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SEMICONDUGTOR

This Application Note provides t'he circuit desl'gner with

Jnformation on the use of the CD54/74HC/HCT4046A
Phase-Locked Loop {PLL) with voitage-controlled oscil-

lator (VCO) and the CD54/74HC/HCT7048A Phase-Locked
Loop with In-Lock Detection in phase-iocked circuits. A
description of the basic loop operation is included as an
introduction to phase-lock techniques. In the description,
the GMOS PLL IC provides the phase comparators, VGO,
VCO inhibit, plus tha lock detestors and indicators for the
loop, Complete circult designs with and without a fro-
quency-divide ratio are included as examples. Exampies
are also glven of varlous fliters operating over a range of
freguencies,

BASIC LOOP OPERATION

The CD64/7T4HC/HCT4046A Phase-Locked Loop (PLL)
with veltage-controlied oscillator (VCO) is a High-Speed
CMOS IC designed for use in general-purpose PLL
appiications Including fraquancy modulation, demodulation,
discrimination, synthesis, and multiplication. Specific
appiications include data synchronizing, conditioning and
tone decoding, as well as diregct VCO use for voltage-to-
frequency conversion and speed-control applications.,

The IC contains a VOO and a cholce of phase comparators
(PCs) for support of the basic PLL, circuit, as shown in Fig,
1{(a). The low-pass filter (LPF) Is an essential part of the loop
and is needed to suppress noise and high-frequency
components. An optional fourth part of the loop Is the
divide-by-N frequency divider, which is needed when the
VCO is run at a mulitipie of the signal-input reference
frequency. To faciiitats support of a varlsty of gensral-
purpose applications, both the filter and divider are external
to the HC/HCT4046A. These and other aspects of the
application of the HC/HCT4048A are expiained below
through a variety of loop design examples.

For a full treatment of PLL theory, the reader is directed to |
the bibllography where thera are a number of references

that supportthe descriptions and explanations given below.

The symbols and terminology used in this Note primarlly
_foliow the book, Phase-Lock Techniques, by Gardner;’
details of derivations of the aguations can he found in tha |

references.

Some understanding of teedback theory as a background
for designing PLL circuits Is heipful, but lack of this

CMOS Pha's‘é‘-ul:.'ocked-Loop Applications
Using the CD54/74HC/HCT4046A and

the

understanding should not be adeterrentto anyonechoosing

- then apply the information to a variety of circuit applications. |

) |
Fig. 1(a) - Block diagram of an HC/HCT4046A in a typical

High-Speed CMOS Logic |
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to appiy the HCHCT4046A in relatively simple, second-
order PLL circuits. The purpose of the Note is to presenta |
solid tutorial on CMOS PLL technigues, including extensive |
information on the VCO characteristics. A designer can |
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| phase-locked-loop circult, |

‘Befora. beginning to apply the HC/HCT4048A in PLL!
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circults, a de igner should have an understanding of the :
parameters and equations used to define ioop performance. i
Further, the designer should recognize that PLL circuits are |

aspecial case of feedback systems. Where servomechanism :

feedback systems are primarily concerned with position l
control, PLL feedback systems are primarily concerned .

with the phasa and tracking of a VCO relative to a reference \
signal input, YVhIEe a phase error can be anticipated, no |
differential in frequency is desired after phase-lock is |
established. C?eneral feedback theory is appiied in PLL use

just as it is in servomechanism systems. Some of the

symbols and #erminology used to describe PLL systems
were borrowed from servo systems, giving rise to such

wesnanism

-terms as damping factor, natural loop resonant frequency,

and loop bandwidth,




DESCRIPTION OF THE HC/HCT4046A

The block diagram of the HG/HCTA046A, Fig. 1(b}, lllus-
trates the least complax form of external loop fiftering. In
addition to the VGO, the HC/HCT4046A provides a choice
of three phase comparators. The HC/HCT704BA e an
equivalent device, differing only in the trade-off of a third
phase comparator (PC8) for a lock detector (LD). The
pinouts of the HC/HCT4D46A and HC/HCT7046A difter ina
minor way from that of the earlier CMOS PLL-type CD40468,
which differs tunctionaily In that it has a zener reference
diode in place of PC3 or the lock detector. Unless otherwise
notedinthefoliowing information, all description and operational
references apply to both the HC/HCT4048A and HC/

HCT7046A,

Figs. 2(a) and 2(b) show the HC/HCT4046A and HC/-
HCTT7048A functionat block dlagrams, respectively, The
VCO of tha HO/HUT4048A is {dentical to that of the

1ATTTAAD A ikl ban thvin amman nnarating nharactaristios
Istigs,

HC/HCT7048A and hab ths sams operating characie:

The HCT versions of these oscillator circuits differ from the
HC versions by having TTL loglc levels atthe inhibit inputs.
Improved tinear differential amplifiers are used to control
the current blas estabtished by resistors Ry and Ra;
amplifying current mirrors control the charge rate ol the
timing capacitor Ci. Descriptive and design information on
frequency control of the VGO is given balow.
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Fig. 1{b) - Block diagram of an HC/HCT4046A Hllustrating

external loop filtering,
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Fig. 2(a} - Functional block diagram of HC/HCT4046A,
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Fig. 2({b) - Functional block diagram of HC/HCTT046A.
PHASE COMPARATORS levels are different; the drive levels for the phase comparaior

While there are many types of phase comparators (PCs
-algo referred to as detectors}, the ones chosean for the
CMOS PLL design are based on accepted industry-standard
types. The cholce was aiso based on design flexibility and
the compatibitity of CMOS technology with PC applications.
Fig. 2(a) shows the jogic diagram of the phase-comparator
circuit with PC1, PC2, and PC3 identified. The comparators
consist of an Exclusive~-OR {PC1), an edge-triggered JK
filp-tiop (PC2), and an adge-triggered RS flip-tiop (PC3).
The phase comparator inputs are in parallel, making the
user's cholce a matter of selecting the pinout to the

preferred PG.

Both the external-reference signal input and the comparator
input are internally sali-blased to Voo/2 to permit ac
coupling from the drive signal sources. When ac-coupled
input stgnals are used, the drive sensitivity 1s typlcally better
than 50 mVpe. The comparator inputis normally used for the
VGO direct-coupled input; however, the comparator section
is independent of the VGO for stand-aione use.

The signals to both phase-comparator Inputs are amplified
with limiting that ignores amplitude changes, With respect
to the HCA404B6A versus the HCT4046A, only the inhibitinput

inputs are the same, When TTL drive levels are used for the
signal input to the detectors, either ac coupling or TTL-to-
CMOS level| conversion should be used to correctly drive
the Vpn/2 twitch level. Where the signal-input source
voltage isless than the logic level in peak-to-peak amplitude,
ac coupling is necessary. in addition, ac coupling is
preferred with reduced drive signals to minimize transient
switching ahd harmonic interference with the VCO.

Appendix | lprovides a summary of the phase-comparator
options. An extended description of the three phase

comparatol f follows.
1

Operation of Phase Comparator PC1

PC1 is an| Exclusive-CR logic circuit, The signal and
comparator input frequencies (fi) must have a 50% duty
factor for the maximum locking range to be obtained. The
transfer chqracteristlc of PC1, assuming the ripple frequency
(f: = 2fy) is suppressed, is:

Voemou = {(Voo/ T (@ S1Gin - ¢ COMPu) = Vociom

where Voemon is the demodulator output at pin 10 and
equals VPcht vla the low-pass filter (LPF). ¢ is the phase
angle tn degrees,




The average output voltage from PC1, fed to the YCO input
via the LPF and seen at the demodulator output at pin 10, is
the resultant of the phase differences of signals (513;.) and
the comparator input {COMP;.), as shown in Fig. 3{a). The
average of Voemou I8 equal to Voo/2 when there is no signal
or noise at SiGi,, and with this input the VCO osclilates at
the center frequency {{s). Typical wavetorms for the PCH

loop locked at f, are shown in Fig. 3(b}).
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Fig. 3(a) - Phase comparalor PCT average oulput voitege
as & function of input phase difference.
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‘Fig. 3(b) - TypicalwavaformsforPLL using phasecomparator i

PC1 loop locked at 1,.

The frequency-capture range {2f.) is defined as the
frequency range of input sigials on which the PLL will lock
for Initially out-of-lock Gonditions. The frequency lock
range (21} is defined as this freguency range of input signals
on which the lockad 160p will rémain in lock. The capture
range Is smaller or:@ o.ihe Jock range. The capture
range of PC1 depends .PF characteristics and can
be made as large a8 the jock.-range. This configuration
relains lock behavior aven with very noisy signal input. PC1
can lock to input frequancies within the jocking range of
VCO harmoenics, .

Operation of Phase Comparator PC2

For most appiicallpns, the features of PC2 provide the most
advantages. it is a positive-edge-triggered phase and
fraqguency detectdr. Whan the PLL uses this comparator,
the loop is controlied by positive signal transitions, and
control of the duty factor of SIGin and COMP, Is nol
required. PG2Z is t;omposeci of two D-type fiip-fiops and a

3-state output stage and has controlled-gating. The circult
functions as an up-down counter, where 51Gi, causes an up
count and GOMPy, 8 down count. The transfer tunction of
PC2, assuming ripple {f; = i) is suppressed, is:

Voemout = {Viec/4m}{@ S1Gin - @COMP) = Vecaou
or
Voemout = (Vea/20){@ SIGin - @ COMPin) * Veeaom *

where the PCZ gajn is mode dependent.

*{Refer io Appendix ii.)

LPF and seen at the demudulator output at pin 10, is the
resultant of the phase differences ot S51Gi, and COMP, as

shown in Fig. 4(a). Typical waveforms for the PC2 loop
locked at f, are shown In Fig. 4(b).
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Fig. 4(a) - Phase comparator PC2 average output voltage
as a function of input phase difference,
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Fig. 4(b) - Typical waveforms for PLL using phase com-
parator PC2 loop locked at lo.




Whan the frequencies of 81Gi, and COMPy, are equal, but
the phase of 510, leads that of COMP,, the PMOS device at
the PC2 output (Fig.'2) Is héid on for a time corresponding
to the phase ditferahce. When the phase of 51Gi, lags that of
COMP;,, the NMOS device is held on. When the frequency
of StQy I8 higher than that of COMPy,, the PMOS device s
held on for 4 graater:portion of the signal cycle time, For
most of the remainder 6f the cycle time, the NMOS and
PMOS devices are off:(3-state). If the S1Gi frequency is
lower than the COMP frequency, then it is the NMOS
device that Is held on for most of the cycle.

As locked cornditions are achleved, the filtered output
voltage from PC2.corrects the VCO untll the comparator
inpul signals éira phasa looked. Under stable phase-locked
conditions, the VGO Thput voltage from the output of the
LPFis constant, and the PC2 outputisin a 3-state condition.

Operation of Phase éomparalor PC3 (HC/HCT4046A Only)

The clirouit of PC3 is a positive-edge-triggered sequential
phase detector that uses an RS flip-flop, When PC3 is used
as the PLL phase comparator, the toop is controlled by
positive signal iransitions. This type of detector is not
sensitive to the duty factor of SiGi, and COMP.. The
transfer characterlslic of PC3, assuming ripple (f = ) Is
suppressed, is: '

Voemout ® {Voo/27){@ S1Gin - ¢ COMP»)
& Vposom Ve the LPF

The averagse output from PC3, fed to the VCO via the LPF
and seen at the demodulator output, Is the resuitant of the
phase differences of G, and COMP, as shown in Fig.
5(a}. The typical waveformsfor the PC3loop locked at . are
shown in Flg. 5{b).
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Fig. 5{a) - Phase comparator PC3 average output voltage
as a function of input phase ditference.
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Fig. 5(b} + Typlcal waveforms for PLL using phase com-
parator PC3 loop locked at fo.

The phasa characteristics of PC3ditfer from those of PC21In
that the phase angle between SIGi, and COMPy, in PC3
varies between zero and 360 degrees, and is 180 degrees at
the center frequency. PC3 also has a grealer voltage swing
than PC2ifor the same input phase difterences. While the
conversion gain may be higher in PC2, PC3 produces a
higher ripple content in the VCO or COMP,, signal.

LOCK INDIiCATORS
PCP,, of the HC/HCT4046A

Although|the phase-comparator puise output (PGPou) Is
shown as|part of PC2 in Fig. 4(b), the phase indication (s
present ‘hen either PC1, PC2, or PC3 Is used. The PCPou
phase-logk conditionis present because the inputs for S1Gin
and CO\E.., are In parallet. As noted in the waveforms of

Fig. 4(b), PCPow at pin 1 of the HC/HCT4046A remainsina
high state when the loop is phase locked. When either the
PMOS orf NMOS device Is on, the PCPou Is low. How the
PCP.u is used depends on the application. To fully utilize
this output as a practical lock indicator, a smoothing filter is

o ol a2 Bl
to raduce the effects of noise and marginal lock-in

Additional lock indicator circuitry has been added to the
HC/HCT7046A, replacing the PC3 function withanimproved
1ock detector and fliter, As shown In the logic diagram for
the HC/HCT7048A of Flg. 2(b), the PC2 circuit provides the
same set| of Indicator slgnals as the PCPou circuit of the
HC/HOTA048A, Fig. 2(a). Additional stages are used to
process [the lock-detection output signal {LD) of the

[Py W
HC/ nGTI‘L‘éEA.

Detection of a locked condition is accomplished in the
HC/HCTT046A with a NOR gate and an envelope detector,
as shown in Fig. 6. When the ioop is phase locked, the
output of the NOR gate Is high and the lock detector output
{pin 1) Isata constant high ievel. As the loop tracks the S1Gin
on pin 14,the NOR gate generates pulses having widthsthat
represeni the phase difference between the COMPy, (from
the VGOGLand S1Gia. The time between pulses Is approxi-

needed t
flicker.
Lock Detector of the HC/HCTT046A

mately equal to the time constant (T) of the VCO center
frequency. During the rise time of the pulse, the diode
across the 1.5-kilohm resistor is forward biased, and the
time constant in the path that charges the lock-detector

. capacitor (Cvro) is glven by:

T = (150 ohms x Cup)
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The discharge ciroult Includes the 1.5-kilohm resistor. The
capacitor waveform Is a sawtooth, as shown in Fig. 7. The
lock-detector capacitor. value is determined by the center
frequency of the VCO, The typical range of capacitance for
afrequency of 10 megahertzisabout 10 picofarads, and for
a frequency of 100 kiloheriz, about 1000 picofarads. The
vaiue of G.p can be selected by means of the chartin Fig. 8.
As long as the loop remainslocked and tracking, the level of
the sawtooth wilt not go below the switching threshold of
the Schmitt-trigger inverter. 1fithe lpop breaks lock, the
width of the error pulse will be wide enough to allow the
sawtooth waveform to go below the threshold, and a level
change at the outpul of the Schmiit-trigger will indicate a
loss of lock, as shown In Fig. 9. Thetock-detector capacitor
also filters out small glitohes that can occur when the loop is
elther seeking or losing lock,

As noted for the PCP,u of the HC/HCT4046A, the lock-
detector function of the HC/HCT7046A is present in any
application of PC1, PC2, or PC3. However, itisimportant to
note that, for applications using PC1, the fock detector will
only indicate a locked condition on the fundamental
trequency and not on the harmonics that PC1 may lock on.
If a detection of iock i8 needed for the harmonic iocking
range of PC1, then the look detector output must be OR-ed
with the output of PC1.

VOLTAGE-CONTROLLED OSCILLATOR (VCO)

The High-Speed CMOS PLL ICs Incorporate a versatileand
aasy-to-use VCO with a number of enhanced features
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Fig. 7 - Waveform rt iock-detector capacitor when
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Fig. 9 - Waveforms af lock-detector capacitor when
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resulting from the High-Speed CMOS process. The m
notable advantage is an order of magniiude increass i
VCO frequency range over that of the CD40468.

The following VCO apptications are intended to highlight
problem solutions, Equations for the VCO frequency have
been developed with emphasis on the high-frequency
range. Graphicat comparisons of measu red and calculated
frequency resulits are given.

VCO Desctiption

05
s
14 ]

-]

" Flg. 10 shows a functional diagram of the VCO control

circuit of the HC/HCT4048A. The frequency and offset-
frequency amplifiars are configured io convert voitage 1o
current, which Is|then amplified In the current-mirror-
amplifler (CMA) blocks betore being summed. The summed
current is directed to the osclilator section consisting of
Inverters Gs and Gz. The inverters, switching as H-drivers,
control charge and discharge currentto the osciliatorrange
capacitor, Cy. The oscillator loop consists of Hip-Hlop FF
with feadback from the cross-coupled outputs to Gq and Gz.
The demodulalor})utput amplifier may be optionally used
to buffer the filtered cutput of the phase comparator. In
normal use, the load resistor R, 18 in the range ot 50 kliohms
to 100 kilohms. Af Inhibit amplifter controis the osciilator
and CMA circuits. The output from ons side of the Hip-fiop
is buffered and output to the VCOou at pin 4.

The external components Ry, Rz, and G, plus the voltage
tevel of VCO at pin 9, provide direct control of the
trequency. Resistors Ry and Refix the tevel of current blas to
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CMA circuits consist of a current mirror with, typlcally, 6 to
8 times gain. Because the frequency and offset-frequency
ampiifiers are spurce followers with 100% feedback, the
voltage across Ry at pin 11, Vay, I equal to VCOin, and the
voitage across Re at pin 12, Ve, is equal to Vier. Vier I8 an
internal bias source setatone forward diode drop from Vee.
As such, the voltage across Rz and the current f; are
functions of Vg, Implying the need for a well-regulated Voo
for good offget-frequency stability. For most applications,
Vrer = Voo -0.8 volt is agood approximatlon inthe equations
that follow, 1 = VOO/Ry and le = Vie/Re are used as direct

expressions for the CMA Input currents.

The outputs of CMA1.and CMAZ are the amplified M|I1 and
Mzl currents whare M; and My are the multiplier ratios for -
CMA: and CMAg, respectively. The CMA output currents
are then summad togather as the current, lum, to drive
capacitor Cy via the PMDB and NMOS transistors of Gsand
Gz When the Input to Gy Ishigh, the Input to Geislow. In this
mode, the PMOS transistor of Gy conducts charge to Gy
while the NMOS transistor of G; discharges the low side of
C» to ground. Each time the fiip-flop changes state, the

charging polarity of C is reversed by Gy and Ge. When the -

positively charged side of C is grounded, an intrinsic diode
across each of the NMOS devices discharges Cy to one
diode level below ground.

There are two G charge cycles in each full perlod, and the
instantaneous start voltage for each current-charged ramp

The time,

Yooyt
PZLM -ABIDT
YCO portion of
Un bl = N Y Al 'i'l. andlipn surdtats thonabnld nt tha Hin flan
18 Vi = ~U,7 YOIt 1 & aCiive SWHiCh 1IresnorG as iné HpPTaUE
tnput is Ve = 1.1 volts for a Ve of 5.0 volts, and varies with

Voo a8 shown in Figs. 11{a) and 11{b}. Fig. 11(b) shows the
voltage waveforms at pins 6 and 7 as similar except for the
‘half-cycle displacement. The total peak-to-peak voitage of
lhe sawtooth ramp waveform at pins6 or 7 is typically Veemp =
{Vm Vu] 5 [%.1 -(-0.7)} = 1.8 volts.

vCco Ffaq ency Control

When a capacitor, C, is charged with a constant current, 1,
the expreTton for the voltage, V., Integrated over time, Te,

B L
Vo = {1/C)  tdt = (ITo)/C

In this cnje. the capacitor voltage is:

= (Vi =Vir) = laun(To/C1) M

= Vrlmp

Te = C1 X Viamp/laum
where laum = {{Myl1) x (Mgl2}].

Te, is the ramp charge time, and Vims is the
capacltor ramp charge voltage over the integrated time
pertod. The ramp rate of voltage increase 18 Viemp/To, and is
determingd by the rate of charge of the capacitor by the
source current, faum.
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Fig. 11(a)} - Equivalgnt HC/HCT4046A charge circuit of the
voltage-controlied oscillator.

‘the CMA gain characteristios for My and Mg are shown in
the curves of Figs. 12, 13, and 14, The vaiues for Mz as 8
function of Iz are shown in Fig, 12. The curves of Fig. 13
show the CMA2 range of linearity for Iz input. The linear
range and values for multiplier My are shown In the curves of
Figs. 14{a) and 14{b}.

Equation 1 Is sufficiently accurate to allow & good ap-
proximation of the VCO period (2Tc}. However, there (s a
more precisely accurate eguation for ramp charge time, in
Fig. 11(b), Note 1, attention is called to an offset voltage of
approximately 0.15 volt, Fig. 11{a} llustrates the reason for
this characteristic In an equlvalent clreult, where the mode
of switching is for the Gy - PMOS and Ge- NMOS transistors
in their “on" charge state. The more prectse form of the
voltage equation should tnctude the NMOS channel resis-
tance, Rn. ’

Because the trlp point, Vu, is the sum of Vo + Vo, 8nd does
not change in value, and Vi = V.{0) Is approximately -0.7
volt as the initial charge condition on capacitor Cs:

Viamp = Vi =Vir = {Vo + Vin} No{0) = laumTe / G

where: : ,
foum & (MI'I) + (ME‘P)

and, becauss Vin £ lumBn
To = {Viamp JyumBn)C1/tsum 2}
where Veamp 18 the same as defined in Equation 1.

As noted above, the initial voitage, V4(0) is one diode drop
below ground, or -0.7 volt, and is aqual to V. The Vi trip

! I
= Vhy [NOTE 2} — +1.
/ hr Niﬁ / +1 1v| /

/] noted
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wan =0, TV

g Vpy (NOTE ) g —+11v
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I il I 17
i 4 | 4

V—v It AN -07V

RZ=1Q LM C120.04T uF

Vge*SY  VOO|*05V gt 1BKHE

NOTES ) T
1, THE 0.15 VOLT OFFSET AT PIN 6,7 1S DUE TO CHARGE
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1N THE N~-CHANNELS OF G1, 62 NMOS TRANSISTORS.

2,Vp, VARIES wrrw Vge WHERE W, *(0.1Vgg +0.6) VOLTS.
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Fig. 11(b) - HC/HGT4046A voitage-controlied- oscillator
wavaforms.

point for the fip-flop does not change, and was noted to be

- A o it
typically 1.1 voltfor Veo = § volts. AsshowninFig, 11(a) Vi

Mgy T

=V, + V.. This expression shows that less charging time Is
needed o reach the trip point because V, is reduced by the
LsumRn voltage drop. The laumRn term introduces a charac-
teristic of nonlinear increasing frequency as a function of

.
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Fig. 13- Mirror ourrent a8 d function of Rz blas current
_ showing range of linearity.

VCO., voltage and is caused by the voltage drop in the
NMOS channel! resistance. When VCOm I8 increased, the

added Myls surrent continues to further reduce the sweep- -

time requirement. For large values of Ry and Rg, the effect of
resistance A, is small, and the Vi term in the above
equations may be neglected.

When Equation1or2is used as a first-order approximation,
a complete expression for frequency would incorporate

BE+4
- AVeG =45V PIN 9:05 Voo
-~ Qvgg eV
| OVpp*dV
1644 Mis6
1 -
i ..
E YE43E- M118.2
& -
a -
&
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‘Ry BIAS CURRENT {Xq}—pA
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Fig. 14(a} - Mirror current as a function of Ry bias current
showing range of Linearity. VCOw {pin 9)
voitage is 0.5 Vee.

timing fol two ramps, plus the propagation delays foreach
filp-tiop state, plus the added time for charging stray
capagcitance. Either case yields a ramp charge axpression,
The propagation delay, Ted Is & function of the number of
cascaded stages In the flip-flop, plus Gs and Ge switching
propagation-defay times. The stray capacitance, Cs, from
pinBto7/(orfrom each pin to ground) must be added to the
vaiue of Gi. it should be noted that unbalanced capacitance
toground from pin6.and pin7 cancontributean unbatanced
duty cycle. In fact, unbalanced capacitance at pins 8 and7
may be used by design to correct or set the duty cycle, With
the frequency-dependent parameters now defined, the

VGO frequency becomes!

fopo = 1/Toso = 1/(2Tc + 2Tpa) (3)

"Using the simplified expression of Equation 1 to calculate

the ramp charging time, and Including the appropriale
tarms for capacitance Cy + Cs, Viamp, BN faum

st Layial

To = [(Cr + Ca} X Viamp] / [(Mahi} + (Mgl2)}

pands to:
{{C1+ Cs)Vump]/[Mt(VCOIn/Rt) + Me(Vie/R2)}] (4}

which &
Te

‘where:

]

'uum = {MI(VCOM/R!} + Ml(vtﬂ/RB”

“The more precise solution is:

Te={{Cs # Ce}{Veamp = laumPa)}/ foum (5}

The value of T, is calculated from Equation 4 or 5, and is '
substituted into Equation3to determine the frequency, losc.

For the most part, Equations 3 and 4 provide a reasonably

accurate and direct approach to determination of the

frequency of the VCO in terms of external component

values end known parametric voltage values.
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showing range of linearity. VCO, (pin 9) voitage
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VCO Parametric Ranges and Restrictions

When Equatlons 3 and 4 or § are used, it I3 necessary to
adhere to certain range limitations for the components and
to seek the correct parametric values for other variables.
‘The following list tabulates the variables of the equations
and defines ranges and restrictions.

Defined in the HC/HCT4046A and HC/HGTT046A
data sheets as 7 voits maximum - for normai
operation should remain in the range 0f 310 6
volts,

Voo

The pin 9 voltage, VCOuw, determines the
frequency of the VCO. The control range is 1.0
volt <VCDi<0.8Voe; the VCO will become
unstable I VGO, exoeads the maximum. On the
jow side, the VCO is not responsive to input
lavel until VCGOm I8 2 1.0 volt.

VCOn

The internal reference voitage, Vi, I8 equal to
one forward diode drop below Veo (Voo -0.6
voit). Where Re 8 used to fix offset frequency by
current 1g, the Vi tevel is maintained at pin 12
{(Rz) to set the source current, la.

Vm

Values for Viemp 878 dafined above wit
mentary on the affect of lumRn which, for many
applications, is a sesond-order effect and can

be neglected. As an emplrically derived equation,

Fots 41 T
13 LU

Vump

Vi = (0.1Vo + 0.8) voits and Veme = (Vi Vi)

= {0.1Voc + 1.3) volts.

Cy The external VCO timing capacitor between
pins 6 and 7 should be greater in value than 40
picofarads, Lower values will be subject to
device and iayout tolerance variations caused
by the stray capacitance at pins 6 and 7.

C, Stray capacitance at pins 6 and 7 is not limited
to pin-to-pin capacitance. Any stray capacitance
at pin 8 or pin 7 must ba charged and discharged
during each normal oscillator cycle.

Ry The value of Ry determlnéh the frequency of the
VGO for the dafined VOO, range. Note that the

10

minimuL {offsat) frequency Is determined by
Rz, and that the current in Ry Is determined by Iy
= VCOw/Ry.

Re R: is frequently misused. The value of Ra

dotermines the offset {minimum) frequency of

F peappepapen 411
ihe uuuzlﬁtﬁi‘. When thore is no basic need for

an offse‘ trequency, Rz should be omitted. if itis,
~ no termination Is needed at pin 12. When Rz is
not used, and if the detector reference signal is
removed, the oscillator's minimum frequency
drops to zero. To sustaln osciflation during
signal dropout, some value of Az is needed. The
current in Rz is determined by lz = Viet/R2 = (Voo
—1).6)/!42[v

The curfents |, In resistor Ry and 1z in resistor Re

are multiplied in the current mirrors CMA1 and

GMA2 and summed to provide the lsum charging
currant to Gy + Cs. The CMA multiplying factors
are, respectively, My and Ma. Fig. 12 provides
ourve families for Mg as a function ot 1z and Vec.
The nominal current-multiplier factor for My is
determined from the curves of Fig. 14{a).

Mth

Isum Whete L Is defined as (Ml + Mzla), the total
sum of Iy + Iz should not exceed 1.0 milllampere.
The mujtiplier values of M1 and Mz are typically
6 to 8 times. At higher leveis of current, isum will
degradg VCO ilnearity. The limits of linear
range in the curves of Figs. 13 and 14 shouid be

noted, L

3is approximately 10to 14 nanosecondsfor the
flip-flop In the feedback loop of the osciliator.
For Vo levels of 7 volis, the propagation delay
decreases approximately 10%. For 3 volts, the
propaghation delay increases approximately

30%.
To " The ramp charge time, Tc, for capacitor Ci is

Tpo lnhare{ propagation delay as noted in 'Equatioﬁ

assumaed to be equal forpin8to 7 orpin 7 to8in
Equatigns 4 and 5.
foeo The ostillator frequency for a given VCO, as “
read atthe VCOou, pin 4, it may be calculated by
means |of Equations 3 and 4 or 8.

DESIGN EXAMPLES WITH MEASURED AND
CALCULATED RESULTS

The curves of Fig. 15{a) l{iustrate test-measurement data for
the HC/HCTA4048A for frequency, fo., as a function of
VGO, voltage. Using Ry = Rz = 10 kilohms, Gy = 47
picofarads, Cs = 6 picofarads, and assuming Tea = 11
nanoseconds in the circult of Fig. 15(b}, curves for Ve
values of 3, 4, 5, and 6 volts were measured and plotied. The
dashed lines for the curves B, D, and E were calculated
using Equations 3 and 4 and lllustrate that there is a

reasonable agreement of measured and calcutated resulits.
The effect of an accelerated frequency increase is more
noticeable in the ycc = § volts curve {curve E) with no oftset
{no Rz}, where the measured frequency sWeeps up with an
increasing slope. The approximation equations, however,
are stili valid, varying from 5 to 15% error, mostly at the high
VCO., voitage vallies. The effects of no offset bias should be
noted in the curve for Vec = 5 volts and Rz =infinity {curve E).
Without offset bias, all oscillation stops when the VGO
voltage drops below 1.0 voit.
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Although values of 10 kilohms for Ry and Rz provide good
linearity as a function of VCO. for the high-frequency range
shown In Fig. 15{a), optimum values for Ry and Re are
greater at lower frequencies. This fact Is Mustrated in the
curves of Fig. 18, where the linearity is shown to be better
for the farger values of Ry and Rz {curve B}. The accelerated
frequency-increase effect of lsumPRn 18 more pronounced.
The propagation delay s neglected in the curves of Flg, 16
because it is much less than the oscillator period. The
effacts of stray capacitance are neglected for similar
reasons. The simplified solutions using Equations 3 and 4
are shown by the dash lines.

A more accurate calculation was made with Equations 3
and 5 to determine the vaiue of laum. A value of 50 ohms was
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Fig. 15(b) - Test circult for HC/HCT4046A phase-locked
foop VCO.
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Fig. 17|- VCO frequency and power Supply currentas a
function of operating voltage Vec showing
effects of different values of R: (5 and 10
kilohms).

used to calculate the laumRn term, The calculated rasults for
this curve quite accurately overlay the measured, solid-line
curves. l‘n this calculation, the values of My and Mz were set
15% Iow‘ to obtain the exact tracking match.

The curyes of Fig. 17 show measured data andillustrate the
dependence of the offset frequency on Vee. The frequency
Is in megahertz and the power supply current in milli-
amperes. These parameters are plotied against power-
supply voltage. lco I8 shown for Re offset frequency bias
resistors of 6 and 10 kilohms. The supply current increases
with a decrease In the value of resistor Rg, and aiso
increases with the switching frequency because of the
added ¢urrent needad to charge and discharge the device
equivaient capacilance, Cpa.
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The curves of Fig. 18 show the effect of incredsing the
values of resistors B: and R by ten imes with all other
{actors remaining the same, Curve A is plotted at 10 times
the measured frequency, while curve B is piotted at the
frequency of the measured data. The two curves should
overlay one another, The current multiplier ratios, however,
are higher at lower current biaslevels, a factor that causes
the frequency defined by curve A to be slightly more than
ten times that of curve B. The curves illustrate that frequency
can be changed by a linear scale factor with a changae in Ry
or Re. Similar frequency changes may also be made by
adjustment of Cy. Anexception to be noted Is that effects of
Tpa and Cs will produce & ratio adjustment error In the
high-frequency range. Fig. 19(a) gemonstrates the results
of a different method of frequency control by “splitting”
capacitor Cy and returning pin 6 and pin 7 separately
through capacitors C1aand Ciato ground. fustrated in Fig.
19(b), this mathod has the fagliity to controf the duty cycle,

which is the ratio of capacitors Cia and Cis. The Veame
conditions change from -0.7 volts as a starting point to

ground or zero volis. The Vw trip point is unchanged. The -

current charge path for each capacitor is through its
respective Gy or Gz PMOS device, and the discharge path s
through the associated NMOS device. Frequency calcu-
lations for this type of circuit are based on a separate
calculation for each capacitor charge ramp and the addition
of the results for the total perlod time. The same equations
are used in the calculations, but the ampirloal equation for
Viamp bBCOMES!

Viamp ® Vie-Vye=211-0¢= 1.1V

where Vce = 5.0 volls.

. For other Voo values, Ve = {0.1Vec + 0.6) volts. The simplified
calculation Is shown by the dashedline in Fig. 19(a) tobein
reasonable agreement with empirical resuits. Wherethe RC
discharge may not reach ground before the charge cycle
staris, Vi = Vo{0) assumes this value. The waveform
characteristic s shown In Fig. 18(b).
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Possible applications of the split-capacitor method de-
scribed above include horizontatand vertical timing clrcuits
for image display systems as well as gating and blanking
functions wﬁere. for a variety of reasons, pulse-width
control may Te needed,

DESIGN EXﬁMPLEs WITH AND WITHOUT OFFSET

The equations derived thus far have provided a means fo
calculate fre’;}xuency. Howaever, frequency is usuaily the
kxnown parameter. If it is not known, an approximation may
be initially cﬁicuiated, followed by an iterative adjustment
for the final desired result. Dynamic range iimitations may
be more easlly accommodated by following this procedure.
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Example No, ¥ With Ofisel
For a supply voltage Vog = § volts and given:

t. {center frequency) = 400 kHz
twun {Dffs0l fraquency) = 250 kHz
fmax = fo + 2('0 'frmn) = 550 kHz

The curves piotted thus far indicate that a value of 0.01
microfarad may be a suitable value for Cq, and that
propagation delay and siray capacitance may ba neglected.
For convenlence, assume that the multiplying factorM = My
= Mg = 7.2 and, from previously noted values, Vemp = 18
volts. First caloulate tho offsst frequency by setting VCOuin=
0 volts. With these simplified conditions, Equations 3 and 4
become:

frin = 1/2Tg = 1/2(C1Veamp/Mzlz)
or:
fmin = 2MaVie/ C1VrampRe
where lz = Vie/Rz = {Voc - 0.6)/Re = 4.4/Re.
Solving for Re yields:

Rz = MgViet/ 2C1Viampimin
= (7.2 x 4.4)/{2 X 0.01 uF x 1.8 x 250 kHz)
= 3.52 kllghms

i this low value of Re is used, the rasuitant lsumPns will cause

pronounced nonlinearity, as shown in Fig. 18, curve A.

Botter linearity can be achieved with an Re of 35.2 kilohms -

and by scaling frequency; Ci can also be set 10 1000
plcofarads. This cholce seems praclical because the
assumption i that siray capacitance, C., I8 B plcofarads,
which Is not a significant percentage of Ci. Re should be
further adjusted by choosing a value for it of 38 kilohms,
which Is close to a standard vaiue of resistance.

Erom the known maximum fraquency, fma, 8nd given the
vatue of Rz, Ry may ba calcuiated. Assume thatthe maximum
frequency will oceur at approximately YCOu = Vit = 4.4
volts. The same values of My and M. as used above wiil
continue to be used for this approximation. The problem
now Is to find a paraliel value of Ri and Rz (Red) for the
calculation of fmax Where:

Req MVOOIn/acivumpfmn
= (7.2 x 4.4)/(2 x 1000 pF x 1.8 x 550 kHz)
= 18 kilohms

For Rz = 35.2 kilohms, Rq is determined to be 20.3 kitohms,
or approximately 30 kHohms to the nearest standard vaiue.
With these values and Equations 3 and 4, the calculations
for the frequency can be fine tuned. With Vie/Ra at 122
microamperes, Mp from Fig. 12 becomes 7.3. Similarly,
when VGO = Veo/2, VCOW/ Ry = 83 microamperes , which,
from Fip. 14{a), yields M =8.2.

Te and fosc 88 8 function of VCOn can be calculated from
these values and, if needed, R and Rz can be adjusted to
meet the desired center-frequency condition, Thatis, forCs
= 0, Toa = 0, Ry = 30 kilohms, R = 36 kilohms, Ci = 1000
picofarads, Veer= 4.4 voits, Viame = 1.8volts, My=6.2, M2=T7.3,
and Voo = § volts:

foro = 1/2T0 = [M!(VGOM,R!) + M2(44/R2”/ 2C1Viamp

= {6.2(VCOn/30 kitohm)
+7.3(4.4/38 kilohm)}/ {2 X 1000 pF x 1.8 V)
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The table below gives caicuiated and measured oscillator
frequency values for different values of VGO,

VGO (V) f_o.c {kHz)
Caiculated Measured
0.0 248 280
1. 3056 318
2. Rit) 384
4, 500 492

The calculated solution Isin reasonable agreement with the

desired results as shown by the measured data. Depending
on the application, some adjustment of Rz may mora closely
fit the fosc vatue.

"Example No. 2 - Without Offset -

N
Given: fo leroo kitohertz , Yoo = 5.0 volts
Without offset, the calculation is simplified to:
fg.g =1/2To = Nh(VCOin/Fh) / ZC'Vump

Drawing on the experience of the previous calculation, Mi is
approximately 8,2 and VCOu is set to 2.5 voits for the
center-fraquency calculation. Soiving for Rs:

Ry =6.2(2.5/f0) / 2 x 1000 pF x 1.8V
= 10.B kHohms

Using 11 kilohms

VCOm (V) fore (kHZ)
Catculated Measured
10 187 139
2.6 a 352
4.4 699 607

in this example the error is larger, but the dynamic range
needed for the high and low end of the frequency range is
there. The center-frequency vaiue of VCCGials slightly to the

high slde* of 2.5 volts.

“THUMB RULES” FOR QUICK CALCULATIONS

The abo‘ o two examples imply that simple equations and
“thumb-tules” can be effectively appliedto the determination
of requiu}d parameters, Designers, however, shouid remain

alert 1o the fact that large values of leum with frequencies in
the megahertz range do require use of the expanded
Equations 3, 4, and 5. For extreme ranges of current and
voltage, jother errors may be added. However, reasonable
approximations of the offset frequency, fmin, and the
maximum frequency, fmax, C&N be made, Where Tpa << /10
or the frequency range is less than 1.0 megahertz and the
fsum CUrrents are reduced so that {gumBa << Viamp, the errors
will generally be less than 15%. The quick-approximation
equations are derived as follows:

30

From Equation 4, soiving for fmin = 1/2Tc 8t Ve =5V, VCOn
= 0V, Cs=0pF, Viamp = 1.8V, and My = Mg = 7 yields:
J froin = Ka/{R2Cr) (8{a))
‘where K. is a constant that varies with Vec.

To find fmex with VCOin= V=44V, Vec=5V,Ca=0pF, Viamp
=18V, and My =Me=T7: :

froex = K./(R.qC‘) (5(b))




where Ry in paraflal with Hz 18 equal to Re.q. Then, an’

extrapolation from fmin 8t VGO = 010 frmax 8t VGO = 4.4 volis
yields a quick y = mx + b equation approximation 10 fosc:

foso = I('mnn - fmm_)/KbiVCOm + fmln (G(O))
whara . b § g A AtnrV. 2BV arE4forVeo=8Y, ¥, _at
WHOTO Mo &8 imax IS 7.7 107 VOG0~ O 7V LT UGS YU VoL — U V. st
max and fmln *s BB fof V oo = 5 V and 10 fOI‘ VOC =8 V.

The solution is provldéd as a time constant for R:Cy or
ReqC1, whera Ci is assumed, followed by a calculation for Ry
and Rg,

The choice of offset frequency Is not as simple as it first
appears. The true offset with respect to phase lock starts
when the VCOi. ts approximately 1.0 volt, The lock-in range
where 26 = (fmax - fmin} 18 limited by this condition. As such,

thae iock-in range is oniy 60% of the VGOu control range for
VCOin=0V1o VCOi,=2,6 V or {Voc/2}). Using the lower VCO
control range as a boundary condition for lock-in, 0.6(f.

~fmin) = fi.

Where fmin is the offset lfequency; the thumb-rule equation
for offset in terms of center fraquency and lock range is:

fain = fo ~ 1.8 (6(d))

TABULATED SOLUTIONS

The expanded Equations 1 through 5 have been written into
a computer program using emplrically derlved equations
from the curves and data for 1, 1z, My, Mg, and Tps. This
program is included In Appendix 11l. PC calculations and
thumb-rule solutions have been calculated and compared
to measured data to svaluate the frequency error In several
applications. Appendix 1V gives R,, Rg, and G, values with
“Calc. oo’ PC solutions from Equations 3, 4, and 5, The
“Approx. fose” vatues are glven by the thumb-rute solutions
from Equations 6(3) B(b), and 8{c).The solutions shown

hmtmus mon bamand am mbs nnd lnu lamiide A UOND, andhaun

POIUYY ai1T Uaoou Ui l"uil GV IUYY ITHAULD LW ¥ Wi Qitu riavo
larger estimate errors than those previously shown and
piotted. The most accurale fraquency calculations are
determined by having the correctt values for My and M.,
which, for the full range of VGO, are not constant, The
preferred solutions are derived for a VCOin voltage near
Veo/2, where the curves forl: as a function of pin6 and pin 7
current plots are most accurate, The example data gliven
here is based on single result vajues from constructed PC
boards {see Appendix V).

FILTER DESIGN FOR THE HC/HCT4048A

The third element of the HG/HCT4046A PLL to be discussed
is the filter requiraments for proper operation of the ioop.
An understanding of varlous technlcal terms is assumed.
For further assistance, the reader is referred 1o Appendix|i
and the bibliography. It is important to remember that the
filter characteristic is a key factorin determining the overall
pain and phase response of the loop. Stability criterla is
covered in general referances on feedback theory along
with other subjects including Bode plots, root-locus plots,

and Nyqulst criterla. The use of Laplacs transforms with

partial fraction expansions, the final value theorem, and
other techniques shouid be very halpful to the dedicated
designer of PLL circuits. Loop equations in Fig. 20 are
expressed In terms of the somplax frequency domain.

Threa basic types of low-pass filter (LPF} are commonly
used in PLL circuits. All LPFs perform the basic function of
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" removing hlgh-freancy components resulting from the
" muitiplier process of the phase comparator, Fig. 20 shows

these common forms of the LPF along with equations for
the loop as applied to Pl.Ls of second-order systems.

Another characteristic of the PLL is phase jitter, which may
occur because the‘ VCO is frequency modulated by the

. ripple output of the LPF. Moraover, nolse may initiate fast

changes In phase error and cause condltlons of variable
damped oscillation in the loop. Characteristics common to
the PLL are noted in the following discussion, which also
provides examples and data.

The LPF Integration properiy determines the time constant
ofthe filter and affects the loop during frequency acquisttion,
A low-leakage termination for the tilter provides a constant
dc level to the VCO and maintains a minimum phase-shift
relation between the VCO signal and the PLL input signal.
The HC/HCTA4048A features a very hlgh resistance load to
ihe LPF wnere me‘mput resistance of the VCO is of the
order of 10'® ohms‘ in many applications, particularly at
high frequency, leakage currents can cause an unacceptable
phase error,

Loops are frequenily referred to by type and order
designation, Type is fess commonly used and refers to tho
number of perfect integrators in the loop or the number of
poles at the origin of the complex frequency plol. An
example of a Type | would be a simple first-order PLL where
there is no filter [f(8) = 1); Integration of the VGO provides
the one pote. The order of the ioop is a more commonly
used term and refers to the highest power of 8 in the
denominator of the closed loop transfer function, H(s). The
application examples that follow are based on second-
order systems, Whifh represent the most common use of
PLL circults employing the HC/HCT4046A.

LOOP EXAMPLES
1. Low-Pass Fliter Using PC1

This first example illustrates the effects of parameter
varlation; PC1 and the slmple RC iag LPF of Fig. 20{a)} are

used. Tha given co dmona for this example are: o

fo = 27.5 kHz and foin = 7 kHz
Vec=8Y, VCOmrange is 1to 5.5V

The tendency for the novice designer is to specify an offset
frequency close to the desired center frequency. This
cholce reduces the|VCO gain factor and adds a resistor to
the circuit. The need for an otfset fraquency specification
should always be quesuoned Occasionally, an offset
fraquency may be nseded If the application requires
continuing oscitlation when the VCOuw input drops below
1.0 voit. The arbitrary assumption in this example is the
choice of fmin = 0 01| no offset,

To find the VCO parameters, the designer should Initially
calculate By and Cy|by considering the VCOin level at Vee/2
or 3 volts, For this working frequency range, the consider-
ation of stray capa! itance and propagation delay can be
dropped. Using the thumb-rule equation developed in the
VCO section, the y = mx + b equation form can be used for
fmin = 0 and Voc = 6 Y, where Ka = 10 and Kp = 5.4. Then, Req
reduces to Ry, and quations 8(b) and 6(c) combine as:

fo:o = VCOw/(0.54R+Cy)

0.012 microfarad, Ry becomes 16.8
3volts and fose = fo = 27.55 kilohertz. The

By choosing Ci
kilohms for VCOia




actual componant vaiues used were Ry £ 16.4 kiiohma and Gy
= 0.012 microfarad. Frequency caiculations fora VGO, of 1
and 3 volts using the above equation are as foliows:

fore (kHZ)“:-

VGO (V)
GCalculated Measured
1.0 2.4 —
1.24 1.7 10
3.0 282 —_
3.34 34 215

The values shown are a raasonable approximation of the
required values.

The VCO gain factor, Ko, must be datermined for the fliter
design. Either the slope.of the curve forfosc 88 8 function of
VCO: can be used or a value can be catculated from the
differentiated frequency exprassion. If LoumPRn << Viamp, then
the sumRn term may be dropped. In this case, the calculated
erroris approximatety 3% at VCOn = Voo /2. Using Equatlons
3 and 4, substituting To into the foso equation, and dropping
the fyumRn and Tpa terms ylelds:

fose = laum / 2C1Viame = MVCCOin/ 2R1CiViamp

The differential with respect to VCOm is given by:
Ko = d(few) / d(VCGm) = My 7 2R CaViemp

This result 1s the same as the differential of VGO !
(0.54R:C1) If My =7 and Vamp = 1.0 volts are assumed,

Substituting vaiues My = 7. Viamp = 1.9 voits, Ry = 16.4
kilohms, and C = 0.012 picofarad ylelds:

Ko = 9.4 kllohertz/volt or 58.1 klloradians/volt

‘The K gain factor for the PC1 detector can then be
calculated as: .

Ko = Vool 7 = 6/3,1416 = .51 voits/radian

The loop gain factor, not including the tifter, is given by: .
T K = KoKa = 112,800 N

'As shown in Fig. 20{a), for any second-order system, the
igop naturai frequency, wa is:

wn = {K/M°°

where 715 the Integrating time constant of the loop fitter, For
the gimple lag filter of Fig. 20{a), 71 = RaCe.

Beyond this point, assumptions or specifications are needed
with respect to the design requirements. One may optimize
for noise, jitter, sweep rate, pull-in time, etc., depending on
the application, Forgeneraland wide-ranging requirements,
values for the loop-3dB bandwldth, wads, and loop natura!
frequency canbe agsumed. Another cholce istolook atthe
relation of noisé bandwidth to damping factor, {. !f settling
time Is important, examine the phase error and damping
factor as a function of wat (t = time) where, for the settling
time 1o be 90% complete, the vaiue of wn is given by the
allowad setiling fime. Quoting from Gardner (and others
see bibliography), for a phase error due to a step in delta
phase, wst should be 4 for a damping factor of 0.5.

The simpte lag fiter has a limited range of capabllity but it
can be effective In noncritical applications. The RaCe time
constant can be chosen by trial and error or by thumb rule
as the reciprocal of 1.5 to 3 times the frequency. This

‘Flg, 20-

Ry
—NANN— L
(A)
Fi(s) = 1/(87+ + 1)

1|= RaCe

H1(8) = (we?/(s2 + 2{wn * e’}
we = (KoKa/T1)°
I (1/471KoKa)>®
9205-4170
Ry
— AN . 4
Ra
T
{B)
F2(s) = (s7et1)/[8{rs + 72) + 1)
13 = RaC2
12 = RaCe
H2(s) = {8(2fwn - w-.’)-* wey/ (8% + 2{wn + wn)
e = {Ko¥a/ {74 +7g)}>
{ = {wo/2)[ 12 + (1/KoKa)]
o PACS-431T1
R4 Cz
(,.__
R3 _ L_
(C)

For large vaiues of A (amp gain):

Fa(s) = -(sT2 + 1)/874

iy = RaCe 72 = R4C2

H3(s) = (20tsn8 + wn’) / (8% + 2{wns + wo?)
wn = (KoKa/T1)%®

c = wn'rzlz

92C5-43172

Forms of low-pass filters (LPF) and as-
sociated loop equations.
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approach favors lower damping factors to achieve low jitier
with compromiges for pull-in range and time. Two filters
were tried for this example, as follows:

T Ra Ce puli-in

0.0AT 4F 4t KHs 8717 rad/e

boli I 4 s 14 HAo e W

LM
25us 51k} 487 pF £ 4.26KHz 67.17 krad/s 0.32

When filters are destgned by choosing an wsss/wa ratio, the
simple lag fiiter has a solution In terms of { that is different
from that of the lag-tead solution, In any case, the wyde
solutions are derived by setting|H{jw)|* = 0.5 and solving for
wags/wn. Howevar, experience is the best teacher, and the
assumption of time-constant values, followed by the
measuring and plotting of results, is an effective way to
optimize values for those parameters important to an
application.

2. Using PC2 With a Lag-lead Filier

in this example, the tag-iead filter shown in Fig. 20(b) is
used, and no offset-frequency requirementis specified. For
the VCO section: i
Vg =6V, foso = 1.2 mHz at VOO = 4.5V

After following procedures simiiar to those described in the
previous examples, the value of C Is determined to be 100
picofarads, and R is found to be 82 kilohms. The VCO
measurements are then:

foac = 1.16 MHz al VCOin =45V

fose = 3B0KHZ At VGO =16V

and the following can be calculated:

Ko = Voo/dm = 0.48 V/rad

Ka = (1.2 - 0.38)MHz x 27/(4.5 - 1,18}V = 1.77E6 rad/V

K = Koo = 0.B5EG
The relation of the fliter bandwidth, defined as w,, may be
used to establish tha relation ofry and 1z in the lag-lead
filter. Then, defining the ratlo of w 1o w. provides a practical
basis for comparing time coinstanis to the active parameters
of the loop. The solution of |f{jw)|® = 0.5 yields:

wi=1/(ret+2rym-n""®
which may be used to calculate 1 and e after the wy/wa ratio
Is assumed. Then, using the equation of Fig. 20(b}):
wn = [K/{1 + 12)]

filter-component values Ra, Rs, and C: can be detived as
follows:
Given: e = 1% Of frn, wiftn = 1/8
Calculate: r1 = 0.0348 ms, 12 = 0.0082 ms

Rq = 51 kilohms, R = 1.38 kilohms,
C: = 0.00088 mlcrofarad

Table 1 - Resulls for Simple Low-Pass Filter Using PC2

wmfcale)  {(caloy

Where jitter is the ratio of phase displacement to signal
period, the following PLL results were obtained:

SiGin | Jitter Parcent

{kHz) \ {ns) of Period
1200 l <28 2.4
790 < 20 1.8
380 50 1.9

3. Simple L.ow-Pass Fllter Using PC2

This example uses the results of Exampie No. 1 and
redefines the criterta for the loop:

Given: Pf =100 Hz, w/wa = 1/10
f

is now Veo/27 = 6/29 = 0.856 V/rad

w.IU2

Basing this example on measured data:

Ko = 51400 rad/V
K = Ko x Ko = 40085

Using wn = (Kln}""" and the value of w. from the given data
glves:

=124 mi, Rs = 51 kilohms, Cz = 0.024 uF

Measured results glve 0.5 microsecond of jitter (1.4% of
period) at 27.5 kllorrtz.

4, Simple Low-Pass Fiiter Using PC2 With Divide-By-N

This example uses one of the examples given in the vCO
measured-data segtion above:

Veg=6V

. Ry = 43 kilohms, Cy = 39 pF

Ko = 8.12E6 rad/V
K3 i 0,955 V/rad {from previous example)

¥ Vv v/

Using the HC4024 7-Stage Binary Ripple Counter for a
divide-by-N of 128 and PC2 in a simple RC LFF, the loop
fraquency is 20 kilphertz and:

K = Ko(K4/N) = 46660

For Ko, fesc meas. T VCOn=3V

. ) Itis assumed that w18 1% of the loop frequency or w = 200

Hz, and that w/we = (1/8), then wa = (K/71)°° gives a time
constant, 1y, of 451 milliseconds. Choosing Rs = 51 kilohms
gives Cz = 0.0088 microfarad. The |itter measured during

lock was tess than‘ 0.6 microsecond or 1.2 %,
Atabulation of results using the same VGO and divide-by-iN

vatio, where wris 1% of the 20-kHz toop (200 Hz) and e/ wn is
varied, is shown in Table 1,

Ith Divide-By-N

el ton wa{cale.) n(calc.} Raf{calc.) C2{caic.} Jitter(meas.) {(calc.}
{rad/s) {ms) {kllohms} {uF} (i) {(d.L.*)
3 3774 3.208 51 0.0628 5 0.041%
5 6290 1.154 51 0.0226 2 0.062
8 10064 0.481 51 0.0088 0.6 0.1
10 12680 0.288 5 0.0056 1.2 0.14

*d.f, = damping factor




The range of puli-in temained typically the same for the
2p-kliohartz loop. The puli-in measured 6 to 37 kilohertz,

Ko = 2m{22780 - 20000)/(3 - 1.75) = 13973 rad/V
Kq 15 0.865 V/rad

K = KoKg = 13344
§. Simple RC LPF Using Frequency Oliset and PC2
To provide a comparison with loop exampile No. 4,8 VCO 'Uslng we = (200 Hz and wi/w. = 1710, and solving as above
example without the divide-by-N was developed using Ry gives the results of table it.
= 160 kilohms, Rz =180 kilohms and Ci = 0.005 uF.The |
red{ 8 =§Vis |
measured frequency for Voo =6 V18 The pull-inlls typlcally 18 to 33 kiloheriz for this example. It
should be noted that the damping factor, {,1s higher thanin
le No. 4. With offset, the joop-gain factor, K, is
VCOip fosc {MOAB) oxamp '
) T (kH2) approximately 1/3 tess.
0 15.38 {offset}
1 17.85
1.76 20 |
3 22.78 J
Table i! - Results for Simple RC LPF Using ?féjﬁéﬁﬁ‘y‘ Cilss! and PC2
i/ Wa wa(calc.) ri{calc.} Rs{calc.) Ce{calc.) Jitter(meas.) {{calc.)
{rad/s) {ms} {kllohm) {(uF) {ps)
3 3774 3.206 51 0.011 5.5 0.18
63 7952 1.154 51 0.004 4 03
8 10064 0.451 61 0.00161 2 0.48
10 12680 0.268 51 0.00 0.6 0.6
|
!
LPF DESIGN SUMMARY 3. The use of a filter bandwidth of 1% of the signal or

There are saveral points to be made on the subject of 1.PF
design. The examples shown in this Note are given as
ihustrations of HC/HCT4048A PLL capability. Indeed, the
best recommendation for a general-purpose PLL would be

1o use an active filter. The gain factor, K, would then provide -

another degres of latitude in the many compromises of PLL
design. The second best fiiter would be the lag-lead filter
network design, where the added reslstor provides a semi-
independent control over the damping factor of the loop. a
key requirementin tracking systems, The iag-lead, howaver,
is an imitation of the active filter only for a limited range of
component values, if the primary requirement is to phase-
lock two frequencles synchronously together, and response
time I not a major factor, the simple AC filter may be quite
adequate for this purpose,

Bacause the filter design Is not rigld, options exist to vary
the design approach. Optimizing by trial and error should
be constdered in ail cases. One should aiways be aware that
textbook approaches are often developed for applications
not Identified or with limitations and assumptions not glven.
A tew points that may help 1o clarify the assumptions made
in the examp!es given in this Note are as follows:

1. Open-loopanalysishas timited significance, The PLL
is a system within itself, and nearly all technical
material is presented in the form of a closed-loop
analysis, The “bottom line” is that the fiiter must be
designed with the entire foop in mind.

2. TheHC/HCT4048A VCO gain factor, Ko, is dependent
on the centar frequency, fe, and the oftset frequency,
f.un. That 18, Ko i approximately (fo - frin}t/ (Voc/2). 1f
any of the VCO paramesters such as Ry, Rz, or Ci
changse, then K. and the fiter deslgn requirements will
change.

ioop frequency may not achlevethe desired results Inail
applications. Becauseno specificapplications were defined
in the above matarial, the 1% fiiter bandwidth, wy, was
chosen as a practical way to achleve simple phase-
iock results, given that wi/wn is chosen for a practical
rante of component values. Inany case, the designher
should be aware of the common paramaters used to
describe the PLL performance, such as damping
factor, {; loop natural frequency, Ws nolse bandwidth,
BL |(or 2BL); and the loop gain, K = KoKa.

4. Thedamping factorcanbe used as a starting pointfor
design assumptions. For some applications, this
approach could be a better one than choosing
bandwidths. The system response, however, must
lak‘b into account both the loop natural frequency and
the damping factor.

5. As|noted in the VCO description, the linear rangeé of
the HC/HCT4046A extends from 1 volit to approxi-
mately Vo - 1 volt, Operation of the VGO at or near
the Vg level Is not recommended bacause the linear
range of the internal differential ampliflers (CMA
clrcuit) is exceeded. Whan this level of operation
occurs, the K, of the VCO increases rapidly and may
cabse loop instability. The application of active op-
amp #iler circuits using such devices as the CAB470
can limit the maximum positive voitage swing to
approximately the correct level while operating from
the same Vcc supply as the HC/HCT4046A,

Ths deslgnar should apply high-speed application-circuit
techniques when using High-Speed CMOS PLL devices;
the switching speed can produce higher harmonic com-
ponents, Good rf bypassing technigues with good filtering
are recommended in the design of the power-supply

distribution to minimize any potential EMI problems.
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APPENDIX | - PHABE COMPARATOR BUMMARY INFORMATION

PCH
Type XOR
Pcpu! !v-ﬁ“br’.e
Vec(out),
{81Gin High)
Locked Phase w2
DIt ¢
(S’Gln rB',)
Flltered (Vec/m) ¢
Pcauh .
VD&MW!
Requires 50% Yes
Duty Cycie?
{ock Detector No
Phase Pulses Out No

pPC2 PC3
Pos-Edge-Trig. Pos-Edge-Trig.
JK Fllp-Flop RS Flip-Flop
Low High

0 g

(Vog/4m} @ {(Vec/2m) @

No No
Yos{HC/HCT7046A) No
Yes(HC/HCT4046A) No

APPENDIX 1§ - LOOP PARAMETERS AND EQUATIONS

{(a) showed the fundamental PLL block diagram and

the relationships of tha various loop parameters. The
relationships of these parameters are determined by the
transfer charactaristic of sach functional block of the loop.
Following is a brief expianation in terms of parameler
functions; further detalis may be found in various reference

texts.
Ka

is the phase-comparator conversion gain factor
expressed in units of volts/radlan. It is determined by
the equation Vy'= Ka(¢i - o) or Ka= Vu/ (¢ - o). For the
phase comparalors of the HC/HCT4046A, Vo = Voemou
and, assuming ripple and noise are suppressed, K« for
PC1, PC2, and PC3 may be expressed as:

Ka(PC1) = Voo/ir (A1)
Ka(PC2) = Vee/21r of Voo/4m(mode dependent) {(A2)
Ka{PC3) = Voo/2m {A3)
Equation A2 Is generally used in the Voc/4m form. In

sy

this Note, howaver, the Voo/2m form is used because’

PC2 is not fully perlodic. it is periodic only as long 8s
the phase is changing In one direction. As such, itis
sequential with Voo/2mr gain. In the PC2 slip mode
there is a similar but opposite phase characterlstic to
that of PC3. tn the PC2 lock mode there is both up and
down ranging, but typically from Veo/2, giving the
Veo/d4m gain factor.

1o Ml &FFPY
is the VOO gain factor sxpressed In radiang/sacond-

volt or Hz/volt {rad/s is used for brevity) In the text.
Where the derlvative of phase s frequency:

foro = dp/dt = KoVe

Using Laplace transforms for the complex frequency
domain, d¢/dt becomes s@(s), and sd(s) = KeVe(s). If

F(s)

H(s)

an inltial condition of ¢o(1) =0 is assumed att = 0, the

VCO gain factor is given by:
Ko = 5¢(8)/Vc(s)
and the VCO gain is given by:

IAAN
Ltaat,

@{8)/Ve(8) = Kols
it {s important to note that a simpilification of the
stepdy-state {cop response can be derived from the
{ aptace-Transform final-value theorem, which states
that the lim{@(1)}] equals lim{s@(s)] where t goes to
Infinity as 8 goes to zero. Thatis, simplified calculations
can be made without transforming back to the time

domaln.

\
is ﬁhe ioop filter transfer function. The order of the

I00£ is determined by the type of filter used. The most

common filter and the type discussed in this Note is

tha second-order, as defined by the power of s in the
denominator of the complete loop transfer function.

Fld. 1(b) shows the simplest filter with a serles R and
shunt C. Fig. 20 shows the most commonly used
filters and glves the transfer functions for each.

is the closed-loop galn, Although the PLL system has
Iirqited meaning as an open loop, the open-loop gain
elaments can be used In a general closed-loop
feedback expression to determine the expression for
H{s). The open-ioop gain, G(s), Is given by:
G(s) = {Ko/8)KaF (8)

and the closed-loop gain H(s) is given by:

H{s) = G(s)/[1 + G(s)]

= KoKoF {8}/ + KoKaF(8)) (AS)
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APPENDIX | - LOOP PARAMETERS AND EQUATIONS (CONT'D)

$ois) I8 the phase error (¢ - g} and is closely related to the
oclosed-loop gain. With @s(8)/¢i(s) = H(s) and with
manlipulation:

[@uls) - Pol8))/pi(8) = 1 - [Pol8)/ ¢i(s)]
or:

oo(s) = 1- H(s) (AB)
This expression with the final-value theorem can 1e§d
to a simpler and quicker solution than transtorming
back to the time domaln.

is the natural frequency of the second-order loop
from terminology used in sarlier feedback and servo
theory. It Is analogous to ringing frequency inanRLC

circuit. Refer to the loop equations in Fig. 20 for the
values of wn.

is the damping factor (ratio) ofthe second-order loop
from terminology used in earlier feedback and servo
theory. Critical damping oocurs for ¢ =1.Refer to the
loop equations in Fig. 20 for the damptng factor

equations.

Wn

(WadB
bandwidth for the closed loop. it is determined by
seiting the squared absoluta magnitude of the transfer

function | H(jw)|* = 0.6 and solving for w.

is used to define the conceptual relationship of 3dB '

20

1s used in this Note to define the bandwldth of the loop
tilter, a8 a simpler approach to finding the time-
constant valups,

s the pull-in orcapture range. Putl-in range identities
the frequency range over which the PLL cansnapinto
lock without Jurther cycle slipping, assuming that it
was not initially locked and that it reaches iock after
slipping cycles.

is the lock-in range of the VCO, where lock Is
established without slipping cycles. (itis also referrad
to as seize range.)

ts the hold-in range. itis also called the tracking range
or lock range. It is the frequency range over which
lock Is maintained, assuming the input frequency Is
continuous and varying within the hold-in range.

is the pull-in time for the loop to establish lock. |t
extends for more than one cycle.

is the PLL lock-in time without siipping cycles,

{s the settling time for the VCO to achieve 20% energy
at the new frequency.

Refer to the bibliography and other text material for more
complete informatjon relative to the above definitions. Only

. the use of the HC/HCT4046A, HC/HCTT048A, and related
PLL system param this Note

T T,
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APPENDIX iIl - BASIC PROGRAM FOR VCO FREQUENCY CALCULATIONS

ot oot 2 1 o T e m —

REM Program for HCADA4ABA VCO Freduen
REM Name "PLL.BAS"

REM

Start:

INPUT "Enter center freqauency, Fo
INPUT "Enter Offaet freauency, Fmin
INPUT "Enter power supply voltege,
PRINT "6 pf of stray cap. ls sssume

viramp={.1*Vec+.6)~(~.7)

Tpd EXP("-¢34*LQG(VCG)W17.53

REM Tpd epprox. 12.5 nanoseconds,

Cs=6E~-12 Rn=50

IF Fmin > Fo THEN PRINT "bad data,
IF Fmin > Fo THEN Start

IF Fmin > .9 * Fo THEN PRINT
IF Fmin{>0 THEN OTfset

REM IF Fmin=0 THEN NoDffset

PRINT "Prop Delay, Tepd = ",

REM

e
-4

v

-
-

"Offase

Ted

cy with & w/o offset

[ =gy
y FiJ
, enter 0O 1f none ", Fmin
Vaee (Vdd) ", Vee :
d, Ctotal = Cstray + ct"
coxbY
try again”

t too close te Fo, Pootr choice!”




APPENDIX 11l - BASIC PROGRAM FOR VCO FREQUENCY

‘NoOffset:

REM I1 empiricel equation,suestimate
I1=EXP(.45%L0G(F0o)~15)

REM M1 equation from graph flt

Mi=—, D4B4Z*.OG{IL/.D0L) +6

Isum=ME*I1

Ri1=Vcc/{2*I1)

REM if Ct selected as initial dete, est. wi
REM Ct=EXP(~.667*L.0G(F0o)}~13.196)
REM C1 values less then 40 pF should not be
REM IF Ct{4.6E~11 THEN Ct=4.6F~11
Te={{i/Foj-2*Tpal/2

Ct=Te*Taum/ {(Vramp~( Isum*Rdn))

CALCULATIONS (CONT'D)

th this

used

Cl=Ct~Cs

PRINT "R1 = ", R1

PRINT "Cl = ", C1

PRINT "I1 = ", I1

PRINT “M1 = ", mMi

PRINT “Isum = ", Isum

PRINT

INPUT "Pigt farred mumbers for R1,C1 & plot Fvoo?

AN Pick prefe

! THEN Guit
RepeatNoOffset:
ITNPUT "New G1 = ", C1
INPUT "New R1 = ", Ri1
PRINT “Veoin(v) "," Fvco(Hz) "
FOR Veoin=l TQ Vee-.5 STEFP .5
IlsvVeoin/R1
Teum=(~,04343*%L0G(11/.0D1)+6)*11
Te={CL+Ca)*(Vramp—-Isum*Rdn) /Isum
Fvco=l1/{2%Tpd+2*Tc)
IF Veoin={Vog/2)~.5 THEN Fl=Fvco
IF Veoin={Voc/2)+.5 THEN Fh=Fvco
Ko={{Fh~F1l)/1)%2%3.14159
PRINT Vcoin, Fvco
NEXT
FRINT
PRINT "Ko = ", Ko , "radisns/volt"
FRINT
INPUT "Repeat preferred number calc. for Ri
IF G283 = “y* THEN RepeatNoOffset ELSE Quit
REM
Offtset:
REM empirical guestimate
I2ﬁEXP(.45*LDG{Fmin)"15)
Rz={Vecc~.631/12
M?n".087*LOG(I2)+a.6+.4*Vcc
Temin=( (1/Fmin)~2%Tpd) /2
Ct=Temin*M2*XI2/ (Vramp~M2*12*Rdn)
Cl=Ct~Cs
Teo=({1/F0)-2*Tpd) /2
I sum=Ct*Vranp/ (Toco+Ct*Rdn)
Ml1Ii=laum-M2*I2

,C17? v/n?

y/nr

Q%

Q1%
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APPENDIX 1l - BASIC PROGRAM FOR VCO FREQUENCY CALCULATIONS (CONT'D)

REM empirical eduation for Ti based on given M1AI1l ve It

Ta s ld AOU41 TR AniMIT1II -1, PEEZER)
- &)

ALTFCGQAFN L 4L W7 &dw taidf3F@ 114 aa) -
Mi=M1I1/11
Ri={Vec/2)/11

PRINT "R1 = ", Ri
PRINT "Rz = ", R2
PRINT "C1 = ", Ci
PRINT "I1 = ", Il
PRINT "Iz = ", 1I2
PRINT "ML = ", M1
PRINT "M2 = ", Mz
PRINT “Ysum = ", Isum

INPUT "Pick preferred numbers for Fvco vs Veoin plot? ¥y/n? Y, Q3%
IF G3%="Nn" THEN Quit
PRINT "Note: IN NO CASE SHOULD R1 OR R2 BE LESS ) THAN 3000 oHMB 1"
RepeatDffset:

INPUT "Enter preferred value of c1 ", C1
INPUT "Enter preferred value of R1 ", Ri
INPUT "Enter prefetrred value of Rz ", R2
PRINT "Veoin", "Fveo”, "Isum”

FOR Veoin = 1 TO Vee-~.5 STEF .56
I1Z2=(Vee-.6) /R2

I1=Vcoin/R1

Mlzw, D4a363%L0G{I1/.001)+6

M2z  OB87*LOG(I2) 4+4. 6+, 4% VCC
ITsum=ML*T1+M2*I2
Te={{C1+Cs) * (Vramp—-Isum™Rdn} )/ Isum
Fveo=il/ (2XTe+2*XTrdg)

IF Veoinz=(Vece/2)-.5 THEN Fl=Fvco
IF Vooin=(Veo/2)+.5% THEN Fh=Fvco
Ko=((Fh-F1)/1)*2*3,14159

PRINT Vcoin, Fveco, Isun

NEXT

PRINT

PRINT "Ko = ", Ko, " radisns/volt
PRINT

INPUT "Try other preferred values? y/n? ", 04%
IF Q4% = "y" THEN RepeatOffset ELSE Quit

REM :

it

END

a




" APPENDIX IV - Ry, Ry, AND Cy VALUES WITH "CALC. foec
" FROMEQUATIONS 3,4, AND S (Vo= 8 V)

Ex.'r

Calc.

| ‘ 23
|

" pC SOLUTIONS

R, Rz Ce VCOin Error | Approx. Error Meas.
No... . (PG {Thumb-~ Data
{kil- {kil- foso Rute Eq.) fose
ohms) ohms) - v) —_ (%) foro (%) —
1 2000 — 0.084 uF 1 0.9 Hz 28.5 11 Hz 70 7.7 Hz
2 43 - 40 pF & 3.76 MHz -17.4 1 537 Mhz 18 4.56 MHz
3 8.6 40 pF 1 3.77 MHz 19 5.38 MHz 70 3.17 MHz
4 6.2 - 220 pF 5 5.63 MHz 126 6.8 MHz 36 5.0 MHz
5 209 - 40 pF 5 719 MHz -7.8 11.0 MHz 41 7.8 MHz
6 30 B2 0.016 uF 0 8.6 kHz -10.4 | 7.6 kHz -20.8 9.6 kHz
7 30 82 0016uF 5§  312kHz  -19 | 285kHz  -26  3B5kHz
8 8.2 R ] 0.16 uF 0 8.6 kHz -104| 7.6kHz -20.8 8.6 kHz
9 8.2 85 0.16 uF 5 22.9 kHz 17.4 15.9 kHz -18.5 195 kHz

APPENDIX V - HCA046A PLL LAYOUT WITH SIMPLE RC FILTER (R3C))

NOTE: 1, REMOVE PIN 2 METAL IF PC3 NOT USED

2.USE ONE R3 CHOICE

3. BOTTOM VIEW (ONE L AYER)




