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An Ultra-Low Phase Noise Class-F2 CMOS

Oscillator

In this chapter, we discuss and analyze a class of operation of an RF oscillator
that further minimizes its phase noise. The main idea is to enforce a clipped
voltage waveform around the LC tank by increasing the second harmonic
of fundamental oscillation voltage through an additional impedance peak,
thus giving rise to a class-F2 operation. As a result, the noise contribution
of the tail current transistor on the total phase noise can be significantly
decreased without sacrificing the oscillator’s voltage and current efficiencies.
Furthermore, its special impulse sensitivity function (ISF) reduces the phase
sensitivity to thermal circuit noise. The prototype of the class-F2 oscillator is
implemented in standard TSMC 65 nm CMOS occupying 0.2 mm2. It draws
32–38 mA from 1.3-V supply. Its tuning range is 19% covering 7.2–8.8 GHz.
It exhibits phase noise of −139 dBc/Hz at 3-MHz offset from 8.7-GHz
carrier, translated to an average figure of merit of 191 dBc/Hz with less than
2-dB variation across the tuning range.

4.1 Introduction

Spectral purity of RF LC-tank oscillators is typically addressed by improving
a quality factor (Q) of its tank, lowering its noise factor (NF) and increas-
ing its power consumption. Even though technology scaling increases the
effective capacitance ratio, Cmax/min, of switchable tuning capacitors and,
consequently, the oscillator tuning range, it does not improve the oscillator’s
spectral purity parameters, such as tank Q-factor and oscillator NF. In fact,
the tank Q-factor is slightly degraded in more advanced technologies mainly
due to closer separation between the top metal and lossy substrate as well as
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thinner lower-level metals that are used in metal-oxide-metal (MoM) capac-
itors. On the other hand, transistor noise factor keeps on degrading in more
advanced technologies. Consequently, NF increases and thus penalizes the
oscillator phase noise (PN). Consequently, the oscillators of excellent spectral
purity and power efficiency are becoming more and more challenging as
compared to other RF circuitry that is actually gaining from the technology
scaling. This has motivated an intensive research leading to new oscillator
topologies [1–11].

In this chapter, we specifically address the ultra-low phase noise design
space while maintaining high power efficiency. We describe a soft-clipping
class-F2 oscillator topology based on enforcing a clipped voltage waveform
around the LC tank by increasing the second-harmonic of the fundamental
oscillation voltage through an additional impedance peak [8–10]. This struc-
ture shifts the oscillation voltage level so that it provides enough headroom
for the tail current without compromising the oscillating amplitude. Conse-
quently, the phase noise contribution of the tail current transistor is effectively
reduced while maintaining the oscillator voltage efficiency. Furthermore, the
class-F2 operation clips the oscillation waveform for almost half of the period,
thus benefiting from the lower circuit-to-phase-noise conversion during this
time span.

The chapter is organized as follows: the trade-offs between the RF oscil-
lator PN and power consumption are investigated in Section 4.2. Section 4.3
establishes the environment to introduce the class-F2 operation, its benefits,
and constraints. The circuit-to-PN conversion mechanisms are studied in
Section 4.4. Section 4.5 presents extensive experimental results.

4.2 Challenges in Ultra-Low Phase Noise Oscillators

The phase noise (PN) of the traditional oscillator (i.e., class-B) with an ideal
current source at an offset frequency ∆ω from its fundamental frequency ω0

could be expressed as

L(∆ω) = 10 log10

(
KT

2 Q2
t PDC

1

αI αV
(1 + γ)

( ω0

∆ω

)2
)
, (4.1)

where Qt is the tank quality factor; αI is the current efficiency, defined as the
ratio of the fundamental current harmonic Iω0 over the oscillator DC current
IDC; and αV is the voltage efficiency, defined as the ratio of the oscillation
amplitude Vosc (single-ended) over the supply voltage VDD. The oscillator
power consumption is
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PDC =
V 2
osc

αI · αV ·Rin
, (4.2)

where Rin is an equivalent input parallel resistance of the tank modeling
its losses. Equation (4.1) clearly demonstrates a trade-off between power
consumption and PN. To improve the oscillator PN, one must increase PDC

by scaling down Rin. This could be done by lowering the tank inductance
while maintaining the optimal Qt. For example, by keeping on reducing the
inductance by half, Rin could theoretically decrease by half at the constant Qt,
which would improve phase noise by 3 dB with twice the power consumption
at the same FoM.1 However, at some point, the resistance of the tank’s
interconnections will start dominating the resonator losses and, consequently,
the equivalent tank’s Q will start decreasing. Hence, the PN-versus-power
trade-off will no longer be beneficial since the FoM will drop dramatically
due to the Q-factor degradation.

Coupling N oscillators is an alternative way of trading off the power
for PN since it avoids scaling the inductance down to impractically small
values. It can theoretically improve PN by a factor of N compared to a single
oscillator [12, 13]. Unfortunately, the oscillator size increases linearly, i.e.,
4× larger area for just 6 dB of PN improvement.

In this chapter, we explain how to improve phase noise by utilizing
two 1:n transformers that are connected back-to-back [8], as shown in
Figure 4.1(b, c). The equivalent Rin and, thus, the oscillator PN are scaled
down by a factor of ∼(1 + n2) without sacrificing tank’s Q-factor. Hence,
PN improvement can potentially be much better than with the coupled oscil-
lators (e.g., Figure 4.1(a)) at the same die area. In addition, the C2 and C3

tuning capacitors, which are not directly connected to the primary of the first
transformer, appear at the input of the transformer network via the scaling
factor of n2 and n4 as can be realized from Figure 4.1(c). This impedance
transformation results in a significant reduction in the required value of all the
capacitors (i.e.,

∑
iCi), which reduces the routing parasitics (both inductive

and capacitive), and improves the tuning range and PN of the oscillator. Even
though by increasing the transformer’s turns ratio the tank input impedance
will be reduced, the transformer Q-factor will not stay at the optimum level
and will start dropping at some point [14]. It turns out that the turns ratio of
n = 2 can satisfy the aforementioned constraints altogether.

1FoM = |PN| + 20 log10(ω0/∆ω) − 10 log10(PDC/1mW).
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Figure 4.1 Phase noise reduction techniques without sacrificing tank’s Q-factor: (a) coupled
oscillators, (b) connecting two step-up transformers back-to-back, and (c) its equivalent circuit
model.

To sustain the oscillation of this differential tank, two transistors shall
be added. Figure 4.2 illustrates the preliminary schematic and waveforms.
Unfortunately, as gathered from Figure 4.3, this structure suffers the same
issues as the traditional class-B oscillator when the ideal current source is
replaced with a tail bias transistor, MT. The PN is ideally improved by
20 dB/dec through increasing the oscillation amplitude, provided the gm-
devices M1,2 operate in saturation over the entire period. However, the slope
of PN improvement deviates from the ideal case when M1,2 enter the triode
region for a part of the oscillation period [15]. This problem is intensified
especially when the oscillator operates at higher frequencies and larger IDC

(i.e., ≥10 mA) is needed to satisfy the stringent spectral purity of the GSM
standard [16]. Actually, the combination of the parasitic drain capacitance
of the large-size MT with the entering the triode region by M1,2, cyclically
short-circuits the tank, thus degrading its equivalent Q-factor and oscillator
PN [17].

Furthermore, the oscillation voltage should provide minimum VDSAT

across MT throughout the entire period to keep it in saturation. Consequently,
αV becomes substantially less than 1, which translates to a significant PN
penalty as clearly seen from (4.1). Larger MT needs lower VDSAT, which
would increase αV. However, the tail transistor’s effective thermal noise
will increase significantly for the same IDC [18]. As a consequence, the
contribution of MT to the PN could be larger than that of gm-devices, which
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translates to a significant increase of the oscillator NF and thus its PN [16].
In addition, the MT parasitic capacitance, CT, will also increase with the
side effect of a stronger tank loading. On the other hand, the combination
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of the sinusoidal drain voltage, large CT, and the entering of triode region
by M1,2 will result in a dimple in the squarish shape of active device drain
current (see Figure 4.2) with a 10%–20% reduction in αI and thus FoM of
the oscillator [1, 16]. All the above reasons contribute to reducing the rate
of PN improvement versus Vosc to about 10 dB/dec when M1,2 enter the
triode region for a part of the oscillation period. Hence, a huge 8-dB PN
difference in Figure 4.3 is observed between the ideal and real operation
of the oscillator. Consequently, the novel oscillator must not be sensitive to
the excess gm-device noise in the triode intervals. It should also break the
trade-off between αV and NF.

4.3 Evolution Towards Class-F2 Operation

Before introducing a new phase noise (PN) reduction technique, let us take
a closer look at the harmonic component of the drain current ID of the M1

and M2 gm-devices in Figure 4.2. Ideally, ID is a square wave containing
fundamental and odd harmonics. The odd harmonics through M1 and M2

are 180◦ mutually out-of-phase and appear as differential-mode (DM) input
signals for the tank. The ID also contains even harmonics due to the large
oscillation voltage, non linearity of M1,2, and large parasitic capacitance of
MT. However, the even harmonics through M1 and M2 are mutually in-
phase with ±90◦ phase shift to their related odd harmonics, as shown in
Figure 4.4. Consequently, these even harmonics appear as a common-mode
(CM) input for the tank. The conventional tank input impedance has only one
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Figure 4.4 Drain current of M1,2 devices of Figure 4.2 in time and frequency domains.
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peak at the fundamental frequency ω0. Therefore, the tank filters out the drain
current harmonics and ultimately a sinusoidal voltage is seen across the tank.
Now, suppose the tank offers an additional CM input impedance peak around
the second harmonic (see Figure 4.5). Then, the second harmonic of ID is
multiplied by the tank’s CM input impedance to produce a sinusoidal voltage
at 2ω0 that is in quadrature to the fundamental oscillation voltage produced by
the tank’s DM impedance at ω0. The combination of both waveforms creates
the desired oscillation voltage around the tank, as shown in Figure 4.5, thus
justifying the class-F2 designation.

VDA = VDD − VH1 sin (ω0t)− VH2 sin
(

2ω0t+
π

2

)
(4.3)

ζV is defined as the ratio of the second-to-first harmonic components of the
oscillation voltage.

ζV =
VH2

VH1
=

(
RCM
Rin

)(
IH2

IH1

)
, (4.4)

where Rin and RCM are, respectively, the tank DM and CM impedance magni-
tude at ω0 and 2ω0. Figure 4.6 illustrates the oscillation voltage and its related
impulse sensitivity function (ISF) based on Equation (38) in [21] for different
ζV values. Clearly, ζV should be 0.3 to have the widest flat span in the tank’s
oscillation voltage. The Γ2

rms is 0.35 for ζV = 0.3 compared to 0.5 for the
traditional oscillator, which leads to a 1.5-dB PN and FoM improvements.
Furthermore, ISF is negligible when the gm-devices work in the triode region
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and inject the most thermal noise into the tank. Consequently, the oscillator
FoM improvement should be larger than that predicted by just the ISFrms

reduction. More benefits of the class-F2 operation will be revealed in the
following sections.

The argument related to Figure 4.5 suggests the creation of an additional
CM input impedance peak at the second harmonic of main differential reso-
nance. Incidentally, the introduced step-up 1:2 transformer acts differently to
the CM and DM input signals. Figure 4.7(a) illustrates the induced current at
the transformer’s secondary when the primary winding is excited by a differ-
ential signal. All induced currents circulate in the same direction at the trans-
former’s secondary to satisfy Lenz’s Law. Consequently, the induced currents
add constructively, which leads to a strong inter-winding coupling factor
(km ≥ 0.7). However, when the transformer’s primary is excited by a CM sig-
nal (Figure 4.7(b)), the induced currents at the right-hand and left-hand halves
of the transformer’s secondary winding circulate in opposite directions, thus
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largely canceling each other. The residual current results in a very small
km ≤ 0.2 for the CM excitation. Consequently, the concept of using two
modes of a transformer for waveform shaping (proposed in [19] for a power
amplifier) will be adopted here to realize the special tank input impedance
of Figure 4.5. Note that an equivalent lumped-element model in [14, 20]
cannot simultaneously cover both CM and DM types of behavior, and would
produce wrong results. Hence, we suggest to utilize the transformer’s
S-parameters and PSS analysis to simulate the novel class-F2 oscillator.

Figure 4.8 shows the newly invented tank of a class-F2 oscillator. The
C1d and C3 are intentionally chosen as fixed capacitors while the DM and
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CM resonant frequencies are tuned by C1c (fine) and C2 (coarse). The DM
main resonant frequency is

f1d =
1

2π
√
LeqCeq

≈ 1

2π

√(
Lp

1+n2

)
(C1c + C1d + C2n2 + C3n4)

. (4.5)

The inductance reduction and capacitance multiplication factors of the
dual-transformer tank are directly contained in (4.5). The CM input signal can
neither see the second transformer nor C2 and C3 due to negligible km(CM).
In addition, differential capacitors also act as open circuit for the CM signals.
Consequently, the tank’s CM resonant frequency is

f1c =
1

2π
√
LcmC1c

≈ 1

2π
√

(Lp + 2Lpar)C1c

. (4.6)

There is no tank impedance scaling for the CM excitation. Hence, the
CM input impedance peak should be higher than the DM peak, as clearly
seen from Figure 4.9 (top). To operate properly, CM-to-DM resonance ratio
must be adjusted to 2:

ζf =
f1c

f1d
=

√
Lp

Lp + 2Lpar
· C1c + C1d + C2n2 + C3n4

C1c (1 + n2)
= 2. (4.7)

As a consequence, the frequency tuning requires a bit different consid-
eration than in the class-B oscillators. Both C1c and C2 must, at least at
the coarse level, be changed simultaneously to satisfy (4.7) such that f1c

coincides with 2f1d. This adjustment is entirely a function of the ratio of
the tuning capacitors, which is precise, thus making ζf largely independent
from process, voltage, and temperature (PVT) variations.

Let us now consider the required accuracy of this ratio ζf . The trans-
former and switching capacitors are designed based on maximum Q-factor
at the operating frequency f1d. The tank Q-factor drops at least 3× at
f1c = 2f1d. Consequently, the tank CM impedance bandwidth is very wide,
as seen in Figure 4.9. Therefore, the oscillator is less sensitive to the position
of f1c and thus the tuning capacitance ratio. A realistic 5% error in ζf has no
significant adverse effects on the oscillator waveform and thus its PN.

The schematic and waveforms of the new oscillator are shown in
Figures 4.10 and 4.11. Even though the second harmonic injection reduces
the drain oscillation voltage by V0 during the negative clipping interval,
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it increases its positive peak by V0 (see Figure 4.6(a)). It means the drain
oscillation span is shifted from 0-to-2VDD in the traditional oscillator to V0-
to-(2VDD + V0) in the class-F2 operation. Hence, the larger current source
voltage headroom and lower noise factor are achieved without compromising
the oscillation amplitude. Furthermore, the V0 headroom also reduces the
dimple in the core-device drain current (compare Figures 4.2 and 4.11), which
helps the class-F2 current efficiency to be closer to the ideal value of 2/π.

Figure 4.9 illustrates the tank CM/DM input impedance and passive
voltage gain between the gate and drain of M1,2 versus frequency. Unfor-
tunately, the tank exhibits two other undesired DM resonant frequencies
(f2d, f3d) due to imperfect km of the two transformers that create two
leakage inductances [14]. Consequently, the circuit loop must guarantee the
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oscillation only at the desired DM resonance, f1d. Although CM demonstrates
much larger input impedance peak, the two transformers effectively reject
(attenuate by >40 dB) the CM signals. The root-locus plot in Figure 4.12
illustrates the DM pole movements toward zeros for different oscillator loop
transconductance gains GM. The first and third frequency conjugate pole
pairs (ω1d, ω3d) move into the right-hand plane by increasing the absolute
value of GM, while the second conjugate pole ω2d is pushed far away from
the imaginary axis. This guarantees that the oscillation will not happen at
ω2d. Furthermore, it can be shown that ω3d poles move to much higher
frequencies with much lower input impedance peak and tank voltage gain
if enough differential capacitance is located at T1 primary windings. It
justifies the existence of the non-switchable differential capacitor C1d. Con-
sequently, the loop gain will not be enough to satisfy the Barkhausen criterion
for ω3d.

4.4 Phase Noise Mechanism in Class-F2 Oscillator

According to the linear time-variant (LTV) model [21], the phase noise of
an oscillator at an offset frequency ∆ω from its fundamental frequency ω0 is
expressed as

L(∆ω) = 10 log10

( ∑
iNL,i

2 q2
max (∆ω)2

)
, (4.8)

where qmax = Ceq·Vosc is the maximum charge displacement across the
tuning capacitors and Vosc = αI ·Rin·IDC is the single-ended oscillation
amplitude at the drain of gm-devices. The NL,i in (4.8) is the effective noise



72 An Ultra-Low Phase Noise Class-F2 CMOS Oscillator

power produced by ith device given by

NL,i =
1

2π

∫ 2π

0
Γ2
i (ω0t) i2n,i(ω0t)d (ω0t), (4.9)

where i2n,i is the white noise current density of the ith noise source and Γi
is its corresponding ISF function. Obtaining the ISF of various oscillator
nodes is the first step in calculating the oscillator’s PN. The ISF functions
are simulated by injecting a 20 femto-coulomb charge (∆q) throughout the
oscillation period and measuring the resulting time shifts, ∆ti.

Γi = ω0 ·∆ti ·
qmax
∆q

(4.10)

Figure 4.13(a) illustrates the ISF of various tank nodes. The soft clipping
reduces by 30% the effect of losses on the oscillator PN due to single-ended
switchable C1c

2 and T1 primary windings. However, ISF functions of the
T1 secondary and T2 primary/secondary winding noise sources (including C2

and C3) are not improved due to the sinusoidal (i.e., conventional) waveforms
at IMA,B and GA,B nodes. Figure 4.13(a) indicates that GA,B are the most
sensitive nodes. Hence, C3 is constructed as a fixed MoM capacitor and
the transformer was designed with a goal of maximizing Q-factor of the
secondary winding.

To calculate a closed-form PN equation, the oscillator model is simplified
in Figure 4.14. The GDS1,2(t) represent the channel conductance of M1,2.
The GM1,2(t) and GMT(t) model the transconductance gain of M1,2 and MT,
respectively. The original tank is pruned to a parallel Leq, Ceq, Rin with noise-
less voltage gain of G0 (see Figure 4.8(b)). The simplified tank’s equivalent
ISF can be roughly estimated by an average of the tank’s contributing ISF
functions of Figure 4.13(a) and is shown in Figure 4.13(b) as green curve.
The effective noise power of the tank is illustrated in Figure 4.13(c) as green
curve and its average power is approximated by

NTank =
1

π

∫ 2π

0

4KT

Rin
Γ2
tank(ω0t)d(ω0t) ≈ 0.8

KT

Rin
. (4.11)

Consequently, the soft clipping reduces NTank by 20% compared to the
traditional oscillator.

2The single-ended switchable capacitor is used to adjust the CM resonant frequency. How-
ever, its Q-factor is almost half of that of the differential structure for the same Cmax/Cmin.
The soft clipping largely compensates the effect of additional losses due to its lower Γrms

value.



4.4 Phase Noise Mechanism in Class-F2 Oscillator 73

0

1

2

3

0

40

80

120

C
on

du
ct

a
n

ce
 (

m
S

)

-1

0

1

2

3

4

V
o

lta
g

e 
(V

)

M1 on

M1&M2 
on

M1&M2 
on

M2 on M1 Deep triode

-0.4

0

0.4

0.8

0

5

10

15

21

42

63

2π -1

-0.5

0

0.5

1

IS
F

0 (a)

-0.4

-0.2

0

0.2

0.4

0.6

IS
F

2π 0 (b)

(c)

MT

Tank(Rin)

DA

IMA GA
0

2

4

6

8

M1 on

M1&M2 
on

M1&M2 
on

M2 on M1 Deep triode

S
p

e
ct

ra
l p

o
w

e
r 

d
e

n
si

ty
 

n
o

rm
a

liz
e

d
 to

 4
K

T
/R

in
ta

nk

2π 0

GDS1/Rintank

γGM1/Rintank

ISF ≈0

2π 0

GM1
GDS1

1/Rintank

2π 0

L
o

ad
e

d
 Q

-f
a

ct
or

R
in

E
F

F

IS
F

 o
f M

1 
ch

a
nn

e
l n

o
is

e
No circuit to 
phase noise 
conversion

N
G

D
S
 a

n
d 

N
G

M
 

n
o

rm
a

liz
e

d
 to

 K
T

/R
in

2π 0

2π 0

2π 0
0

0.2

0.4

0.6

0.8

1

Due to 
GDS1

Due to 
GM1

Tank(Rin)MT

2π 0

(d)

(e)

(f)

(g)

(h)

(i)

N
G

M
T
 

N d
n

a
T

an
k 

T
K 

ot 
d

ezil
a

mr
o

n
/ R

in

GA

DA

VT
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The effects of noise on the oscillator PN due to channel conductance
(GDS) and transconductance gain (GM) of M1,2 transistors are separately
investigated. Figure 4.13(d) illustrates various operational regions of M1,2

across the oscillation period. When M1,2 are not turned off, they work mainly
in the deep triode region where they exhibit a few ohms of channel resistance,
as indicated in Figure 4.13(e). Consequently, the combination of the large
parasitic capacitance of MT with low channel resistance of M1,2 in this deep
triode region makes a low impedance path between the tank and ground. The
literature interprets this as the tank loading event and defines implicit parame-
ters such as effective tank Q-factor (Qeff ) and input parallel resistance (Rineff )
to justify the oscillator phase noise degradation due to this phenomenon.
As shown in Figure 4.13(f), the tank Qeff and Rineff drop 4–5× when M1,2

operate in the deep triode. These “effective” parameters merely indicate that
more noise is injected then into the tank. However, they do not ordain how
much of that circuit noise converts to phase noise, especially when the drain
oscillation wave is not conventionally sinusoidal.

The proper approach should be based on the channel conductance noise
power and its related ISF. If we had an ideal current source, M1,2 noise would
be injected to the tank only during the commutating time (hachure areas in
Figure 4.13(e–g)). At the remaining part of oscillation period, one transistor
is off and the other one is degenerated by the ideal current source and thus
noiseless. However, the output impedance of a practical current source is
low for such a high IDC = 30 mA and f0 = 8 GHz. Consequently, M1,2 can
inject significant amount of noise to the tank when they operate in deep triode
region outside the commutating time (i.e., gray area in Figure 4.13(g)). Note
that gm-devices generate ∼7× higher amount of noise compared to the tank
loss in the gray area, which can potentially increase the phase noise of the
oscillator. However, the ISF of channel noise of M1,2 is very small in that
time span as shown in Figure 4.13(h). Hence, the excessive transistor channel
noise (or excessive loaded tank noise of the conventional approach) cannot
convert to phase noise. Consequently, the effective noise power of the gm-
device channel conductance is negligible, as illustrated in Figure 4.13(i), and
its average power is approximated by

NGDS =
1

π

∫ 2π

0
4KTGDS1(ω0t)·Γ2

M1(ω0t)·d(ω0t) ≈
KT

Rin
·(0.25) (4.12)

Note that NGDS is at least 4× larger for the traditional oscillator,
especially when a large αV is needed [22].
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Figure 4.13(e) shows M1 transconductance gain GM1 across the oscilla-
tion period. To sustain the oscillation, the combination of the transformers’
passive voltage gain (G0) and effective negative transconductance of the
gm-devices needs to overcome the tank and M1,2 channel resistance losses.
Consequently,

GM1EF =
1

G0
·
(

1

Rin
+GDS1EF

)
, (4.13)

where GDS1EF describes the effective value of the instantaneous conductance
GDS1(t) of M1,2 [22]. It can be shown that GDS1EF could be as large as 1/Rin

when the oscillator is biased near the voltage limited region [1]. Therefore,
the effective noise due to GM of core transistors can be calculated by

NGM =
1

π

∫ 2π

0
4KTγM1GM1(ω0t) · Γ2

M1(ω0t) · d(ω0t)

≈ KT

Rin

γM1

G0
· (1 +Rin ·GDS1EF ) ≈ KT

Rin
·
(

2γM1

G0

)
(4.14)

Equation (4.14) indicates that the second harmonic injection (i.e., class-
F2 operation) demonstrates no benefit for NGM, but the transformers’ voltage
gain still offers significant benefits.

To estimate the PN contribution of MT, its transconductance should be
calculated first.

GMT =
2IDC

Vgs(MT ) − Vth
≈ 2IDC

VT
, (4.15)

where VT is the overdrive voltage of MT equal to the drain–source voltage.
The clipping voltage level is

V0 = VDD [1− αV (1− ζV )] . (4.16)

By dedicating a half of V0 headroom to MT,

GMT =
4IDC
V0

≈ 4IDC
VDD (1− αV (1− ζV ))

. (4.17)

By substituting IDC with Vosc/ (αIRin) in (4.17),

GMT =
4

(1− αV (1− ζV ))RinαI

(
Vosc
VDD

)
=

1

Rin

4αV
(1− αV (1− ζV ))αI

.

(4.18)



76 An Ultra-Low Phase Noise Class-F2 CMOS Oscillator

As discussed earlier, αI and αV could be as large as 0.6 and 0.9 in
this oscillator, and optimum ζV is about 0.3. Hence, (4.18) is simplified to
GMT≈ 15/Rin. As revealed by Figure 4.13(b, orange), ΓMT,rms is only 0.08
due to relatively large VT of the class-F2 operation. Consequently,

NMT =
1

2π

∫ 2π

0
4KTγMTGMT (ω0t)·Γ2

MT
(ω0t)·d(ω0t) ≈

KT

Rin
·(0.4γMT ) .

(4.19)

The contribution of MT to the PN is less than that of the tank and is about
20% of the total. This share could easily be higher than 50% for the traditional
oscillator at the same αV and IDC as discussed in [16, 17]. Finally, the total
oscillator effective noise power (NT) and noise factor (NFTotal) are given by

NT ≈
KT

Rin
·NFTotal, NFTotal ≈

(
1.05 +

2γM1

G0
+ 0.4γMT

)
. (4.20)

Equation (4.20) indicates that the effective noise factor of the class-F2

oscillator is very close to the ideal value of (1+γ) despite the aforementioned
practical issues. The phase noise can easily be calculated by replacing (4.20)
in (4.8). The oscillator FoM normalizes the PN performance to ω0 and PDC,
yielding

FoM = −10 log10

(
103 ·KT
2Q2

tαIαV
·NFTotal

)
. (4.21)

Table 4.1 verifies the solidity of the presented phase noise analysis by
comparing the results of SpectreRFTM PSS, Pnoise simulations with the
derived theoretical equations. The expressions estimate the oscillator PN and
share of different noise sources with an acceptable accuracy.

It is also instructive to compare in Table 4.2 the benefits and drawbacks of
the two flavors of class-F operation. Intuitively, the third-harmonic injection
in class-F3 (Chapter 3) demonstrates a pseudo-square waveform with smaller
ISFrms value and shorter commutating time. Consequently, it offers lower
NFTank and NFGM. On the other hand, class-F2 operation provides larger
voltage overhead for the gm-devices and tail current transistor without sac-
rificing the oscillator αV . Hence, it exhibits better NFMT, NFGDS, and αV.
As expected, the effective noise factor and FoM of both topologies turns out
to be identical. However, this implementation of class-F2 automatically scales
down the tank input parallel resistance and thus offers lower PN at price of
larger area and slightly lower Q-factor due to the interconnection of the two
transformers.
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Table 4.1 Comparison between the results of SpectreRF PSS, Pnoise simulation and theo-
retical equations at 8-GHz carrier for VDD = 1.2 V, Rin = 60 Ω, Leq = 80 pH, γMT = 1.3,
and γM1,2 = 1

Theoretical Equations SpectreRF Simulation

Value Share Value Share

NTank 5.50 · 10−23 V2/Hz 31% 4.71 · 10−23 V2/Hz 28.4%

NM1,2 =
NGDS + NGMT

8.63 · 10−23 V2/Hz 48.8% 8.78 · 10−23 V2/Hz 53%

NMT 3.59 · 10−23 V2/Hz 20.2% 3.08 · 10−23 V2/Hz 18.6%

NT =
NTank+NM1,2+NMT

17.72 · 10−23 V2/Hz 100% 16.57 · 10−23 V2/Hz 100%

qmax (coulumbs) 5.34 · 10−12 5.34 · 10−12

Phase noise@10MHz −151 dBc/Hz −151.33 dBc/Hz

Table 4.2 Comparison between two flavors of class-F oscillator for the same carrier
frequency = 8 GHz, VDD = 1.2 V, tank Q-factor = 14, ∆f = 10 MHz, and RP = 240 Ω

Expression Class-F3 Class-F2

αI Iω0
/IDC 0.6 0.6

αV Vosc/VDD 0.8 0.9 (3)

NFTank NTank/(KT/Rin) 0.7 (3) 0.8

NFGDS NGDS/(KT/Rin) 0.3 0.25 (3)

NFGM NGM/(KT/Rin) ≈ 0.7γ
M1

(3) ≈ γ
M1

NFGMT NGMT/(KT/Rin) ≈ 0.5γ
MT

≈ 0.4γ
MT

(3)

NFTotal 3.7dB (3) 4.1dB

FoM ≈ −10 log10

(
KT

2Q2
t αI αV

NF

)
192.9dB (3) 192.9dB (3)

Rin ≈ Rp = 240Ω ≈ Rp/
(
1 + n2

)
= 60Ω (3)

PDC

(
V2

DD
Rin

αV
αI

)
8mW 36mW

Phase

noise

≈ 10 log10

(
KT

2Q2
t PDC

1
αI αV

NF
( ω0

∆ω

)2

)
–144 dBc/Hz –150.5 dBc/Hz (3)

4.5 Experimental Results

This oscillator targets GSM-900 MHz and DSC-1800 MHz base-station PN
requirements. Electromagnetic (EM) simulations reveal that the tank Q-factor
would be slightly (i.e., ∼10%) better at 8 GHz as compared to 4 GHz for the
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Figure 4.15 Die photograph of the class-F2 oscillator.

same Rin and tuning range. However, the 1/f noise upconversion would be
more severe at 8 GHz due to a larger share of the non linear Cgs of gm-devices
to the total tank’s capacitance. Furthermore, the output impedance of the
current source is lower at higher frequencies, which would lead to higher PN
penalty due to the tank loading. Consequently, there seems to be altogether no
clear performance advantage of the 8 GHz over 4 GHz operation. Considering
the fact that this oscillator has two transformers, the 8 GHz center frequency
was chosen mainly to save die area.

The class-F2 oscillator, whose schematic was shown in Figure 4.10,
was realized in TSMC 1P7M 65 nm CMOS process technology. The die
photograph is shown in Figure 4.15. The oscillator core die area is 0.2 mm2.
The differential transistors are thick-oxide devices of 22(4 µm/0.28 µm)
dimension. However, the tail current source MT is implemented as a standard
1 mm/0.24 µm thin-oxide (tox = 2.6 nm) device. Note that the thin-oxide
device produces lower 1/f noise corner than the thick one at the same area
[23]. The aluminum capping layer (1.45 µm), which is intended to cover
bond pads, is strapped to the ultra-thick top copper layer (3.4 µm) to form the
windings and improve the transformer’s primary and secondary Q-factor to
14 and 20, respectively, at 8 GHz. The transformer’s primary and secondary
differential self-inductance is 560 and 1650 pH, respectively, with the DM
and CM magnetic coupling factors of 0.8 and 0.15, respectively.

Four differential switched MOM capacitors BC0−BC3 with the resolution
of 40 fF placed across T1 secondary realize coarse tuning bits (C2), while
the fine control bits BF0−BF2 with LSB of 20 fF adjust ωc to near 2ω1d to
satisfy (4.7) and thus the class-F2 operation. The effective Cmax/Cmin of the
switched capacitor structures is determined by the strong trade-off between



4.5 Experimental Results 79

the oscillator tuning range (TR) and tank Q-factor degradation due to the
switch series resistance. The switched-capacitor’s Q-factor is about 45 for
25% TR at 8 GHz. Furthermore, the interconnections of the two transformers
also increase the tank losses by 10%, resulting in an average Q-factor of 14
for the entire tank.

The supply voltage connects to the center tap of T1 primary along with
a 100 pF on-chip decoupling capacitor. The center tap of T2 secondary is
connected to the bias voltage VB, which is fixed at VDD to minimize the
number of supply domains and to guarantee safe oscillator start-up. The
oscillator is very sensitive to noise at the M1,2 gates (see Figure 4.13(a)).
Fortunately, no DC current is drawn from VB, so an RC filter of slow time
constant is placed between VDD and VB to further reduce the bias voltage
noise. Both T1 secondary and T2 primary winding center taps are connected
to ground to avoid any floating nodes and make a return path for the negligible
second-harmonic current to improve the waveform symmetry.

The measured and simulated PN at 4.35 GHz (after the on-chip ÷2
divider) at 1.3 V and 32 mA current consumption are shown in Figure 4.16.

R&S FSUP 50 Signal Source Analyzer LOCKED 

Settings Residual Noise [T1 w/o spurs] Phase Detector +20 dB

Signal Frequency: 4.356613 GHz Int PHN (30.0 k .. 10.0 M)  -51.5 dBc

Signal Level: -1.91 dBm Residual PM 0.214 °

Cross Corr Mode Harmonic 1 Residual FM 828.894 Hz

Internal Ref Tuned Internal Phase Det RMS Jitter 0.1367 ps

Phase Noise [dBc/Hz] Marker 1 [T1]
RF Atten 5 dB 3 MHz
Top -85 dBc/Hz -144.81 dBc/Hz

100 kHz 1 MHz30 kHz 10 MHz

-145

-135
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-115

-105

-95

LoopBW 10 kHz

1 CLRWR
SMTH 1%
2 CLRWR

A 

Frequency Offset

1

a

a. DCS 1800 Micro BTS (RX)
b. GSM 900 Micro BTS (RX)
c. DCS 1800 Normal BTS (RX)
d. GSM 900 Normal BTS (RX)
e. WCDMA band VIII (TX)
f. GSM 900 MS (TX)
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Measured 
phase noise

Measured 1/f3

phase noise corner

Simulated 1/f3

phase noise corner

Simulated 
phase noise

Figure 4.16 Measured (blue) and simulated (red) phase noise plots at 4.35 GHz, VDD =
1.3 V and PDC = 41 mW. Specifications (MS: mobile station, BTS: basestation) are normal-
ized to the carrier frequency.
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The PN of –145 dBc/Hz at 3 MHz offset lies on the 20 dB/dec region, which
extrapolates to −174.7 dBc/Hz at 20 MHz offset (normalized to 915 MHz)
and meets the GSM TX mobile station (MS) requirements with a very
wide 13 dB margin. The GSM/DCS “micro” base-station (BTS) and DCS
“normal” BTS specs are met with a few dB of margin. These PN numbers
are the best ever published at low VDD (i.e., ≤1.5 V). However, the toughest
GSM base-station “normal” specifications at 800-to-900 kHz offset are within
1 dB of reach. The measured PN is just 1 dB higher than simulation in the
20-dB/dec region due to the power supply noise and additional tank loss
caused by the routing of the tuning capacitors and dummy fill metals around
the transformer.

The measured 1/f3 PN corner shows less than 100 kHz increase over the
simulation and is ∼350 and ∼250 kHz at the highest and lowest side of
the tuning range, respectively. This excellent 1/f3 performance is achieved,
thanks to the following reasons: first, the 1/f noise of the tail current source
can appear as a CM signal at T1 primary and modulate the oscillation voltage.
However, the T1 transformer will effectively filter out this CM AM signal,
thus preventing any AM-to-PM conversion at the C2 switched capacitors and
nonlinear Cgs of gm-devices. Second, the class-F2 tank has two impedance
peaks at the fundamental oscillation frequency and its second harmonic.
Hence, the second harmonic of the drain current flows into a resistance of the
tank instead of its capacitive part. It effectively reduces the 1/f noise upcon-
version to the 1/f3 phase noise due to Groszkowski phenomenon [24]; we will
discuss this phenomenon intensively in Chapter 5. Third, the soft clipping
effectively reduces the voltage variation of VT, as shown in Figure 4.11.
Intuitively, it could reduce the DC and even-order coefficients of ISF at this
node and thus alleviate the 1/f noise conversion of the tail current transistor.

The PN noise beyond the 10-MHz offset is dominated by thermal noise
floor from the divider and buffer set at –162 dBc/Hz. The oscillator has a
19% tuning range from 7.2 to 8.7 GHz. Figure 4.17 shows the phase noise
and FoM of the oscillator at 3-MHz offset across the tuning range (after the
÷2 divider). The average FoM is as high as 191 dBc/Hz and varies less than
2 dB. The oscillator also reveals a very low frequency pushing of 42 and
22 MHz/V at the highest and lowest frequencies, respectively.

Figure 4.18 shows the PN performance versus its current consumption.
The circuit cannot satisfy Barkhausen oscillation criterion at IDC < 7 mA.
The oscillator phase noise is improved only by 10 dB/dec between 7 and
12 mA due to the drop in the oscillator current efficiency αI and loading
of the tank’s Q-factor by the gm-devices entering the linear region. Note



4.5 Experimental Results 81

3.6 3.7 3.8 3.9 4 4.1 4.2 4.3

-147

-146

-145

-144

-143

189

190

191

192

193

Fo
M

 (d
B

c /
H

z)esio
N

esahP
@

 3
M

H
z 

(d
B

c/
H

z)

Frequency (GHz) (After on chip divide by 2)

Figure 4.17 Measured phase noise and figure of merit (FoM) at 3 MHz offset versus carrier
frequency.

10
-146

-142

-138

-134

-130

Current Consumption (mA)

esion
esahP

(d
B

c/
H

z)
@

 f 0
= 

4.
3G

H
z-

Δ
f=

3M
H

z

5 20 30

10 dB/dec

20 dB/dec

Figure 4.18 Measured phase noise at 3 MHz offset frequency from 4.3 GHz carrier versus
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that even though the tank has an additional impedance at 2ω0, the second
harmonic of the drain current is negligible and, consequently, the drain
oscillation resembles a sinusoid. However, by further increasing the drain
current, the soft clipping phenomenon appears where the tank loading and tail
transistor noise effects are reduced significantly due to the class-F2 operation.
Consequently, PN improves by almost 20 dB/dec, which demonstrates a few
dB of improvement compared to the traditional class-B operation (compare
Figures 4.3 and 4.18). Figure 4.18 also indicates that the circuit can sustain
the oscillation even with 4× lower IDC and thus GMEF, which translates into
sufficient margin for the oscillator start-up over PVT variations.
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Table 4.3 Comparison with relevant ultra-low phase noise oscillators

This work [13] [27] [1] [17] [25] [26]

Technology CMOS CMOS CMOS CMOS MOS CMOS BiCMOS
65 nm 65 nm 65 nm 65 nm 350 µm 55 nm 130 nm

Supply
voltage (V)

1.3 2.15 1.5 1.25 2.5 1.5 3.3

Frequency
(GHz)

4.351 4.07 3.921 3.71 1.2 3.351 1.56

Tuning
range (%)

19 19 10.2 25 18 31.4 9.6

PN at 3 MHz
(dBc/Hz)

−144.8 −146.7 −147.7 −142.2 −152 −142 −150.4

Norm. PN2

(dBc/Hz)
−158.3 −159.6 −157.2 −154.3 −154.8 −153.3 −155

Power
consumption
(mW)

41.6 126.8 48 15 9.25 27 290

FoM (dB) 191.83 188.3 190.1 192.2 195 189 180

FoMT
4 (dB) 197.4 193.4 190.3 200.2 200.7 199 179.7

Transformers/
inductors
count

2 2 2 1 2 1 1

Oscillator Class-F2 Dual core Hard Class-F3 Noise Class-B/ Colpitts
structure Class-C clipping filtering Class-C

1After on-chip ÷2 divider.
2At 3-MHz offset frequency normalized to 915-MHz carrier.
3FoM drops to 191.5 dB by considering the divider power consumption of 2.6 mW.
4FOMT = |PN| + 20 log10((f0/∆f ) (TR/10)) - 10 log10(PDC/1mW).

Table 4.3 summarizes the performance of the class-F2 oscillator and
compares it with the best spectral purity relevant oscillators. Note that this
oscillator demonstrates the best PN with the highest power efficiency at a
relatively low supply voltage. Only the dual-core class-C oscillator [13] offers
better PN performance but at the price of 1.65× larger VDD, 3× higher power
consumption, and 3 dB lower FoM or power efficiency.

4.6 Conclusion

In this chapter, we have presented and analyzed a class-F2 oscillator where
an auxiliary impedance peak is introduced around the second harmonic of
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the oscillating waveform. The second harmonic of the active device current
converts into voltage and, together with the fundamental component, creates
a soft clipped oscillation waveform. The class-F2 operation offers enough
headroom for the low noise operation of the tail current transistor without
compromising the oscillator current and voltage efficiencies. Furthermore,
the special ISF of the soft clipping waveform reduces significantly the circuit-
to-phase-noise conversion. The additional resonant frequency is realized by
exploiting a different transformer behavior in common-mode and differential-
mode excitations. In addition, the tank input impedance is also scaled down
without sacrificing its Q-factor. Consequently, this structure is able to push
the phase noise much lower than practically possible with the traditional LC
oscillators while satisfying long-term reliability requirements.
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