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CMOS Phase-Locked-Loop Applications Using the
CD54/74HC/HCT4046A and CD54/74HC/HCT7046A

W. M. Austin Standard Linear & Logic

ABSTRACT

Applications of the HC/HCT4046A phase-locked loop (PLL) and HC/HCT7046A PLL with
lock detection are provided, including design examples with calculated and measured
results. Features of these devices relative to phase comparators, lock indicators,
voltage-controlled oscillators (VCOSs), and filter design are presented.
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Introduction

This application report provides the circuit designer with information on the use of the
HC/HCT4046AT phase-locked loop (PLL) devices with a voltage-controlled oscillator (VCO) and
the HC/HCT7046A% PLL devices with in-lock detection in phase-locked circuits. A description of
the basic loop operation is included as an introduction to phase-lock techniques. Complete
circuit designs, with and without a frequency-divide ratio, are included as examples. Examples
also are given of various filters operating over a range of frequencies.

Basic Loop Operation

The HC/HCT4046A PLL with VCO is a high-speed CMOS IC designed for use in
general-purpose PLL applications, including frequency modulation, demodulation,
discrimination, synthesis, and multiplication. Specific applications include data synchronizing,
conditioning and tone decoding, as well as direct VCO use for voltage-to-frequency conversion
and speed-control applications.

The IC contains a VCO and a choice of phase comparators (PCs) for support of the basic PLL
circuit, as shown in Figure 1. 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 multiple of the
signal-input reference frequency. To facilitate support of a variety of general-purpose
applications, both the filter and divider are external to the HC/HCT4046A. These and other
aspects of the application of the HC/HCT4046A are explained in the following paragraphs
through a variety of loop-design examples.

SIG|N Fi=

[ |t I
(EXT. REF.) !
COMPy : PC

| (OPTIONAL)

Va=Kd(81-8o)

Fosc

92C8-43199°

Figure 1. Block Diagram of an HC/HCT4046A in a Typical PLL Circuit

T HC/HCTA4046A refers to the CD54HC4046A, CD74HC4046A, CD54HCT4046A, and CD74HCT4046A devices.
¥ HC/HCT7046A refers to the CD54HC7046A, CD74HC7046A, CD54HCT7046A, and CD74HCT7046A devices.

4 CMOS Phase-Locked-Loop Applications Using the CD54/74HC/HCT4046A and CD54/74HC/HCT7046A
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For a full treatment of PLL theory, the reader is directed to the Bibliography and References,
section where there are a number of references that support the descriptions and explanations
given in this application report. The symbols and terminology used in this application report
primarily follow the book, Phase-Lock Techniques.[1] The details of derivations of the equations
can be found in the references.

Some understanding of feedback theory as a background for designing PLL circuits is helpful,
but lack of this understanding should not be a deterrent to anyone choosing to apply the
HC/HCT4046A in relatively simple, second-order PLL circuits. The purpose of this application
report is to present a solid tutorial on CMOS PLL techniques, including extensive information on
the VCO characteristics. A designer then can apply the information to a variety of circuit
applications.

Before beginning to apply the HC/HCT4046A in PLL circuits, a designer should have an
understanding of the parameters and equations used to define loop performance. Furthermore,
the designer should recognize that PLL circuits are a special case of feedback systems. Where
servomechanism feedback systems primarily are concerned with position control, PLL feedback
systems primarily are concerned with the phase and tracking of a VCO relative to a reference
signal input. While a phase error can be anticipated, no differential in frequency is desired after
phase lock is established. General feedback theory is applied in PLL use just as it is in
servomechanism systems. Some of the symbols and terminology used to describe PLL systems
were borrowed from servo systems, giving rise to such terms as damping factor, natural loop
resonant frequency, and loop bandwidth.

CMOS Phase-Locked-Loop Applications Using the CD54/74HC/HCT4046A and CD54/74HC/HCT7046A 5
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Description of the HC/HCT4046A

The block diagram of the HC/HCT4046A (see Figure 2) shows the least complex form of
external loop filtering. In addition to the VCO, the HC/HCT4046A provides a choice of three
phase comparators. The HC/HCT7046A is an equivalent device, differing only in the tradeoff of
a third phase comparator (PC3) for a lock detector (LD). The pinouts of the HC/HCT4046A and
HC/HCT7046A differ in a minor way from that of the earlier CMOS PLL-type CD4046B, which
differs functionally in that it has a zener reference diode in place of PC3 or the lock detector.

Unless otherwise noted in the following information, all descriptions and operational references
apply to the HC/HCT4046A and the HC/HCT7046A.

Veo PCY
PH COMP
R3
L PC2
c1=
"F vee PH comp FILTER i
E—r c2==
PC3
INH P_ PR COMP —_
Rt R2
VCOouT
L SIG|N
- COMP)y

92C5—43156

Figure 2. Block Diagram of an HC/HCT4046A With External Loop Filtering

Figures 3 and 4 show the HC/HCT4046A and HC/HCT7046A functional block diagrams,
respectively. The VCO of the HC/HCT4046A is identical to that of the HC/HCT7046A and has
the same operating characteristics. The HCT versions of these oscillator circuits differ from the
HC versions by having TTL logic levels at the inhibit inputs. Improved linear differential
amplifiers are used to control the current bias established by resistors R1 and Ro; amplifying
current mirrors control the charge rate of the timing capacitor C4. Descriptive and design
information on frequency control of the VCO is given in the following sections.

6 CMOS Phase-Locked-Loop Applications Using the CD54/74HC/HCT4046A and CD54/74HC/HCT7046A
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Figure 3. HC/HCT4046A Functional Block Diagram

CMOS Phase-Locked-Loop Applications Using the CD54/74HC/HCT4046A and CD54/74HC/HCT7046A 7
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Figure 4. HC/HCT7046A Functional Block Diagram

Phase Comparators (PCs)

While there are many types of PCs (also referred to as detectors), the ones chosen for the
CMOS PLL design are based on accepted industry-standard types. The choice also was based
on design flexibility and the compatibility of CMOS technology with PC applications. Figure 3
shows the logic diagram of the phase-comparator circuit with PC1 (PHASE 1), PC2 (PHASE II),
and PC3 (PHASE IIl) identified. The comparators consist of an exclusive OR (PC1), an
edge-triggered J-K flip-flop (PC2), and an edge-triggered R-S flip-flop (PC3). The
phase-comparator inputs are in parallel, making the user’s choice a matter of selecting the
pinout to the preferred PC.

Both the external-reference signal input and the comparator input are internally self biased to
Vpp/2 to permit ac coupling from the drive signal sources. When ac-coupled input signals are
used, the drive sensitivity typically is better than 50 MVpp. The comparator input normally is used
for the VCO direct-coupled input; however, the comparator section is independent of the VCO
for stand-alone use.

8 CMOS Phase-Locked-Loop Applications Using the CD54/74HC/HCT4046A and CD54/74HC/HCT7046A
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The signals to both phase-comparator inputs are amplified with limiting that ignores amplitude
changes. With respect to the HC4046A versus the HCT4046A, only the inhibit input levels are
different; the drive levels for the phase-comparator 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 Vpp/2 switch level. Where the signal-input
source voltage is less 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 and
harmonic interference with the VCO.

Appendix | provides a summary of the phase-comparator options. An extended description of
the three phase comparators is in the following sections.

Operation of Phase Comparator PC1

PC1 is an exclusive-OR logic circuit. The signal and comparator input frequencies (fj) must have
a 50% duty factor for the maximum locking range to be obtained. The transfer characteristic of
PC1, assuming the ripple frequency (f; = 2f;) is suppressed, is:

VbEMout = (Vec/M(@ SIGijn — @ COMPjp) = Vpciout
Where:
VDEMout IS the demodulator output at pin 10 and equals Vpc1oyt Via the LPF.
@ is the phase angle in degrees.

The average output voltage from PC1, fed to the VCO input via the LPF and seen at the
demodulator output at pin 10, is the resultant of the phase differences of signals (SIGj,) and the
comparator input (COMPj,) (see Figure 5). The average of Vpgmout IS €qual to Vo /2 when there
is no signal or noise at SIGj,, and, with this input, the VCO oscillates at the center frequency (fy).
Typical waveforms for the PC1 loop, locked at fy, are shown in Figure 6.

veep,. —/—m——1—7 1 ———————

12Veeb—— — — —

VDEM gyt (AV)

°

¢ DEMoyT

92CS-43200
VDEMout = VPC1out = (Vcc/M (¢SIGin - 9COMPjp)
PDEMout = (¢SIGin - FCOMPIn)

Figure 5. PC1 Average Output Voltage as a Function of Input Phase Difference

CMOS Phase-Locked-Loop Applications Using the CD54/74HC/HCT4046A and CD54/74HC/HCT7046A 9
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Figure 6. Typical Waveforms for PLL With PC1 Loop Locked at fq

The frequency-capture range (2f;) is defined as the frequency range of input signals on which
the PLL will lock for initially out-of-lock conditions. The frequency lock range(2f)) is defined as
the frequency range of input signals on which the locked loop will remain in lock. The capture
range is smaller or equal to the lock range. The capture range of PC1 depends on the LPF
characteristics and can be made as large as the lock range. This configuration retains lock
behavior even with very noisy signal input. PC1 can lock to input frequencies within the locking
range of VCO harmonics.

Operation of Phase Comparator PC2

For most applications, the features of PC2 provide the most advantages. Itis a
positive-edge-triggered phase and frequency detector. When the PLL uses this comparator, the
loop is controlled by positive signal transitions, and control of the duty factor of SIG;, and
COMPj is not required. PC2 is composed of two D-type flip-flops and a 3-state output stage and
has controlled gating. The circuit functions as an up-down counter, where SIG;, causes an up
count and COMP;, causes a down count. The transfer function of PC2, assuming ripple (f, = fj) is
suppressed, is:

VbEMout = Vec/4m(9 SIGj, — 9 COMPjR) = Vpcoout
or
VbEMout = (Vcc/2m)(¢ SIGjn —  COMPjr) = Vpcoout (See Appendix B)

where PC2 gain is mode dependent.

The average output voltage from PC2, fed to the VCO via the LPF and seen at the demodulator
output at pin 10, is the resultant of the phase differences of SIG;, and COMP;,, (see Figure 7).
Typical waveforms for the PC2 loop, locked at f,, are shown in Figure 8.

10 CMOS Phase-Locked-Loop Applications Using the CD54/74HC/HCT4046A and CD54/74HC/HCT7046A
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Figure 7. PC2 Average Output Voltage as a Function of Input Phase Difference

When the frequencies of SIG;, and COMP;,, are equal but the phase of SIGj, leads that of
COMPjp,, the PMOS device at the PC2 output (see Figures 3 and 4) is held on for a time

SeoeN L.+ L.+ L

V
PC2oyrt S I cc
GND

‘\ 1r
HIGH-IMPEDANCE OFF-STATE
VCON —~ - TTTTN—,

PCPouT _I_l “——I_l

92CS-43204

Figure 8. Typical Waveforms for PLL With PC2 Loop Locked at fg

corresponding to the phase difference. When the phase of SIGj, lags that of COMPj, the NMOS
device is held on. When the frequency of SIG;, is higher than that of COMP;,, the PMOS device

is held on for a greater portion of the signal cycle time. For most of the remainder of the cycle
time, the NMOS and PMOS devices are off (3-state). If the SIG;,, frequency is lower than the
COMP;, frequency, it is the NMOS device that is held on for most of the cycle.

As locked conditions are achieved, the filtered output voltage from PC2 corrects the VCO until

the comparator input signals are phase locked. Under stable phase-locked conditions, the VCO
input voltage from the output of the LPF is constant, and the PC2 output is in a 3-state condition.

CMOS Phase-Locked-Loop Applications Using the CD54/74HC/HCT4046A and CD54/74HC/HCT7046A
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Operation of Phase Comparator PC3 (HC/HCT4046A Only)

12

The circuit of PC3 is a positive-edge-triggered sequential phase detector that uses an R-S
flip-flop. When PC3 is used as the PLL phase comparator, the loop is controlled by positive
signal transitions. This type of detector is not sensitive to the duty factor of SIG;j,, and COMPjp.
The transfer characteristic of PC3, assuming ripple (f, = f) is suppressed, is:

VpEMout = (Vcc/2M)(¢ SIGj, — @ COMPjn) = Vpcaoyt Via the LPF

The average output from PC3, fed to the VCO via the LPF and seen at the demodulator output,
is the resultant of the phase differences of SIG;, and COMP;, (see Figure 9). The typical
waveforms for the PC3 loop, locked at fy, are shown in Figure 10.

veer—————————————

12veeh—— —— —

VDEM g1 (AV)

[o |
o 180° 360°

¢ DEMOUT

92CS-43202
VDEMout = C3out = (Vcc/2M (US1Gin - «COMPIn)

PDEMout = (¥SIGin - «COMPin)
Figure 9. PC3 Average Output Voltage as a Function of Input Phase Differences
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Figure 10. Typical Waveforms for PLL With PC3 Loop Locked at f,

The phase characteristics of PC3 differ from those of PC2 in that the phase angle between SIG;j,
and COMP;, in PC3 varies between 0 and 360 degrees and is 180 degrees at the center
frequency. PC3 also has a greater voltage swing than PC2 for the same input phase differences.
While the conversion gain may be higher in PC2, PC3 produces a higher ripple content in the
VCO or COMPj signal.

CMOS Phase-Locked-Loop Applications Using the CD54/74HC/HCT4046A and CD54/74HC/HCT7046A



{9 TEXAS
INSTRUMENTS SCHA003B

Lock Indicators

PCPgyt of the HC/HCT4046A

Although the phase-comparator pulse output (PCPg) is shown as part of PC2 in Figure 8, the
phase indication is present when either PC1, PC2, or PC3 is used. The PCPg; phase-lock
condition is present because the inputs for SIG;, and COMP;, are in parallel. As noted in the
waveforms of Figure 8, PCPqt at pin 1 of the HC/HCT4046A remains in the high state when the
loop is phase locked. When either the PMOS or NMOS device is on, the PCPg, is low. How the
PCPgyt is used depends on the application. To fully utilize this output as a practical lock
indicator, a smoothing filter is needed to reduce the effects of noise and marginal lock-on flicker.

Lock Detector of the HC/HCT7046A

Additional lock-indicator circuitry has been added to the HC/HCT7046A, replacing the PC3
function with an improved lock detector and filter. As shown in the logic diagram for the
HC/HCT7046A in Figure 4, the PC2 circuit provides the same set of indicator signals as the
PCPqyt circuit of the HC/HCT4046A shown in Figure 3. Additional stages are used to process
the lock-detection (LD) output signal of the HC/HCT7046A.

Detection of a locked condition is accomplished in the HC/HCT7046A with a NOR gate and an
envelope detector (see Figure 11). When the loop is phase locked, the output of the NOR gate is
high and the lock detector output (pin 1) is at a constant high level. As the loop tracks the SIG;,
on pin 14, the NOR gate generates pulses having widths that represent the phase difference
between the COMPj, (from the VCO) and SIG;j,. The time between pulses is approximately
equal to the time constant (T) of the VCO center frequency. During the rise time of the pulse, the
diode across the 1.5-kQ resistor is forward biased, and the time constant in the path that
charges the lock-detector capacitor (C| p) is given by:

T=(150 Q xCp)

J-LPHASE DIFFERENCE

s I LEE . “

1.5KQ 1508

OPIN 1

ILock
| DETECTOR
{OUTPUT

LOCK DETECTOR
I CAPACITOR

92CS-43206

Figure 11. Lock-Detector Circuitry in the HC/HCT7046A

CMOS Phase-Locked-Loop Applications Using the CD54/74HC/HCT4046A and CD54/74HC/HCT7046A 13
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The discharge circuit includes the 1.5-kQ resistor. The capacitor waveform is a sawtooth (see
Figure 12). The lock-detector capacitor value is determined by the center frequency of the VCO.
The typical range of capacitance for a frequency of 10 MHz is about 10 pF, and for a frequency
of 100 kHz, about 1000 pF. The value of C| p can be selected by using the graph in Figure 13.
As long as the loop remains locked and tracking, the level of the sawtooth does not go below the
switching threshold of the Schmitt-trigger inverter. If the loop breaks lock, the width of the error
pulse is wide enough to allow the sawtooth waveform to go below the threshold, and a level
change at the output of the Schmitt-trigger indicates a loss of lock (see Figure 14). The
lock-detector capacitor also filters out small glitches that can occur when the loop is either
seeking or losing lock.

LOCK
DETECTOR
OUTPUT

LOCK DETECTOR

CAPACITOR I\
Vcap
—— " "VtH

92CS-43207

Figure 12. Waveform at Lock-Detector Capacitor When in Lock

. oM
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g 1M I
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50. N
@ 10K
Bu | A
Qd
wo N
2 100 N
a
x 10 B
o
o N
- ™

10 100 1K 10K 100K 1M 10M 100M
VCO CENTER FREQUENCY (f) — Hz

92CS-43200

Figure 13. Graph For Determining Value of Lock-Detector Capacitor

14 CMOS Phase-Locked-Loop Applications Using the CD54/74HC/HCT4046A and CD54/74HC/HCT7046A
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________________ J
LOCK
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OUTPUT !
‘\
LOCK DETECTOR Vcap MVTH
CAPACITOR —_—

92C8-43208

Figure 14. Waveforms at Lock-Detector Capacitor When Unlocked

As noted for PCPg,; of the HC/HCT4046A, the lock-detector function of the HC/HCT4046A is
present in any application of PC1, PC2, or PC3. However, it is important to note that, for
applications using PC1, the lock detector indicates only a locked condition on the fundamental
frequency and not on the harmonics that PC1 may lock on. If lock detection is needed for the
harmonic locking range of PC1, the lock-detector output must be ORed with the output of PC1.

Voltage-Controlled Oscillator (VCO)

The high-speed CMOS PLL ICs incorporate a versatile and easy-to-use VCO with a number of
enhanced features, resulting from the high-speed CMOS process. The most notable advantage
is an order-of-magnitude increase in the VCO frequency range over that of the CD4046B.

The following VCO applications are intended to highlight problem solutions. Equations for the
VCO frequency have been developed with emphasis on the high-frequency range. Graphical
comparisons of measured and calculated frequency results are given.

VCO Description

Figure 15 shows a functional diagram of the VCO control circuit of the HC/HCT4046A. The
frequency and offset frequency amplifiers are configured to convert voltage to current, which is
then amplified in the current-mirror-amplifier(CMA) blocks before being summed. The summed
current is directed to the oscillator section consisting of inverters G1 and G». The inverters,
switching as H drivers, control charge and discharge current to the oscillator range capacitor, Cq.
The oscillator loop consists of flip-flop FF with feedback from the cross-coupled outputs to Gq
and G».The demodulator output amplifier can be used optionally to buffer the filtered output of
the phase comparator. In normal use, the load resistors are in the range of 50 kQ to 100 kQ. An
inhibit amplifier controls the oscillator and CMA circuits. The output from one side of the flip-flop
is buffered and output to the VCOg; at pin 4.
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Figure 15. VCO Portion of CD74HC4046A/7046A Functional Block Diagram

The external components Rq, Ro, and C1, plus the voltage level of VCOj, at pin 9, provide direct
control of the frequency. Resistors R1 and R fix the level of current bias to CMA1 and CMAZ2 for
currents |1 and I, respectively. Both CMA circuits consist of a current mirror with, typically, 6x to
8x gain. Because the frequency and offset-frequency amplifiers are source followers with 100%
feedback, the voltage across R at pin 11, VR4, is equal to VCOj,, and the voltage across R at
pin 12, VR, is equal to V,ef. Vet is an internal bias source set at one forward diode drop from
V. As such, the voltage across Ry and the current I are functions of V¢, implying the need
for a well-regulated V¢ for good offset-frequency stability. For most applications,

Viei = Vcc — 0.6 V is a good approximation. In the equations that follow, |1 = VCO;,/R1 and

lo = Vei/Ro are used as direct expressions for the CMA input currents.

The outputs of CMA1 and CMA2 are the amplified M114, and Mol currents, where M1 and M»
are the multiplier ratios for CMA1 and CMAZ2, respectively. The CMA output currents then are
summed together as the current, g, to drive capacitor C4 via the PMOS and NMOS transistors
of G1 and G». When the input to G is high, the input to G5 is low. In this mode, the PMOS
transistor of G1 conducts charge to Cq while the NMOS transistor of G, discharges the low side
of C4 to ground. Each time the flip-flop changes state, the charging polarity of C4 is reversed by
G1 and G». When the positively charged side of C is grounded, an intrinsic diode across each
of the NMOS devices discharges C4 to one diode level below ground.

There are two Cq charge cycles in each full period, and the instantaneous start voltage for each
current-charged ramp is V|, = -0.7 V. The active switch threshold at the flip-flop input is

Vpr = 1.1V fora Ve of 5.0 V, and varies with V¢ (see Figures 16 and 17). Figure 17 shows the
voltage waveforms at pins 6 and 7 as similar, except for the half-cycle displacement. The total
peak-to-peak voltage of the sawtooth-ramp waveform at pins 6 or 7 is, typically,

Viamp = Vhr = Vir = [1.1 = (-0.7)] = 1.8 V.
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Figure 16. Equivalent HC/HCT4046A Charge Circuit of the VCO

VCO Frequency Control

When a capacitor, C, is charged with a constant current, |, the expression for the voltage, Vi,
integrated over time, Tg, is:

Ve = (1/C) [ Idt = (IT,)/C

In this case, the capacitor voltage is:

or
Te = C1 % Viamp/lsum
Where:

Isum = [M1l1 % (M2l2)]

The time, T, is the ramp charge time, and Vramp is the capacitor ramp charge voltage over the
integrated time period. The ramp rate of voltage increase is Vramp/TC, and is determined by the
rate of charge of the capacitor by the source current, Igym.
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Figure 17. HC/HCT4046A VCO Waveforms

The CMA gain characteristics for M1 and M» are shown in the curves of Figures 18-21. The
values for M, as a function of I, are shown in Figure 18. The curves of Figure 19 show the

CMAZ2 range of linearity for I, input. The linear range and values for multiplier M1 are shown in
the curves of Figures 20 and 21.
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Figure 18. Current Multiplier Ratio M2 as a Function of Ry Bias Current
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Equation 1 is sufficiently accurate to allow a good approximation of the VCO period (2T).
However, there is a more precise equation for ramp charge time. In Figure 17, Note 1, attention
is called to an offset voltage of approximately 0.15 V. Figure 16 shows the reason for this
characteristic in an equivalent circuit, where the mode of switching is for the G; PMOS and G,
NMOS transistors in their “on” charge state. The more precise form of the voltage equation
should include the NMOS channel resistance, Rp,.

Because the trip point, Vp,, is the sum of V; + V,,, and does not change in value, and V|, = V(0)
is approximately —0.7 V as the initial charge condition on capacitor C1:
Viamp = Vhr = Vir = (V¢ + Vin) = V¢(0) = lsumTc/C1
Where:
lsum = (Mzl1) + (M2l2)
and, because Vi = lgymRn:

Te = (Vramp - IsumRn)Cl/lsum (2)

Where:
Vramp is the same as defined in Equation 1.
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As noted previously, the initial voltage, V(0) is one diode drop below ground, or —0.7 V, and is
equal to V|.. The Vp, trip point for the flip-flop does not change, and was noted to be, typically,
1.1V for Vce =5 V. As shown in Figure 16, V= V¢ + V. This expression shows that less
charging time is needed to reach the trip point because V, is reduced by the Ig,nRp voltage
drop. The IgymRnp term introduces a characteristic of nonlinear increasing frequency as a function
of VCOj, voltage and is caused by the voltage drop in the NMOS channel resistance. When
VCOj, is increased, the added M111 current continues to further reduce the sweep-time
requirement. For large values of Rq and Ry, the effect of resistance Ry, is small, and the V,, term
in the above equations may be neglected.

When Equation 1 or 2 is used as a first-order approximation, a complete expression for
frequency would incorporate timing for two ramps, plus the propagation delays for each flip-flop
state, plus the added time for charging stray capacitance. Either case yields a ramp charge
expression. The propagation delay, Tpq, is a function of the number of cascaded stages in the
flip-flop, plus G4 and G5 switching propagation-delay times. The stray capacitance, Cg, from

pin 6 to pin 7 (or from each pin to ground) must be added to the value of C4. It should be noted
that unbalanced capacitance to ground from pin 6 and pin 7 can contribute an unbalanced duty
cycle. In fact, unbalanced capacitance at pin 6 and pin 7 may be used by design to correct or set
the duty cycle. With the frequency-dependent parameters now defined, the VCO frequency
becomes:

fosc = 1/Tosc = 1/(2T¢ + 2Tpg) 3)

Using the simplified expression of Equation 1 to calculate the ramp charging time, and including
the appropriate terms for capacitance Cq + Cs, Vigmp, and Isym:

Te = [(C1 + Cg) X Viampl[(Ml)) + (M2l12)]
which expands to :
Te = [(C1 + Co)Viampl/IM{(VCO;/Ry) + My(Vie/R)H)] (4)

Where;
Isum= [M1(VCOjn/R1) + M2(Vef/R2)]

The more precise solution is:
Tc = [(C; + Cy) (Vramp — lsumRn)l/lsum )

The value of T; is calculated from Equation 4 or 5, and is substituted into Equation 3 to
determine the frequency, fogc. 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 and known parametric voltage values.
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VCO Parametric Ranges and Restrictions

When Equations 3 and 4 or 5 are used, it is 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.

Vce

VCOjy,

Vref

Vramp

M1, Mo

Defined in the HC/HCT4046A and HC/HCT7046A data sheets as 7 V maximum; for
normal operation should remain in the range of 3V to 6 V.

The pin-9 voltage, VCOjp,, determines the frequency of the VCO. The control range
is 1.0 V < VCOj, < 0.9 V; the VCO becomes unstable if VCOj, exceeds the
maximum. On the low side, the VCO is not responsive to input level until VCOj,
is=21.0V.

The internal reference voltage, V,ef, is equal to one forward diode drop below Ve
(Vcc —0.6 V). Where R» is used to fix offset frequency by current o, the V¢t level is
maintained at pin I (R2) to set the source current, I».

Values for Vigmp are defined above with commentary on the effect of IsymRp, which,
for many applications, is a second-order effect and can be neglected. As an
empirically derived equation:

Vhr = (0.1 Vce +0.6) Vand Vigmp = (Vhr — Vi) = (0.1 Ve +1.3) V.

The external VCO timing capacitor between pins 6 and 7 should be a larger value
than 40 pF. Lower values are subject to device and layout tolerance variations
caused by stray capacitance at pins 6 and 7.

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

The value of R determines the frequency of the VCO for the defined VCO;, range.
The minimum (offset) frequency is determined by R», and that the current in Rq is
determined by 11 = VCOj/R1.

R» is frequently misused. The value of R, determines the offset (minimum)
frequency of the oscillator. When there is no basic need for an offset frequency, R»
should be omitted. If it is, no termination is needed at pin 12. When R> is not used
and if the detector reference signal is removed, the oscillator’'s minimum frequency
drops to zero. To sustain oscillation during signal dropout, some value of Ry is
needed. The current in R» is determined by I> = V(ef/R2 = (Vcc — 0.6)/R2.

The currents |1 in resistor R1 and |5 in resistor R, are multiplied in the current
mirrors CMA1 and CMA2 and summed to provide the Ig,y, charging current to
Cq1 + Cs. The CMA multiplying factors are, respectively, M1 and M». Figure 18
provides curve families for M, as a function of I> and V. The nominal
current-multiplier factor for M4 is determined from the curves of Figure 20.
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lsum Where Ig,m is defined as (M111 + Maly), the total sum of 11 + |> should not exceed 1.0
mA. The multiplier values of M1 and M typically are 6x to 8x. At higher levels of
current, lg,m degrades VCO linearity. The limits of linear range in the curves of
Figures 19-21 should be noted.

Thd Inherent propagation delay as noted in Equation 3 is approximately 10 ns to 14 ns
for the flip-flop in the feedback loop of the oscillator. For Ve = 7 V, the propagation
delay decreases approximately 10%. For Vo = 3V, the propagation delay
increases approximately 30%.

Te The ramp charge time, T, for capacitor Cq is assumed to be equal for pin 6 to pin 7
or pin 7 to pin 6 in Equations 4 and 5.

fosc The oscillator frequency for a given VCOj, as read at the VCOg, pin 4. It may be
calculated using Equations 3 and 4 or 5.

Designh Examples With Measured And Calculated Results

Figure 22 shows measured data for the HC/HCT4046A for frequency, fosc, as a function of
VCOj, voltage. Using Ry = Ry = 10 kQ, C1 = 47 pF, Cg = 6 pF, and assuming Tpqg = 11 ns in the
circuit of Figure 23, curves for Vcc =3V, 4V, 5V, and 6 V were measured and plotted. The
dashed lines for curves B, D, and E were calculated using Equations 3 and 4 and show that
there is a reasonable agreement of measured and calculated results. The effect of an
accelerated frequency increase is more noticeable in the Vcc =5V curve (curve E) with no
offset (no R»), where the measured frequency sweeps up with an increasing slope. The
approximation equations, however, are still valid, varying from 5% to 15% error, mostly at the
high VCO;, voltage values. The effects of no offset bias should be noted in the curve for

Vce =5V and Ry = infinity (curve E). Without offset bias, all oscillation stops when the VCOj,
voltage drops below 1.0 V.
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Figure 22. VCO Frequency as a Function of VCOjp,
(Measured and calculated values are shown.
R1=R2=10kQ, C1 =47 pF, Cg =6 pF, Tpg =1l nsatVcc =5V,
and Tpg =15ns at Vcc =3 V)
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Figure 23. HC/HCT4046A PLL VCO Test Circuit
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Figure 25. VCO Frequency and Power-Supply Current as a Function of Operating Voltage
Vce, Showing Effects of Different Values of Ry (5 kQ and 10 kQ).

Although values of 10 kQ for Rq and R» provide good linearity as a function of VCOj, for the
high-frequency range shown in Figure 22, optimum values for Rq and R, are greater at lower
frequencies. This fact is shown in Figure 24, where the linearity is better for the larger values of
R1 and R» (curve B). The accelerated frequency-increase effect of Ig,mRy, is more pronounced.
The propagation delay is neglected in the curves of Figure 24 because it is much less than the
oscillator period. The effects of stray capacitance are neglected for similar reasons. The
simplified solutions using Equations 3 and 4 are shown by the dashed lines.

A more accurate calculation was made with Equations 3 and 5 to determine the value of Igy,.
Avalue of 50 Q was used to calculate the IgymRp, term. The calculated results for this curve quite
accurately overlay the measured, solid-line curves. In this calculation, the values of M1 and M»
were set 15% low to obtain the exact tracking match.

Figure 25 shows measured data and illustrates the dependence of the offset frequency on V.
The frequency is in megahertz and the power-supply current in milliamperes. These parameters
are plotted against power-supply voltage. I¢ is shown for R, offset-frequency bias resistors of
5 kQ and 10 kQ. The supply current increases with a decrease in the value of resistor Ro, and
also increases with the switching frequency because of the added current needed to charge and
discharge the device equivalent capacitance, Cpg.
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Figure 26 shows the effect of increasing the values of resistors R1 and Ry by 10x with all other
factors remaining the same. Curve A is plotted at 10x the measured frequency, while curve B is
plotted at the frequency of the measured data. The two curves should overlay one another. The
current multiplier ratios, however, are higher at lower current bias levels, a factor that causes the
frequency defined by curve A to be slightly more than 10x that of curve B. The curves illustrate
that frequency can be changed by a linear scale factor with a change in Rq or Ro. Similar
frequency changes also can be made by adjusting C4. An exception is that effects of Thd and Cgq
produce a ratio-adjustment error in the high-frequency range. Figure 27 demonstrates the
results of a different method of frequency control by “splitting” capacitor Cq and returning pin 6
and pin 7 separately through capacitors Cq and C1pg to ground. lllustrated in Figure 28, this
method can control the duty cycle, which is the ratio of capacitors C15 and C1g. The Vigmp
conditions change from —0.7 V as a starting point to ground or 0 V. The Vp, trip point is
unchanged. The current charge path for each capacitor is through its respective G1 or Go PMOS
device, and the discharge path is through the associated NMOS device. Frequency calculations
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 period time. The same equations are used in the
calculations, but the empirical equation for Vigmp becomes:

Where:
Vee =50V

For other V¢ values, Vi = (0.1 Vcc + 0.6) V. The simplified calculation is shown by the dashed
line in Figure 27 to be in reasonable agreement with empirical results. Where the RC discharge
might not reach ground before the charge cycle starts, V|, = V(0) assumes this value. The
waveform characteristic is shown in Figure 28.
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Figure 26. VCO Frequency as a Function of VCOj, Showing Effects of Different Values
of R1 and Ry (10 kQ and 1 MQ)
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Figure 27. VCO Frequency as a Function of VCOj, Showing Duty-Cycle Control Obtained
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Figure 28. Evaluation Circuit and Waveforms for Data in Figure 27

Possible applications of the split-capacitor method described in previous paragraphs include
horizontal and vertical timing circuits for image-display systems, as well as gating and blanking
functions where, for a variety of reasons, pulse-duration control is needed.

Design Examples With and Without Offset

The equations derived thus far have provided a means to calculate frequency. However,
frequency usually is the known parameter. If it is not known, an approximation initially can be
calculated, followed by an iterative adjustment for the final desired result. Dynamic-range
limitation can be accommodated more easily by following this procedure.
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Example With Offset

28

For a supply voltage Vcc =5 V and given:

fo (center frequency) = 400 kHz
fmin (offset frequency) = 250 kHz
fmax = fmin + 2(fo — fmin) = 550 kHz

The curves plotted thus far indicate that a value of 0.01 puF can be a suitable value for Cq, and
that propagation delay and stray capacitance can be neglected. For convenience, assume that
the multiplying factor M = M1 = Mo = 7.2 and, from previously noted values, Vramp = 1.8 V. First,
calculate the offset frequency by setting VCO;j, = 0 V. With these simplified conditions, Equations
3 and 4 become:

or
fmin = 2M2Vref/C1VrampR2

Where:
lo = Viei/R2 = (Ve — 0.6)/Ro = 4.4/Rp

Solving for Ry yields:

R2 = M2Vei/2C1Viampfmin
= (7.2 x4.4)/(2 x 0.01 pF x 1.8 x 250 kHz)
=3.52kQ

If this low value of R is used, the resultant Ig,nR,, causes pronounced nonlinearity, as shown in
Figure 24, curve A. Better linearity can be achieved with an Ry of 35.2 kQ and by scaling
frequency; C1 also can be set to 1000 pF. This choice seems practical because the assumption
is that stray capacitance, Cg = 6 pF, which is not a significant percentage of C1. Ro should be
further adjusted by choosing a value for it of 36 kQ, which is close to a standard value of
resistance.

From the known maximum frequency, f5x, and given the value of Ry, R1 can be calculated.
Assume that the maximum frequency occurs at approximately VCOj, = Vyef = 4.4 V. The same
values of M1 and M» as used above will continue to be used for this approximation. The problem
now is to find a parallel value of R1 and Ry (Req) for the calculation of fyay:

Where:
Req = MVCOin/2C1 Viampfmax
= (7.2 x4.4)/(2 x 1000 pF x 1.8 x 550 kHz)
=16 kQ

For Ry = 35.2 kQ, R1 is determined to be 29.3 kQ, or approximately 30 kQ to the nearest
standard value. With these values and Equations 3 and 4, the calculations for the frequency can
be fine tuned. With V¢i/Ro at 122 pA, Mo from Figure 18 becomes 7.3. Similarly, when

VCOj, = Vc/2, VCO;n/R1 = 83 pA, which, from Figure 20, yields M1 = 6.2.
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Tc and fygc, as a function of VCO;,, can be calculated from these values and, if needed, R1 and
R2 can be adjusted to meet the desired center-frequency condition. That is, for Cg =0, Tpq = 0,
R1 =30 KQ, Ry = 36 kQ, C; = 1000 pF, Vief =4.4V, Vigmp = 1.8V, M1 = 6.2, My = 7.3, and

Ve =5V

= [6.2(VCO;/30 kQ) + 7.3(4.4/36 kQ)]/(2 x 1000 pF x 1.8 V)

Calculated and measured oscillator frequency values for different values Of VCO;, are:

fOSC

VCOin (kHZ)
v)
CALCULATED | MEASURED
0.0 248 280
1.0 305 318
2.5 391 384
4.4 500 492

The calculated solution is in reasonable agreement with the desired results, as shown by the
measured data. Depending on the application, some adjustment of R, might more closely fit the

fosc value.

Example Without Offset

Given: f =400 kHz, Vcc =5.0V

Without offset, the calculation is simplified to:

Drawing on the experience of the previous calculation, M4 is approximately 6.2 and VCOj, is set
to 2.5 V for the center-frequency calculation. Solving for Rq:

Ry = 6.2 (2.5/f,)/(2 x 1000 pF x 1.8 V) = 10.8 kQ

Using 11 kQ for Rq, gives:

fOSC
VCOin (kHz)
V)
CALCULATED | MEASURED
1.0 157 139
25 391 352
44 699 697

In this example, the error is larger, but the dynamic range needed for the high and low ends of
the frequency range is there. The center-frequency value of VCOj, is slightly to the high side of

25V.
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Rules of Thumb for Quick Calculations

30

The previous examples imply that simple equations and rules of thumb can be effectively
applied to the determination of required parameters. Designers, however, should remain alert to
the fact that large values of Igym with frequencies in the megahertz range do require use of the
expanded Equations 3, 4, and 5. For extreme ranges of current and voltage, other errors may be
added. However, reasonable approximations of the offset frequency, iy, and the maximum
frequency, fmax, can be made. Where Tpq << 1/, or the frequency range is less than 1.0 MHz
and the Igym currents are reduced so that IsymRp << Vyamp, the errors generally will be less than
15%. The quick-approximation equations are derived as follows:

From Equation 4, solving for fin = 1/2Tc at Vee =5V, VCO;pn =0V, Cg = 0 pF, Vigmp = 1.8V, and
M1 = Mo =7 yields:

fmin = Ka/(RyCq) (6a)

Where:
Kg is a constant that varies with V.

where K is a constant that varies with Vcc.
To find fmax With VCOjn = Vief = 4.4V, Vec = 5V, Cs = 0 pF, Vigmp = 1.8V, and M3 = My = 7,
fmax = Ka/(Reqcl) (6b)
Where:
Ry in parallel with R = Reg

Then, an extrapolation from fyj, at VCOj, = 0 to fjax at VCOj, = 4.4 V yields a quick y = mx + b
equation approximation to foge:

fosc = [(fmax = fmin)/KplVCO;, + frin (6c)

Where:
Kp at fjax is 4.4 for Vec =5V, or5.4 for Ve =6 V.
Ka at fjax and fyjn is 8.5 for Vec =5 V and 10 for Ve =6 V.

The solution is provided as a time constant for RoC1 or ReqCy, Where C1 is assumed, followed
by a calculation for Rq and R».

The choice of offset frequency is not as simple as it first appears. The true offset with respect to
phase lock starts when the VCOj, is approximately 1.0 V. The lock-in range where

2f; = (fmax — fmin) is limited by this condition. As such, the lock-in range is only 60% of the VCOj,,
control range for VCOj, = 0V to VCO;, = 2.5 V or (V¢ /2). Using the lower VCO control range as
a boundary condition for lock-in, 0.6(fg — fmin) = f}.

Where fiyin is the offset frequency, the rule-of-thumb equation for offset in terms of center
frequency and lock range is:

fin = fo— L1.6f, (6d)

CMOS Phase-Locked-Loop Applications Using the CD54/74HC/HCT4046A and CD54/74HC/HCT7046A



{9 TEXAS
INSTRUMENTS SCHA003B

Tabulated Solutions

The expanded Equations 1 through 5 have been written into a computer program using
empirically derived equations from the curves and data for I1, I, M1, M2, and Tpqg. This program
is included in Appendix C. PC calculations and rule-of-thumb solutions have been calculated
and compared to measured data to evaluate the frequency error in several applications.
Appendix IV gives Rq, Ro, and C1 values with “Calc. fygc” PC solutions from Equations 3, 4, and
5. The “Approx. fose” values are given by the rule-of-thumb solutions from Equations 6(a), 6(b),
and 6(c).The solutions shown below are based on high and low inputs to VCOj,, and have larger
estimate errors than those previously shown and plotted. The most accurate frequency
calculations are determined by having the correct values for M1 and M5, which, for the full range
of VCOj,, are not constant. The preferred solutions are derived for a VCOj, voltage near V¢ /2,
where the curves for |1 as a function of pin 6 and pin 7 current plots are most accurate. The
example data given here is based on single result values from constructed PC boards (see
Appendix V).

Filter Design for the HC/HCT4046A

The third element of the HC/HCT4046A PLL to be discussed is the filter requirements for proper
operation of the loop. An understanding of various technical terms is assumed. For further
assistance, the reader is referred to Appendix B and the bibliography. It is important to
remember that the filter characteristic is a key factor in determining the overall gain and phase
response of the loop. Stability criteria are covered in general references on feedback theory
along with other subjects, including Bode plots, root-locus plots, and Nyquist criteria. The use of
Laplace transforms with partial fraction expansions, the final-value theorem, and other
techniques should be very helpful to the dedicated designer of PLL circuits. Loop equations in
Figure 29 are expressed in terms of the complex-frequency domain.

Three basic types of LPFs are commonly used in PLL circuits. All LPFs perform the basic
function of removing high-frequency components resulting from the multiplier process of the
phase comparator. Figure 29 shows these common forms of the LPF along with equations for
the loop as applied to PLLs 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. Moreover, noise may initiate fast changes in phase
error and cause conditions 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 properly determines the time constant of the filter and affects the loop
during frequency acquisition. A low-leakage termination for the filter 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/HCT4046A features a very high resistance load to the LPF where the input
resistance of the VCO is of the order of 1012 Q. In many applications, particularly at high
frequency, leakage currents can cause an unacceptable phase error.
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Loops are frequently referred to by type and order designation. Type is less commonly used and
refers to the number of perfect integrators in the loop or the number of poles at the origin of the
complex-frequency plot. An example of a Type | would be a simple first-order PLL where there is
no filter [f(s) = 1]; integration of the VCO provides the one pole. The order of the loop is a more
commonly used term and refers to the highest power of s in the denominator of the closed-loop
transfer function, H(s). The application examples that follow are based on second-order
systems, which represent the most common use of PLL circuits employing the HC/HCT4046A.

Loop Examples

LPF Using PC1 (Example 1)

This first example shows the effects of parameter variation; PC1 and the simple RC-lag LPF of
Figure 29 are used. The conditions for this example are:

fo = 27.5 kHz and f,jn = ? kHz
Vce =6V, VCOj,rangeis1t0 5.5V

The tendency for the novice designer is to specify an offset frequency close to the desired
center frequency. This choice reduces the VCO gain factor and adds a resistor to the circuit. The
need for an offset frequency specification always should be questioned. Occasionally, an offset
frequency may be needed if the application requires continuing oscillation when the VCO;, input
drops below 1.0 V. The arbitrary assumption in this example is the choice of f,j; = 0 or no offset.

To find the VCO parameters, the designer should initially calculate Rq and C4 by considering the
VCOjp, level at Vc/2 or 3 V. For this working frequency range, the consideration of stray
capacitance and propagation delay can be dropped. Using the rule-of-thumb equation
developed in the VCO section, the y = mx + b equation form can be used for fij, = 0 and

Vce = 6V, where Ky = 10 and Ky = 5.4. Then, Req reduces to R1 and Equations 6(b) and 6(c)
combine as:

fOSC = VCO|n/(054R1C1)

By choosing C1 = 0.012 pF, Rq becomes 16.8 kQ for VCO;j, = 3V and fggc = fg = 27.55 kHz. The
actual component values used were Rq = 16.4 kQ and C1 = 0.012 pF. Frequency calculations for
a VCOj, of 1 V and 3 V using the above equation are:

fOSC
VCOin (kHz)
v)
CALCULATED | MEASURED
1.0 9.4 -
1.24 1.7 10
3.0 28.2 -
3.34 31.4 27.5

The values shown are a reasonable approximation of the required values.
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The VCO gain factor, Ky, must be determined for the filter design. Either the slope of the curve
for fosc @s a function of VCO;, can be used, or a value can be calculated from the differentiated
frequency expression. If lsymRp<<Viamp, the lsymRp term may be dropped. In this case, the
calculated error is approximately 3% at VCOj, = Vc /2. Using Equations 3 and 4, substituting T,
into the fosc equation and dropping the IsymRp and Tpg terms yields:

fosc = Isum/2C1Vramp = M1VCOin/2R1C1Vramp
The differential with respect to VCOj, is given by:
Ko = d(fosc)/d(VCOijn) = M1/2R1C1Viamp

This result is the same as the differential of VCO;j,/(0.54R1C1) if M3 =7 and Vigmp = 1.9 V are
assumed.

Substituting values My =7, Vigmp = 1.9 V, Ry = 16.4 kQ, and C = 0.012 pF yields:

Ko = 9.4 kHz/V or 59.1 krad/V

The Ky gain factor for the PC1 detector can be calculated as:

Kq = Vee/m= 6/3.1416 = 1.91 Virad

The loop-gain factor, not including the filter, is given by:

K = KoKq = 112,800

As shown in Figure 29, for any second-order system, the loop natural frequency, wy, Is:
wn = (K/T)O.S

Where:
T is the integrating time constant of the loop filter.

For the simple lag filter of Figure 29(a), T = R3C».

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. For general and wide-ranging requirements, values for the loop 3-dB bandwidth,
w3gp, and loop natural frequency can be assumed. Another choice is to look at the relation of
noise bandwidth to damping factor, {. If settling time is important, examine the phase error and
damping factor as a function of wyt (t = time) where, for the settling time to be 90% complete, the
value of wy, is given by the allowed settling time. Quoting from Gardner[1], and others, for a
phase error due to a step in delta phase, wnt should be 4 for a damping factor of 0.5.
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The simple lag filter has a limited range of capability, but it can be effective in noncritical
applications. The R3C» time constant can be chosen by trial and error or by rule of thumb as the
reciprocal of 1.5 to 3 times the frequency. This approach favors lower damping factors to
achieve low jitter with compromises for pull-in range and time. Two filters were tried for this
example:

Wn Z
! R3 C2 PULLIN (CALCULATED) | (CALCULATED)
2.5ms 51 kQ 0.047 uF +1kHz 6717 rad/s 0.032
25 ps 51 kQ 487 pF +4.25 kHz 67.17 krad/s 0.32

When filters are designed by choosing a wggg/wy, ratio, the simple lag filter has a solution in
terms of ¢ that is different from that of the lag-lead solution. In any case, the wzqgg solutions are
derived by setting |H(jw)|2 = 0.5 and solving for wgp/wy. However, 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.
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jf %)
F1(s) = l/(st1 + 1)
11 =R3C2

H1(s) = [wn2/(s2 + 2Zwp + n2)]
wn = (KoKgltg)0-2
= (1/411KoK)0-5

R3

(@)

92CS-43170

R3
NV
Rg
T &)
(b)
Fa(s) = (st12 + 1)/[s(11 +12) +1)
11 =R3C2
12 =Ry4Co

Ha(s) = [s(24wn — n?2) +wnl/(s2 + 2Lwp + wn?)
wn = [KoKgl(ty + 12)]0-5
= (wn/2)[12 + (1/KoKg)]

92CS-43171

Ra o

R3 —IA\
L~

(c)
For large values of A (amplifer gain):
F3(s) = —(s12 + 1)/s11
11 = R3C212 = R4Co
H3(s) = (2Zwns t wn2)/(s2 + 2wps + wn2)
wn = [KoKg/t1)0-5
(= wnt2/2

92CS-43172

Figure 29. Forms of LPF and Associated Loop Equations
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Using PC2 With a Lag-Lead Filter (Example 2)

In this example, the lag-lead filter shown in Figure 29(b) is used, and no offset-frequency
requirement is specified. For the VCO section:

After following procedures similar to those described in Example 1, the value of C1 is determined
to be 100 pF, and R is found to be 62 kQ. The VCO measurements are:

fOSC = 380 kHZ a.t VCO|n = 16 V
and the following can be calculated:

Kd = Vcc/4T[= 0.48 V/rad
Ko = (1.2 — 0.38) MHz x 217(4.5 — 1.16)V = 1.776 rad/V
K = KoKg = 0.856

The relation of the filter bandwidth, defined as wx, can be used to establish the relation of t1 and
To in the lag-lead filter. Then, defining the ratio of wy to wy, provides a practical basis for
comparing time constants to the active parameters of the loop. The solution of |f(jw)|2 = 0.5
yields:

1

O = (124 2157, — 7,2 )

0.5

which may be used to calculate 11 and 15 after the wywy, ratio is assumed. Then, using the
equation of Figure 29(b):

wn = [Ki(1y + 12)]Y2
filter-component values R3, R4, and Co can be derived as follows:
Given: wy = 1% of i, wifwn = 1/8

Calculate: 11 = 0.0346 ms, 1o = 0.0092 ms
R1=51kQ, R4 =1.36 kQ
C, =0.00068 pF

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

obtained:
SIGin JITTER PERCENT
(kH2) (ns) OF PERIOD
1200 <28 2.4
790 <20 1.6
380 50 1.9
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Simple LPF Using PC2 (Example 3)

This example uses the results of Example 1 and redefines the criteria for the loop:

Given: wy = 100 Hz, wy/wy, = 1/10
Kq is now Vc/2m= 6/2m= 0.955 V/rad

Basing this example on measured data:

Ko = 51400 rad/V
K =Kg % Kg = 49095

Using wy, = (K/t1)0- and the value of wy, from the given data gives:

11 = 1.24 ms, R3 =51 kQ, Cy =0.024 pF

Measured results give 0.5 us of jitter (1.4% of period) at 27.5 kHz.

Simple LPF Using PC2 With Divide-by-N (Example 4)

This example uses one of the examples given previously in the VCO measured-data section:

Ve =6

Vv

R1 =43kQ, C1 =39 pF
For Kg, fosc measured at VCO;p, =3V
Ko = 6.126 rad/V
Kg = 0.955 V/rad (from previous example)

Using the HC4024 seven-stage binary ripple counter for a divide-by-N of 128 and PC2 in a
simple RC LPF, the loop frequency is 20 kHz and

K = Ko(Kg/N) = 45660

If it is assumed that wy is 1% of the loop frequency or ws = 200 Hz, and that w/wy = (1/8),
wn, = (K/t1)0-5 gives a time constant, 11, of 451 ms. Choosing R3 =51 kQ gives C, = 0.0088 pF.
The jitter measured during lock was less than 0.6 us or 1.2%.

A tabulation of results using the same VCO and divide-by-N ratio, where wx is 1% of the 20-kHz
loop (200 Hz) and wy/wy, is varied, is shown in Table 1.

Table 1. Results for Simple LPF Using PC2 With Divide-by-N

wn T R3 c2 JITTER Z
wi/on | (CALCULATED) | (CALCULATED) | (CALCULATED) | (CALCULATED) | (MEASURED) | (CALCULATED)
(rad/s) (ms) (kQ) (UF) (bs) (d.£.T)
3774 3.206 51 0.0628 5 0.041
6290 1.154 51 0.0226 2 0.069
10064 0.451 51 0.0088 0.6 0.11
10 12580 0.288 5 0.0056 1.2 0.14
1 d.f. = damping factor

The range of pull-in remained typically the same for the 20-kHz loop. The pull-in measured
6 kHz to 37 kHz.
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Simple RC LPF Using Frequency Offset and PC2 (Example 5)

38

To provide a comparison with loop Example 4, a VCO example without the divide-by-N was
developed using R1 = 160 kQ, Ry = 180 kQ, and Cq = 0.005 pF. The measured frequency for
Ve =6Vis:

Ko = 2122780 — 20000)/(3 — 1.75) = 13973 rad/V
Kq = 0.955 V/rad
K = KoKgq = 13344

Using wf = 200 Hz and wf/w, = 1/10, and solving as above gives the results in Table 2.

Table 2. Results for Simple RC LPF Using Frequency Offset and PC2

wn 11 R3 c2 JITTER Z
wifoy | (CALCULATED) | (CALCULATED) | (CALCULATED) | (CALCULATED) | (MEASURED) | (CALCULATED)
(rad/s) (ms) (kQ) (WF) (us) (df.T)
3 3774 3.206 51 0.011 5.5 0.18
6.3 7952 1.154 51 0.0041 4 0.3
8 10064 0.451 51 0.00161 2 0.48
10 12580 0.288 51 0.001 0.6 0.6

tdf = damping factor

The pull-in typically is 18 kHz to 33 kHz for this example. It should be noted that the damping
factor, ¢, is higher than in Example 4. With offset, the loop-gain factor, K, is approximately
one-third less.

. fOSC
VCOin (MEASURED)
V) (kH2)
0 15.38 (offset)
1 17.85
1.75 20
3 22.78
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LPF Design Summary

There are several points to be made on the subject of LPF design. The examples shown in this
application report are given as illustrations of HC/HCT4046A PLL capability. Indeed, the best
recommendation for a general-purpose PLL would be to use an active filter. The gain factor, K,
then would provide another degree of latitude in the many compromises of PLL design. The
second-best filter would be the lag-lead filter network design, where the added resistor provides
a semi-independent control over the damping factor of the loop, a key requirement in tracking
systems. The lag-lead, however, is an imitation of the active filter only for a limited range of
component values. If the primary requirement is to phase lock two frequencies synchronously
together and response time is not a major factor, the simple RC filter may be quite adequate for
this purpose.

Because the filter design is not rigid, options exist to vary the design approach. Optimizing by
trial and error should be considered in all cases. One should always be aware that textbook
approaches often are developed for applications not identified or with limitations and
assumptions not given. A few points that may help to clarify the assumptions made in the
examples given in this application report are:

* Open-loop analysis has limited 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 filter must be designed with the entire loop in mind.

* The HC/HCT4046A VCO gain factor, K, is dependent on the center frequency, fy, and the
offset frequency, fmin. That is, Kg is approximately (fo — fmin)/(Vcc/2). If any of the VCO
parameters such as R1, Ry, or Cq change, K and the filter design requirements will change.

* The use of a filter bandwidth of 1% of the signal or loop frequency may not achieve the
desired results in all applications. Because no specific applications were defined in the
preceding paragraphs, the 1% filter bandwidth, w, was chosen as a practical way to achieve
simple phase-lock results, given that wwy, is chosen for a practical range of component
values. In any case, the designer should be aware of the common parameters used to
describe the PLL performance, such as damping factor (¢) loop natural frequency (wp), noise
bandwidth (BL or 2BL), and the loop gain (K = KoKy).

* The damping factor can be used as a starting point for design assumptions. For some
applications, this approach could be a better one than choosing bandwidths. The system
response, however, must take into account both the loop natural frequency and the damping
factor.

* As noted in the VCO description, the linear range of the HC/HCT4046A extends from 1 V to
approximately Vcc — 1 V. Operation of the VCOj, at or near the V¢ level is not
recommended because the linear range of the internal differential amplifiers (CMA circuit) is
exceeded. When this level of operation occurs, the K, of the VCO increases rapidly and may
cause loop instability. The application of active operational-amplifier filter circuits, using such
devices as the CA5470, can limit the maximum positive voltage swing to approximately the
correct level while operating from the same V¢ supply as the HC/HCT4046A.

The designer should apply high-speed application-circuit techniques when using high-speed
CMOS PLL devices; the switching speed can produce higher-harmonic components. Good
radio-frequency bypassing techniques with good filtering are recommended in the design of the
power-supply distribution to minimize potential EMI problems.
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Appendix A Phase-Comparator Summary Information

PC1 pC2 PC3
TYPE XOR POSITIVE-EDGE-TRIGGERED | POSITIVE-EDGE-TRIGGERED
J-K FLIP-FLOP R-S FLIP-FLOP
PCout
Vpc (out), Vpp/2 Low High
(SIGjn, high)
Locked phase
differential, @ w2 0 b
(SIGjp, reference)
Filtered
PCout: Veem ¢ (VcelAm ¢ (Vecl2m @
VDEMout
Requires 50%
duty cycle? Yes No No
Lock detector No ves No
(HC/HCT7046A)
Yes
Phase pulses out No (HC/HCT4046A) No
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Appendix B Loop Parameters and Equations

Figure 1 shows the fundamental PLL block diagram and the relationships of the various loop
parameters. The relationships of these parameters are determined by the transfer characteristic
of each functional block of the loop. Brief explanations of parameter functions are provided in the
following paragraphs. Further details can be found in various reference texts.

Kd

F(s)

Phase-comparator conversion gain factor expressed in units of V/rad. Kgis
determined by the equation Vg = Ky(@ — @) or Kq = Vg/(¢ — @p). For the phase
comparators of the HC/HCT4046A, V4 = VpeEMout @nd, assuming ripple and noise
are suppressed, Kq for PC1, PC2, and PC3 can be expressed as:

K4(PC1) = Veo/m (B1)
K4(PC2) = V/2mor V/41 (mode dependent) (B2)
K4(PC3) = Vo/2m (B3)

Equation B2 generally is used in the Vcc/4mtform. In this application report,
however, the Vc/2mtform is used because PC2 is not fully periodic. It is periodic
only as long as the phase is changing in one direction. As such, it is sequential, with
Vcce/2mgain. In the PC2 slip mode, there is a similar but opposite phase
characteristic to that of PC3. In the PC2 lock mode there is both up and down
ranging, but typically from V¢ /2, giving the V/4mtgain factor.

VCO gain factor expressed in radians/second-V or Hz/V (rad/s is used for brevity) in
the text. Where the derivative of phase is frequency:

fosc = dg/dt = KoV

Using Laplace transforms for the complex-frequency domain, dg/dt becomes sq(s),
and s@(s) = KyV(s). If an initial condition of @g(t) = 0 is assumed at t = 0, the VCO
gain factor is given by:

Ko = s@(s)/V¢(S)
and the VCO gain is given by:

@®s)/Ve(s) = Kofs (B4)

It is important to note that a simplification of the steady-state loop response can be
derived from the Laplace-transform final-value theorem, which states that

lim[@(t)] = lim[s@(s)], where t goes to infinity as s goes to zero. That is, simplified
calculations can be made without transforming back to the time domain.

Loop-filter transfer function. The order of the loop is determined by the type of filter
used. The most common filter and the type discussed in this application report is the
second order, as defined by the power of s in the denominator of the complete loop
transfer function. Figure 2 shows the simplest filter, with a series R and shunt C.
Figure 29 shows the most commonly used filters and gives the transfer functions for
each.



{f’ TEXAS

INSTRUMENTS SCHA003B

H(s) Closed-loop gain. Although the PLL system has limited meaning as an open loop,
the open-loop gain elements can be used in a general closed-loop feedback
expression to determine the expression for H(s). The open-loop gain, G(s), is given
by:

G(s) = Kg/s)KyF(s)
and the closed-loop gain H(s) is given by:
H(s) = G(s)/[1 + G(s)] = KgKg/[s + KoKgF(s)] (BS)

@e(s) Phase error (@ — @) and is closely related to the closed-loop gain. With @y(S)/@(s) =
H(s) and with manipulation:

[@(S) — Go(S)V/@i(s) = 1 - [@o(S)/@i(S)
or

@e(s) = 1 — H(s) (B6)
This expression with the final-value theorem can lead to a simpler and quicker
solution than transforming back to the time domain.

Wn Natural frequency of the second-order loop from terminology used in earlier
feedback and servo theory. It is analogous to ringing frequency in an RLC circuit.
Refer to the loop equations in Figure 29 for the values of wy,.

C Damping factor (ratio) of the second-order loop from terminology used in earlier
feedback and servo theory. Critical damping occurs for { = 1. Refer to the loop
equations in Figure 29 for the damping-factor equations.

W3dB Used to define the conceptual relationship of 3-dB bandwidth for the closed loop. It
is determined by setting the squared absolute magnitude of the transfer function
[H(jw)|2 = 0.5 and solving for w.

¥ Used in this application report to define the bandwidth of the loop filter, as a simpler
approach to finding the time-constant values.

Wp Pull-in or capture range. Pull-in range identifies the frequency range over which the
PLL can snhap into lock without further cycle slipping, assuming that it was not
initially locked and that it reaches lock after slipping cycles.

Awy Lock-in range of the VCO, where lock is established without slipping cycles. (It is
also referred to as seize range.)

Awp, Hold-in range (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.

Tp Pull-in time for the loop to establish lock. It extends for more than one cycle.

T PLL lock-in time without slipping cycles

Ts Settling time for the VCO to achieve 90% energy at the new frequency
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Refer to the Bibliography and References section and other text material for more complete
information relative to the above definitions. Only the use of the HC/HCT4046A, HC/HCT7046A,
and related PLL system parameters are discussed in this application report and appendix.

44



{9 TEXAS
INSTRUMENTS SCHA003B

Appendix C Basic Program for VCO Frequency Calculations

REM Program for HC4046A VCO Frequency with & w o of fset
REM Narme “PLL. BAS”

REM

Start:

| NPUT “Enter center frequency, Fo “, Fo

I NPUT “Enter O fset frequency, Fmin, enter O if none “, Fmn
| NPUT “Enter power supply voltage, Vcc (Vdd) “, Vcc

PRINT “6 pf of stray cap. is assuned, Ctotal = Cstray + Cl”

Vranmp = (.1*Vcc+.6)—(—-.7)

Tpd = EXP (-.434*LOG Vcc) -17. 5)

REM Tpd approx. 12.5 nanoseconds, Vcc=5V

Cs=6E-12 : Rdn=50

IF Fmin > Fo THEN PRI NT “bad data, try again”

IF Fmin > Fo THEN Start

IF Fmin > .9 * Fo THEN PRINT “Offset too close to Fo, Poor choice!”
| F Fm n<>0 THEN O f set

REM | F Fmi n=0 THEN NoCf f set

PRINT “Prop Delay, Tpd = “, Tpd
REM
NoCX f set :

REM |1 enpirical equation, guestinate
| 1=EXP( . 45* LOX Fo) —15)
REM M equation fromgraph fit
=—.04343*LOF |1 1/.001) +6
| sumeML* | 1
R1=Vcc/ (2*11)
REMif C selected as initial data, est. with this
REM Ct =EXP(—. 667* LOG Fo) —13. 196)
REM C1 val ues | ess than 40 pF should not be used
REM | F Ct <4. 6E-11 THEN Ct =4. 6E-11
Tc=((1/ Fo)-2*Tpd)/ 2
QG =Tc*I sum (Vranp—(I| sunfRdn))

a =Ct-Cs

PRINT “R = *“, Rl

PRINT “C1 = “, C1

PRINT “I'1 =*, 11

PRINT “ML = “, ML

PRI NT “Isum = *“, |sum

PRI NT

I NPUT “Pick preferred nunbers for RL,Cl1 & plot Fvco? y/n? *“, QL$

IF QL$ = “n” THEN Quit
Repeat NoOX f set :

INPUT “New C1 = “, C1

INPUT “New R1 = “, Rl

PRINT “Vcoin(V) ",” Fvco(Hz) *
“FOR Vcoi n=1 TO Vcc-.5 STEP .5
| 1=Vcoi n/ R1

| sume(—. 04343*LOG(11/.001)+6) *11

Tc=(C1+Cs) *( Vr anp—I sunf Rdn) / | sum
Fvco=Il/ (2* Tpd+2*Tc)

I F Vcoi n=(Vcc/ 2)-.5 THEN Fl =Fvco
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I F Vcoi n=(Vcc/ 2)+.5 THEN Fh=Fvco

Ko=( (Fh-FI )/ 1)*2*3. 14159

PRI NT Vcoin, Fvco

NEXT

PRI NT

PRINT “Ko = “, Ko , “radians/V’

PRI NT

I NPUT “Repeat preferred nunber calc. for RL,Cl1? y/n? “, @$
IF Q2% = “y” THEN Repeat NoOf f set ELSE Quit
REM

O fset:

REM enpirical guestimate

| 2=EXP( . 45* LOE Fmi n) —15)

R2=(Vcc-.6)/12

M2=—. 087*LOE( | 2) +4. 6+. 4*\Voc

Temi n=((1/ Frin)=2*Tpd)/ 2

Ct =Tcm n*M2* | 2/ (Vr anmp—M2* | 2* Rdn)

Cl=Ct-Cs

Tco=((1/ Fo)-2*Tpd)/ 2

I sumeCt * Vr anp/ ( Tco+Ct * Rdn)

MLI 1=] sum-M2* | 2

REM enpirical equation for |1 based on given M*I1 vs |1
| 1=EXP(1.007113*LOG MLI 1) -1. 755368)

ML=MLI 1/ 11
Rl=(Vcc/2)/11
PRINT “RL = “, Rl
PRINT “R2 = *, R2
PRINT “Cl1L = “, Cl
PRINT “I1 =", I1
PRINT “12 = *, 12
PRINT “ML = “, ML
PRINT “M = “, M
PRINT “Isum = *“, |sum

I NPUT “Pick preferred nunbers for Fvco vs Vcoin plot? y/n? “, @B$
IF @B%$="n" THEN Quit

PRI NT “Note. I N NO CASE SHOULD R OR R2 BE LESS THAN 3000 Q!!”
Repeat O f set :

I NPUT “Enter preferred value of C1 *“, Cl

I NPUT “Enter preferred value of Rl “, Rl

I NPUT “Enter preferred value of R2 “, R2

PRI NT “Vcoin”, “Fvco”, “Ilsunf

FOR Vcoin = 1 TO Vcc—-. 5 STEP .5

| 2=(Vcc-. 6)/ R2

| 1=Vcoi n/ R

M =—. 04343*LOGE | 1/ . 001) +6

M2=—. 087*LOE | 2) +4. 6+. 4*Vcc

| sum=ML* | 1+M2* | 2

Tc=((CL+Cs) *(Vranp—I suntRdn) )/ | sum

Fvco=l/ (2* Tc+2* Tpd)

I F Vcoi n=(Vcc/ 2)-.5 THEN Fl =Fvco

I F Vcoi n=(Vcc/ 2)+.5 THEN Fh=Fvco

Ko=( (Fh-FI )/ 1)*2*3. 14159

PRI NT Vcoin, Fvco, |sum
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NEXT

PRI NT

PRINT “Ko = “, Ko, “ radians/volt ”

PRI NT

INPUT “Try other preferred values? y/n? “, (4%
IF 4$ = “y” THEN Repeat O fset ELSE Quit

REM

Quit:

END
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Appendix D R4, Ry, and Cq Values With Calculated fy5. PC Solutions From
Equations 3,4, and 5 (Vcc =6V)

e | B | R | o, [ veom | AUSULATER | erron | uteor-THUMS | error | MEASURED
(kQ) (kQ) V) foon (%) EQUATION) (%) oo
fosc
1 2000 - 0.084 pF 1 9.9 Hz 28.5 11 Hz 70 7.7Hz
2 43 - 40 pF 5 3.76 MHz -17.4 5.37 MHz 18 4.55 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 12.6 6.8 MHz 36 5.0 MHz
5 20.9 - 40 pF 5 7.19 MHz -7.8 11.0 MHz 41 7.8 MHz
6 30 82 0.016 pF 0 8.6 kHz -10.4 7.6 kHz -20.8 9.6 kHz
7 30 82 0.016 pF 5 31.2 kHz -19 28.5 kHz -26 38.5 kHz
8 8.2 8.6 0.15 pF 0 8.6 kHz -10.4 7.6 kHz -20.8 9.6 kHz
9 8.2 8.6 0.15 pF 5 22.9 kHz 17.4 15.9 kHz -18.5 19.5 kHz
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Appendix E HC4046A PLL Layout With Simple RC Filter (R3C»)

/

%
U
|
.
%

1

%

R3 (OPT)

NOTES: A. Remove pin 2 metal if PC3 not used.
B. Use one R3 choice.
C. Bottom view (one layer)

Figure E-1. HC4046A PLL Layout With Simple RC Filter (R3C»)
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