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Injection Locking

- Adler’s Equation (locking range)
- Extension to large signals
Examples:

- GSM CMOS PA

- Low Power Transmitter

- Dual Mode Oscillators

- Clock distribution

Quadrature Locked Oscillators
Injection locked dividers
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Injection Locking

http://www.youtube.com/watch?v=IBgqg-_ NJCIO

Injection locking is also known as frequency entrainment or
synchronization

Many natural examples including

- pendulum clocks on the same wall observed to synchronize
over time

- fireflies put on a good light show
Injection locking can be deliberate or unwanted

Ali M. Niknejad University of California, Berkeley Slide: 3


http://www.youtube.com/watch?v=IBgq-_NJCl0
http://www.youtube.com/watch?v=IBgq-_NJCl0

Injection Locking Video Demonstration

http://www.youtu be.co;n/watch?v=W | TMZASCR-I

® Several metronomes (similar to pendulums) are initially excited
in random phases. The oscillation frequencies are presumably
very close but vary slightly due to manufacturing imperfections

® When placed on a rigid surface, the metronomes oscillate
independently.

® When placed on flexible table with “springs” (coke cans), they
couple to one another and injection lock.
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Unwanted Injection Pulling/Locking

One of the difficulties in designing a
fully integrated transceiver is
exactly due to pulling / pushing

If the injection signal is strong
enough, it will lock the source.
Otherwise it will “pull” the source
and produce unwanted modulation

In the first example, the transmitter
is locked to a XTAL whereas the
receiver is locked to the data clock.
Unwanted coupling (package,
substrate,Vdd/Gnd) can cause

pulling.
A PA is a classic source of trouble
in a direct-conversion transmitter

University of California, Berkeley
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Injection Locking is Non-Linear
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For weak injection, you get a response at both side-bands
As the injection is increased, it begins to “pull” the oscillator

Eventually, for large enough injection, the oscillation locks to the
injection signal
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Injection Locking in LC Tanks

Consider (a) a free-running
oscillator consisting of an ideal J=C1

Voo
Lq Rp L1 J'01 Rp
positive feedback amplifier and |_<} | t |_<} 1-

an LC tank.

Now suppose (b) we insert a "
phase shift in the loop. We 'I:_I__ 1
know this will cause the i
oscillation frequency to (c)
shift since the loop gain has to
have exactly 27T phase shift
(or multiples)

GmZr(wy) = gmR =1

Grn€?? Zp(wy) =1 T T Oin

(d)

Source: [Razavi]
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Injection Locking in LC Tanks [cont]

A phase shift in the tank will cause the oscillation frequency to

change in order to compensate for the phase shift through the
tank impedance.

The oscillation frequency is no longer at the resonant
frequency of the tank. Note that the oscillation amplitude

must also change since the loop gain is now different (tank
impedance is lower)

Maximum phase shift that the tank can provide is = 90°
In a high Q tank, the frequency shift is relatively small since
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Phase Shift for Injected Signal

V,
It’s interesting to observe that if a signal is ) J_C RD”
injected into the circuit, then the tank current is ‘ I

~1 vV
< I+
M, |

out

a sum of the injected and transistor current.

Assume the oscillator “locks™ onto the injected
current and oscillates at the same frequency. :

Since the locking signal is not in general at the
resonant center frequency, the tank introduces
a phase shift

In order for the oscillator loop gain to be equal
to unity with zero phase shift, the sum of the
current of the transistor and the injected
currents must have the proper phase shift to
compensate for the tank phase shift.

We see that the oscillator current, tank
current, and injected current all have different
phases

0sC

Linj
= = Winj

Source: [Razavi]
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Injection Locked Oscillator Phasors

ZIosc — Z‘/;ﬁank — ZItank + ¢O [inj

Note that the frequency of the injection signal determines the
extra phase shift @g of the tank.This is fixed by the frequency
offset.

The current from the transistor is fed by the tank voltage, which by
definition the tank current times the tank impedance, which
introduces Po between the tank current/voltage.

The angle between the injected current and the oscillator current
O must be such that their sum aligns with the tank current.
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Injection Geometry

. B A//O\\\ B
sin ¢g = .
bo Liank VAL, 3
B
cos(m/2 — 0) = sin(f) =
iy
]%n' .
sin ¢g = —2 sin(h)
tank
S ¢ Iz’nj sm(@) Iz’nj Sm(é’)
111 0 — - —
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0
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\

Lin;

The geometry of the problem implies the following constraints
on the injected current amplitude relative to the oscillation
amplitude.

The maximum value of the rhs occurs at:

2 72
_Iinj . \/[osc Iinj . . Iinj
cos f = sin f = SIN Q0 maz = 7
Lose Iosc osc
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Locking Range

At the edge of the lock range, the injected
current is orthogonal to the tank current.

The phase angle between the injected current
and the oscillator is 90° + ®g max

The lock range can be computed by noting that
the tank phase shift is given by

2Q)
tan ¢0 = —(wo — wmj)
Wo
taﬂQbo:w—O(wo—wmj):It Jk == 2 -
an \/Iosc o Izng
wWo Iinj 1

(Wo — wing) =

2 Iosc 2
Q \/1 .

Maximum Locking Range
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Weak Injection Locking Range

Adler first derived these results in a celebrate paper [Adler]
under the conditions of a weak injection signal.

The results for a large injection signal were first derived by
[Paciorek] and then re-derived (as shown here) by [Razavi]

Under weak injection:
Iinj < Iosc

sin ¢g ~ — sin(0)
Lin 2
sin ¢g = —2 sin(f) ~ tan ¢y = —Q(wo — Wing)
tank Wo

2Q Lian
sin(0) = @ Ltank

wo Linj

At the edge of the locking range, the angle reaches 90°, and the
injected signal is occurring at the peaks of the output, which

cannot produce locking (think back to the Hajimiri phase noise
model)

(wo — Winj)

wo Linj
2Q Itank
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Injection Pulling Dynamics

+ Vx
Vin H@—» —e— Vout

COS [ jj ¢t A =Vc,sc,p coSs (C‘)inj t+0)

= Vini,p

Source: [Razavi]

Suppose now that the oscillator is under injection so that
oscillator signal feeding the tank can be written as

Vx = VinjpcoSwin;t + Vose p cos(wint + 0)
Vx = (Vinj.p + Vose,p cos0) coswinit — Voge psinfsinw;y, it
This can be written as a cosine with a phase shift

VLnJ,p —|_ VOSC,p COS 9 VOSC,p Sin 9

Ve =
X Ving.p + Vose,p cost

cos(Win;t + V) tan ) =
Which allows us to write the output as

Ving.p + Vose,p cost 4120 di)
Al p— L COS (wmjt—l—w—l—tan L [w_o (wo—wmj — E)])
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Injection Pulling Dynamics [cont]

We have assumed that the phase shift through the tank is given
by the simple expression derived earlier where the

instantaneous frequency is )
W+ ——

/dt

2Q) ( dw)
tana~ — | wg —w — —
If the injection signal is weak, then the previous result simplifies

to:
2 d
Vout — Vosc p COS (winjt + w + tan_l [_Q (WO — Winj — ﬁ)])
’ Wy dt

Which must equal to the output voltage, or the phase shifts
must equal

Y+ tan~ ! [@ (wo — Winj — C;—i?)] =0

Wo

University of California, Berkeley
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Pulling [cont]

These equations can be manipulated into a form of Adler’s equation:

— =Wy — Wini — "~ sin 6

dt 0 "™ 2Q Vs,
do — Wy — Wini — wr, sin @ wr, = wo Vingp
dt - v L 2@ Vosc,p

This equation describes the dynamics of the phase change of the
oscillator under injecting pulling. If we set the derivative to zero,
we obtain the injection locking conditions (same as before).

Notice that maximum value of the rhs is quite small, which means
that the rate of change of phase is

This equation can be used to study the behavior of locking signals
outside the lock range. Note that this equation agrees with our
graphical analysis: iy
=0
dt
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Pull-In Process

0
O(t) = 2tan™* — cot fp tanh (wL C2OS L (t — t0)>]

sin (9()

Oo is the steady-state phase shift between the injected signal
and the active device signal and to is an integration constant that

depends on the initial phase shift.

From this equation the lock-in time can be computed (it’s
approximately an exponential process):

2
wr, cos B

1 — sin 6 tan (%L)

+ 1
cos O 0

t;, = tanh* {

University of California, Berkeley
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Phase Noise in Injection Locked Systems

ree—Running

. Injection-Locked

' ' ' -
Wg—-WL g W+ ®

Source: [Razavi]

Under a lock, the phase of the oscillator follows the phase of
the injection signal. If a “clean” signal is used to lock aVCO,
then the phase noise would improve up to the locking range.

At the edge of the lock, the injected signal cannot correct for
the phase noise since it injects energy at a 90° phase offset,
where the signal has a peak amplitude
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Example: GSM Class E PA

STAGE 1
VoD STAGE 2 S
2 o l f!w*m b
0.37nHE L1 L2§ VDD VAR
v EERY
q'-" J 213 145037 nH o 7 B~
Vin+ VN LSS L6 g i _- /ﬂ A \x\\
\{ o % ] %
s O O . —
L 5.1 pF il S R e
ON/OFF SWITCH V v
50 Q
Vsw output ports CENTEA 1. SRO00U0GHE SUPAN 1L 00OMHZ
Yg VDD o |
Source: [Tsai
TRANSISTOR SIZING [ ]
STAGE 1 STAGE 2 ON/OFF SWITCH

Input: 980/0.35  Input: 3600/0.35 NMOS: 31580/0.35
Assist: 980/0.35 Assist: 4800/0.35 PMOS: 500/0.35

Large output stage device is hard to drive (large capacitance).
Use the PA to drive itself! That'’s an oscillator, right! Yes.

Use injection locking to inject phase modulation. Need “off”
switch to turn off transmission.
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Example: Low Power Transmitter

Ref Osc Power Osc

Vad
+ Vo -
For this design, AN
n=1to4 RL
AF
Data / Power Control Ma Mg e @ M, C; MyeeeM,;, Mg

Mol 1.330 343 GHz . ) ) Mirl 1531 693 BHe I _| I | I_ I
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! _ @@9 dBm e

S ST e S s e SOU rce. [Chee]

Fig. 4.9: Output spectrum when power oscillator is (left) free running (right) locked.
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In a low-power radio, the overall transmitter efficiency is very
important. The PA output power is modest (~ImW), but since
the overall efficiency should be large, the entire transmitter
should not consume more than 2-3mW.

By using injection locking one can reduce the power
consumption of the driver stages and end up with a minimal
transmitter architecture.

University of California, Berkeley
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Port1

Example: Dual Mode VCO

i G

Tank 1 C Tank 2

_________ < S / /

| | | I K — A K + A
——e i H : +— Port2 w, = 2 Y= w, = 2

: L1: :LE‘ : 2K3 2K3
1l L _[Cai )

N | T~ 2

| i i i A= C3_C3_C1+C2 44 G

I I | ' L L L, L LL,
| | ' |

1 - |

B 8 Sy : RCTINCTR N

1 2 2 1

K,=C,C +C,C,+CC,

A coupled tank has two resonant modes.
From each port of the oscillator, one mode is
dominant.

In a fully differential version shown to the
right, the impedance variation with frequency
is shown.

Can we build an oscillator that sustains both
modes?

University of California, Berkeley
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Dual Mode VCO (cont)

———————————————————————————————————

Vdd
I
2 2 i
A i 115 4 : M2a M2b
el
| | . |
i | Buffer>—{ Vor
I I .
{
C3/23 ~C3/2 \\ o
\\ P217 P2n
| NN
| “Pix | |\ Differential Capacitive-
' ' Coupled LC Tank
I
" i Pip Pin
Ci Ci i M
/\/ \, wo/2
! M3a |

Source: [Deng]

® Two cross-coupled pairs are used to sustain each mode by
providing sufficient negative resistance. The PMOS side is
running at a lower frequency whereas the NMOS side runs at
the higher frequency.

® Transistors M3a/M3b are used for injection locking.
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Dual Mode VCO Spectrum

Von spectrum Vou spectrum

Mkr3 14.84 GHz Mkr3 14.84 GHz

Ref @ dBm Atten 10 dB Ext PG -8.67 dB -53.82 dBm Ref 8 dBm Atten 10 dB Ext PG -0.67 dB -51.57 dBm
Norm Norm :

Log Log o B -

19 2 10 | | | & -8.6dB<-6dB |

dB/ Y dB/

3
o

HH.W!HH!”'””“'”“ HHHIII|H||||||||l||||H||1||||||I||H|||||||||||||||||ll||'||“|| | Hj””””!l }I|IH||HHIHH!H| |||HIHHHHH\HIH H'HIHH |H|||||||H|\|||||!'||H\|IIIIH\IHIIHHHHIIU'HHHH

T
i \”””Hi””“HH””WI”“] i ||||||||||||W|H (11— 'l'm'lh.'.'.'.nnlm| e

! (At \
i (e
(LA l (LI ]L illllll LM

I|l | |u LI

l
I
il

Lafe (A hiean Hmn’ il e AR
WMMWMMme Il L L L
Center 13.26 GHz Span 26.49 GHz Center 13.26 GHz Span 26.49 GHz
Res BH 3 MHz VYBH 3 MHz Sweep 66.24 ms (601 pts) Res BH 3 MHz VBH 3 MHz Sweep 66.24 ms (601 pts)

Marker Trace Type X Axis fAmplitude Marker Trace Type X Axis Anplitude

1 (69 Freq 4.95 GHz -44.52 dBm 1 ¢ Freq 4.95 6Hz -13.24 dBm

2 a Freq 9.98 GHz -26.17 dBm 2 ¢} Freq 9.98 GHz -21.83 dBm

3 (65 Freq 14.84 GHz -53.82 dBm 3 ¢) Freq 14.84 GHz -51.57 dBm

(a)

n mode phase noise et Looaan 1, v Mode phase noise Mer 1 100.000 kHz

Ref ~40.00dBc/Hz -74.47 dBc/Hz  Ref -40,00dBc/Hz -81.11 dBe/Hz
10.00 | | 1T 10.08 | [ 1]

dB/ -103 dBc/Hz (@ IMHz dB/ \\409 dBc/Hz @ IMHz

ma.

10 kHz Frequency Offset 16 MHz 10 kHz Frequency Offset 10 MHz

Without injection locking, each made runs independently. The
frequencies are not integrally related, so the unlocked spectrum contains

not only the two modes and harmonics, but also every intermodulation
component.

When the modes are locked, the intermodulation components

disappear. The high frequency VCO is divided by two in this
configuration.

More on injection locking dividers to come...

University of California, Berkeley
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Clock Distribution

PLL

Delivering a clock in a large chip is a major challenge and a big
source of power consumption. Figures of merit include skew,

jitter; and power.

A buffered H-tree or a grid are common approaches. The grid

JAN

AVA

Source: [Mahony]

has skew and larger capacitance.
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Clock Distribution: Distributed

o O O O O 0 4
"1 << A\ B VCO and loop filter
? () Phase detector
oolo o o N s
e — " v L
o Ve
Clock load Systern Clk—p, PD, LPF & CP © VCOS); ,J, : O
Source: [Mahony] |
O Vvco
“uies” ——
Standing wave oscillators tune out the —r—0
capacitance of the line and form a resunian

network.

A distributed approach locks an array of
VCO’s to it’'s neighbors.

The neighbors can also be injection locked
to one another to eliminate the phase
detectors.
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Standing Wave Oscillators (SWO)

i 1 i
' == A
M ~ il e ) i \Single SWO (folded)
- - W=¢¢ o = il S
w [
63/Jm:0.18um|] 0 /!%’ H ' EC ' E '
== ; N\ Clkir ——
,/=/14 | M k| I Il _ | | = Differential interconnect
E/ 14 M : u : o Cross-coupled pair
Q p"‘ O % o = i . Injection-locked
= M M ® v ' - . =|>%H cross-coupled pair
\ e o =3 o > Clock buff
63pym:0.18 ym ® ? 14um 14um %m . %n i %m " o
3.5mA @ v / / 0 0 1
v 3.5um :/,Tr;
o [ [ ——T10O
Cccp Cccp ccp ccp ccp
The negative resistance to sustain ~ _
oscillation is distributed along the line. Y
. . . CcCcp cCcp cCcp cCcp cCcp
One disadvantage is that the amplitude of o F—F—F—Fg+Fn
the clock varies along the line.
SWO's can be injection locked together Source: [Mahony]
to form larger clock trees.
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Quadrature LockedVCOs (QVCO)

3V
[ 500pm

N

4 270°  0°€

¢ S 80°
00 *' *

I

3

Source: [Rofoug]

Two VCO’s are coupled together using extra transistors as
shown. If the oscillators are identical, we expect that the
amplitude and frequency of oscillation should be identical.

Because of the phase of the coupling, it can be shown that they
lock in quadrature...

University of California, Berkeley
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QVCO: Quadrature Lock

T

Note that the tank “A” is driven by the tank voltage VA plus

e

\ Source: [Rofoug

the tank voltage of “B”.

The right tank, though, is driven by voltage Vg but voltage -VAa.

Assuming that the LC tanks and FETs are identical, then the
phasor currents flowing into the tanks must have equal

magnitude:

Ali M. Niknejad

‘UA—F’UB’:‘—UA—FVB‘

1+ e =1 —¢

cosd =0 — 0 =490°

University of California, Berkeley
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900
800 |-
L 700 [
= 600
= 500
= 400 |
=300
= 200
100 [ =

0

QVCO: Lead/Lag Ambiguity

| 50nH

11500

1pF:

H‘

107

10°

1

Frequency, GHz |

M~ = O
= O O

]

Ph Impedance, deg

e T N
=

co
S

100 |-

o

]

-1

100

Frequency, GHz

University of California, Berkeley

Source: [Rofoug]

Note that the tank current/voltage has a 90° relation, or the
phase of the impedance is £45°. Three frequencies satlsfy this
constraint, but f3 has the hlghest loop gain.

It’s clear that there are two possible solutions: lead or lag in
phase between “A” and “B”.

In any real oscillator, the two oscillators are not perfectly
symmetric, and it can be shown that there is only one unique
solution (where the Ioop gain is highest and the net phase shift
around the loop is 0°)

Slide:
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QVCO Loop Gain

Linear model of QVCO is
shown. The loop gain is easily
computed and the frequency at
which the loop gain is zero is
the oscillation frequency.

Notice that the oscillation is off
resonance. [his results in lower

phase noise.
Source: [Andreani]
2
sl
Groos(s) = —G?
: p( ) MC(1+SL(1/RP—GM>—I-S2LC)
GM o 1 ~ Wy
C CRp Q
. :\/LG@C+2C+ JI?Gi T ALOGZ,. oo L1
! 2LC2 M= Rp B wo @
o \/LG§46+20—\/L2G§AC+4LCG§AC G O
2 2LC w1 = wo + 21\5,6, w2 = wy — 21\5
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QVCO in the Literature

I+ gw« I- Q+ e Q-
i i =)
Q I

Y

| V¥ |
bias I > | Source: [Andreani]

Several modifications to the QVCO have been proposed for
improved performance

In particular, it has been shown that if a weaker coupling is
introduced, the phase noise improves (the circuit locks closer
to the tank resonance), but at the cost of imperfect quadrature

generation

A series connected quadrature generation scheme proposed
by [Andreani] has better phase noise performance.
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Static Frequency Dividers

_________________ Register .
LATCH 1 LATCH 2 i
—| D QpF——|D Q= » OUT
— —_— i —_ TlN
ok @ ok Q[T OUT N S _
N ) T : - 3
N—F————— | ouT

This is a simple divider structure uses a
master/slave topology. ..|_||_I |_|.. Dout

Two latches are cascaded into a
negative feedback loop (the output will EI__I\:"_‘ !:"_><_| ",
Din M1

therefore toggle).
Since two clock cycles are required to

pass the data from one latch to the C"-n°—||1| Mg <|F—o CKiy
next, it naturally divides by 2. %
University of California, Berkeley Slide
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Miller Divider (Regenerative)

Min ] 3Win
2 2
x(t) +(>‘§ LPF |+ y(t)
Min
2

The output signal of the feedback loop is mixed with the input
signal. The output of the (ideal) mixer has the sum and
difference components.

Only the difference component is amplified (due to the LPF)
and gained up.

If the loop gain is greater than one and the loop phase is zero
degrees, the system regenerates the input.

The output frequency in steady state must therefore satisfy:

fout — fzn — fout
1
fout — §fzn

University of California, Berkeley
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Miller Divider Circuit Details

LO Port LO Port

Vino—» Filter T Vout —\>®7 Filter |—e—o Vout

RF Port RF Port

Vin

Use a double-balanced Gilbert cell mixer to realize divider
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Injection Locked Dividers [IL-Div]
s N

An injection locked divider is nothing but an injection locked

system where the input frequency is at a harmonic of the free-
running frequency of the oscillator.

Model the system as a non-linearity f(e) and a bandpass
transfer function H(W).

Assume that the free-running loop has a stable oscillation

frequency. The system is injection locked to a super-harmonic
of the free-running frequency.

The non-linearity in the loop must create intermodulation
products that fall in the passband of the loop.

University of California, Berkeley
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IL-Div Analysis

Suppose the injection signal is a sinusoidal signal which is
added to the oscillator’s signal (at a sub-harmonic of the

injection). The non-linearity acts on both signals and is filtered
by the RLC circuit:

v;(t) = V; cos(w;t + @) Vo(t) = V, cos(w,t)

w

~
VR
S
N—"
|
~
VR
D
/N
N
N—"
N—"
|

f(wo(t) +ui(t))  H(w)

It can be shown that if the output signal contains various
harmonics and intermodulation terms which can be written
as:

G OO

u(t) = >: >: K. cos(mw;t + me@) cos(nwot)

m=0 n=0

where Kn,n is the intermodulation component of f(vit+vo)
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IL-Div Fourier Analysis

To see this, write the signals in the following form:
= Vicos(0)
v, = V, cos(a)
f(e) = f(vi + o)

which means that f is periodic in & and B. For every P define a
periodic function g(X) as follows

g(a) = f(vo + Vicos(a))

Note that:
g(a +2m) = g(a)
g(—a) = g(a)
So that we can write:
1 /27r
o0 Lo(B) = f(Vycos(B) + V; cos(a) )da
9(@) = > Lm(B) cos(ma) o
m=0 == / f(V, cos(B) + V; cos(a)) cos(ma)da
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IL-Div [Fourier Analysis cont.]

But since L is a periodic and even function of B we can write:

o0 1 27
Lm(ﬁ) — Z Km,n COS(Nﬁ) K’m,o — % . Lm(ﬁ)dﬂ
n=0 1 27
Kmn = ;/0 L (B) cos(nB)dp
which results in:
fvi +v,) = >: >: K cos(ma) cos(nf)
m=0 n=0

Assume that the tank filters out all frequencies except the
ones around Wo,. That means that only intermodulation terms

that fall at W, are relevant:

Imw; — nwo| = wy
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IL-Div [Fourier cont]

If the injection signal is an N’th superharmonic, then only the

intermodulation terms

n=Nm -

possess a frequency equal to |/N

-1
the incident frequency. This

means that our summation can be written in terms of m as

1 @)
tu () = Ko,1 cos(wot) + 5 >

m=1

Ko, Nm+1 cos(wet + mo)

Using complex notation and applying the oscillation condition,
the output signal can be written as

HOejwot

W

Ve = V,elW0t =

AW 1 o
Vo (1 ‘|‘]2Q > — HO KO,l + 5 Z Km,Nm:I:lej ¢

Wy

Real Part: V, = Hj

Imag Part: 2.0

Wr

l — .
Ko+ ) Z K Nm+1€?™?

A(U_HO
2

m=1

m=1

1 @)
Ko1+ 5 Z Ky Nm+1 cos(mo)

m=1

Z Ko Nm+1 sin(mo)
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IL-Div Locking Range

The two equations can be solved for the unknown oscillation
amplitude and phase for any incident amplitude and incident
frequency, or any offset frequency:

Aw = (w;/N) — w,

The second equation can be re-written as:

Hy & | ]
0 Z Ko Nm+1 sin(mo)
—1

Aw = A
W WA QVzm

where Adler’s locking range has been identified:

W, Vo
A, = 2r i
“AT 50V,

Unlike static dividers, the locking range is limited.
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IL Divide by 2 Circuit

The equations can be solved analytically for a divide by 2 with
cubic non-linearity

(): 0—|—1—|—22—|- 33

. 200 Aw
sin(¢) = HoasV; ws
. Aw HpasV;
1 —
sin(g)| < 1| 22| < | Hoaz
4 1 3
oo \/5 oy 17 {01+ oV 4 nticon(s))

Locking range is improved by using a large HO/Q or a larger
injection amplitude. For an LC oscillator, this is equivalent to

using a larger inductor:
Hy

Q

A high impedance node is a convenient place to inject the signal
to limit the injection power.

— wl
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IL-Div Circuit Details

Vdd
1
L g =
1L
Cload I I Cload
(»‘D Ibias

——= o[ M
V;- C 1 bias 1

The injection signal is applied as a current to the tail of a cross-
coupled differential oscillator.

The transistor currents of M1/M2 are a non-linear function of
the output signal (feedback) and the injected current of M3.

Interestingly, even in the absence of an injection signal, node
M3 is moving at twice Wo
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IL-Div Intuitive Picture

VDD

S
-}
SHINS
~
E

linj —
. inj & 2000 L .
Intuitively we can see that the injection at the tail of the MOS

cross-coupled pair is mixed due to the switching action of M1/

M2.

For a strong mixing signal, 2/Tt component of this current will
flow into the tank at a frequency shift of harmonics of W.. In
particular, a signal at 2 W, will be down-converted into W,
where the tank has high impedance. This signal therefore
experiences a large loop gain and can lock the oscillator.
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Miller Divider / Injection Locked Divider

V,

VDD
L L %
T out

DD
y L L
] ; K
4
M3 My _“:‘[ My M3 l’:"J
M5 M6 M5 M6
B ~linj *linj

A
o— — —L My M; I

Vin M1= =M2 V.

In -_— -_—

o o

The same circuit topology can be seen to be an injection
locked divider or a Miller divider.

The devices M5/Mé6 are not needed in the normal injection
locked divider, but here they act to lower the Q of the tank,
increasing the lock range.

A Miller divider can be designed so that it does not oscillate in
the absence of an input signal.
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