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Freaquency Synthesis: Where -Why?
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Specifications (1)

Five principal specifications
1) Frequency range
2) Frequency Step
3) Accuracy
4) Settling time
5) Phase Noise — Spurious

Specifications are obtained from the standard
under consideration and the transceiver
architecture.
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Specifications (2)

B 1]

IR
Step

band

GSM example:

- RX band :935-960 MHz

- channel spacing : 200 kHz

- Settling time : 176us maximum
- accuracy : 0.1 ppm
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Phase Noise (1): Ideal Case IS72

il | Iy

Fre Fre- Fr Fr
Recelived -
Mixer LO :
Signal RF signal on FI

Ideal Case: The oscillator delivers a pure sinus
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Phase Noise (2): real case Lys

Real oscilator spectrum presents some lobs due to component
noise (1/f, thermal noise...)

- Vio () = A Cos(w,t+o(t))
= A Cos (o ,t) Cos(op (1)) - ASIn (o ;) Sin (¢ (1))
=ACos (o 1) -A e (t) SIn (o 1)

Oscillator Spectrum
Phase Noise
Spurious ——,

foL f
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Phase noise (3). measurement unit Lys

N

1:Io'fm 1:Io !

P(fo+f..)inlHz band)
P.

carrier

L(fn) =10 Eﬂﬂm(
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Phase Noise (4): consequences on mixing  Lyy

: R >< //‘\\ R - b_l_.
Fre Fre-Fr Fr
Signal on FI

Recelved Mixer LO
Signal

Signal to be received between strong interferers
In adjacent channel

LO phase noise down-converts interferers in Fl :
signal corruption
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RX specification translation Kys

P (dBm)
A
-10 _j ------------------------------------------- _|7
27 Arrarrennes b ffe— ":_':::::::;;;L—_Il—:::::::::T\(}\_z::::::
-30 : .
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GHz PREp PP PO soH
=== === = EE
TYT OFTEYR _T=%
AN SN \/ e

Offset from f,  Offset from Image

_ C C_
L(fm)—l(fm) I 10log(BW)

cC
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TX specification translation

P (dBm/Hz)
S o
70 dBc/Hz
_?0 ......................... e = = = |- - e — e = m e e mae e
B0 - p— e b .
86+ — At J ------------
90 +----- Lo | S R ___{ AEE CEF FEPRPRTRY
—97 4o SESRRRRREREEEEE EEREREEREEEEEE e
i : 1 g - f
N MNOMNOMN NN N NN N NN
TTITf, TTT
G 5006 =3=°S55 550
- Ry YT Y2 geg
\ , F w0
\/ Qi
Oﬁsatfromfﬂ

L(fm) = CP - AP(fm) -10log(BW) In dBc/Hz

CP : carrier power

AP : allowed transmitted ﬁower In channel considered
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Outline

Frequency Synthesizer Architectures
Direct Digital Synthesizer
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Pulse Output Direct Digital Synthesizer (1)

Key Component : phase accumulator

)i

D— deb
"ﬁ' AccC

clock

deb

1574
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Pulse Output DDS (2) Ly

Output is periodic. Period when output comes
back to O. It is equal to x. Tclock, where x Is the
smallest integer value as:

21‘1
X=y—
P

X IS the number of time p is added
y Is the number of time of overflow

Frequency synthesis possible using overflow bit
P
avw — 4 Jclk
forw =S 1.
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Pulse Output DDS (3) IS732

Frequency true on average only: lot of spurious
tones separated by 1/(x.Tck)

Ce a 1 [T11 R 2 kH= 5 d

R=f Lwl ~16.42 dB WE 2 kH=

zZ0 dJdEm 4. 00015802 MH= ST 2.8 = Jmit dBm
20

1 AP

—=20
—-30
. L] L] | | I | |
-50
—0
-7
-&0

Center 14 840420498 MH= 1 MH=.-~ Span 10 MeE=z

NDate FPR.Z0 =] 4
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Pulse Output DDS (4): Phase Interpolator Y/

N-phase Digitally Controlled Phase Shifter

deb
e = -
N y. - C :

P aln _
Fcloc* Acc _ P

Every overflow occurence, phase accumulator value is a digital
iInformation of the phase error between generated signal and

spuriousless ideal signal

Solution to decrease spurious tones:
Calculation C/P (not trivial as P could take any value between 1
and 27(n-1)
Ratio value is used to select the phase that interpolates the best
the ideal signal.

\'i NEIE it
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Pulse Output DDS (5). Advantages / Drawbacks [y[

Advantages Drawbacks
High resolution++ High level spurious
Good Phase noise+ tones
Switching time++

Easy phase and
frequency
modulation++

18
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ROM based DDS (1) Kys

CLK e I I

Phase ROMKased :
NP Accumulator g LUT % DAC > Fiter > OUT

Viour  four o  Affour
) A A A
fﬂ[[[{{.?T> n m > = IIW > n _/T_{\ / .
1ok 1ok 1/fCLK\/

19
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ROM based DDS (2) Kys

Advantages Drawbacks

High resolution++ Low Frequency due to
ROM based LUT acces

Good phase noise+ . .
time. Fout limited to

Switching time++ Fclk /10 for better
Easy phase and filtering
frequency Power increases with

modulation++ DDS bandwidth

DAC degrades
performances at high
frequencies

20
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Outline

Frequency Synthesizer Architectures

Integer N PLL
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Integer-N Frequency Synthesizer (1) Kys

i@%

cl)div

. clDVCO

-
777

IN

Once Loop Locked @, tracks &, variations

Perr — Pref — ';0;?0 = Cste ‘ fFE’D — Nf?"ﬂf
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Integer-N frequency synthesizer (2) Y/

Frequency range: N should be programmable

with a sufficent range.

Step = Fref -> should

Accuracy = will copy t
(usually a pure crysta

pe equal to channel width
ne reference accuracy

based oscillator)

Settling time will constrain loop bandwidth (need

small signal analysis)

Phase noise will constrain the PLL block
contributions (need of a loop noise analysis)

\'i NEIE it
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Integer—N : small signal analysis Kys

cl)ref fp-':' cDerr /—\ CDVCO
\ 27 F(p) =

> 2 Kvco
2T
L\ p
cl)div
4 IN
[...F(p). Kvco 0(p)
BO®) =——x~ () =N.77 BO (p)
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Open Loop Bode Diagramm Ly

Ggo (dB)
A

40 dB/dec

(A N—
f, f}/ !
20 dB/dec i
i 40 dB//dec
Pso 0 i
I f
-180 /\_

Phase Margin

PLL order = loop filter order +1
due to VCO pole

To ensure robustness over
process variations:

foas = \/ﬁ

Phase margin depends on f,/f;
ratio (should be greater than
10 for PM > 459)

Relation between f, f', and fy g

f—E: Z[I'lnzragE

40 lo
°h ;
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Example 3 order Type Il PLL (1) Kys

Loop filter structure:

1 14+R,Chp 1 142m.fp
R2 F(p) = —. =—.
— Cl CEP 1+RECIP CEP 1+2H'f1p
C, ==
77 77 )fj?.
foar =V h- -2 & 1 — 1U-fg j> foar =
1 V10
f =104 .1,

At low frequencies open loop :
BO (») Iyc.Kvco — L,..Kvco
P) 0 N D2 ) C,.N.(2m. f)?
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Example 3™ Type Il PLL (2): summary Kys

Calculation of needed filter:
Fixed parameters : VCO gain, Loop divider ratio
15t step : determination of needed lopp bandwidth (~f,4g)
2" step: from f,,z calculation of f;, f, and f'
3'd step: fixing charge pump current value (PFD gain), calculation of
C2
4th step :from expression of f, calculation of R,
Of course, fixing resistor value in step 3 and determining
charge pump current in step 4 is another option

Loop bandwidth, resistor and charge pump current values
are to be compliant with overall frequency synthesizer
specification in term of settling time, phase noise, power
consumption etc.

\'i NEIE it
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Integer-N small signal analysis Kys

PLL : time-sampled system -> should be modeled
using z-transform! Non trivial modelization.

Sampling process arises in feedback loop divider.
Linear modelisation possible for f<f_ /10

PLL is non linear. Transfer function could be used
to predict the settling time from one locking state to
another one only if the PFD doesn't enter
frequency discrimination process

Small signal analysis could be implemented on
math software or in electrical simulators using
verilog-A models

\'i NEIE it
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Integer- N PLL noise analysis (1)

* Noise analysis: using small signal model

F(p)

VNfiIter

IN

= All contribution are additive noises

= Calculation mode:

the overall output noise

\'l

= Noise of each blocks simulated at transistor level
= Determination of the contribution of each noise source to

29



Integer-N phase Noise Analysis (2)

Reference and Divider output noise contribution

BO(p)
2 _ P 2 2
mﬂutNr*gf =N (1 ‘|‘BO(P)) 'quT-Ef
BO(p)
2 L — 2 2 Z
qgﬂutﬂw N (1 _I_Bo(p)) -ﬁﬁ’wﬂw

Reference and Divider noise are low pass filtered

\'l NEIE th
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Integer-N phase Noise Analysis (3)

Charge Pump output noise contribution
N.2m BO(p)

) q + BO(;:J)E'E”““

ﬁﬂﬂutwicp o (

Low pass filtering

Filter resistors output noise contribution
N.2m BO(p)

— 2
q:'ﬂuthLIte*r (prF(p)) (1 1 BO(}J)) hfﬂte*r

Bandpass filtering

VCO output noise contribution

2 _ ( 1 )2 2
PoutNvco — 1+ BO(p) - Pnvco

High pass filtering

\'i NEIE it
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Integer-N phase Noise Analysis (4) Kys

Total PLL output noise:

2 — 2 2 2 2
Protal = PoutNvco T (aoﬂuthiIte*.r' T PoutNicp T PoutDiv

2
+ qgﬂquT'Ef

Total PLL output phase noise could be easy calculated
using a math software or using an electrical simulator
with parametrised verilog-A models

Phase noise analysis and small signal analysis has to
take into account PVT, non linearity of VCO gain

\'i NEIE 1
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Integer-N PLL: Output Phase Noise IS7

Reference noise

\ VCO noise

\'i 1 HIr ]
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VerilogA Small Signal Analysis (1)

Virtuoso® Analog Design Environment (2)
Status: Ready T=27 C Simulator: spectre
Session Seiup Analyses Variables Outputs Simulation Resulls Tools

Design Analyses
T e & Bnahl
Library PLL_EF Hype SR aslslie
| Call PLL FX WODMA 1 noise 1K 100M  Auto Star, - iyes
e I 100 100m 20 Loga.. yes

\View  config

s | Loy b
IS else|s |G e B
o | iy | 2 =

i)

Design Variables Outputs
# Name Value #  Name/Signal /Expc ¥alue Plot Sawe March
1 Gainve02 1/(9 o i AL e 64,61
2 04 .23 2 PH_ 200k -g2.02
g RZ 2.5K 3 PH_400k =91 31
4 £l 1008 4 PN_AO0k -96. 48
i B 50M e PH_1M -102. &
3 deltal o
7  deltacZ 0 Plotting mode: Replace
> Results in " i franckiPLL_RX_WCDMA/Sp g
veriloga.va - fprifsidl_space/users/badets/VerilogA/PLL_BF/PLL BF libVCO. laplace/veri
File  Edit Search Preferences Shell  Macro  Windows Help
&

Y/ Werilogh for PLL_BF. Vo0 laplace, weriloga

“include "constants. h®
“include "discipline. h®

nodule VCoO_laplace (in, out);
input in;
output out;
electrical in, out;
parameter real Evco = 10ef;
analog begin
Viout) <+ Ewco*2+3 14150*laplace nd(¥(in), {1}, {0.1});

end

endmodule

. Meminal] [ (Lficth - Log: /ho| . [Waveform Wi . [LSW] [ 15 Vinuoso® Sci| | [Virtuoso® Lay| g Vinuoso® Sch

omd: Sel: 0 78

Tools Design Window Edit Add Check Sheet Options Migrate Hierarchy-Editor Mixed-Signal *Design Kit Calibre Help

3

Lo
x »

P ¢ \E

[l Virtuoso® Ana 5 V[L'lbrary Manag| ' .[Calibre Intera [Cadence® hie [xterm] J[Calibre - LVS | .[Calibre Intera Bveriloga.va - fpi

nomse Lo schsinglesslestPEl) M. schitibonsePoplp () R schZoomFitil 0 0.0}
Ready >
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VerillogA Small Signal Analysis (2)

Active 80

Window Foom Axes Curves Markers Annotation Edit Tools Help Window Zoom PAxes Curves Markers Annotation Edit Tools

AC Responss

=i dBZ@(VF("/pI!bo")})

dB18((pv ' =
12 phase(VF("/plibo” 4B {r }

v dB1E({pv "/br

—Z264

mouse Lo
Ready =




Block Design : VCO (1)

O\
Vaa L

T\
_/

AAC

\'i NEIE

Usually VCO are LC CMOS
oscillators.
Silicon inductor Q is about 20

Tuning using MOS varactor
or Diode Varactor Q ~ 50

PVT covered thanks to a
bank of capacitor

For better noise immunity an
automatic amplitude control
IS used

1574
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Block Design: VCO phase Noise Profile Kys

Phaie Noise dBc/Hz

-30 dB/decade due to 1/f noise of VCO components

/

-20 dB/decade due to thermal
noise of VCO components

\ 4

—
(@]
—
o
~
QO
—
3
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Phase Frequency Detector (1)

VDD VDD
Up l'
i ; cp
Fref >rst [_ Iout:
ST L DW@
|
Fair—rp le Dead Zone
VSS ol s
|:ref | |CI3"(2Ui
|:div _| DT /i
Up |_ : 2@
Dw [ : ) n (pdiv
I n  E---- -Icp
out i

4]
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Phase Frequency Detector (2)

VDD

[St

VDD

[S1

(

U_D llcp
j Iout:

4]

39



Charge Pump Design (1)

Charge pump:
Permits a control of the PFD/loop filter gain
Enhances power supply noise rejection

VDD

— Upb

4

— Dwn

!

Needs good matching of current sources

\'l

I.__oop filter
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Charge Pump Design (2): Mismatch issue Ay

. — <>
up
DN
g

5 Le

11 ? '\
______ T

w L 74

] ) (

AT

= t i - —

Mismatch in charge pump Up and Down Current and filter
current leakage are responsible of reference spurious tone
In PLL output

Im‘Zf (jszref )‘KVCO
nf

ASp (flo * nfref) = ALO

ref

AD
| = ICIO —
211

\'i NEIE
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Loop Divider (1) Kys

M=A-(P+1)+(B-A).P=B-P+A

[ +P/P+l  |[€—— fyco

B*P+ A module

<4— B A
f(ZDZ\ IIIII RS

1

Main Drawback: has only (P+1)Tvco to change
from P+1 to P modulus. Could be problematic for
low P values

\'i NEIE 1
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Loop Divider (2)

=0 X=1
X T
ek [ L
Q1
@ I L[
p | % @7 p o » R
- T=] X=]
- Q
A0 A K[ L
CLK L N
p Q1 Q2
iﬂ il XP‘—l
R X 7 <+— R X 7 B —— R X T
A{l A] AP—l
fyco =———pPCLK  Ql —PPHCIK QL fommmmomae p>CIK Q o 11
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Integer-N PLL: transient simulation Kys

Small signal analysis: stability, filter and charge pump
current determination

Noise analysis: verification of loop bandwidth choice and
gives some specifications to designers

Transient analysis: to verify feedback connection.

At transistor level : VCO in the GHz range (need a few ps
precision), loop bandwidth very small, settling time in the
us range...simulation time prohibitive!

Solution: mixed solution with realistic verilog-A model of at least
VCO and loop feedback divider

Merging VCO and loop feedback divider in one model fastens
simulations

Noise behaviour in transient: need some simulation using Math
simulators or C models.

\'i NEIE Of
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Integer-N Frequency Synthesizer Kys

Advantages Drawbacks
Easy to setup for GHz Low speed System
frequency synthesis Frequency Step= Fref
Only one spurious @ Fref Max = channel width
reference frequency Loop bandwidth < Channelwidth /10

Spurious in adjacent channel!! Big
constraints on CP mismatch, loop
filter leakage current

Power consumption(VCO+ dividers)
Low bandwidth modulation

Loop transfer function depends on
process variations (especially if the
loop filter is integrated)

45
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Outline

Frequency Synthesizer Architectures

Fractional PLL
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Fractional-N synthesizer Principle (1)

\'i NEIE

_\ . cl)VCO

/N N+1

T

deb

Dy

IR
n

clock

AcCC

1574
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Fractional-N synthesizer Principle (2) Y/

Dual modulus N/N+1 divider

When Deb = 0 division by N

When Deb = 0 division by N+1
In 2" reference clocks (period of phase accumulator) the
divider divide P time by N+1 and 2"-P time by N

p.(N+1)—(2" — P).N p
Nﬂlﬂg: o _N+2—ﬂ

Thus Frac-N PLL output frequency is given by:
fFE‘ﬂ — (N_I_ )f*r-ef

Drawbacks: overflow signal of phase accumulator presents
suprious tones. Those that lies into PLL bandwdith are not
filtered and are present in PLL output

\'i NEIE it
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Fractional-N principle (2) Kys

Advantages:

divider ratio fractional permits to use a reference
frequency greater than the channel spacing

Larger bandwidth could be reached (floop ~4MHz for a
38.4 MHz quartz reference) highly desirable for
modulation purpose.

Drawback:

Phase accumulator spurious tones are not filtered out in

the loop bandwidth -> high suprious level in the VCO
output

\'i NEIE 1
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Compensated Frac-N synthesizer Kys

fR_'-El-'
—_— _I_@ @ﬁ . forr
—»
r PFD — | .@ % Filter

Phase accumulator output is used to inject current in loop
filter to compensate spurious

Solution very sensitive to accuracy, DAC speed. Extra
noise added onto the loop filter.

\'i NEIE it
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YA Fractional-N synthesizer (1)

PFD

||
— I —] ’@

9

fDLT
Filter —»

P: fractional word —j»

D€— Moy

AR

» YA modulator is used to deliver a fractional word proportional
to the frequency fraction to be synthesized

= Same function as Frac-N but using the noise shaping
property of ZA modulator to reject quantization noise out of

PLL loop bandwidth

\'i NEIE it
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XA modulator (1) Kys

Integrator REF o
- -t T Tt T T == I
[ l .
I I Wit .
A S a
[ :\ ..... ! -REF —

:

|

1

f(‘LK’

> converter:
Sampled feedback loop
Composed of an integrator and a quantisizer.
At each clock occurrence, difference between output and input is
integrated and quantified. The loop tends to minimize this error

>A modulator

Digital implementation

N order XA modulator : N A modulator in series or in parallel
MASH

\'i NEIE it



Example of 39 order XA Kys

Series structure
Stability issue

Parallel structure: MASH
No stability issue

\'l NEIE th
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YA modulator noise shaping (1)

0

T

l-=

Q(z)
2
T+

» Y@ T{z)

g7 }{{:}+ h —z'lJ- Q{z}

e For a Nth order MASH, transfer function is:

()=z * x(E)+(-z 1 Q)
* Only the guantification of the last converter is of interest

\'l HIG
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YA modulator noise shaping (2) Kys

H,(z)=@-z7)" |H, () | 2* sin[“EI j I
fork
1% f.I:LI‘EIIE
16 - v
14 - N =4
12 - g \
_10 N=: _ /
& N =:
g0 N=2:| g1 - N =4
= g - N E ‘N -1 E !
4 - ; : —
7 - ¥ I N .3
0 | 1 OF+5 | OF+6 10E+T
| OF+1 1 OF+3 1 OF+5 | OF+T f(Hz)

f(Hz)

= As order N increases the noise is more and more rejected
near Fclk/2

\'i NEIE 1
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YA modulator noise shaping (3)

\'l

9
3
7 for p=6.5 MHz
ﬁ L.
5 for =13 MHz
§4
= for =26 MHz |17
3
4
1
I:I I ] I I I
1E+2 1E+3 1E+d4 1E+5 LE+H 1E+7

f(Hz)

1E+3
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YA modulated divider model (3)

Output Frequency divider expression:

fo= fveo  _ Tveo 1—- q(t)
" Neg +0() Ny | N

avg

avg

Z domain transform:

f = fVCO — fVCO 9 (1_2—1)3 ~ fvco _ fREF 9 (1_2—1)3

out 2" |
N avg N avg 12 'fref N avg N avg 12. fref

Integration to get the phase domain expression
3 2TT

— CI)VCO _ fref q (1_2—1) . ref — CI)VCO _ 2T| q
o Nan Navg 12 Eﬁref (1_ Z_l) Nan Nan 12 Eﬁref

() (1-z71)
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Noise Model of

2/ Frac-N PLL

...................................

\'l HIG

1
(g
M
LOY

Pyl

1
ST - F
T
1-e e

Shaped Quantification

noise

5 I
—J-."I-'—xll 1

Fon [E} = (1 -z e

T2
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Example of XA Frac-N PLL noise plot Kys

2500 1
-100 S
i':'utn::HG
é vu:uutR
g -150 - e
o
Z
(D) 1-
© ol
e
o EI:'I:ﬂ.J,’[.W,:I |
=200 S
=250 - . T . . .
1E+1 1E+2 1E+3 1E+4 1E+5 1E+a 1E+7 1E+2

£ (Hz)
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XA Frac-N PLL : conclusion Kys

Advantages Drawbacks
Frequency step as small >A noise shaping doesn't
as possible permit to reach fref/10
High reference frequency: loop bandwidth
Spurious tone far from >A: digital circuit -> noise
carrier and thus better coupling.
filtered

Frequency and phase
modulation possible

\'i NEIE 1
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Classical Freqguency Synthesizer: Conclusion

4]

1-bit DD DDS |Integer-l\‘ Frac-N| ZA
Bandwidth DS 2 O
Phase Noise ‘ ‘
Spurious . “ .‘ ‘
RF ability =2 &)
consumption 8 S &
modulation 2 ‘
Accuracy ‘ ‘
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Outline

Implementation examples
Phase Interpolator based DDS

\'l NEIE th
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A 100MHz DDS With
Synchronous Oscillator-Based
Phase Interpolator

Franck Badets, Didier Belot

STMicroelectronics,
Central R&D Crolles
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OUTLINE Kys

\'l

Synchronous Osclllator Based Phase
Interpolator

Synchronous Osclllator Locked Loop
(SOLL)

SOLL based phase interpolator

100 MHz 16 bits DDS with SOLL based
phase interpolator



Injection Locked Oscillator (ILO)

\'l

Oscillator able to lock on
an incoming signal whose
frequency (or an
harmonic) lies into the
oscillator synchronization
range




ILO Properties IS73

Synchronization range depends only on
synchronizing signal amplitude and
oscillator topology

Fast frequency acquisition

Output SO phase noise Is a copy of the
synchronizing signal phase noise

Once synchronized there Is a phase
relationship between the SO output signal
and its synchronizing signal.

\'i NEIE it



ILO properties con't

Phase Out/ In

A

I:ref — O0A
>

-45 :

[

-90 :

|

-135 i
[

-180 !

A A g0 A
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ILO based Phase Interpolator(SOPI) (1)4Y/

Oscillator with linearly tunable free running
frequency (Synchronous VCO or ICO (ACQO))

Fixed synchronization frequency

Output
Signal
F SACO F
ref si SOo ref> /
/ fti
Synchronizing Analog

signal ‘ —
9 Command

\'i NEIE it



Digital Accurate SOPI (API) Kys

DAC

(Ags=Ago)*W /27



APl : Chronogram Kys

| 45 90

Si

=
1
"

SOo

w . DAC input word

\'i NEIE it



Digital Accurate SOPI (API) Kys

\'l

Good linearity in the —90, -45 degrees range

Fast

nhase acquisition

Needs the analog commands A gy and A ¢ for
calibration



ILO Locked Loop SOLL (1) Lyy

A_(360 / N)

-
&

Phase Comparator

Low pass Filter

\'l MHILr ]



SOLL (2) : Chronogram

Fref

O1

02

On

D S —

\'l




SOLL (2) &7

DLL with SOs as delay elements

Once Locked all SOs are fed with the analog
command that ensures a 360/N phase for each

SO.
SOLL 90:4 SOs. Gives A _-90 command

SOLL 45 :8 SOs. Gives A _-45 command



SOLL based Phase Interpolator (1) Lyy

¢ Out

Multiplexer 8 to 1

—
1
\ 59
7 DAC
O
|:ref |
|
|
|
|
|
SOLL 90 |r
|
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SOLL Based Phase Interpolator (2) Y/

SOLL_45 provides 8 outputs with a 45
phase step (multiphase clock): coarse
phase interpolation

8 DAPI are coupled with the 8 SOLL_45
outputs to provide complementary accurate
phase interpolation

SOLL 45 and the 8 DAPI provide phase
iInterpolation from 0 to 360 degrees with a
N+3 bits accuracy
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ILO implementation
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DAC implementation
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Circuit Layout Kys

DDS SOLL

DAC




Behavioral Modeling : DDS alone Kys
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Behavioral Modeling :Coarse Pl alone ‘7[
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Measurement Results : Coarse Interpolation [7[

Markas 1 [711] R3i 3 kHz RF Attt 30 dB
Ref Lwvl ~1.02 dBm VB 3 kHz
0 dBm 24 .49895800 MHz SHT 2.8 s Unit dBm
O
-10
SB6L
-20

-38 dBc —

—40

L
| -

42 dBc — |
O ) 1 1 || LA Gt L |i| |1||

-80
-90
- 100
Center Z4.50301804 MHz 1 MHz~ span 10 MEz
ate; 24.JUL.2002 15:44:00
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Behavioral Modeling :
Coarse and Accurate Pl enabled
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Measurement results : o7
Accurate interpolation 7

Marker 1 [T11] RBH 3 kHz RFE Attt 30 dB
Aaf Lvl ~0.35 dBm VB 3 kHz
0 dBm sde, AREHER MHz SHT 2. Bz Unit dBm

-10
SB6L

-40dBc [ —
-60 dBc —L

60 \\br-l
L
<70 |
8 O T W e et
-90
- 100
Center Z4.50301804 MHz 1 MHz~ span 10 MEz
ate; 24.JUL.2002 15:41:54
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Behavioral Modeling :SOLL problem Kys

The First SO of
SOLL_45
synchronized by the
external clock is
responsible of a large
amount of the

| accumulative phase
error in SOLL_45

x10’

120
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Conclusions (1) Lys

Synchronous oscillator as Phase interpolator
DLL with SO as delay element (SOLL)

Application to decreases spurious tones in DDS
Prototype: validation of principle
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A Multimode
GSM/DCS/WCDMA Double
Loop Frequency Synthesizer

Franck Badets, Sebastien Rieubon, Laurent
Camino, Thierry Divel, Sebastien Dedieu,
Patrick Cerisier and Didier Belot

STMicroelectronics
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GSM/DCS/WCDMA Transceiver Architecturelyy

B

r 7

\V4 WCDMARX >J _®_ WCDMA RX synthesizer
GSM RX

0 N :>—@ : {>—> ,[}__.
DCS RX E

TX synthesizer

X

HwA
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y

2,4
!
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TX synthesizer Specifications

3.66 GHz TX:WCDI\/IA 3-:77 GHz

36 GHz GSM, DCS, PCS RXrange 4 GHz
Mode F step
TX WCDMA 32/34*(400 kHz) or 48/50*(400 kHz)
TX GSM 24/22*(400 kHz)
TX DCS 40/38*(400 kHz)
TX PCS 48/46*(400 kHz)
RX GSM/DCS/PCS 400 kHz

\'i NEIE it



TX synthesizer architecture choice (1) L7

Fractionnal Synthesizer VS Rationnal Synthesizer
STep PLL (large bandwud‘rh)

RO . & B
Fref &4

- ===z ==== [/s
I Fc ~18kHz I

2.\ j P +—@—/—
e e e e e e m—— - | 4GHZ: Fergp ~400KHzZ
| 9490 I

—
FrefC__

I:out _( S )Fref

=—= 5 480
step 2" step ( S)Fref S ——* 400kHz
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TX synthesizer architecture choice (2) L7

Advantages Drawbacks
Fractionnal - Seetling time
Synthesizer |requirement easily
obtainable
Rationnal - No fractionnal
synthesizer |spurious

Rationnal Synthesizer good solution if :
-Step PLL fully integrable (with its loop filter)

-No significant added power consumption

-Silicon area comﬁarable with 2A modulator
\'i NEIE Of



PLL Step Implementation (1) : Noise Kys

Phase noise floors :
-VCO : -142 dBc/Hz

- CP :-230 dBA
- S Divider : -169 dBc/Hz

- Loop Divider : -169
I dBC/Hz




PLL Step Implementation (2) :
Simulation Results

Min Typ Max Unit

CP current 80 100 120 HA
VCO gain 77 180 290 MHz/V
R2 3360 4200 5040 Q

C2 37 46.8 56 pF

Cl 4.2 0.2 6.2 pF
Phase Margin || 32 55 degree
PN @1 kHz -155 -155 dBc/Hz
PN @100 kHz -167 -165 dBc/Hz
PN @1 MHz -166 -160 dBc/Hz
PN @ 10 MHz -169 -169 dBc/Hz

\'i NEIE it



PLL step Implementation (3) : VCO Kys

Min Typ Max Unit
alim 2.5 2.6 2.7 \Y
Temperature -30 27 100 °C
fo weon 1.3 v) 118 190 324  MHz
foin@eont=22v) || 46 74 136  MHz
fraxwoont=06v) | 224 310 476  MHz
VCO gain I 180 290 MHz/V
@192 MHz
PN @ 1 kHz -28 -25 dBc/Hz
PN @ 10 kHz -58 -55 dBc/Hz
PN @ 100 kHz -88 -85 dBc/Hz
PN @ 1 MHz -117 -115 dBc/Hz
PN @ 10 MHz -142  -141 dBc/Hz

\'i NEIE

Full CMOS Seven Stages
Ring Oscillator

e

Fcont D—| : |—777

a

In D—— D Out
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PLL step Implementation (4) : layout Kys

PLL step layout >A layout
( 4" order MASH)

DX = 380 pm LTS e e EL
Dy = 180 um Dx = 320 pm
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RF VCO Implementation (1)

falim

AGC

\'l

1574

-Amplitude control loop
- 5 bits bank capacitors
- 0.55nH Inductor

-3.6 -4 GHz band (3.2-4.4
GHz for PVT purpose)

--117 dBc/Hz @ 400 kHz



RF VCO Implementation (2)

1574

Temperature | Process | Consumption Magnitude PN @ 400kHz

(°C) (mA) (V) (dBc/Hz)
-30 S 6.7 1.47 -117

T 6.5 1.47 -120

F 6.8 1.47 -118
27 S 38 1.5 -119.5

F 7.8 1.5 -119.5
100 S 9.8 1.48 -119

T 9.3 1.53 -119

F 9.3 1.53 -118.5

*Frequency band : 3.04 — 4.8 GHz;

*Post extract simulation : 2.8 —4.15 Ghz
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TX Synthesizer Implementation Kys

- RF 0.25un ST
BICMOS
technology

-Three LDOS (RF
VCO, Crystal
oscillator and PLLS)

| -700 pm x 1300
| um




Measurement results (1) RF VCO phase noi

¥ Agilent E5052A Signal Source Analyzer
FPhaze Moize 10.004B) Ref -50.00dBcHz

3 MH=z
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LEANTN
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o
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N e

IF Gain 20dB Freq Band [300M-FiEHz]
Phase Maoize  Start 1 kHz
Set RF ATT S5dB Phase MNaise: Meas (e (SR Atk 15dE 2005-01-26




Agilent E5052A Signal Source Analyzer

== |[ae |
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Stop 40 MHz |~ 16/16 Marker &
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Return
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Main Measurement Results (3)

(under 2.7 V)

Parameter Specification |Measured value
Tuning range 3.6 —4 Ghz 3.6 —4. GHz
PN in band -80 dBc/Hz -76 dBc
Pn @ 400 kHz -117 dBc/hz -118 dBc / Hz
PN @ 600 kHz -122 dBc/Hz -123 dBc /Hz
PN @ 3 MHz -136 dBc/Hz -137 dBc /Hz
Integrated noise -32 dBc -30 dBc
(400 Hz -1.92 MHz)
Power consumption ~ 21 mA
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Outline

Implementation examples

40 GHz PLL for 60 GHz UWB transceiver
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Lys
A 17.5-10- 20 BNz @t F5-10-

41.88GHz PLL in 65nm CMQOS for
Wireless HD Applications

Olivier Richard 1, Alexandre Siligaris 2, Franck
Badets 3, Cedric Dehos 2, Cedric Dufis 1, Pierre

Busson 1, Pierre Vincent 2, Didier Belot 1, Pascal
Urard?

1STMicroelectronics, Crolles France
2CEA-LETI-MINATEC, Grenoble France
SSTMicroelectronics, Grenoble France
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Introduction

The frequency synthesizer must
be compliant with IEEE 802.15.3c
standard for 60GHz Wireless HD

Double conversion architecture
with zero IF final stage

The frequency synthesizer

delivers 20GHz and 40GHz

Yy

1\

Filtre

Baseband

<P\

1944 G-

Xtal

A

AGC]

A A

signals

65nm CMOS technology

Standard LO1 LOZ

ch | Freq. Freq.
amnel | (GHz) | (GHz)
Al 19.44 38.88
A2 20.16 40.32
A3 20.88 41.76
A4 21.6 43.2

\'i NEIE

. A

216 GHz

1944 GHz
216 GHz

&

.4;Q<

12C

LY.

Mixer PA

38.88 GHz

432 GHz

LINA

{with image reject)

RX
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PLL architecture

Register

'1’4 bit channel selection control

....................................................................................................... ..,3 bty

P PROG DIV external ref.

P ML /VZ 5 /16 to /31 PFD 2 |7

; 2/3 Cells v

 Diff. Div. 23cels | op |pmmmdeeppEeee :

o] e e Sl T

: C1 : h

: M 5 _l?_ : _g\ﬁ bl :

: Diff. | : :

i Gsk | /2 i i

: 20GHz ca i P ZR1

: drat | :

ﬁ 233) ur?s ure VCO control voltage (Vctrl) =]
20GHz probe§8<> i << ~—_ b

padslj P /)\(/ ] 2 P T0GH :

Elg< < ,\1, (\ /ﬁgf?eﬂz ’ OU%;E:)SG Hz probe

E uadrature VCO pads

: PLL :

: Dummy

4 bit channel selection control
Register
f frer Doy Deroc
-I: REF = D [ D
LocK 5 DIV ~PROG 36MHz | 40 | 16to 31
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Circuit design: quadrature VCO IS74

| VCO Q VCO
[ VDD vDD [
wia]p N [ mo_s]p N I0CE
| BAR BAR
4bit cont;oIL%—4 ? m L (g_ \4bit control
/7 I N\
ch——;ll_” 206 out }|£|;— |
ﬂ IL/”_6 Ml_ﬂ |(_ I_)| IMQ_6 MQ—ﬂ |(_
Q BA > Q X |_BAR
nZJF— s e "o
Varactor tank:
_| ....... P Vet
STl :
= = slalmt
N < . minimE
|£| 40G Out 40G_Out BAR Z[T;l |
—Ti—B3
M4 at 40GH M4 at 40GH N
2 z 2 R

— 06



Circuit design: Dividers’ schematics Lys

. VDD

Grounded Source Frequency Divider o
Divider by 2 @20GHz - 2
2 D-Latches in master-slave N
DC supply 1.2V L W
N and P MOS low power RF

. ] . VD
Current Mode Logic Divider
Divider by 2 @10GHz and @5GHz = = - % = "
2 D-Latches in master-slave LI = L| 55
DC supply 1.2V op ﬁJll_DM Lr“‘ o E_'_JW LﬁF
N & P MOS low power RF *H [k Ii h
GNDI
Modular Programmable Prescaler Minmm i et 216
Programmable divider using 2/3 cell based E Fo, Foa, Foo, Fos,
modular architecture —2/3 cell [*4'| 2/3 cell [0 2/3 cell [+ 2/3 cell s
Division range : 16-t0-31 with 4 cells T F l T T T
' and 2 D-Latches ™ % ™ & s

\'i NEIE 1 o



Circuit design:. other blocks of the PLL 7}

* Phase-Frequency Detector =D
design
— Sequential Phase detector | }—4}
— DC supply 1.8V
— N and P MOS Thick gate oxide o0
— Core Library TD
« Charge Pump I

— External current biasing
— DC supply 1.8V
— N and P MOS Thick gate oxide

. Loop filter
3rd order Loop Filter
— External components : C2, R2 and R3
— Integrated components : C1 and C3

— Chosen to allow a better rejection of
spurious out of the range (> w,) =

Ci_
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Circuit design: Die Photograph Lys

\'l
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Experimental Results Kys

PLL measurement setup
PLL on Roger 4003 "
PCB

20GHz and 40GHz
signals measured on
chip with differential
probes



Experimental results

Locking frequencies of the synthesizer

— 179% —

Fosc (GHz)

4]

O
VCO bit-word: “1111” ™
LO
215 - DA A Ae—Chd
N
11 = — {1 Ny 0 <«—Ch -
205 OLS
20 T 17T 1] O——©O—70——0 «— Ch L
19,5 T =T 11— 0—O———0 <« Ch L
19 -
I s I o I TR I W oy e oy e ] ] n
18,5
18 A1 I T e} ] ] 1 ]
175 /"
17 | fosc VCO bit-word: “0000” froer=36MHZ
165 —0-0 - fLock
16 w

0 0,2 0,4 0,6 0,8 1 1,2 1,4 1,6 1,8

Vctrl (V)
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Experimental results

Measured Phase Noise at the 3rd

channel (20.88GHz)

|Carrier Freq 20.88000000 GHz

Carrier Power -12.07 dBm Atten 0.00 dB Mkr 3

Ref -40. @dBc/Hz

LgAy

5

M1 52

53 FS
AR

ﬁ” Harker '

swp | 20.880000000 GHz

-12.646 dBm

daB/ LI - —
I | 1 | |" ' -
. . lidy
' "Mkl 20830 6 Gz TR
Ref @ dBm #Atren 10 4B -12.646 dBm
sPeak T
Log
1@ |
dB/ E_xt Ref

Center 20,680 @ GHz

100 Hz

o

Fes BH 918 kHz #UBH 518 kHz

Span 198 MHz |
Sweep 26 ms (BB pts)

~ Frequency Offset

9.99999 MHz

_-126.84 dBe/Hz

198 MHz

1574
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Experimental results
Phase Noise Measurement table

1574

Channels Frequency (GHz) 19.44 |20.16 [20.88 |21.6
PN @100kHz (dBc/Hz) -66.4 |-66.1 |-71.2 |n.a
PN @1MHz (dBc/Hz) -100.2 [-100.4 |-100.6 |n.a
PN @10MHz (dBc/Hz) -125.5 [-125.6 |-126.7 |n.a
PN @40MHz (dBc/Hz) -133.3 |-132 -135.2 | n.a
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Comparison of CMOS PLL

1574

This work [1] [2] [3] [4]
Tech. [nm] 65 CMOS 90 CMOS 45 CMOS 90 CMOS 65 CMOS
Supply [V] 1.2** 1.2 1.1 1.2 1.2
17.5 to 20.94
Frequency (17.9%) 39.1t0 41.6 . .
range [GHZ] 35 t0 41 88 (6.2%) 57 to 66 (14.6%) (58 to 60.4 (4%) 96
(17.9%)
Phase noise -100 (20.88GHZz)
[dBc/Hz] -97.5 -90 =75 -85 -75.2
(41.76 GHZ)
Calculated @
20GHz Phase -100 -96 -84.6 -94.6 -88.9
noise [dBc/Hz]
F..; [MHZ] 36 50 100 234.1 375
Loop Type Integer Fractional Integer Integer Integer
Division 64010 1240 |5121t02032| 512108184 | 256 to 258 256
Ratio(s)
Ref. Spur [dBc] <-50 -54 -42 -50.4 -51.7
Power [MW] 80 64* 78 80 43.7*

[3] C. Lee and al., ISSCC2007
[4] K. Tsai and al., ISSCC2009

*Without Output Buffer ﬂ S. Pellerano and al., ISSCC2008
.:The supply voltage of PFD and CPis 1.8V K. Scheir and al., ISSCC2009 ",



Conclusion Lyy

PLL in 65nm CMQOS LP technology compliant with
IEEE 802.15.3c standard for 60GHz Wireless HD

20GHz and 40GHz bands for double conversion
transceivers

17.9% tuning range

-100dBc/Hz phase noise at 1MHz of the carrier
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