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Abstract—An intuitive yet sufficiently accurate formulation of
the phase noise of various commonly used oscillators, including
most types of class-B (standard, AC-coupled and with tail filter)
and class-C, is derived and used to compare their fundamental lim-
itations. A noise factor that represents the difference between the
maximum achievable Figure of Merit and the actual one is derived
for all topologies considered. Measurements on a dedicated chip
prototype that integrates two high performance topologies allow
to verify, in an unbiased way, the accuracy of the predictions. A
very good agreement between the model and both simulation and
measurement is obtained.

Index Terms—Class-B, class-C, class-F, CMOS integrated
circuits, excess noise factor (ENF), figure of merit (FoM), GSM,
impulse sensitivity function, low-noise, phase noise, radio fre-
quency integrated circuits, voltage controlled oscillators, wide
tuning range oscillators.

I. INTRODUCTION

ODERN communication systems need clocks with very

low phase noise and/or jitter. To minimize phase noise
for a given power consumption, integrated oscillators often use
as load a high-Q LC-tank. Through the years, integrated LC os-
cillators have improved as a result of technology and/or topolo-
gies evolution, however, it is not always easy to ascertain the
dominant reason of such improvements. In the past, following
the pioneering work of Leeson [1], authors have analyzed oscil-
lators either in a rigorous mathematical way or using a simpler
yet accurate linear time variant (LTV) approach [2]-[7] but gen-
erally preferring rigor to intuitiveness. The goal of this paper is
to determine the ultimate performance limit for some of the most
used LC oscillator topologies, combining reasonable accuracy
with intuitiveness. In addition, the theory is experimentally ver-
ified in a rigorous and objective way comparing two high per-
formance topologies in exactly the same operating conditions,
i.e., technology, Q of the tank, dividers, etc.
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In the following, LC oscillators are classified as it is done for
power amplifiers, considering negative resistance implemented
with NMOS, PMOS or complementary PMOS-NMOS transis-
tors, assuming an arbitrary gain between the tank and the ac-
tive devices and that the bias current is supplied from the posi-
tive rail. No voltage-biased oscillators are considered. To com-
pare different architectures we rely on a well-accepted figure of
merit (FoM) [8]. Furthermore, we normalize the phase noise to
the ultimate limit through a very useful parameter called excess
noise factor (ENF) [9]-[11]. In the derivation of the FoM for the
different topologies, 1/f noise is neglected and only differential
topologies are considered (for their many advantages, e.g., exact
50% duty cycle, reduced cross talk, etc.). Notice that a differen-
tial Colpitts oscillator is a special case of a negative resistance
one and therefore is included in this analysis [12]. Finally, we
are not considering the impact of tuning the oscillator center-fre-
quency (which is key for voltage-controlled oscillators, VCOs)
due to space limitations, but in the experimental verification,
wide tuning range oscillators are considered. The paper is or-
ganized as follows. Section II lists the oscillators considered in
this work, i.e., those for which the tank is not loaded by the
active devices, derives their phase noise and FoM, using some
simplifying assumptions, and introduces the concept of ENF.
Section III compares the different topologies in term of ENF
and defines the two most promising ones from fundamental ar-
guments. Section IV experimentally compares these topologies
using a specially designed test bench. Finally, Section V draws
some conclusions and indicates possible future works.

II. PHASE NOISE IN LC-TANK OSCILLATORS

The conceptual schematic of an LC-oscillator is shown in
Fig. 1, where the LC-tank losses are represented by Ry =
@ /(woC') and the active components by an energy-restoring
block. According to the LTV theory of Hajimiri and Lee [3],
the conversion of noise into phase noise is described by the im-
pulse sensitivity function (ISF) I'. The ISF defines the effect of
noise on the oscillation phase and is a function of the phase of
the tank voltage. The general expression for the phase noise is:

4kT |, 2 wo )
P—RF(FT,I‘IILS + I‘J\I,rmsa‘) <2QAW>
1)

where Prr = AZ/(2Rr) is the power dissipated in the tank,
« 1S a noise factor that includes ymog and attenuation between
tank and MOS gates, I'7 ;1ns and I'as rms are the rms ISF for Ry

Ly(Aw) = 10Log
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and the MOS transistors and no other noise source is consid-
ered. The ratio between RF power in the tank Pry and the DC
power Ppc, called power efficiency 7p, is expressed in terms
of voltage and current efficiencies [13] 7r and 7y as:

_ Irp Vrr

= — — = "t 2
Inc Vb i @)

where Irr and Vi are the rms values of the fundamental com-
ponents of current and voltage across Ry, Vpa, and Ip¢ are the
supply voltage and current. Using (2) into (1), the oscillator’s
phase noise becomes:

45T F%,rms + F?\l,rmsa ( wo )2
Ppc np 2QAw

L(Aw) = 10Log

)

Different oscillators are compared in terms of a FoM [8] that
normalizes the phase noise to the oscillation frequency wy, the
offset frequency Aw and the power dissipation (expressed in
mW or dBm):

Aw

2
FoM = —10 log L (Aw) PDC,mW’ <—>
w

4)

0

Using (3) into (4) leads to the following handy expression:

kT (P%,rms + F?\I,rnlsa)
10-2Q%np

FoM = —10log

nrQ
. (5
F%,rms + F?\ersa‘| ( )

Assuming that the oscillation voltage is nearly sinusoidal and
that the energy restoring element drives the tank from a high
impedance, the ISF for Rt is a sinusoid in quadrature with the
tank voltage giving I'7., . = 1/2 [3]. To improve the FoM
we can act on three fronts. First the tank Q, getting 6 dB for
every doubling of it. Second, on the power efficiency, getting
only 3 dB for every doubling of it. Third, on the ISF and excess
noise factor of the transistors. Assuming 100% power efficiency,
noiseless transistors and no other noise contribution, the FoM,

called FoMy;ax, becomes:

= 173.8dBc¢/Hz + 101og [

kT
FOI\/[MAX =-10 10g |: :|

2.10-3Q2
173.8 dBe/Hz + 101og (2Q7) . (6)

FoMprax is a thermodynamic limit associated with the noise
and power dissipation of the unloaded tank. Expressing the ac-
tual FoM in terms of FoMpjax gives the excess noise factor
(ENF) [10]:

2(T2 _  +1%,  «
ENF = FoMyax —FoM = lOlog[ (% s & L s) ,

np

(M

The ENF defines the distance from the ultimate limit. The
same concept was proposed by van der Tang and Kasperkovitz

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 49, NO. 3, MARCH 2014

\

Vout =+ --r-

Lo/

Energy
Restoration

Fig. 1. Generic LC oscillator.

[10] putting £ = 1 into the Leeson expression and assuming
100% efficiency, rigorously derived by Bank [9] using an ISF
approach and by Murphy et al. using a phasor approach [7].

If the transistor current noise power spectral density is pro-
portional to the derivative of the drain current with respect to
the gate voltage '} ... = 1/2 [9], [12] and for a direct cou-
pling between tank and transistors, the excess noise factor ¢ is
just yamos. Using this result into (5) and (7) gives:

2WUT

FoM = —101log | —
& [1()5Q27)p 1+ "/M()S)]
2 32
— 173.8 + 101og [ﬂ} , (8)
1+ vMmos
1
ENF = 101og {M] : ©)
np

More generally, « is proportional to the inverse of the voltage
gain between tank and active devices. In Colpitts oscillators,
this factor is larger than one due to capacitance partition from
drain to gate, while using transformer coupling the factor can be
either larger or smaller than one.

VCO topologies mimic those of RF power amplifiers (PAs).
We analyze VCOs for which the load is naturally represented by
a parallel resonator and the active devices by a Norton equiv-
alent [14]. This includes class B, C, and F. These topologies
are the most commonly used, although some recently proposed
ones cannot be included in the model, e.g., “Clip and Restore”
and class-D [15], [16].

The ENF of published oscillators [17]-[32], grouped by
topology, is plotted in Fig. 2 versus tank Q. These data indicate
no clear winner and a very large spread within the same ar-
chitecture, although class-B with tail filter and class-C are the
closest to the limit (also Colpitts, which can be however assim-
ilated to a class-C [12]). Second order effects often dominate
and the reported tank Q can be inaccurate (e.g., in [17] FoM
and Q are inconsistent as pointed out in [10] and this data is not
considered in Fig. 2). The difficulty with extracting the tank Q,
together with the high sensitivity of phase noise to Q, limits the
ability to assess the potential of a new topology. Because of this,
we have built a test chip to compare different topologies in the
exact same operating conditions. In the following we determine
the minimum achievable ENF for the oscillators satisfying
(8), showing that the only differentiator is efficiency, which is
maximized maximizing 7; and voltage swing. However, the
following three aspects should be considered. First, the voltage
drop across the bias current source, Vg, degrades efficiency by
1-Vp/Vpp. Second, the bias transistors contribute to phase
noise in a topology dependent way. Third, in some cases there
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Fig. 2. Benchmarking of different oscillator topologies using ENF.

is a maximum voltage swing beyond which the active devices
load the tank causing F%hms to increase.

III. DIFFERENT OSCILLATOR TOPOLOGIES

A. Class-B Oscillators

For the class-B oscillator, the shape of the tank current can
be approximated as in Fig. 3(a) assuming negligible parasitic
capacitance at the tail current generator. The rms fundamental
component of the RF current is /2/7 Ipg and 1 is /2/7.
Due to the tail current source, the active devices do not load
the tank even when they enter the triode region. Therefore,
the maximum 7y occurs at the maximum achievable swing
and is equal to \/2(1 — Vg/Vpp). This gives an np of
2/m(1—Vp/Vpp). For the complementary class-B oscillator
of Fig. 3(b) the shape of the tank current is shown in the figure.
In this case the fundamental component of the RF current is
2/2/w Ipc, and nr is 24/2/w. On the other hand, since the
voltage cannot exceed the supply, the maximum 7 is equal to
(1-Vp/Vpp)/+/2. This gives an np of 2/7 (1 — Vg /Vpp), a
result valid for both N-only and P-N implementations since 7y
is twice for the former and 7 is twice for the latter, giving the
same 77p. Andreani and Fard [33] and Murphy ef al. [7] have
shown that for a p-n oscillator (8) and (9) are valid only if the
tank is floating otherwise the phase noise is degraded.

The ENF of an ideal class-B oscillator, calculated
using (9), is uniquely defined by 7y and its minimum is
10log[(7Vpp)/(2(Vpp—VB))(1+7Mmo0s)], where (Vpp— Vi)
is the maximum possible swing. Two important non-idealities
however exist. First, the current source contributes phase noise
proportionally to its gm, suggesting to increase Vp. This sets
a trade-off between minimum additional noise and maximum
nv. Second, due to the tail parasitic capacitance, when the
switching transistors are in the triode region they load the tank,
contributing extra noise. Therefore, as the swing increases,
there is an additional trade-off between efficiency and noise that
limits the achievable FoM, making the minimum ENF much
larger than 3 dB. Consider as an example the circuit of Fig. 3(a)
with a tank Q of 15 and Vpp = 1.5 V. Simulations give a min-
imum ENF above 10 dB. This is due to an 7p of 29% (giving
101og(1/0.29) = 5.4 dB loss), mainly due to the voltage drop
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Fig. 3. NMOS (a) and complementary MOS (b) “class-B” LC oscillators.
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Fig. 4. AC-biased class-B oscillator (NMOS only).

on current source, a tail transistor noise 5% of the total and a
switching MOS noise, enhanced by the tail parasitic capaci-
tance, 61% of the total (giving 101log(1/(1 — 0.66)) = 4.7 dB
loss).

One way to improve efficiency is to use AC coupling to con-
trol Vg by forcing a DC voltage drop on the capacitor connected
between the drain and gate of the switching transistors as shown
in Fig. 4 (for simplicity Fig. 4 and the followings with AC cou-
pling represent only conceptual schematics where the circuit
that set the DC bias is not shown). While 7 is not improved,
the extra degree of freedom allows to improve 7y and therefore
ENF (e.g., for the previous example by about 1.5 dB).

B. Class-B Oscillators With Tail Filter

Most of the above limitations can be overcome placing an ad-
ditional LC-tank, resonating at 2wy, at the tail of a class-B os-
cillator [34]. Three advantages are obtained. First, the common
source node can swing below ground, increasing the maximum
1v . Second, the switching transistors can enter the triode region
without loading the tank since they see a high impedance in se-
ries with them. Third, the noise of the current source around



638
|:I_ bias
=
RFT_|CFPLF
a)

Fig. 5. Oscillators with second-harmonic LC tail filter.

8 90%

7 80%

>

6 70% &
w 2
z &
S s 60% i

g
4 50% ©
- —ENF Simulated
3 === ENF Model 40%
----- Power Efficiency Sim
2 30%
2.0 2.5 3.0 35 4.0

Output Voltage pk-pk s.e.

Fig. 6. Class-B oscillator with tail filter: calculated and simulated ENF and
simulated power efficiency.

2wy can be filtered with a large capacitance C',,. The pres-
ence of an extra tank within the circuit creates an additional
state variable and the ISF needs to be computed with a more
complex approach [2]. In actuality, simulation shows that if the
impedance of the tank is sufficiently high, (8) still describes the
new topology in a sufficiently accurate way.

The best ENF is reached using the tail tank with an AC-cou-
pled class-B oscillator as shown in Fig. 5(a). In this case, al-
though the shape of the tank current is no longer a square wave
(due to the presence of Cy,, that allows large spikes of current
from the supply), 71 is still remarkably close to 1/2/7 up to
the maximum achievable voltage swing. Ideally p would reach
100% for a differential swing of #Vpp peak (Vg = 0), giving
a minimum ENF of 3 dB (if ypos = 1). In reality, simulation
results (Fig. 6) give a maximum 7p close to 80%. Extrapolating
the efficiency curve of Fig. 6 for even higher swings (assuming
not to break the transistors) it may seem that more than 100%
np could be reached. In reality at some point a decrease of 7
would nullify the slight increase of 7y, making np to saturate
to a value close but still below 100%.
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We compare ENF from the model (assumingal's, = =1/2,
I3, ... = 1/2, and yos = 1) and from simulations as a func-
tion of the output voltage swing. As shown in Fig. 6 simulations
confirm the model within an error of 0.8 dB over a large range
of swings. This error is due to excess transistors noise and is
probably explained by an increase in yanog for high swing.

A practical limit of the class-B oscillator with tail filter is the
large voltage that the active device must endure. Fora 1.5 V
supply simulation shows that the maximum Vg is closeto 4 V.
The problem is greatly reduced using the p-n topology shown in
Fig. 5(b). In this case, 100% 7p is reached with half the voltage
swing of the n-only topology, i.e., 7 /4V pp peak. Simulation for
the same operating condition as above (using a fully-differential
tank capacitance) shows that the best ENF is close to that of the
n-only case with a maximum Vg of 1.9V, i.e., compatible with
thick oxide device almost always available in any deep scaled
CMOS technology.

C. Class-C Oscillators

Another way to improve ENF is by improving #;. This leads
to the class-C oscillator whose schematic is the same as the AC
coupled class B (Fig. 4) with the addition of a large capacitance
in parallel to the current source. Despite their apparent simi-
larity, the two topologies behave very differently. First, since
the DC drop on the coupling capacitors is much larger for the
former, the switching transistors are off when balanced. Second,
the large capacitor shunting the current source allows to deliver
sharp current spikes at the peak of the voltage swing. Combining
these two effects drastically reduces the conduction angle for
the tank current, as shown in Fig. 7. In the limit the tank cur-
rent becomes a series of pulses giving an 7y of 1/,/2 and an #p
of (Vsw/Vpp)(1 — V/VDpD), where V,, is the peak voltage
swing. For the same bias current this could give 3.9 dB increase
in the ENF compared with a class-B oscillator (1.95 dB due to
better n;, 1.95 dB due to better 7v/), as indicated in the liter-
ature [12]. However, to get such an improvement the class-B
oscillator should have been operated at small oscillation ampli-
tudes, very far from the optimum ENF (i.e., in current limited
mode). For the same oscillation amplitude only #; increases,
giving a 1.95 dB ENF improvement. If the noise of the current
source is negligible, the ENF of a class-C oscillator is given
by 10 log(Vpp/Vsw)(1+7Mmos) Where V., is the peak swing.
This shows that also a class-C oscillator has an ENF uniquely
defined by its voltage swing and, for the same Vpp, it has the
same ENF of a class-B with a voltage swing 2/x times smaller.
Ideally, with Vg = 0, 100% np can be reached with a differen-
tial voltage swing of 2Vpp peak (compared with #Vpp in the
class-B oscillator with tail filter). The large shunt capacitance of
the class-C oscillator filters out the noise of the bias allowing a
smaller Vg further improving 7p.

The class-C oscillator has a drawback that severely limits its
phase noise at large oscillation amplitudes efficiency. Due to
the shunt capacitor, when the switching transistors are in the
triode region they load the tank, increasing noise. The max-
imum swing that ensures saturation is Vpp — Vg (assuming
that the switching transistors are biased just one threshold above
ground). In this condition, even assuming Vg = 0, np is 50%
with a loss of 3 dB in the ENF. In practice the optimum FoM
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is achieved when the device just enters the triode region at the
oscillation peak with a slightly higher noise but a sufficiently
higher np to give a better ENF [12].

We compare ENF from the model (assuming a FT ems = 1/2,
s foms = 1/2 and yos = 1) and from simulations as a func-
tion of the output voltage swing in the same operating condi-
tions as above. Such a comparison is shown in Fig. 8, which
also plots np. As expected, initially #7p increases and ENF de-
creases almost linearly with the swing. In this region the model
error stays below 1 dB and is caused by the transistors noise
(7mosg is larger than 1).

At large voltage swings, where the switching transistors enter
into the linear region, the model cannot be used since the circuit
loads the tank. The difference between model and simulation in-
creases due to two effects. First, noise from the tank, switching
pair, and current source increases. Second, 1 decreases, can-
celling the corresponding increase in 7y as shown in the np plot.
Simulation predicts a minimum of the ENF of 6.5 dB for a dif-
ferential peak swing of 1.3 V44, which is close to the ENF of
the model at the edge of its range of validity.

D. Class-F Oscillator

Another way to improve efficiency in a PA is by acting on
the resonator. The goal is to create an output waveform with

sharper transitions (ideally a square wave) so that the active de-
vices dissipate power for a smaller percentage of time. The same
concept should give a better FoM since efficiency and FoM are
directly related. In addition the new resonator has a different
ISF, with potentially an even larger effect on the ENF. A pos-
sible class-F oscillator (shown in Fig. 9(a)) uses two series-con-
nected LC tanks, resonating respectively at the fundamental fre-
quency (wp) and at the third harmonic. Assuming a square wave
current and sufficiently high Q, the voltage across the first tank
is a sinusoid at wq and the voltage across the second tank a si-
nusoid at 3wq, with opposite phase. If the tank impedances at
3wp and at wy are comparable the voltage resemble the one of
Fig. 9(b). At the switching instants the waveform has a higher
slope than a sinusoid with the same peak amplitude, potentially
improving phase noise. This oscillator is analyzed using the ISF
approach in Appendix A. The phase noise can be expressed as:

kT ?
L(Aw) = 101og {fREs(l b ey }

(14)
where Pry is the signal power, Quwy is the Q of the tank at wy,
and frgs is the resonator noise factor, given in (A13), which
is a function of the ratio between the resonator impedances and
the quality factors of the two resonators. Assuming transistor
current noise is ypos times the derivative of the drain current
with respect to the gate voltage, the transistors phase noise is
Yyros times the tank phase noise, i.e., the result derived in [9],
[12] for harmonic oscillators is true also for class-F. To min-
imize ENF we need to minimize frgs and to maximize effi-
ciency. Appendix A shows that frpsg decreases as 3wy is in-
creased. Moreover, if Qswq is greater than 5/3 Quwy, frEs is
smaller than 1 and is proportional to C's. The minimum Cfy is
when the impedances at 3w and at wy are equal (to prevent os-
cillation at 3wyg). If Q3w is too small frEs becomes larger than
1. To verify the analysis, two class-F and a class-B oscillators
have been simulated for the same operating conditions. In one
class-F Q3w is equal to Qwq, while in the other (J5wy is equal
to 3Qwy. In both cases the resonator impedance at wg and at
3wy is nearly equal. Fig. 10 reports the simulated and calculated
phase noise as a function of the DC power dissipation. As ex-
pected, increasing (Q3wq gives a better phase noise. When Qwyg
and QJswy are equal, class-F and the class-B oscillators show
the same phase noise since conversion efficiency and resonator
noise compensate each other.

E. Transformer-Coupled Oscillators

Transformer-based oscillators are often used to improve
tuning range [32], [37]-[40] thanks to different resonant modes
at different frequencies. In fact, as analyzed in [37], high order
LC tanks have potential advantages in wideband or multiband
applications. However, with the increase of resonator order,
frequency stability becomes an issue and more design parame-
ters have to be optimized simultaneously (including inductance
ratio, capacitance ratio, and coupling factor). As an example
Goel et al. [40] obtained a good peak FoM of 192 dBc/Hz,
however, since the impedance and quality factor can change
significantly from mode to mode, the FoM varies more than
5 dB over the tuning range [37]-[40].
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On the other hand, the transformer-coupled technique can
be used also to reduce the noise of the active devices, i.e., to
improve ENF. In fact, introducing a gain between the tank
and the active devices, reduces « in (7). This was done via
a step-up transformer by Mazzanti and Andreani [12] for a
class-C oscillator, which obtained one of the highest FoM
published. Experimental verification, however, shows nearly
the same ENF as with direct coupling. This is because in a
transformer coupled oscillator the active devices contribute
less noise but enter earlier in the linear region due the larger
swing. Since for class-C the optimum FoM is achieved with
the active devices just reaching the edge of the linear region
at maximum swing, transformer coupling reduces both noise
and efficiency. Transformer coupling can be used in class B
with LC tail filter topology with potential benefits since the
active devices can enter the linear region without loading the
tank. Even if simulation and theory indeed show a potential
transistor noise reduction, the step-up transformer-coupled [12]
oscillator suffers from several drawbacks. The quality factor of
the secondary is usually less than the primary, which means its
noise is no more negligible. Second, the absolute quality factor
obtainable is less than the one of a single inductor. Finally,
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a step-up transformer generally occupies more area than its
equivalent inductor. Another key problem is device reliability
due to high swing at the gate. A way to mitigate the latter
problem is to use p-n topology and/or to reduce the voltage
supply. The need of a very low voltage supply, which may
help from a reliability point of view, poses a challenge in the
design of the voltage regulator, always needed in industrial
applications.

F. Comparison Between Topologies

Table I summarizes the maximum power efficiency and
the minimum ENF for the oscillators considered. The most
promising topologies are the class-B with tail filter and the
class-C. Notice that further benefits could potentially be
achieved using transformer coupling, but we have not inserted
this possibility in the table due to its many practical limi-
tations. Table I looks only at fundamental noise limits and
does not reflect other important design considerations and
practical aspects, such as tuning range, start-up issues, and area
occupation.

From an industrial point of view, class-B with tail filter and
class-C are the most feasible structures. Therefore, these are the
two topologies we have chosen for the prototype circuit imple-
mentation. Class-B with tail filter is one of the most interesting
architectures thanks its advantages, obtained with a relatively
simple design and a small additional area. On the other hand,
class-C oscillators suffer from a trade-off between oscillation
amplitude and start-up conditions that could reduce its advan-
tages with respect to a class-B. To improve efficiency, the gate
bias voltage should be as low as possible, while meeting the
Barkhausen criteria in a reliable way. To overcome this limita-
tion, in recent years solutions like dynamic bias [13] and hybrid
class C/B [35] were presented. As a consequence, we have de-
cided to implement the hybrid class C/B oscillator for its greater
robustness even if it has a higher ENF compared with a simple
class-C.

IV. EXPERIMENTAL VERIFICATION

A key challenge to compare different oscillators is the strong
noise sensitivity to tank Q. It is necessary to know Q with a few
per cent accuracy to ascertained improvements of the order of 1
dB. This difficulty has resulted in reported numbers inconsistent
or even unfeasible. To verify our model a test chip was imple-
mented in TSMC 55 nm CMOS (shown in Fig. 11) that includes
a class-B oscillator with tail filter, and an hybrid class-C/class-B
oscillator (shown in Fig. 12) oscillating around 7.5 GHz two
dividers by 2 and two peak detectors to sense the oscillation
amplitude. In both cases, n-type transistors implement the neg-
ative resistance and a p-type transistor provide the bias current.
The gate voltage bias for the core transistors in the hybrid os-
cillator is provided by an external voltage generator through a
passive on-board low-pass RC filter with very low cut-off fre-
quency. Great care was taken to eliminate spurious effects. First
of all, the same tank (including tuning) was used for both topolo-
gies. To see the effect of the divider, the class-B oscillator was
stepped twice followed by two different dividers. Almost iden-
tical phase noise is obtained after division up to about 20 MHz
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TABLE I
EFFICIENCY COMPARISON OF NMOS VCOs

OSC. TYPE M1, max T V,max TP, max ENF win
(Ymos=1)
Simulated
V 2 v
CLASS-B V2/m 2 [1-Le Z1-— ~10dB
DD T DD
CLASS-B 14 2 v,
V2/n V21— (1o ~8.5dB
AC-BIAS Voo a\
CLASS-B
V, v,
AC-BIAS V2/n %( ——B) 1- VB ~4.5dB
LC-FILTER 2 Voo bb
CLASS-C 1/V2 1/V2 12 ~6dB
442 v, 8 V,
CLASS-F V2/n 2 1-—L —[1-—+ ~8.5dB
T Vl)l) T VI)I)

offset demonstrating that the phase noise of the dividers is neg-
ligible in the frequency of interest. Both VCOs are tunable from
about 6.1 GHz to 8.7 GHz through two MOM capacitor banks (a
7-bit coarse and a 4-bit fine) and a continuous tuning varactor.
For the class B oscillator, a small tail inductor resonates the tail
capacitance at 2wg. Due to its low Q (about 3) it is not tuned
as wq varies. Fig. 13 shows the simulated and measured phase
noise for both oscillators with a 1.5 V supply. The bias currents
at maximum FoM are 12.5 mA for the hybrid and 21.6 mA for
class-B. Both oscillators exceed the GSM requirement of —150
dBc/Hz at 20 MHz offset with 3.6 GHz carrier over the entire
tuning range. The hybrid oscillator shows an extra noise term
below 10 MHz offset associated with the resistors at the gate of
the switching transistors in the class-C portion which are rela-
tively small. Fig. 14 shows oscillation amplitude vs. bias cur-
rent for the two cases, the two different slopes show an 71 about
25% better for the hybrid. This is significantly less than what
is expected for ideal class-B vs. class-C. Simulations partially
explain the lower efficiency of the hybrid class-C/class-B struc-
ture [35]. The peak detector maximum voltage range limits the
validity of the data at high swing. From the measured oscillation
amplitude vs. bias current and simulated 7; a tank Q about 9.7 at
7.6 GHz is obtained. This relatively low value is due to the large
tuning range and very low target phase noise that increases sen-
sitivity to non idealities [32]. Peak FoM is 187.1 and 187.9 dB
with an 7p of 36% and 42% for the hybrid and class-B, respec-
tively (Fig. 15). These results agree well with simulations and
are consistent with the model prediction that at the peak FoM
should depend only on efficiency. Measured and simulated FoM
and ENF versus output voltage for both topologies are plotted
in Figs. 15 and 16, respectively. At low bias, the superior 7y
of the hybrid gives better np (see Fig. 15), leading to a better
FoM. For the hybrid, however, as the amplitude increases and
the transistors enter triode region, ISF increases and the FoM
reaches a peak around 1.4 V p-t-p swing. On the other hand, for
the class-B the tail filter avoids loading the tank even if the tran-

Fig. 11. Chip photo and block diagram of the prototype.

sistors enter the triode region. As a result, transistor ISF change
only slightly up to 2.1 V p-t-p giving a higher peak FoM. Notice
that the class-B oscillator could achieve an even higher FoM
if pushed to higher oscillation amplitudes (ideally 4.7 V p-t-p
gives 100% 7p). The oscillation amplitude was limited to 2.1 V
p-t-p for reliability reason.

V. CONCLUSION

An intuitive model for the phase noise of oscillators whose
load is driven from a current source is derived including an ENF
that normalizes the FoM to the fundamental limit. It is found
that class-B with tail tank and class-C oscillators more closely
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Fig. 14. Oscillation amplitude vs bias current: measurements and simulations.
The schematic of the peak detector is also reported.

approach the limit while class-F become competitive when the
3wy tank has a Q higher than the wq one. These conclusions are
consistent with experimental data although uncertainty in the Q
gives a wide spread between the FoM of different implemen-
tation of the same topology. To verify the analysis a test chip
was fabricated where Q uncertainty and other effects can only
affect the absolute value of the measured data but not the rel-
ative one. Class-B with tail filter and class-C where compared,
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giving results consistent with expectations. The possibility of
using step-up transformer coupling between the tank and the
MOS gates to potentially reduce transistor phase noise has been
indicated as a potential way to further improve the ENF.

APPENDIX A

For the class-F oscillator of Fig. 9, the load is a fourth-order
system made of two LC tanks, resonating atwgand 3wg. The ISF
for each noise source is calculated starting from the state vector

X [2], [3], [36] defined as:

—

X = [Vm \/(Lj—ﬂm g—fVCS \/(L;—ffm] . (AD
The four state variables are the voltage on the capacitors and the
current in the inductors. The steady-state oscillation is approxi-
mated by a sinusoid at wy across the main tank and a sinusoid at
3wy across the second tank (opposite in phase). The steady-state
vector is:

—
Xy =

Al COSu}()t A1 Siant —4/ g—?fl;jCOSgw()t —A4/ g—ngsinfint]
(A2)
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The system can be represented as the steady-state vector X,
plus a random perturbation vector AX. Neglecting the compo-
nent of AX orthogonal to the trajectory, the phase perturbation

A¢ can be derived from the state variables derivatives X [3],
[36]. The ISF in terms of state-space vectors is:

(A3)

The main noise sources are the tank losses and the transistors
noise. ISFs of the two tanks are:

gumax  — sin(wgt)
Iy = : , (A4)
A C 942 &5\’
1ax 343 sin (3wt
Iy = gMAX 3 blﬂ( wo ) (AS5)
AlCl Al (1 + 22 94“ 03)
AT O

From the noise density in the two tanks, given by I? ; /A f =
4kTwoC1 /Qwo and 12 3/Af = 4ET3woC3/Q3wq respec-
tively, and (A4) and (AS) the phase noise can be computed
adding up the two contributions [3] as:

2
LRES(AW):mlOg{fRES uh (Qwo ) } (A6)

where Pgrp is the power dissipated by the resonator and the tank
noise factor frgs is:

3Quy €3 943 (4 o 3Quy 4] .
(1+ 522 (1+ 522 410)

2

When frgs is equal to 1 the resonator phase noise in a class-F
oscillator is the same as that of tankl in a class-B oscillator.
To derive useful design insights (A7) is simplified as follows.
The ratio between the amplitude at the third harmonic (A3) and
at the fundamental (A1) can be expressed in terms of the ratio
between the impedance at the two resonance frequencies (z3) as
Az/A1 ~ (z3/3, where 3 depends on the current waveforms
and is equal to 1 for a square-wave. Using this approximation
in (A7) fres becomes:

frEs = (A7)

(1 + 223) (1 i ﬂ—zd)
(1 + B2y Q“O)

To optimize phase noise frgs must be minimized. When zj is
increased the amplitude of the third harmonic increases and a
waveform with a steeper slope is obtained but the noise added
by the third harmonic tank increases. For (J3wq larger than 5/3,
Quwo frEs 1s smaller than 1 and decreases as z3 is increased.
For Q3w lower than 5/3, Qwq frEs increases with z3. The os-
cillator in Fig. 9 has been simulated under the same operating
conditions used for the class-B oscillators and the results are
reported in Fig. 17. The simulated phase noise of the tank as
well as the percentage due to the third harmonic tank match well
with calculations. As predicted by (A8), for C's and C such that
the impedance at the two resonance frequencies is the same, the
percentage of noise of the third harmonic tank is nearly con-

IrEs = (A8)
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Fig. 17. Class-F oscillators total phase noise of the resonator (left scale) and
percentage of the third harmonic tank (right scale). Dots are simulations, lines
are calculations: (a) Q3 = 3Q1, Cs = C1; (b) Q3 = 2Q1, Cs = 2/3C1; (¢)
@3 =201.C3 =C1;d) Qs =Q1.Cs = 1/301;(6) Qs = Q1,05 =C1.

stant, independent Q. When Q3w is equal to 2Qwy increasing
zgimproves the phase noise, while when (3. is equal to Q0
phase noise degrades for higher z3. The ISF of the active de-
vices (I'tr) is calculated using (A3) but with a charge pulse
applied across the whole tank. I'tg is equal to I'y 4+ I's. The
thermal noise of the transistors is a time-varying function equal
to 4kt yaosgm (t). The transconductance can be approximated
as:

S T sin (kwot
oi /ot 2 Flisin (kwot + 1)

Im =5y = oV jot - Aq sin (wot) — 345 sin (3wet)

(A9)

where I, are the Fourier coefficients of the current waveform.
Using (A9), (A4), and (AS5) (to compute I'rg) yields the tran-
sistor phase noise:

1oskT ¢ 2
TMOS Wo (A10)
QPRF (Q-uo Aw

where frps is given by (A7) or (A8). This result is similar to the
general result derived by Bank for sinusoidal oscillators i.e., the
noise of the transistors is vyios times the noise of the tank, irre-
spective of the device details. However, in a class-F oscillator,
the device size and bias influence the amplitude ratio between
the third and the fundamental harmonic through the coefficient
(3 in (A8). Based on (A6) and (A10), the phase noise expression
of the class-F oscillator is found, as reported in (14).

Ltr(Aw) =10log {fRES
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