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Abstract— This paper details the theory and implementation
of an inverse-class-F (class-F−1) CMOS oscillator. It features:
1) a single-ended PMOS-NMOS-complementary architecture to
generate the differential outputs and 2) a transformer-based
two-port resonator to boost the drain-to-gate voltage gain (AV)
while creating two intrinsic-high-Q impedance peaks at the
fundamental ( fLO) and double (2 fLO) oscillation frequencies.
The enlarged second harmonic voltage extends the flat span in
which the impulse sensitivity function (ISF) is minimum, and the
amplified gate voltage swing reduces the current commutation
time, thereby lowering the –gm transistor’s noise-to-phase noise
(PN) conversion. Prototyped in 65-nm CMOS, the class-F−1

oscillator at 4 GHz exhibits a PN of –144.8 dBc/Hz at
a 10-MHz offset, while offering a tuning range of 3.5–4.5 GHz.
The corresponding figure of merit (FoM) is 196.1 dBc/Hz, and
the die area is 0.14 mm2.

Index Terms— Figure of merit (FoM), flicker noise upcon-
version, inverse-class-F (class-F−1) oscillator, phase noise (PN),
second harmonic resonance, voltage-biased oscillator.

I. INTRODUCTION

THE trend toward denser modulation schemes in imminent
RF communication systems has continuously driven the

development of high-purity LC oscillators with low power
consumption [1]–[11]. To gain insight into their perfor-
mance limits, their figure of merit (FoM) that normalizes the
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Fig. 1. CM-resonance-based LC oscillator with an extra tail tank
LTAILCTAIL.

phase noise (PN) to power, offset and carrier frequencies, can
be re-expressed in terms of the quality factor (Q) of the
LC tank, power efficiency η, and total effective noise
factor �F [12] as

FoM = 10 log10

(
Q2η∑

F
· 2

103kT

)
(1)

where �F is the total effective noise normalized to the tank
stationary noise. Considering the oscillation amplitude VP and
tank impedance RP, we can express η = PRF/Pdc, with
PRF = V 2

P /2RP. Accordingly, a high VP is desired to improve
the PN performance. For a typical current-biased class-B
oscillator, its current source contributes a significant amount
of noise (in both 1/ f 2 and 1/ f 3 PN regions) [5], [13] and
limits VP. For this reason, the voltage-biased oscillator without
the tail current source is desired, but its –gm transistors can
enter into the deep-triode region under a large VP, raising
their noise contribution substantially [14], [15]. The second
harmonic filtering [1] can be applied to suppress such noise
contribution. By adding a tail tank resonating at the doubled
LO frequency (2 fLO), as shown in Fig. 1, the tank load-
ing effect can be alleviated even when the –gm transistors
enter into the deep-triode region, since there is a high tail
impedance ZTAIL in series. Q (QTAIL) of the tail tank should
be high enough to maximize ZTAIL, such that the noise
contribution of the –gm transistors can be minimized, ideally
leading to �F = 1+γ [1], [16], where γ is the channel noise
coefficient of the MOS transistor.
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Fig. 2. LC oscillator with implicit CM resonance. (Q1 represnts the tank
Q-factor at fLO.)

Fig. 3. Simulated (a) FoM at 10-MHz offset, (b) efficiency, and (c) noise
factor against X = CC/(CC + CD) at different Q2 for the LC oscillator with
implicit CM resonance in Fig. 2.

From the viewpoint of the impulse sensitivity function (ISF)
[17], when a second harmonic voltage is generated, the gate-
to-source voltage of the –gm transistors is reshaped. Ideally,
there is no noise upconversion in the shaded area, as the
output phase is insensitive to the channel noise (modeled as
current impulse). A high QTAIL extends such a shaded area
by enlarging the second harmonic voltage, but at the cost of
die area to accommodate the extra tail inductor.

Recently, Shahmohammadi et al. [10] and
Murphy et al. [11] revealed that the implicit common-mode
(CM) resonance of the LC tank itself can be placed at 2 fLO
by properly choosing the mutual coupling coefficient k of the
differential inductor and the ratio between the single-ended
(CC) and differential capacitances (CD), as exhibited in Fig. 2.
However, the best FoM reported in [18] stays ∼2.5 dB away
from the explicit design [1] (Fig. 1). To gain more insight,
we sweep the capacitance factor X = CC/(CC + CD)
from 0 to 1, i.e., the tank capacitance from fully differential
to fully CM. It shows that a high tank Q-factor at 2 fLO (Q2)
is demanded to improve η and

∑
F , as well as the FoM, like

Fig. 3 presents. Unfortunately, for differential spiral inductors

Fig. 4. (a) CM current excitation. (b) Simple model of CM current excitation.
(c) QL(CM) (left) and QL(DM) (right) against k from EM simulation.

as illustrated in Fig. 4(a), QL(CM) is relatively low due to
unavoidable magnetic flux cancellation. The CM current
in the adjacent windings flows in the opposite direction,
raising the ac resistance and reducing the inductance at
CM oscillation [Fig. 4(b)] [10]. Such electromagnetic (EM)
simulations maintain the inner diameter and sweep the
spacing between the two turns to change k and QL(CM),
while keeping a relatively constant L. As shown in Fig. 4(c),
a lower k yields a higher QL(CM) at the cost of chip area.
Hence, the required large CD-to-CC ratio can hardly be
realized at high frequency when all the capacitor banks
are off [11]. Moreover, the Q-factor of the single-ended
switched-capacitor arrays (SCAs) is inherently lower than the
differential SCAs for achieving the same tuning range [19],
which further degrades Q2.

Seeking to circumvent the aforesaid issues, this paper pro-
poses an inverse-class-F (class-F−1) CMOS oscillator [20].
Without resorting from any explicit or implicit CM resonant
techniques, we obtain concurrently intrinsic-high-Q first
harmonic and second harmonic resonances via a transformer-
based two-port resonator. Together with the drain-to-gate volt-
age gain provided by the transformer, the noise contribution
of the –gm transistors can be significantly suppressed.

This paper is organized as follows. Section II presents
the design insight of the transformer-based tank to arrive
at the class-F−1 operation, followed by the analysis of
the circuit’s noise-to-PN conversion mechanisms using the
ISF theory in Section III. The measurement results are sum-
marized in Section IV, and finally, the conclusion is drawn
in Section V.

II. CLASS-F−1 OSCILLATOR OPERATION

A. Concept of Class-F−1 Operation

Fig. 5(a) shows a single-ended NMOS-only oscillator with a
1:n transformer (n > 1), where n is the transformer turn ratio
defined by n = km × √

(LS/LP). As the transformer-based
tank can provide two resonant peaks, it is possible to map
them to fLO and 2 fLO, respectively. Furthermore, as Fig. 5(b)
illustrates, when the drain current ID containing the first
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Fig. 5. (a) Preliminary class-F−1 oscillator with a single-ended output.
(b) Its current and voltage waveforms under the class-F−1 operation.

three harmonics is multiplied with the tank input impedance
ZIN = VD/ID, large first (VD1) and second (VD2) harmonic
voltages are generated, justifying its class-F−1 operation [21]
(i.e., squarelike ID and half-sinusoidal VD).

Note that the transformer tank has been widely used in the
oscillator design for different purposes. In [22] and [23], the
dual-resonance frequencies of the transformer tank are utilized
to extend the frequency tuning range. When configured as
a one-port resonator, the transformer tank does not provide
extra advantages on the PN and FoM performance if the high
resonant frequency is not properly tuned at the oscillator’s
harmonic frequencies [24]. If configured as a two-port res-
onator, the voltage gain from the drain node to the gate node
of the –gm transistors helps to suppress the PN contribution
from the transistor [4], [24]. In [6], the class-F oscillator uses
the transformer-based tank to shape the drain waveform by
mapping the high-band resonance frequency to 3 fLO, which
can reduce the noise contribution from the –gm transistors.
In this paper, the single-ended oscillator architecture makes it
possible to map the high-band resonance frequency to 2 fLO,
which would be more effective to suppress the transistor noise
as will be detailed later in Section III.

B. Design Considerations of Transformer-Based Tank

Fig. 6 depicts a simplified model of the transformer-based
tank in Fig. 5 [22], in which the following analysis assumes
that the –gm transistors work as a transconductor that exhibits
a large output impedance and does not affect the impedances

Fig. 6. Equivalent circuit of the transformer-based tank.

Fig. 7. (a) fH/ fL and (b) km (left) and Q2/Q1 (right) as a function of ξ .

of the transformer tank. The mutual inductance induced by
the magnetic coupling is M = −km

√
LP LS. The low ( fL)

and high ( fH) resonant frequencies are given by

f 2
L(H) =

1 + ξ ∓
√

(1 + ξ)2 − 4ξ
(
1 − k2

m

)
2LSCS

(
1 − k2

m

) (2)

where ξ is a ratiometric given by ξ = LSCS/LPCP. Fig. 7(a)
plots the ratio of fH/ fL against ξ for different km. To map fL
to fLO and fH to 2 fLO (i.e., fH/ fL = 2), we arrive at

16ξ2 + (
100k2

m − 68
)
ξ + 16 = 0 (3)

where km ≤ 0.6 is the necessary condition for satisfy-
ing the class-F−1 operation. Following the analysis in [6],
we only consider ξ > 1 since it can maximize the high-band
impedance RP2. Fig. 7(b) shows, using (3), the variation of km
against ξ , suggesting that a high ξ requires a low km in order
to ensure fH/ fL = 2. Next, the input impedance ZIN at fLO
and 2 fLO can be expressed as

RP1 = 8

25
· QP LP√

LSCS
·

√
5ξ(1 + ξ)3 · (4 − ξ)

4ξ2
(

QP
QS

)
− ξ

(
1 + QP

QS

)
+ 4

(4)

RP2 = 1

25
· QP LP√

LSCS
·

√
5ξ(1 + ξ)3 · (1 − 4ξ)

ξ2
(

QP
QS

)
− 4ξ

(
1 + QP

QS

)
+ 1

(5)

where QP and QS are the intrinsic Q of the primary and
secondary coils, respectively. Both impedances are a strong
function of QP(S) and ξ . Fig. 8(a) plots RP1 and RP2 for
different LP, revealing that a higher ξ will reduce RP1 and
raise RP2, favoring the PN performance.
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Fig. 8. (a) RP1 (left) and RP2 (right) and (b) transformer voltage gain
at first harmonic (left) and second harmonic (right) as a function of ξ
(QP = QS = 13.5 and fS = 1/(2π

√
LSCS) = 3.2 GHz).

The Q-factor of the transformer-based tank at fLO (Q1) and
2 fLO (Q2) is evaluated by

Q1(2) = f

2

∣∣∣∣ d

d f
� Z21

∣∣∣∣
f = fLO(2 fLO)

(6)

where Z21 = VG/ID is

Z21( f ) = 2π f ξ QP L1kmn

−
(

f
fS

)4 ·
(

1 + QP
QS

)
+

(
f
fS

)2 ·
(

1 + ξ QP
QS

) . (7)

According to (2), (3), (6), and (7), the ratio of Q2/Q1 can be
obtained as

Q2

Q1
= −1

4
·

4ξ2 − ξ
(

1 + QS
QP

)
+ 4 QS

QP

ξ2 − 4ξ
(

1 + QS
QP

)
+ QS

QP

. (8)

Fig. 7(b) plots (8), suggesting that maximizing Q2 is
necessary by increasing ξ , which is beneficial for noise
suppression [9], [14].

Since the drain-to-gate voltage gain of the transformer is
defined by AV = VG/VD, by using (2) and (3), AV of the
first harmonic (AV@ fLO) and the second harmonic (AV@2 fLO)
voltages is a function of ξ and n expressed, respectively, as

AV@ fLO(ξ) = n
√−4ξ2 + 17ξ − 4√

ξ · (4 − ξ)
(9)

AV@2 fLO(ξ) = n
√−4ξ2 + 17ξ − 4√

ξ · (4ξ − 1)
(10)

Fig. 8(b) plots (9) and (10) in decibel against ξ , suggesting that
AV@ fLO goes up with ξ . AV@2 fLO is smaller than 1 for ξ > 1.4
and drops quickly as ξ increases. Since the first harmonic drain
voltage VD1 is amplified at the gate while the second harmonic
voltage VD2 is attenuated by the limited transformer’s resonant
bandwidth, the gate voltage would predominantly contain the
first harmonic component only. Thus, only the first harmonic
voltage needs to be considered for reliability. Yet, –gm tran-
sistors are vulnerable to breakdown if AV@ fLO is excessively
large. Another design tradeoff is that, if fLO is fixed with large
ξ and n, it demands a tiny CP that is hard to be realized in
practice.

In summary, a small ξ favors low-power applications, but if
a minimum PN is necessary, ξ should be maximized providing
that the –gm transistors still operate within the reliability
limit. In this paper, we choose ξ = 3, which corresponds
to km = 0.38. EM simulation shows that the intrinsic Q s for
the primary (LP) and secondary (LS) coils are 19 and 17,
respectively. QP = 19 and QS = 17 at 4 GHz. The
Q-factor of the switched capacitors mainly depends on the
tuning range. By choosing the Q-factors of CP and CS
as 47 and 65, respectively, and absorbing the loss of
capacitors into the transformer coils for simplicity, we can
reasonably assume QP = QS = 13.5, which results in
tank Q-factors Q1 = 14 at fLO and Q2 = 9.3 at 2 fLO,
respectively.1

Although |Z in| has two peaks, i.e., RP1 and RP2, at both
fLO and 2 fLO and RP2 > RP1, the class-F−1 oscillator can
only oscillate at the frequency fLO since the transformer is
configured as a two-port resonator with an inverted magnetic
coupling from drain-to-gate nodes, so that the loop gain fulfills
the phase condition only at the low frequency fLO, forming a
positive feedback around the loop [23], [25].

C. Class-F−1 Oscillator With Differential Outputs

To generate the differential outputs, we stack the
PMOS- and NMOS-based class-F−1 oscillators and merge
their respective transformer-based tanks together as shown
in Fig. 9(a). Such transistor stacking resembles the current
reuse oscillator topology that was first proposed in [26].
However, it only achieves an FoM of 189.3 dBc/Hz since
there is no second harmonic resonance to block the transistor
noise located at around 2 fLO. The center tap of the two
coils is shorted to provide self-biasing at VDD/2, given that
MP and MN are sized such that gm,p = gm,n. This self-
biased scheme eliminates the extra bias circuit and its noise
contribution.

Fig. 9(b) plots the corresponding voltage waveforms.
Although the drain voltages VDN and VDP have a significant
amount of second harmonic component (i.e., VD2/VD1 = 0.4),
the gate voltage only predominantly contains the first harmonic
component only as expected. The peak-to-peak gate voltages
VGP and VGN are ∼1.45 V. From simulations, VGD, VGS, and
VDS of the two transistors are within the breakdown limits
across all the process corners. Even though the two transistors

1 Q1 and Q2 are slightly different from [20] due to a calculation mistake
in that work.
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Fig. 9. (a) Class-F−1 oscillator with a PMOS-NMOS-complementary
topology to generate the differential outputs. (b) Its corresponding voltage
waveforms.

enter into the deep-triode region, their PN contributions are
very low as elaborated next.

III. PHASE NOISE AND FREQUENCY PUSHING ANALYSIS

A. Thermal Noise Upconversion

According to Hajimiri’s linear time-variant model [17],
the PN of an RF oscillator at an offset frequency � f
is [2], [6]

L(� f ) = 10 log10

[ ∑
i NL,i

2q2
max� f 2

]
(11)

where qmax is the maximum charge swing at output and∑
i NL,i is the total effective noise produced by the i th devices,

with

NL,i = 1

2π

∫ 2π

0
�2

i (θ)i2
n,i (θ)dθ (12)

where i2
n,i (θ) is the white current noise power spectral density

(PSD) of the i th device and �i(θ) is the corresponding ISF.
To study the PN mechanism of the class-F−1 oscillator, it is
convenient to normalize (12) to the tank stationary noise
following the definition in the introduction earlier, which is

∑
F =

∑
i

RP

4K T
· 1

2π

∫ 2π

0
�2

i (θ) · i2
n,i (θ)dθ. (13)

With it, we can model, as in Fig. 10, the noise sources of
the class-F−1 oscillator. RP models the transformer tank loss,
while Gds,n(p) and gm,n(p) represent the channel conductance
and transconductance of the NMOS and PMOS transistors,

Fig. 10. Noise sources of the Class-F−1 oscillator.

respectively. Furthermore, even if the channel is the only
physical noise source of the transistor, due to the large signal
swing at the gate and drain nodes, the transistors will transit
between the saturation and triode regions when turned on. For
this reason, we artificially split the transistor current noise
PSD into i2

n,GM = 4kTγ gm(θ) and i2
n,GDS = 4kT Gds(θ),

representing the noise PSD due to Gm and Gds, respec-
tively [15]. As such, we can evaluate �F , consisting of the
effective noise factor of the tank (FTANK), gm (FGM), and
Gds (FGDS), respectively, by substituting i2

n,TANK = 4kT /RP,

i2
n,MOS(GM), and i2

n,MOS(GDS) into (13) [6]. Using (12) and (13),
(11) becomes

L(� f ) = 10 log10

[
K T

2Q2
1

· RP1

V 2
P

·
(

fLO

� f

)2 ∑
F

]
. (14)

Therefore, we can compare the PN upconversion mechanism
between the class-F−1 and implicit CM resonance topologies
(Fig. 2). We keep the same Q1 (= 14), RP1 (= 250 
),
and VDD (= 0.6 V) for both the class-F−1 and the implicit
CM resonance topologies. Under these constraints, �F and
η are the only parameters determining the FoM. For class F−1,
we choose km = 0.38 and ξ = 3, which gives Q2 = 9.3. For
an implicit CM resonance, k = 0.33 is chosen for design
practicality, resulting in Q2 = 6.3. Fig. 11(a)–(d) shows
the drain, gate voltage and current waveforms of these two
topologies.

Fig. 11(e) presents the simulated tank ISF (�T). �T is
minimum at the flat span of the drain voltage. However,
Class-F−1 has a much wider span for a minimum ISF. This
is due to a larger VD2 (generated by a higher RP2 and Q2),
which shapes the drain voltage to a wider flat region, when
compared with the implicit CM resonance where the transistor
is off between π to 2π . For the PN contribution from the
tank, the FTANK of the Class-F−1 topology is only slightly
less [Fig. 11(f)] since the tank noise source, i.e., 4 kTRP,
is white noise, and the larger span for minimum �T does not
aid significant noise reduction.

For the noise contribution from Gds, the flat span of the
low transistor ISF �MOS [Fig. 11(g)] and �2

MOS [Fig. 11(h)] is
wide enough to cover the region where GDS starts to increase
abruptly, although GDS of class-F−1 is larger than that of
the implicit CM resonance topology due to the amplified
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Fig. 11. Comparison of circuit-to-PN conversion mechanisms between the implicit CM resonance and class-F−1 oscillators in Fig. 2. (a) Gate and drain
voltages of the implicit CM resonance oscillator. (b) Gate and drain voltages of the class-F−1 oscillator. (c) Drain current of implicit CM resonance
oscillator. (d) Drain current of class-F−1 oscillator. (e) Simulated tank ISF (�T). (f) PN contribution from the tank. (g) Simulated transistor ISF (�MOS).
(h) Simulated �2

MOS. (i) Channel conductance GDS of the transistors. (j) PN contribution from the GDS. (k) Transconductance GM of the transistors.
(l) PN contribution from GM.

gate voltage as shown in Fig. 11(i). Therefore, FGDS will be
suppressed to its minimum when compared with the implicit
CM resonance topology with a narrow span of the minimum
�MOS [Fig. 11(j)].

For the noise contribution from gm, owing to the voltage
gain from drain-to-gate nodes, a larger gate voltage of the
Class-F−1 topology also helps in reducing the time that the
transistors stay in the saturation region, resulting in a shorter
transition time of gm [Fig. 11(k)]. Together with the wide span
of the minimum �MOS, FGM is also significantly reduced when
compared with that of the implicit CM resonance topology as
shown in Fig. 11(l).

Interestingly, the analysis is consistent with [6], in which
FGM and FGDS can be approximated by 2�2

MOS,rms RPγ GM,EFF

and 2�2
MOS,rms RPGDS,EFF, respectively, where GD,SEFF is the

tank loading effect of the –gm transistor. Since class-F−1 has a
large RP2, the loading effect is heavily minimized even if the
transistors are driven into the deep-triode region [9], [11], [14];
hence, its GDS,EFF is very small. Also, energy conservation
enforces that the effective transconductance is entailed to
overcome both the tank loss and GDS,EFF [15], such that

GM,EFF = 1

AV

(
1

RP
+ GDS,EFF

)
(15)
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TABLE I

PERFORMANCE COMPARISONS OF DIFFERENT OSCILLATOR TOPOLOGIES

which shows that GM,EFF for class-F−1 is also lower than
GM,EFF of the implicit CM resonance, leading to a lower FGM.

By using FTANK, FGM, and FGDS obtained from Fig. 11 and
substitute them into (1), the FoM of class-F−1 and implicit
CM resonance with Q2 of 6.3 can be calculated as 197.2 and
193.1 dBc/Hz. Compared with the simulated results directly
obtained from the harmonic balance simulator in spectreRF,
as shown in the last column of Table I, the calculated FoM of
both topologies is slightly higher than the simulated one. To be
precise, �T and �MOS are not entirely zero across the wide
flat span when the –gm transistors enter the deep-triode region
if the tank losses are modeled by a voltage noise source with
a low series resistance [7], because noise current flowing from
MP to MN through LP still can produce a random phase shift to
the output voltage. Consequently, FTANK, FGM, and FGDS are
slightly underestimated using the parallel equivalent RP model
in Fig. 10. Table I also gives the noise factors of the implicit
CM topology with a higher Q2 of 9.3. As expected, a higher
Q2 helps to reduce FGM and FGDS and increase the power
efficiency. However, its FGM and FGDS are still much larger
than those of the class-F−1 topology due to the lack of voltage
gain from the drain-to-gate nodes of the –gm transistors.

Table I compares the FoM of different oscillator topologies.
The values of γn and γP are extracted from the noise simulation
in the 65-nm CMOS technology. For the sake of completeness,
the FoM of the implicit CM resonance with a high Q2 is also
evaluated with an unpractical value of k = 0.18. Class F−1

has a higher FTANK compared to class-B, class-C, and class-F
due to the large impedance at 2 fLO, which shapes the drain
voltage and the ISF waveform into a non-sinusoidal one.
Note that this extra loss was not considered by the simplified
tank model in [24]. Nonetheless, device noise in class-F−1 is
suppressed to a minimum. Specifically, class-F and implicit
CM resonance improve FGDS by reshaping the drain voltage
by creating a tank impedance at 3 fLO for the former, and
2 fLO for the latter. By further improving Q2 and impedance
at 2 fLO, FGDS of the proposed class-F−1 is close to the
class-B oscillator using an ideal current source and the class-C
in which the –gm transistors are prevented from entering
the deep-triode region due to a small oscillation amplitude.
Thanks to the small GDS,EFF and a large voltage gain from

the transformer, the class-F−1 also achieves a much lower
FGM than all the other four topologies. It is worth noting
that the voltage gain can also be implemented in the class-C
topologies through a transformer coupling from source-to-gate
terminals [2]. Assuming a voltage gain of 2.5 is implemented
in the dynamic-biased class-C topology in Table I, its FGM can
be reduced to γn/2.5, which further improves the FoM to 196.7.
However, such a voltage gain would reduce the maximum
drain voltage swing that keeps the transistors in the saturation
region.

From another prospect, the large gate swing makes MN
and MP operate more like switches, which reduces their
noise contributions in the triode region (FGDS) similar to the
class-D oscillator [7]. Moreover, a recent work in [27] also
showed that the noise contribution of the transistors can
be close to negligible in the series-LC resonance topology.
Overall, the proposed class-F−1 eases the inherent tradeoff
between the large output swing and �F , exhibiting the best
FoM performance with the highest η and lowest �F .

B. Flicker Noise Upconversion

For the proposed class-F−1 oscillator, since the phase of
tank impedance at 2 fLO is zero, the second harmonic current
will flow through a purely resistive path, which minimizes
the flicker noise upconversion caused by the Groszkowski
effect [10].

The 1/ f noise current of the −gm transistor can be modeled
as [10]

i2
1/f(t) = K

W LCox
· 1

f
· g2

m(ω0t) (16)

where K is a process-dependent constant, W and L are the
channel width and length, and Cox is the unit area oxide
capacitance. Thus, the flicker noise source is a cyclosta-
tionary process with a noise modulating function α(ω0t) =
gm(ω0t)/gm,max. According to [17], the flicker noise to PN
upconversion is prevented if the effective ISF defined as
�MOS,EFF(ω0t) = �MOS(ω0t) · α(ω0t) has a zero dc value.
Based on Fig. 11(g) and (h), the absolute value of �MOS in
the vicinity of π is lower compared to that at 2π (vice versa
applies for GM [Fig. 11(k)]). The effect of asymmetry of these
two waveforms compensate each other, such that the symmetry
of �MOS,EFF(ω0t) is well maintained, yielding a dc value as
low as 0.0011 (Fig. 12).2

According to [17], the 1/ f 3 noise corner can be approxi-
mated by

ω1/ f 3 ≈ 1

2
· ω1/ f ·

(
�EFF,dc

�EFF,H1

)2

(17)

where ω1/ f is the 1/ f noise corner frequency of the device,
�EFF,H1 is the first harmonic of �EFF, which is 0.035 extracted
from simulation. Therefore, ω1/ f 3 can be very low, as the value
of (�EFF,dc/�EFF,H1)

2 = 9.88 × 10−4 even if ω1/ f is as high
as several MHz.

2It should be noted that the AM-to-PM conversion of the non-linear parasitic
capacitances in the SCAs and varactors are not taken into account for the
analysis.
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Fig. 12. Effective ISF of the class-F−1 oscillator.

Fig. 13. Low and high band freqeucies of the transformer tank versus �Cs
(left) and �CP (right).

Fig. 14. Simulated FoM of (a) class-F−1 oscillator versus CP and (b) implicit
CM resonance oscillator (Q2 = 6.3) versus CCM. (Total tank capacitance
CCM + CDM is kept constant.)

C. FoM and Robustness of the Class-F−1 Oscillator

The two frequency bands of the transformer tank, i.e.,
fL and fH in the class-F−1 oscillator, can be controlled almost
independently by tuning CS and CP, respectively, as confirmed
by Fig. 13. Thus, the oscillation frequency fL = fLO can be
changed by tuning CS while CP can be adjusted to guarantee
fH = 2 fLO.

Fig. 14(a) shows the FoM variation of the class-F−1 oscilla-
tor. When CP is tuned to 0.4 pF, we achieve an optimum point
where fH of the transformer based tank is mapped to 2 fLO,
minimizing the 1/ f 3 noise corner as the FoM at 100 kHz,
1 MHz, and 10 MHz converges to 196.7 dBc/Hz.

The FoM at 1-M/10-MHz offset where the PN is domi-
nated by the thermal noise is relatively constant, which only
degrades by ∼1 dB when CP varies by ±10%. The sensitivity

Fig. 15. (a) Amplitude ratio and (b) phase imbalance between the differential
output at the drain and gate nodes.

of the FoM at 100-kHz offset is determined by both Q2 and
the oscillator loop gain [11]. Since the large loop gain of the
class-F−1 oscillator compensates the effect of a higher
Q2 (= 9.3), its FoM degradation [Fig. 14(a)] caused by
the misalignment between fLO and 2 fLO is similar to
that of the implicit CM-resonance oscillator with a smaller
Q2(= 6.3) [Fig. 14(b)].

Operating at 4 GHz, the imbalance between the differential
outputs of the class-F−1 oscillator induced by asymmetrical
parasitic capacitances of NMOS and PMOS transistors can
be kept small. The simulation shown in Fig. 15 indicates
that the amplitude ratio and phase error of the drain voltages
are 1.11 and −1.95°, respectively. They are further suppressed
to 1.006 and 0.12° for the gate voltages owing to the voltage
gain provided by the transformer.

D. Frequency Pushing

The Groszkowski effect can also induce the frequency
pushing when the supply voltage varies. Considering the
relationship between the frequency shift and harmonic current
given by [28]

∣∣∣∣�ω

ω0

∣∣∣∣ = 1

Q2

∞∑
n=2

n2

n2 − 1
·
∣∣∣∣ IHn

IH1

∣∣∣∣
2

(18)

where IHn and IH1 are the nth harmonic and the funda-
mental components of the tank current, respectively. Usually,
the second harmonic current is dominant over the other high-
order harmonic currents. In the conventional LC-oscillator
without the second harmonic resonance, the second harmonic
current flows through the tank capacitor. The supply voltage
variation will induce the change of the IH2/IH1 ratio so that
the oscillation frequency will be shifted to restore the balance
between the reactive and inductive energies of the tank.

In the proposed class-F−1 topology, the frequency pushing
due to the Groszkowski effect is significantly suppressed since
IH2 flows through a purely resistive path when fLO and
2 fLO are perfectly aligned, i.e., fH = 2 fLO in Fig. 16(a).
The residue small frequency pushing is induced by the
Groszkowski effect due to the high-order harmonics and
change of parasitic capacitance (CGS and CGD) of the
–gm transistors. It is interesting to observe that the frequency
pushing can be either positive or negative depending on
the relationship between fH and 2 fLO [Fig. 16(a)]. When
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Fig. 16. (a) Simulated frequency pushing defined as ( fLO@VDDH –
fLO@VVDDL)/( VDDH − VDDL) against CP by varying VDD from 0.55 V
(VDDL) to 0.65 V (VDDH) and (b) tank impedance ZIN when fH > 2 fLO
(upper) and fH < 2 fLO (lower).

Fig. 17. Screenshot PN profile at 4 GHz and chip micrograph of the fabricated
class-F−1 oscillator in 65-nm CMOS.

fH < 2 fLO, the phase of tank impedance Z in is negative
at 2 fLO [Fig. 16(b)] and IH2 flows through a capacitive path.
A higher VDD raises IH2/IH1, requiring a lower oscillation
frequency to re-balance the capacitive and inductive energy
of the tank. On the other hand, the phase of tank impedance
Z in becomes postive [Fig. 16(b)] at 2 fLO when fH > 2 fLO
and IH2 flows through an inductive path instead. Thus, the
frequency shift caused by IH2 becomes positive as VDD raises.
When fH is slightly higher than 2 fLO, it is possible to achieve
a zero frequency pushing by letting the positive frequency shift
(caused by IH2) and the negative frequency shift (caused by
the high-order harmonic currents and parasitic capacitance)
cancel each other, as illustrated in Fig. 16(a).

IV. MEASUREMENT RESULTS

Fig. 17 shows the class-F−1 oscillator prototyped in 65-nm
CMOS that occupies a core area of 0.14 mm2 and the
PN profile at 4 GHz measured by Keysight E5052B signal
source analyzer. Thin-oxide devices with the oxide thickness
of 2.3 nm are used for the –gm transistors. Their sizes
are 37.5 μm/60 nm (NMOS) and 75 μm/60 nm (PMOS),
respectively. As shown in Fig. 9(b), the maximum VGS of the

Fig. 18. (a) Measured PN and (b) FoM against offset frequency at
VDD = 0.6 V.

Fig. 19. (a) Measured PN and (b) FoM against offset frequency at
VDD = 0.55 V.

Fig. 20. (a) Measured PN and (b) FoM against offset frequency at
VDD = 0.65 V.

–gm transistors is 1.1 V at VDD = 0.6 V, which is slightly
larger than the standard supply voltage of 1 V. We can use the
oxide breakdown scaled-model and the measured data given
in [8] and [29] to evaluate the long-term reliability of the
–gm transistors due to the time-dependent dielectric break-
down, which is the main failure mechanism for the voltage-
controlled oscillator (VCO). The calculated lifetime for
a 0.01% failure rate at 140 °C is ∼5 × 1014 s (well exceeding
10 years). If a standard VDD of 1 V is required, there would
be an extra voltage drop on the regulator which increases the
VCO power consumption and degrades its FoM. However,
it could also be advantageous for the class-F−1 VCO to achieve
large output swing and low PN at a low VDD since the supply
voltage of wireless transceivers is constantly dropping, both
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TABLE II

PERFORMANCE BENCHMARK WITH THE STATE-OF-THE-ART LC OSCILLATORS

Fig. 21. Measured (a) PN and (b) FoM against tuning frequency.

as required by the safe operation of the advanced CMOS
technology, and as a mean to save power simultaneously [7].
We designed a 2-to-4-turn tapped transformer (km = 0.38)
with LP = 2.28 nH (LS = 4.28 nH) and QP = 19 (QS = 17).
CP (CS) employs 6-bit (5-bit) MOM switchable capacitors
with an LSB of 11 fF (20 fF), and an additional varactor for
fine-tuning purpose. Thick-oxide devices are employed in CS
switching to withstand the large differential voltage swing of
VGN and VGP.

The class-F−1 oscillator is tunable from 3.49 to 4.51 GHz.
Fig. 18(a) shows the PN profile of fmin to fmax when the
power consumption ranges between 1.14 and 1.2 mW at
VDD = 0.6 V. Plotting the corresponding FoM in Fig. 18(b),

Fig. 22. Measured (a) 1/ f 3 PN corner against frequency and (b) frequency
pushing at fmin and fmax.

the maximum FoM ranges between 195.6 and 196.2 dBc/Hz
in the 1/ f 2 region.

To verify the robustness of the class-F−1 oscillator under
different VDD, we measured the PN and its corresponding
FoM at VDD,MIN = 0.55 V and VDD,MAX = 0.65 V as
shown in Figs. 19 and 20, respectively. The FoM variation is
only ∼0.6 dB at fmax and ∼0.4 dB at fmin.

Fig. 21(a) and (b) illustrates the measured PN and the FoM,
respectively, across the tuning frequency at 100-kHz, 1-MHz,
and 10-MHz offsets. The FoM at 10-MHz offset is consistently
maintained, which agrees well with the simulation results
described earlier, whereas at 100-kHz offset, the FoM varies
between 190.9 and 192.5 dBc/Hz, translating to a flicker noise
corner ranging from 100 to 300 kHz as exhibited in Fig. 22(a).
The frequency pushing shows a +4.5 and −15 MHz/V
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at fmin and fmax, respectively, as presented in Fig. 22(b).
Furthermore, they have an opposite trend due to the different
control voltage for the varactor at fmin and fmax.

Table II summarizes the performance and benchmarks of
this paper with the state-of-the-art low PN oscillator.3 By using
only a transformer tank and achieving a competitive tuning
range of 25.5%, our class-F−1 oscillator reveals the highest
FoM at the 10-MHz offset. References [2], [9], [30], and [34]
have a comparable FoM performance of ∼195.5 dB/Hz at a
smaller frequency tuning range.

V. CONCLUSION

A class-F−1 oscillator with a single-ended PMOS-NMOS-
complementary topology has been reported. By exploiting the
transformer-based two-port resonator to generate a high-Q and
high-impedance peak at 2 fLO, drain voltage can be reshaped,
thus increasing the flat span in which the ISF is minimum.
The transformer also provides a drain-to-gate voltage gain
to reduce the current commutation time. These two features
significantly surpress the circuit noise to PN conversion while
improving the power efficiency. Prototyped in 65-nm CMOS,
the class-F−1 oscillator shows a state-of-the-art FoM over
a wide tuning range, low 1/ f 3 corner, and low frequency
pushing.
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Editor of the IEEE TRANSACTIONS ON CAS II: EXPRESS BRIEFS from
2010 to 2013. In the representation of UM, he was one of the Vice-Presidents
from 2005 to 2014 and the President from 2014 to 2017 of the Association
of Portuguese Speaking Universities. He was nominated the Best Associate
Editor of the IEEE TRANSACTIONS ONCAS II for 2012 to 2013. He was
a recipient of the Medal of Professional Merit from Macao Government
(Portuguese Administration) in 1999, the Honorary Title of Value from Macao
SAR Government (Chinese Administration) in 2001, and the IEEE Council
on Electronic Design Automation Outstanding Service Award in 2016. He
was elected, unanimously, as a Corresponding Member of the Portuguese
Academy of Sciences (in Lisbon), being the only Portuguese Academician
living in Asia in 2010.
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