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Abstract Analysis and design optimization of enhanced
swing, low power CMOS LC oscillators is presented.
A phasor analysis based approach for determining the
amplitude and phase noise of these oscillators is used.
MOSFET operation in cut-off, linear and saturation
regions is included. The calculated steady state out-
put amplitude and phase noise from this analysis are in
good agreement with Cadence Spectre simulations for
different bias conditions. Application of this analysis
to the design optimization of LC oscillators is demon-
strated.
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noise, phasor model, ISF, PPV, spectrum conversion,
amplitude analysis, design optimization, design
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1 Introduction

Wireless Sensor Networks (WSN) have been an impor-
tant area of research in recent years. A WSN usually
consists of numerous independent sensor nodes. The
sensor nodes are usually implemented battery free and
are powered by energy harvesters, e.g., radio frequency
(RF), thermoelectric or piezoelectric power generators.
These energy harvesters usually produce sub 0.5 V out-
puts. A reduction in supply voltage produces many de-
sign challenges for analog and RF circuits. Most RF
transceivers use an oscillator with low phase noise for
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frequency generation. In WSN applications, an open
loop oscillator is often used as a frequency reference [1].
The phase noise performance of on-chip oscillators suf-
fers drastically from a reduction in the supply voltage.
In order to achieve good phase noise performance at
a sub 0.5V supply voltage, output swing enhancement
techniques have been developed [1-3]. These enhanced
swing oscillators show performance comparable to the
state-of-the-art current source biased LC oscillator im-
plementations [4]. Current source biased LC oscillators
are extensively used for on-chip applications and their
amplitude and phase noise expressions have been ana-
lyzed extensively [5—8]. However, no detailed amplitude
and phase noise analysis is available for enhanced swing
oscillators which are inherently voltage biased oscilla-
tors.

In a current biased CMOS oscillator, the transistors
are forced to operate in a current limited regime [5].
This ensures that the transistors mostly operate in ei-
ther the saturation or cut-off region which simplifies
the analysis. However, for voltage biased oscillators,
MOSFET operation in the triode region adds signif-
icant complexity in characterizing their performance.
Furthermore, the analysis procedure for finding the am-
plitude and phase noise of current biased oscillators
in [4] cannot be directly applied to the voltage biased,
enhanced swing oscillators due to the absence of a tail
current source. Even for a current biased Colpitts os-
cillator, if the transistor is allowed to operate in the
triode region for a considerable time, the analysis leads
to expressions that are complicated [9] and necessitates
the use of a non-linear equation solver.

In [10] it was shown that a phasor based approach
can be used to evaluate the oscillation amplitude and
phase noise of LC oscillators. In this approach, all volt-
ages and currents are represented as a combination of
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phasors. The interaction between these phasors in the
steady state can be used to evaluate the amplitude. The
phase noise can be computed as a result of the interac-
tion of these phasors with the noise sources [11,12].

Our work, for the first time applies the phasor based
approach for amplitude and phase noise analysis to en-
hanced swing differential and quadrature oscillators.
Three enhanced swing oscillator topologies are com-
pared and it is shown that this analysis is effective
for these architectures. Our analysis accounts for tran-
sistor operation in the triode region and the contribu-
tion of 1/f noise for phase noise analysis. Prior work
in [9], [10] and [13] has addressed these issues partially.
In [9] a phasor based amplitude analysis of a current
biased Colpitts oscillator with emphasis on triode re-
gion operation was proposed but it is not applicable
for enhanced swing voltage biased oscillators. We have
generalized and extended the method of [9] for the en-
hanced swing, voltage biased oscillators. In [10], the am-
plitude of a cross-coupled voltage biased oscillator was
analyzed using a level-I MOSFET model and a polyno-
mial approximation. Furthermore, a phasor based noise
analysis was developed only for the 1/f? region. In [13]
a phasor based phase noise analysis valid for both the
1/f% and 1/ f? regions was reported. However, the anal-
ysis was only applicable for current biased Colpitts os-
cillators. Our work extends the noise analysis of [13] to
voltage biased enhanced swing oscillators.

Simplified models of amplitude and phase noise of
a oscillator, based on device dimensions and compo-
nent parameters are useful for a circuit designer to find
the performance trade-offs. A design tool based on such
a model allows for a quick exploration of the design
space and to obtain the optimal parameters. However,
no such tool exists for the design and optimization of
oscillators. A few techniques for oscillator optimization
have been reported in [14,15], where a circuit simula-
tor was used internally to calculate the phase noise and
power consumption of an oscillator and can take hours
to converge to an optimum solution. By replacing the
use of a circuit simulator with a simple MATLAB based
algorithm, the optimum design choices can be quickly
obtained. We demonstrate the applications of our anal-
ysis in a tool for oscillator design optimization. The tool
is used for a first pass design estimate without running
extensive circuit level simulations enabling fast design
of oscillators.

The paper is organized as follows: Section II presents
the amplitude analysis of various enhanced swing LC
oscillator implementations. Section III outlines the anal-
ysis approach for evaluating the phase noise of an en-
hanced swing LC oscillator. Section IV provides the
simulation results and Section V shows the application

of the analysis for oscillator design along with an ex-
ample. Finally, conclusions are drawn in Section VI.

2 Amplitude Analysis of CMOS LC Oscillators

An amplitude analysis approach for MOSFET based
voltage biased cross-coupled oscillators was discussed
in [10], where the non-linear, MOSFET cross-coupled
pair characteristics are approximated by a 5" order
polynomial. In [9] and [16], the amplitudes for cur-
rent biased Colpitts oscillators and voltage biased cross-
coupled oscillators were obtained respectively with the
square law MOSFET characteristics requiring no poly-
nomial fitting. In our work, the amplitude is evaluated
with the square law MOSFET level-I model. It will be
shown later that a level- MOSFET model can give a
good estimate of amplitude and phase noise even for
deep sub-micron CMOS processes. The generalized am-
plitude analysis method valid for both differential and
quadrature oscillators is described next.

2.1 Amplitude Evaluation for Differential Oscillators

The two oscillators analyzed in this section are the En-
hanced Swing Differential Colpitts (ESDC) oscillator [2]
and the cross-coupled Colpitts (XCC) oscillator [1] with
a DC bias shift. They are shown in Fig.1(a) and (b).
The single-ended equivalent circuit is shown in Fig. 1(c).

The MOSFET based oscillators can be mapped from
the original circuit in terms of a drain-to-gate feedback
factor (k), drain-to-source feedback factor (n) and an
equivalent capacitance C, at the drain. By selecting a
Chias > ¢gs, in Fig. 1(b), n and C. can be expressed as,

c C1Cy
- o= 1
Ci+Cy  © (1)

n

G+ Cy

where (5 is the equivalent capacitance at the source of
the MOSFET and is given by, Cy = Cgs—ﬁ. k is
0 for an ESDC oscillator and 1 for an XCC oscillator.

The oscillation frequency (w,) of the oscillators can
be shown to be [2],

1
vL:iCe

Assuming a nearly sinusoidal oscillation, the out-
put signal for an oscillator can be approximated by
Acos (wt) where A is the amplitude of oscillation. If
the tank circuit has a sufficiently high quality factor
(Q > 3) this assumption is valid [9]. The drain, source
and gate voltages can be approximated by,

Wy ~

(2)

Va=Vp —Acosl; Vy=-—nAcosb;

Vg =Va+ kAcost
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Fig. 1 Differential oscillator architectures. (a) ESDC oscilla-
tor. (b) XCC oscillator with a DC bias shift. (¢) Single ended
equivalent circuit.

(3)

where § = wt and it is assumed that the impedance
of C5 at the oscillation frequency is much lower than
the impedance looking into the source of M;. A careful
design choice can ensure this.

In a voltage biased oscillator, the transistors in the
circuit can operate in all three regions: saturation, tri-
ode and cut-off respectively. Assuming a Level-1 MOS-
FET model the transistor current can be expressed as,

Y 2(Ve(0) — Vi) Va0

) linear
14(6) = Vas(0)(1 + AVs(9))

%’%(vgs(o) — Vr)2(1 4+ A\Vys(0)) , saturation

o

, cut — off
(4)

where, ¥’ = u,Co, is a constant, Vr and X\ are the
threshold voltage and the channel length modulation
parameter of the transistor, respectively.

In order to simplify the expressions, two angles 6.
and 6,, are defined. They signify the saturation—cut-
off boundary and the triode—saturation boundary, re-
spectively. The transistor turns on if Vg, > Vz. This

Vr—Va
(n+k)A

sistor operates in the triode region if Vy,q > Vp. This

implies 6,, = cos™? [%} . Therefore, the MOS-

FET operates in the cut-off region for 6, < 6 < 27 —4..

translates to , = cos™! [ } Similarly, the tran-

Similarly, it operates in the triode region for 0 < 6 < 0,
and (27 —0,) < 6 < 27. A time varying small-signal
transconductance, g,,(#) and a small-signal output con-
ductance, gq5(0) for the transistor can be expressed as,

a1,(0) k/%Vds(ﬂ) , linear
gm(0) = 8Vd ) = k'% [Vgs(0) — Vr] , saturation
” 0 , cut — off
(5)
o1,(0) K'Y [Vys(0) — V], linear
gas(0) = m = ¢ A;(0) , saturation
’ 0 , cut — off

(6)

14(0), gm(0) and g4s(0) are periodic and can be
expressed in terms of their Fourier series components
Ip[nw,], Gulnw,] and Gps[nw,], respectively. For ex-
ample,

O = Y Iopue™ 7

n=—oo

If A is a known quantity, the time-domain wave-
forms of 1;(0), gm(0) and g4s(0) can be evaluated in
terms of A using Egs. (3), (4), (5) and (6). Ip[nw,],
Garnw,] and Gpg[nw,] can be evaluated analytically,
as in [9]. Since the objective of our work is to imple-
ment a MATLAB based toolbox, the computational ef-
fort can be reduced by evaluating the harmonics nu-
merically using the MATLAB FFT function [17] from
the time-domain waveforms of I;(6), g, (0) and g4s(6).

Evaluation of the oscillation amplitude for an LC
oscillator requires simultaneously solving two sets of
boundary conditions [9]. The first boundary condition
is the following: if the oscillator is operating at reso-
nance, the load seen at the transistor’s drain is purely
resistive at the oscillation frequency. The fundamental
component of the drain current passes through this re-
sistor and causes the output voltage swing. Therefore,
by following a methodology similar to [9], the steady
state amplitude A of an ESDC or XCC oscillator can
be expressed as,

A= (1—-n)Iplwo|R, (8)
where R, is the parallel tank resistance given by,
R, = Ri|(Rz/n”) (9)

This equation is valid under the assumption that Rs
does not considerably load the capacitive divider cre-
ated by C7 and C5, which can be ensured by a careful
design.
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Jas(0)-Vas(0)

gnr,eq(e)

Fig. 2 Evaluation of the equivalent negative resistance. (a)
ESDC oscillator. (b) gm(0) and gqs(0). (¢) gnr(6): equiva-
lent conductance of the combination of g, (6) and g4s(6). (d)
gnr,eq(0): scaled version of g,,(0) in parallel with the RLC
tank.

Next consider the second boundary condition. In a
current biased oscillator, the average current through
the transistor is determined by the tail current source
[9]. If the tail current source value is known, the sec-
ond boundary condition can be established by setting
this value equal to the average current flowing through
the transistor. Enhanced swing oscillators are voltage
biased and do not have a fixed bias current. If a volt-
age biased oscillator is designed such that the tran-
sistor is initially biased in saturation, the amplitude
would increase progressively. Eventually, the MOSFET
is pushed into the triode region. As the device spends
more time in the triode region, it introduces an av-
erage loss component across the tank. The oscillation
amplitude builds up until the point where the power
driven by the transistor, P,, (modeled by a negative re-
sistance) is fully compensated by the power dissipated
through the resistive load Ry, Pyiss -

Therefore, the second boundary condition is given
by,

Pdiss = m (10)

As shown in [10], simplifying (10) yields the follow-
ing result,

1
— = —GNReff (11)

Ry
where GnR.efs is a quantity called the “effective con-
ductance” of the non-linearity.

In the ESDC oscillator in Fig.2(a) there are two
time varying resistances g,,(0) and g4s(6) both of which
can be evaluated using the Level-1 model as shown in
Egs. (5) and (6). The effect of these two conductances
can be combined into a single time varying conduc-
tance g, (0) as shown in Figs.2(b) and (c). The value

of gnr(0) can be expressed in terms of g,,(0) and gqs(6)
as [10],

gnr(0) = — gm(0) + gas(0) (12)

n
(1-mn)
If the transistor non-linearity can be expressed as a time
varying conductance g, ¢q(6) across the the RLC tank
shown in Fig.2(d) then gnreq(f) can be found from
Fig.2(c) by observing that this conductance appears
across a capacitive divider formed by C; and Cs. By an
impedance transformation,

(1 - n)zgnr(a) (13)

It can be shown that the effective conductance defined
in Eq. (11) is given by [10],

GNR,eq [0] — GNR,eq [2w,] (14)

where G g eq[nw,] is the n'* Fourier coefficient of the
time varying conductance gnreq(0). GnR,ers includes
the loss component introduced by the MOSFET in the
triode region of operation.

According to Egs. (5) and (6), gm(0) and gqs(6) are
functions of A. As GnRg,ers is dependent on g,,(6) and
gas(0) it is also a function of A. If A is a known quantity,
GNR,eff can be evaluated using the Level-1 MOSFET
equations described above.

If the two boundary conditions in Eq. (8) and Eq. (11)
are solved simultaneously the exact value of the am-
plitude can be determined. However, both Ip[w,] and
GnNR,ers are implicitly functions of A and cannot be
solved analytically. Alternatively these equations can
be solved numerically with the optimization toolbox in
MATLAB. Egs. (8) and Eq. (11) can be merged into a
single equation, C'(A) as follows,

Gnrea(t) =

GNReff =

ClA)=(A-(1-n) ID["”O]RP>2 + <GNR,eff + Rip>

(15)

Ideally C(A) is zero if Egs. (8) and (11) are satis-
fied simultaneously, i.e., the correct value of A. The
optimization toolbox of MATLAB computes C(A) for
different values of A and finds the value of A for which
C(A) is zero.

2.2 Amplitude Evaluation for Quadrature Oscillators

The enhanced swing quadrature (ESQ) oscillator shown
in Fig.3(a) was reported in [3] as an extension of the
ESDC oscillator for quadrature generation. In [3] the
quadrature component (@) leads the in-phase compo-
nent (I) and this is ensured by a capacitive coupling
circuit.
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Fig. 3 ESQ oscillator. (a) Architecture. (b) Single-ended
equivalent circuit representation.

The amplitude of an ESQ oscillator can be evaluated
by using a single-ended equivalent circuit as shown in
Fig. 3(b).

To facilitate the calculations, two quantities: cou-
pling factor (m) and feedback factor (n) are defined as
follows:

ch Cl
= n =
ch + Cic, C1 4+ Cs

m

(16)

From Fig.3 it can be seen that if the oscillation
amplitude is A, then

~ Ve + (mn+n)Acos(6)

Viqe(e) - +(1 — m)nA Sil’l(e)
= Vg + Ry cos(f — 1)
Vya(8) = Vo — Vp + (m.n+1)Acos(9) (17)

+(1 —m)nAsin(0)
=Ve — Vp + Ry cos(6 — az)
Vas(0) = Vp — (1 — n)Acos(0)

The constants R;, Ra, a; and ay are given by,

Ry = Any/(1 +m)% + (1 — m)?
Ry = A/ (1 +mn)2 +n2(1 —m)?

a; = tan™! 1—_m ; Qg = tan ™! nomn

e 1+m)/’ 2 1+mn
It can be concluded that Vs and Vs are slightly phase
skewed (say by an angle ¢.). The fundamental compo-

nent of Iy (denoted as Iplw,]) is in phase with V,, and
can be expressed as,

(18)

Iplwo] = [Ipw,]| Zoe (19)

Ipw,] can be evaluated if Vys(6) and Vys(6) are known.
At the oscillation frequency, the resonant tank cir-

cuit compensates for ¢, by providing an extra phase

shift, —¢.. The tank impedance can be expressed as,

1 1

1 . 1 -
7 +iwCe + o \/L

= RP COs (¢e) 4 — ¢e

where ¢, =tan"' |R, (wCe — —
LL)Ll
From Egs. (20) and (19) the oscillation amplitude
can be approximated by,
A= (1=n)|Ip[wo]Z| = (1 —n) [Ip[w,]| Ry cos (¢e)
= (1—n)Re{Ip[w,|} Ry
(21)

The in-phase component of Ip[w,] with Vg, i.e
Re{Ipw,|} directly gives |Ip[w,]| cos (de).

Following a methodology similar to the differential
oscillators, two angles 6. and 6,, can be defined. The
MOSFET is ON if Vs > Vr and it operates in the tri-
ode region if Vyq > V. These two conditions translate
to 0, = cos™* —VT:VG} and 60,, = cos™! 7%_(;2_%)}7
respectively. Therefore, the MOSFET operates in the
cut-off region for 6. < (6 — ay) < 27 —0,. Similarly, the
MOSFET operates in the triode region for 0 < 0 —as <
0, and (27 —6,) < (0 — a2) < 27.

The second boundary condition can be formed by
following a similar approach as in Eq. (10). Since the
output waveform is A cos(w,t), only the real part of
GNR,ess contributes to power loss.

e

1

o —Re{GnNR,erf} (22)
P
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Therefore, the cost function, C'(A4) for optimization
in this context is obtained from Egs. (21) and (22) fol-
lowing a similar approach as in Eq. (15) and it is given
by,

(A= (1 —n).Re{Ip[w,]}.R,)”

C(A) = 2 23
(4) +(R6{GNR,eff}+Ri> (23)

P

As in the differential oscillators C'(A) can be opti-
mized in terms of A to get an accurate estimate of A.

3 Phase Noise Analysis of A Low Voltage,
Enhanced Swing LC Oscillator

The most popular approach to derive an analytical phase
noise model of an oscillator is the linear time varying
(LTV) analysis. There have been several LTV analysis
based models reported in literature [5,10]. Among these
the impulse sensitivity function (ISF) based model [5]
is a popular one. An ISF based approach using sim-
ulations can be applied for enhanced swing oscillators.
However, to reduce the computational effort, the phasor
results calculated in the last section (G s [nw,), Gps[nw,]
and Ip[nw,]) can be exploited for evaluating the phase
noise.

In our approach the analysis of [13] was used and
has been generalized to voltage biased oscillators. Fur-
thermore, the thermal and flicker noise contributions
from the transistor operating in saturation, triode and
cut-off regimes is included.

If the oscillator is used as a voltage controlled os-
cillator (VCO), the additional varactor may introduce
additional phase noise at the oscillator output by AM-
PM conversion. The exact AM-PM conversion mecha-
nism and its calculation was reported in [18]. In order
to simplify the procedure, this effect is neglected in the
subsequent analyses. However, the analysis can be ex-
tended to include AM-PM conversion. The assumption
that the AM-PM conversion is not the dominant noise
contributor for a voltage biased oscillator was shown
in [19].

There are three noise generators in the single ended
equivalent circuit of the ESDC, XCC and ESQ oscilla-
tors: Ry, Ry and M;. The noise sources are shown in
Fig.4. The effect of R; and Ry can be combined into
a single equivalent resistance R, as defined in Eq. (9).
The contributions of noise sources i,,r, and i, a;, to
the output current noise through the tank can be eval-
uated by using a Norton equivalent circuit.

Lon,M; _ 1; Zon,Rp _ (1 . n) (24)

in,R, Tn, M,

Fig. 4 Output noise sources in the single-ended equivalent
circuit of the enhanced swing oscillators (ESDC, XCC, ESQ).

where n is the feedback factor defined in Eq. (1), ton,
and 7o, R, are the contributions of i, ar, and in,R, tO
the output node, respectively.

The noise contribution of M; can be modeled as a
current-noise source between the source and the drain.
This noise source has thermal and flicker noise compo-
nents.

;2

(=8 (25)

— ;2 )
- Zn,thermal + Zn,fli(:ker

The time varying thermal noise power spectral den-
sity (PSD) can be expressed as a current noise between
the drain and the source of a transistor,

i2 (0) = 4kTvgm(0) + 4kT gqs(0)

n,thermal

= 4kT~g(0)
(26)
where v is the excess noise factor of the transistor, k is

the Boltzmann’s constant, 7" is the absolute tempera-
ture and ¢(0) is defined as,

s(6
3(0) = g (0) + 222 (27)
Assuming vy ~ 1,
9(0) ~ gm(0) + gas(0) (28)
For a Level-1 MOSFET model,
dm (0)|triode < Jds (0)|triode
9ds (9)|saturm‘,ion < dm (9)|saturm‘,ion (29)
gm(0)|saturation ~ gds(9)|triode
whereby,
KW V..(0)—Vr] on

g)=23" T e 30

9(0) {0 cut — off (30)

The approximate expression of g(6) in Eq. (28) devi-
ates from the actual value in Eq. (27) depending on the
value of 7. When the transistor operates in the satura-
tion region, the two expressions yield the same result.
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In the triode region the two expressions differ by the
factor «y. v usually varies between % to 1.1, depending
on the channel length. The thermal noise expression of
Eq. (26) with g(¢) approximated by Eq. (30) can thus
overestimate the noise by 10log(y) ~ 1.6 dB in the tri-
ode region. However in an oscillator, the MOSFET pe-
riodically operates from saturation, triode, to cut-off
and vice versa. The transistor spends only a fraction of
the overall time period in the triode region [20]. There-
fore, the thermal noise estimation error would be much
smaller than 1.6 dB.

A periodically time varying noise source can be mod-
eled as a stationary noise source which is modulated by
a periodic time varying waveform. If g(#) and I4(6) have
maximum values gpmq, and g maqe respectively, then the
modulating waveforms for the thermal noise and flicker
noise sources are gnorm(0) = % and Ignorm(0) =

14(0)

Tg.maz’
were modeled as 4kT7vgmaq: and respec-
tively. Iqmaz is the maximum current flowing through
the MOSFET.

The modeling of a time varying noise source by
an equivalent stationary noise source modulated by a
periodic time varying waveform is shown in Fig. 5(a).
The noise modulation procedure in the time domain
can be viewed as a convolution in the frequency do-
main. Any periodic signal can be expressed as a com-
bination of its Fourier series components. Let the n'”
harmonic components of gnorm(0) and Ignorm () be
Grorm[nwo] and Ip porm [nwo]. A stationary white noise
source has noise components at all possible frequen-
cies including (nw, + Aw). These components are con-
volved by Grorm[(n — Dwo] and Gopm[(n + 1)w,] and
are shifted to (w, £ Aw) [13]. Fig. 5(b) illustrates this
concept. Since the thermal noise source is white, all
harmonic components of gorm(0) contribute to phase
noise through this mechanism.

respectively. The stationary current noise sources

kflickeTId,'mam
]

The SSB current noise spectral density at (w, + Aw)
due to all of the harmonic components can be expressed
as [13],

= 4]€T’ngaw Z |Gnorm[(n - 1)w0]

Zn,thermal = n=1
+Gnorm[(n + 1)W0]|2
4kT~

gmaw

> 1Gl(n = Dwo] + Gl(n + Lw,]|?

n=1

(31)

Similarly, the effective translated flicker noise cur-
rent to the output at (w, + Aw) between the drain and

a(e) Gnorm(0)

b,

gmax

AVIVANS

gnorm(e)

i,2=4KTg(6) [RAVTS P

- @ a3
Thermal Noise Spectrum

2KTY/ g,
H FAG’ HI I a0 ®

b " ® b,
Gnorm[nmo]
11 e e 1 1(0
t

t
-(n-1o,

Fourier Series of g,,5:m(0)
(b)

-n

(n+1)w,

Fig. 5 (a) Modeling a time varying noise source as a sta-
tionary noise source modulated by a periodic waveform. (b)
Mixing of noise by the modulating waveform.

the source of the MOSFET can be expressed as,

S5 k lick ‘rId.mam 1
. ticker = g L 1D imorm[=wo] + ID normll
kflicker 1 2
= leker _\ph—w,] + 1
Id,mawfa4| p[=wo] + Ip[wol|

(32)

This extra 1/4 factor in Eq. (32) takes into account the
correlation of different sidebands [13].
The noise source values in Fig. 4 are,

; kflicker R — A4kT
Z?],,Ml = IefffT + 4kT’yG€ff ; Z?L,RP — Rp
(33)
where
Gepr = > |G[(n = Dwo] + G[(n + 1w,
maz (34)
1 1 )
Ieff = Id o Z |ID[_WO] + ID [(JJO”

Using Eq. (24) the total output current noise is given
by,

;2 2

_— P —
Zo,nm'se = Zn,Ml (]' - TL) + ZEL,RP (35)

This output noise current flows through the tank
circuit and gets converted to voltage noise. If the tank
has a quality factor @, the output impedance of the
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tank circuit at an offset frequency Aw from the carrier
w, can be approximated by,

JRyw,
Z(wo + Aw) =~ ZQPAw

(36)
where the tank quality factor at the oscillation fre-
quency is,

RP
wOL1

Q= (37)

The output voltage noise power spectral density is,

R2w?
2 — ;2 p—o
'Uo,noise - Zo,noise <4Q2 jw2> (38)

The voltage noise gets converted to phase noise by
a non-linear mechanism [21,22]. It is assumed that only
half of the total voltage noise power contributes to the
output phase noise. This is commonly known as the
equi-partition theorem [5]. The equi-partition theorem
usually holds for white thermal noise. For slow fre-
quency noise sources such as 1/ f noise, the contribution
of the time varying flicker noise to the output phase
noise depends on the oscillator architecture. An exact
procedure to find the flicker noise contribution to the
output phase noise for a voltage biased cross-coupled
oscillator using an ISF based analysis was presented
in [19]. Although this method can be extended for en-
hanced swing oscillators, the purpose of our analysis
is to get a fast estimation of the output phase noise
within an error margin. For the oscillator architectures
discussed in this paper, the equi-partition assumption
overestimates the output phase noise within a 3dB ac-
curacy in the flicker noise dominated region. A similar
approach was used in [13].

The voltage noise contribution to the output signal
phase is thus expressed as,

1 kflicker
<§Ieff ﬂf(je +2kTYGeps (1—n)’

2kT R2w?
+= .| ==
R, 4Q2 Aw?

(39)

2 _
vo,noise,PM -

The phase noise expression of the single-ended equiv-
alent circuit can be obtained by normalizing vg’noise’ PM
with respect to the oscillation amplitude,

Uz nots
L{Astingle—ended = 101Og <ﬁ> (40)

The differential oscillator circuit has 3 dB less noise
compared to this single-ended phase noise equivalent

circuit since the individual noise sources are uncorre-
lated. Therefore, the final phase noise expression for
the differential oscillator circuit can be expressed as,

2
vo,noise,PM
L{Aw}|difterential = 10 log (T/Z) -3 (41)
The analysis of the phase noise described above has
been derived in terms of the time varying function g(6)
given by, Eq.(30) in the thermal noise dominated re-

gion. g(#) depends only on the gate-source voltage (Vg (6)).

Therefore, the phase noise expression in Eq. (41) can be
used for ESDC, XCC and ESQ oscillators with the re-
quired modifications in Vgs(6) to account for the noise
effects of the MOSFET. The noise contributions of R;
and R, remain unchanged for all the architectures. How-
ever, unlike the ESDC oscillator, the XCC and ESQ
oscillators have an extra noise generator: the bias shift-
ing resistance (Rpiqs) as shown in Fig. 1. A careful de-
sign choice of Rp;qs can reduce its contribution to the
output phase noise eventually making it considerably
less than the other noise generators. To understand the
design trade-offs, we need to examine how the Rpqs
noise affects the circuit’s noise response. Ry;.s can affect
the output phase noise in two ways. At high frequen-
cies this resistance effectively appears in parallel with
R,. If, Rpiqs is chosen one order of magnitude higher
than R, its contribution to the output noise can be ne-
glected. At low offset frequencies, Chiqs (Cic and Cy, for
the ESQ oscillator in Fig. (3)) acts like an open circuit.
So, Rpiqs is not connected to R,. Thermal noise gener-
ated by Rpiqs near dc can be translated to the output
phase noise by modulation of the time varying g¢,,(6)
of the transistor. If Chiqs (Cic and Cy.) is chosen suf-
ficiently high, the noise generated by Rp;.s at close-in
offset frequencies is filtered out and its effect to the out-
put is negligible. Therefore, sufficiently large values of
Rpias and Ch;qs ensure that the phase noise expression
in Eq. (41) holds for XCC and ESQ oscillators without
any modification.

4 Analysis Verification With Simulation
Results

All of the oscillators discussed in Sections II and III
were designed with a 5.5 GHz center frequency. In this
section their amplitude and phase noise characteristics
are discussed.

The selected component values of the ESDC oscil-
lator are shown in Table 1. These values were chosen in
order to compare it with the oscillator reported in [2]
which was fabricated in an IBM130 RF-DM process.
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—— Bsim3v3 model

--== Level-l model approximated by 10 harmonics
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5 10
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Fig. 6 Waveforms of the small-signal time varying components and their approximation with the first 10 harmonics. (a) I4(¢).

(b) gm (). (¢) gas(t).

Table 1 Component Values and Extracted Parameter Val-
ues

Component Value Model Value
Name Parameter
L1 0.69nH (% 0.21V
Lo 1.25nH || k' = (1nCox) 410 uA/V?
C1 1.858 pF A 0.46 V1T
Cas 2.704 pF ol 1.14
R1 450 kflicker 1.55 x 10~ 13 A
Ro 550 Q «a 0.86
w 80 pm
( L )MO g 0.24 um B -

The extracted transistor parameters from the BSIM3v3
MOSFET model are also shown in the table.

For a direct comparison, the XCC oscillator was de-
signed with the same component values as the ESDC os-
cillator. The extra resistor (Rpiqs) and capacitor (Cpias)
in the level-shifter path were chosen to be 100k and
5 pF, respectively. The ESQ oscillator was designed with
the same component values as the ESDC oscillator. The
coupling capacitors C;, and Cy in Fig. 3 were chosen as
500fF and Rpiqs = 1k The differential and quadra-
ture oscillators were simulated for Vg = 300mV and
Vp = 500mV. The I, g, and ggqs waveforms for the
ESDC oscillator are shown in Fig. 6.

It is seen from Fig. 6 that harmonics above the 10t"

harmonic can be neglected. Therefore, the series in Eq. (34)

can be truncated after the first 10 terms for all practical
purposes.

4.1 Amplitude Results

Spectre simulated amplitude results with the BSIM3V3
transistor model were compared to the analytical re-
sults. The comparisons are shown in Figs. 7(a), (b) and

(c)-

For both the ESDC and XCC oscillators, the pre-
dicted amplitude is within 12 % of the simulated value.
From the plots, it is seen that the XCC oscillator has a
higher amplitude compared to the ESDC oscillator for
the same bias conditions.

The predicted amplitude of ESQ oscillator is within
16 % of the simulation results. This behavior can be
attributed to the cys and cgq of the transistors. The
coupling capacitors Cy. and Cj. in Fig. 3 form a poten-
tial divider with c4s and c4q. This reduces the signal
swing at the gate of the transistors. This swing reduc-
tion at the gate also reduces the effective transconduc-
tance g, (0) of the transistor and consequently reduces
the amplitude of oscillation.

4.2 Phase Noise Results

The phase noise of the three oscillators was calculated
using Eq. (41). The analysis and simulated values of
phase noise for the three oscillators are shown in Fig. 8.
In all cases the phase noise in both the thermal and
flicker noise dominated regions is predicted with an ac-
curacy of 3dB.

The XCC oscillator shows approximately 2.5 dB bet-
ter phase noise performance than the ESDC oscillator
in the thermal noise dominated region.

The phase noise of the ESDC oscillator at a 3 MHz
offset frequency for a fixed gate bias and varying n is
shown in Fig.9. The gate bias is kept sufficiently high
(at 400mV for all simulations) to ensure start-up for
all possible values of n. The observed trend of phase
noise in this figure is monotonically decreasing. A simi-
lar trend can be seen from the phasor based analysis in
Section III. Fig.9 shows that the phase noise minimum
for a current biased Colpitts oscillator at a feedback fac-
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Fig. 7 oscillator output amplitude variation with supply voltage for different gate biases. (a) ESDC. (b) XCC. (c) ESQ.
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Fig. 8 Phase noise for different oscillator architectures. (a) ESDC. (b) XCC. (c) ESQ.

tor, n = 0.3 reported in [{] does not hold for a voltage _70b .[—Measured data
biased Colpitts oscillator. ) 5 (=_Analysis 'fs“]f_
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£ _124 S -100}- 112 noise region:- |
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E Fig. 10 Measured test-chip results of the ESDC oscillator
9 _138 . . . with Vp = 500mV, Vg = 300mV and comparison with the
£°76.2 0.3 0.4 0.5 0.6 N ’ P
o Feedback Factor. n YIS

Fig. 9 Phase noise at 3 MHz offset frequency with different
feedback factors for the ESDC oscillator.
5 Design Example

The phase noise results of the ESDC oscillator with ~ To demonstrate the application of the proposed analysis
this analysis matches well with the fabricated chip re-  as a useful design tool, an ESDC oscillator with the
sults in [2] shown in Fig. 10. following specifications has been designed:
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Center frequency (f,) = 5.5 GHz;

— Power consumption (Pg.) < 4mW;

— Phase Noise @1 MHz offset < —122dBc¢/Hz;
Figure-of-Merit (FoM): Highest possible.

The amplitude and phase noise expressions evaluated
in the previous sections can be used to determine the
average power consumed in an ESDC oscillator and it
is given by,

Py = 2VpI(t) (42)

where I(t) is the average current through each transis-
tor in the ESDC oscillator.

The FoM of an oscillator is a measure of its effi-
ciency to convert the dc power to the carrier power. It
is defined as [4],

FoM = 20log (£f> —101log (1ifw> — L{Af} (43)

A higher FoM oscillator has a higher efficiency.

For start-up of any oscillator, the loop gain (LG) of
the oscillator should be higher than unity. To account
for the PVT variations, in practice a LG > 2 is selected.
The detailed start-up analysis for an ESDC oscillator
was derived in [2]. For clarity the final result is shown
below:

3
o gmw L LaChy
LG(jw) = 73(‘” (44)
where
B(w)= -w3Li1Ls[G1C1 + G1Cs + (gm + G2)C1]
+w[L1G1 + Lg(gm + Gg)]
(45)

G1 and G4 are the equivalent parallel conductances of
L1 and Lo, respectively at the oscillation frequency, g,
is the transconductance of the transistor at the dc op-
erating point. The design procedure is summarized in
Fig. 11 as a flow-chart. L1 can be designed with an elec-
tromagnetic solver/optimizer such as ASITIC [23]. As
discussed in [2], Lo should be chosen sufficiently higher
than L;. In order to verify the design choices of [2], the
same values of L; and Lo are used, i.e., L; = 690 pH,
Lo = 1.25nH. At the oscillation frequency, G; = === S

and Go = % S. The total equivalent tank capacitg(l)ce
is 1.21 pF.

Following the method described in Fig. 11, the tran-
sistor dimensions were varied from 04_13 4";nm 02_%21/;1;
and the feedback factor, n, was varied from 0.2 to 0.6.
The predicted power, phase noise and FoM plots for
different values of n with varying % values are shown
in the Figs. 12(a), (b) and (c), respectively. It is evident

from Fig. 12(a) that for a maximum power consumption

of 4mW, the value of n should be between 0.2 — 0.5. A
suitable point from this graph has to be selected that
ensures proper start-up of the oscillator. Any point in-
side the shaded region has a loop gain < 1 and has to
be avoided. The phase noise performance for different
values of n and ¥ are shown in Fig.12(b). n = 0.2 is
excluded since it does not give an adequate phase noise
performance. Therefore, n should be chosen within the
range 0.3 — 0.5. There are multiple combinations of %
and n values that satisfy the design requirement. The
best design choice would be to use the most efficient
oscillator among all possible options. Fig.12(c) shows
that the oscillator has the highest FoM for n ~ 0.4 with

% ~ 1.6 (0434’”11 ) In order to ensure sufficient start-
.24 pm

0484“ o ) was chosen. The LG for this
.24 pm

transistor size is & 2.5. The degradation of the FoM
with a larger transistor size is nominal as seen from
Fig.12(c). The optimal design values for Cy and C; are
2.02 pF and 3.03 pF, respectively. These are fairly close
to (within 10 %) the design choices of [2]. Therefore,
this analytical model can be used to search through
the design space much faster than using circuit simula-
tions. For comparison, the MATLAB code of the pro-
posed algorithm was run on a PC with 2.8 GB RAM
and an Intel Quad Core 2.5 GHz Processor. The Spec-
treRF PSS and PNOISE analysis for all 66 data points
in Fig. 12 took 66 minutes whereas the MATLAB code
produced comparable results in 4.3 minutes. Therefore,
the analysis model and its MATLAB based implemen-
tation can work as a valuable design assistant for a os-
cillator designer and it can be used to rapidly find out
the optimal design parameters. This design procedure
can be further automated by augmenting the existing
tool with a numerical optimization loop as in [14,15].
The proposed design method can be a very effec-
tive design tool if it is used along with a space map-
ping based algorithm [24]. The space mapping algo-
rithm simplifies an optimization procedure by mapping
a computationally intensive problem to a simplified prob-
lem and running the optimization over the simplified
problem. A level-I MOSFET model based analysis can
be used for refining the optimization procedure of a

upgain%:Z(

more sophisticated and computationally intensive BSIM3V3

model based approach, used in a circuit simulator.

6 Conclusion

A generalized analysis technique has been developed for
determining the amplitude and phase noise of CMOS
low voltage oscillator topologies. An oscillator design
approach for optimal oscillator design based on this
analysis has been described.
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Parameters Design inputs:
to be Power, Phase
found: Power & Phase Noise, Differential/
L4, Ly, Cy, Noise Specfications, Quadrature, FoM
Co, WIL
G
~C,+C, |» Optimize L, with ASITIC

A

e Calculate C based on L,

v

Vary n and W/L

Evaluate phase noise using Egs. (35),(39),(41)
Evaluate power using Eq. (42)

Evaluate FoM using Eq. (43)

Evaluate loop-gain using Eq. (44)

Is the start-up
requirement met ?

Differential Quadrature

Differential or
Quadrature ?

Y

Evaluate
amplitude using

Evaluate
amplitude using
Egs. (3)-(9), (12)- Egs. (3)-(9), (16)-

(15) (18),(23)

v v

Fig. 11 Design flow-chart. !
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achievable with given
range of n and W/L 2

Change L,
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among the possible choices
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Fig. 12 Variation of (a) Power, (b) Phase Noise, and (c) FoM with % (in multiples of

The analysis forms the basis for a MATLAB based
oscillator design tool. This tool allows a designer to
properly size the transistors without the need for time
consuming simulations.
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