Radio-Frequency IC Design

Lecture 10:
Voltage Controlled Oscillators . ).
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VCO: Tuning Curve
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« Center Frequency: (w, to w,)/2
« VCO Gain/Sensitivity: Ky o= Slope expressed in rad/s/V.
* Tuning Range: w,—- w;
 Tuning Range Includes:
(1) the system specification;

(2) additional margin to cover process & temperature variations and errors

due to modeling inaccuracies.
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Tuning Range Example

A direct-conversion transceiver must cover both the 2.4-GHz and 5-GHz wireless
bands with a single LO. What is the minimum acceptable tuning range?

11a TRX
! 11b/g TRX
5.2-5.8 GHz ;

fLo P f

-2
2.40-2.48 GHz

For the lower band, 4.8 GHz =< f,, < 4.96 GHz.
Thus, total tuning range of 4.8 GHz to 5.8 GHz ~ 20% -> difficult in LC oscillators.
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Drive Capability

« LO has output swing and drive capability tradeoff, for mixers and dividers as
load.

>

ESynthesizer i ‘>®_>
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Drive Capability

« LO has output swing and drive capability tradeoff, for mixers and dividers as
load.
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- Select large LO swings so that V;5,-Vs, rapidly reaches a large value, turning
off one transistor.

* Or, employ smaller LO swings but wider transistors so that they steer their
current with a smaller differential input.

« To alleviate the loading presented by mixers and dividers and perhaps amplify
the swings, follow the LO with a buffer.
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Ideal Output Waveform
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- Sharp, abrupt LO transitions reduce the noise and increase the conversion gain
of Mixers.

- Sharp transitions also improve the performance of frequency dividers.
* 50% duty cycle LO to suppress direct feedthrough.
- ldeal LO waveform in most cases is a square wave.
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Output Waveform in Practice

- Difficult to generate square LO waveforms in practice.
» Differential LO waveforms for a number of considerations.

Sout

« LO spectrum in practice deviates from an impulse and is
“broadened” by the noise of its constituent devices, called
“phase noise”.

* Phase noise trade-offs with the tuning range and power
dissipation

* Very low output swings exacerbate the effect of the internal
noise of the oscillator.

UBC
THE UNIVERSITY OF BRITISH COLUMBIA © SUDIP SHEKHAR

b))
€
\'



UBC

€

Supply Sensitivity

If LO frequency varies with the supply voltage, it can translate supply noise to
frequency (and phase) noise.

Voltage
Regulator

Flicker Noise
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Feedback Model of Oscillators

« An oscillator may be viewed as a “badly-designed” negative-feedback
amplifier—so badly designed that it has a zero or negative phase margin.

Yoo ) XO_i_G?.)# .Y

=T i)

 When will this system oscillate?
« Barkhausen Criteria

(s = jon)| = 1
LH(s = jw;) = 180°

- Total phase shift experienced by signal at @, = 360°.
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Barkhausen’s Criteria

(s = jon)| = 1
LH(s = jw;) = 180°

/\] 180° \/\ [\/
-
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360

* For the circuit to reach steady state, the signal returning to A must exactly
coincide with the signal that started at A.

 180° phase due to negative feedback
- 180° “frequency-dependent” phase shift due to 2 H(jw,),
-> Changes original negative feedback system to positive feedback at w, !
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Significance of |H(jw,)| = 1

For a noise component at w, to “build up” as it circulates around the loop with
positive feedback, the loop gain must be at least unity.

|[H(jw,)| = 1 is called the “startup” condition.

o_i@_. H(s) TY > f(};/o—:g?»

\

H(s)

-

vA

|

T

H(s) TY

J

If |H(jw,)| > 1 and £H(jw,) = 180° , growth occurs at a faster rate because the
returning waveform is amplified by the loop.

Note that the closed-loop poles now lie in the right half plane.
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One-Port Model of Oscillators
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- If an active circuit replenishes the energy lost in each period, then the
oscillation can be sustained.
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One-Port Model of Oscillators

) 7 sL
— REC 1+S2LC+SGL
L R C
b ~GL++(GL) —4LC
o 1,2 =
g 2LC
1
PG =T] 77—
x ':D NLC
x >

UBC
Tiw‘:' THE UNIVERSITY OF BRITISH COLUMBIA

13

© SUDIP SHEKHAR



Generating -ve Resistance
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E(J w) = jCw | jCw  C1Cw?

 The negative resistance varies with frequency.
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Connecting Inductor to —ve Res. Ckt

Y
Re = ——
7T Cw?
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The startup condition:

9m R‘p
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Three-Point Oscillators

AC ground each terminal - 3 different oscillator topologies.

01; = = IC1

If C, = C,, startup condition dictates Gm Rp >4

« Higher power consumption compared to cross-coupled LC VCOs.
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Tuned Amplifier

At very low frequencies

-

Io ut
|Vou'Vinl > 0
£(Vout'Vin) > -90°
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£(Vou/Vin) = 180°
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At very high frequencies
Lﬁo-u.lf 1

- ~ —Ym
V (/13

“in

|Vour/'Vinl 20
£(Vou/Vin) > +90°
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Cascaded Tuned Amp with Feedback

Cascade two phase shifts of 180 ° to get 360 ° around the loop.

IR

L
C, 0 T ¢,
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* Inductive loads = peak voltages above the supply.
* The growth of V, and Vy ceases when M, and M, enter the triode region for part

of the period, reducing the loop gain.
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Cross-Coupled Oscillator

— Ly L % —
C,>= Rp §L1 L1§ R, =c, C1T Re % L Rp T Cq
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X
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\/L1 (Cos2 + Cpp1+4Cap + Ch)

S

Tail current source defines a bias current > more robust and can be viewed as an
inductively-loaded differential pair with positive feedback. If M, and M, experience
complete current switching with abrupt edges, peak differential o/p swing

4
Vxy = —Issk,
T
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CC Oscillator: One-Port View

- C
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Vx 2
Forgm1=gm2=gm X = —_——
IX Ym
z Ry > 1
Startup condition: — < 2R, Gm tr, =
9m
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CC-VCO Using MOS Varactors

- Changing cap easier than inductor for VCO

« MOS varactors are more commonly used than pn junctions, especially in low-
voltage design.

Voo
l l Cvar ‘
C .|. Rp Ly L R, .|.C1 c
max
% v2 i ..
Cmin .......................... :.............:....-..-..'Hﬁ—

1
W() sC T

G

« Varactors are stressed for part of the period if V,,,;is near ground and Vy (or
Vy ) rises significantly above V.

* Only about half of C,,,,, - C,,i, is utilized in the tuning.
UBC
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Tuning Range Limitations

 The tuning range trades with the overall tank Q.

* Another limitationon C,,, - C,,,; arises from the available range for the control
voltage of the oscillator, V.
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Effect of Varactor’s Finite Q:

. Rpl
Qr = T
Qo = RpChw

Merging R,; and R,,; yields the overall Q:
R-lepZ . 1

o

o
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p1 TC1 }:sz

Qtot —

Rpl + sz

1

Llw
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LC VCOs with Wide Tuning Range

- Allowing both positive and negative (average) voltages across the varactors >
utilizing almost the entire range from C,;, to C,,,.,-

M., 'L M, M, J'Mvz : = : t
|£r_{__| = = &l LM; M, L 0 Vi @ V2 Voo Veont

- 2

V,

cont®

CM = Vs of a diode-connected transistor carrying a current of /,p/2.

i Ipp i
GS1,2 \/ 0 Co (WL + VrH

Select W/L for CM = Vp/2.
> As V¢ varies from 0 to Vpp, Vs vor goes from +Vpp/2 to —Vpp/2
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Complimentary Cross-Coupled VCO

A cross-coupled NMOS pair and a cross-coupled PMOS pair sharing the same
bias current.

« Choose W/L and Iss for CM = Vp/2 at X and Y - maximizing the tuning range.
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CCC-VCO: Voltage Swing

4
—|E- ", I_DD
"ss Iss* Cx Cy
X | | Y X Rp| | Ry |Y
’ss* Ly = = Ly *Iss
M1FI|‘ L v,

élss I'ss

 The current in each tank swings between +/55 and -Isg whereas in previous
topologies it swings between /55 and zero.

* The output voltage swing is therefore doubled.
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CCC-VCO: Headroom, Tuning Range

Voo Voo
" " Ms A Ab M,
Lxy
X Y Lxy
X +—T5B: Y

|_><‘| Mzi‘”vz
M= M, M, =M,
e
? Veont© - -

1% 1
Veont©

*  |Vgss3|*Ves1tViss = Vpp 2 Wide PMOS, degrading the tuning range.

* Noise of the bias current source modulates the output CM level and hence the
capacitance of the varactors, producing frequency and phase noise.

«  Remove the tail current source?
— Supply noise sensitivity increases
— Bias current varies with PT.

Eg.: A volt. regulator providing Vpp may exhibit significant flicker noise, thus
modulating the frequency (by modulating the CM level).
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Discrete Tuning

- Add “discrete tuning” to achieve a capacitance range well beyond C,,.../C,,i, of
varactors.

wout‘

O‘)ITIEIX

Lowest frequency : all unit capacitors switched in and max varactor value,

1
\/Ll ( C"l —|_ (:“rn ax —|_ n C‘lil )

Sy —
Wimain —

Highest frequency : all unit capacitors switched out and min varactor value,

Winax \/ L(Cy+ Coin)
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Discrete Tuning: R,, degrades Q

R,, of the switches that control the unit caps degrades the tank-Q.

: : ’
Capacitori nCUJ' %Rs - _ Cvar
Bank &1 , - 1
n g 1 Ryar
: : S L

* Increase the width of the switch transistors to minimize R,,?
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Discrete Tuning: Switch Parasitic Cap

Vop

Discrete L1
Tuning Circuit

IR 1
J 5.

p* CDB

- Wider switches - larger bottom plate cap for the unit capacitors to ground
- substantial cap to the tank when the switches are off.

« R, XC4 is usually constant for a given technology.
« Trade-off between the Q and FTR

F. Cararra et al., “A 2.4-GHz 24-dBm SOl CMOS Power Amplifier With Fully Integrated Reconfigurable Output Matching Network,” Tran. MTT, Sep. 2009.
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Discrete Tuning: Blind Zone

mout‘ mout‘
(.I -1 )Cu
ncC,
o
0 Veont

The oscillator fails to cover the range between w, and w; for any combination of
fine and coarse controls.

« To avoid blind zones, each two consecutive tuning characteristics must have
some overlap.

 -> Smaller C, and larger n - complex layout.
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VCO Design Procedure - 1

FIF R

M, X J.MZJ-M

il
Veonte Vl%l T I% -
@ I'ss

M

What are the given constraints? What is desired? Which topology to choose?
For a given center frequency w,, load capacitance C,, and

 FTR, phase noise, minimize power consumption
 FTR, power budget, minimize phase noise
 power budget, phase noise, maximize FTR
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VCO Design Procedure — 11

* Find the inductor with max Q at w,. [Select the smallest L that yields a parallel
resistance of R, at w; ]

- With Q and R, known, find /ss from the phase noise specification. Or, based on
the power budget and hence the maximum allowable /s, select the R, so as to
obtain the required differential voltage2 peak swing, (4/m)lssR,.

kT /3 W
S(Aw) = B (2, 1) 0
(Ao = 772 (8‘+ )4@2&&2

- Assuming a startup factor of 2, calculate the g,, of the cc-transistors.

*  From g,, and Igg, determine the dimensions of cc-transistors. Ensure that they
experience nearly complete switching with the given voltage swings.

* Calculate C,,,max that can be added to reach the lower end of the FTR, w,;,

\/I-U((—-'f,}'.‘i + 4(l(,r‘l.) + (-'L?B + (lp + (-'L + (—-‘mz num:u‘)

- Using proper varactor models, determine C,,, i, and compute the upper end
of the FTR, w,,,, 1

\/[‘0((--.(:',\' + 4(--’(.'.’) -l' (-'I)H + (--'1” + (--I.’, + (-'w.‘r.u;m )

*  If wnay is quite higher than necessary, increase C,,, ,..x to center the FTR
around w.
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