> An alternative perspective views oscillators as two one-port components,
namely, a lossy resonator and an active circuit that cancels the loss.
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> If an active circuit replenishes the energy lost in each period, then the
~oscillation can be sustained.

> In fact, we predict that an active circuit exhibiting an input resistance of R,
| can be attached across the tank to cancel the effect of R,
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» The negative resistance varies with frequency.




» Since the capacitive component in equation above can become part of the tank,§
- we simply connect an inductor to the negative-resistance port. |
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Express the oscillation condition in terms of inductor’s parallel equivalent
resistance, R, rather than Re.

The startup condition:
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We wish to build a negative-feedback oscillatory system using “LC-tuned” amplifier stages.

input to the output is thus
equal to 180°
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Can the circuit above oscillate if its input and output are shorted? No.

We recognize that the circuit provides a phase shift of 180 ° with possibly adequate gain
(OmRp) at w,. We simply need to increase the phase shift to 360 ° .
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Assuming that the circuit above (left) oscillates, plot the voltage waveforms at X
and Y.

Wave form is shown above (right). A unique attribute of inductive loads is that they can
provide peak voltages above the supply. The growth of V, and V, ceases when M, and M,
enter the triode region for part of the period, reducing the loop gain.
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The oscillator above (left) suffers from poorly-defined bias currents. The circuit above

(middle) is more robust and can be viewed as an inductively-loaded differential pair with
positive feedback.

Compute the voltage swings in the circuit above (middle) if M; and M, experience
complete current switching with abrupt edges.
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For oscillation to occur, the negative resistance must cancel the loss of the tank:

2
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Three different oscillator topologies can be obtained by grounding each of the transistor
terminals. Figures below depict the resulting circuits if the source, the gate, or the drain is
(ac) grounded, respectively.

01;

If C, = C,, the transistor must provide sufficient transconductance to satisfy

ngp 2 4

» The circuits above may fail to oscillate if the inductor Q is not very high.




» Another drawback of the circuits shown above is that they produce only
- single-ended outputs. It is possible to couple two copies of one oscillator so

that they operate differentially.

Vop

Y

M1;IIIA_[ T 2w,
I 1 T

> If chosen properly, the resistor R, prohibits common-mode oscillation.

> Even with differential outputs, the circuit above may be inferior to the cross-
coupled oscillator previous discussed —not only for the more stringent start-
up condition but also because the noise of I, and |, directly corrupts the

oscillation.
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> The output frequency varies from w, to w, (the required tuning range) as the

~ control voltage, V., goes from V, to V,.

> The slope of the characteristic, Ko, is called the “gain” or “sensitivity” of the
~ VCO and expressed in rad/Hz/V.
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As explained in previous example, the cross-coupled oscillator exhibits sensitivity
_to Vpp. Considering Vo as the “control voltage,” determine the gain.

If C, includes all circuit capacitances except Cyg

Wose =
VL1(C1+ Cpg)

The junction capacitance is approximated as

CpB

[> Kyco
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Chv+ Cpg 20 +2Vpp 7
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» Since it is difficult to vary the inductance electronically, we only vary the
capacitance by means of a varactor.
» MOS varactors are more commonly used than pn junctions, especially in low-
~ voltage design.
J- Cvar‘
C4 .|. Rp L+ L2 R, .|. C, c.
M., ¥J' M, |—><_‘| M, EJ- M, E\\
Vcontc T Cmin -------------------------- E .......... ?..:..:....'..14-_ -
I
@ S8 1 VDD Vcont

Wose —

VE(Cr+ Cuar)

» First, the varactors are stressed for part of the
- and V, (or Vy ) rises significantly above V.

> Second, only about half of C,, -

period if V. is near ground

C..in IS utilized in the tuning.
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» Symmetric spiral inductors excited by differential waveforms exhibit a higher Q
~than their single-ended counterparts. |

Symmetric Inductor

The symmetric inductor above has a value of 2 nH and a Q of 10 at 10 GHz. What
_is the minimum required transconductance of M, and M, to guarantee start-up?

9m1,2 Z (630 Q)—-l
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We make a crude approximation, C,, << C,, and

w ~ ]- (1 o C’Ua?‘)
0SC ;—Llcl 201
If the varactor capacitance varies from C,, to C,,,, then the tuning range is given by

1 Ova?‘Z - Cvarl
v 1L1Cq 2C"

Awo.sc ~

» Thetuning range trades with the overall tank Q.

> Another limitation on C,,,, - C,, arises from the available range for the control
~voltage of the oscillator, V. |
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A lossy inductor and a lossy capacitor form a parallel tank. Determine the overall
_Qin terms of the quality factor of each.

The loss of an inductor or a capacitor can be modeled by a parallel resistance (for a narrow
frequency range). We therefore construct the tank as shown below, where the inductor and
capacitor Q’'s are respectively given by:

Ry
Q, = 2L .
Llw l
o = Rpliw L1 Ry = Cy; =Ry,
Merging R,; and R, yields the overall Q: T
0, B R R 1 °
e .
v Rleerg Lyw
B 1
N Llw Llw
R,y Ry
1

- Lw 1 1 1 1
- - — _|_
R, * R,»Chw [> Qe QL Q¢
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Transforming the series combination of C_,, and R, to a parallel combination

R, =
P

var

The Q associated with C,+C,, is equal to

C
Qo = Rpa(Cr+ Cuyp)w [> Qo = (1 + 5 1 ) ( var
- 01 + Ova'r v
B CYE&?‘LQRUG?’. 1 1 1
The overall tank Q is therefore given by Qm — QL T (1 N (' ) Q
C,Um, var

Equation above can be generalized if the tank consists of an ideal capacitor, C,, and lossy
capacitors, C,-C,,, that exhibit a series resistance of R,-R,,, respectively.

L _ 1,61 G
Qtot - QL Clrot Qz Cliot Qn 16




> We seek oscillator topologies that allow both positive and negative (average)
~voltages across the varactors, utilizing almost the entire range from C,., to
Cmax-

Voo Cyar b
Iop Cinax
P Voo
L1 Ly I'pp
X Y

I e | Cur s Co

\Al : : ! ! -
|£ .L_| |£ 5 v V V. V,
"4 = = =M, M; = 0 1 _DbD 2 DD Veont

cont® = = 2

The CM level is simply given by the gate-source voltage of a diode-connected transistor

carrying a current of 155/2.
Vasie = Ll

We select the transistor dimensions such that the CM level is approximately equal to Vp/2.
Consequently, as V., varies from 0 to Vp,, the gate-source voltage of the varactors, Vg
goes from +Vp/2 to —V/2,

+ Vro
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The tail or top bias current in the above oscillators is changed by DI. Determine
_the change in the voltage across the varactors.

Vop

Voo
rs rs
Ipp

X Y

M, L M4 "X_l M, L M,
% % M, L M, |_><_| M, L L)
@ISS Veonto 'i?:__‘ = = Iﬂl

Each inductor contains a small low-frequency resistance, r, . If I changes by Al, the output

CM level changes by AV, = (Al/2)r,, and so does the voltage across each varactor. In the

top-biased circuit, on the other hand, a change of Al flows through two diode-connected

transistors, producing an output CM change of AV, = (Al/2)(1/g,,). Since 1/g, is typically in

the range of a few hundred ohms, the top-biased topology suffers from a much higher
_varactor voltage modulation.

Vv,

cont®

What is the change in the oscillation frequency in the above example?

Since a CM change at X and Y is indistinguishable from a changein V., we have
Aw = KycoAVem

Al AL
i VOO ——Ts Or K VOO ———
2 2 G
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» In order to avoid varactor modulation due to the noise of the bias current
source, we return to the tail-biased topology but employ ac coupling between
the varactors and the core so as to allow positive and negative voltages across

the varactors.
Total
Variable
Vpp Capacitance
Cmax
10
ﬁ Cmax
Vcont
M,
Cmin
-
VDD Vcont

0

» The principal drawback of the above circuit stems from the parasitics of the
coupling capacitors.

1 1 ng(cvaﬂ - Ovarl)

Aw,s ~ ' '
~ '\/LICI 201 (CS + C'ua'rZ)(GS + Gvarl)
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> The choice of Cg = 10C,,,, reduces the capacitance range by 10% but
| introduces substantial parasitic capacitances at X and Y or at P and Q because
integrated capacitors suffer from parasitic capacitances to the substrate. |

A B
o (o]
C
Metal 9 ? S 4
Cog Cag
Metal 8 —#
Cgr
Metal 7 |_-IF-—
Cre
Metal 6 —#
Cp .
: o+ 1+ 12 1 e Numberof
Substrate 23456789 MetalLayers

> C,/C,g typically exceeds 5%.
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» Alarger C, further limits the tuning range.

! 1

X . - .

\/LI(CI T 05Cfmai) 2(01 + 0'5(’7}20,:1?)
C*% ( C’*m ar 0 5 C‘rm a .r)

(locma.ar + Cmal‘-)( 1007??0@7 + 056"’”“@)
1 0.430??10,.1‘

>< .
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X

%

The VCO above is designed for a tuning range of 10% without the series effect of
Cs and parallel effect of C,,. If C5 = 10C,, .., Crriax = 2C1in» @and C,, = 0.05Cg, determine
the actual tuning range.

. 1 0.5C 0z
Without the effects of Csand C, Aw,,.. ~ i’”‘“l
e L0y 20 )
For this range to reach 10% of the center frequency, we have Clrar = ECI
_ Ao N 1 y 0.43
With the effects of Cg and C, osc .20 5
1.2%

%
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> The noise of the oscillator devices randomly perturbs the zero crossings. To
| model this perturbation, we write x(t) = Acos[w_t + @(t)], The term @ (t) is
called the “phase noise.”

> From another perspective, the

~ frequency experiences random
variations, i.e., it departs from w,
occasionally.

sout A




Explain why the broadened impulse cannot assume the shape shown below.

S out

- o
M- A® Wc O+ AW® )

This spectrum occurs if the oscillator frequency has equal probability of appearing
anywhere between w, - Aw and w, + Aw. However, we intuitively expect that the oscillator
prefers w, to other frequencies, thus spending lesser time at frequencies that are farther
from w.. This explains the declining phase noise “skirts”.

The spectrum can be related to the time-domain expression.

x(t) = Acos|w.t + ¢,(1)]
~ Acosw.t — Asinw.lsin[o,(1)]

~ Acosw.t — Ao, (t)sinw,.t.
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> (1) since @,(t) in equation above is multiplied by sin w_t, its power spectral

density, Sg,, is multiplied by 1/4 as it is translated to X w,;

> (2) A spectrum analyzer measuring the resulting spectrum folds the negative
| frequency spectrum atop the positive-frequency spectrum, raising the spectral

density by a factor of 2.
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> Since the phase noise falls at frequencies farther from w,, it must be specified
at a certain “frequency offset,” i.e., a certain difference Wlth respect to w..

> We consider a 1-Hz bandwidth of the spectrum at an offset of Af, measure the
power in this bandwidth, and normalize the result to the “carrier power”, called

“dB with respect to the carrier”.

Sout

Close-In
Phase Noise

Far-Out
Phase Noise

. .
fe f

» |In practice, the phase noise reaches a constant floor at large frequency offsets
: (beyond a few megahertz).

> We call the regions near and far from the carrier the “close-in” and the “far-out” i
phase noise, respectively. |
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At high carrier frequencies, it is difficult to measure the noise power in a 1-Hz
bandwidth. Suppose a spectrum analyzer measures a noise power of -70dBm in a
1-kHz bandwidth at 1-MHz offset. How much is the phase noise at this offset if the

average oscillator output poweris -2dBm?

s Carrier
out fi Power

Since a 1-kHz bandwidth carries 10 log(1000 Hz) = 30 dB
higher noise than a 1-Hz bandwidth, we conclude that the
noise power in 1 Hz is equal to -100 dBm. Normalized to the
carrier power, this value translates to a phase noise of -98
dBc/Hz.

~Y
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Interferer
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LNA ;-""""-II,
f"' ------ ’
SO O o
4
LO l
] I
-
0 O > 0

> Referring to the ideal case depicted above (middle), we observe that the
desired channel is convolved with the impulse at w, g, yielding an IF signal at

- W= W, - W

» Now, suppose the LO suffers from phase noise and the desired signal is

| accompanied by a large interferer. The convolution of the desired signal and

the interferer with the noisy LO spectrum results in a broadened

downconverted interferer whose noise skirt corrupts the desired IF signal.

» This phenomenon is called “reciprocal mixing.”
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A GSM receiver must withstand an interferer located three channels away from the
desired channel and 45 dB higher. Estimate the maximum tolerable phase noise of
the LO if the corruption due to reciprocal mixing must remain 15 dB below the

desired signal.

The total noise power introduced by the interferer in the desired channel is equal to

fo
Pn,tot — / ’STL(f)df S (f) Pint
JL
For simplicity, we assume S (f) is relatively flat in this 45 dB
bandwidth and equal to S,
P .
SNR — g Psig
So(fr — fr)
which must be at least 15 dB. S,
S |
10log —> = —15dB — 101log( fi; — f1.) .
Ps‘i""” fe  fLify f
10log —~ = —15dB — 101log( fir — f1,) — 45 dB ™ 600 kHz

vt

1510

If f,, - f_ = 200 kHz, then 10 log 5 = —113 dBc/Hz at 600—kHz offset

int
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» In figure below, two users are located in close proximity, with user #1
~transmitting a high-power signal at f; and user #2 receiving this signalanda
weak signal at f,. If f, and f, are only a few channels apart, the phase noise sklrt
masking the signal recelved by user #2 greatly corrupts it even before |
downconversion.

-
f

A student reasons that, if the interferer at f; above is so large that its phase noise
corrupts the reception by user #2, then it also heavily compresses the receiver of
user #2. Is this true?

Not necessarily. An interferer, say, 50 dB above the desired signal produces phase noise
skirts that are not negligible. For example, the desired signal may have a level of -90 dBm
and the interferer, -40 dBm. Since most receivers’ 1-dB compression point is well above -40
dBm, user #2's receiver experiences no desensitization, but the phenomenon above is still

critical.
29



» Since the phase noise is indistinguishable from phase (or frequency)
| modulation, the mixing of the signal with a noisy LO in the TX or RX path
corrupts the information carried by the signal.

-----------
- Y
- -~

1

prAg;\-’(t) = Acos wct+(2k+ 1)Z+¢n(t) ]C:O,,?)

- -
----------

I.'.""

» The constellation points experience only random rotation around the origin. If
| large enough, phase noise and other nonidealities move a constellation point
to another quadrant, creating an error.
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Which points in a 16-QAM constellation are most sensitive to phase noise?

Consider the four points in the top right quadrant. Points B and C can tolerate a rotation of
45° before they move to adjacent quadrants. Points A and D, on the other hand, can rotate
by only @ =tan-1(1/3) = 18.4° . Thus, the eight outer points near the | and Q axes are most

sensitive to phase noise.

al

A B
[ ] [ ] - [ ] [ ]

(04 D
° ° + ° ...
1 1 1 "'--—.I‘.‘j-—el 1
T T T - T T T o

/

[ ] [ ] - [ ] [ ]
[ ] [ ] -4 [ ] [ ]
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» Another definition of the Q that is especially well-suited to oscillators is shown
~ above, where the circuit is viewed as a feedback system and the phase of the
open-loop transfer function, is examined at the resonance frequency.

_ﬂ|ﬁ
2

» Oscillators with a high open-loop Q tend to spend less time at frequencies
~other than w,,.
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Compute the open-loop Q of a cross-coupled LC oscillator.

Sinceat s = jw,

Vx . _jnglew
W)= :
V;n(‘? ) RP(I—L1C-'1w2)+jL1w C1+Rp L
We have
o T Liw Vino—[, M,
LH =2 |-= —tan~! —
) l 2 " R LiCw?) -
wodLH(jw)
= 2R, C
2 do |, P10
— thankv

This result is to be expected: the cascade of frequency-selective stages makes the phase
transition sharper than that of one stage.
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Y(s) H{s)

X(s) 1+ H(s)

In the vicinity of the oscillation frequency, we can approximate H(jw) with the first two terms

in its Taylor series: ‘ . dH
H(jw) ~ H(jwg) + Aw—-
dw
If Hjw,) = -1 and AwdH/dw << 1,
Y | Aw) A —1
Y(on + jAw) ~ 77
Aw—
dw

The noise spectrum is “shaped” by

1
Aw2|ﬁ|2 34

dw

Y .
?(on + jAW)|* =



To determine the shape of |[dH/dw|?, we write H(jw) in polar form, and differentiate with
respect to w,

i (dH| . de\
o (w +J|H|@) exp(j o)
dH d|H|
|—|° = © + | | “|H |

Note that (a) in an LC oscillator, the term |d|H|/dw|? is much less than |d®/dw|? in the vicinity
of the resonance frequency, and (b) |H| is close to unity for steady oscillations.

Y l W2
s . .A 2 0
2w + ) = 7o

2o+ A0 = 4;?2 (s

Known as “Leeson’s Equation”, this result reaffirms our intuition that the open-loop Q
signifies how much the oscillator rejects the noise.
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A student designs the cross-coupled oscillator below with 2/g,, = 2Rp, reasoning
that the tank now has infinite Q and hence the oscillator produces no phase noise!
Explain the flaw in this argument.

The Q in equation above is the open-loop Q, i.e., wy/2 times
the slope of the phase of the open-loop transfer function,
which was calculated in previous example. The “closed-loop”
Q does not carry much meaning.

+ If the feedback path has a transfer function G(s), then
x| Heo j’” Y 1 (wp\2, 1
- Ll + o) = = (L) | ——
f_ G(s) A( ) 402 \Aw/ "G(jwy)
wo d(GH)

| 36
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» The small-signal (linear) model may ignore some important effects, e.g., the
| noise of the tail current source, or face other difficulties.

Compute the total noise injected to the differential output of the cross-coupled
oscillator when the transistors are in equilibrium. Note that the two-sided spectral

density of the drain current noise is equal to |,> = 2kTyg,,.

The output noise is obtained as

= —  2kT RAL{w* ¢y
Viout = [ Ix + 2 22 2 .2 i
’ Rp R (l—Llclw ) -I—Llw | w |
RP
® rﬁm L 4

i— 2
E "r? 1 > 1 : Norton
i I'x i Equivalent
AA :
Yyy
_2
9m



Sincel,; and |, are uncorrelated

2T R?L3W?
RP

V2 = kT,
mout ( V9m R(1 — L1C1w?)? + [2?

. 2\ 2
i kT(ygm+Rp)R

o or +(g )

Unfortunately, this result contradicts Leeson’s equation. g,, is typically quite higher than
2/IR, and hence R # .
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Plot the waveforms for V,(t) = V, sinw,t and V,(t) =V, sin(at?).

To plot these waveforms carefully, we must determine the time instants at which the
argument of the sine reaches integer multiples of m. For V,(t), the argument, w;t, rises
linearly with time, crossing kmr at t = mk/w,. For V,(t), on the other hand, the argument rises
increasingly faster with time, crossing kmr more frequently.

V,(t) V,(t)
A NN
: : i -; | : A t

(011"
471 |- A S
31 PSS S S ;
27T pmmmmmmmn-- A b OF
TC |-emmmm--s
e
t
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Since a sinusoid of constant frequency !'1 can be expressed as VO cos !1t, a
student surmises that the output waveform of a VCO can be written as
Vour(t) = Vpcoswyyt

Explain why this is incorrect. = Vocos(wo + Kveo Ve )

Mo~ KycoVm

“NAMANN
VAVALLLAVAVE

Wo* KycoVm

As an example, suppose V. = V,, Sin w,t, i.e., the frequency of the oscillator is modulated
periodically. Intuitively, we expect the output waveform frequency periodically swings

between w, + KoV, and wy, - KoV, i.€., has a “peak deviation” of = K,,V,,- However,
the student’s expression yields

Vout(t) = Vo cos|wot + Kyvco Vi (sinw,,t)t]
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We plot the overall argument and draw horizontal lines corresponding to krr.

(l)ot'l'chovmtSin (J)mt ‘

-
-
-
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T .
O’ H
’ n
L4 1

~Y

Vout( t)

The intersection of each horizontal line with the phase plot signifies the zero crossings of
Voui(t). Thus, V,,(t) appears as shown above. The key point here is that the VCO frequency is
not modulated periodically.
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Let us now consider an unmodulated sinusoid, V,(t) = V, sin w;,t. Called the “total phase,”
the argument of the sine, wyt, varies linearly with time in this case, exhibiting a slope of w,

Define the instantaneous frequency as the time derivative of the phase:
do Vy(t)
- dt

) <z5=/wdt—|-fﬁ50 |

Since a VCO exhibits an output frequency given by

Wy + KycoVeont: WE Can express its output waveform (1)11“
as . ; :
il oo e
— <3 ff AN SR U i
‘/out(t) - % COS(/ Woutdt) DY .. ________ PP cCEEEEL 04
o o ;

— %COS(w0t+ [{VCO/‘/contdt)

~Y

» AVCO is simply a frequency modulator. For example, the narrow-band FM
~approximation holds here as well.
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A VCO experiences a small square-wave disturbance on its control voltage.
Determine the output spectrum.

We expand the square wave in its Fourier series,

' 4 14
‘/Tcont(t) = a (_ coSw,t — =—cos 3wmz‘ + .- )

T 37

| 1 4 1 4
[>Vo,u,f(\t) = Vpcos [wot — Kyvcoa (—— sinw,,t — ———sin3w,,,t + - - )]

Wm T Qo T
If 4K cod/(Tw,,) << 1rad, then the narrow-band FM approximation applies:
| , 1 4 1 4 _
Vout (1) & Vycoswot + | Kycoa | — —sinw,,,t — ———sin3w,,,t + --- || Vp sinwyt
| Wy, T Wy T
Veont (1) +a —-» 30m 1-1-
E - :
0 t :
—a [r Zi‘ :
Vout(t) 4 1} o
Mo Q)

> (D -
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