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LECTURE 040 -DIGITAL PHASE LOCK LOOPS (DPLLs)

INTRODUCTION
Introduction
Objective:
Understand the operating principles and classification of DPLLs.
Organization:
Systems Types of PLLs
Perspective and PLL Measurements
Circuits \ \
Perspective
Technology
Perspective
Fig. 030901-01
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QOutline

* Building Blocks of the DPLL

* Dynamic Performance of the DPLL
* Noise Performance of the DPLL

* DPLL Design Procedure

* DPLL System Simulation
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BUILDING BLOCKS OF THE DPLL
Block Diagram of the DPLL

V], W1
o—| Digital Vg Analog vf V2, 02
V2, 7' Phase > Lowpass > VCO »—O
Detector Filter
+N Counter )
Optional
©p ) Fig. 2.2-01

* The only digital block is the phase detector and the remaining blocks are similar to the
LPLL

» The divide by N counter is used in frequency synthesizer applications.
w2
w2’=w1=W —= wy=N w
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DIGITAL PHASE DETECTORS
Introduction

Key assumption in digital phase detectors: v{(¢) and v,(¢) are square waves. This may
require amplification and limiting.

Vin(t) Vout Vin(t)
A A A

Vou 7 Vou -=- ——--
I
Vit == === D ViL i D

>t > >
177177 S VA S W i \Vin - Vin

1

LAVor, VoL|--- ---

Types of digital phase detectors:
1.) EXOR gate

2.) The edge-triggered JK flip-flop
3.) The phase-frequency detector
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The EXOR Gate
vi | v2' | va
Vi Vd 0 0 0
vy 0 1 1
Fig. 2.2-03 } (1) (1)
Zero Phase Error:
V1
> ¢
Vo'
>

va |_|_|_____

Positive Phase Error:

V1 ;
1
T >
= 1
vy :
r >t
Be>0 > _
s 1 s N s s Y s s s s Y s [ s [ P %
¥ -
» ¢ Fig.2.2-05
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EXOR Gate — Continued

Assume that the average value of v, is shifted to zero for zero phase error, 6,. v, can be

plotted as,
vd
A
Vo ------; :
. n l Vor
AN 2 1 o _ OH-YOL
-t ; T AN Vﬂe Ka= T
| 2
VA Vo Fig. 2.2-06

If v, and v,” are asymmetrical (have different duty cycles), then v; becomes,

AVg
Von {------- !
Vi :
1 AR 41 i
] ] ] ] N - |
' N 2 | ~
V2 - T ; T T >0,
>r | 2 AN
/Vd ‘ N
TSI I T Y I N I __LLL# 1
d|7|7 |7|7 |7|7 |7|7 . 1 Fig. 2.2-07
> Tt VoL

The effect of waveform asymmetry is to reduce the loop gain of the DPLL and also results

in a smaller lock range, pull-in range, etc.
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JK Flip-Flop

The JK Flip-Flop is not sensitive to waveform asymmetry

because it is edge-triggered. vi | v2' | Onst
. 00 0
Vi DJ - Qr—>o° 0 1 0
vy NK O 1 0 1
, 1 1 0
Fig. 2.2-08 n
Zero Phase Error (Assume rising edge triggered):
Vi
1 > 1
Vo'
>
1 / Vd
V4 -[EEEl - - - [SEE (SR (SSRGS 2
> Fig.2.2-09
Positive Phase Error:
Vi
. > 1
v2' —I
> 1
—>1 __
6??(-)""" _____ S R I I __aVd
vd
> ¢ Fig.22-10
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JK Flip-Flop Phase Detector — Continued
Input-Output Characteristic:
vd
____________ Vout
. Vou-Yor
-TT T ' ee Kq= T
——————————————— A Fig. 2.2-11

Comments:

* Symmetry of v{ and v’ is unimportant

* Both the EXOR and the JK flip-flop have a severely limited pull-in range if the loop filter

does not have a pole at zero.
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The Phase-Frequency Detector (PFD)

The PFD can detect both the phase and frequency difference between vy and v;’.
Conceptual diagram:

| PD » LPF; VipPFl
ST TTTEEE T P \
!
: Phase Feedback E
v V\ ----------- A======== — il
mn out
o— ¢ veo —&
Win Wout A>
s - -
:\ Frequency Feedback ':
N e p———mm /
'| D > LPF, VLPF2

The output signal of the PFD depends on the phase error in the locked state and on the
frequency error in the unlocked state.

Consequently, the PFD will lock under any condition, irrespective of the type of loop filter
used.
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The PFD — Continued
PFD implementation:

Vbp
No AND Gate With AND Gate

1P Ry o[ Up Oa | OB Oa Op

vi » Clk R 0 0 1 0—State=+1
—(_ 1 0 0 | 0-—State=0

L5 R s | Dn 0 1 0 | 1—>State=-1
v —s{Ci B ° Fig. 2: 12 I !
PFD State Diagram:

Unlike the EXOR gates and the R-S latches, the PFD generates two outputs which are
not complementary.
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Illustration of a PFD
PFD ( Wy = CUB)Z
A o—> —> 04
PFD
B o—> —> OB
(RlSlIlg edge triggered) Fig. 2.2-14
dA>0p: $A<Pp:
A A
5 _ 5 | _
04 " " " " Q4
05 s || ] [ ]
> Time > Time
Fig. 2.2-15
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Ilustration of the PFD- Continued
WA<WpB: WA>WE:
: : i
B | L B
o e ] LU
B
Op H H Q
»Time »Time
Fig. 2.2-16
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PFD - Continued
Plot of the PFD output versus phase error:

Vou? v
An 2n W~ 0
21 dn ¢
G VN | VoL ________________.
Fig. 2.2-17
When 6, exceeds +2, the PFD behaves as if the phase error recycled at zero.
Vou-VoL
Kg= 4

A plot of the averaged duty cycle of v;  Average Duty Cycle
versus wi/w,’ (wa/wpg) in the unlocked |
state of the DPLL: “| Fraction of time

04=1 and Qp=0

(+1 state)

» 01/07'
Fraction of time
04=0 and Qp=1
I _(:1 state)
Fig. 2.2-18
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CHARGE PUMPS

What is a Charge Pump?
A charge pump consists of two switched current sources controlled by Q4 and QOp

which drive a capacitor or a combination of a resistor and a capacitor to form a filter for
the PLL with a pole at the origin.

r
Vbp
I B
Qa X ‘ ‘ ‘ 04 and Qp are
Ao—p PFD | o~ Si Vour  Qa j ’_ J simultaneously
B o— ____9_]%____) - b ! Lo "~ high for the
S2 C QBJ l [ l [ l [4/ duration given
Li=h=I A b v | ! L — by the delay
I Mt A —  of the AND gate
- i i i i i L i and the reset path
- X L ‘ Lo ' of the flip-flops.
T ‘ ‘ — —> 1t Fig. 2.2-19

w4 > wpg Oor ws = wpg but 64 > Op: Sy 1s on and V,,; increases.
wy < wp or wa = wg but 4 < Og: S5 1s on and V,,,; decreases.
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A Charge-Pump PLL
Block diagram:

Vop

x(1) Qa

o—D  f--smmoo--- S| ¥(1)
O

PFD . N
Qp » VCO
___________ S,
C

Fig. 2.2-20
The charge pump and capacitor C,, serve as the loop filter for the PLL.

The charge pump can provide infinite gain for a static phase shift.
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Step Response of a Charge Pump PLL

Assume that the period of the input is A
T, and the charge pump provides a

current of £/, to the capacitor C,. B
T — i
o« T T LT
05 mealll
Detector gain? Vout |
. : - _p
Since the steady-state gain = o, it is Slope =7\ 1118,
more meaningful to define K; as A==y« Inereaselperiod =570
follows, Fig. 2.2-195

1, 0, 1, T16,
Amount of v,(¢) increase per period (T7) = C, X 24/T; = 2xC,
) I p T,6, 1 I p 68
Average slope per period = “2nC, XT; =2aC,

I
v,() = Average Slope-AQ = ﬁ 0,u(t)

Taking the Laplace transform gives,
_ b O b v
Va(s) = 27C,s s — Kq= 271C,, rads
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A Charge-Pump PLL — Continued
Yis) Vals)
XG) =Vi () =7
K, KK, Y(s) KoKa
Yi) =" Vals) =" X&)=Yl = X(5) =2+ KK,

which has poles at +j\/K,K; . To avoid instability, a zero must
be introduced by the resistor in series with C,,. VoD

I 1 I Ky I
V(s) = 21 [R+ sC ] = SZJ'L'CP (SRCp +1) = K (S‘L’p +1)

K, KK, S Vout

V) =5 Val$) =~z (57 +1) [X(9) — ¥(9)] f
SH Cp

KoKd
Y(s) 1+S—2(sr +1)| = S2 (sr +1)X(s)
Y(s) K K (st +1)

X(s) Ts2+K oKatys + KoKy ’ Fig. 2.2-21

Equating to the standard second-order denominator gives,

) ‘L'p
=~/K,K; and &=
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Nonideal Effects of Charge-Pumps 7
1.) Dead zone. bead
A dead zone occurs when Q4 or Qp do not reach their full logic Zone

levels. This is due to delay differences in the AND gate and the flip-
flops. It is easily removed by proper synchronization of the delays.

> 0,

Fig. 2.2-22

2.) Mismatch between /; and /.

To eliminate the dead zone, Q4 and Qp can be simultaneously i [
high for a small time. If /] = I, the output varies even though 6, = 0. s [T L

(Can introduce spurs.) Qa
OB H H

3.) Charge injection. T A .

When the S| and S, switches turn off, they can inject/remove e 2223
charge from C,. Changes ;. Voo

C, h

4.) Charge sharing. LTS va

If X = Vpp and Y =0 when S| and S, are off, the VCO will S /s
experience a jump when S; or S, turns on. This periodic effect £ YI2 I @

introduces sidebands (spurs) at the output.

= Fig.22:24
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DYNAMIC PERFORMANCE OF THE DPLL
Types of PLLs
Type I — Open-loop transfer function has one pole at the origin.
Type II — Open-loop transfer function has two poles at the origin.

The above transfer functions may also have other roots but not at the origin.
Model for the DPLL

01(s) PD LPF VCO
1(s
— 02(s)
> o K 2
02'(s) Kq »  F(s) > TO >
Optional
+ N Counter /
e
N Fig. 2.2-25

Various configurations of the DPLL:
1.) Phase detector — EXOR, J-K flip-flop, or PFD
2.) Filter —
Passive lag with or without a charge pump
Active lag with or without a charge pump

Active PI with or without a charge pump
CMOS Phase Locked Loops © P.E. Allen - 2003
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Loop Filters
1.) Passive lag-

1+ST2
PD = FO=T15t +n)

1+sm
PFD — F(s)= 5(T + )

Experimental results using the PFD with a passive lag filter show that the gain of the
passive filter is not constant. As a result, the filter dynamics become nonlinear.

2.) Active lag-

1+ ST
PD — F(5)= K551,
1+ ST
PFD  — F(s)~ 57
3.) Active PI-
1+ ST

PDorPFD — F(s)="3,

CMOS Phase Locked Loops © P.E. Allen - 2003
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The hold range, Awy, 1s the frequency range within which the PLL operation is

statically stable. The hold range for various types of DPLLs are:

Type of PD| EXOR EXOR | EXOR | JK-FF JK-FF | JK-FF | PFD
Loop Filter | Passive Active | Active | Passive | Active | Active | All
Lag Lag PI Lag Lag PI Filters
AwH KOKd(JT/2) KoKd(IL’/Z) 00 K, Kgn | K, K K, 7 00 00
N N N N
CMOS Phase Locked Loops © P.E. Allen - 2003
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The Lock Range, Awy,

The lock range is the offset between w; and w,/N that causes the DPLL to acquire lock
with one beat note between w; and w,’ = w,/N.

1.) PD =EXOR 7 Recall that Aw; (LPLL) = 2w,
70 A X and Awy o« Range of 6, = A6,
o5kl NN / But, A0,(EXOR)=0.577 A0,(LPLL)

I SR ® - Awp=0.57028w,) = 7lo,
No, VT 0T Awy = mw,
Fig. 2.2-26
2) PD=JK-Flipflop “*[ 1"~ [ AB,(EXOR) = 7 AG,(LPLL)
> [
T i
v L & Awy, = 2alw,
= i -1 Aw
- \wo. ~ 0 -4 g
3.) PD =PFD Fig. 2.2-27

A6,(PFD) = 27t AO,(LPLL)— Aw; = 27(2Ew,) —

The lock time for all cases is T), = 271/ w,.

Awy, = 4nlw,
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The Pull-In Range, Aw,, and the Pull-In Time, Tp

The pull-in range, Aw), is the largest Aw = [w;—w;’| for which an unlocked loop will lock.

The pull-in time, T, is the time required for the loop to lock.

EXOR as the PD:
Waveforms-
72 wy'
oskmle——N——T2> 1 P
Aw(7) '
O T A, i
7 N - ® / \\s_
-0.5Kgmf - e e N > 0 >t
f—— T = 2n/A — o T=2n/Aoy — "I Fig. 2.2-28

T, > T, because Aw is smaller when v, is positive and larger when v, is negative.
Results-

Type of Filter | Aw), (Low loop gains) | Aw, (High loop gains) | Pull-in Time, 7,
, T T 4 Aw,?
Passive Lag | 5+ 28w, K,K;- 0,2 TN Cw KKy = ==

2\/ nho n 2 nio ) C (Un3

. 2 JT 4 Aw 2

Active La T Wy, —/ a4 %o

& jvz CwnKoKd - K_a 2 CwnKoKd 2 ga)n?’

2

Active PI oo 00 4 A&

2 T
CMOS Phase Locked Loops © P.E. Allen - 2003
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The Pull-In Range, Aw,, and the Pull-In Time, T ‘Q-Continued
JK Flip-Flop as the PD:

Waveforms-

V7 w

5 A !
ke l—— e

[ Ao(f) o7

i O T el I .
- I‘”, -7 0)0/ | I—",—
R e A —— T >

— T=2n/Aw —> Fig. 2.2-29

T| > T, because Aw is smaller when v, is positive and larger when v, is negative.
Results-

Type of Filter Aa)p (Low loop gains) Aa)p (High loop gains) | Pull-in Time, T,
Passive Lag ”\IZCWnKoKd - 0,? n\/ix/CwnKoKd 1 Aw,?
2 ;wn2
Active Lag w_nz ﬂ'\/ixlé‘a)nKOKd 1 Aw,?
7w\ [28w,K K- K, 2 Cw,?
2

Active PI o0 o 4 Aw,

2 w2
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Aw, and T), for the PFD

Assume that the PFD uses a single power supply of Vpp. The various waveforms are,

v !
vd —
A R o
VoD [ r I P i ----- o High
----- -- " \ N -1
0.5Vpp ho----1- I SRR A IR A oo -1 . <«— Impedance
l State
l > ¢
va(eq.) |
Vpp 4---!
0.5Vpp - - - - - - - -
. (I the filter time constant >> the duty cycle, this waveform simplifies the analysis.)
l > 1
0 e
A :
VDD - m
. ) S _--
0.5Vpp et e re--
> — > !
< Tp > Fig. 2.2-30
vq(eq.) is a 50% duty cycle model of the PFD to find 7),.
CMOS Phase Locked Loops © P.E. Allen - 2003
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Aw, and T), for the PFD — Continued
Since Aw, = o, let us find T}, using the following model for the passive lag filter:

Lo ! I Lo ! I
LT TS Ly T YT
Vob i L Ri+Ry | Vob i L Ri+Ry |
2 | vd | Copi 2 | vd | 201
] - P HE 1 - I HE
L_PFD___° T Filter | ° L_PFD___ T Filter | °

100% Duty Cycle 50% Duty Cycle Fig. 2.2-31
y Cy y Cy

Use the 50% duty cycle model, solve for the time necessary to increase vy by Aw/K,,.

1.) Loop filter = Passive lag
KOVDD/ 2 ]

Tp = 2(171+‘L‘2) In K, Vppl2 - Aw,

2.) Loop filter = Active lag

K,K,Vppl2
Ty =27 InNK K Vppl2 - Awo]
3.) Loop filter = Active PI
2T1AC!)0
Ty =K, Vppl2

For split power supplies, replace Vpp with (Vog-Vor).
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The Pull-Out Range, AwIm

The pull-out range is the size of the frequency step applied to the reference input that
causes the PLL to lose phase tracking.

1.) EXOR: Awp, = 2.46w,(E + 0.65) for 0.1<C<3
2.) JK Flip-flop:

¢ ( 1-@2) )
Ay, = W, exp \/?Cz tan-!{7F= ]|, <1
Awp, = Twye, = > Awp, = 5.78w,(E +0.5) forall &
s ( 1-;:2)
Awy,, = T, €Xp \/?Cz tanh- {7/ 1,£> 1 )
3.) PFD: ]
1-82 )
Awy,, = 2710, eXp 1§-§2 tan‘l( CC ) ,E<1
Awp, = 25wye, E=1

> Awy, ~11.55w,(E+0.5) forall &

¢ V1-2

Awy,, = 27w, exp ﬁ tanh-l(T) ,C>1

J
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Example 1 — A Simple CMOS PLL

Consider the PLL shown. Assume that: 1.) the phase R G
detector is a simple CMOS EXOR whose logic levels 6. [gxor] R Bout

are ground and Vpp = 5V, 2.) both the input to the ° pp veo

A

loop and the VCO output are square waves that Vpp ==

swing between ground andVpp, and 3.) that the VCO 2 ] Part(d)
has a perfectly linear relationship between the control L +N
voltage and output frequency of 10 MHz/V. The
polarities are such that an increase in control voltage causes an increase in the VCO

frequency.

(a.) Derive the expression for the open-loop transmission and the transfer function
Oout(5)/ Oin(s).

(b.) Initially assume Ry = 0 and Ry = 10k2. What value of C gives a loop crossover
frequency of 100kHz? What is the phase margin. Assume the op amp is ideal.

(c.) With the value of C from part (b.), what value of Ry will provide a phase margin of 45°
while preserving a 100 kHz crossover frequency.

(d.) Now assume that a frequency divider of factor N is inserted into the feedback path.
With the component values of part (c.), what is the largest value of N that can be tolerated
without shrinking the phase margin below 14°?7

SUO3E1P2
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Example 1 - Continued

Solution
K, Oour(s)) 5K, Oour(s)
(@.) Opui(s) = TF(S)Kd Oin(s) + N |= s F(s5)| Oin(s) + N
5V Ry+(1/sC) sRyC+1 sT+1
Kig="7 and F(s)=- SRIC__ =" sRi1C =" st »01= R1C and m» = R,C
5K, (s+1 Oput(s)
‘. 001,[[(5) =- STT ST Gll’l(s) + N
SKo(sto+1 S5Ko(sTo+1
BOW(S)[ 1+ saN| sty || T sm | sT) in(s
Oout(s) - TT] (sT2+1)
Oin(s) = 5K, o 5K,
St aN 11 S TaNt
Oour(s) T T (sTo+1) ) S5K,(s+1
Oin(s) = 5K, 1, 5K, and the loop gain =LG = W(W
St aN 11 S TaNT

Assume N =1 to get the answer to part (a.).
CMOS Phase Locked Loops © P.E. Allen - 2003
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Example 1 - Continued
(b.) With Ry =0, 72 = 0 so that the loop gain becomes,

5K, 52mx107 108 108
LG =- S2TUNI=  S2nm = ol - 1 — 7= Q1052 = 253.3usec.
71 = R1C — 253.3psec. = 10kQC — C=25.3nF
The phase margin is 0°.
(c.) The phase margin is totally due to 1p. It is written as,

1 1
PM = tan-Y(w.1) =45° = omn=1 = n=5 =5,705= 1.5915us = RyC

1
©+ Ra=72x10525 3x109 = 62:83Q

(d.) N does not influence the phase shift so we can write,
tan'(w:m) =14° - w0/ 17 =02493 — w. =0.2493w,. = 156,657 rads/sec.
Now the loop gain at w.’ must be unity.

5K, (\/(wc’r2)2+l) 5K,
LG=-40Nal oot =1 = N=0o 2z (@ 7)2+1

108
N= (156,657)2253.3)(10'6\’(0'2493)24-1 =16.58 = Q
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NOISE PERFORMANCE OF THE DPLL
Combination of Noise and Information

In the LPLL, the noise and information signals are added because of the linear
multiplier PD.

The noise supression of DPLL’s is generally better than LPLL’s but no theory of noise
exists for the DPLL.

The following pages provide some insight into the noise performance of the DPLL.

CMOS Phase Locked Loops © P.E. Allen - 2003
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Noise Performance of a DPLL with an EXOR PD

0 4 Phase noise at
»— agiven inband
frequency
> 1
Vi <—Ideal Input
N : : : : : : — Input with
Vlj I I I I | I <«—phase noise
- il Se o le e =~j Sl superimposed
b 0 b 6 0 b (phase jitter)
V'
Detector
quuuururrrrrryyye e
Vd A V4 1s proportional
100% [~~~ """ T T o the phase noise.
50% .. LPLL noise theory
¢ ~ DPLL noise theory.
0% > ! Fig.22-32
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Phase Noise in a Communication Signal
Consider the following simple noise model-

Noiseless binary information signal:
A

Vi

v
~

Above signal after transmission through a bandlimited system:
A

Superposition of noise:

4
~

Reshaped signal:
Vir
—»| |j— - 4
Phase Fig. 2.2-33
Jitter
CMOS Phase Locked Loops © P.E. Allen - 2003
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Input Signal-to-Noise Ratio
The input signal noise ratio of a pulse with phase jitter is defined as,

SNR; = ﬁ
where
w2
0,12 ~36
where,

CMOS Phase Locked Loops © P.E. Allen - 2003
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Phase Noise in a DPLL with a JK Flip-Flop and a PFD
The basic difference is that the JK Flip-flop and PFD are edge-triggered.

When the input signal fades (v{—0), the reshaped signal can stick at a distinct logic
level.

Conclusion:

The noise suppression of the DPLL is about the same for all phase detectors as long as
none of the edges of the reference get lost by fading. If fading occurs, the EXOR offers
better noise performance.

Summary of DPLL Noise Performance:
P; = input signal power
P,, = input noise power
B; = input noise bandwidth

. . a)n 1
By, = noise bandwidth = 5~ (C +74¢

L

P
SNR; = SNR of the input signal = P_;Sq

B.
SNR; = SNR of the loop = SNR; ﬁ
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DPLL DESIGN PROCEDURE

Design Procedure
Objective:  Design K, K4, £, and F(s)
Given: Phase detector and VCO
Steps:
1.) Specity fi(min), fi(max), f(min), and f>(max).
2.) Design N unless otherwise specified.
Given: w,(min) < w, < w,(max) and §,;;, < < Cpnax
For these ranges we get approximately,
wp(max) Nimax Cmax Nax
w,(min) = \| Nyin and Cnin = N Npin — N = Npean = \\NmaxNmin
3.) Determine C. Typically, £=0.7.
4.) If noise is of concern, continue with the next step, otherwise go to step 12.

5.) If there are missing edges in the input signal (fading), go to step 6, otherwise go to
step 7.

6.) Choose an EXOR phase detector. Continue with step 8.

Vor-VoL
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Design Procedure — Continued
7.) Choose the JK Flip-flop or PFD as the phase detector.

Vou-VoL
Ks="27  (JKflip-flop)

Vou-VoL
K;= 4z (PFD)

8.) Specify Bj.

B:
B; should be chosen so that SNR; ﬁ =4

8,112 - SNRl' and Bi = BL
 If N changes, this can create a problem because
Wy 1
BL=7|tvag
and both w,, and & vary with N.

* Need to check that B;(min) is large enough.
 If By is too small, then N should be increased.
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Design Procedure — Continued
9.) Find K,,.
wr(max)-wy(min)
K, = vmax)-v{min)
10.) Find w,, given B; and &.

8B.C
Wy = 1+4C
If N is variable, use By and & correspondingly to N = N0

11.) Specify the loop filter.
Given w,, C, K,, K;, and N find 1, T, and K, (K >1).
Go to step 19.

12.) Continued from step 4.

Vou-VoL
Choose the PFD — K;="72,

13.) Find K,,.

w»(max)-wy(min)
o= vdmax)-v{min)
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Design Procedure — Continued

14.) Specify the type of loop filter. Use the passive lag filter as the others offer no
benefits.

15.) Determine w,,.
a.) Fast switching (7). Go to step 16.
b.) DPLL does not lock out when switching from Nfy.rto (No+1) fror. - AWpo<frer:
Go to step 20.
c.) Neither the pull-in time nor the pull-out range are critical. Go to step 21.
16.) Given the maximum 7}, allowed for the largest frequency step, solve for 7j or 7+1.
17.) Find w,,.

KoKd
Loop filter is passive: Wp ="\ | N(t{+73)
KoKdKa
Active lag filter: Wy, = Nt
) ) KoKq

Active PI filter: W, = Nty
CMOS Phase Locked Loops © P.E. Allen - 2003
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Design Procedure — Continued
18.) Given w, and g, find .
28
0= w,
If the system cannot be realized (negative values of t; or 1), modify w,, and &
appropriately.
19.) Given 11 and 1p (and K,,), determine the filter components.
20.) Given Awy, and &, find w,.
Awy,
Wn = 11.55(£+0.5)
21.) Given Ty, find w,, from w,, = 274/T}.

22.) Given w,, find 1| and 1;+1.

KoKd
Passive lag filter: T+ =Ny 2
n
KoKdKa
Active lag filter: T ="Nw.2
n
K, K,
Active PI filter: T = Nw.2
n

Go to step 18.).
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Flowchart of the DPLL Design Procedure

[Specify the range of fi and f>|
v

[ Determine N or range of N |

[ Determine T or range of T |
I

Y - Y _ -
& [Is Noise Suppression Required?] No
Yes \ A No _ _
Are there missing edges? ; [Choose the PFD, design the VCO and the loop filter]
ﬁ v
Use EXOR| Use PFD Tp Given Tp, Awng, or 71
- - - [Use Tp to fir:d Tj0r T{+17 | Awpoy I
[Specify the noise bandwidth, By | 1 [ Use Awpoand Tto find w, | [ Use Ty to find wy,
[Design the VO | [Estimate w,, from T/ | | ; |
I
7 -
[ Use By, andf to find w,, | [_Use wy andlc tofindy; |
[ Select the loop filter and determine t1, T2, (K,) | [ Usew,andCtofindt, |
T |
[ Calculate the loop filter values | Fig. 2.2-37
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Design Example — A Frequency Synthesizer Using the 74HC/HCT4076

Design a DPLL frequency synthesizer using the CMOS 74HC/HCT4076 PLL. The
frequency sythesizer should be able to produce a set of frequencies in the range of IMHz
to 2MHz with a channel spacing of 10kHz. Use a PFD and a passive lag-lead filter.

Design:
1.) Determine the ranges of the input and output frequencies.
f1 1s constant at 10kHz.  f>(min) = 1IMHz and f,(max) = 2MHz

2.) Choose N.
2MHz 1MHz
Nyax = T0kHZ = 200 and Nyin = T0kHZ = 100

Npean = \/Nmax’Nmin =141

3.) Find £. Start by choosing £ = 0.7 and find &,,,, and §,,,;;,-

Cmax Nmax

Cmax = Npin = \/E and E= Cmax'Cmin =0.7
Enin2\2=049 — &, =059 and &4 =0.592 =0.83
0.59 < £<0.83 which is consistent with our choice of C.

4.) Select the PFD as the phase detector. For the 74HC/HCT4076, Vo =5V and
Vor=0V. This gives a K;=5V/4x = 0.4 V/rad.
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Design Example — Continued
5.) According to the data sheet of the f2 (MHz)
74HC4046A, the VCO operates linearly in the
voltage range of vy= 1.1V to 3.9V as shown.

2x100x2m
K,="39.77 =2.2x106rads/V-sec

The data sheet also requires calculation of I L/3-9V
two resistors, R and R, and a capacitor, Cj. 4

Using the graphs from the data sheet gives,
Ry =47kQ, Ry =130k, and C| = 100pF.
6.) Assume the loop should lock with Ims.
T; = 1ms —  w, =2a/T;, = 6280 rads/sec.
7.) Using a passive loop filter we get,

KKq  2.2x106-0.4
T2 = Ny, = 141.62802 = 1610

o
—_
S
(9%}

28 2.07
8.) m= ®, =6280 = 223us !!!  (The problem is that 71+ is too small)
Go back and choose Ty, =2ms — w,, = 2a/T;, = 3140 rads/sec.
K,Kq  2.2x100-0.4 28 207
T+ = N, 2 = 14131402 = 633us and 1) = w, =3140 = 446us — 1) = 187us
CMOS Phase Locked Loops © P.E. Allen - 2003
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Design Problem — Continued
9.) Design the loop filter.

For optimum sideband supression, C should be large. Choose C = 0.33puF.
7] 187x10° T 446x100

Ry =T :W=567Q and Ry=7 :m:l.%l@
The data sheet requires that R{+R, = 470€2 which is satisfied.
Block diagram of the DPLL frequency synthesizer design of this example:

C1=100pF

Y ) 7. W U CIB __
vi(10kH?) SiGin;: 74HCA046A I Data N

? PCl1 ; —
COMPin: (EXOR)[ "™~ : PO----P7 PE
vy )4 ' CoTTTTT T
) ViCOout 74HC40102 T ”
| ®FD) Veo b (40103) 1"
- pc3 s R G
N TE
UK) 1 F LTLT
R2
------------------------------------------------ +5V
Ry=
130kQ
Tc=033uF
= Fig. 2.2-36
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Simulation of the DPLL Example
The block diagram of this example is shown below.

81(5) PD LPF VCO
1(s
> 82(s)
> R K 20
02'(s) Ky > F(s) > To >
Optional
+ N Counter /
L
N Fig. 2.2-25

The PFD-charge pump combination can be approximated as’
Kd(1+S‘L'2)
KaFO = (aprmy)
Therefore, the loop gain becames
K, K (1+s1) K, (1+sm)
SZ(‘L’1+‘L'2) = (s+ 8)2(T1+‘L’2)

LG(s) = (the factor ¢ is used for simulation purposes)

For this problem,
K,;=0.4V/rad., K, = 2.2x109, 1) = 446ps, and 1)+, = 633us. Also choose £ =0.01.

¥ R.E. Best, “Phase-Locked Loops — Design, Simulation, and Applications,” 4" Ed., McGraw-Hill, NY, p. 103
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Simulation of the DPLL Example — Continued
PSPICE Input File

DPLL Design Problem-Open Loop Response - Best

vs 1 0 AC 1.0

R1 1 0 10K

* Loop bandwidth = Kv =8.8x10E5 sec.-1 Taul=187E-6 Tau2=446E-6 N=141

ELPLL 2 0 LAPLACE {V(1)}= {8.8E+6/(S+0.01)/141*(0.446E-3*3+1)/(S+0.01)/0.633E-3}
R2 2 0 10K

*Steady state AC analysis

.AC DEC 20 10 100K

.PRINT AC VDB (2) VP(2)

. PROBE
.END
Si . . 100
imulation Results: T T Tl
80 BN S
[ \ & :
60 | o :
5 N s :
£ 40 L N :
A - LG Phase ’;r\ :
= 20 (4 1 — :
o - \’" -
C -+~ | Phase ! ]
% O %__-—4— }v{méiu \:‘ K/ |LG| :
Note that the phase is very n ~ 84° : \ ]
o -20 ; ~|
close to 0° and ILGI>>1 at . ¢ N :
low frequencies which is Yol ¥l N, ed
typical of type II systems. 10 100 1000 10 10

Frequency (Hz)
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DPLL SYSTEM SIMULATION
Examples of Case Studies using the Best Software’
PLL Parameters-
Supply voltages:
Positive supply = 5V Negative supply =-5V
Phase detector:
Veart = 4.5V Vear = 0.5V

Loop filter:
T = 500|JS T = 50|JS
Oscillator:
K, = 130,000 rads/V-sec Vearm = 4.5V Vsar = 0.5V

The simulation program will be used to verify the following calculated values:
w, = 17,347 rads/sec.
£=0.486
Afpo=T719 Hz
Af,=13,192 Hz

¥ Roland E. Best, Phase-Locked Loops — Design, Simulation, and Applications, 4% ed., McGraw-Hill Book Co., 1999, New York, NY
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Case 1 — System Benchmark

-
s

x

vg(mV)

v

100 200 300 400 500 600 700
DPLL Simulation t us
Tua Dac 24 12.24:42 2002 r QUS ) [us]

PD=EXOR

LF = passive lag

Q50 = Ve

Center frequency = 100000 Hz
Responsa on frequency step 8000 Hz
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Case 2 - Af = 8000Hz

va(V)

CMOS Phase Locked Loops

45A

Vdad

1

Phase error

w___\'100 E200 300 ”:400" 500 600 700

DPLL Simulation

Tue Dec 24 13:02:01 2002
PD=EACQR

LF = passive lag

OSC =\VCO

Center frequency = 100000 Hz
Response on frequency step 8000 Hz

© P.E. Allen - 2003
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Case 3 — Loop Just Locks Out

va(V)

CMOS Phase Locked Loops

100 200f 300 400 500 600 700

DPLL Simulation t [US]
Tis Cher 24 13:02:54 2002

PO =EXOR

LF = passive lag

05C =\VCO

Center frequency = 100000 Hz

Racnanes an frannsnsy sion A100 Hz

© P.E. Allen - 2003
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Case 4 — Pull-In Range Verification

4.5

4.0

3.5

3.0

vi(V) 2.5

2.0

1.5

1.0
DPLL Simulation t [ms]
Tua Dee 24 130807 20020
PD = EXOR
LF = passive lag

OSC =VCO
Center frequency = 100000 Hz

Resnnnzs an framiesncy atan 14100 Hr

Loop will not pull back in for df > 14,200 Hz
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Case 5 — PFD and Illustration of a Virtually Infinite Pull-In Range
Af, = +40kHz Af =35 kHz to avoid clipping of vy.

05 1. 15 2 25 3
DPLL Simuistion t[ms]
Tue Dac 24 13710:40 20020
PD = Phase-Frequency Detector
LF = passive l2g

Center frequency = 100000 Hz

Raennnas nn frantisncy sten AR000 Hz T ~ 1 . Sms
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Case 6 — EXOR with Active PI Filter

180 ; Vf
4.0 | ‘
35
3.0
2.5 V’“‘
va(V) .
2.0 S
1.5
1.0 R S i B A R Rk i R
0.5
_ | 2 3 4 5
DPLL Simulation t [ms]
Tue Dec 24 13.14:10 20020 |
PO = EXOR
LF = active Pi
0SC = VCO
Canter frequency = 100000 Hz
Caennnes nn fram ance stan IR0 He
T, = 5ms
CMOS Phase Locked Loops © P.E. Allen - 2003
Lecture 040 — Digital Phase Lock Loops (DPLLs) (09/01/03) Page 040-54
SUMMARY

» The DPLL has a digital phase detector and the remainder of the blocks are analog
* Digital phase detectors

- EXOR Gate

- JK Flip-Flop

- Phase-Frequency Detector

 Charge pump — a filter implementation using currents sources and a capacitor that
works with the PFD

e Charge pumps implement a pole at the origin to result in zero phase error

» The DPLL is much more compatible with IC technology and is the primary form of PLL
used for frequency synthesizers
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