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PHASE-LOCKED-LOOP WITH LOCK DETECTOR
FEATURES TYPICAL
® Low power consumption SYMBOL | PARAMETER CONDITIONS uNIT
® Centre frequency up to HC HCT
17 MHz (typ.) at Vg = 4.5 V o
. . =40p
* (E:I)i(cgteutgfl:/v:g;?se comparators: fo VCO centre frequency 51 =3 ;s\z/ 19 19 MHz
edge-triggered JK flip-flop; cc=
® Excellent VCO frequency linearity o input capacitance {pin 5) 35 | 35 |pF
® VCO-inhibit control for ON/OFF
keying and for low standby c power dissipation notes 1 and 2 24 24 pF
power consumption PD capacitance per package

® Minimal frequency drift

® Operation power supply voltage
range:
VCO section 3.0 to 6.0 V
digital section 2.0 to 6.0 V

® Zero voltage offset due to op-amp
buffering

e Output capability: standard

® ¢ category: MSI

GENERAL DESCRIPTION

The 74HC/HCT7046 are high-speed
Si-gate CMOS devices and are specified
in compliance with JEDEC standard no. 7.

The 74HC/HCT7046 are phase-locked-loop
circuits that comprise a linear voltage-
controlled oscillator (VCO) and two
different phase comparators (PC1 and
PC2} with a common signal input amplifier
and a common comparator input.

A lock detector is provided and this gives
a HIGH level at pin 1 (LD) when the PLL
is locked. The lock detector capacitor

must be connected between pin 15 (C_p)

GND =0 V; Tamp = 25 °C

Notes

1. Applies to the phase comparator section only (VCO disabled).
For power dissipation of VCO and demodulator sections see Figs 20, 21 and 22,

2. Cpp is used to determine the dynamic power dissipation (Pp in uW):
Pp=Cpp x Vgc? x fi+ £ (CL x Voe? x fo) where:

f; = input frequency in MHz
fo = output frequency in MHz
2 (Cp x Vee? x fo) = sum of outputs

PACKAGE OUTLINES
16-lead DIL; plastic {SOT38CP).
16-lead mini-pack; plastic (SO16; SOT109A).

and pin 8 (GND). The value of the C|_p
capacitor can be determined, using
information supplied in Fig. 32

The input signal can be directly coupled
to large voltage signals, or indirectly
coupled (with a series capacitor) to small
voltage signals. A self-bias input circuit
keeps small voltage signals within the linear
region of the input amplifiers. With a
passive low-pass filter, the ““7046" forms
a second-order loop PLL. The excellent
VCO linearity is achieved by the use of
linear op-amp techniques.

fcontinued on next page)

CL = output load capacitance in pF
V¢ = supply voltage in V

APPLICATIONS

® FM modulation and demodulation

® Frequency synthesis and
multiplication

® Freq y discri

Tone decoding

® Data synchronization and
conditioning

® Voltage-to-frequency conversion

® Motor-speed control
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74HC/HCT7046A
MSI

PIN DESCRIPTION

PIN NO. SYMBOL NAME AND FUNCTION

1 LD lock detector output (active HIGH)
2 PCtouT phase comparator 1 output
3 COMP N comparator input

4 VCOQuT VCO output

5 INH inhibit input

6 Cla capacitor C1 connection A

7 Clg capacitor C1 connection B

8 GND ground (0 V)

9 VCOIN VCO input

10 DEMouyT demodulator output

1 R4 resistor R1 connection

12 R2o resistor R2 connection

13 PC2ouT phase comparator 2 output
14 SIG|N signal input

15 CLp lock detector capacitor input
16 Vee positive supply voltage

GENERAL DESCRIPTION

vCo

The VCO requires one external capacitor
C1 (between C1p and C1g) and one
external resistor R1 (between Ry and
GND) or two externat resistors R1 and R2
{between R4 and GND, and R and GND).
Resistor R1 and capacitor C1 determine
the frequency range of the VCO. Resistor
R2 enables the VCO to have a frequency
offset if required.

The high input impedance of the VCO
simplifies the design of low-pass filters by
giving the designer a wide choice of

resistor/capacitor ranges. In order not to
load the low-pass filter, a demodulator
output of the VCO input voltage is
provided at pin 10 (DEMgyT). In contrast
to conventional techniques where the
DEMgqyT voltage is one threshold voltage
lower than the VCO input voltage, here
the DEM@yyT voltage equals that of the
VCO input. If DEMQ@yT is used, a load
resistor {Rg) should be connected from
DEMQuT to GND; if unused, DEMgyT
should be left open. The VCO output
(VCOQ@T) can be connected directly to
the comparator input (COMP ), or
connected via a frequency-divider. The

VCO output signal has a duty factor of
50% (maximum expected deviation 1%), if
the VCO input is held at a constant DC level.
A LOW level at the inhibit input (INH)
enables the VCO and demodulator, white
a HIGH level turns both off to minimize
standby power consumption.

The only difference between the HC and
HCT versions is the input level
specification of the INH input. This input
disables the VCO section. The
comparators’ sections are identical, so
that there is no difference in the SIG|N
{pin 14) or COMPy (pin 3) inputs
between the HC and HCT versions.

Phase comparators

The signal input (SIG)N) can be directly
coupled to the self-biasing amplifier at

pin 14, provided that the signal swing is
between the standard HC family input
logic levels. Capacitive coupling is required
for signals with smaller swings.

Phase comparator 1 (PCT1)

This is an EXCLUSIVE-OR network. The
signal and comparator input frequencies
{fj) must have a 50% duty factor to obtain
the maximum locking range. The transfer
characteristic of PC1, assuming ripple

(fr = 2f;) is suppressed, is:

v
VpemouT = ~5C(ss16in — scompIn
where VDEMQUT is the demodulator

output at pin 10;

VDEMOUT = VPC10UT (via low-pass
filter).
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Fig. 4 Functional diagram.
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Phase-locked-loop with lock detector 74HC/HCT7046A
MSI
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Fig. 5 Logic diagram.

7296090.3

The phase comparator gain is:
\
Kp =~ (v/r).
T

The average output voltage from PC1, fed
to the VCO input via the low-pass filter
and seen at the demodulator output at

pin 10 (VpemouT). is the resultant of

the phase differences of signals (SIG )
and the comparator input (COMP |} as
shown in Fig. 6. The average of VpEmouT
is equal to 1/2 Vg when there is no signal
or noise at SIGp and with this input the
VCO oscillates at the centre frequency (fo).
Typical waveforms for the PC1 loop locked
at fg are shown in Fig. 7.

The frequency capture range {2fg) is
defined as the frequency range of input
signals on which the PLL will lock if it was
initially out-of-tock. The frequency lock
range (2f ) is defined as the frequency
range of input signals on which the loop
will stay locked if it was initially in lock.
The capture range is smaller or equal to
the lock range.
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Fig. 8 Phase comparator 1: average
output voltage versus input phase

difference:

VDEMOUT = VPC10UT =

\

~£Ciss1GIN — scoMPIN)
SDEMOUT = {$SIGIN — $COMPIN)-

—
90’

° 180°
ZoemouT

—— GND
7222239

Fig. 7 Typical waveforms for PLL using
phase comparator 1, loop locked at fg,.
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74HC/HCT7046A
MSi

GENERAL DESCRIPTION
Phase comparators

With PC1, the capture range depends on The phase comparator gain is: voltage at the capacitor (C2) of the

the low-pass filter characteristics and can Vee : low-pass filter connected to PC2ouT

be made as large as the lock range. Kp = e (V/r). varies until the signal and comparator
This configuration retains lock even with 4 inputs are equal in both phase and

very noisy input signals. Typical behaviour VDEMQUT is the resultant of the initial frequency. At this stable point the voltage
of this type of phase comparator is that it phase differences of SIGyy and COMP|n on C2 remains constant as the PC2 output
can lock to input frequencies close to the as shown in Fig. 8. Typical waveforms for is in 3-state and the VCO input at pin 9is
harmonics of the VCO centre frequency. the PC2 loop locked at fo are shown in a high impedance.

Phase comparator 2 (PC2) Fig. 9. Thus, for PC2, no phase difference exists
This is a positive edge-triggered phase and When the frequencies of SIG and ?emen o imfd l?o\nfgtl)N ;/J‘ver ver, "
frequency detector. When the PLL is COMP| are equal but the phase of SIGIN ;equency (rja‘nge c;. u z N .th cul'eov.er,
using this comparator, the loop is leads that of COMP |, the p-type output :’le pgwerd |ss:’p;e|:n ute) ;)h e %w ptass
controlled by positive signal transitions driver at PC2g T is held ““ON" for a time d' ter is re f’,°eFF,, fause o fp :" - );pe
and the duty factors of SIG)y and corresponding to the phase difference drtvers a'f ? n ;:jrbr:mt odt he :'9":3
COMPp are not important. PC2 (BDEMOUT). When the phase of SIG)y g‘l?]‘jtl °y"(: e. It SfOU hi note ft: the
comprises two D-type flip-flops, lags that of COMP;p, the n-type driver is ocx range for this type of phase
control-gating and a 3-state output stage. held “ON”. comparator is equal to the capture range

and is independent of the low-pass filter.
With no signal present at SIGp the VCO
adjusts, via PC2, to its lowest frequency.

The circuit functions as an up-down
counter (Fig, 5} where SIG ) causes an

up-count and COMP) a d°‘”"'°°“",t~ When the frequency of SIG) is higher
The transfer function of PC2, assuming than that of COMP )y, the p-type output
ripple (fr = fi) is suppressed, is: driver is held “ON"’ for most of the input

Vv . . :
v = YCC( _ signal cycle time, and for the remainder of
DEMOUT an #SIGIN $COMPIN) the cycle both n and p- type drivers are

where ‘V is the demodulator “OFF’" (3-state). If the SIG N frequency

output atogmqg;r is lower than the COMPp frequency, then

\ =V (via low-pass it is the n-type driver that is held “ON"’

fil?eE;\.I'OUT Pc20uT P for most of the cycle. Subsequently, the
Veg - — —- — 7298029

VDEMOUT (Av)

|
[
|
] comp
| | v
_—
| | SRR e ———— —
| | A high impedance OFF - state GND
0 } — veoy
-360° o° +360°
GpEmouT 7222327

Fig. 8 Phase comparator 2: average output voitage

versus input phase difference: Fig. 9 Typical waveforms for PLL using phase

VDEMOUT = VPc20UT = comparator 2, loop locked at f,,.

YEClssiaIN — dcompind
$DEMOUT = (¢SIGIN — $COMPIN)-
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Phase-locked-loop with lock detector

74HC/HCT7046A
MSi

RECOMMENDED OPERATING CONDITIONS FOR 74HC/HCT

74HC 74HCT
SYMBOL PARAMETER UNIT | CONDITIONS
min. | typ. max. min. | typ. max.
Vee DC supply voltage 3.0 5.0 6.0 45 5.0 5.5 \
DC supply voltage if

Vee VOO taction s et used 20 |50 [60 | 45 |50 |55 Y

Vi DC input voltage range V] Vee 0 Vee \"

Vo DC output voltage range 0 Vee 0 Vee V

Tamb operating ambient temperature range | -40 +85 -40 +85 °c see DC and AC

Tamb operating ambient temperature range | —40 +1256 | -40 +125 | °C CHARACTERISTICS
1000 Vee=20V

tr, tf input rise and fall times (pin 5) 6.0 500 6.0 500 ns Vee =45V
400 Vec =60V

RATINGS

Limiting values in accordance with the Absolute Maximum System (IEC 134)

Voltages are referenced to GND (ground = 0 V)

SYMBOL PARAMETER MIN. | MAX. | UNIT | CONDITIONS

Vece DC supply voltage -05 | +7 A

ik DC input diode current 20 mA for Vi< -05Vor V> Vgc+05V

+lgk DC output diode current 20 mA for Vo< -05VorVg> Vgc+05V
DC output source or sink

tlp orrary 25 mA | for-05V<Vo<Vcc+05V

i:g(l\:JD DC V¢ or GND current 50 mA

Tstg storage temperature range -85 +150 | °C
power dissipation per package for temperature range: —40 to +125 °C

74HC/HCT

Piot plastic DIL 750 mw above +70 °C: derate linearly with 12 mW/K

plastic mini-pack (SO) 500 mwW above +70 °C: derate linearly with 8 mW/K

AU ﬁ_‘a Oy I'F'}Fé’?(ﬁ
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74HC/HCT7046A
msi

DC CHARACTERISTICS FOR 74HC

Quiescent supply current

Voltages are referenced to GND (ground = 0 V)

Tamb (°C) TEST CONDITIONS
74HC
SYMBOL | PARAMETER UNIT | Ve | OTHER
+25 —40 to +85 | —40t0 +125 v
min. | typ. | max. | min. | max. | min. | max.
. pins 3, 5, and 14 at V¢
ice q‘(’\'/"é‘g’;‘i::ggé‘; current 8.0 80.0 160.0| uA 6.0 | pin9at GND; I at pins
3 and 14 to be excluded
Phase comparator section
Voltages are referenced to GND (ground = 0 V)
Tamb (°C) TEST CONDITIONS
74HC
SYMBOL | PARAMETER UNIT | Vge | V) OTHER
+25 —40 to +85 | —~40to +125 v
min. | typ. | max. | min. | max. | min. max.
DC coupled 1.5 [ 1.2 1.5 1.5 20
VIH HIGH level input voltage | 3.15| 2.4 3.156 3.15 v 4.5
SIG|N, COMP|N 42 | 3.2 4.2 4.2 6.0
DC coupled 08 |05 0.5 0.5 20
ViL LOW level input voltage 21 1135 1.35 1.35 |V 45
SIG)N, COMPy 28 (1.8 18 1.8 6.0
19 |20 1.9 1.9 20 | Vg | -lg=20pA
Vou HIGH Jevel output voltage | 44 | 45 a4 44 v 45 |or  |-15=20pA
» TenOUT 59 | 6.0 5.9 5.9 60 | VL |-10=204A
vV HIGH level output voltage | 3.98] 4.32 3.84 37 v 45 :”rlH -lg=4.0mA
OH LD, PCrouT 5.48| 5.81 5.34 5.2 60 |y, |-to=52mA
0 |01 0.1 0.1 20 | Viy |lo=20uA
VoL LOW fevel output voltage o |01 01 01 |v 45 |or |lg=-20uA
: YenQUT 0 0.1 0.1 0.1 6.0 Vi | 10=20sA
v LOW level output voltage 0.15]0.26 0.33 04 |, 4.5 Xr'H 10 =4.0 mA
oL LD, PChouT 0.16|0.26 0.33 0.4 60 |y, |lo=52mA
3.0 4.0 5.0 20 v,
£ input leakage current 7.0 9.0 11.0 A 3.0 orcc
= SIG|N, COMP| 18.0 23.0 27.0 | M 45 | dp
30.0 38.0 45.0 6.0
3-state ViH -
19z OFF-state current 0.5 5.0 10.0 | pA 6.0 or Vo =Vcc or
GND
PC2out Vi
. . 800 3.0 V| at self-bias operating
Ry InSF;UGt res'ég“MC; 250 k2 45 point; AV =0.5V;
IN. IN 150 6.0 | see Figs 10, 11 and 12
11Eﬂ lasmiimo . 1!\0[)\ f
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Phase-locked-loop with lock detector 74HC/HCT7046A

MSI
VCO section
Voltages are referenced to GND (ground = 0 V)
Tamb (°C) TEST CONDITIONS
74HC
SYMBOL | PARAMETER UNIT | Vee | Vi OTHER
+25 —40 to +85 | —40to +125 v
min. | typ. | max. | min. | max. | min. | max.
HIGH level 21 | 1.7 21 2 3.0
ViH input voltage 315124 3.15 3.15 v 4.5
INH 4.2 3.2 4.2 4.2 6.0
LOW level 1.3 |09 09 0.9 3.0
ViL input voltage 21 | 135 1.35 135 |V 4.5
INH 28 |18 1.8 1.8 6.0
HIGH tlevel 29 | 3.0 2.9 29 3.0 ViH | —lp =20 A
VOH output voltage 44 (45 4.4 44 v 45 or -lp =20 uA
VCOouT 5.9 | 6.0 59 59 6.0 ViL [ -lg=20pA
HIGH level \Y]
3.98| 4.32 3.84 37 45 H | —(g=40mA
VOH output voltage y v or -
VCOOUT 5.48 5.81 5.34 5.2 6.0 V)L 10 =5.2 mA
LOW level 0 0.1 0.1 0.1 3.0 ViH | 1o =20uA
VoL output voltage 0 0.1 0.1 0.1 A\ 4.5 or o =20 pA
' VCOouT o 0.1 0.1 0.1 6.0 ViL | lp=20uA
LOW level v
0.15| 0.26 0.33 0.4 45 H lip=40mA
VoL output voltage 0.16| 0.26 0.33 04 |V 60 |9 |Ig=52ma
VCOouT ViL
LOW level output ViH
0.40 0.47 0.54 4.5 lo=4.0mA
VoL voltage C1p, Clg \ or _
(test purposes only) 0.40 0.47 0.54 6.0 ViL {0 =5.2mA
. Vee
£ R cakage current 0.1 10 10 |uA |60 |or
, iN GND
3.0 300 3.0
R1 resistor range 3.0 300 k&2 45 note 1
3.0 300 6.0
3.0 300 3.0
R2 resistor range 3.0 300 k2 4.5 note 1
3.0 300 6.0
40 no 3.0
c1 capacitor range 40 . pF 45
40 timit 6.0
over the range
operating voltage 1.1 1.9 3.0 specified for R1;
Vv IN 1.1 3.4 \' 45 for linearity see
vco range at VCO|N 11 49 6.0 Figs 18 and 19.

Note
1. The parallel value of R1 and R2 should be more than 2.7 k2. Optimum performance is achieved when R1 and/or R2 are/is > 10 k§2.

= December 1990 1165
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74HC/HCT7046A

Msi

DC CHARACTERISTICS FOR 74HC

Demodulator section

Voltages are referenced to GND (ground = 0 V}

Tamb (°C) TEST CONDITIONS
74HC
SYMBOL | PARAMETER UNIT | Vgc | OTHER
+25 —40 to +85 | —40to +125 v
min. | typ. | max. | min.| max. | min. | max.
50 300 3.0 at Rg> 300 k2
Rg resistor range 50 300 k2 4.5 the leakage current can
50 300 6.0 influence VpemouT
+30 3.0 Vi=VycoIN = 1/2 V¢e:
VOFF offset voltage +20 mV 45 values taken over Rg range;
VCO|N to VDEMOUT £10 6.0 | see Fig. 13
dynamic output 25 30
Rp resistance at DEMoyT gg 2 gg VDEMOUT = /2 Ve

1162

oo N

RMavahk 1 GQQ\ /

1 Oy WY




Phase-locked-loop with lock detector 74HC/HCT7046A

MSi
AC CHARACTERISTICS FOR 74HC
Phase comparator section
GND=0V;t =tf=6ns; C|_=50 pF
Tamb (°C) TEST CONDITIONS
74HC
SYMBOL | PARAMETER UNIT |Vge | OTHER
+25 —40 to +85 | —40to +125 v
min. | typ. | max. | min. | max. | min. | max.
N / propagation delay 58 | 200 250 300 20
HL SIGn, COMP)y 21 |40 50 60 |ns 45 | Fig. 14
PLH to PCloyT 17 |34 a3 51 6.0
¢ / 3-state output enable 74 | 280 350 420 2.0
hzH time SIG)y, COMP)y 27 |56 70 84 |[ns 45 | Fig. 15
PZL to PC20UT 22 |48 60 7 6.0
N / 3-state output disable 96 |325 405 490 20
PHZz time SIGjN, COMP|y 35 |65 81 98 |ns 45 | Fig. 15
PLZ to PC2ouT 28 |55 69 83 6.0
t / 18 [75 95 110 2.0
L output transition time 7 (15 19 22 |ns 45 | Fig. 14
TLH 6 (13 16 19 6.0
AC coupled input sensitivity ?1 :233
V|(p_p) (peak-to-peak value) at 15 mV 4'5 fi=1MHz
SIGjN or COMP|y 33 6.0
VCO section
GND=0V;t=t=6ns;C| =50 pF
Tamb (°C) TEST CONDITIONS
74HC
SYMBOL | PARAMETER UNIT | Voo | OTHER
+25 —40to +85 | —40to +125 v
min. | typ. | max. | typ. [ max. | min. | max.
frequency stability 0.20 3.0 | Vi=VycoiNn=12Vce:
AT/T with temperature 0.15 %/ K 4.5 R1 =100 k§2; R2 = o5;
change 0.14 6.0 C1 =100 pF; see Fig. 16
VCO centre frequency 3.0 [100 MH Zg \F<¥E%|EQ= }qlzz YS;C
fo (duty factor = 50%) 11.0117.0 ? ’ _ ! coe Fic
13.0]21.0 6.0 C1 =40 pF; see Fig. 17
1.0 3.0 R1 =100 k2; R2 = o;
afyco VCO frequency linearity 0.4 % 45 Ct =100 pF;
0.3 6.0 | see Figs 18 and 19
50 3.0
dvco duty factor at VCOqyT 50 % 4.5
50 6.0
March 1988 1167
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74HC/HCT7046A
Msi

DC CHARACTERISTICS FOR 74HCT

Quiescent supply current

Voltages are referenced to GND (ground = 0 V)

Tamb (°C) TEST CONDITIONS
74HCT
SYMBOL | PARAMETER UNIT | Vcc | OTHER
+25 —40 to +85 | —40to+125 v

min.| typ. | max. | min. | max. | min. | max.

. pins 3, 5 and 14 at V¢!
quiescent supply current 8.0 80.0 160.0| wA | 6.0 | pin 9 at GND:; I| at pins

Ice .
{VCO disabled) 3 and 14 to be excluded
additional quiescent supply
current per input pin for 45 pins 3and 14 at Vg
alge unit load coefficient is 1 100 | 360 450 490 | pA to pin 9 at GND; | at pins
{note 1) 5.5 3 and 14 to be excluded

Vi=Vgc—21V

Note

1. The value of additional quiescent supply current (Algc) for a unit load of 1 is given above.
To determine Algce per input, multiply this value by the unit load coefficient shown in the table below.

UNIT LOAD
INPUT | COEFFICIENT
INH 1.00

116R lantiarn 1OQR\ (
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Phase-locked-loop with lock detector

74HC/HCT7046A

MSI

Phase comparator section

Voltages are referenced to GND {ground = 0 V)

Tamb {°C) TEST CONDITIONS
74HCT
SYMBOL | PARAMETER UNIT | Vee | Vi OTHER
+25 —40 to +85 | —40to +125 v
min. | typ. | max. | min. [ max. | min. | max.
DC coupled
Viy HIGH level input voltage | 3.16| 2.4 v 45
SIG|N, COMP |
DC coupled
ViL LOW level input voltage 21 (135 \% 45
SIG|N, COMP |y
ViH
VoH “'1([3)"“,'3"9' outputvoltage | 4 4 |45 44 a4 v 45 |or | -lg=20uA
. PChouT ViL
ViH
HIGH fevel output voltage -
VOH 3.98| 4.32 3.84 3.7 \Y 4.5 or -lg=40mA
LD, PChouT ViL
v LOW level output voltage 0 0.1 0.1 0.1 v 45 Xr'H 10 = 20 uA
oL LD, PChouT . - . ViL
ViH
VoL LOW level output voltage 0.15 0.26 033 04 |v 45 |or |lp=40mA
. PChouT ViL
. Vee
input leakage current
x| 30 38 45 uA 5.5 or
! SIGyN, COMP)N GND
3-state ViH -
1oz OFF-state current 0.5 5.0 100 | #A 55 or gﬂD Veg or
PC20uT Viu
inout resistance V) at self-bias operating
R SIG comMP 250 kQ | 45 | point;AV|=05V;
IN. IN see Figs 10, 11 and 12

January 1986
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74HC/HCT7046A

MSI

DC CHARACTERISTICS FOR 74HCT

VCO section

Voltages are referenced to GND (ground = 0 V)

Tamb (°C) TEST CONDITIONS
74HCT
SYMBOL | PARAMETER UNIT | Vge | V) OTHER
+25 —40to +85 [ 4010 +125 v
min. | typ. | max. | min. | max. | min. | max.
HIGH level 4.5
VIH input voltage 20 |16 2.0 2.0 v to
INH 55
LOW level 4.5
ViL input voltage 1.2 (0.8 0.8 0.8 v to
INH 5.5
HIGH level ViH
VoH output voltage 44 |45 44 44 \" 45 or -10=20uA
VCOQuT ViL
HIGH level ViH
VOH output voltage 3.98| 4.32 3.84 3.7 v 4.5 or -lg=4.0mA
VCOQuT ViL
LOW level ViH
VoL output voltage 0 0.1 0.1 0.1 v 45 or 10 =20uA
VCOouT ViL
LOW level ViH
VoL output voltage 0.15| 0.26 0.33 0.4 \ 45 or g =4.0mA
VCOQuT ViL
LOW level output ViH
VoL voltage C1p, Clg 0.40 0.47 054 (V 45 or 1I0=4.0mA
{test purposes only) ViL
. Vee
h e Sakage current 0.1 10 10 [uA |55 |or
' IN GND
R1 resistor range 3.0 300 k2 4.5 note 1
R2 resistor range 3.0 300 k2 4.5 note 1
. no
c1 capacitor range 40 limit pF 45
over the range
operating voltage specified for R1;
VVCOIN 11 3.4 v 45 for linearity see
range at VCO|N Figs 18 and 19,
Note

1. The parallel value of R1 and R2 should be more than 2.7 k2. Optimum performance is achieved when R1 and/or R2 are/is > 10 k§2.
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Phase-locked-loop with lock detector

74HC/HCT7046A

MSI

Demodulator section

Voltages are referenced to GND (ground = 0 V)

Tamb (°C) TEST CONDITIONS
74HCT
SYMBOL | PARAMETER UNIT | Vgc | OTHER
+25 —40to +85 | —40to+125 v
min.| typ. | max. | min.{ max. | min. | max.

at Rg > 300 kQ

Rg resistor range 50 300 k& 4.5 the leakage current can
influence VpemMOUT
Vi=VycoIN = 1/2 Vce:

VOFE o{'/f::eévolzag\e/ +20 mV 45 values taken over Rg range;

IN 10 VDEMOUT see Fig. 13
Rp dynamic output 25 Q 4.5 VDEMOUT = 1/2V¢e

resistance at DEMoyT

March 1988
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74HC/HCT7046A

MSi

AC CHARACTERISTICS FOR 74HCT

Phase comparator section

GND=0V;tr=tf=6ns;CL=50pF

Tamb (°C) TEST CONDITIONS
74HCT
SYMBOL | PARAMETER UNIT | Vgc | OTHER
+25 —40 to +85 | —40t0 +125 v
min.| typ. { max. | min. { max. | min. | max.
t / propagation delay
PHL SIG N, COMP| 21 |40 50 60 |ns 45 | Fig. 14
PLH to PCIouT
1 / 3-state output enable
FZH time SIG), COMP|y 27 |56 70 84 |ns 4.5 | Fig. 15
PZL to PC2oyT
t / 3-state output disable
PHz time SIGyN, COMP |y 35 |65 81 98 |ns 45 | Fig. 15
PLZ to PC2oyuT
TTHY output transition time 7 15 19 22 |ns 45 | Fig. 14
TTLH
AC coupled input sensitivity
Vi (p—p) (peak-to-peak value) at 15 mV 4.5 fi=1MHz
SIGN or COMP|N
VCO section
GND=0V;tr:tf=6l‘lS;CL=50 pF
Tamb (°C) TEST CONDITIONS
74HCT
SYMBOL | PARAMETER 1 UNIT | Voo | OTHER
+25 —40 to +85 | —40to +125 v
min. | typ. | max. | typ. ! max. | min. [ max.
frequency stability lYeL:"\‘/rxg%g“jl ;'nt:;“
AF/T V\'I.:Ih temperature 0.15 %/K 45 R1 = 100 kS; R2 = ;;
change C1 =100 pF;see Fig. 16b
VycqIn = 1/2 Ve
fo vl brid 11.0] 17.0 MHz |45 | RT1=3k:R2=;
Y ° C1 =40 pF;see Fig. 17
R1 =100 k; R2 = o;
sfyco VCO frequency linearity 0.4 % 45 Ct1 =100 pF;
see Figs 18 and 19
Sveco duty factor at VCOQuT 50 % 4.5
1172 LY. PR 1non\ (
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Phase-locked-loop with lock detector

74HC/HCT7046A

Fig. 10 Typical input resistance curve at SIGy,
COMP .

MsSi
FIGURE REFERENCES FOR DC CHARACTERISTICS
7296033 800 7296034.1
n RN |

wa) [ N N

av, - - NN Veg =30V 4
400
200 ™ 45V 1
~~ A
self-bias aperating point N L 4+6.0v
, NN 1
v, |/2VCC—D.25 ”vaC v |/2VCC*0.25

Fig. 11 iInput resistance at SIGyN, COMP with
AVy = 0.5V at self-bias point.

7Z96035.1
+5 .
Veg = 6.0V |~
] /AL/V/
(uA) Pian
k 3.0V
o
3.0V
~
LA
el
1/2Vge—0.25 12Veg 1/2Vc+0.25

Vi (V)

Fig. 12 Input current at SIG N, COMPy with
AV| = 0.5V at self-bias point.

7296036.1

+60
VorF
(mv) I
+40
T
VAW ,
vec=3ovyl Iy //
+20 v
! oy
= 7
0 45V. //{
N=T 0
\ 2
_2 \SDV‘ i
—40 ‘
1/2Vee—2 12V 1/2Vgp+2
Vveoin (V!

— Rg = 50 k2
- - Rg = 300 kQ

Fig. 13 Offset voltage at demodulator output as
a function of VCOy and Rg.
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74HC/HCT7046A

AC WAVEFORMS
SIGy
INPUT
SIG . COMP

INPUTS
COMPyy
INPUT

PCIouT

ouTPUT
7296100 PCZOUT
ouTPUT

Fig. 14 Waveforms showing input (SIG|, COMPN)

to output {PC1oyT) propagation delays and the
output transition times.

7296038

Fig. 156 Waveforms showing the 3-state enable and
disable times for PC2oyT.

Note to AC waveforms
{1) HC : Vp =50%; V| = GND to V¢c.

117+
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74HC/HCT7046A

Phase-locked-loop with lock detector
+25 +25 +25
; vee= [ T/ 11
Af af I af 3 v 11
] (x) /8 (%) s vAUJF3 v
+20 +20 I/ £ +20 v -L,L,’ 5 v
/ 1/
y
7 1]
il 171/
+15 +15
/| vee= Hr A
3 v,I 43V 'l /
I 7 I/
5 V471 ,/® i /’
+10 +—7T +10 4
svi g sV /,
A A0 6 v &
I/"’ / II
+5 474 +5 ,‘
II F/
/
o ]
Vi
Y, 78 (]
/l i
-5 i ST
{ 7 /, !
/, /i 4
10 £, 1’ l’
- -10— -10 A
Il /
7
-15 -15 -15 7
I/
-20 -20 -20
-50 4] +50 +100 (O-HSO -50 o] +50 +100 °+|50 -50 ] +50 +100 +150
Tamb (°C) Tamb (°C) Tamb (°€)
() weat33

(a) (b)

Fg.16 Frequency stability of the VCO as a function of ambient temperature
with supply voltage as a parameter.

without offset (R2 = «}: {a)R1 = 3 k&2; (b} R1 = 10 k2; (c)R1 =300 k2.
— — —  with offset {R1 = «): {a)R2 = 3 k&; (b}R2 = 10 kQ2; (c) R2 = 300 k2.
in {b), the frequency stability for R1 = R2 = 10 k&2 at 5 V is also given {curve

A). This curve is set by the total VCO bias current, and is not simply the
addition of the two 10 k£ stability curves. C1 =100 pF; Vyyco N = 0.6 V.
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74HC/HCT7046A

MSI
AC WAVEFORMS
+25 7222346 +25 7222347 425 7222348
af af af /
(%) (%) (%)
+20 +20 /I +20 / 5/
+15 +15 I +15 /
n / Vee™ "/ /
5V
+10 \\ +10 b b +10 LAJ #
J/R\% i) /
A 5
+5 +5 +5
Y ¥V Nsv
AN /
0 0 0
|l Y B /A
-10 —-10 /l -0 /
—15 -15 -15
—20 -20 ~20
-25 —25 -25
—50 o +50 +100 +150 -50 0 +50 +100 +150 -50 0 +50 +100 +150
Tamp {°€) Tamy (°C) Tamb (9C1
{d) R2=3kQ {e) R2=10kQ {f} R2=300kS2
R1=o00 R1=0c0 R1=0c0

Fig. 16 Continued.

Note to Fig. 16
To obtain optimum temperature stability, Cq must be as small as possible, but larger than 100 pF.
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Phase-locked-loop with lock detector 74HC/HCT7046 A

MSI
10 7Z96042 80 7Z96043
A
. 4
vCco
iz Ve =80V fvco
(kHz}
25 (a} R1=3k&; d {b} R1=3k$2;
C1 =40pF A C1=100nF
/ /l 60 l
Nasv l
20 5/ I
/i
I 4.5Vl
/ 2oV /
15 40 f t
/{/ 3.0V , /
L /A I
10 /
v ]
20 / /
5
4
!
00 2 4 6 00 2 4 6
Vvcoin (V) Vvcoin (V)
1000 7296044 500 7286045
fvco fvco
(kHz) VCC=G,OV/ (Hz)
{c) R1 =300 k; Vec60V (d) R1=300kR;
800 / C1=40pF 400 C1 =100 nF
445;/
45V
600 / / 300
a.ov/ /
3.0V,
400 / 200
/ /
%
200 100
Ll Fig. 17 Graphs showing
VCO frequency {fyco)
/7 as a function of the
VCO input voltage
o 0 (VVCOIN).-
0 2 4 6 0 2 4 6
Vvcoin (V} Vvcoin (V)
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74HC/HCT7046A
Mmst

AC WAVEFORMS

7298047
+10
7796046
te &fveo {Vec ™
% | 3s0v
C1=1uF
+5
4.*::v<
e AV —]e— AV —]
l: g'_ | 6.0 v\\ N
min 2vge max \
N
~—= VvcoIN Voc =45V
C1=100pF -
60V
4!5\1 x(‘1=' pF
. my
Fig. 18 Definition of VCO frequency linearity: 30V
AV = 0.5 V over the V¢ range: I '|
for VCO linearity -5 10 102 oy k) 19°
. _fi+f2
f'o= 7
fo-fo Fig. 19 F lineari function of R1
. iy o 100% ig. requency linearity as a function o ,
finearity = —go—X C1and Vee: R2==and AV = 0.5 V.
7296048 7296045 7296050
108 (—— = T 108 T m 108
PR1 PR2 !
(uW) (W}
s 4N "o
= N LN
RS NN N
X LN NI
108 I n : 104 TS 2 102 he
T (] Vee= cc”
| ~I .‘}s.cocv S RHE NSNS
10% |- i : i T \“}.4{?.\, 10° REUNIESS, MM
maa } 30V SO
R i
oz L [ 107 i 10 1
1 10 102 gy (ky 10° 1 10 102 g2 (k) 107 10 102 gg ke 10°
—C1=40pF —C1=40pF
---C1=1uF -.-C1=1puF
Fig. 22 Typical dc power dissipation of
Fig. 20 Power dissipation versus the Fig. 21 Power dissipation versus the demodulator section as a function of Rg:
value of R1: C|_ =50 pF; R2=ec; value of R2: C|_=50 pF; R1 =< R1=R2= oo Tymp =25°C;
VyCOIN = 1/2 Ve Tamb = 25 °C. VycoIN =GND =0 V; Tamp =25°C. VvcolIn = 172 Vee-

4
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Phase-locked-loop with lock detector

74HC/HCT7046A

MSi

APPLICATION INFORMATION
This information is a guide for the
approximation of values of external
components to be used with the

Values of the selected components
should be within the following ranges:

R1 bet 3kQ 300 kQ;
74HC/HCT7046 in a phase-lock-loop etween and §2;
system. R2 between 3 k€2 and 300 kS2;
References should be made to Figs 27, R1+R2 parallel value > 2.7 kQ2;
28 and 29 as indicated in the table. Cc1 greater than 40 pF.
PHASE
SUBJECT COMPARATOR DESIGN CONSIDERATIONS
VCO frequency characteristic
VCO frequency PC1, PC2 With R2 = ~and R1 within the range 3 k2 < R1 < 300 k§2, the characteristics of
without extra the VCO operation will be as shown in Fig. 23.
offset {Due to R1, C1 time constant a small offset remains when R2 = )
72960511
fvco
Frmax | —— — I
ot
folr— —————— — | 2L dueto
. ! i feo
min - —— l J' ! , *
09V 12Vec Vee-08V  Vee
veOo
Fig. 23 Frequency characteristic of VCO operating without
offset: fo = centre frequency; 2f| = frequency lock range.
Selection of R1 and C1
PC1 Given f,, determine the values of R1 and C1 using Fig. 27.
PC2 Given fmax and fq, determine the values of R1 and C1 using Fig. 27, use Fig. 29 to
obtain 2f|_and then use this to calculate fryjn.
VCO frequency characteristic
VCO frequency PC1, PC2 With R1 and R2 within the ranges 3k < R1 < 300 k2, 3 k§2 < R2 < 300 k2,
with extra the characteristics of the VCO operation will be as shown in Fig. 24.
offset f
vCco 7296052.1
foax - —————————— ———— d
folr ——— — ——— — ! due o
A
fmin -— —
1 ]
Tort Jx 1 ] T
o
! due to
| | L
| | |
} | } . !
09V 1/2Vee Vee-0.8V  Vee
VCOy
Fig. 24 Frequency characteristic of VCO operating with
offset: fy = centre frequency; 2f| = frequency lock range.
Selection of R1, R2 and C1
PC1, PC2 Given g and f| , determine the value of product R1C1 by using Fig. 29.
Calculate fo¢5 from the equation foff = fo — 1.6f .
Obtain the values of C1 and R2 by using Fig. 28.
Calculate the value of R1 from the value of C1 and the product R1C1.

March 1988
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74HC/HCT7046A

MSI

APPLICATION INFORMATION

PHASE
SUBJECT COMPARATOR DESIGN CONSIDERATIONS
PLL conditions PC1 VCO adjusts to o with ¢pemouT = 90° and Vycoin = 1/2 Vg (see Fig. 6).
with no signal at = -
the SIG | input | PC2 VCO adjusts to f, with gpepmouT =~ 360" and VycoIn = min. (see Fig. 8).
PLL frequency PC1, PC2 Loop filter component selection
capture range
R3 [Fiien
—_—
1/
INPUT c2== OUuTPUT
w 7296053
fa) 7= R3xC2 (b) amplitude characteristic (c) pole-zero diagram
A small capture range (2f() is obtained if 2fg ~ 1/x (\/2nf /1)
Fig. 25 Simple loop filter for PLL without offset; R3 > 500 £2.
R3
[Fiico)|
R4
INPUT QUTPUT
=ty —Virg
czT m e "3'1_4“4
. ‘/123 ‘/1'-2 bt 7296054
(a) 74 = R3xC2; (b} amplitude characteristic {c) pole-zero diagram
792 = R4 x C2;
73 = (R3+ R4} x C2
Fig. 26 Simple loop fiiter for PLL with offset; R3+ R4 > 500 Q.
PLL locks on PC1 yes
harmonics at
centre frequency PC2 no
noise rejection at PC1 high
signal input
PC2 low
AC ripple content PC1t fy = 2f;, large ripple content at $pEMOUT = 90°
when PLL is
locked PC2

fr = f;, small ripple content at $pepmouT = 0°

oo N
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74HC/HCT7046A

Phase-locked-loop with lock detector
MSI
108 7296056.1
’O
(Hz)
R1=3kQ ¥
107 {
R1=10k$
108 S
R1=150kQ { N ay
HI 1]
107 i1 AN
R1=300k& { N N TN
A
N \\‘ \ \4\
108 N\\ N N\\
N —~
N
]
\N
\ N
N N
RN N
N
104 \\ < N \§\
\: \\ > \‘ hY
N
A\
N \\ N Vee =
N3 N sv
N N
103 ‘\\\\ 45
NN
N 6V
R 5V
45V
N \ 3V
N
N
102 ‘\\‘\
N sV
45V
-3V
sV
~4.5V
10 ~3v
1 10 102 103 104 105 oy (ppy  10° 107
Fig. 27 Typical value of VCO centre frequency (fo) as
a function of C1: R2 = =; VycoIn = 1/2 Ve
INH = GND; Tamp, = 25 °C.

Notes to Fig. 27
1. To obtain optimum VCO performance, C1 must be as small as possible but larger than 100 pF.
2. Interpolation for various values of R 1 can be easily calculated because, a constant R1C1 product will produce almost the same VCO

output frequency.
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APPLICATION INFORMATION

108 7296057.1
tott
(Hz) R2=i3kg!z ol
‘i
107 R2 = 10kQ { E N
NIN
N
108 R2 = 150k§2 N NN
i —(
R2 =300k i
N
AN
b N N \\\‘\ AN .\
N N\
108 \\; \\ N \5
\N N
MR\ N N
N \ \\\\‘: \\\\
NN
10t \\\ NN N L
= ~
Vee =
\¥ \\\ :\CI
NN N \§&\ 45V
N \ \\:&
NN
N
s N v
= 5v
45V
N 3v
\Y
N \ N
\
102 \
= 5V
asv
5V 1=
asv
N 3v
10
1 10 102 103 104 10 C1 (pF} 108 107
Fig. 28 Typical value of frequency offset as a function
of C1: R1 = VygiN = 1/2 Vog: INH = GND;
Tamb =25 °C.

Notes to Fig. 28

1. To obtain optimum VCO performance, C1 must be as small as possible but larger than 100 pF.
2. Interpotation for various values of R2 can be easily calculated because, a constant R2C2 product will produce almost the same VCO

output frequency.
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Phase-locked-loop with lock detector 74HC/HCT7046 A
MSI
103 7296058, 1
21
{Hz)
S~
§\\\
107
O\
~
N SN
N N
\\ N
N
108 N \}:\N
o~
S,
S,
N\ Y
\‘
AN
N NN
105 N NN
N
S\
AS N,
S
\\’%\\\ \
W
104 NN
D AN
N
A\ N
\\
\\
\
\ §\ N
108 =
"\
ANN
N NN
N \i\\
\
102 AN
N \\\\
NS ree S
N NN e v [ T]
5v
4.5 V[T
10 3VI
1077 108 10-5 10-4 10-3 1072 giep 1077 1
Fig. 29 Typical frequency lock range (2f) ) versus the
product R1C1: Vycon range = 0.9 to (Vge — 0.9) V;
R2 = o; VCO gain:
2f
Ky = ————=——27 (r/s/V).
VVCOIN range

December 1990

1183



74HC/HCT7046A
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APPLICATION INFORMATION

Lock-detection circuit

The built-in lock-detection circuit will
only work when used in conjunction with
the phase comparator PC2. The
lock-indication is derived from the phase
error between SIG|n and COMP|N. The
PC2 has a typical phase error of zero
degrees over the entire VCO operating
range. However, to remain in-lock the
circuit requires some small adjustments.
The variation is dependent on the foop
parameters and back-lash time (typically

a phase error of greater magnitude would
be considered out-of-lock. An exampie of
an in-lock detection circuit using the
“7046A"" is shown in Fig. 30.

If the PLL is in-lock, only very small
pulses will come from the “up” or “down”
connections of PC2. These pulses are
filitered out by a RC network. A Schmitt
trigger produces a steady state level, a
HIGH level indicates an in-lock condition
and a pulsed output indicates an
out-of-lock condition as shown in Fig. 31.

Note to Fig. 30
(1) See Fig. 31 for input waveform.

5 ns). Depending on the application, the
phase error can be defined as the limit,

7222330

Fig. 30 An example of an in-lock detection circuit using the “7046A"".

comey | | J

CLp N N

B — e L —l ’—/;—l I_ logic 1
Lo ‘ o Bt
—_— —— —/— — — — logic® —_——— — —i~— ~ —— logicO

72223311

(a) {b)

Fig. 31 Waveforms showing the lock detection process; {a) in-lock; (b} out-of-lock.
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Phase-locked-loop with lock detector

74HC/HCT7046A

MSI
104 7222328.1
Clo
(pF)
103
Vee = 3]
8.0V B
45V ad
3oV
102
10
1
1 10 102 103t ptas) 104
Fig. 32 C| p capacitor value versus typical t| .
Where:
Cp = capacitor connected to pin 15
{includes the parasitic input capacitance of the IC, approximately 3.5 pF).
tLp = phase difference between SIG| and COMP | (positive-going edges).
March 1988 1185




74HC/HCT7046A
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APPLICATION INFORMATION

The maximum permitted phase error must
be defined, before t) p can be defined using
the following formula:

¢max 1

tp= —

LD ™380 Ty

Using this calculated value in Fig. 32, it is
possible to define the value of C| p, e.g.
assuming the phase error is 36° and
fin = 2 MHz:
P 36° " 1
LD " 360 2 mHz
and using Fig. 32, it can be seen that
Cyp is 26 pF.

With the addition of one retriggerabie
monostabie (e.g. 123", *“423"' or
“4538"') a steady state LOW and HIGH
indication can be obtained, as shown in
Fig. 33.

=50 ns,

7222329

Fig. 33 Steady state signal for lock indication.

Vee
2
Rext fin
1CexT
123"
TRexT/CexT |15
_ Cext
from “7046A" 1 1A s 1alis
o ak@
2 |18
T
5 16| a iogic 0 = out - of - lock
Rp logic 1= in- lock
3 |'"Fo
vee ?
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Phase-locked-loop with lock detector

74HC/HCT7046A
MSi

A

PLL design example

The frequency synthesizer, used in the
design example shown in Fig. 34, has the
foliowing parameters:

QOutput frequency: 2 MHz to 3 MHz

frequency steps 100 kHz
settling time 1ms
overshoot < 20%

The open-loop gain is H (s) x G (s} =
Kp x Kf x Ko x Kp.

Where:

K, = phase comparator gain

K? = low-pass filter transfer gain
Ko = Ky/s VCO gain
Kpn = 1/n divider ratio

The programmable counter ratio Ky, can be
found as follows:

The VCO is set by the values of R1, R2
and C1, R2 = 10 k§2 {adjustable).

The values can be determined using the
information in the section

"“DESIGN CONSIDERATIONS".

With f5 = 2.5 MHz and f;_ = 500 kHz this
gives the following values (Vgg = 5.0 V):

The VCO gain is:

2f x2xw
Ky=oor——— =
09 —{Vge —0.9)
1 MHz
= 32 x 27 ~ 2 x 108 r/s/v
The gain of the phase comparator is:
Vee
Kp =—-=0.4 V/r.
P axny I
The transfer gain of the filter is given by:
+
Ky = 1+7,s
T+ (1, +71,)s
Where:

7, = R3C2 and 7, = R4C2.

The characteristics equation is:

1+H (s} xG(s)=0.

This results in:

¢ +1+KExK‘,xKnx72 -
(ry +71,)

Kp X Ky x Kp _

(ry +75)

The natural frequency wp, is defined as
follows:

and the damping value £ is defined as
follows:

¢= 1 x1+KgXKVXKnXT2
2wn Ty +7, ’

The overshoot and settling time percentages
are now used to determine wp. From

Fig. 35 it can be seen that the damping
ratio{ = 0.8 will produce an overshoot of
less than 20% and settle to within 5% at
wnpt =4.5. The required settling time is

1 ms. This results in:

%=% =5x10% r/s.

Rewriting the equation for natural
frequency results in:

Kp x Ky x Ky

(r; +75)= >

w
The maximum ovenrshoot occurs at Nipyax
0.4x2x 10°
5000? x 30
When C2 = 470 nF, then

(ry +75)= =0.0011s.

(ry +7)x2xwpx§—1
prK‘,xKn

R4 =

=790 Q.

R3 is calculated using the damping ratio
equation:

r
R1= 10§ wn= KpXKVXKn_ R3=C—I2~R4=2kﬂ<
R2=10kQ (7, +73)
C1 =500 pF
[ K¢ Ko
100kHz
OSCILLATOR DIVIDE -BY 10 Y4 PHASE 3 R3 9 4
COMPARATOR vco fout
“HCU 04" “190" pe2
3 M 126 75
R4 aL
[, e
c1
P Mhz PROGRAMMABLE 4 A
DIVIDER —
»4059"" 72223491
Fig. 34 Frequency synthesizer.
Note

For an extensive description and application example please refer to application note ordering number 9398 649 90011.
Also available a computer design program forPLL’s ordering number 9398 961 10061.
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APPLICATION INFORMATION

MCA161

e 4 ;: : g::l{ 26
e fon 1.2 = Moé g: ?:;07 0.2 8¢ fwn
1.0 ??40 0
os it oz
o.6 I 04
0.4 0.6
0.2 [eX:}
oL 1.0
1 2 3 4 5 6 7 8

Fig. 35 Type 1, second order frequency step response.

Since the output frequency is proportional to the VCO control volitage, the PLL frequency response can be observed with an

oscilloscope by monitoring pin 9 of the VCO. The average frequency response, as calculated by the Laplace method, is found
experimentally by smoothing this voltage at pin 9 with a simple RC filter, whose time constant is long compared to the phase
detector sampling rate but short compared to the PLL response time.

7222450

proportional 3.1 —
10 output N=30
frequency
(MHz) 30— f t
N stepped frlom 291030
2.9 74
. \ 1 I )
. ~— step input -
21 / | I )
N stepped trom 21 to 20
20 —
0 \_
1.9 L~
T o 05 1.0 1.5 20 25
time (ms)

Fig. 36 Frequency compared to the time response.
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