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* Injection locking
> Frequency and phase are locked

e Engineering Applications
> variable phase shifts, frequency multiplication, low
power frequency dividers, precision quadrature
generation
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SPICE-level Simulation of Injection
Locking

e Inefficient and inaccurate
e Direct simulation of oscillators
> Extremely small time steps are required
> Accumulation of phase error
 Difficult to extract phase and frequency
information
e Locking process can take several cycles
> Simulation for hundreds of cycles to conclusively
declare oscillator locked or unlocked.
 Distinction between lock and quasi-lock, occurs
when injection frequency is just outside the
locking range
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SPICE-level Simulation of Injection
Locking (Cont'd)

Oscillator Waveform=— | |Injection Signal = = =

e Several number of simulations required to determine the
oscillator's locking range

Alternative to SPICE-level simulation required
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Original Adler's Equation
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| Adler's Equation |

"""" o v
A g | Adler's Equation
I C R fv)
T O 7
dqi( ) = Afy — ézf—gg sin(2rA¢(t))
v(t) = Acos(27 fot) Phase difference
b(t) = I; cos(2m f1t) Frequency difference

Quality Factor
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| Injection Locking Dynamics

dA li Jo
dﬁi(t) — Afy — EQf_g) sin(A¢(t))

e Adler's equation provides quick insight into locking dynamics

» Instantaneous phase difference, Ap(t)

 [Instantaneous frequency of oscillator, f;,.: = f1 + dAdgi(t)
* |In steady state, when oscillator is injection locked
A¢(t) = constant
A I, 1
- 1800 _ ) o 20 sin(Ado)

dt fo  Ir2Q

e Analytical equation relating locking range and injection
amplitude
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| Locking Range

A fo 1 I; _
— 2|——|,,az = — — Locking Range
Jr=2| Jo | QIR
A
Af
Jo

e Applicable only to LC oscillator (Q explicitly required)

with sinusoidal injection signal
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Review of Perturbation Projection
Vector (PPV)

= X  QOscillator state variables

—

dt +f (f) b(t) f Resistive components

g Perturbation to the oscillator
t Time

= Tss(t + a(t))

Injection

5PV — signal
equation  1(8) = 71 (t +a(t) - bH)]
¢(t) = fo(t + a(t)) = Oscillator phase
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| PPV Equation for LC Oscillator |

_____________________

L v : v(t) = Acos(27 fot)

QF:\ Rg #jv} ; C¢ b(t) Uf(t) — _\/g% Sln(27’(’f0t)

R b(t) = I; cos(2m f1t)

PPV equation dadgt) =7 (t+ a(t)) - b(t)

d(figgt) — _\/g% sin(2m fo(t + «(?)) - 1; cos(2m f1t)

¢1:f1t Oé(t):?;b | flf_bet
¢ = Jolt +a()) dat) _ 1A fi— f

A¢(t) — ¢(t) o ¢1 (t) dt fO dt f() Slide 12



PPV Equation and Phase

Difference
dAddg(t) = —(f1 — fo) — ;; 2]22 [sin(2wA@) + sin(2wA¢ + 27 f1t)]
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PPV Equation and Adler's Equation|

dAdqi(t) = —(f1 = fo) — [[R Qfgz [sin(2mAg)] “fe:bst” va}r);in?
_1 — J1
dA Z. | |
dgi(t) = —(f1— fo) — ]—.IR 2]2) [sin(2mrA¢) + sin(2wA¢ + 27 f1t)]

. |——PPV Macromodel , : . : :
i == Adlers Equation ] § :|——PPV Macromodel
; : : ' .| == Adlers Equation |
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| Adler's Equation from PPV Equation |

PPV equation
dAg(t) I; o
T —(f1 — fo) — Tr 20
dAg(t)

dt

variable ¢1 = fit

= —(f1 — fo) — fog(Ag, ¢1)

[sin(27A@) + sin(27 A + 27 f1t)]

l Average over “fast” varying

Adler's equation
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Gen-Adler: Generalized Adler's
Equation
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Generalized Adler's Equation
and PPV Equation

PPV equation d(’:igt) =7, (t+ a(t)) - E(t) (1)
Step 1:977 (¢) = ¥(fot)
do;it) = (ot + a(?))) - b(f1t) (2)

Step 2: Ag(t) = ¢(t) — ¢1(1); @(f) = folt + a(t)); 1(t) = fit

dAG(t)

o = —(fr— fo) + FoX(Ae(t) + 61(1)) - Bl (1))

Modified phase equation
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| Generalized Adler's Equation |

dA@(t)
dt

= —(fi = fo) + foX(AG(t) + 1(1)) - B¢ (1))

Step 3: Average over the “fast” varying variable

g(Ag(t)) =

dA¢(t)

Ty

dt

(dAd(ﬁt(t)

)m — —(f1— fo) + f1)2

S

lo

W

1 /0 (A + (1)) - by (1)) dy (£)

= —(f1 — fo) + fog(A¢(?))

<K

1

where, T} = ¢1(—)

fi

do (t)

o =/

=t
Q
7))
=
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|Generalized Adler's Equation Contd. ...|

dAP(t)
dt

e Same form as of original Adler's equation

dA¢(t) I, 1 |

— Afy— fo— — A
- Jo— Jfo T 20 sin(A¢(1))
e Applicable for analysis of any oscillator unlike original Adler's Equation
e Any type of periodic injection signal: exponential, sinusoidal, square ...
e Obtained by averaging accurate PPV equation, but has Adler like

simplicity

g(Ag(t))

= —(f1 — fo) + fog(A¢(?))

- 1 Tl
Tl 0

X(Ap(t) + ¢1(t)) - b(P1(t)) doa(¥)

Analytical formulation
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Analytical Formulation of Injection
Locking Dynamics In Ring
Oscillator
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Injection Locking in Ring Oscillator|

duy
dt

dvg

~ u(?)
- Ry
~ va(?)
R>C5
~ v3(?)
R3C3

tanh(Gmsws(t))

R.1Cy
tanh(Gmyv1(t))

R>C5
tanh(Gmova(t))
R3Cs

dt

dvy
dt

G, — o0
|deal switching characteristics

Three stage ring
oscillator DEs

i : | : ?

‘ = Switching Characteristics

0_5_ ............. .............. I (I .............

"5 OF e ........................................................ .............
=1 ; ;
- : :
S |

P | [— R S— — — e
-1 | ;

-3 -2 1 1) 1 2 3
Input (V)
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| Ring Oscillator's PPV |

2000 .
—PPVI(Y)
1500 -=-PPV2(t) ]
1000} |-~ PPV3(t){
) 500/ /!/ |
: .
o - -500 _ L
> -
-1000 | :
-1500
0.8 ' ' ' ' -2000 ' ' ' '
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
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Steady State Waveforms PPV Waveforms
1 R, Z 0 < r
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| Gen-Adler for Ring Oscillator |

e Exponential injection signal /\/\

e Square injection signal (with any duty cycle) H H
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Analytical Injection Locking Dynamic
Equations

dAP(1)
dt

— —(f1 — fo) + fog(A6(1))

g(Ao¢(l)) = \/47T21+ 2 R/fi sin(2rA¢(t) 4+ ) X [K1(6K0/2 +1) — Ky(effo + eKO/Z)]
0
where, sin(() = °T
V4r? + K2

2
Ko =2.887, K;=— Kzz(——l)
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| Injection Locking Range

¢ |n steady state, when oscillator is injection locked

A@(t) = Ago(constant) = dA¢(t) —0
dt

dAd(i(t) = —(f1 — fo) + fog(Ae(2))
A fo
0=—(f1— fo) + fog(Apg) w= f = g(Ad¢o)

A fomaz = fol9(AP0(1))],,0z

Jo RI;
Var2+ KZ A

RI;

|A folmaz = A

[Kl(eKo/2 1 1) — Ko(eKo + eK0/2)] — 0.6773 o

fL - QAmew Lock Range
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Graphical Injection Locking

a(AN(D)), Af /1,

Ao

fo

= g(Ago)

— g(0)

_Afoe"f

0.06
0.04

Analysis
NG
)~ —(h— o) + Fog(Bo()
= —(f1 — fo) + fog(A¢o)
A~ 5 |
o.li'\\ //— i_ﬂ uo:
002 g 0,02
R 05 \A(t) /15 2 R’

Steady state phase
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Graphical Injection Locking

Analysis
u:us- I A¢1(0) I I:E}Ej?:t))
<o ::: (dAgb(t)> iy
i . o Ag¢1(0)
E -0.02 1 _
-0.04 \A¢SS _ 1295
-0.06 | A¢2(O_)
: Y z (dAgb(t)> N
dAao(t A f dt 2
D — folg(as) - 2L Ap2(0
dt o

 Unstable and stable steady state phase
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Graphical Injection Locking
Analysis
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Square Wave Injection Signal |

f%% [eKoACb(t) (e’fiKo _ 1)}

if 0 < Ag(t) < 3 —1n

%% [eKoACb(t) (e"lKo _ 1)}

if 2 <A¢(t)<1l—n

%%@ [(K1 — Ky)efo/2 4 eKold(t) (F, — Kle(”_l)KO)}
if 1—n<Ag(t) <1

) 0 <n<0.5 n = dutycycleof square wave
T80

= —(f1 — fo) + fog(A¢(?))

dt Slide 29



| Square Wave Injection Signal |

T— gm0
—Af 0”0

dAo(t)/dt>0 \(Af )
0 0"max

\

dAo(t)dt<o
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o
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<]
—_
e
St
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1
Ag(t)

Ad = 1.3735
Lock Range
RI Kl K —
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| Exponential Injection Signal

—g(40(t)

m—— \

il

A(IJ(’I)

Lock Range 17

RI;
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Instantaneous Phase and

0.4

027

0

-0.2 -

-0.4
0

BN — (i~ fo) + Fog(26(0)
finst = 2220 g,

dt
finst = fo + fog(Ae(?))




| Comparison with Full Simulation |

16| | —#— Analytical Equation 1 *2[""| —%— Analytical Equation (1 = 0.5) |
—&— Full Sim ' '

Sinusoidal Injection Square Wave Injection

Excellent match with the full simulation
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Conclusion

e Simple analytical equations for injection

locking analysis in ring oscillators

> maintain Adler like simplicity

> quick insight into injection locking process via graphical
analysis

> hand analysis of injection locking range for variety of
Injection signals

> good match with the full simulation

e Gen-Adler is numerically applicable to any
oscillator for injection locking analysis
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End
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