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CLASS-F CMOS OSCILLATOR 
INCORPORATING DIFFERENTIAL PASSIVE 

NETWORK 

REFERENCE TO PRIORITY APPLICATION 

2 
conversion mechanisms. The oscillator is based on enforcing 
a pseudo-square voltage waveform around an LC tank by 
increasing the third-harmonic of the fundamental oscillation 
voltage through an additional impedance peak. This auxiliary 
impedance peak is realized by a transformer with moderately 
coupled resonating windings. As a result, the effective 
impulse sensitivity function (ISF) decreases thus reducing the 
oscillator's effective noise factor such that a significant 
improvement in the oscillator phase noise and power effi-

This application claims priority to U.S. Provisional Appli
cation Ser. No. 61/701,690, filed Sep. 16, 2012, entitled 
"Digitally Intensive Transceiver," U.S. Provisional Applica
tion Ser. No. 61/701,695, filed Sep. 16, 2012, entitled 
"Class-F Oscillator," U.S. Provisional Application Ser. No. 
61/704,522, filed Sep. 23, 2012, entitled "RF Transceiver," 
and U.S. Provisional Application Ser. No. 61/829,976, filed 
May 31, 2013, entitled "Time Domain RF Signal Process
ing," all of which are incorporated herein by reference in their 
entirety. 

10 ciency are achieved. 
In the oscillator of the present invention, the oscillation 

voltage around the tank is a square-wave instead of a sinusoi
dal. As a consequence, the oscillator exploits the special ISF 
properties of the square-wave oscillation voltage to achieve 

FIELD OF THE INVENTION 

15 better phase noise and power efficiency. The gm-devices, 
however, work in the triode region even longer than in the case 
of the sinusoidal oscillator. Hence, the transistors provide a 
discharge path between the output node and ground, thus 
deteriorating the equivalent Q-factor of the tank. Conse-

The present invention relates to the field of semiconductor 
integrated circuits, and more particularly relates to a CMOS 
based class-F oscillator topology. 

20 quently, the resonator and gm-device inject more noise to the 
tank. Nevertheless, ISF value is expected to be negligible in 
this time span due to the zero derivative of oscillation voltage. 

BACKGROUND OF THE INVENTION 
Although the circuit injects huge amount of noise to the 

tank, the noise cannot change the phase of the oscillation 
25 voltage and thus there is no phase noise degradation. The 

square-wave oscillation voltage can effectively desensitize 
the oscillator phase noise to the circuit noise and significantly 
improve the RF oscillator performance and its power effi-

Designing voltage-controlled and digitally-controlled 
oscillators (VCO, DCO) of high spectral purity and low 
power consumption is quite challenging, especially for a 
GSM transmitter (TX), where the oscillator phase noise is 
required to be less than -162 dBc/Hz at 20 MHz offset fre- 30 

quency from the 915 MHz carrier. At the same time, the RF 
oscillator consumes a disproportionate amount of power of an 
RF frequency synthesizer and consumes more than 30% of 
the cellular RX power. Consequently, any power reduction of 
RF oscillators will greatly benefit the overall transceiver 35 

power efficiency and ultimately the battery lifetime. 
In an oscillator, the phase noise depends on the quality 

factor (Q) of its LC tank, its oscillation voltage swing and its 
effective noise factor. The Q-factor at wireless cellular carrier 
frequencies is usually limited by the inductor due to physical 40 

constraints on the width and thickness of the metal and the 
substrate loss in bulk CMOS and does not change too much 
when migrating to advanced CMOS technologies. 

On the other hand, the oscillation voltage swing is limited 
by the supply voltage V DD' which keeps on reducing in the 45 

advanced CMOS technology. In addition, increasing the 
oscillation voltage stops improving the phase noise when the 
gm-devices enter the triode region. Furthermore, the excess 
noise factor of the transistors is increased resulting in larger 
noise factor for the oscillator. Consequently, the phase noise 50 

and power efficiency of the traditional RF CMOS oscillator 
reduce by migrating to more advanced technologies. Prior art 
oscillators suffer from inadequate phase noise performance, 
clip-and-restore DCO due to use of two transformers ( die area 
penalty) and large gate oxide swings (reliability issues); and 55 

die area penalties of utilizing an extra inductor as well as large 
V DD=2.5 V (noise-filtering oscillators). 

There is thus a need to increase the power efficiency of an 
RF oscillator while meeting the strict phase noise require
ments of the cellular standards with sufficient margin and 60 

abiding by the process technology reliability rules. 

SUMMARY OF THE INVENTION 

A novel and useful oscillator topology demonstrating an 65 

improved phase noise performance that exploits the time
variant phase noise model with insights into the phase noise 

ciency. 
An advantage of the oscillator of the present invention is 

that the effective noise factor of the oscillator is decreased at 
least by a factor of two: 

(l)The ISF rms squared can reach values as low as 1h of the 
traditional oscillators, which translates to a 3 dB phase noise 
and FoM improvement compared to prior art oscillators. Fur
thermore, the ISF of the oscillator is negligible while the 
circuit injects significant amount of noise to the tank. Conse
quently, the oscillator FoM improvement is larger than that 
predicted by just the ISF rms reduction. 

(2) The class-F operation demonstrates sharper zero-cross
ing transitions ( at the same supply voltage) as compared to the 
other oscillator classes. This is due to the tank voltage gain at 
the gate and contribution of the 3rd harmonic in the drain 
oscillation voltage. The oscillator exhibits the superior phase 
noise performance along with high power efficiency. 

A comprehensive study of circuit-to-phase-noise conver
sionmechanisms of different oscillators' structures shows the 
class-F oscillator exhibits the lowest phase noise at the same 
tank's quality factor and supply voltage. In one example 
embodiment, the class-F oscillator is implemented in TSMC 
65-nm standard CMOS. It exhibits average phase noise of 
-136 dBc/Hz at 3 MHz offset from the carrier over 5.9 to 7.6 
GHz tuning range with figure of merit of 192 dBc/Hz. The 
oscillator occupies 0.12 mm 2 while drawing 12 mA from a 
1.25 V supply. 

There is thus provided in accordance with the invention, an 
oscillator circuit, comprising an active network having an 
input and an output, said active network operative to generate 
an active signal, a passive network having an input and an 
output, said passive network coupled to said active network 
and operative to generate a passive signal coupled to said 
active network input, and wherein said passive network has a 
first input impedance peak at a first frequency f1 and a second 
input impedance peak at a second frequency f2 . 

There is also provided in accordance with the invention, an 
oscillator circuit, comprising a pair of transistors, said tran
sistors each having a gate terminal and a drain terminal, a 
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transformer comprising a primary winding and a secondary 
winding, said primary winding coupled to said drain termi
nals of said transistors, said secondary winding coupled to 
said gate terminals of said transistors, a first tunable capacitor 
coupled to said primary transformer winding, a second tun
able capacitor coupled to said secondary transformer wind
ing. 

4 
FIG. 68 is a diagram illustrating the magnitude of the 

trans-impedance Z21 of the transformer based tank for two 
different X-factor which satisfy the resonant frequency ratio 
of3 

FIG. 6C is a diagram illustrating the transformer's second
ary to primary voltage gain of the transformer based tank for 
two different X-factor which satisfy the resonant frequency 
ratio of3; There is further provided in accordance with the invention, 

an oscillator circuit, comprising an active network having an 
input and an output, said active network operative to generate 
an active signal, a tank circuit coupled to said active network 
and operative to generate a signal coupled to said active 
network input, and wherein said tank circuit has a first reso
nant frequency and a second resonant frequency. 

FIG. 6D is a diagram illustrating the phase of the input 
10 impedance z,n and trans-impedance Z21 of the transformer 

based tank; 
FIG. 7 is a diagram illustrating the oscillator tank input 

impedance and voltage gain; 
FIG. SA is a diagram illustrating a transformer-coupled 

15 first example transformer based class-F oscillator; 
There is also provided in accordance with the invention, a 

method of implementing an oscillator, the method compris
ing providing an active network having an input and an out
put, said active network operative to generate an active signal, 
providing a tank circuit coupled to said active network, said 20 

tank circuit having a first resonant frequency and generating 
a signal coupled to said active network input, increasing a 
substantially third harmonic component of a fundamental 
frequency in said tank circuit through a second resonant fre
quency thereof. 

There is further provided in accordance with the invention, 
a method of implementing an oscillator, the method compris
ing providing an active network having an input and an out
put, said active network operative to generate an active signal, 
providing a tank circuit coupled to said active network, said 
tank circuit having a first resonant frequency and generating 

FIG. SB is a diagram illustrating a cross-coupled second 
example transformer based class-F oscillator; 

FIG. 9A is a schematic diagram illustrating an example 
oscillator and digital switch capacitor circuit; 

FIG. 98 is a diagram illustrating oscillator transient signal 
and impulse sensitivity function across the tank; 

FIG. lOA is a diagram illustrating the root locus plot of the 
transformer coupled class-F oscillator of FIG. SA; 

FIG. lOB is a diagram illustrating the root locus plot of the 
25 cross coupled transformer based class-F oscillator of FIG. 

SB; 
FIG. 11 is a graph illustrating the oscillation voltage wave

forms of the class-F oscillator; 
FIG. 12 is a graph illustrating the transient response of the 

30 class-F oscillator; 

a signal coupled to said active network input, increasing a 
substantially second harmonic component of a fundamental 
frequency in said tank circuit through a second resonant fre-

35 
quency thereof. 

FIG. 13 is a graph illustrating the phase noise at 3.7 GHz 
and power dissipation of 15 mW; 

FIG. 14 is a graph illustrating the phase noise and figure of 
merit (FoM) at 3 MHz offset versus carrier frequency; 

FIG. 15 is a graph illustrating frequency pushing due to 
supply voltage variation; 

There is also provided in accordance with the invention, an 
oscillator circuit, comprising a resonating transformer for 
filtering and voltage amplifying a driving voltage waveform, 
and an inverter coupled to said resonating transformer and 
configured to generate said driving voltage waveform. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 16A is a graph illustrating optimum case phase noise 
at 3.5 GHz and oscillation waveforms; 

FIG. 168 is a graph illustrating non-optimum case phase 
40 noise at 3.5 GHz and oscillation waveforms; 

FIGS. 17 A, 17B and 17C are diagrams illustrating the 
harmonic components of drain current; 

FIG. lS is a diagram illustrating generating a special oscil
lation waveform; 

The invention is herein described, by way of example only, 45 

with reference to the accompanying drawings, wherein: 
FIG. 19 is a schematic diagram illustrating an example 

embodiment of the oscillator of the present invention; 
FIG. lA is a diagram illustrating an example oscillator 

circuit and associated noise sources; 
FIG. lB is a diagram illustrating the associated noise 

sources of the oscillator of FIG. lA; 
FIG. lC is a diagram illustrating the effect of adding 3rd 

harmonic in the oscillation waveform (top) and its expected 
impulse sensitivity function (ISF) (bottom); 

FIG. 2 is a diagram illustrating conventional oscillator 
waveforms in the time and frequency domains; 

FIG. 3 is a diagram illustrating an example oscillator wave
forms in the time and frequency domains for the oscillator of 
the present invention; 

FIG. 4A is a diagram illustrating an example transformer 
based resonator; 

FIG. 48 is a diagram illustrating the equivalent circuit of 
the transformer based resonator of FIG. 4A; 

FIG. 5 is a diagram illustrating the ratio of the tank resonant 
frequencies versus X-factor for different Km; 

FIG. 20 is a diagram illustrating the oscillator waveforms 
and ISF of the oscillator of FIG. 19; 

FIG. 21A is a diagram illustrating prior art LC-tank oscil-
50 lator equivalent representation as one-port negative resis-

55 

tance; 
FIG. 21B is a diagram illustrating prior art LC-tank oscil

lator equivalent representation as two-port transconductance 
gm; 

FIG. 22 is a diagram illustrating an inverter-based LC-tank 
oscillator; 

FIGS. 23A and 238 are diagrams illustrating a single
ended class-D LC-tank oscillator; and 

FIGS. 24A and 248 are diagrams illustrating a differential 
60 class-D LC-tank oscillator. 

DETAILED DESCRIPTION OF THE INVENTION 

FIG. 6A is a diagram illustrating the magnitude of the input 65 

impedance z,n of the transformer based tank for two different 
X-factor which satisfy the resonant frequency ratio of3; 

The present invention is a high spectral purity and high 
power efficiency RF CMOS oscillator having applications in 
up/down conversion of desired baseband data to radio fre
quencies. The oscillator is a vital and essential building block 



US 9,197,221 B2 
5 

of wireless or wireline connnunication systems. RF oscilla
tors typically consume disproportionate amounts of power of 
an RF frequency synthesizer and bum more than 30% of the 
cellular RX power. The RF oscillator of the present invention 
exhibits reduced power consumption thereby greatly benefit
ing the overall transceiver power efficiency and battery life
time. 

The oscillation waveform of the RF CMOS oscillator of the 
present invention is pseudo-square across its LC tank rather 
than sinusoidal. It decreases the circuit-to-phase noise con
version of the oscillators meaning the oscillator exhibits 
improved power efficiency compared to prior art oscillator 
structures at the same phase noise performance. This trans
lates directly to longer battery life. In addition, the oscillator 
exhibits higher spectral purity at the same power consump
tion compared to prior art oscillator structures which 
increases the production yield due to a larger margin with 
respect to the standard requirement and improves the receiver 
noise figure and its robustness to out of band interference. 

6 
quently, class-C voltage swing constraint limits the lowest 
achievable phase noise performance. 

A harmonic tuning oscillator enforces a pseudo-square 
voltage waveform around the LC tank by increasing the third
harmonic component of the fundamental oscillation voltage 
through an additional tank impedance peak at that frequency. 
This technique improves the phase noise performance of the 
LC oscillator by increasing the oscillation zero-crossings 

10 slope. Such a structure, however, requires more than two 
separate LC resonators to make the desired tank input imped
ance, increases die area and cost penalty and decreases tuning 
range due to more parasitics. Furthermore, the oscillator 
transconductance loop gain is the same for both resonant 

15 frequencies thus raising the probability of undesired oscilla
tion at the auxiliary tank input impedance. The oscillator of 
the present invention overcomes the above mentioned con
cerns and improves the phase noise and power efficiency of 
the class-F oscillator compared to other structures. 

A diagram illustrating an example oscillator circuit is 20 

shown in FIG. lA. A diagram illustrating the associated noise 
sources of the oscillator is shown in FIG. lB. The oscillator, 
generally referenced 10, comprises a tank circuit 24 including 
inductors Lp, capacitors C and resisters Rp (for purposes only 
ofmodelingthetanklosses), transistors M1 14, M2 12, Mr 16. 25 

The traditional class-B oscillator shown in FIG. lA is the 

Consider the oscillation voltage around the tank as a 
square-wave instead of a sinusoidal. As a consequence, the 
oscillator exploits the special ISF properties of the square
wave oscillation voltage to achieve better phase noise and 
power efficiency. The gm-devices, however, work in the tri
ode region even longer than in case of the sinusoidal oscilla
tor. Hence, the loaded resonator and gm-device inject more 
noise into the tank. Nevertheless, ISF value is expected to be 
negligible in this time span due to the zero derivative of the 

most prevalent architecture due its simplicity and robustness. 
Its phase noise and power efficiency performance, however, 
drops dramatically just by replacing the ideal current source 
with a real one. The traditional oscillator reaches its best 
performance for the oscillation amplitude of near supply volt
age V DD· Therefore, the gm-devices Ml/2 enter the deep tri
ode region for part of the oscillation period where they exhibit 
a few tens of ohms of channel resistance. 

In addition, the tail capacitor Cr should be large enough to 
filter out thermal noise of Mr around the even harmonics of 
the fundamental, thus making a low impedance path between 
node "T" and ground. Consequently, the tank output node 
finds a discharge path to the ground. This means that the 
equivalent Q-factor of the tank is degraded dramatically. This 
event happens alternatively between M1 and M2 transistors in 
each oscillation period. Hence, the phase noise improvement 
would be negligible by increasing the oscillation voltage 
swing when the gm-devices enter the triode region and thus 
the figure of merit (FoM) drops dramatically. This degrada
tion seems rather unavoidable in the structure of FIG. lA 
since Mr must anyway be very large to reduce the 1/f3 phase 
noise comer of the oscillator and thus its parasitic capacitor 
alone would be large enough to provide a discharge path for 
the tank during the gm-device triode region operation. 

Applying a noise filtering technique provides a relatively 
high impedance between the gm-devices and the current 
source. Hence, the structure maintains the intrinsic Q-factor 

30 oscillation voltage. Although the circuit injects a huge 
amount of noise into the tank, the noise does not change the 
phase of the oscillation voltage and thus there is no phase 
noise degradation. 

35 
The above reasoning indicates that the square wave oscil-

lation voltage has special ISF properties that are beneficial for 
the oscillator phase noise performance. Let us take a closer 
look at the conventional oscillator in the frequency domain. 
As shown in FIG. 2, the drain current of a typical LC-tank 

40 oscillator is approximately a square-wave. Hence, it ideally 
has fundamental and odd harmonic components. On the other 
hand, the tank input impedance has a magnitude peak only at 
the fundamental frequency. Therefore, the tank filters out the 
harmonic components of the drain current and finally a sinu-

45 soidal wave is seen across the tank. Now suppose the tank 
offers another input impedance magnitude peak around the 
third harmonic of the fundamental frequency (see FIG. 3). 
The tank is prevented from filtering out the 3rd harmonic 
component of the drain current. Consequently, the oscillation 

50 voltage contains a significant amount of the 3rd harmonic 
component in addition to the fundamental: 

of the tank during the entire oscillation period. It requires, 
however, an extra resonator sensitive to parasitic capaci- 55 

tances, increasing the design complexity, area and cost. 

(1) 

s is defined as the magnitude ratio of the third-to-first 
harmonic components of the oscillation voltage. 

A class-C oscillator (not shown) prevents the gm-devices 
from entering the triode region. Hence, the tank Q-factor is 
preserved throughout the oscillation period. The oscillator 
also benefits with 36% power saving from changing the drain 60 

current shape from a square-wave of the traditional oscillator 
to the tall and narrow form for class-C operation. The con
straint of avoiding entering the triode region, however, limits 
the maximum oscillation amplitude of the class-C oscillator 
to around V Dd2, for the case of bias voltage VB as low as a 65 

threshold voltage of the active devices. This translates to 6 
and 3 dB phase noise and FoM penalty, respectively. Conse-

(2) 

where, RP1 and RP3 are the tank impedance magnitudes at 
the main resonant frequency w1 and 3wi, respectively. The 
ISF rms value of the proposed oscillation waveform can be 
estimated by the following expression for -Jt!S<llcp<it/8. 
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2 1 1 + 9,;2 r = ----
=, 2 (1 +3,;)2 

(3) 

8 

~ = r 1 +X +~l +X 2 +X(4k;,-2) 

W1 ~ l+X-~l+X2+X(4k;,-2) 

(7) 

Equation 7 indicates the resonant frequency ratio wiw 1 is 
just a function of the transformer inductance ratio L)LP, 
tuning capacitance ratio C2/C 1 , and transformer magnetic 
coupling factor km. The relative matching of capacitors (and 
inductors) in CMOS technology available currently is 

The waveform would become a sinusoidal for the extreme 
case on=o, 00 so (3) predicts r rm/=l/2, which is well-known 
for the traditional oscillators. r rm/ reaches its lowest value of 
1/4 for s=l/3, translated to a 3 dB phase noise and FoM 
improvement compared to the traditional oscillators. Further- 10 

more, the ISF of the proposed oscillator is negligible while 
the circuit injects significant amount of noise to the tank. 
Consequently, the oscillator FoM improvement could be 
larger than that predicted by just the ISF rms reduction. 

The description related to FIG. 3 supra advocates the use of 
two resonant frequencies with a ratio of 3. One way of real
izing that is with two separate inductors. This, however, is 
bulky and inefficient. Another way is to use a transformer
based resonator. The preferred resonator consists of a trans- 20 

former with turns ration and tuning capacitors C1 and C2 at 
the transformer's primary and secondary windings, respec
tively as shown in FIGS. 4A and 48. Equation (4) expresses 
the exact mathematical equation of the input impedance of the 
tank. 

15 
expected to be much better than 1 % while the magnetic cou
pling is controlled through lithography that precisely sets the 
physical dimensions of the transformer. Consequently, the 
relative position of the resonant frequencies is not sensitive to 
the process variation. 

s3(LpL,C 2(1 -k;:,,)) + s2(C2(L,rP + Lpr,)) + 

s(Lp + r,rpC 2)) + rP 

Zin = s4(LpLsC1 C2(l -kin))+ s3(C1 C2(Lsr p + Lprs)) + 

(4) 

The wiw 1 ratio is illustrated versus X-factor for different 
km in FIG. 5. As expected, the ratio moves to higher values for 
larger km and finally the second resonance disappears for the 
perfect coupling factor. The ratio of wi w1 reaches the desired 
value of3 at two points for the coupling factorofless than 0.8. 

25 Both points put w2 at the correct position of3w 1 . The desired 
X-factor, however, should be chosen based on the magnitude 
ratio RP2 /RP1 of the tank input impedance at resonance. 

The sum of the even orders of the denominator in ( 4) is zero 
at resonant frequencies. It can be shown that the first-order 

30 terms of the numerator and the denominator are dominant at 
co 1. By using (6), assuming~ =LPwlrp, Qs=Lsw/r,, the tank 
input impedance at the fundamental frequency is expressed as 

where km is the magnetic coupling factor of the trans- 35 

former, rP and rs model the equivalent series resistance of the 
primary LP and secondary Ls inductances. The denominator 
ofZ,n is a fourth-order polynomial for the imperfect coupling 
factor (i.e. km <l ). Hence, the tank contains two different 
conjugate pole pairs, which realize two different resonant 40 

frequencies. Consequently, the input impedance has two 
magnitude peaks at these frequencies. Note that both resonant 
frequencies can satisfy the Barkhausen criterion with a suffi
cient loop gain. The resulting multi-oscillation behavior, 
however, is undesired and must be avoided. In this case, it is 

45 

preferred to see an oscillation at the lower resonant frequency 

(8) 

On the other hand, it can be shown that the third-order 
terms of the numerator and the denominator are dominant in 
(4) at w2 =3w 1 . It follows that 

(9) 

co 1 and the additional tank impedance at w2 is used to make a 
pseudo-square waveform across the tank. These two possible 
resonant frequencies can be expressed as 

l + (-L,_C_2) ± l + ( L,C2 )
2 

+ ( L,C2 )(4k;, _ 2) 
LpC1 LpC1 LpC1 wi,2 = ---------~------

2L,C2(1 -k;,) 

(5) 

The following expression offers a good estimation of the 
main resonant frequency of the tank for O.S<km <l. 

(6) 

However, we are interested in the ratio of resonant frequen
cies as given by 

RP2 is a strong function of the coupling factor of the trans-
50 former and thus the resulting leakage inductance. Weaker 

magnetic coupling results in higher impedance magnitude at 
w2 and, consequently, the second resonance needs a lower 
transconductance gain to excite. It could even become a 
dominant pole and the circuit would oscillate at w2 instead of 

55 co 1 . This phenomenon can be used to extend the oscillator 
tuning range. As explained supra RPiRP 1 controls the amount 
of the 3rd harmonic component of the oscillation voltage. The 
impedance magnitude ratio is equal to 

60 

Rp2 (1 -k;:,,)(l + X) (10) 
-se-----
Rp! 6 

65 Hence, the smaller X-factor results in lower tank equiva-
lent resistance at w2 =3w 1 . Thus, the tank filters out more of 
the 3rd harmonic of the drain current and the oscillation volt-
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age becomes more sinusoidal. FIG. 6A illustrates simulation 
results of z,n of the transformer-based tank versus frequency 
for both X-factors that satisfy the resonant frequency ratio of 
3. The larger X-factor offers significantly higher tank imped
ance at w2 , which is in agreement with the theoretical analy
sis. 

10 
The main characteristics of the tank voltage gain can be 

specified by considering it as a biquad filter. 

(14) 

The peak frequency is estimated by 

A diagram illustrating the magnitude of the trans-imped
ance Z21 of the transformer based tank is shown in FIG. 68. A 
diagram illustrating the transformer's secondary to primary 
voltage gain of the transformer based tank is shown in FIG. 10 

6C. A diagram illustrating the phase of magnitude of the input 
impedance z,n and trans-impedance Z21 of the transformer 
based tank is shown in FIG. 6D. 

(15) 

L,C2(l -k;;,) 

~ represents the amount of gain jump around wP and 
expressed by 

The X-factor is defined as a product of the transformer 
15 

inductance ratio L/LP and tuning capacitance ratio CiC 1 . 

This leads to a question of how best to divide X-factor 
between the inductance and capacitance ratios. In general, 
larger L/LP results in higher inter-winding voltage gain, 
which translates to sharper transition at zero-crossings and 20 

larger oscillation amplitude at the secondary winding. Both of 
these effects have a direct consequence on the phase noise 
improvement. The transformer Q-factor, however, drops by 
increasing the turns ratio. In addition, very large oscillation 
voltage swing brings up reliability issues due to the gate- 25 

oxide breakdown. It turns out that the turns ratio of 2 can 

(1-k;,) 
Qf = -1--1-

-+
Qp Q, 

Hence, the maximum voltage gain is calculated by 

(1 -k;,) 
Gmax = kmnX -

1
--

1 
-+
Qp Q, 

(16) 

(17) 

satisfy the aforementioned constraints. 
The transformer-based resonator, whose schematic is 

shown in FIG. 4A and equivalent circuit in FIG. 48, offers a 
filtering function on the signal path from the primary to the 30 

secondary windings. The tank voltage gain is derived as 

Equations (17) and FIG. 7 demonstrate that the trans
former-based resonator can have a voltage gain above kmn at 
the frequencies near wP for km <l and the peak magnitude is 
increased by improving Q-factor of the transformer indi
vidual inductors. Consequently, w1 should be close to wP to 
have higher passive gain at the fundamental frequency and 

G(s) = Vout 

Vin 

Ms 

s3(LpL,C2 (1 -k;;,)) + s2(C2(L,rp + Lpr,)) + 

s(Lp + r,rpC2)) + rp 

(11) 

As shown in FIG. 7, the tank exhibits a 20 dB/dee attenu
ation for frequencies lower than the first pole and offers a 
constant voltage gain at frequencies between the first pole and 
the complex conjugate pole pair at wr The gain plot reveals 
an interesting peak at frequencies around wp, beyond which 
the filter gain drops at the -40 dB/dee slope. The low fre
quency pole is estimated by 

35 more attenuation at its harmonic components. Equations (6) 
and (15) indicate that wP is always located at frequencies 
above w1 and the frequency gap between them decreases with 
greater X-factor. FIG. 6C illustrates the voltage gain of the 
transformer-based tank for two different X-factors that 

40 exhibit the same resonant frequencies. The transformer peak 
gain happens at much higher frequencies for the smaller 
X-factor and, therefore, the gain is limited to only kmn (2 dB 
in this case) at w 1 . X-factor is around 3 for the proposed 
oscillator and, as a consequence, wP moves lower and much 

45 closer to w1 . Now the tank offers higher voltage gain (G 1 =6 
dB in this case) at the main resonance and more attenuation 
(G2=- 7 dB) at w2 . This translates to larger oscillation voltage 
swing and thus better phase noise. 

(12) 50 

As can be seen in FIG. 6D the input impedance z,n phase is 
zero at the first and second resonant frequencies. Hence, any 
injected 3rd harmonic current has a constructive effect result
ing in sharper zero-crossings and flat peak for the transform
er's primary winding voltage. The tank trans-impedance Z21 

phase, however, shows a 180 degree phase difference at w1 By substituting rP =LPwl~, rs =L5 w/Q5 and assuming 
~-Q

5
>> 1, the tank gain transfer function can be simplified to 

the following equation for the frequencies beyond wP. 

(13) 

G(s) = ( ( 1 1 )) 
s2 (L,C 2 (1 - k;;,)) + s L,C 2w Qp + Q, + 1 

Go 

55 and w2 =3w 1 . Consequently, the 3rd harmonic current injec
tion at the primary windings leads to a slower zero-crossings 
slope at the transformer's secondary, which has an adverse 
outcome on the phase noise performance of the oscillator. 
FIGS. 6A, 68, 6C illustrate that the proposed transformer-

60 based resonator effectively filters out the 3rd harmonic com
ponent of the drain current at the secondary winding in order 
to minimize these side effects and zero-crossings are sharp
ened by tank's voltage gain (Gl) at w1 . Table 1 shows that the 
zero-crossings slope of the proposed oscillator at both trans-

65 farmer's windings are improved compared to the traditional 
oscillator for the same V DD, which is translated to shorter 
commutating time and lower active device noise factor. 
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TABLE 1 

Normalized Zero-Crossing Slope of the Oscillator 

Traditional LC 
Proposed tank (primary) 
Proposed tank (secondary) 

Normalized zero-crossing slope 

1 + 3'i:; = 1 + 3 · 1/6 = 1.5 
G 1 - 3G 2'i:; = 2.1 - 3 · 0.4 · 1/6 = 1.9 

12 
The frequency tuning requires a bit different consideration 

in the class-F oscillator. Both C1 and C2 must, at a coarse 
level, be changed simultaneously to maintain LsCiLPC 1 ratio 
such that w2 aligns with 3 w 1 . 

FIG. 12 shows the transient response of the class-F oscil
lator. At power up, the oscillation voltage is very small and the 
drain current pulses have narrow and tall shape. Even though 
the tank has an additional impedance at 3w 1 , the 3rd harmonic 

10 component of the drain current is negligible and, conse
quently, the drain oscillation resembles a sinusoid. At steady 
state, gate oscillation voltage swing is large and the gm
device drain current is square-wave. Consequently, the com
bination of the tank input impedance with significant drain's 

The desired tank impedance, inductance and capacitance 
ratios for the oscillator of the present invention were deter
mined above to enforce the pseudo-square wave oscillation 
voltage around the tank. Two transistors are added to the 
transformer based resonator to sustain the oscillation. There 
are two options, however, as shown in FIGS. SA and SB for 
connecting the transformer to the active gm-devices. FIG. SA 
illustrates a first option which is a transformer-coupled 
class-F oscillator in which the secondary winding is con
nected to the gate of the gm-devices. FIG. SB illustrates the 
second option which is a cross-coupled class-F oscillator with 20 

a floating secondary transformer winding which only physi
cally connects to tuning capacitors C2 . The oscillation voltage 
swing, the equivalent resonator quality factor and tank input 
impedance are the same for both options. The gm-device, 

25 
however, sustains larger voltage swings in the first option. 
Consequently, its commutation time is shorter and the active 
device noise factor is lower. In addition, the gm-device gen
erates higher amount of the 3rd harmonic, which results in 
sharper pseudo-square oscillation voltage with lower ISF rms 30 

value. 

15 3rd harmonic component results in the pseudo-square wave 
for the drain oscillation voltage. This justifies its "class-F" 
designation. 

Another difference concerns the possibility of oscillation 
at w2 instead of w1 . The root-locus plots in FIGS. lOA and 
1 OB illustrate the route of pole movements towards zeros for 
different values of the oscillator loop trans-conductance gain 35 

(Gm). As can be seen in FIG. lOB both resonant frequencies 
(w1 , w2 ) can be excited simultaneously with a relatively high 
value of Gm for the cross-coupled class-F oscillator of FIG. 
SB. It can increase the likelihood of the undesired oscillation 
at w2 . The transformer-coupled circuit of FIG. SA, however, 40 

demonstrates different behavior. As shown in FIG. lOA, the 
lower frequency conjugate pole pair moves into the right
hand plane by increasing the absolute value of Gm, while the 
higher poles are pushed far away from imaginary axis. This 

45 
guarantees the oscillation can only happen at w1 . Conse
quently, it is clear that the transformer-coupled oscillator (i.e. 
FIG. SA) is preferred due to its phase noise performance and 
the guaranty of operation at the right resonant frequency. 
Nevertheless, the gate parasitic capacitance appears at the 50 

drain through a scaling factor of n2
, which reduces its tuning 

range somewhat as compared to the cross-coupled candidate. 
A schematic diagram illustrating an example oscillator and 

digital switch capacitor circuit is shown in FIG. 9A. A dia
gram illustrating oscillator transient signal and impulse sen- 55 

sitivity function across the tank is shown in FIG. 98. 
FIG.11 illustrates the oscillation voltage waveforms of the 

proposed transformer-coupled class-F oscillator. As dis
cussed supra, the 3rd harmonic component of the drain volt
age attenuates at the gate and thus a sinusoidal wave is seen 60 

there. The gate-drain voltage swing goes as high as 2.7.Y DD 

due to the significant voltage gain of the tank. Hence, using 
thick oxide gm-devices is a constraint to satisfy the time
dependent dielectric breakdown (TDDB) issue for less than 
0.01 % failure rate during ten years of the oscillator operation. 65 

The costs are larger parasitics capacitance and slightly lower 
frequency tuning range. 

The Q-factor of the complex tank, which comprises two 
coupled resonators, is not straightforward in intuitive under
standing as the Q-factor of the individual physical inductors. 
It is, therefore, helpful to understand the relationship between 
the open-loop Q-factor of the tank versus the Q-factor of the 
inductive and capacitive parts of the resonator. First, consider 
the tuning capacitance losses to be negligible. Consequently, 
the oscillator equivalent Q-factor includes only the tank's 
inductive part losses. The open-loop Q-factor of the oscillator 
is defined as w0/2·dcp/dw, where w0 is the resonant frequency 
and dcp/dw denotes the slope of the phase of the oscillator 
open-loop transfer function. To determine the open-loop Q 
we need to break the oscillator loop at the gate of M1 . The 
open-loop transfer function is thus given by 

H(s) = Vout 

fin 

Ms 

As4 + Bs3 + Cs2 + Ds + 1 

where, 

(18) 

A=(LpLsC 1 Cil-km 2
)), B=C 1 CiL,rP +LPrJ), C=(LPC1 + 

LsC2 +rprsC1 C2 )), and, D=(rPC1 +r5 C2 ). After carrying out 
lengthy algebra and considering (1-Cw 2 +Aw4 ss0) at the reso
nant frequencies, 

(Cw-2Aw 3
) 

(D-Bw 2 ) 

(19) 

Substituting A, B, C and D into (19), then swapping rP and 
rs with LPw/~ and Lsw/Q,, respectively, and assuming 
~Q

5
>>l, we obtain 

After substituting (5) as w into the above equation, the 
tank's inductive part Q-factor at w1 is obtained by 
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(1 + X 2 + 2kmX) 

Q; = ( 1 x2) 
-+
Qp Q, 

13 

(21) 

To help with an intuitive understanding, consider a bound
ary case. Suppose, that C2 is negligible. Therefore, X-factor is 
zero and (21) predicts that the Q, equals to~- This is not 
surprising, because no energy would be stored at the trans
former's secondary winding and its Q-factor would not have 
any contribution to the equivalent Q-factor of the tank. In 
addition, (21) predicts that the equivalent Q-factor of the 
tank's inductive part can exceed Q-factors of the individual 
inductors. To the authors' best knowledge, this is the first ever 
report of quantifying the equivalent Q-factor of the trans
former-based resonator at its both resonant frequencies in a 
general case that clearly proves Q-factor enhancement over 
that of the transformer individual inductors. The maximum 

10 

14 
resonator. The reason is that it is not possible to optimize the 
Q-factor of both windings of a 1:n transformer at a given 
frequency and one needs to use lower metal layers for the 
transformer cross connections, which results in more losses 
and lower Q-factor. In the examples provided herein, the 
X-factor is approximately 3 with km =O. 7 and the simulated~ 
and Qs are 14 and 20 respectively. Based on (21), the equiva
lent Q-factor of the inductive part of the tank would be about 
26, which is higher than that of the transformers' individual 
inductors. 

The Q-factor of the switched capacitance largely depends 
on the tuning range (TR) and operating frequency of the 
oscillator and is about 42 for the TR of25% at 7 GHz resulting 
in an average Q-factor of 16 for the tank in this design. 

15 
According to the well-known linear time-variant model, 

the phase noise of the oscillator at an offset frequency ti.co 
from its fundamental frequency is expressed as, 

20 
tank's inductive part Q-factor is obtained at the following 

(24) 

X-factor for a given km,~ and Q5 • 

X - Q, 
Qmax - Qp 

(22) 25 where, ~ax is the maximum charge displacement across 
the tuning capacitor C, and NL·i is the effective noise pro
duced by i'h device given by 

For a typical case ofQ
5
=~=Q 0 , the maximum Q, at w 1 is 

calculated by 

{ 
XQ;.max = 1 

Q;.max = Qo(l + km) 

(23) 

The above equation indicates that the equivalent Q-factor 
of the inductive part of the transformer-based resonator can be 

30 
1 r2rr --

NL.;= 2JrN2 Jo rf(t)i~_;(t)d/t 
(25) 

where in /(t) is the white current noise power density of the 
i'h noise s~urce, r, is its relevant ISF function from the cor-

35 responding i'h device noise, and N is the number of resonators 
in the oscillator. N is considered one for single-ended and two 
for differential oscillator topologies with a single LC tank. 

TABLE2 

Comparison of Different Oscillator Classes for the same V DD (1.2 V), Tank Q
Factor (15), Ru (220 Ohm) and Carrier Frequency (7 GHa) at 3 MHz Offset Frequency 

Theoretical expression Class-B Dynamic biased Class-C Class-F 

FRP 2 1 + 9,;2 1 (average) 1 (average) 0.7 (best) 
2r =---

=, (1 + 3,;)2 

FGDS 2rrms
2

RpGnsEFl 0.56 (worst) 0.07 (best) 0.27 (average) 

FGM 2 y 
2r =, :,;Y + RpGDs1EF J 

1.56y = 2.02 (worst) 1.07y = 1.39 (average) 0. 7y = 0.91 (best) 

F (dB) 
lOloglO (2r;;,,,(l + i)(l +RpGDS!EF)) 

al ]Hl/]B 

av VpNDD 

PN(dBc/Hz) (KsTRp (Wo l2) l0log10 -2-2 .p. -
2Q0VP Ll.w 

FoM (dB) 
(10

3
KsT 2 ( y) ) -lOloglO -2--2r =, 1 + - (1 +RpGDS!EF) 

2Qoa:10:v A 

enhanced by a factor of 1 +km at the optimum state. It does not 65 

necessarily mean, however, that the Q-factor of the trans
former-based tank generally is superior to the simple LC 

5.5 (worst) 3.9 (average) 2.8 (best) 

0.55 (worst) 0.9 (best) 0.6 (average) 
0.8 (best) 0. 7 (average) 0.8 (best) 

-133.5 (worst) -134 (average) -136 (best) 

191.2 (worst) 194.5 (best) 194.2 (average) 

Table 2 above summarizes the performance of different 
oscillator classes of this example. It can be concluded that 
class-F oscillator achieves the lowest circuit-to-phase noise 
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conversion along the best phase noise performance with 
almost the same power efficiency as the class-C oscillator. 

The use of transformer in the Class-F configuration offers 
an additional reduction of the 1/:F phase noise comer. The 
transformer inherently rejects the common-mode signals. 
Hence, the 1 /f noise of the tail current source can appear at the 
transformer's primary but it will be effectively filtered out on 
the path to the secondary winding. Consequently, theAM-to
PM conversion at the C2 switched capacitors is entirely 
avoided. 

Another 1/f phase noise conversion mechanism is known 
as the Groszkowski effect in which the presence of harmonic 
components of the active device current in the tank can cause 
a frequency drift from the tank resonance. The harmonic 
components of the drain current mainly take the capacitance 
path due its lower impedance. As a consequence, the oscilla
tion frequency must shift down to satisfy the resonance con
dition. Consequently, any variation in harmonic-to-funda
mental drain current value due to the 1/fnoise of tail current 
transistor can modulate Groszkowski's frequency shift and 
show itself as a low frequency noise in the phase noise side
bands. The class-F tank of the present invention has two 
impedance peaks at the fundamental oscillation frequency 
and its 3rd harmonic. Hence, the 3rd harmonic component (i.e. 
the strongest among the higher harmonics) of drain current 
flows to the resistive part of the tank and does not contribute 
to Groszkowski's frequency shift. It effectively reduces the 
1/fnoise upconversion to the 1/f3 phase noise due to Grosz
kowski phenomenon. 

FIG. 6A illustrates the tank input impedance magnitude 
and phase for the imperfect position of the second resonance 
frequency w2 . A 6% mismatch is applied to the CiC 1 ratio, 
which shifts w2 to frequencies higherthan3w 1 . Hence, the 3rd 

harmonic of the drain current is multiplied by a lower imped
ance magnitude with a phase shift resulting in a distorted 
pseudo-square oscillation waveform as shown in FIG. 6D. 
Intuitively, if the Q-factor at w2 was smaller, the tank imped
ance bandwidth around it would be wider. Therefore, the tank 
input impedance phase shift and magnitude reduction would 
be less for a given w2 drift from 3w1 . As a consequence, the 
oscillator would be less sensitive to the position of w2 and thus 
the tuning capacitance ratio. Based on the open- loop Q-factor 
analysis, substituting w2/(L

5
C2 +LPC1

) into (20), the Q, is 
obtained as 0.3Q 0 at w2 . The tank configuration of the present 
invention automatically reduces the equivalent tank Q-factor 
at w2 to 30% of the main resonance Q-factor. This is com
pletely in line with the desire to reduce the sensitivity to the 
position of w2 in class-F. Consequently, a realistic 
example±30 fF variation in C1 from its optimum point has 
absolutely no major side effects on the oscillator waveform 
and thus its phase noise performance, as apparent from FIGS. 
6A and 6D. It is strongly emphasized that the circuit oscillates 
based on w 1 resonance and low Q-factor at w2 has no adverse 
consequence on the oscillator phase noise performance. 

The class-F oscillator, whose schematic was described 
supra in connection with FIG. SA, has been realized in TSMC 
1P7M 65-nm CMOS technology withAlucap layer. The dif
ferential transistors are thick-oxide devices of 12( 4-µm/0.28-
µm) dimension to withstand large gate voltage swing. The tail 
current source Mr is implemented, however, as a thin-oxide 
500-µm/0.24-µm device biased in saturation. The large chan
nel length is selected to minimize its 1/f noise. Its large 
drain-bulk and drain-gate parasitic capacitances combined 
with Cr=2 pF MOM capacitor shunt the Mr thermal noise to 
ground. The step-up 1 :2 transformer is realized by stacking 
the 1.45 µm Alucap layer on top of the 3 .4 µm thick top (M7 
layer) copper metal. Its primary and secondary differential 

16 
self-inductances are approximately 500 pH and 1500 pH, 
respectively, with the magnetic coupling factor of0.73. 

The transformer was designed with a goal of maximizing 
Q-factor of the secondary winding, Q,, at the desired operat
ing frequency. Based on (21 ), Qs is the dominant factor in the 
tank equivalent Q-factor expression, provided (L

5
C2)/(LPC1) 

is larger than one, which is valid for this oscillator prototype. 
In addition, the oscillation voltage is sinusoidal across the 
secondary winding. It means the oscillator phase noise is 

10 more sensitive to the circuit noise at the secondary winding 
compared to the primary side with the pseudo-square wave
form. Four switched MOM capacitors BCO-BC3 placed 
across the secondary winding realize coarse tuning bits, while 
the fine control bits BFO-BF3 with LSB size of 20 fF adjust 

15 the position of w2 near 3w1 . The center tap of the secondary 
winding is connected to the bias voltage, which is fixed 
around 1 V to guarantee safe oscillator start-up in all process 
corners. A resistive shunt buffer interfaces the oscillator out
put to the dynamic divider. A differential output buffer drives 

20 a 50-Q load. The separation of the oscillator core and divider/ 
output buffer voltage supplies and grounds serves to maxi
mize the isolation between the circuit blocks. The realized 
oscillator core die area is approximately 0.12 mm 2

. 

The measured phase noise at 3.7 GHz (after the on-chip+2 
25 divider) at 1.25 V and 12 mA current consumption is shown in 

FIG. 13. The phase noise of -142.2 dBc/Hz at 3 MHz offset 
lies on the 20 dB/dee slope, which extrapolates to -158.7 
dBc/Hz at 20 MHz offset (-170.8 dBc/Hz when normalized 
to 915 MHz) and meets the GSM TX mobile station (MS) 

30 specification with a very wide 9 dB margin. The oscillation 
purity of the class-F oscillator is good enough to compare its 
performance to cellular base station (BTS) phase noise 
requirements. The GSM/DCS "Micro" BTS phase noise 
requirements are easily met. The phase noise, however, would 

35 be off by 3 dB for the toughest DCS-1800 "Normal" BTS 
specification at 800 kHz offset frequency. The 1/f3 phase 
noise corner is around 700 kHz at the highest frequency due 
to the asymmetric layout of the oscillator differential nodes 
further magnified by the dominance of parasitics in the 

40 equivalent tank capacitance. The 1/f3 phase noise comer 
moves to around 300 kHz at the middle and low part of the 
tuning range. The noise floor is -160 dBc/Hz and dominated 
by thermal noise from the divider and buffers. The oscillator 
has a 25% tuning range, from 5.9 to 7.6 GHz. FIG. 14 shows 

45 the average phase noise performance of four samples at 3 
MHz offset frequency across the tuning range (after the 
divider), together with the corresponding FoM. The average 
FoMis as high as 192 dBc/Hz and varies about2 dB across the 
tuning range. The divided output frequency versus supply is 

50 shown in FIG. 15 and reveals very low frequency pushing of 
50 MHz/V and 18 MHzN at the highest and lowest frequen
cies, respectively. 

The phase noise of the class-F oscillator was measured at 
the fixed frequency of3.5 GHz for two configurations. In the 

55 first configuration, the CiC 1 ratio was set to one to align the 
second resonant frequency w2 exactly at the 3rd harmonic of 
the fundamental frequency w1 . This is the optimum configu
ration of the class-F oscillator (FIG. 16A). In the second 
configuration, the oscillation frequency is kept fixed but an 

60 unrealistically high 40% mismatch was applied to the CiC 1 

ratio, which lowers CO2 , in order to see its effects on the 
phase noise performance (see FIG. 16B). As a consequence, 
the 3rd harmonic component of the drain oscillation voltage is 
reduced and a phase shift can be seen between voltage wave-

65 form components at 3w 1 and w 1 . Therefore, its ISF rms value 
is worse than optimum, thus causing a 2 dB phase noise 
degradation in the 20 dB/dee region. In addition, the voltage 
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waveform demonstrates more asymmetry in the rise and fall 
times, which translates to the non-zero ISF de value and 
increases the upconversion factor of the 1/f noise corner of 
gm-devices. As can be seen in FIGS. 16A and 16B, the 1/f3 
phase noise corner is increased by 25% or 100 kHz in the 
non-optimum case. This results in a 3 dB phase noise penalty 
in the flicker noise region. 

TABLE3 

18 
circuit-to-phase noise conversion mechanisms of different 
oscillators' structures shows the class-F oscillator of the 
present invention exhibits the lowest phase noise at the same 
tank's quality factor and supply voltage. Based on this analy
sis, the inventors have constructed a class-F oscillator in 
65-nm CMOS technology. The measurement results pre
sented supra show that the oscillator achieves state-of-the-art 

Comparison of State-Of-The-Art Oscillators 

This Work [9] [8] [30] 

Technology 65 nm 130nm 350 µrn 65nm 
Supply voltage (V) 1.25 1 2.5 1.2 
Frequency (GHz) 3.7 5.2 1.2 3.92 
Tuning range (%) 25 14 18 10.2 
Phase noise at 3 MHz (dBc/Hz) -142.2 -141.2 -152 -141.7 
Norm. phase noise 1 (dBc/Hz) -154.3 -147.5 -154.8 -154.4 
Power consumption (mW) 15 1.4 9.25 25.2 
FoM (dB) 192.2 195 195 189.9 
FoM/(dB) 200.2 198.4 200.7 190 
Number of inductors/transformers 2 2 
Oscillator structure Class F Class C Noise Clip-and-

Filtering Restore 

1phase noise at 3 MHz offset frequency normalized to 915 MHz carrier, 
2FOMr= IPNI + 20 log1o((fo/M) (TR/10)) - 10 log10(Pncll mW) 

Table 3 above summarizes performance of the proposed 
class-F oscillator and compares it with the relevant state-of
the-art. The class-F demonstrates a 5 dB phase noise and 7 dB 
FoM improvements over the traditional commercial oscilla- 30 

tor with almost the same tuning range. For the same phase 
noise performance range (-154 to -155 dBc/Hz) at 3 MHz 
offset for the normalized 915 MHz carrier, the class-F oscil
lator consumes only 15 mW, which is much lower than with 

35 
Colpitts, class B/C and clip-and-restore topologies. Only the 
noise-filtering-technique oscillator offers a better power effi
ciency but at the cost of an extra dedicated inductor and thus 
larger die. Also, it uses a 2.5V supply thus making it unreal
istic in today's scaled CMOS. From the FoM point of view, 40 
The class-C oscillator exhibits a better performance than the 
class-F oscillator. The voltage swing constraint in class-C, 
however, limits its phase noise performance. As can be seen, 
the class-F demonstrates more than 6 dB better phase noise 
with almost the same supply voltage. Consequently, the 45 

class-F oscillator has reached the best phase noise perfor
mance with the highest power efficiency at low voltage sup
ply without the die area penalty of the noise-filtering tech
nique or voltage swing constraint of the class-C VCOs. 

Thus, the structure of LC-tank and oscillator circuit of the 50 

present invention introduces an impedance peak around the 
third harmonic of the oscillating waveform such that the third 
harmonic of the active device current converts into voltage 
and, together with the fundamental component, creates a 
pseudo-square oscillation voltage. The additional peak of the 55 

tank impedance is realized with a transformer-based resona
tor. As a result, the oscillator impulse sensitivity function 
reduces, thus lowering the conversion sensitivity of phase 
noise to various noise sources. Chief of these mechanisms 
arises when the active gm-devices periodically enter the tri- 60 

ode region during which the LC-tank is heavily loaded while 

[10] [31] [2] [19] 

55nm BiCMOS 130 nm 90nm 65 nm 
1.5 3.3 1.4 0.6 
3.35 1.56 0.915 3.7 

31.4 9.6 24.3 77 
-142 -150.4 -149 -137.1 
-153.3 -155 -149 -149.21 

27 290 25.2 10.5 
189 180 184.6 188.7 
199 179.7 192.3 206.5 

Class Colpitts Traditional Dual mode 
B/C 

phase noise performance with the highest power efficiency at 
low voltage power supply without die area penalty or voltage 
swing constraint. 

It is noted that although the description above has 
described third harmonic injection and realizing pseudo
square waveforms, second harmonic injection is also benefi
cial in improving the phase noise performance of the oscilla
tor. The technique of second harmonic injection is similar to 
that of third harmonic injection described in detail supra. 

The technique of second harmonic injection is illustrated in 
FIGS. 17A, 17B and 17C which illustrate the harmonic com
ponents of drain current; FIG.18 which a diagram illustrating 
generating a special oscillation waveform; FIG. 19 which is a 
schematic diagram illustrating an example embodiment of 
the oscillator of the present invention; and FIG. 20 which is a 
diagram illustrating the oscillator waveforms and ISF of the 
oscillator of FIG. 19. 

An alternative embodiment of an RF oscillator is described 
infra. The resonating transformer structure features multiple 
resonating frequencies. Voltage gain is connected to an 
inverter that functions as a non-linear feedback amplifier to 
generate substantially rail-to-rail voltage waveform. The 
transformer filters and amplifies the driving voltage wave
form. 

A diagram illustrating prior art LC-tank oscillator equiva-
lent representation as one-port negative resistance shown in 
FIG. 21A. A diagram illustrating prior art LC-tank oscillator 
equivalent representation as two-port transconductance gm 
shown in FIG. 21B. The traditional LC-tank oscillator, gen-
erally referenced 270, comprises a parallel LC-tank 274/276 
that cycles the energy between the inductor Land the capaci
tor C. The oscillation frequency is established as 1/(2pi*sqrt 
(LC)). Since a practical LC-tank has non-zero losses, the 
energy will eventually dissipate as heat. Observing the volt-
age v(t) on the capacitor C, its amplitude will keep on dimin
ishing. To perpetuate the oscillation, the diminishing oscillat
ing voltage amplitude must increase the current injecting into 

its equivalent quality factor is significantly reduced. The volt
age gain, relative pole position, impedance magnitude and 
equivalent quality factor of the transformer-based resonator 
are quantified at its two resonant frequencies. 

The secondary to the primary voltage gain of the trans
former can be even larger than its turns ratio. A study of 

65 the LC-tank, thus restoring the oscillating amplitude. This is 
most commonly realized as a negative resistance ( e.g., cross
coupled transistor pair) or transconductance gain. 
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Building the negative resistance or transconductance is 
becoming more and more difficult in an advanced nanoscale 
CMOS technology. In addition, the current i(t) injection into 
the tank happens during intervals when the tank is sensitive to 
phase noise perturbations. This sensitivity is well-known as 
the impulse sensitivity function (ISF) and relates the effect of 
noise ofi(t) on the phase (or zero-crossings) of the generated 
waveform. 

20 
numerous modifications and changes will readily occur to 
those skilled in the art, it is intended that the invention not be 
limited to the limited number of embodiments described 
herein. Accordingly, it will be appreciated that all suitable 
variations, modifications and equivalents may be resorted to, 
falling within the spirit and scope of the present invention. 
The embodiments were chosen and described in order to best 
explain the principles of the invention and the practical appli
cation, and to enable others of ordinary skill in the art to 

1 o understand the invention for various embodiments with vari
ous modifications as are suited to the particular use contem
plated. 

Consequently, it is desirable to create an oscillator archi
tecture that is amenable to the nanoscale CMOS process 
technology and minimize the ISF. A diagram illustrating an 
inverter-based LC-tank oscillator shown in FIG. 22. The 
oscillator circuit of FIG. 22, generally referenced 290, 
addresses the amenability with nanoscale CMOS technology. 
The transconductance gin is replaced with an inverter 292. 15 

Unfortunately, an inverter acts as a rail-to-rail voltage source 
rather than the current source. The generated waveform is rich 
in higher-order harmonics. 

Diagrams illustrating a single-ended class-D LC-tank 
oscillator shown in FIGS. 23A and 238. The oscillator, gen- 20 

erally referenced 300, comprises a transformer 306 compris
ing two windings of inductances Ll and L2 is used instead of 
an inductor L. Instead of a capacitor C, two capacitors Cl 304 
and C2 308 in parallel with inductors Ll and L2 are used. The 
coupling coefficient between the two windings k is less than 25 

one, thus ensuring some amount of isolation. This isolation is 
needed for filtering of the higher-order harmonics. The 
inverter generates a rail-to-rail (Vdd-Vss) signal that is rich 
in odd harmonics. They are present at the primary winding 
(i.e. Ll) of the transformer. The weakly-coupled secondary 30 

winding (i.e. L2) together with the parallel-connected capaci-
tor C2 filters the higher-order odd harmonics thus ensuring 
that the generated signal being also the inverter input is sub
stantially sinusoidal. It is beneficial for the transformer to 
have voltage gain (L2>Ll) such that the slope of the inverter 35 

input is high. The bias voltage source Vb sets the voltage level 
close to the inverter threshold. In order to increase the isola
tion, thus improving the filtering, as well as to increase the 
voltage gain, two cascaded transformers could be used as 
shown in FIG. 238. 40 

Diagrams illustrating a differential class-D LC-tank oscil
lator shown in FIGS. 24A and 248. In another embodiment, 
the oscillator structure is made differential or pseudo-differ
ential. The bias voltage Vb is connected to the center tap of the 
secondary winding ( of the last transformer 350 in the two- 45 

transformer structure 340). It also ensures that the oscillation 
will be of differential-mode rather than the undesirable com
mon-mode. 

What is claimed is: 
1. An oscillator circuit, comprising: 
an active network having an input and an output, said active 

network operative to generate an active signal for sus
taining the oscillation of said oscillator circuit; 

a passive differential network having an input and an out
put, said passive differential network including a trans
former based tank circuit coupled to said active network 
and operative to generate a passive signal coupled to said 
active network input; 

wherein said differential passive network has a first input 
impedance magnitude peak at a first frequency f1 and a 
second input impedance magnitude peak at a second 
frequency f2 ; and 

wherein said oscillator circuit is operative to oscillate only 
at said first frequency. 

2. The oscillator circuit according to claim 1, wherein said 
active network comprises one or more MOS transistors hav
ing a gate as its input and a drain as its output. 

3. The oscillator circuit according to claim 1, wherein said 
first input impedance magnitude peak and said second input 
impedance magnitude peak cause an oscillation voltage to 
include significant harmonic component at said second fre
quency f2 as well as at said first frequency f1 . 

4. The oscillator circuit according to claim 1, wherein the 
magnetic coupling between said primary and secondary 
windings is substantially less than unity. 

5. The oscillator circuit according to claim 1, further com
prising a tunable capacitor coupled to said primary winding. 

6. The oscillator circuit according to claim 1, further com
prising a tunable capacitor coupled to said secondary wind
ing. 

7. The oscillator circuit according to claim 1, wherein said 
transformer comprises a center tap coupled to RF ground. 

8. The oscillator circuit according to claim 7, further com
prising a current source coupled to said active network. 

9. The oscillator circuit according to claim 7, wherein said 
50 passive-differential network comprises two different conju

gate pole pairs for realizing two different resonant frequen-

The terminology used herein is for the purpose of describ
ing particular embodiments only and is not intended to be 
limiting of the invention. As used herein, the singular forms 
"a", "an" and "the" are intended to include the plural forms as 
well, unless the context clearly indicates otherwise. It will be 
further understood that the terms "comprises" and/or "com
prising," when used in this specification, specify the presence 55 

of stated features, integers, steps, operations, elements, and/ 
or components, but do not preclude the presence or addition 
of one or more other features, integers, steps, operations, 
elements, components, and/or groups thereof. 

The corresponding structures, materials, acts, and equiva- 60 

lents of all means or step plus function elements in the claims 
below are intended to include any structure, material, or act 
for performing the function in combination with other 
claimed elements as specifically claimed. The description of 
the present invention has been presented for purposes of 65 

illustration and description, but is not intended to be exhaus
tive or limited to the invention in the form disclosed. As 

c1es. 
10. The oscillator circuit according to claim 1, wherein said 

second frequency f2 is substantially a harmonic of said first 
frequency f1 . 

11. The oscillator circuit according to claim 10, wherein 
said harmonic ratio is approximately three. 

12. The oscillator circuit according to claim 10, wherein 
said harmonic ratio is approximately two. 

13. The oscillator circuit according to claim 1, wherein the 
gain of said passive network is higher than unity at said first 
frequency f1 . 

14. The oscillator circuit according to claim 1, wherein 
gain of said passive network is lower than unity at said second 
frequency f2 . 

15. The oscillator circuit according to claim 1, wherein said 
active signal is substantially a current. 
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16. The oscillator circuit according to claim 1, wherein said 
passive signal is substantially a voltage. 

17. An oscillator circuit, comprising: 
a pair of transistors for sustaining the oscillation of said 

oscillator circuit, said transistors each having a gate 
terminal and a drain terminal; 

a transformer comprising a primary winding and a second
ary winding, said primary winding coupled to both said 
drain terminals of said transistors, said secondary wind
ing coupled to both said gate terminals of said transis- 10 

tors; 
a first tunable capacitor coupled to said primary trans

former winding; 
a second tunable capacitor coupled to said secondary trans-

15 
former winding; 

wherein said oscillator exhibits a primary input impedance 
magnitude peak at a first resonant frequency f1 and a 
secondary input impedance magnitude peak at a second 
resonant frequency f2 ; and 

wherein said oscillator circuit is operative to oscillate only 
at said first resonant frequency. 

18. The oscillator circuit of claim 17, wherein said oscil
lator circuit comprises a transformer coupled class-F oscilla
tor. 

19. The oscillator circuit of claim 17, wherein the ratio of 
said second frequency f2 to said first frequency f1 is substan
tially an integer. 

20. An oscillator circuit, comprising: 

20 

25 

an active network having an input and an output, said active 30 

network operative to generate an active signal for sus
taining the oscillation of said oscillator circuit; 

a transformer based resonator differential tank circuit 
coupled to said active network and operative to generate 
a signal coupled to said active network input; 

wherein said differential tank circuit has a primary input 
impedance magnitude peak at a first resonant frequency 
and a secondary input impedance magnitude peak at a 
second resonant frequency; and 

35 

wherein said oscillator circuit is operative to oscillate only 40 

at said first resonant frequency. 
21. The oscillator circuit according to claim 20, wherein 

said tank circuit comprises one or more tuning capacitors. 

22 
providing a transformer based resonator differential tank 

circuit coupled to said active network, said tank circuit 
having a first differential resonant frequency corre
sponding to a first input impedance magnitude peak 
around a fundamental frequency and generating a signal 
coupled to said active network input; 

increasing a substantially third harmonic component of the 
fundamental frequency in said tank circuit through a 
second differential resonant frequency thereof corre
sponding to a second input impedance magnitude peak 
around said third harmonic; 

wherein said first input impedance magnitude peak and 
said second input impedance magnitude peak cause a 
pseudo-square oscillation voltage waveform on said 
tank circuit which includes significant harmonic com
ponent at said third harmonic frequency as well as at said 
fundamental frequency; and 

wherein said oscillator circuit is operative to oscillate only 
at said first resonant frequency. 

28. The method according to claim 27, wherein the intro
duction of said third harmonic in said tank circuit results in a 
reduced effective impulse sensitivity function (ISF) and 
reduced circuit noise contribution to the phase noise of said 
oscillator. 

29. A method of implementing an oscillator, the method 
comprising: 

providing an active network having an input and an output, 
said active network operative to generate an active sig
nal; 

providing a transformer based tank circuit coupled to said 
active network, said transformer based tank circuit hav
ing a first differential resonant frequency corresponding 
to a first input impedance magnitude peak around a 
fundamental frequency and generating a signal coupled 
to said active network input; 

increasing a substantially second harmonic component of 
the fundamental frequency in said transformer based 
tank circuit through a second common-mode resonant 
frequency thereof corresponding to a second input 
impedance magnitude peak around said second har
monic; and 

wherein said oscillator circuit is operative to oscillate only 
at said first resonant frequency. 

30. The method according to claim 29, wherein the intro-22. The oscillator circuit according to claim 17, wherein 
said tank circuit comprises a transformer having a secondary 
winding and a primary winding, wherein said primary wind
ing comprises a center tap coupled to V DD and said secondary 
winding comprises a center tap coupled to a bias voltage VB· 

45 duction of said second harmonic in said tank circuit results in 
a reduced effective impulse sensitivity function (ISF) and 
reduced circuit noise contribution to the phase noise of said 
oscillator. 

23. The oscillator circuit according to claim 20, wherein 
the ratio of said second resonant frequency to said first reso- 50 

nant frequency is approximately three. 
24. The oscillator circuit according to claim 20, wherein 

the ratio of said second resonant frequency to said first reso
nant frequency is approximately two. 

25. The oscillator circuit according to claim 20, wherein 55 

said oscillator circuit operates in Class F operation by gener
ating a pseudo-square voltage waveform due to third har
monic injection across said tank circuit. 

26. The oscillator circuit according to claim 20, wherein 
said oscillator circuit operates in Class F operation by gener- 60 

ating a clipped waveform due to second harmonic injection 
across said tank circuit. 

27. A method of implementing an oscillator, the method 
comprising: 

providing an active network having an input and an output, 65 

said active network operative to generate an active signal 
for sustaining the oscillation of said oscillator circuit; 

31. An oscillator circuit, comprising: 
a resonating transformer including a primary winding and 

a secondary winding for filtering and voltage amplifying 
a driving voltage waveform; 

an inverter coupled to said resonating transformer and con
figured to function as a nonlinear feedback amplifier for 
generating said driving voltage waveform for sustaining 
the oscillation of said oscillator circuit; 

wherein said oscillator circuit exhibits a first input imped-
ance magnitude peak and a second input impedance 
magnitude peak wherein said voltage waveform 
includes significant harmonic component at a third har
monic frequency as well as at a fundamental frequency; 
and 

wherein said oscillator circuit is operative to oscillate only 
at said fundamental frequency. 

32. The oscillator circuit according to claim 31, wherein 
said driving voltage waveform is substantially a rail-to-rail 
waveform. 
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33. The oscillator circuit according to claim 31, wherein 
said inverter comprises a complementary inverter. 

34. The oscillator circuit according to claim 31, wherein 
said primary winding and secondary winding are relatively 
weakly coupled having a coupling coefficient less than one. 

* * * * * 

24 


