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A 1/ Noise Upconversion Reduction Technique
for Voltage-Biased RF CMOS Oscillators

Mina Shahmohammadi, Student Member, IEEE, Masoud Babaie, Member, IEEE,
and Robert Bogdan Staszewski, Fellow, IEEE

Abstract—1In this paper, we propose a method to reduce a
flicker (1/f) noise upconversion in voltage-biased RF oscillators.
Excited by a harmonically rich tank current, a typical oscillation
voltage waveform is observed to have asymmetric rise and fall
times due to even-order current harmonics flowing into the
capacitive part, as it presents the lowest impedance path. The
asymmetric oscillation waveform results in an effective impulse
sensitivity function of a nonzero dc value, which facilitates the
1/f noise upconversion into the oscillator’s /63 phase noise.
We demonstrate that if the wy tank exhibits an auxiliary reso-
nance at 2w, thereby forcing this current harmonic to flow into
the equivalent resistance of the 2w resonance, then the oscillation
waveform would be symmetric and the flicker noise upconversion
would be largely suppressed. The auxiliary resonance is realized
at no extra silicon area in both inductor- and transformer-based
tanks by exploiting different behaviors of inductors and trans-
formers in differential- and common-mode excitations. These
tanks are ultimately employed in designing modified class-D and
class-F oscillators in 40 nm CMOS technology. They exhibit an
average flicker noise corner of less than 100 kHz.

Index Terms— Class-D oscillator, class-F oscillator, digitally
controlled oscillator, flicker noise, flicker noise upconversion,
impulse sensitivity function (ISF), phase noise (PN), voltage-
biased RF oscillator.

I. INTRODUCTION

LOSE-IN spectra of RF oscillators are degraded by
a flicker (1/f) noise upconversion. The resulting low-
frequency phase noise (PN) fluctuations can be mitigated as
long as they fall within a loop bandwidth of an enclosing
phase-locked loop (PLL). However, the PLL loop bandwidths
in cellular transceivers are less than a few tenths to a few
hundreds of kilohertz [1], [2], which is below the typical
1/£3 PN corner of CMOS oscillators [3]-[5]. Consequently,
a considerable amount of the oscillator’s low-frequency noise
cannot be filtered by the loop and will adversely affect the
transceiver operation.
In a current-biased oscillator, flicker noise of a tail tran-
sistor, M, modulates the oscillation voltage amplitude and
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Fig. 1. Class-B oscillator (a) with tail transistor Mt and (b) with tail resistor

RT, and their PN when (c¢) Mt is always in saturation and (d) Mt partially
enters into triode.

then upconverts to PN via an AM—FM conversion mechanism
through nonlinear parasitic capacitances of active devices, var-
actors, and switchable capacitors [6], [7] [see Fig. 1(a)].! An
intuitive solution is to configure the oscillator into a voltage-
biased regime, which involves removing Mt [8], or replacing
it with a tail resistor, Rt, in Fig. 1(b). Such expected PN
reduction is highly dependent on the tail transistor’s operating
region. If Mt in Fig. 1(a) is always in saturation, the amount
of 1/f noise is considerable, and the tail resistor Rt in Fig. 1(b)
could improve the low-frequency PN performance, as shown
in Fig. 1(c), However, in advanced CMOS process nodes with
a reduced supply voltage, M partially enters the triode region,
thereby degrading the oscillator’s effective noise factor but
improving the 1/f noise upconversion [see Fig. 1(d)]. In [3],
class-C oscillators were designed with both a tail transistor
and a tail resistor. Measured 1/f> corners are almost the same,
thus supporting our discussion. However, regardless of the
Mt operating region, removing this source would still not
completely eliminate the 1/f noise upconversion.

Another mechanism of the 1/f upconversion is due to
Groszkowski effect [9]. In a harmonically rich tank current,

1t is shown in [6] that for certain values of varactor bias voltages, this
upconversion is almost eliminated.

0018-9200 © 2016 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted,
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Fig. 2. (a) Current harmonics paths. (b) Drain current in time and frequency
domains. (c) Frequency drift due to Groszkowski’s effect.

the fundamental component, /g, flows into the equivalent
parallel resistance of the tank, Rj,. Other components, how-
ever, mainly take the capacitive path due to their lower
impedance [see Fig. 2(a)]. Compared with the case with only
the fundamental component, the capacitive reactive energy
increases by the higher harmonics flowing into them. This
phenomenon makes the tank’s reactive energy unbalanced. The
oscillation frequency will shift down from the tank’s natural
resonance frequency, wp, in order to increase the inductive
reactive energy, and restore the energy equilibrium of the tank.
This frequency shift is given by [10]

Aa)_ 1§: n?
wy anzznz—l

2
Igy

1)

Iy

where [Ip, is the nth harmonic component of the tank’s
current. The literature suggests that this shift is static but any
fluctuation in /g,/Iy1 due to the 1/f noise modulates Aw and
exhibits itself as 1/f2 PN [11] [see Fig. 2(c)]. Although this
mechanism has been known for quite some time, it is still not
well understood how the flicker noise modifies the Iy, /Ix1
ratio. Furthermore, (1) suggests all harmonics indiscriminately
modulate the Groszkowski’s frequency shift by roughly the
same amount, without regard to their odd/even-mode nature,
which could be easily misinterpreted during the study of the
flicker noise upconversion in cross-coupled oscillators.
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While recognizing the Groszkowski’s frequency shift as the
dominant physical mechanism in voltage-biased oscillators,
we turn our attention to the impulse sensitivity function (ISF)
theory in researching the above-mentioned questions.
Hajimiri and Lee [12] have shown that the upconversion
of any flicker noise source depends on the dc value of the
related effective ISF, which can be significantly reduced if
the waveform has certain symmetry properties [12], [13].
Another explanation was offered in [14] and [15], suggesting
that if the 1/f noise current of a switching MOS transistor
is to be modeled by a product of stationary noise and a
periodic function w(t), then this noise can upconvert to
PN if w(z) is asymmetric. In this paper, we elaborate on a
method proposed in [23] to effectively trap the second current
harmonic into a resistive path of a tank in a voltage-biased
oscillator topology. Doing so will reduce the core transistors’
low-frequency noise upconversion by making the oscillation
waveform symmetric and reducing the effective ISF dc value.
We further investigate the effects of harmonics on the core
transistors’ flicker noise upconversion by studying their
impact on the oscillation waveform and on the effective ISF,
1ﬂeff,dc-

It should be mentioned that several solutions are proposed
in the literature to reduce the 1/f noise upconversion due to
Groszkowski’s frequency shift. The concept of a harmonically
rich tank current degrading the close-in oscillator spectrum
has been noticed for quite some time; however, the proposed
solutions mostly include the linearization of the system to
reduce the level of current harmonics by limiting the oscil-
lation amplitude by an AGC [16], [17], or the linearization of
gm-devices [18], [19], at the expense of the oscillator’s start-
up margin and increased 1/f2 PN. In a completely different
strategy, a resistor is added in [20] in series with gm-device
drains. An optimum value of the resistor minimizes the flicker
noise upconversion; however, the 1/f noise improvement is at
the expense of the 20 dB/decade degradation in oscillators
with low Vpp and high current consumption. The flicker noise
upconversion due to nonlinearity of voltage-biased oscillators
is quantified in detail in [21] and [22] and improved by limiting
oscillator’s excess gain [22].

This paper is organized as follows. Section II shows
how harmonic components of the drain current con-
tribute to the flicker noise upconversion and shows how
an auxiliary common-mode (CM) resonance at 2wmp mit-
igates this upconversion. Section III demonstrates how
the auxiliary resonance is realized and proves the effec-
tiveness of the proposed method by implementing two
classes of voltage-biased oscillators. Section IV reveals
the details of circuit implementations and measurement
results.

II. METHOD TO REDUCE 1/f NOISE UPCONVERSION
A. Auxiliary Resonant Frequencies

Let us start by focusing on reducing the Groszkowski
frequency shift. As shown in Fig. 2(a)(c), the oscillation
frequency wgsc fluctuates around the tank’s natural reso-
nant frequency wo due to the flow of higher harmonics
of the current Ipj, into the capacitive part of the tank.
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Fig. 3.  Multiresonance tank. (a) Auxiliary resonances at higher harmonics. (b) Current harmonic paths. (c¢) Frequency drift due to higher harmonics.

(d) Input impedances.

A voltage-biased class-B tank current in time and frequency
domains is shown in Fig. 2(b). Odd harmonics of the tank
current are differential-mode (DM) signals, and hence, they
can flow into both differential- and single-ended (SE) capac-
itors. Even harmonics of the tank current, on the other hand,
are CM signals, and can only flow into SE capacitors. If the
tank possesses further resonances coinciding with these higher
harmonics [see Fig. 3(a)], these components can find their
respective resistive path to flow into, as shown in Fig. 3(b).
Consequently, the capacitive reactive energy would not be
disturbed and the oscillation frequency shift Ac would be min-
imized [see Fig. 3(c)]. The input impedance Z;, of such a tank
is shown in Fig. 3(d). The tank has the fundamental natural
resonant frequency at wo and auxiliary CM and DM resonant
frequencies at even- and odd-order harmonics, respectively.
Minimizing the frequency shift Aw will weaken the underlying
mechanism of the 1/f noise upconversion; however, realizing
auxiliary resonances at higher harmonics has typically been
area inefficient and can also degrade the PN performance.
Consequently, the auxiliary resonance frequencies have to be
chosen wisely.

Groszkowski frequency shift formula (1) indicates that all
the contributing current harmonics /g, are weighted by almost
the same coefficients. This means that, in practice, stronger
current harmonics Iy, contribute more to the frequency shift.
Consequently, we can narrow down the required auxiliary
resonances to these harmonics. On the other hand, ultimately,
the low-frequency noise upconversion depends on the oscilla-
tion waveform and the dc value of effective ISF. The various
current harmonics contribute unevenly to the flicker noise
upconversion, since they result in different oscillation wave-
forms and effective ISF values. Investigating these differences

reveals how many and at which frequencies the auxiliary
resonances should be realized.

B. Harmonic Effects on the Effective ISF

A (hypothetical) sinusoidal resonance tank current
Iy1(1) [Ig1]|sin(wot) would result in a sinusoidal
resonance oscillation voltage: Vy1(f) = Rp1-|[Ig1]sin(wot) =
Aysin(wpt). Its ISF is also a zero-mean sinusoid but in
quadrature with Vgi(f) [24]. The flicker noise of core
transistors [e.g., M in Fig. 4(a)] in a cross-coupled
oscillator is modeled by a current source between the source
and drain terminals, and exhibits a power spectral density as

)

i2(0) = 2 (wol)

WLCo: [
where K is a process-dependent constant, W and L are core
transistors’ width and length, respectively, and C,y is an oxide
capacitance per area. Due to the dependence of current noise
on g,, the flicker noise source is a cyclostationary process
and can be expressed as

in(t) = in0(wot) - a(wot) 3)

in which i,,0(wot) shows the stochastic stationarity. o (wot)
is the noise modulating function (NMF), which is normal-
ized, deterministic, and periodic with the maximum of 1.
It describes the noise amplitude modulation; consequently
it should be derived from the cyclostationary noise charac-
teristics [12]. In this case, an effective ISF is defined as
Lerr(cwot) a(wot) - I'(wot). Mip flicker noise cannot
upconvert to PN if effective ISF has a zero dc value.

Let us investigate the M, flicker noise upconversion
when the oscillation voltage ideally contains only the
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Fig. 4. Oscillator example. (a) Schematic and (b) Vps, Vgs, and g;; of My transistor when oscillation voltage contains only fundamental component and

(c) its ISF, NMF, and effective ISF.

fundamental component. In Fig. 4(a), Vpi = Vpp —
Ay sin(wot), Vg1 = Vp2 = Vpp + Ajsin(wpt). Assuming
Vpp=12Vand Ay =1V, g, of the M; transistor under
such Vps and Vgg is found by simulations and is shown
as dotted line in Fig. 4(b). Under this condition, a(wot) =
8&m(ot)/gm,max. ISF, NMF, and the effective ISF of the M,
flicker noise source are shown in Fig. 4(c). The dc value of
such an effective ISF is zero, resulting in no flicker noise
upconversion. This is a well-known conclusion and is referred
to as a state where Mj, transistors’ flicker noise cannot
upconvert to PN [15].

In reality, the tank current of voltage-biased oscillators is
rich in harmonics. Due to physical circuit constraints, the
even-order current harmonics lead by =x/2, while the
odd-order current harmonics are in-phase with the fun-
damental current [Ig;. The /2 phase difference in
even- and odd-order current harmonics considerably changes
the oscillation waveforms characteristics. For simplicity,
we focus only on dominant harmonics, Ig> = |Iy2]|sin
Qawot +7/2) and I3 = |Ig3] sin(3wot), as representatives of
even- and odd-order current harmonics, respectively; however,
the following discussion can be easily generalized for all
harmonics. We also assume for now that the tank only contains
SE capacitors.

The differential current /> flows into the SE capacitors
and creates a second-order voltage harmonic

Vo (1) g2 sinQRawot + /2 — 1 /2)

C - 2w
= az A1 sin(Qwopt) 4)

where the —7 /2 phase shift is due to the capacitive load. The
oscillation voltage will then be

Vra(t) = Vui(t) + Vo ()

Aq[sin(wot) + ar sin(2awpt)]. 5)

Vi1(t), Viya(t), and Vry(r) are plotted in Fig. 5(a) for
oy = 0.1 and Ay = 1 V. Vgi(r) has two zero crossings

within its period: at #; and 7, and their rise and fall times are
symmetric with derivatives: V(1)) = —V};;(2). V2’s zero
crossings are also at 71 and f2; however, V},,(t1) = V},(12).
Consequently, the opposite slope polarities of Vg1 and Vg
at 11 slow the fall time of V7, while the same slope polarities
at t, sharpen its rise time. Consequently, as can be gathered
from 5(a), Vr, features asymmetric rise and fall slopes.

The resulting ISF of the g, transistor is calculated based
on (36) in [12] and is shown in Fig. 5(b), with its mean
dependent on a;. Larger a» leads to more asymmetry between
Vro(t) rise and fall slopes; hence, I'efrqc Will increase.
Furthermore, repeating the same simulations to obtain g,
with drain and gate voltages that contain the second harmonic
components results in asymmetric g,; and consequently
NMF. The slower rise/fall times increase the duration when
M is turned on, thus widening g,,1. A sharper rise/fall time
decreases the amount of time when M| is turned on, resulting
in a narrower g,1. The NMF and effective ISF of such
waveforms are shown in Fig. 5(b). The effective ISF has a
dc value, which results in M »’s flicker to PN upconversion.
Dependence of the dc value of the effective ISF on a7 is shown
in Fig. 5(c).

This argument is valid for all even-order current harmonics,
and we can conclude that the fluctuations in the even harmon-
ics of the tank’s current convert to the 1/f2 PN noise through
the modulation of the oscillating waveform.

Let us now investigate a case of the tank current containing
only odd-harmonic components, with /g3 = |Ig3|sin(3wpt)
as a representative. /i3 flows mainly into the tank capacitors
and creates a third harmonic voltage as

Vys(t) = C 3o
= 0a3A1 sin(Bawot — 7w /2) (6)

where again, the —z /2 phase shift is due to the capacitive
load. The oscillation voltage will then be

Vr3(t) = Va1 (t) + Vus(t)
= Aj[sin(wot) + a3 sin(Bwot — 7 /2)]. @)

| Ig3| sin(Bawot — 7 /2)
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Conventional tank waveforms. (a) Fundamental, V1, second harmonic, Vg, voltage components, and oscillation waveform, Vrp and (b) its

ISF, NMF, and effective ISE. (¢) Teff de/Teff,rms for different ay values. (d) Fundamental, Vi, third harmonic, Vg3, voltage components, and oscillation

waveform, V73 and (e) its ISF, NMF, and effective ISF.

Vyi1(t), Vys(t), and Vr3(r) are plotted in Fig. 5(d) for
a3 = 0.1 and A; = 1 V. It is obvious that the oscillation wave-
form’s falling and rising slopes are symmetric, and I'q. = 0,
as easily gathered from Fig. 5(e). The simulations show that
gm1 1s slightly asymmetric due to amplitude distortion of
the oscillation voltage. However, this asymmetry is canceled
out when multiplied by ISF (see Fig. 5), resulting in an
effective ISF with almost zero dc value and thus preventing
low-frequency noise upconversion. These arguments can be
generalized for all odd-order harmonics. Consequently, the
low-frequency noise of g, transistors does not upconvert to
PN if the tank current only contains odd harmonics.

C. Resonant Frequency at 2w

Thus far, we have shown that the even components of
the tank’s current are chiefly accountable for the asymmetric
oscillation waveform and the 1/f noise upconversion to PN.
Let us investigate what happens to the oscillation waveform
and effective ISF if the tank has an auxiliary CM resonance
at 2eg. Such resonance provides a resistive (i.e., via R ) path

for Iy, to flow into it, and hence, the voltage second harmonic
component is

VH2,aux(t) = Rp2 |1 p3] sin(2eot + 7 /2)

= A102,aux SIn(Lawot + 7 /2). (8)

The composite oscillation voltage will become

VTZ,aux(t) = Vui (t) + VH2,aux(t)
= Aq[sin(wot) + 02 aux Sin(Rwot + 7 /2)]. (9)

Vai(1), Vuo,aux(t), and  Vroaux(t) are  plotted
in Fig. 6(a)—(c) for azaux = 0.1 and Ay = 1 V. The
rise and fall times of the oscillation voltage are now
symmetric [see Fig. 6(c)] and so the ISF is zero mean,
as shown in Fig. 6(d). g1, and thus NMEF, are also
completely symmetrical; consequently, the effective ISF has
a zero dc value, preventing low-frequency noise from being
upconverted. The oscillation waveform is still dependent
on az aux, but the rise and fall times are always symmetric,
thus keeping Deff dc zero.
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(c) oscillation waveform, V73 aux, and (d) its ISF, NMF, and effective ISF.

The second and third current harmonics are the most domi-
nant in all classes of oscillators, so a, and a3 are significantly
larger than other a, for n = 4,5, .... Meanwhile, 'y. is a
growing function of a, for n = 2k, where k = 1,2,....
We can, therefore, conclude that /g, is the main contrib-
utor to the 1/f noise upconversion. Consequently, attention
to only one auxiliary resonant frequency at 2wy appears
sufficient [23], [25].

D. wcy Deviation From 2wy

The balance in the rise and fall zero-crossing slopes
in Fig. 6(c) is rooted in the 7 /2 phase shift between Vg (f)
and Vg (¢). This is a combination of the 7 /2 phase difference
between I () and Ig5(t), and zero phase of the resistive tank
impedance at 2wg. When wcwm deviates from 2w

VT2,aux(t) = VHl(t) + VHZ,aux(t)
= Rp1llg1]sin(wot) + | Zcewm|
M y2|sinQRaot + /2 + $pem)
= Aq[sin(wot) +02,aux Sin(2awot + 7 /2+pem)]
(10

where | Zcm| and ¢cp are the CM input impedance magnitude
and phase, respectively, derived as
1— 2
¢cM = arctan 7 <
Ocum

Y

_c
Ocm

Rpo - 5
Ju—or+ (4)

where ¢ = 2w /wcm- wcm versus 2wp misalignment has two
effects. The first directly translates ¢cy into the waveform
asymmetry. Fig. 7(a) shows V73 qux(¢) for different ¢pcm val-
ues; a2 aux Was chosen 0.3 to better illustrate the asymmetry.
When grossly mistuned from 2wy, ¢cm could approach £ /2,
thus making the auxiliary resonance completely ineffective.
A larger Q-factor of the CM resonance, Qcwm, results in

|Zeml| = 12)

g - e "
S o5} B
g0
= s}

1F

(b) 2w0/wen

|r eff,dc/r eff,nnsl
S
[

0 0.2 0.4 0.6 0.8 1 X™2

(c) @cw (rad)

Fig. 7. (a) V2, aux for different ¢cp values. (b) ¢em for different Qcm
values when wcy deviates from 2awyq. (¢) Ueff, de/Teff,rms for different o aux
and ¢cm values.

¢cm closer to 7 /2 for the same 2wg/wcem ratios, as shown
in Fig. 7(b).

The second effect is due to a2 aux, Which determines the
amount of the second harmonic in the voltage waveform.
When ¢cm is not zero, Iefr g becomes dependent on a2 aux:
the larger a2 aux, the more asymmetric waveform, and more
1/f noise upconversion. The az aux value can be found from
the following equation:

T2
Iy

1 Zewml

13
R 13)

02, aux =
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Ig>/1g is dependent on the oscillator’s topology. Further-
more, the larger the Qcwm value, the larger the R, value and,
hence, the larger the as aux value. Fig. 7(c) shows the expected
Lefr,de/Tefr,rms versus ¢om for different as 4ux values. Both of
these effects point out that Qcm should be low to reduce the
sensitivity of this method to the wcy deviation from 2amy.

III. CIRCUIT IMPLEMENTATION

We have shown that if the tank demonstrates an auxiliary
CM resonance at the second harmonic of its fundamental wg
resonance, the oscillation waveform would be symmetric, and
hence, the flicker noise upconversion would be suppressed.
Since the differential capacitors are not seen by the CM signals
(i.e., Iy2), a straightforward solution for realizing a CM peak
is to design a tank, as demonstrated in Fig. 8(a) with a set of
differential C4 and SE C, capacitors [25]. 7}, is the equivalent
series resistance of the inductor and it is assumed all capacitors
are nearly ideal. This tank shows a fundamental DM resonant

_ 1
frequency, clop M= N and a CM resonant frequency
ocy = N From (11)-(13)
1 — _4C
dcm = arctan(%) (14)
m ’ Ce+Cy
2, ( Ce )
Rp> Opm Ce+Ca I
02, aux = R— . : I_
pl - 4c V(2. c 2 AH
Ce+Cy OpMm Ce+Cy
(15)

where Opm, Rp2, and R are, respectively, the quality factor
at DM resonance, and impedance peaks at CM and DM
resonances. In an extreme condition of C; = 0, the tank
contains only the SE capacitors and reduces to a conventional
tank discussed in Section II-B. Targeting wcm = 2wpm

results in Cy = 3C, and we can prove that OQcm = 20pM-
As discussed supra, the fairly large Qcwm exacerbates the
effects of CM resonance misalignment.

To investigate the effectiveness of the proposed method on
the tank mistuning sensitivity, we performed an analysis of
a 5 GHz voltage-biased class-B oscillator of Fig. 1(b) with
OpMm = 10. The oscillator is designed in a 40 nm CMOS
technology, and M, values are thick-oxide (56/0.27) um
devices. The power consumption is 10.8 mW at Vpp = 1.2 V.
As expected, the 1/£3 corner of this oscillator is at its minimum
of ~10 kHz at C4/C, = 3 [see Fig. 8(b)]. When wcy deviates
from 2wpwm, i.e., C4/C. ratio deviates from the ideal value
of 3, while keeping C. 4+ C,4 constant, the 1/f3 corner starts
to increase from the 10 kHz minimum, and reaches its peak
at wocm = 1.7wopm when the CM resonance phase, ¢cm, gets
close to #/2 [about 80° as shown in Fig. 8(c)]. After this
point, the ¢cm value barely changes, but a; aux decreases
[Fig. 8(d)], and consequently, the 1/f> corner reduces again.
The maximum 1/f3 corner of 1.1 MHz is actually much worse
than the 400 kHz corner of extreme case when C; = 0
[see Fig. 8(b)]. This means that if the tank is not designed
properly, the performance would be even worse than that
without applying this technique. Consequently, to ensure no
performance degradation in face of the misalignment, a2 aux
at ¢cm ~ 80° should be less than that of the tank without

the applied technique. ap, when C; = 0, can be found
from (15)
2 1
o ~ L (16)
30pm I
édcm = 80°, (14) and (15) result in
R, tan (% V§ip)
020 = == _an(y) il (17)
Rpt /1 4 tan2 (%) TH1
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Hence

Rp2

Rp1

3.84

18
OpMm (18)

to satisfy this condition, which results in nonpractical Qpm
values.

In Sections III-A and III-B, we show how to substantially
reduce the sensitivity to such misalignment by employing,
at no extra area penalty, an inductor exhibiting distinct and
beneficial characteristics in DM and CM excitations. The
different behaviors of a 1:2 turn transformer in DM and CM
excitations are also exploited to design a transformer-based
F, tank. With these new tanks, we construct class-D and
class-F oscillators to demonstrate the effectiveness of the
proposed method of reducing the flicker noise upconversion.

A. Inductor-Based F> Tank

Fig. 9(a) and (b) shows a two-turn “F,” inductor when it is
excited by DM and CM signals. In the DM excitation, currents
in both turns have the same direction, resulting in an additive
magnetic flux. However, in the CM excitation, currents have
opposite direction and cancel each other’s flux [26]. With the
proper spacing between the F, inductor windings, effective
inductance in CM can be made four times smaller than in DM.
The Lpm/Lcwm inductance ratio is controlled through litho-
graphy that precisely sets the physical inductor dimensions
and, consequently, makes it insensitive to process variations.
Fig. 9(c) shows the DM and CM inductances and their ratio
over frequency. Lpm/Lcm is close to 4 within a 30%—40%
tuning range.

Differential capacitors cannot be seen by the CM signals;
hence, to be able to set the CM resonance, the F, tank
capacitors should be SE, as shown in Fig. 10(a). The
F> tank demonstrates two resonant frequencies: wpy and wcm-
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Fig. 10. (a) Inductor-based F, tank and (b) its input impedance.

Both of these are tuned simultaneously by adjusting C.. The
precise inductor geometry maintains Lpyv/Lcm & 4 and,
hence, wcm/wpm = 2 over the full tuning range.

The input impedance of the tank is shown in Fig. 10(b).
Presuming that the capacitance losses are negligible, the
DM and CM resonance quality factors are

L,w
Oom =~ = Qo (19)
p
LpCUCM Qo
= — = —, 20
OcMm ar, > (20)

The Q-factor of the CM resonance is half that of DM,
which relaxes the F, tank sensitivity to mismatch between
owcm and 2copm. For this inductor-based F tank, Rp2/Rp1 =
0.25, and the condition in (18) is satisfied for Qo < 15.
Furthermore, in the CM excitation, the currents in adjacent
windings have opposite direction, which results in an increased
ac resistance [27], and so the Q-factor of the CM inductance
is even smaller than in (20). The Q-factor of Lcy inductance
of Fig. 9(b) is about 3—4.

Apart from the easy tuning with only one capacitor bank,
the mostly SE parasitic capacitors do not play any role in
defining the wcnm /2wpym ratio. Furthermore, the low Qcm and,
consequently, the lower sensitivity to the wcwy /2wpw ratio that
the inductor-based F> tank offers make it all more attractive
than the tank shown in Fig. 8(a).

B. Class-D/ F, Oscillator

Among the various classes of inductor-based oscillators
(e.g., class-B, complementary class-B, and class-D [4]), we
have decided to validate the proposed method on a class-D
oscillator shown in Fig. 11(a). This recently introduced oscil-
lator shows promising PN performance in the 1/f2 region due
its special ISF. The tail current transistor is removed there
and wide and almost ideal switches M » clip the oscillation
voltage to GND for half a period [see Fig. 11(b)] resulting
in an almost zero ISF there [Fig. 11(c)]. However, the hard
clipping of the drain nodes to GND generates a huge amount
of higher order harmonic currents. Due to the large /x>, in
agreement with our analysis, the oscillating waveform has
asymmetric fall and rise times [clearly visible in Fig. 11(b)],
and it exhibits a strong 1/f noise upconversion and frequency
pushing. A version of class-D with a tail filter technique [30]
was also designed in [4] in an attempt to reduce the
low-frequency noise upconversion. This method is partially
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Class-D oscillator. (a) Schematic and (b) its waveforms. (c) gm-transistor ISF, NMF, and effective ISE. Class-D/F, oscillator. (d) Schematic and

(e) its waveforms. (f) gm-transistor ISF, NMF, and effective ISF and (g) their PN performance. (h) 1/£3 corner sensitivity to wcy/@pM-

effective, lowering the 1/f3 PN corner from 2 to 0.6-1 MHz.
Due to the above-mentioned reasons, this voltage-biased oscil-
lator seems a perfect fit for the proposed method.

Fig. 11(d) shows the proposed class-D/F; oscillator, which
adopts the F; tank. The gm-devices, M and M>, still inject a
large Ig> current into the tank, but this current is now flowing
into the equivalent resistance of the tank at 2wyp. Clearly,
the rise/fall times are more symmetric in the class-D/F,
oscillator, as demonstrated in Fig. 11(e). The gm-transistors’
ISF, NMF, and effective ISF are shown in Fig. 11(f).
As predicted, effective I'qc is now reduced, and the simulated
PN performance shows that the 1/f> corner is lowered from
1 MHz to ~30 kHz [Fig. 11(g)].

The parasitic inductance L7 [see Fig. 10(a)] has to be
considered in designing the F, inductor. C. controls both
CM and DM resonant frequencies simultaneously; hence, any
deviation of wcy from 2wq is due to Lcv/Lpm not being
exactly 4 over the TR. To examine the robustness of the
tank via simulations, a C; differential capacitor is deliberately
added to the tank. C. 4+ Cy is kept constant in order to
maintain the oscillation frequency. Doing so shifts up wcm
while keeping wpym intact. Fig. 11(h) shows how the 1/f3
corner worsens when C;/C. ratio increases.

"

(a

Ny

A

1:2 transformer when the primary is excited with (a) DM and
(b) CM currents.

Fig. 12.

C. Transformer-Based F> Tank

Fig. 12(a) and (b) shows a 1:2 turns transformer excited
by DM and CM input signals at its primary. With a DM
excitation, the induced currents at the secondary circulate in
the same direction leading to a strong coupling factor, k.
On the other hand, in CM excitation, the induced currents
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(a) Transformer-based F> tank and (b) its input impedance. (c) DM and CM primary and secondary inductance. (d) Primary and secondary inductance

quality factor and coupling factor. (¢) DM and CM resonant frequencies over TR.

cancel each other, resulting in a weak k, [28]. The latter
means that the secondary winding cannot be seen by the CM
signals. “F,” transformer-based tank is shown in Fig. 13(a).
At the DM excitation, no current flows into the metal track
inductance, L7, that connects the center tap to the supply’s
ac-ground [see Fig. 13(a)]. However, at the CM excitation, the
current flowing into L7 is twice the current circulating in the
inductors. Consequently, the tank inductance L, in Fig. 13(a)
is relabeled as L, g = L, in DM, and L, . = L, 4+ 2Lt in
CM excitations. This tank employs SE primary and differential
secondary capacitors and demonstrates two DM and one CM
resonant frequencies. wcy = 1//Lp,Cp, and if k;, ppr>0.5,
wo,pm = 1/\/LpaCp+ L;Cy [5]. F, tank requires wcm =

2wo,pMm, and hence

LiCy =Cp(4Lpc — Lpa).

Unlike in the inductor-based tank, here, the wcwm/wo,pm
ratio is dependent on the secondary-to-primary capaci-
tors ratio. Furthermore, the input impedance Zi,, shown
in Fig. 13(b), reveals that Qcpm is not low, thus making it
sensitive to wcm/wo,pMm. It means that the Cy/C), ratio has to
be carefully designed to maintain wcm/wo,pm ~ 2 over the
tuning range. In practice, the Q-factor of capacitor banks is
finite and decreases at higher frequencies, so Qcm will reduce,
thus making the tank a bit less sensitive.

21

D. Class-F», 3 Oscillator

As proved in [5], a DM auxiliary resonance at the third
harmonic of the fundamental frequency is beneficial in improv-
ing the 20 dB/decade PN performance by creating a pseudo
square-wave waveform (see Fig. 14). We can merge our
transformer-based F, tank with the class-F3 operation in [5]
[see Fig. 14(a) and (b)] to design a class-F» 3 oscillator, as
shown in Fig. 14(d) and (e). To ensure wcm = Z2wo,pM
and w;pm = 3wopm, we force LyC; = 3.8L,4C, and

ky, = 0.67. The relatively low k,, increases the impedance at
®1,pM = 3wo,pMm [29]. However, the class-F3 oscillator meets
the oscillation criteria only at wo,pm. Fig. 14(e) demonstrates
that the pseudo-square waveform of class-F3 oscillation is
preserved in the class-F; 3 oscillator. The waveform does not
appear to differ much; however, the oscillation voltage spec-
trum indeed confirms the class-F» 3 operation. /y7 is not very
large in this class of oscillators; consequently, the fall/rise-time
asymmetry is not as distinct as in the class-D oscillator.
However, the 1/f3 corner improvement from 400 kHz in
class-F3 to <30 kHz in class-Fo3, as demonstrated
in Fig. 14(g), proves the effectiveness of the method. The
ISE, NMF, and effective ISFs for these oscillators are shown
in Fig. 14(c) and (f).

Class-F» 3 oscillator performance is sensitive to the devi-
ation of wcm from 2wy = 2wpm. Cp changes both CM
and DM resonant frequencies while C; only changes the
DM one. To examine the robustness of the F, operation,
differential capacitors are added in the tank’s primary. Here,
again Cp . + Cp 4 is constant to maintain the oscillation
frequency. Fig. 14(h) shows the 1/f> corner versus wcm/@pm
ratio and underscores the need to control the capacitance ratio,
as per (21). Otherwise, a small deviation increases the 1/£3
corner rapidly, and with larger deviations, the method becomes
ineffective.

IV. EXPERIMENTAL RESULTS

The class-D/F, and class-F» 3 oscillators, whose schematics
were shown in Figs. 11(d) and 14(d), respectively, are designed
in 40 nm CMOS to demonstrate the suppression of the
1/f noise upconversion. For fair comparison, we attempted to
design the oscillators with the same specifications, such as
center frequency, tuning range, and supply voltage, as their
original reference designs in [4] and [5].
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sensitivity to wcy/@pM-

A. Class-D/F> Oscillator

The class-D/F, oscillator is realized in a 40 nm 1P8M
CMOS process without ultrathick metal layers. The two-turn
inductor is constructed by stacking the 1.45 ym Alucap layer
on top of the 0.85 um top (M8 layer) copper metal. The DM
inductance is 1.5 nH with the simulated Q of 12 at 3 GHz.
Combination of MOS/MOM capacitors between the supply
and the ground is placed on-chip to minimize the effective
L7 inductance, and the remaining uncompensated inductance
is modeled very carefully. The capacitor bank is realized with
6-b switchable MOM capacitors with the LSB of 30 fF. The
oscillator is tunable between 3.3 and 4.5 GHz (31% TR)
via this capacitor bank. Mj > transistors are (200/0.04) um
low-V; devices to ensure start-up and class-D operation over
PVT. The chip micrograph is shown in Fig. 15(a) with a core
area of 0.1 mm?.

Fig. 16(a) shows the measured PN at f,x and fpin with
Vpp = 0.5 V. Current consumption is 6 and 4 mA. The

1/f3 corner is 100 kHz at fmax and reduces to 60 kHz for
fmin- The 1/f3 corner over TR is shown in Fig. 16(c). The
supply frequency pushing is 60 and 40 MHz/V at finax and
Jfmin, respectively [see Fig. 16(b)]. Table I compares its per-
formance with the original class-D oscillators (as well as other
state-of-the-art oscillators [20], [25], [31] aimed at reduc-
ing the 1/f noise upconversion). Compared with the origi-
nal design, the FoM at 10 MHz offset is degraded in the
class-D/F, oscillator by 3 dB, mainly due to the lack of ultra-
thick metal layers, which lowers the inductor’s Q. However,
even with this degradation, FoM at 100 kHz offset is improved
at least 3 dB. 1/f> corner is improved at least ten times versus
both class-D and noise-filtering class-D oscillators.

B. Class-F>, 3 Oscillator

The class-F; 3 oscillator is realized in 40 nm 1P7 CMOS
process with ultrathick metal layer. The 1:2 transformer
is constructed with the 3.4 um top ultrathick (M7 layer)
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Fig. 15. Chip micrographs. (a) Class-D/F; oscillator. (b) Class-F; 3 oscillator.
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copper metal. The primary and secondary winding inductances
are 0.58 and 1.5 nH, respectively, and &, 0.67. The
simulated Q-factors of the primary and secondary wind-
ings are 15 and 20 at 6 GHz. Like the class-D/F,, the
L7 inductance has to be compensated with enough

decoupling capacitance. The unfiltered part has to be modeled
precisely due to the relatively large Rp. The SE primary and
differential secondary capacitor banks are realized with two
6-b switchable MOM capacitors, with the LSB of 32 and 48 fF,
respectively. Due to the sensitivity of this oscillator to the
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TABLE I
PERFORMANCE SUMMARY AND COMPARISON WITH RELEVANT OSCILLATORS

Class-D/F; Class-D [4] Nglls:s SF ge[il?g Class-F23 CFETSSS] o] | [25] [31]
Technology 40 nm 65 nm 65 nm 40 nm 65nm | 65nm | 28 nm | 130 nm
Thick metal No Yes Yes Yes Yes NA NA NA
Voo (V) 0.5 0.4 0.4 1 125 12 0.9 14
Tuning range (%) 31 45 45 25 25 18 | 272 17
Core area (mm?) 0.1 0.12 0.15 0.13 0.12 0.08 0.19 0.09
fimin fmax finin finax finin finax fmin fmax Finax Finax finia finia
Freq. (GH2) 33 | 45 3 438 3 48 | 54 7 7.4 3.6 | 33 2.4
Ppc (mW) 4.1 2.5 6.8 4 6.8 3.6 12 10 15 0.72 6.8 4.2
PN 100kHz | -101.2 | -96.2 -101 91 -102 -92.5 105.3 102.1 -98.5 -94.4 -106 108.4
(dBc 1MHz -123.4 -119 -127 -119 -128 -121 126.7 124.5 -125 -114.4 -130 128.4
/Hz) 10MHz | -143.4 -139 -149.5 | -143.5 -150 -144.5 | 146.7 144.5 -147 -134.4 -150 148.4
R 100kHz 185.4 185.3 182.2 178.6 183.2 180.6 189.1 188.9 184.1 187 188.2 189.8
Fz]l;/[ 1MHz 187.6 188 188.2 186.6 189.2 189.1 190.5 191.4 190.6 187 192.2 189.8
(dB) 10MHz 187.6 188 190.7 191.1 191.2 192.6 190.5 191.4 192.6 187 192.2 189.8
1/£ corner (kHz) 60 100 800 2100 650 1500 60 130 700 10 200 <10
Freq. pushing 40 60 140 480 90 390 2 23 50 15
M) @os | @5 | @s | @os | @s | @s [ o | | @las | @2 | NA NA
\Y4 \4 \% \4 \Y \% \4 \

F#FOM= |PN|+20 log;o(wy/Aw)-10 logo(Ppc/ImW)

frequency mismatch, an 8-b unit-weighted capacitor bank
with the LSB of 4 fF is also placed at the primary to
tune the DM and CM resonance frequencies. The oscillator

is tunable between 5.4 and 7 GHz, and the primary and
secondary capacitors are changed simultaneously to preserve
the class-F> 3 operation. The M > transistors are (64/0.27) ym
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thick-oxide devices to tolerate large voltage swings. The tail
resistor Rt bank is realized with a fixed 40 Q resistor in
parallel with 7-b binary-weighted switchable resistors with the
LSB size of 5 Q. This bank can tune the oscillation current
from 5 to 20 mA. The chip micrograph is shown in Fig. 15(b);
the core die area is 0.12 mm?.

Fig. 17(a) shows the measured PN of the class-F; 3 oscil-
lator at finax and fmin with Vpp = 1 V. Current con-
sumption is 10 and 12 mA. The 1/f2 corner is 130 kHz
at fmax and reduces to ~60 kHz at fnin. The 1/f3 corner
over TR is plotted in Fig. 17(c). The supply frequency
pushing is 23 and 12 MHz/V at fihax and fmin, respectively
[see Fig. 17(b)]. Table I compares its performance with the
original class-F oscillator. Compared with the original design,
FoM is degraded about 1-2 dB at the 10 MHz offset, which
is due to the tail resistor loading the tank more than the tail
transistor originally, thus degrading PN slightly. Despite this
degradation, FoM at 100 kHz is enhanced by at least 4 dB,
and the 1/f> corner is improved five times.

V. CONCLUSION

This paper presented a technique to reduce a 1/f noise
upconversion in a harmonically rich tank current. We showed
that when even-order harmonics of the tank current flow into
the capacitive part of the tank, they distort the oscillation
waveform by making its rise and fall times asymmetric and,
hence, causing the 1/f noise upconversion. Odd-order har-
monics also distort the oscillation waveform; however, the
waveform in that case is still symmetric and will not result in
the 1/f noise upconversion. We proposed to design a wp-tank
that shows an auxiliary CM resonant peak at 2wg, which is
the main contributor to the 1/f noise upconversion, and showed
how oscillation waveform becomes symmetric by the auxiliary
resonance. We described how to realize the F>-tank without
the die area penalty, by taking advantage of different properties
of inductors and transformers in DM and CM excitations.
Class-D/F; and class-F, 3 oscillators employing, respectively,
inductor and transformer-based F> tanks are designed in 40 nm
CMOS to show the effectiveness of our proposed method. The
1/f3 corner improves ten times in class-D/F, and five times in
class-F» 3 versus their original counterparts.
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