,
Cgs and Rf are included in transconductance GM. Admittance
Gm and the imaginary part capacitance Cm are found.

Iout = 2gmVgs = 2gmZS IS · · · · · · · · · · · · · · · · · · · · · · (11)

GM =
Iout

Vin
= Gm + jωCm · · · · · · · · · · · · · · · · · · · · · · (12)

Here GM is the total response of the circuit, and Gm is the ad-
mittance including the current feedback. The small character
gm is the transconductance determined by the gate.

(a) Equivalent circuit-2

(b) Equivalent circuit-3

Fig. 3. Equivalent circuit with input capacitance Cgs

Gm = 2gm
1 + gmRf

(1 + gmRf )2 + (ωCgsRf )2
,

Cm = −2gm
CgsRf

(1 + gmRf )2 + (ωCgsRf )2
.

· · · · · · · · · · · (13)

Cdi, rq, and Lq are parallel composed in the further calcula-
tion and setting frequencies in the following forms, resistance
r2q and inductance L2q are found.

r2q =
rq⎛⎜⎜⎜⎜⎜⎝1 − ω

2

ω2
2p
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2

+

(
ω

ω2q

)2
,

L2q =

Lp

⎛⎜⎜⎜⎜⎜⎝1 − ω
2

ω2
2p

− ω
2
q

ω2
2q

⎞⎟⎟⎟⎟⎟⎠
⎛⎜⎜⎜⎜⎜⎝1 − ω

2

ω2
2p

⎞⎟⎟⎟⎟⎟⎠
2

+

(
ω

ω2q

)2
.

· · · · · · · · · · · · · · · · · · · · (14)

Frequencies are defined as in the following forms.

215 IEEJ Journal IA, Vol.6, No.3, 2017



Lamb-wave resonator oscillator over the ft of CMOS（Tomio Sato et al.）

(a) Equivalent circuit-4

(b) Equivalent circuit-5

Fig. 4. Simplified oscillator circuit

ω2
2p =

1
CdiLq

, ω2q =
1

Cdirq
. · · · · · · · · · · · · · · · · · · · (15)

Now, Vin and Iout are expressed in terms of Iin.

Vin = ZinIin · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (16)

Iout = GMVin = GMZinIin. · · · · · · · · · · · · · · · · · · · · · · (17)

Here, equivalent circuit-3 is found. Applying Kirchhoff’s
law, homogeneous system (18) is found. Then, the condition
for the non-zero solution of the current vector, normal equa-
tion is found.⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1 −1 0 1
0 1 −1 GMZin

Z1 0 0 −Zin

Z1 Z2 Z3 0

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
I1

I2

I3

Iin

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ =
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
0
0
0
0

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ · · · · · · · · · · · · · (18)

Z1Zin + Z2Zin + Z3Zin +GMZ1Z3Zin + Z1Z2 + Z1Z3

= 0 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (19)

Separating Z1 and Zci, Eq. (20) defines impedance balance for
the oscillation. This relation is valid for the stationary oscil-
lation. Figure 4 shows a single loop circuit of Zcci and the
motional impedance.

Z1 + Zci = 0 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·(20)

where,

Zci=
(Z2+Z3)Zin

Z2+Z3+(1+GMZ3)Zin
=Rci+

1
jωCci

. · · · · · · · (21)

where Z2 = r2q + jωL2q, Z3 =
1

jωC3o
.

The characteristics of the resonator are expressed with the
equivalent circuit constant: R1, L1, C1, and C0. Introducing
Z2, Z3, Zin, and GM, Rci and Cci are found. Ccx is composed
capacitance of Cci and Cx in series. Real part of Zci is Rci

is found and the imaginary part is expressed in terms of the
reciprocal of equivalent capacitance Cci.

Rci =
β

δ

1 + ω2βδγα

1 + (ωβα)2
,

1
Cci
=
ω2β

δ

βα − δγ
1 + (ωβα)2

.

· · · · · · · · · · · · · · · · · · · · · · · · ·(22)

where,

α = r2q + Rin +
CmRin

C3o
− Gm

ω2C3oCin
,

1
β
=

1
Cin
+

1
C3o

(
1+GmRin+

Cm

Cin

)
−ω2L2q.

· · · · · · · · (23)

γ = r2qRin +
L2q

Cin
− 1
ω2C3oCin

,

1
δ
=

Rin

C3o
+

r2q

Cin
− ω2L2qRin.

· · · · · · · · · · · · · · · · · · (24)

1
Ccx
=

1
Cx
+

1
Cci
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (25)

Rcci and Ccci are found.

Rcci =
Rci(

1 +
C0

Ccx

)2

+ (ωC0Rci)2

,

1
Ccci
=

1
C0

{
1 −

(
1 +

C0

Ccx

)
Rcci

Rci

}
.

· · · · · · · · · · · · · · · (26)

Here, parallel capacitance C0 is included in Rcci and Ccci.
Now, the real part of the negative resistance can be compared
with R1 at a glance. The oscillation condition is found in two
conditions for stationary oscillation: a comparison of the re-
sistance and the frequency that satisfies the phase matching.
Oscillation condition:

R1 + Rcci = 0, · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (27)

where Rcci < 0.
Frequency condition:

ω2 =
1
L1

(
1

C1
+

1
Ccci

)
. · · · · · · · · · · · · · · · · · · · · · · · · · ·(28)

Apparently, the inequality relation is satisfied in the initial
growth of the oscillation.

R1 + Rcci < 0 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·(29)

The oscillation margin gives the oscillation condition in nor-
malized form:

1 ≤ |Rcci|
R1
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (30)

The frequency condition is the basic resonance frequency and
the expansion of the oscillation equilibrium due to the nega-
tive resistance region. In the stationary oscillation, introduc-
ing the resistance condition in the equilibrium, the resonance
frequency (28) is recovered.

ω2 =
1
L1

(
1

C1
+

1
Ccci

)
− (R1 + Rcci)2

4L2
1

· · · · · · · · · · · · (31)

Apparently, as Rcci and Ccci are function of ω, a practical
method to find the resonance frequency is the conversion of
the iteration: the final value is found, when the n-th and n+1-
th solutions are equal within a prescribed error.
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Fig. 5. LC oscillator

ω2
n+1=

1
L1

{
1

C1
+

1
Ccci(ωn)

}
− {R1+Rcci(ωn)}2

4L2
1

· · · · (32)

The final value defines the angular oscillation frequency, ωzt..

ωzt = ωn = ωn+1. · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (33)

From the resonance frequency defined by the motion arm f1,
and the difference between ωzt and ω1 as Δωzt, the frequency
deviation normalized by ω1, Δωzt/ω1 is found.

Δωzt

ω1
=
Δ fzt

f1
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (34)

where ω1 = 2π f1, Δωzt = ωzt − ω1, Δ fzt = fzt − f1.
2.2 Analysis of the LC Oscillator Mode As the os-

cillator circuit includes an inductor in the feedback loop, tran-
sition occurs to the LC resonance frequency, when the nega-
tive resistance becomes insufficient by the detuning. In this
case, the motional impedance disappears and parallel capac-
itance C0 is left. Figure 5 shows the circuit diagram of the
LC oscillator circuit. The resonator in Fig. 1 is replaced with
capacitance C0. Considering the stray capacitance in induc-
tor L2 and Cgd, simplified LC circuit-1 is found. Applying
Kirchhoff’s law, the normal equation is found.

Z2 + Z3 +
(1 +GMZ3)Z1Zin

Z1 + Zin
= 0 · · · · · · · · · · · · · · · · (35)

Zlci = Z3 +
(1 +GMZ3)Z1Zin

Z1 + Zin
= Rlci +

1
jωClci

· · · · (36)

where

Z1 =
1

jωC0
. · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (37)

The real part of the impedance Rlci is found, and the imagi-
nary part of the impedance is expressed in terms of the recip-
rocal of Clci.

Rlci =
βl

δl

1 + ω2βl · Rin · δl · γl

1 + (ω · βl · Rin)2
,

1
Clci
=

1
C3o
+
ω2 · βl

δl

βl · Rin − δl · γl

1 + (ω · βl · Rin)2

· · · · · · · · · · (38)

Fig. 6. Simplified LC oscillator circuit: Equivalent LC
circuit-1

where

1
βl
=

1
C0
+

1
Cin
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (39)

γl = − 1
ω2C3o

{
GmRin

C0
− 1

Cin

(
1 +

Cm

C3o

)}
,

1
δl
=

Rin

C0

(
1 +

Cm

C3o

)
− Gm

ω2C2
3oCin

.

· · · · · · · (40)

Figure 6 shows equivalent LC circuit-1. The only difference
is that the resonator is replaced by parallel capacitance C0.
Following equivalent circuit-2 and equivalent circuit-3, the
oscillator circuit is simplified to a single loop circuit. Cdi is
composed with Zlci. Equivalent impedance Zlcci is found. The
real part is resistance Rlcci. The imaginary part is positively
polarized and expressed in terms of the reciprocal of Clcci.

Rlcci =
Rlci(

1 +
Cdi

Clci

)2

+ (ωCdiRlci)2

,

1
Clcci

=
1

Cdi

{
1 −

(
1 +

Cdi

Clci

)
Rlcci

Rlci

}
.

· · · · · · · · · · · · · (41)

From the phase matching condition, the angular frequency of
the LC oscillation ωlc is found.

ω2
lc =

1
LqClcci

. · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (42)

where ωlc = 2π flc.

rq + Rlcci ≤ 0, · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (43)

For the stationary oscillation: rp + Rlcci = 0.
Oscillation condition is given as the normalized negative

resistance equal to or larger than unity.
Oscillation condition:

1 ≤ |Rlcci|
rq
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·(44)

Frequency condition:

ω2 =
1

LqClcci
− (rq + Rlcci)2

4L2
q

· · · · · · · · · · · · · · · · · · · · (45)

217 IEEJ Journal IA, Vol.6, No.3, 2017



Lamb-wave resonator oscillator over the ft of CMOS（Tomio Sato et al.）

(a) Equivalent LC circuit-2

(b) Equivalent LC circuit-3

Fig. 7. Simplified LC oscillator circuit

As Rlcci and Clcci depend on ω, the oscillation frequency is
determined by the convergence of the series of solutions.

ω2
n+1 =

1
LqClcci(ωn)

− {rq + Rlcci(ωn)}2
4L2

q
· · · · · · · · · · (46)

where ωlc = 2π flc, ωlc = ωn+1 = ωn.
2.3 Oscillation Frequency Limit Transition fre-

quency fT defines a measure for high-frequency gain of active
devices. It is defined as the frequency that, at the small sig-
nal gain, the ratio of output current and input current become
unity. This factor is strongly influenced by the capacitance
between the input-output terminals and between the input-
terminal and ground. In case of the MOSFET, this transition
frequency is found (8).

fT =
gm

2π(cgd + cgs)
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · (47)

where Cp:gd and Cp:gs, Cn:gd and Cn:gs are pairs of gate-drain
and gate-source capacitances. The frequency characteristics
are also influenced by stray capacitance cos and cio. Figure 8
shows an equivalent circuit of a CMOS inverter. While mo-
tion arm current is not excited, the resonator shows only ca-
pacitance C0. The transition frequency fT-model is found for
the unity gain. Then, the parallel impedance of Z1, Z2, and
Zin are reduced to admittance YT, conductance GT, and capac-
itance CT. The fT-model-2 is found. When capacitance CT is
negatively polarized, the reactance is converted to inductance
LT.

The impedance is composed to single admittance and reac-
tance.

YT =
1
Z1
+

1
Z2
+

1
Zin
= GT + jωCT . · · · · · · · · · · · · (48)

LT = − 1
ω2CT

. · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (49)

1
Z2
= jωCdi +

1
rq + jωLq

. · · · · · · · · · · · · · · · · · · · · · · (50)

Setting the input voltage, the output and input current ratio is
found.

(a) Active circuit

(b) Input impedance

Fig. 8. Equivalent circuit for the fT model of CMOS in-
verter

Iout

Iin
=

GM

YT
=

Gm + jωCm

GT + jωCT
. · · · · · · · · · · · · · · · · · · · · · (51)

where Iin = YT Vin, Iout = GMVin.
The absolute value of the current gain is found. FT is de-

fined as the frequency where the current gain is reduced to
unity.∣∣∣∣∣ Iout

Iin

∣∣∣∣∣
=

√
(GmGT + ω2CmCT )2 + ω2(CmGT − CTGm)2

G2
T + (ωCT )2

· · · · · · · · · · · · · · · · · · · (52)

3. Experimental Result and Discussions

Figure 9 shows the frequency dependence of oscilla-
tion margins |Rcci|/R1 and |Rlcci|/rp for different values of
transconductance gm.

The oscillation margin shows a wider frequency region and
a lower peak when gm is increased. In the case of Lamb
wave and SAW resonator, |Rcci|/R1 is larger than unity from
430 MHz to 448 MHz, for gm = 0.4 mA/V, and shows its max-
imum value of 58 at 439 MHz. For gm = 0.5 mA/V, |Rcci|/R1

is larger than unity from 420 MHz to 448 MHz, and shows
its maximum value of 14 at 430 MHz. For gm = 0.6 mA/V,
|Rcci|/R1 is larger than unity from 413 MHz to 444 MHz, and
shows its maximum value of 5 at 423 MHz. In the case of LC
oscillation, |Rlcci|/rp is larger than unity at gm = 0.4 mA/V
at frequencies lower than 405 MHz. The oscillation limit is
higher for increased values of gm. For example, the oscilla-
tion limit 452 MHz for gm = 0.5 mA/V and 493 MHz for gm =

0.6 mA/V. No oscillation condition meets for gm smaller than
0.38 mA/V at frequency higher than 400 MHz.

Figure 10 shows oscillation margin |Rcci|/R1 and |Rlcci|/rq,
the oscillation frequency of the resonance oscillation fzt, nor-
malized frequency shift Δ fzt/ f1 and the oscillation frequency
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(a) |Rcci |/R1

(b) |Rlci |/rq

Fig. 9. Comparison of oscillation margins |Rcci |/R1 and
|Rlci|/rq as functions of frequency. Circuit constant: L2

= 47 nH; rP = 1.44Ω; cp = 0.37 pF; cio = 0.1 pF; cgd =
0.01 pF; cdi = 0.12 pF; Rf = 47Ω; Cgs = 1.5 pF; c0 =
2.8 pF; Cx = 1000 pF. Equivalent circuit constant of the
resonator: C0 = 4.1 pF; R1 = 22.9Ω

of the LC oscillation flc as functions of gm. Oscillation mar-
gin |Rcci|/R1 exceeds unity and oscillation condition of the
resonance oscillation is fulfilled for gm from 0.36 mA/V to
0.65 mA/V and shows its maximum at 0.4 mA/V.

The maximum value of oscillation margin |Rcci|/R1:max is
approximately 75. Oscillation margin |Rlcci|/rq exceeds unity
for gm larger than 0.9 mA/V and the oscillation condition of
the LC oscillation is fulfilled.

In summary, gm in the initial growth of the resonance
oscillation is 0.7 mA/V, then after the maximum growth at
0.4 mA/V and decreases to 0.35 mA/V in the stationary oscil-
lation. In a good contrast, the LC oscillation occurs at the fre-
quency where the largest gm is obtained at the initial growth.
The oscillation condition of the negative resistance of the LC
oscillation becomes insufficient when the transconductance
deceases to 0.9 mA/V, where in our scenario a transition oc-
curs to crystal resonance oscillation.

In crystal resonance, higher negative resistance is gener-
ated at smaller gm. The oscillation frequency is approxi-
mately constant at 442 MHz, and the normalized frequency
deviation is 453 ppm at gm = 0.4 mA/V, and 330 ppm at gm

= 0.65 mA/V. The oscillation frequency in the stationary os-
cillation is obtained at smaller gm of the resonance oscilla-
tion. The oscillation of LC resonance tends to be the fre-
quency where the highest gm can be obtained at the ini-
tial growth. At gm = 2.8 mA/V, the oscillation frequency is

(a) |Rcci |/R1 and |Rlcci |/rp

(b) fT and Δ f / f1

Fig. 10. Oscillation margin |Rcci |/R1, |Rlcci|/rq, oscilla-
tion frequencies fosc, flc, and normalized frequency de-
viation Δ fzt/ f1 as functions of gm. Circuit constant: L2

= 47 nH; rP = 1.44Ω; cp = 0.37 pF; cio = 0.1 pF; cgd =
0.01 pF; cdi = 0.12 pF; Rf = 47Ω; Cgs = 1.5 pF; c0 =
2.8 pF; Cx = 1000 pF. Equivalent circuit constant of the
resonator: C0 = 4.1 pF; R1 = 22.9Ω

Fig. 11. fL, fT, ft, and necessary L2 as functions of gm.
Circuit constants: L2 variable parameter; rP = 0.0001Ω;
cp = 0.0001 pF; cio = 0.1 pF; cgd = 0.01 pF; cdi = 0.12 pF;
Rf = 47Ω; Cgs = 1.5 pF; c0 = 2.8 pF; Cx = 1000 pF; C0 =
4.1 pF; R1 = 22.9Ω

initially 490 MHz. Then, along with the decrease in gm and
the growth of oscillation amplitude, at gm = 0.9 mA/V, the
oscillation frequency decrease to approximately 424 MHz.

Figure 11 shows the gm dependence of the lower limit of
the oscillation, where FT in (51) is the limit frequency at
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Table 4. Transition frequency FT and oscillation limit
FL

(a) Impedance

(b) Phase-noise characteristics

Fig. 12. Experimental setup for measurement of impedance and
the phase noise characteristics

|Iout/Iin| equal to unity and FL in (30) is the limit frequency
at |Rcci|/R1 equal to unity, compared with the transition fre-
quency of the CMOS inverter in (46) L2 is an ideal induc-
tance. ft increases proportionally. Apparently indicating ft
= 400 MHz at gm = 4 mA/V. Transconductance larger than
4 mA/V is necessary for the operation at the 400 MHz range.

Apparently, FT and FL are approximately equal values at
the same gm, and this characteristics is apparent at the high
frequency side. FT and FL are higher than the characteristic
values of ft. Although FT and FL show approximately equal
values at the same gm, the required values of L2 are different.
For example, the value necessary is 22 nH for FT = 400 MHz,
but 60 nH is necessary for FL = 400 MHz. Logically, in the

(a) SSB phase noise

(b) Δ fzt/ fref and Δ flc/ fref

Fig. 13. Experimental comparison of SSB phase noise
and the oscillation frequency. Reference fre f is measured
at 25◦C. In the case of LC oscillation, the resonator is
replaced with a capacitor, 2 pF

test circuit for FL, larger inductance is necessary for the es-
tablishment of the same resonance frequency because the ca-
pacitance C3o is connected in series to the internal capacitor.
As the intersection of ft with 400 MHz is 4 mA/V, it is neces-
sary that gm is greater than 4 mA/V to establish the station-
ary oscillation. The effect of the insertion of inductance L2

reduces the necessary value of gm to 0.1 mA/V, at the inter-
section of FT with 400 MHz. Similarly, the necessary value
of gm is reduced to 0.2 mA/V, at the intersection of FL with
400 MHz. This result suggests that the oscillation condition
for the stationary crystal resonance oscillation is fulfilled at
smaller values of gm by the insertion of appropriate induc-
tance. Table 4 summarizes the necessary value of L2 to real-
ize the stationary oscillation.

Figure 12 shows an experimental setup for comparison of
the SSB phase noise of the Lamb-wave resonator oscillator.

Experimental facilities consists of a 250C Network An-
alyzer, a high speed-computer controlled network ana-
lyzer (Saunders and Associates, Phoenix, AZ, USA) with
temperature-controlled mount, and an Agilent E5052A, Sig-
nal Source Analyzer, (Agilent Technologies, Santa Clara,
CA, USA). Figure 13 shows an experimental comparison of
the phase noise and the dependence of the frequency devia-
tion on the ambient temperature.

Discussion on the stability of time-base is based on two
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Table 5. Normalized frequency deviation

Fig. 14. Temperature dependence of the oscillation fre-
quency of the Lamb-wave resonator oscillator. Reference
fref is measured at 25◦C

methods: the 2-sample standard deviation in the time do-
main and the SSB-phase noise in the frequency domain. In
this work, the SSB phase noise shows flat characteristics at
−150 dBc/Hz at frequencies over 100 kHz, and dependence
of −10 dB per decade, at frequencies lower than 100 kHz. No
significant difference can be observed between the SAW and
Lamb-wave resonators. The LC oscillation shows 10 dBc/Hz
lower values at frequencies lower than 100 kHz.

The SAW resonator oscillator shows a square temperature
dependence, and the Lamb-wave resonator oscillator shows
cubic dependence similar to an AT-cut crystal resonators.
Lamb wave resonator shows better stability compared with
the SAW resonator. The maximum deviation of each res-
onators is compared in Table 5.

Figure 14 shows typical examples of the temperature de-
pendence of the oscillation frequency, where the interpola-
tion is calculated with third order polynomial functions. The
Lamb wave mode shows a thickness-shear vibration as well
as motion perpendicular to the surface. Because the slab
thickness is approximately one wave length, the oscillation
mode is influenced by many production factors, the cut an-
gle, scatter in the thickness of the crystal and the electrode
pattern. The characteristics, otherwise stated, can be con-
trolled by these process parameters to reduce the temperature
dependence.

4. Conclusion

In this work, we proposed a design of the oscillator cir-
cuit for the Lamb wave resonator at 442 MHz, using a low
cost general purpose single-gate CMOS-Inverter. The pri-
mary idea is the compensation of the internal capacitance us-
ing an inductor connected between the input and the output
terminals. This scheme is simple at a glance, but the oscil-
lator circuit works on a complicated principle that was ex-
plained and demonstrated in the experiment.

The first engineering issue in this work is the separation of

the LC oscillation. The transconductance in the crystal res-
onance oscillation varies in the startup of the stationary os-
cillation. In our scenario, the transconductance of the CMOS
inverter is controlled by the feedback resistor so that gm is
sufficiently large at the initial stage of small signal gain, and
reduced to balance with the dissipation in the stationary os-
cillation. The oscillation condition for the crystal resonance
oscillation is fulfilled for 0.36 mA/V < gm < 0.65 mA/V. In
a good contrast, the oscillation condition for the LC oscilla-
tion is fulfilled for 0.9 mA/V < gm. From the analysis of the
oscillation limit, we can say that the operational frequency
region can be expanded by the resonance pole generated by
the insertion of the appropriate inductance. By the induc-
tive enhancement of the negative resistance, the necessary
transconductance for FT can be realized at gm > 0.1 mA/V.
Similarly, the oscillation limit FL > 400 MHz is realized
at gm > 0.2 mA/V. SSB phase noise characteristics shows
−150 dBc/Hz at offset frequency higher than 100 kHz, and
satisfies the industrial requirement for the stability of quartz
crystal resonator. The temperature drift of the proposed oscil-
lator circuit with the Lamb-wave resonator shows high tem-
perature stability compared with the SAW resonator.
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