










































































































































































































































































































































































MC12014 (continued)

FIGURE 4 — MTTL-MECL PHASE-LOCKED LOOP

N Programmable

r—— —— — — —— /7
| |
I R U1 PU UF
fref
r ° Cha R1
| Det Pump |
}—v o1 PD DF
I L
LMeao4s -

Counter Chain
MC74416/18

i —&® Vee
STk
R2 N )
VWA ] r{q
r— /"
LN
MPS6571 I I T VCM >
_— I
|
MC1658
M Prescaler
MC10137

spacing. Since fyco = Nfref in the non-prescaled case,
if N is changed by one, the VCO output changes by fref,
or the synthesizer channel spacing is just equal to fef.
When the prescaler is used as in Figure 4, fyycO = NMfyef,
and a change of one in N resuits in the VCO changing by
Mfyef, i.e., if fref is set equal to the minimum permissible
channel spacing as is desirable, then only every M channels
in a given band can be selected. One solution is to set
fref = channel spacing/M but this leads to more stringent
loop filter requirements.

An alternate approach that avoids this problem is pro-
vided by the counter configuration shown in Figure 5.
It too uses a prescaler ahead of a programmable counter,
however the modulus of the prescaler is now controlled
by a third counter, causing it to alternate between M and
M + 1. Operation is best explained by assuming that all
three counters have been set for the beginning of a cycle:
the prescaler for division by (M + 1), the modulus control
counter for division by Nm¢, and the programmable count-
er for division by Npc. The prescaler will divide by (M +1)
until the modulus control counter has counted down to

FIGURE 5 — FEEDBACK COUNTERS WITH DUAL

MODULUS PRESCALER
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zero, at this time, the all zero state is detected and causes
the prescaler to divide by M until the programmable count-
er has also counted down to zero. When this occurs, a
cycle is complete and each counter is reset to its original
modulus in readiness for the next cycle.

To determine the relationship between fot and fip, let
T1 be the time required for the modulus control counter
to reach its terminal count and let T2 be the remainder
of one cycle. That is, T2 is the time between terminal
count in the modulus control counter and terminal count
in the programmable counter. When the modulus control
counter reaches zero, Ny pulses will have entered it at
a rate given by fj/(M + 1) pulses/second or T1q is:

M+1
T1=( -) . mc (1)

fin

At this time, Nmc pulses have also entered the program-
mable counter and it will reach its terminal counter after
(Npc - Nmc) more pulses have entered. The rate of entry
is now fjn/M pulses/second since the prescaler is now di-
viding by M. From this T2 is given by:

M
Ta=— e (Npc-Nmc) (2)
fin
Since f=—:

1 B 1 1
Ttotal T1+T2 (M+ 1)Nmc N M(Npc - Nme)

(3)

fin fin




MC 12014 (continued)

_ fin
(M+1)Nmc + M(Npe-Nmc)

fout

_ fin
MNmetNmctMNpe-MNme

L
MNpctNme

In terms of the synthesizer application, fyco = (MNpc +
Nmc) fref and channelscan be selected every fref by letting
Npc and Ny take on suitable integer values, including
zero.

A simplified example of this technique is shown in
Figure 6. The MC12012 Dual Modulus Prescaler divides
by either 10 or 11 when connected as shown in Figure 6.
If the E3 and E4 Enable inputs are high at the start of
a prescaler cycle, division by 10 results; if the Enable
inputs are low at the beginning of the cycle, division by
11 results. The zero detection circuitry of the MC12014
Counter Control Logic is connected to monitor the outputs
of the modulus control counter; this provides a suitable
enable signal at EQ as the modulus control counter reaches
its terminal (zero) count. The remainder of the MC12014
is connected to extend the operating frequency of the
programmable counter chain. Appropriate waveforms for
division by 43 are shown in Figure 7a.

The beginning of the timing diagram indicates circuit

status just prior to the end of a countdown cycle, i.e., the
modulus control counter has been counted down to one
and the programmable counter is in the two state. The
next positive transition from the prescaler (f1 in the timing
diagram) then initiates the following sequence of events.
Since the two state of the programmable counter enables
the early decode circuitry in the MC12014, the positive
1 transition causes fot to go low. Since fgt is-connected
to the Parallel Enables of all the MC74416 counters this
low signal will re-program the counters in readiness for
another cycle. However, due to the propagation time
through the decode circuitry, the programmable and modu-
lus control counters are briefly decremented to one and
zero, respectively, before re-programming occurs. The
momentary zero state of the modulus control counter is
detected, setting EQ of the MC12014 high, enabling the
MC 12012 for division by ten during its next cycle. After
eleven more fiy pulses (EQ went high after the beginning
of the prescaler cycle and so doesn’t change the modulus
until the next prescaler cycle), f1 again goes high, causing
fout to return to the one state. This releases the Parallel
Enables and simultaneously resets EQ to zero. However,
since EQ was high when the current prescaler cycle began,
the next positive f1 transition occurs only ten fjn pulses
later. Subsequent f1 transitions now decrement the MC-
4016 counters down through another cycle with the pre-
scaler dividing by eleven. From the waveforms, 11 + 10
+ 11+ 11 = 43 input pulses occur for each output pulse.

Division by 42 is shown in Figure 7b. Operation is
similar except that the modulus control counter reaches
its terminal count one f1 cycle earlier than before. Since

FIGURE 6 — FREQUENCY DIVISION: fg = fin/(MNpc + Ny
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MC12014 (continued)

FIGURE 7a — DIV
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FIGURE 7b — DIVISION BY 42
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EQ is reset by the trailing edge of the fo ¢ pulse, EQ now
remains high for two prescaler cycles leading to 10 + 10
+ 11 + 11 = 42 input pulses for each output pulse.
Other combinations lead to similar results, however
note that Npc must be greater than or equal to Nmc for
operation as described. |If Nmc is greater than Npc erro-

neous results are obtained, however this is not a serious
n since N is greater than Ny in most practical

applications.

The synthesizer shown in Figure 8 generates frequencies
in the range from 144 to 178 MHz with 30 kHz channel
spacing. |t uses the dual modulus prescaler approach dis-
cussed earlier. General synthesizer design considerations
are detailed in the publications listed in footnote 2, hence

1

only the feedback counter is discussed here. Requirements
for the feedback divider are determined from:

144.00 MHz

Mini Divider Ratio = NTmin = ———————— = 4800
inimum Divider Rati Tmin 30KkHz

177.99 MHz
Maximum Divider Ratio=NTmax = —————— =5933

An
OV KMz

If the prescaler divides by at least ten, the maximum
input frequency to the TTL counters will be 17.799 MHz,
allowing use of MC74416 Programmable Counters with the
MC12014 frequency extension feature.

17




FIGURE 8 — 144 TO 178 MHz FREQUENCY SYNTHESIZER
WITH 30 kHz CHANNEL SPACING
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MC 12014 (continued)

FIGURE 9 — Nyc PROM PROGRAMMING

T B SW#2_ oo PROM OUTPUT BIT
# | #2 A5 A4[A3 A2 A1A0|WORD|{ M.S.B. LS.B. |Npc worp | 7 | 6 | 5] 4 | 3] 2 1 0
(144 MHz) 44 0100|0100 4 01 0 0t 0 0 of 48 [480 o — - - — - — — -
45 0 100}(0 1t 01 5 0O 1 0 01 0 0 o0} 48 1 - - - - - - - -
a6 0 100/0110)] 6 |o1o00f100o0]as > — — —T — — — —
47 o100[0 1 11 7 o1 00f1 00 1] a9 3 = — — — — — — —
48 0100 1.0 00 8 0O 1 0 01 00 1 49
49 0100|1001 9 o 1 0 0f1 00 14 4 0 1 0 0 1 0 0 )
50 010 1[0 00 0| 16 |0 1 0 1(0 0 0 0| 50 S o 1 9 0 1 0 o °
51 o1 0 1 0 0 0 1 17 01 0 1|0 000 50 6 0 1 0 0 1 0 [ 1]
52 010 1/0 0 10| 18 [0 1 0 1/00 0 0fSso0 7 0 1 0 0 1 0 0 1
53 0101/00 11 19 g 1 g 1 g g g 1| 81 8 0 1 0 ) 1 0 0 1
54 0101 0o 100 20 1 1 1 51
55 010 1/0 10 1] 21 |o101/0o0 0 1]s1 190 0 | 11010 11 0L ol 1
56 010 1[0 1 10| 22 (0101001 0]S52 — - — — = — = —
57 o0101{0 11 1| 238 {010 100 1 0|52 LA - - - - = - = el
58 010 1 10 00 24 01 0 1{0 0 1 0 52 12 — - — - = - =
59 0 101 1.0 0 1 25 01 0 110 0 1 1 53 13 - = - - = = e =
60 o110 00 00 32 010 1/(0 0 1 1 53 14 - —_ — — - - —_
61 0110{0 00 1| 33 (o110 1]00 1 1]s5s3 T — - — — — — — —
62 0110|001 0 34 010 1]0 1 00 54
63 011 0j0 0 11 35 010 1j0 1 00 54 16 0 1 0 1 o o u o
64 011 0fl0o 1 00| 3 (0101|010 o0]5sa 17 o 1 1 1 L 2 0 2
65 ©110]0101] 37 {010 1|01 01]55 L] (] 1 o 1 o [ o [
66 0110|0110 38 |0 10 1{0 1t 0 1| 55 19 o 1 0 1 [ o )] 1
67 011 0 o 1 1 1 39 0 1 0 1/0 1 0 1 56 20 o 1 0 1 0 0 0 1
68 011 0|1 00O 40 010 10110 56 21 [s] 1 0 1 4] [ 0 1
69 0110|100 1] 4 Jo101/01 1 0}56 22 0 7 o T 1 o T o 3 )
70 o111 0 0 0 O 48 01 0 101 1 0 56 23 o 2 0 ] ) o 7 )
71 o1 1 1 0 0 0 1 49 0 1o 10 1 11 57 Y
72 011 1|/00 10| 880 |o101fo1 1 1|57 2 0 1 L 1 010 1 L
73 0o 11 1 0o 0 1 1 51 01 0 10 1 1 1 57 25 o 1 [ 1 0 o 1 1
74 011 1[{01 00 52 |0 1 0 1|1 0 0 Of 58 26 - - - - - - - =
75 o1 1 1 o1 01 53 010 11 000 58 27 - - - - - — - —
76 011 1/01 10| 864 j010 1|1 00 0fs58 28 — — — — — — —
(177 MHz) 77 o111 o 1 1 1 55 01 0 1t 0 o0 1 59 |[590 29 — = - — = — — —
30 - [ - [ -1 =1 -1T-1=
31 — — — — - — - -
32 0 1 0 1 4] o 1 1
The required divider range, 4800 to 5933, is obtained :i g 1 o 1 9 o 1 1
. - 1 o 1 Y] 1 o
in the following manner: the MC12012 Dual Modulus % o 3 5 4 o 7 g o
Prescaler is connected in the divide by 10/11 mode; the 36 ) 1 ) 3 ) 1 ° °
modulus control counter uses two MC74416 stages with 37 ) 1 ) 1 o 1 ) 1
Nmc ranging from 00 to 99, establishing the two least gz g : g : g : g :
significant digits of NT. The remaining two digits of NT 20 o T T T o7 To T o
are obtained from a three stage programmable counter a1 0 1 ) 1 ) 1 1 0
generating Npc. The least significant stage of the Npc 42 = -1 = - = = = =
counter is fixed programmed to zero. The required pro- :j ————1—T—1—T—
gramming for all remaining stages is derived from four 5 _ = = _ = = =
channel selector BCD thumbwheel switches. The relation- 46 - = - - T -1 -1T-1=
ship between NT and the counters is given by NT = MN 47 S S S o e e e B
+ Nimg: for  typical channel, say 144.33 MHz, NT = 4811 g oy rjolr oo
me: for a typical channel, say X z,NT = ey o T To T o 7 7 7
requires that M = 10, Nppc = 480, and Ny¢ = 11, or N = 50 o [ 1 [ o |1 o | 1 1 1
(10)(480) + 11 = 4811, 51 ) 1 o | 1 ) 1 1 1
A general problem associated with synthesizer design :; g - : g : : 2 g g
arises from the fact that there is not always a one-to-one 54 ° 2 ° 1 2 0 ) °
correspondence between the code provided by the channel 55 [ 1 o 1 1 [ o 1
selector switches and the code required for proper pro- ;: i Sl S S S M S Ml
gramming of the counters. For instance, in the example 58 = NS B S R
above where 144,33 MHz was selected, the channel selector 59 — — | - _ _ = —
switches are set to 44.33 while the required divider ratio :‘1’ - - -y -1 -{=-1=-1-
is 4811. There are numerous solutions for a given trans- o —t 1Tttt
lation renuirement however the method shown here using 63 = — I - = - = -
read only memories offers a straight-forward design method.

While field programmable read only memories (PROMs)3
are shown, they would normally be used only during de-
velopment; suitable fixed ROMs are more economical in
production quantities. The design procedure for the code
conversion is-illustrated in Figure 9. The required pro-

119

3 See the MCM5003 data sheet and AN-550 for details of opera-
tion; briefly, one of 64 eight-bit output words is selected by a
six-bit address applied to the input. The word located at each
address can be field programmed by the user.




MC 12014 (continued)

FIGURE 10 — Ny PROM # 1 PROGRAMMING

BIT
Sw | sw | SW#3 SW #4 PROM PROM OUTPUT
#3 | #a A5A4| A3A2A1A0| WORD | MSB LS.B. [Nme WORD | 7 6 5 4 3 2 1 o
(144) .00 0000|[0O0O0O o [0 o0 o0 ofo oo of oo 0 o 4 o ol o [ o 0
.03 000 O o0 0 11 3 0 00 0/{0 0 0 1 01 1 0 0 1 [4] [s] 1 1 1
.06 0000|0110 6 0000|001 0] 02 2 o 0 ° 2 ° 1 o o
.09 000 O0O[ 1 0 0 1 9 000 0[O0 0 1 1] 03 3 ) ) ° 0 o 0 0 1
12 000 1|00 10 18 0 0 0 0|0 1 O Of 04
15 000 1|01 01| 21 |oo0ooo0jo1o01]o0s ; g g “) :’ ; ‘1’ g ‘1’
.18 000 1,1 00O 24 0 00001 10 06
21 0010|000 1 33 [0 000|011 1|07 6 o o o o o o 1 o
.24 00 1 0 0 1 0 0 36 0 0 0 0|1 0 O O o8 7 0 0 1 0 1 o 0 1
.27 00 10 o1 11 39 0 0 0 0|1 00 1 09 8 0 0 o 1 0 1 1 0
.30 0011|0000 48 |0 0 0 1{0 0 0 0| 10 9 ) ) ) ) ) ) 7 1
.33 001 1/ 0 0 1 1 51 0 00 110 0 0 1[ 11 10 — — — — — — — _
.36 001 1[0 1 10 54 |0 0 0 1/0 0 1 0 12 T — — — — — — — —
.39 001 1|1 0 01 57 000 3|00 1 1| 13
.42 0100 0 0 10 2 0 0 0 1]0 1 0 0] 14 12 . - o —- - — -
.45 0100[0 1 01 5 000 1[0 1 o0 1|15 13 - . - - = - bt -
.48 01 00| 1 00O 8 0 00 110 1 1 0 16 14 — = — — — — -
51 010 1 0 0 0 1 17 0 00 1({0 1 1 1| 17 15 — _ — — — — — —
54 010 1[0 1 00 20 [oo0o0 1[1 0 0 of 118 16 ° ) 1 2 0 ) ° [
.57 o010 1}{0 1 11 23 000 1{1 0 0 1] 19
60 0110/00 00| 32 [0oo010|looo o020 17 L g ; g : ; ;
63 0110|0011 3 |00 10/00 0 1] 21 18 o | o0
.66 0110|0110 38 [0 01 0l0o0 1022 19 o o 1 1 o 0 o 1
.69 011 0| 1 0 0 1 41 0O 0 1 0/0 0 1 1| 23 20 [ 0 0 1 1 0 o 0
72 o1 1 1 0 0 10 49 0O 0 1 0{0 1 0 Of 24 21 0 '] 0 0 [s] 1 [s] 1
.75 011 1{0 101 53 [0 0 1 0[O0 1.0 1| 25 22 0 0 ] 1 ) ) 1 )
.78 o011 1] 1 0 0O 56 0(0110011?23 23 o 0 0 1 ) ) 0 1
.81 1700 0 0 0 0 1 1 o 1 0/0 1 1 2
84 1000|0100 4 |oo10/1000|28 24 0 0l o0jo o0 1 ?
.87 1000] 0 1 11 7 0 01 0[1 00 1|29 25 o o 1 1 9 0 1
.90 1001|0000 16 0 01 1/0 0 0 Of 30 26 - - — — — - - =
.93 1001 0 0 11 19 0 01 10 00 1| 31 27 - it — — — = -
.96 1001/, 0 1 10 22 0 01 10 0 10 32 28 — — — — — — — —
(144) .99 100 1] 1 001 25 [0 0 1 1/0 0 1 1] 33 25 — — — — — — — —
30 — — - - —
31 — — — — — — — —
Use with frequency ranges: 32 0 3] 1 0 0 0 0 [
33 0 [ 0 0 0 1 1 1
144.00 — 144.99  162.00 — 162.99 34 — -l -4 =- - 1= 1=-1=
147,00 — 147.99  165.00 — 165.99 35 0 o 1 o o o o 1
150.00 — 150.99 168.00 — 168.99 36 0 [ 0 0 1 o 0 0
153.00 — 153.99  171.00 — 171.99 37 = _ — — = — = —
156.00 — 156.99 174.00 — 174.99
159.00 — 159.99  177.00 — 177.99 38 0o ol 1vjojlojoj 1] 0
39 0 0 0 0 1 2] 0o 1
40 — — — — - - -
41 0 1 "] 0 o 1
. I L . 2 [ SR SRR [ R IS B S
gramming for the two most significant digits of Npc is 42 — PN IS ENSE ISR RSO ER
shown versus the code provided by switches #1 and #2 24 T - - = [ = [ =1 =<
of the channel selector. If the four outputs of switch #2 45 - - - - - = - =
and the two least significant outputs of switch #1 are re- :j — e =
garded as address bits A0 through A5 for an MCM5003 28 ) ) ) 7 ) 0 0 0
PROM, a memory location can be associated with each 29 ) 0 1 D) ) 1 0 0
switch setting. The required Npc programming for each 50 oo T oo ot
. . . . . 51 0
switch setting is then set into the appropriate memory loca- 52 T - T - T - 1T - 1T - 1 -T2
tion by the user. In Figure 9, the required programming 53 0 0 1 0 ) 1 o 1
has been transferred into a truth table to be used while 54 0 o | o 1 o |0 1 o
programming the PROM. A similar result for the Ny R e B e e T T e e Fs
programming is shown in Figure 10. Note that the PROM 57 ° ) ) 1 0 0 1 1
shown, Npe PROM #1, selects only Npye numbers 00 58 -l -1T-T1T-T-T=-1T=-T>=
through 33. This means that the synthesizer as shown in z: -1 - - - - -
Figure 8 selects only the adjacent channels in a one mega- ] P D R RS R R S G
hertz slice of the total band. The frequency ranges that 62 - - = — — - — —
can be selected using Njye PROM #1 are summarized in 63 — - = =1=1=1-1-

Figure 10. For other ranges, Nyjc PROM #1 must be re-
placed. by one of two additional PROMs required for
generating the remaining Ny numbers. Appropriate truth
tables along with the ranges they can be used with are
shown in Figures 11 and 12.
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MC 12014 (continued)

FIGURE 12 — Np,,c PROM #3 TRUTH TABLE

FIGURE 11 — Npyc PROM #2 TRUTH TABLE
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Jon DeLaune

Applications Engineering

INTRODUCTION

Initial design of frequency synthesizers used a method
of crystal switching combined with mixing to provide the
multi-channel operation required. With the advent of suit-
able low cost digital integrated circuits, future designs of
frequency synthesizers will begin to incorporate such de-
vices for channel selection.

The basic technique used with integrated circuits is one
of a digital phaselock closed loop. Inserted within the
feedback loop is a programmable digital divider to provide
the multi-channel capability required for avionic communi-
cations. This provides that with only one crystal reference
source all the channel requirements can be generated for
both the transmit and receive mode of operation. The
design presented covers 118 MHz to 136 MHz, with 360
channels in 50 kHz steps. The design data included may
be used to design 720 channel operation in 25 kHz steps.

The illustrations provided represent various ways that
the phaselocked loop may be implemented. Any one or
combinations of these techniques may yield the method
a designer requires for his specific application.

Phase Charge
Detector Pump Amplifier
o 1S5 o] 15,
R1 Ui Py UF o 8
3 2 11 10
o— F—o o— —o
Vi Dq Pp D

Vce = PIN 14
GND =PIN 7

FIGURE 1 — MC4044 Block Diagram

THE MC4044 INTEGRATED CIRCUIT PHASE
DETECTOR

The phase detector used in this design is a digital fre-
quency/phase detector which includes a digital-to-analog
charge pump section. Within this section is a Darlington
pair of transistors that is used to form an amplifier for use
as an active loop filter.

The block diagram of the MC4044, Figure 1, shows
these- three sections of the phase detector.> Figure 2
illustrates the logic/circuit diagram of the digital-analog
sections. ‘I'wo jumpers must be provided between the
digital and analog sections. The Ul output connects to
the Py input and the D1 output connects to the Pp input.
Other external connections must be made to the Darlington
amplifier to incorporate the filter element of the charge
pump.
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The lag filter as illustrated in the shaded portion of
Figure 2 is comprised of elements R1, R2, and C. A high-8
transistor Q1 (MPS6571) is used to further improve the
impedance level that capacitor C looks into. This signifi-
cantly reduces the current leakage from the capacitor to
the VCO input, which reduces loop noise level.

The MC4044 phase detector,being of TTL construction,
must be well bypassed or power-supply decoupled from
the rest of the system to prevent current spikes from in-
fluencing the VCO control voltage. The rest of the system
that should be power supply decoupled includes the active
filter amplifier’s Vg line and the VCO’s supply line. The
values selected for R1, R2 and C will depend upon closed
loop performance required by the designer. In a later sec-
tion the complete closed loop will be analyzed with solu-
tions for R1, R2, and C.

MC1648 EMITTER COUPLED OSCILLATOR

The voltage controlled oscillator illustrated in Figure 3
is an ECL tuned inductor type oscillator utilizing a MECL
III emitter coupled oscillator (MC1648) and an Epicap
(MV1404) hyper-abrupt junction tuning diode.6,7,8 The
tuned circuit elements should have as high a loaded Q as
possible to provide good output spectral purity. Good VHE
RF layout techniques should be used, with all voltage inputs
RF decoupled. Because of the operation of TTL within
the system with its associated high di/dt content, the by-
passing should include not only VHF but also low frequency
filtering. Most susceptible to coupling are the filter ampli-
fier Vo, the ECO bias point, the ECO AGC point, and
the ECO VEE points. It is also recommended that the sine-
wave output of the VCO be buffered before external use.
The actual step-by-step design of an Epicap tuned VCO is
beyong the intent of this note, however excellent reference
material is available in AN-178A.. As discussed in the section
on programmable counter operation, the VCO should tune
between 117.3 MHz and 138.65 MHz.

The design should include a guard-band at each end of
the range such that the VCO tunes from 110 MHz to 145
MHz. The lower control voltage has a minimum value of
1.8 volts at 110 MHz and an upper voltage of 5 volts at 145
MHz when using a MV1404 Epicap variable voltage capaci

tance dicds, If o lareertu roernldnmn Fawibhn Dainae diadas
1CC QICTL. iU G LGIgeT uuuua VGOilagl 101 il A./l.uval.l dicdces

is needed, the collector supply voltage to the MC4044 filter
amplifier (through a 1 k resistor) may be elevated up to a
maximum of 8 volts. Still larger voltage ranges are available
by using an external amplifier/filter.

The output of the MC1648 is a sinewave with proper




AN-532A (continued)

Ref.
Freq.

vCco L—D_

Freq.

W@Tg@?

peak-to-peak range to interface directly with MECL di-
viders. The value of this peak-to-peak swing may be
changed by connecting a 5 k potentiometer between the
AGC point and VEE. It is important to note that the
anode of the tuning diode is biased to a voltage level of
about two VBE diode drops above VEE. This fixed bias
of -3.8 volts will insure that the Epicap is always reversed
biased even at zero tuning voltage. The input stray capaci-
tance of the MC1648 ECO is CT = 6 pF, which is a required
parameter to properly design the LC tank of the ECO.

FIGURE 2 — MC4044 Logic/Circuit Diagram

THE MECL PRESCALER

A fixed divide-by-10 prescaler is used between the VCO
output and the programmable counter section. The pre-
scaler in Figure 4 is a high speed divide-by-two MC1034
flip-flop followed by a divide-by-five section using a
MC1032 and MC1027.4 For operation at temperatures
between -55°C and +125°C the counter should employ an
MC1234L followed by three MC1227L flip-flops.

The MECL prescaler is operated with VEE at -5.2 V
and the V( terminals grounded.

From ¢ Det.
|

:-_LOO(H 12

|

|

% : 1
L ?é;-;o :

uF
L

i

L™~42nH
Pin 10 = Bias Pt.
Pin 6 = AGCPt.

10
0.001 |

7

-5.

GND GND

Vg
4 C
. MV 140
| r_ —_—ad

MC1648

3 Output

L _

VEg g

0.001
uF

-IHI—O—i

FIGURE 3 — Emitter Coupled Oscillator
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MC1018

a _, 5
13 8 ToTTL
" Programmable

Counter

MC1034 MC1032 MC1013
2 L- 11 |- -
From o 6lc a 513 —11 J
Vco ar12
T —3
11
10 Rr 7 13 af
D 3 3 Q K G o
c C T K
41 121 .

+5V

Note:
All unused inputs and VEg = -5.2 Volits.
MC1018 — Vg =+5 Volts, Veg = -5.2 Volts.

FIGURE 4 — MECL Prescaler/Translator

The output of the MECL prescaler has a maximum out-
put frequency of 13.865 MHz. The negative voltage logic
swing being between -0.75 volts and -1.6 V requires trans-
lation to provide TTL logic levels to the programmable
counter section. This translation is provided by means of a
MC1018 driven from the third MECL flip-flop. This pre-
scaled function is represented by an 1/M in the phase locked
loop block diagram (Figure 8), where M = 10.

ANALYSIS OF THE PROGRAMMABLE COUNTER

In the frequency synthesizer for the aircraft band, a
programmable counter is inserted in the feedback loop in
order to generate multiple stable output frequencies. The
logic diagram in Figure 5 shows a design for a programmable
counter that can be used in the transmit and receive modes
of operation. An additional feature in the receive mode is
the capability of automatically adding or subtracting 10.7
MHz at the output of the VCO which reduces the design
difficulties for the VCO designer.

During the receive mode of operation, if high side IF
injection was used then the VCO would have to cover from
118.0 MHz + 10.7 MHz to 135.95 MHz + 10.7 MHz which
is from 128.7 MHz to 146.65 MHz. Also during transmit
the VCO has to operate down to 118.0, so that the VCO
design would have to cover from 118.0 MHz to 146.65
MHz. With this tuning range an Epicap diode VCO using
low tuning voltage is difficult to design. By using high
side IF injection from 118 MHz to 127.95 MHz and then
switching to low side IF injection from 128 MHz to 135.95
MHz the VCO would only be required to cover a range
between 117.3 MHz and 138.65 MHz. The control logic

to provide the + IF offset function is included in Figure 5.

The REC+/REC- is enabled from an extra pair of wafer or
switch contacts that operate in conjunction with the fre-
quency programming switches. If ‘the frequency pro-
grammed is 128 Mz or gicater then during the RECEIVE
mode of operation the VCO output is at the programmed
frequency minus 10.7 MHz. Conversely if the frequency
programmed is below 128 MHz the REC+ line is at a logic
low level and the VCO output frequency will be the pro-
grammed frequency plus 10.7 MHz. Table I shows the
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relationship between the programmed frequency, and the
transmit, receive plus, and receive minus count ratios at
major indices.

TABLE | — Prog i Count Freq y Relationship
Programmed VCO Output =N VCO Output
Frequency Programmed Transmit During Receive
(MHz) Count (MHz) Receive (MHz)
118.00 2360 118.00 2574 128.70
118.05 2361 118.05 2575 128.75
127.95 2559 127.95 2773 138.65
128.00 2560 128.00 2346 117.30
135.95 2719 135.95 2505 125.25

The design uses three MC4016, BCD programmable
down counters which interface with three thumbwheel
switches with BCD outputs or with two wafer selection
switches. The first wafer switch has 18 positions stepping
from 18 to 36 selecting tens of megahertz and the second
switch has 20 positions stepping from 00 to 95 in 50 kHz
steps. The number on the thumbwheel switches could be
varied from 000 to 999, but with normal operation for air-
craft synthesizers the selected range lies between 360 and
719. To illustrate the operation of the counter, assume
the TRANSMIT/RECEIVE switch is placed in the TRANS-
MIT position and the thumbwheel switches are placed in
the position to read 360. The output frequency would
then be equal to the input frequency divided by 2360 (the
most significant digit, 2, is automatically programmed into
the counter.) The output of the VCO would be 50 kHz
times the setting on the thumbwheel switches (for the case
illustrated this would be 50 kHz x 2360 or 118 MHz).

Although the MC4016 is a ripple-down counter, this
programmable counter design is capable of operation with
an input frequency in excess of 16 MHz when proper lay-

ot tashniciiac ave nead
Tut WCanIqQues are usea.

operation is the use of special decoding logic and a control
flip-flop to do the actual loading.2 This speed up technique
is shown in its basic form in Figure 6. The Q output of the
control flip-flop goes low for one bit time during the load
operation and also inhibits one clock pulse.

One reason for the high speed
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FIGURE 5 — BCD Programmable Down Counter
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Units
BCD Inputs
Programmable PE PO P1 P2 P3 PE A L—
Counter . c MC4016 B MC4016
Input -j__-
Qo Q1 Q2 Q3| = 8
1/2
MC3060
-——
|D _ Programmable
MC3008 ¢ | Q p————— Counter
MC3010 Output
FIGURE 6 — C Speed-Up Techni

In the TRANSMIT mode, the output of the MC3010
(pin 6) is low and the inputs of the MC3005 (gate A in
Figure 5) are high only when the counter has counted
down to 002 (the most significant bits of the counter,
represented by the two MC3060 flip-flops, must be in state
2). Aload operation occurs in the next bit time.

Similarly, in the RECEIVE/R- position, the output of
the 3015 (pin 8) is low and the inputs of gate A are high
only when the counter has counted down to 216. For
this case, the output frequency is equal to the input fre-
quency divided by the number on the thumbwheel switches
minus 214. For instance, if the switch setting is 2719,

- -

r BCD B |— BCD 1 BCD 1
Thumbwheel I I Thumbwheel I | Thumbwheel |
Switch Switch Switch

Rq1 Rz R4 Rg | | Rio R2o Rao Rso

Ty BEET

| R100R200 Ra00 Rgoo |
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P1 P2, P3 P2 P3
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—dpe  Mc4016 r-< —dPE MC4016 B 4
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; f 1/2MC3060
A D ap

7 tc______oascslvs

S RVAVA

| C

>

fout -
To ¢ Det.

fout = fin/N ~ Transmit Mode
fout = fin/(N-214) Receive Mode

I i

FIGURE 7 — BCD Programmable Down Counter
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then the output frequency is equal to the input frequency
divided by 2505 (the number 2 that is underlined, is auto-
matically programmed into the counter.)

In the RECEIVE/R+ position, the output of the MC3005
(pin 6) is low and the inputs of gate A are high only
when the counter has counted down to 788 (the most
significant bits of the counter must be in state 3). Againa
load operation occurs in the next bit time. The output
frequency, for this case, is equal to the input frequency
divided by the number on the thumbwheel switches plus
214. For instance, if the switch setting is 2360, then the
output frequency is equal to the input frequency divided
by 2574

The loop filter element used in this design is an active lag
type illustrated in the shaded portion of Figure 2.
The transfer function for this filter is,

728+ 1

F(s)= 3)

718

where 71 =RjCand 72 = R)C.
Therefore, the complete closed loop transfer function is

]

728+
KpKy | 715

The programmable counter has the following end limits. H(s)= KK KoK @
The maximum value of N is 2773 during high side receive 2+ 2ptv72 s+ —P¥
on 127.950 MHz. The minimum value of N is 2346 during 71 NM T1NM
Bels) Vpls) Vols)
o °* Kp PP ] F °F - ';—" > 0,(s)
Oo(s)
NM
1 1
N V]
FIGURE 8 — Phase Locked Loop

low side receive on 128.0 MHz. The value of N during the
transmit mode of operation is within these limits being
between 2360 and 2719.

If the + receive IF offset feature is not required then
Figure 7 illustrates the programmable counter design that
places the VCO 10.7 MHz lower than the frequency selected
during the transmit mode of operation.

PHASE LOCKED LOOP ANALYSIS

Consider the block diagram of the frequency synthesizer
illustrated in Figure 8. The loop is composed of a phase
detector, an active filter element, the VCO, a prescaled
divide-by-ten counter (M), and a programmable divide-by-N
counter.

First, the general equations used for loop analysis will
be derived and next a specific example with a numeric
solution will be solved.

Phase error is given by,

0
(9= 056 - 2o

Using Mason’s gain rule or other methods, the closed
loop transfer function is,

2000 _
6i()

O]

KpKyF(s)

— 2
S+ KPKVF(S) @

H(s)

The denominator of (4) takes on the form of the char-
acteristic equation of a second-order loop from servo
theory.

s2+ [2twn] s+ wp?2

®)

Where ¢ is the damping factor and wp is known as the
natural loop frequency. If we plug into Equation (4) 71 =
R1Cand 73 = R)C the results are,

1
+
HE) [K KVRQ] R;C ©
) =| 2PovR2
R 5 [KPKVRQ] ot KpKy
RiNM R1CNM

Comparing the denominator of Equation (6) with (5)

we see that,
KpK:
2= PV
“n” = RICNM ™
or
_ | KpKv % ®)
7 IR1CNM
and also that
¢= 22 [ Splv ]A ©
2 LRjCNM
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AN-b32A (continued)

Another useful parameter to solve for is the 3 dB band-
width of the closed loop. By letting s = jw in Equation (6)
and setting [H(jw)|2 = 1/2 we can obtain the bandwidth
of the loop. i

B B2 AR
w3dB=l:5+ ;-C> ] 10

where
5o [ (XpKeR2 2_ 2KpKy an
RiNM R1CNM
and
2
KpK:
= phv
C=-
<R1CNM) a2
Recalling that
‘= RC [ KpKy | %
2 R1CNM
and
o = [ KoK %
"~ \RjCNM
we obtain

w3 =wn 21T PR E (3)

Before a typical closed loop problem is solved the loop
gain constants must be calculated. These being, Kp and
Ky, the phase detector and voltage controlled oscillator
gain constants respectively.1,3,10

The phase detector output voltage is proportional to
the phase. difference between the negative going pulse
edges entering the phase detector; that is

Vp=Kp (6i - 00) 14

where Kp is the phase detector gain constant. The calcula-
tion of Kp follows from Figure 9.

Now .
p= = ;i;;)ao) a3
Substituting (14) into (15)
Kp 05— 06) = > 0) (19
Kp=y2 an

4w

Letting Vg equal the change in voltage at the summing
junction of Ry over a phase angle change of + or - 27 and
the MC4044 operating from VcC =+5 V, yields the follow-
ing phase detector gain constant.

+3 Vg
Vo / +2 Vge
/ +VBE
[ =277 — e [+ 277 -]
9o
FIGURE 9 — Phase Detector Characteristic
2VBE 0.7
Kyp=——=— =0.
P= 353, = 5 = 0111 V/rad (18)

The VCO gain constant can be calculated by knowing
or measuring the VCO’s change in output frequency over
a change in input control voltage. As stated in an earlier
section the tuning excursion of the input voltage is from
1.8 V to 5 V. Over this voltage excursion the output
frequency changes by 35 MHz.

_[(145 - 110) x 106 Hz] x 2
5-18)V

Ky
=6.86 x 107 rad/s/V (19)

DESIGN CRITERIA

The loop will be designed to provide a settling time (ts)
of 28 ms. Settling time will be defined as the time required
for the VCO control voltage to be within 5% of it’s final
value after a step change in frequency. The phase locked
loop illustrated is a second-order loop with the damping
factor () chosen to be 0.707. This locates the closed-loop
poles at +45 degrees off the negative real axis. The root-
locus circle illustrated in Figure 10 passes through the
origin of the s-plane. The poles originate at the origin

+jw

o Loop Gain=0

Zero at oo 1 to

72
For ¢ =0.707

Complex Poles at 45°

—jw

FIGURE 10 — Type Il Root Locus Plot (Active Lag Filter)
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when the loop gain is zero and traverse a circle with radius
of 1/7) as gain increases. With { = 0.707 the poles are
located at 1/77 (-1 £ j1) and the zero at -1/77.

With the complex loop poles above and below the system
zero (§ = 0.707) a peak overshoot of approximately 20%
will be experienced. Knowing the peak overshoot and the
requirement to be within 5% of the final value yields the
following value for wpts = 5. This value is extrapolated
from transient response curves for second-order viscous-
damped servomechanism systems when disturbed with a
step-displacement input.9 By choosing tg = 28 ms and
having determined wpts=5,then wy is equal to 178..

wp = B ms =178 (20)
Recalling the characteristic Equation (5)
s2 + [2¢wn] s+ wn2 1)

and the denominator of the transfer function of (6) being,

(22
R1NM RiCNM

Then the complex roots of the characteristic Equation
(21) can be broken up into real and imaginary terms,

(s+h)2+ w2
$2 +2sb + b2 + w2 (23)

By comparing Equations (21), (22), and (23) the follow-
ing equations are derived.

Kp Kv

2=p2+ 2= 24
@nS=bir W= B oM @4
or
KpK:
RiC= 2V (25)
wn2NM
With ¢ =0.707, b=w
w2 =62 +(b)2=2b2
or
1
b=— w (26)
vz
Also ‘
KpKyR
b = —P2V12
RINM
or
_2bR1NM @n
KpKv
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Using the listed aircraft frequency synthesizer loop
parameters and Equations (25) and (27) the filter values
R1, R2 and C can be calculated.

Recalling,

wn = 178
Kp=1.11x 1071 V/rad
Ky =6.86 x 107 rad/s/V
NMmax = 27730
NMpin = 23460

Substituting into (25)

_(1.11x1071) (6.86 x 107)
(1.78 x102)2(2.773x104)

RiC=86x1073

Choose a convenient value for C that gives a realizable
Rj. In this design 1 uF was chosen.

_86x1073

= 8.6k
1x10-6

R9 may be calculated by solving Equations (26) and (27)
where,

R (2)(1.26x102)(8.6x103)(2.773x104)
9=
(1.1x10"1)(6.86 x107)

Ry =7.8 kQ

A circuit diagram of the complete synthesizer is shown
in Figure 11. Transient response to a 1 MHz step change
in frequency is shown in the computer readout of Figure 12.

SUMMARY

This report has discussed only one phaselocked loop
application utilizing currently available complex digital
integrated circuits. Several unique design techniques are
shown that are somewhat unconventional in frequency
synthesizers. Unique designs shown include: a program-
mable counter with arithmetic IF offset capability, such
that the synthesizer can be used for both transmit and
receive; a single IC digital phase detector that provides
direct interface between TTL logic and the analog require-
ments of an emitter coupled oscillator; and a complete
analysis of a phaselocked digital loop in both general
terms and with a specific example.
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*
THE PARAMETERS LISTED BELOVW

PHASE DETECTOR GAIN CONSTANT
VCM GAIN CONSTANT
FILTER INPUT RESISTOR
FILTER FEEDBA%KRRES!STOR
Ol

REFERENCE FREQUENCY
OUTPUT FREQUENCY CHANGE

P2: L1111

Rz  6.86E+7

R3:=  860F

R4z 7898

c2= 1

N3 = NA = 23468 - 23668

F2(F6)= 5002 (¢ 1E+6 )

PLOT 0

(NOTE:  Y(T) IS PLOTTED °+°,
FOR T: TOP = @ BOTTOM
FOR FCTS: LEFT = @ RIGHT

Tesesesscslonens ceseleveces

0 --OFF SCALE., (T,Y,Z) = @ ,-6.

>

+ %

APPLY TO THE FOLLOWING PLOT

Pl= <111 VOLTS ®ER 2 PHI RAD
Viz  6.86E+7 RAD PER WOLT
Rl= 8688 OHMS
R2z 7808 OHMS
Cl= 1 MICROFARADS
NI=-N2z= 27538 - 27738
Fiz 5800 CPS
F5= 1E+6 CPS

F FUNCTIONS

Z(T) IS 'x', AND ‘0"

«03 INCREMENT
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IS COMMON)

.281
+2025
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FIGURE 12 — Response Time To 1 MHz Step
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Applications Engineering

INTRODUCTION

The purpose of this application note is to provide the
electronic system designer with the necessary tools to
design and evaluate Phase Locked Loops (PLL) configured
with integrated circuits. The majority of all PLL design
problems can be approached using the Laplace transform
technique. Therefore, a brief review of Laplace is included
to establish a common reference with the reader. Since
the scope of this article is practical in nature all theoretical
derivations have been omitted hoping to simplify and
clarify the content. A bibliography is included for those
who desire to pursue the theoretical aspect.

PARAMETER DEFINITION

The Laplace Transform permits the representation of
the time response f(t) of a system in the complex domain
F(s) This response is twofold in nature in that it contains
both the transient and steady state solutions. Thus, all
operating conditions are considered and evaluated. The
Laplace transform is valid only for positive real time linear
parameters; thus, its use must be justified for the PLL which
includes both linear and nonlinear functions. This justifi-
cation is presented in Chapter Three of Phase Lock
Techniques by Gardner.l

The parameters in Figure 1 are defined and will be used
throughout the text.

+ Oels)
6i(s) G(s) 6o(s)

H(s)

0;(s) Phase input

0¢(s) Phase error

8o(s) Output phase

G(s) Product of the individual feed
forward transfer functions

H(s) Product of the individual feed-
back transfer functions

FIGURE 1 — Feedback System

Using servo theory, the following relationships can be
obtained.2

Ge(5)=l—;m 0i(s) - 1)
60 =—9 __ 49 @

1 + G(s) H(s)

These parameters relate to the functions of a PLL as
shown in Figure 2.

0;(s) Oels) Ools)
i — ] Phase ° Filter vco/vem f
! D Detector °
fo 0o(s)/N Programmable
N Counter (+N)

FIGURE 2 — Phase Locked Loop
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The phase detector produces a voltage proportional to
the phase difference between the signals 6; and 6 o/N. This
voltage upon filtering is used as the control signai for the
VCO/VCM (VCM - Voltage Controlled Multivibrator).

Since the VCO/VCM produces a frequency proportional
to its input voltage, any time variant signal appearing on
the control signal will frequency modulate the VCO/VCM.
The output frequency is

fo=Nfj ()]

during phase lock. The phase detector, filter, and VCO/
VCM compose the feed forward path with the feedback
path containing the programmable divider. Removal of
the programmable counter produces unity gain in the feed-
back path (N = 1). As a result, the output frequency is
then equal to that of the input.

Various types and orders of loops can be constructed
depending upon the configuration of the overall loop
transfer function. Identification and examples of these
loops are contained in the following two sections.

TYPE — ORDER

These two terms are used somewhat indiscriminately
in published literature, and to date there has not been an
established standard. However, the most common usage
will be identified and used in this article.

The type of a system refers to the number of poles of
the loop transfer function G(s) H(s) located at the origin.
Example:

10

let —
s(s + 10)

G(s) H(s) = @)

This is a type one system since there is only one pole at
the origin.

The order of a system refers to the highest degree of
the polynomial expression

1+G(s)H(s)=024CE. )

which is termed the Characteristic Equation (C.E.). The
roots of the characteristic equation become the closed loop
poles of the overall transfer function.

Example:
GO HE = ©
s(s + 10)
then
1+ GOHE= 1+ =0 )
s(s + 10)
therefore
CE.=s(s+10)+10 (3)
CE.=s2+10s+10 ©9)

which is a second order polynomial. Thus, for the given
G(s) H(s), we obtain a type 1 second order system.

)
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ERROR CONSTANTS

Various inputs can be applied to a system. Typically
these include step position, velocity, and acceleration. The
response of type 1, 2, and 3 systems will be examined with
the various inputs.

Oe(s) represents the phase error that exists in the phase
detector between the incoming reference signal 6j(s) and
the feedback 6(s)/N. In evaluating a system, fe(s) must
be examined in order to determine if the steady state and
transient characteristics are optimum and/or satisfactory.
The transient response is a function of loop stability and is
covered in the next section. The steady state evaluation
can be simplified with the use of the final value. theorem
associated with Laplace. This theorem permits finding the
steady state system error fe(s) resulting from the input
8i(s) without transforming back to the time domain.3

Simply stated

Lim [0(t)] = Lim [s0¢(s)] (10)
t > o0 §—>0
Where
Ba(s)= —— @
O S emaE OO an
The input signal 6i(s) is characterized as follows:
Step position: 0i(t)=Cp t=0 (12)
. Cp
Or,in Laplace notation: 6i(s) = . (13)

where Cp is the magnitude of the phase step in radians.
This corresponds to shifting the phase of the incoming
reference signal by Cp radians:

Step velocity: 0i(t)=Cyt t=0 (14)

(15)

Or, in Laplace notation: 6j(s) = 92!
s
where Cy is the magnitude of the rate of change of phase
in radians per second. ~This corresponds to inputing a fre-
quency that is different than the feedback portion of the
VCO frequency. Thus, Cy is the frequency difference
in radians per second seen at the phase detector.

Step acceleration:  8j(t)=Cat2 t=0

(16)

. 2C,
Or,in Laplace notation: 6i(s) = 3
s

an
C, is the magnitude of the frequency rate of change in
radians per second per second. This is characterized by a
time variant frequency input.

Typical loop G(s) H(s) transfer functions for types 1,
2,and 3 are:

Type 1 G(s)H(s) = (18)

s(s +a)
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K(s +a)
Type 2 G(s) H(s) = 2 (19)
Type 3 G(s) H(s) = Ii(s_ﬂx_)’?(i‘_kz (20)
s

1

Final valiia AF tha nhaoa arercr far o tuna cuatam
408 1iNds Vaiul O1 uil piast CIflr 107 a ypl 1 Syslm

with a step phase input is found by using Equations 11
and 13.

00ls) = (——— (ESP)
1+

s(s +a)

(s+a)Cp
(s2+as +K) @
B(t=co)=Li sta - 2
=m0 @

Thus the final value of the phase error is zéro when a
step position (phase) is applied.

Similarly applying the three inputs into type 1, 2 and
3 systems and utilizing the final value theorem, the follow-
ing table can be constructed showing the respective steady
state phase errors.

TABLE | — Steady State Phase Errors for Various System Types

Type 1 Type 2 Type 3
St_ep Zero Zero Zero
Position
Steg Constant Zero Zero
Velocity
Step " Contmu'allv Constant Zero
Acceleration Increasing

A zero phase error identifies phase coherence between
the two input signals at the phase detector.

A constant phase error identifies a phase differential
between the two input signals at the phase detector. The
magnitude of this differential phase error is proportional to
the loop gain and the magnitude of the input step.

A continually increasing phase error identifies a time
rate change of phase. This is an unlocked condition for
the phase loop.

Using Table I the system type can be determined for
specific inputs. For instance, if it is desired for a PLL to
track a reference frequency (step velocity) with zero phase
error, a minimum of type 2 is required.

STABILITY

The root locus technique of determining the position of
system poles and zeroes in the s-plane is often used to
graphically visualize the system stability. The graph or plot
illustrates how the closed loop poles (roots of the character-

istic equation) vary with loop gain. For stability all poles
must lie in the left half of the s-plane. The relationship of
the system poles and zeroes then determine the degree of
stability. The root locus contour can be determined by
using the following guidelines.2

Rule 1 - The root locus begins at the poles of G(s) H(s)
(K = 0) and ends at the zeroes of G(s) H(s)
(K = ). Where K is loop gain.

Rule 2 - The number of root loci branches is equal to
the number of poles or number of zeroes,
whichever is greater. The number of zeroes at
infinity is the difference between the number
of finite poles and finite zeroes of G(s) H(s).

Rule 3 - The root locus contour is bounded by asymp-
totes whose angular position is given by

(2n+1)
#P -#Z
Where #P (#Z) is the number of poles (zeroes).

mn=0,1,2,... (23)

Rule 4 - Theintersection of the asymptotes is positioned
at the center of gravity C. G.

_TP-3Z

C.G. = W

24)

Where P (ZZ) denotes the summation of the
poles (zeroes).

Rule 5 - On a given section of the real axis, root loci
may be found in the section only if the #P + #Z
to the right is odd.

Rule 6 - Breakaway points from negative real axis is
given by:

i&x_ 0 (25)
ds

Again where K is the loop gain variable factored from
the characteristic equation.
Example:
The root locus for a typical loop transfer function
is found as follows:

G(s) Hs) = (26)

K
s(st+4)

The root locus has two branches (Rule 2) which begin
at s = 0 and s = -4 and ends at the two zeroes located at
infinity (Rule 1). The asymptotes can be found according
to Rule 3. Since there are two poles and no zeroes the
equation becomes:

forn=0
2n+1

2

= 27)

forn=1

S ERNYE
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The position of the intersection according to the Rule
4is: .
_IP-3Z (-4-0)—(0)

ST®_#2 . 2-0

s=-2 (28)

The breakaway point as defined by Rule 6 can be found
by first writing the characteristic equation.

CE.=1+G(s)H(s)=0

=l+——=g2 =
1 G+ d) s2+4s+K=0 29)
Now solving for K yields
K=-s2-4s (30)

Taking the derivative with respect to s and setting it
equal to zero then determines the breakaway point.

dk d

— = — (-s2 -

& dS(s 4s) (31)

& a0

4 ks-4s (32)
or

s=-2 (33)

is the point of departure. Using this information, the root

locus can be plotted as in Figure 3.
This second order characteristic equation given by
Equation 29 has been normalized to a standard form2
S2+2¢ wps + w2y (34)

where the damping ratio ¢ = Cos ¢ (0°< ¢ < 90°) and wp,
is the natural frequency as shown in Figure 3.

AK— jw
Asymptote = m/2
\ .
Center of gravity
K=0 ¢ 4
-4 -2 K=0

Breakaway point

s

Asymptote = —2*

| )

FIGURE 3 — Type 1 Second Order Root Locus Contour
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The response of this type 1, second order system to
a step input is shown in Figure 4. These curves represent
the phase response to a step position (phase) input for
various damping ratios. The output frequency response
as a function of time to a step velocity (frequency) input is
also characterized by the same set of figures.

1.9 1
1.8
£ =01
1.7 /r\\
1.6 /
1.5 I 0.2
w 1.4 0.3
2 [
5 13 0.4
5 /
- /.
£ = —~\
5 4
2 I 0.6
'5 1.0 ,Oﬂ
3 0.8 — l—
o 0.9 / ]
: 17 R
N o8l—
2 15}/ [
s 0.7
19
s | W /e
z // \
z o5
° )/
® o4
0.3 /
0.2
0.1

0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10 11 12 13

Wnt

FIGURE 4 — Type 1 Second Order Step Response

The overshoot and stability as a function of the damp-
ing ratio ¢ is illustrated by the various plots. Each response
is plotted as a function of the normalized time wnt: Fora
given { and a lock-up time t, the wy required to achieve the
desired results can be determined. Example:

Assume ¢=0.5
error < 10%

fort>1ms

From ¢ = 0.5 curve the error is less than 10% of final
value for all time greater than wpt =4.5. The required
wn can then be found by:

wpt=4.5 (35)

or

Go)
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¢ is typically selected between 0.5 and 1 to yield opti-
mym overshoot and noise performance.
Example:
Another common loop transfer function takes the form
(s+a)k

)
4

G(s) H(s) = €0))

This is a type 2 second order system. A zero is added
to provide stability. (Without the zero the poles would
move along the jeo axis as a function of gain and the system
would at all times be oscillatory in nature.) The root locus
shown in Figure 5 has two branches beginning at the origin
with one asymptote located at 180 degrees. The center of
gravity is s = a; however, with only one asymptote there is
no intersection at this point. The root locus lies on a circle
centered at s = -a and continues on all portions of the nega-
tive real axis to left of the zero. The breakaway point
iss = -2a.

jw

K inc
wn s-plane

K —> o0 -2a K=0

FIGURE 5 — Type 2 Second Order Root Locus Contour

The respective phase or output frequency response of
this type 2 second order system to a step position (phase)
or velocity (frequency) input is shown in Figure 6. As
illustrated in the previous example the required wp can
be determined by the use of the graph when { and the lock
up time are given.

BANDWIDTH
The -3 dB bandwidth of the PLL is given by

%
w-3dB= wn( 1-2¢2+2-4¢2+4 ;4) (38)
for a type 1 second order4 system, and by

%
w-3 dB=wn(1+2§'2 +~/5+4§2+4§4) (39

for a type 2 second order! system.

PHASE-LOCKED LOOP DESIGN EXAMPLE

The design of a PLL typically involves determining the
type of loop required, selecting the proper bandwidth, and
establishing the desired stability. A fundamental approach

18 ol
1.2 AT
RTINS
15 //a% Cos
5 14 X 05
8| INXWos
a .S "~ /0.7 /
w42
YN ~\
By o =
5 08 = =
R BN \
ﬁ 0.8
-3 0.7 / N
2 os \
2 o \/
o4
® o3
0.2
0.1

o
0 1.0 2.0 3.0 4.0 5.0 6.0 7.08.0 9.0 10 11 12 13 14
wpt

FIGURE 6 — Type 2 Second Order Step Response

to these design constraints is now illustrated. It is desired
for the system to have the following specifications:

Output frequency 2.0 MHz to 3.0 MHz
Frequency steps 100 kHz
Phase coherent frequency

output -
Lock-up time between

channels 1 ms
Overshoot <20%

NOTE: These specifications characterize a system
function similar to a variable time base generator or a
frequency synthesizer.

From the given specifications the circuit parameters
shown in Figure 7 can now be determined.
The devices used to configure the PLL are:
Frequency-Phase Detector MC4044/4344

Voltage Controlled
Multivibrator (VCM)

Programmable Counter

MC4024/4324
MC4016/4316

The forward and feedback transfer functions are given
by:

G(s)=KpKfKo H(s)=Kq (40)

where Kn=1/N @1
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Phase
Detector K
p

K¢

Filter

vCM
Ko

fo

Programmable
Counter K,

FIGURE 7 — Phase Locked Loop Circuit Parameters

The programmable counter divide ratio Ky, can be found
from Equation 3.

fo min - fomin _ 2MHz

Nmin = = =20 (@
MU R fsep 100 kHz “2)
fo max 3 MHz
Nigy = 208X _ = 772 -
max fstep 100 kHz 30 (43)
1 1
Kn= 2—6 to E (44)

A type 2 system is required to produce a phase coherent
output relative to the input (see Table I). The root locus
contour is shown in Figure 5 and the system step response
is illustrated by Figure 6.

The operating range of the MC4024/4324 VCM must
cover 2MHz to 3 MHz. Selecting the VCM control capacitor
according to the rules contained on the data sheet yields
C =100 pF. The desired operating range is then centered
within the total range of the device. The input voltage
versus output frequency is shown in Figure 8.

5.5 T T T
Vee = 5.0 Vde [ f |
5.0 +125°C _&80,
2 55°C
i o
= +25°C
12
I /ﬂ
S e 55°C ,/'
o A r=—t125°C
g | |
0,

g 30 +25°C
=}
5]
>
[
> 20
a
z
E | ‘
> 1.0

0

0 1.0 2.0 3.0 4.0 5.0 6.0

fout, OUTPUT FREQUENCY (MHz)

FIGURE 8 — MC4324 Input Voltage versus Output
Frequency (100 pF Feedback Capacitor)

138

The transfer function of the VCM is given by
s

Ko 45)

Where Ky is the sensitivity in radians per second per
volt. From the curve in Figure 8, Ky is found by taking the
reciprocal of the slope.

_4MHz — 1.5 MHz

VI Tsvosgy RN
Ky =11.2 X 106 rad/s/V (46)
Thus
112X 106
= — rad/s/V @7

The s in the denominator converts the frequency charac-
teristics of the VCM to phase, i.e., phase is the integral
of frequency.

The gain constant for the MC4044/4344 phase detector
is found by 5

\%

DF High-UFLow 23V-0.9
- = =0.111 V/rad (48)

P 2(2m) -

Since a type 2 system is required (phase coherent
output) the loop transfer function must take the form of
Equation 19. The parameters thus far determined in-
clude Kp, Ko, Kn leaving only Kf as the variable for
design. Writing the loop transfer function and relating
it to Equation 19

Kp Ky Kp K K(s+a
665y ) = R Kn K KE 1) @9)
s s2
Thus Kf must take the form
sta
Kf=—o (50)

N

in order to provide all the necessary poles and zeroes for
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the required G(s) H(s). The circuit shown in Figure 9 yields
the desired results.

Kf is expressed by

RpCs + 1
Kf=—(%r— for large A (51)
R;Cs

where A is voltage gain of the amplifier.

R1, Ry, and C are then the variables used to establish
the overall loop characteristics.

The MC4044/4344 provides the active circuitry required
to configure the filter Kf. An additional low current high
B buffering device or FET can be used to boost the input
impedance thus minimizing the leakage current from the
capacitor C between sample updates. As a result longer
sample periods are achievable.

Since the gain of the active filter circuitry in the
MC4044/4344 is not infinite, a gain correction factor K¢
must be applied to Kf in order to properly characterize the
function. K is found experimentally to be K¢ = 0.5.

RCs + 1)

(52

Kfc = =0.
fc =Kf Ke 05( R{Cs

( For large gain, Equation 51 applies.)

The PLL circuit diagram is shown in Figure 10 and its
Laplace representation in Figure 11.
The loop transfer function is

G(s) H(s) = Kp Kfc Ko Kn (53)

RaCs+1\ [Ky\ [ 1
G(s) H(s)=Kp(0.5)< lesc: )(—3) (§> (54)

The characteristic equation takes the form

CE.=1+G(s)H(s)=0

0.5KpKyR 0.5Kp K
+ pv2S+ p Kv

RN RiCN

(55)

Relating Equation 55 to the standard form given by
Equation 34

2.05%p KyRy , 05Kp Ky

RIN RiCN
=DsAas . D) 2L\
34V 2y wps v wn* Sy

Equating like coefficients yields

0.5 Kp Ky

T = w2 57
RICN wn< (57)
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FIGURE 9 — Active Filter Design

05KpKyRy 5
RIN

and ¢ wn (58)

With the use of an active filter whose open loop gain (A)
is large (K¢ = 1), Equations 57 and 58 become

Kp K
'Y v
—R1CN = wp? (59)
Kp Ky Ro
—pRl—N =2¢ wp (60)

The percent overshoot and settling time are now used
to determine wp. From Figure 6 it is seen that a damping
ratio ¢ = 0.8 will produce a peak overshoot less than 20%
and will settle to within 5% at wpt = 4.5. The required
lock-up time is 1 ms.

4.5 4.5
o= = oo =4.5krad/s (61)

Rewriting Equation 57

_05KpKy

N (62)

R;iC

=(0.5)(0.111)(11.2 X 106)
(4500)2 (30)

R;1C=0.00102
(Maximum overshoot occurs at Njax which is minimum
loop gain)
Let C=0.5uF
0.00102

= =204kQ
0.5X10-6

Then Rj

Use Rp=2kQ
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Vece Vce
o
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FIGURE 10 — Circuit Diagram of Type 2 Phase Locked Loop
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FIGURE 11 — Laplace Rep!
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R is typically selected greater than 1 kQ2.
Solving for R7 in Equation 58

r, 28 enRIN - 2¢
27 KpKv(05) ~ Caop

(63)

~ 2(0.8)
(0.5 X 1070)(4.5k)

=711 Q
use Ry = 680 Q

All circuit parameters have now been determined and
the PLL can be properly configured.

Since the loop gain is a function of the divide ratio
Kp, the closed loop poles will vary is position as Kp
varies. The root locus shown in Figure 12 illustrates the
closed loop pole variation.

The loop was designed for the programmable counter
N = 30. The system response for N = 20 exhibits a wider
bandwidth and larger damping factor, thus reducing both
lock-up time and percent overshoot (see Figure 14).

N =30
wp =4.61krad/s

N =20 : £=0.785
wp, = 5.64 k rad/s ~ >~
¢ =0.961

FIGURE 12 — Root Locus Variation

NOTE: The type 2 second order loop was illustrated
as a design example because it provides excellent perform-
ance for both type 1 and 2 applications. Even in systems
that do not require phase coherency a type 2 loop still
offers an optimum design.

EXPERIMENTAL RESULTS

Figure 13 shows the theoretical transient frequency
response of the previously designed system. The curve
N =30 iilusiraies e frequency 1e5poiise wiiei i1 progiaii-
mable counter is stepped from 29 to 30 thus producing a
change in the output frequency from 2.9 MHz to 3.0 MHz.
An overshoot of 18% is obtained and the output frequency
is within 5 kHz of the final value one millisecond after the
applied step. The curve N = 20 illustrates the output fre-
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quency change as the programmable counter is stepped
from 21 to 20.

Since the output frequency is proportional to the VCM
controlvoltage, the PLL frequency response can be observed
with an oscilloscope by monitoring pin 2 of the VCM. The
average frequency response as calculated by the Laplace
method is found experimentally by smoothing this voltage
at pin 2 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. With the
programmable counter set at 29 the quiescent control volt-
age at pin 2 is approximately 4.37 volts. Upon changing
the counter divide ratio to 30 the control voltage increases
to 4.43 volts as shown in Figure 14. A similar transient
occurs when stepping the programmable counter from 21
to 20. Figure 14 illustrates that the experimental results
obtained from the configured system follows the predicted
results shown in Figure 13. Linearity is maintained for
phase errors less than 2, i.e. there is no cycle slippage at
the phase detector.

N =30
L/

N stepped from 29 to 30

T ———

3.0

2.9

[~— Step Input

N stepped from 21 to 20

N=|20:‘

l o 0.5 1.0 1.6 2.0

TIME (ms)

OUTPUT FREQUENCY (MHz)

FIGURE 13 — Fr y-Time Resg

® 443V

437V

3.8V

V =0.06 V/cm
H = 0.5 ms/cm

FIGURE 14 — VCM Control Voltage (Frequency) Transient
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PHASE DETECTOR GAIN CONSTANT
VCM GAIN CONSTANT

FILTER INPUT RESISTOR

FILTER FEEDBACK RESISTOR
FILTER CAPACITOR

DIVIDER VALUE

REFERENCE FREQUENCY

OUTPUT FREQUENCY CHANGE

FOR FCTS: LEFT=0

*THE PARAMETERS LISTED BELOW APPLY TO THE FOLLOWING PLOT

N3-N4=21-20

F2(F6) = 100000 (100000)

PLOT OF FUNCTIONS

Z(T) I8 **7,

P2= 0.111 c2= 05
V2= 1.12E+7
R3= 3900 (R1;=2k)
R4 = 680
(NOTE: Y(T)ISPLOTTED ‘+’,
FOR T: TOP =0

BOTTOM = 0.0015
RIGHT =0.12

P1= 0.111 VOLTS PER RADIAN
V1= 1.12E+7 RAD PER VOLT
R1= 3900 OHMS (R1; =2k)
R2= 680 OHMS
C1= 0.5 MICROFARADS

N1-N2= 29-30
F1= 100000 CPS
F5= 100000 CPS

AND ‘@' IS COMMON)

INCREMENT = 0.00005
INCREMENT = 0.002

°

TIME (ms)
= °
B) o
I I A A A A A R A B S B I IR AR

o

0.02

ol

VCM CONTROL SIGNAL (VOLTS)

FIGURE 15 — VCM Control Signal Transient

Figure 15 is a theoretical plot of the VCM control volt-
age transient as calculated by a computer program. The
computer program is written with the parameters of Equa-
tions 58 and 59 (type 2) as the input variables and is valid
for all damping ratios of { < 1.0. The program prints or
plots the control voltage transient versus time for desired
settings of the programmable counter. The lock-up time
can then be readily determined as the various parameters
are varied. (If stepping from a higher divide ratio to a lower
one the transient will be negative.) Figures 14 and 15 also
exhibit a close correlation between the experimental and
analytical results. e

SUMMARY

This application note describes the basic control system
techniques required for phase-locked loop design. Criteria
for the selection of the optimum type of loop and methods
for establishing the desired performance characteristics are
presented. A design example is illustrated in a step-by-
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step approach along with the comparison of the experimen-
tal and analytical results.
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MEDIUM SCALE INTEGRATION IN THE
NUMERICAL CONTROL FIELD

Prepared by
Ernest Klein
Applications Engineering

INTRODUCTION

A number of integrated circuits of medium scale inte-
gration complexity are available for use in the numerical
control industry. The majority of these devices use the
familiar transistor-transistor logic (TTL) configuration as
the basic gating configuration for system design. Figure 1
shows the characteristics of a TTL circuit, a multiple
emitter input transistor. followed by a phase splitting
transistor and an output circuit whose configuration de-
pends on whether it is a medium- or high-speed circuit. For
use in medium scale integration, more commonly known
as complex functions. Motorola uses a configuration that
cmploys two forms of TTL gates. Shown in Figure 2 is
the low-level gate used within the device itself to drive the
internal circuitry not requiring high fanout capabilities.
The high-level gate in Figure 3 is used to drive loads on the
output pins. The following devices will be discussed in
detail, and then their applications to various systems will
be presented

MC4016 Decade Programmable Counter
MC4018  Binary Programmable Counter
MC4024  Voltage Controlled Multivibrator
MC4044  Frequency/Phase Detector

MC4016 — DECADE PROGRAMMABLE
CASCADEABLE COUNTER

For a single decade counter the clock and gate (G) inputs
are normally tied together. When counters are cascaded,
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all gate inputs are tied to the original input clock. For
purposes of explanation we will consider a single decade
counter with the clock and gate tied together. The follow-
ing explanation refers to Figure 4.

The number to be divided by is placed on inputs P1,
P2. P4 and P8 in decade form and Pn is set high. When Pn
is momentarily taken low, the reset/preset logic is enabled
and the number appearing on the inputs is preset on the
outputs Q1, Q2, Q4 and Q8. Once the desired number has
been preset, clocking is initiated and the counter counts
down from the preset number. When the counter reaches
zero (0000) the Buss (B) output goes high and is fed back
to the preset circuit. When the feedback is applied to the
preset control, the input number is entered back on the
outputs of the counter. This causes the Buss output to
return to zero. The resultant output is in the form of a

HIGH-LEVEL GATE

9 Vec =50V

1000
4K §

PROPAGATION DELAY =10 NS
POWER DISSIPATION = 15 mW

FIGURE 3
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pulse. The gate input is to control the pulse width of the
Buss output. The Buss output goes to a one when the last
clock pulse goes to a one but does not reset the number
until the clock goes low. Once the clock goes low both
sides of the preset circuit are enabled and the input number
can be reset on the outputs of the counter. The pulse from
the Buss output is approximately equal to the clock input
pulse.

The operation of the decade programmable counter may
be further explained by considering an example. Consider
the case when it is desired to divide by the number 7 (0111).
The number 0111 is placed on inputs P8, P4, P2 and P1
respectively and Pn is momentarily taken low. The number
0111 is now on the outputs of the counter. On the first
positive transition of the clock the counter goes to 6 (0110).
The counter continues to count down on every positive
transition of the clock. For the first six clock pulses the

FIGURE 4
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Buss output remains low because the count has not reached
zero. On the seventh transition the counter goes to 0000
and the Buss output goes high and enables the reset circuit.
When the clock goes low the number is again set on the
counter outputs and the Buss output goes low. One pulse
has now appeared on the Buss output for seven input clock
pulses. The counter will continue to divide the clock input
by 7 aslong as the 7 appears on the inputs. If it is desired
to divide by a different number, that number is placed on
the appropriate inputs and it will be reset into the counter
the next time the counter reaches zero. Since the reset
logic is inhibited during normal clocking the new number
may be entered while clocking is occurring. If it is desired
to enter the new number before the counter reaches zero
this can be accomplished by placing the new number on
the inputs and taking Pn low. The new number will be
entered on the outputs and counting will begin from there.
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Comparisons of MC4016 (Decade Counter — Figure 4)
and MC4018 (Binary Counter — Figure 5)

The operation of both programmable counters is approx-
imately the same. The only difference being that the binary
counter of Figure 5 is comprised of a divide-by-16 counter
with reset/preset logic and the decade counter utilizes a
divide-by-10 counter with reset/preset logic. The reset/
preset logic for both counters is identical.

The above description applies equally well to both the bi-
nary and decade counters with the following two exceptions.
1. The Binary counter will divide-by-16 if the reset logic

is inhibited (P1, P2, P4 and P8 high).
2. The Binary counter can be programmed from O

(0000) to 15 (1111) and the decade counter only .

from 0 (0000) to 9 (1001). If a larger number than
1001 is programmed into the decade counter the
counter will ignore the 8’s position and divide by the

resulting number. For example, if the programmed
number is 14 (1110) the decade counter will divide-
by-6 (0110).

Cascading of Counters

Once a thorough understanding of the operation of a
single counter has been obtained the cascading of counters
is straightforward. The method of cascading is identical
for both, types of counters. As shown in Figure 6, when
cascading counters, the Buss outputs of all packages must
be tied together. The same applies to the gate inputs. With
all Buss outputs tied together, a one is produced only when
all counters hold the zero count. All gate inputs are tied
together to insure all counters reset at the same time and
to control the width of the output pulse. In addition, one
2-kQ2 resistor (R) from one of the packages must be con-
nected to the Buss outputs. This is to provide a pull up
resistor for the Buss output gates. The only difference in
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the counters being in the method of programming the
desired division. The binary counter must be programmed
in binary form and the decade in decimal. The reason for
the different methods of programming is because of the
counting sequence the counters revert to when the reset
logic is inhibited. This point will be explained by consider-
ing an example for each counter.

Consider the case where decade counters are being used
and the desired division is by 325 (0011 0010 0101). The
first counter (least significant bit) is programmed to 5
(0101), the second to 2 (0010) and the third (most signifi-
cant bit) to 3 (0011). After 5 clock pulses the count will
be 0000 0010 0011. Since all Buss outputs are ANDed
together and 0000 does not exist in the second and third
counters, the Buss output remains at zero and the first
counter is not reset. The next (sixth) clock pulse produces
the count of 1001 0001 0011 or 319. This process con-
tinues for 325 pulses until all counters contain 0000. When
all counters reach 0000 the Buss outputs go high and the
number is reset. One pulse out has been obtained from
325 pulses in. In other words, the clock input has been
divided by 325.

For the second case, assume that binary counters are
being used andthe desired division is again by 325 (0001
0100 0101). The first counteris programmedwith 5 (0101),
the second to 64 (0100) and the third to 256 (0001). The
count proceeds as before for the first five clock pulses.
The count is now 0000 0010 1000 reading from least signifi-
cant to most significant bit. Again the first counter is not
reset because all counters do not hold the 0000 count. On
the next (sixth) clock pulse the countis 1111 1100 1000 or
319. At this point three things become apparent: 1) the
first counter went to a maximum of 1111 instead of 1001
as the decade counters. 2) the outputs are in a straight

binary code. and 3) the counters will divide by 16 instead
of 10 until they are resct. As before, the Buss output will
not go to 1 until there have been 325 clock pulses.

In both cases the results are identical. The only differ-
ences occur in the method of coding the input number and
the method of counting for the counters.

Because of the difficulty in programming, it is best not
to mix types of counters when cascading. An exception
to this is when a different counter is used in the most signifi-
cant position of the cascaded chain. This is true because
the most significant counter is always reset when it reaches
zero and is never allowed to revert to its natural counting
sequence. This feature becomes important in applications
where it is desired to divide by numbers in the range of
1000 to 1599. If this is done with all decade counters,
four counters would be required. If a binary counter is
used in the most significant position only three counters
are required (1 binary and 2 decade) without any loss in
ease of programming.

MC4324/MC4024 — DUAL VOLTAGE CONTROLLED
MULTIVIBRATOR

This circuit consists of two current-mode, emitter-
coupled multivibrators, with appropriate level shifting to
produce outputs compatible with TTL logic levels. Fre-
quency control is accomplished through the use of voltage-
variable current sources that control the voltage charging
rate of a single capacitor. The upper operating limit of
this VCM is 30 MHz.

Figure 7 shows the schematic of the MC4324/4024.
Note that there are multiple B+ and ground connections.
This has been done to provide some degree of isolation
between units to keep logic current transients out of the
oscillator circuit in critical applications. To disable one
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VCM. its Ve is disconnected from B+: all grounds must
always be connected to insure substrate grounding and
good isolation.

The frequency of the voltage controlled oscillator
(MC4024) is determined by the external capacitor in the
feedback loop. The required value of the capacitor may

[ e P I Y [ Ao e . .
UL ULLLTIIICU TV SHUIGE UL UIE TOHUWITTE €quauions.

min

The frequency of the device is controlled in a nearly
linear manner over approximately a 5:1 range by changing
the control voltage. The following set of Figures (8 through
13) represent the typical operating characteristics using
different values of capacitance in the feedback loop. The
curves include room temperature data (25°C) as well as the
temperature extremes of -55°C and +125°C.
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Using voltage-variable capacitance diodes in the feedback
loop the frequency range of the MC4024 may be increased
substantially. The MV 1401-03-04-05 hy perabrupt-junction
voltage-variable - capacitance diodes provide capacitance
changes of greater than ten times for a bias change ranging
from two-to-ten volts. Figure 14 is the diode capacitance
as a function of reverse voltage for these devices.

By using the configuration of Figure 15 the control
voltage may be used to bias the voltage variable diodesand
change their effective capacitance. The MC1456 is an
internally compensated high performance monolithic oper-
ational amplifier and is used in the non-inverting feedback
mode. Under the conditions shown the gain of the MC1456
is equal to 2. The voltage applied to the MV 1403 voltage
variable diodes is twice the control voltage Vj,. Figure 16
relates frequency out, fg, to voltage in, Vip, for Figure 15.
Figures 17 and 18 are enlarged portions of Figure 16.

The frequency range of the MC4024 may be decreased
by adding resistors from the feedback capacitor terminals
to ground. Figure 19 relates frequency out. fy, to voltage
in, Vip. using a capacitance of 2000 pF between terminals
and two 470 2 resistors to ground.

MC4344/MC4044 — FREQUENCY/PHASE DETECTOR

Two digital phase detectors and an analog charge pump
circuit make up the circuit of Figure 20. The TTL inputs
are converted to a dc voltage level for use in frequency
discrimination and phase locked loop applications.

The two phase detectors have common inputs. Phase-
frequency detector No. 1 is in lock and both outputs are
high when the negative transitions of the input (VI) and
the reference (RI) are equal in frequency and phase. If
VI is lower in frequency or lags in phase. then the Ul out-
put goes low: conversely the D1 output goes low when the
VI input is higher in frequency or leads the reference in
phase. It is important.to note that the duty cycle of the
VI input or the RI input is not important since negative
transitions control system operation.

Phase detector No. 2 is in lock when the VI input phase
lags the reference phase by 90 degrees. In this case, when
lock occurs the V2 and D2 outputs go alternately low with
equal pulse widths. If the VI input phase lags by more than
90-degrees, U2 will remain low longer than D2. If the VI
input phase lags the reference phase by less than 90 degrees,
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D2 remains low longer than U2. In this phase detector the
input and the reference must have 50 percent duty cycles.

The charge pump accepts the phase detector outputs
and converts them to fixed amplitude positive and negative
pulses at the VR and DR outputs respectively. These pulses
are applied to a lag-lead active .filter which incorporates
GAiCinia Capacitors and reaistors and the amplificr provided
in the circuit. The filter provides a dc voltage proportional
to the phase error.

Figure 21 breaks the system down into more detail with
a block indicated for the digital section and a block for
the analog section. Each section is indicated in more detail
in Figures 22 and 23 respectively.
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APPLICATIONS

Various applications of the previously discussed devices
are possible. A number of systems were designed using the
MC4024 (Voltage Controlled Multivibrator), the MC4044
(Frequency/Phase Detector) and either the MC4016 (De-
cade Programmable Down Counter) or the MC4018 (Binary
Programmable Down Counter).

Audio Frequency Comparator

A system whereby an unknown frequency is determined
by comparing it to a known frequency is shown in Figure
24. The voltage controlled multivibrator, MC4024, is used
with a 2 MHz crystal in the feedback loop. Two decade
counters (non-programmable) count the frequency down
to 20 kHz. Three programmable down counters, MC4016s,
provide an output as low in frequency as 20 Hz. One edge
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trigger flip-flop, MC3051, shapes the output signal of the
last programmable counter into a square wave of 50% duty
cycle. The unknown signal is fed into a MECL gate, the
MC1018 which detects zero crossing of the incoming signal.
Using this device the unknown signal may be a sine wave
signal and will be converted into a square wave. Both the
unknown signal and the reference signal are fed into the
digital section of the phase detector. If both signals are
the same frequency both points A and B will be at a high
level. Outputs C and D will be low and both indicator
lights will be off. If the unknown signal is lower in fre-
quency than the reference signal, then point A will go to a
low level which in turn will enable the transistor at point
C, turning on its indicator light. If the unknown signal is
higher in frequency than the reference signal, then point
B goes toalow level and the transistor at point D isenabled.
The *“P” inputs are adjusted for a frequency match—both
high indicator and low indicator off — and the unknown
frequency determined.

Frequency Synthesizer

The frequency synthesizer loop of Figure 25 achieves a
stable state when FycM = NFpef. Until this condition
exists, the VCM will continue changing frequency. When
the VCM locates the proper frequency the loop locks.

The phase lock loop is used to compare the internally
generated frequency of the MC4024 with the external fre-
quency from the reference oscillator and lock the two
together. The error voltage that results from comparing
the two signals in the digital section of the frequency/
phase detector results in a pump-up or pump-down signal
to the charge pump, depending on whether the VCM fre-
quency is slower or faster, respectively, than the reference
frequency. The charge pump feeds the filter, which deter-
mines whether the locking frequency will be underdamped,
critically damped, or overdamped. These are a function
of the filter elements R1, R2,-and C. The filter output
feeds the VCM to control its frequency.

Motor Speed Control

Using the previously discussed devices it is possible to
provide a motor speed control circuit. Figure 26 is the
block diagram of a motor speed control system with the
interior phase lock loop shown in more detail in Figure 27.
The interior loop accepts the signal from the ac motor
pick-up circuit and increases the frequency to the 2 MHz
region. The frequency from the interior loop is compared
to a reference signal generated from the crystal controlled
MC4024 (Voltage Controlled Multivibrator) in conjunction
with the MC4018 (Binary Programmable Counter) shown
in greater detail in Figure 28. The programmable counter
in Figure 28 controls the speed of the ac motor. The ac
motor and the entire loop, therefore, respond to the fre-
quency that is programmed on the inputs of the counter.
The pick-up circuit of Figure 29 has a phototransistor
(MRD310)which picks upa signal froma single strip painted
on the shaft of the ac motor. Fiber Optics (not shown on
the figure) are used to concentrate the reflection from the
shaft and provide the necessary signal to the transistors
base. The one-shot multivibrator (MC8601) is. necessary
to eliminate the effects of shaft jitter which would false
trigger the extremely fast response of the MC4044 (Fre-
quency Phase Detector). The ac control circuit which con-
verts the frequency/phase detector output of Figure 28 to
a usable signal to control the ac motor is indicated in Figure
30. This circuit utilizes botha bi-lateral switch, and a MAC
2 triac. The conversion of a dc voltage to an ac signal is dis-
cussed in more detail in Motorola Application Note AN-482.

CONCLUSION

A number of IC functions of medium scale integrated
complexity have been discussed which may be used in the
numerical controls field. The application of these devices
is not limited to this field but they are usable in various
industrial and computer systems. Industrial applications
include differential voltmeters, ammeters, counters, etc.
Computer applications include system clocks, divide-by-N
counters, tape drive controls, etc.
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A NEW GENERATION OF INTEGRATED

AVIONIC SYNTHESIZERS

Prepared by

Richard Brubaker

Garth Nash

Applications Engineering

SEVERAL SCHEMES have been previously used to synthesize
the required internal mixing frequencies for navigation (NAV),
communication (COM), distance measuring equipment (DME),
and automatic direction finder (ADF) avionic systems. These
have included continuously tuned oscillators, crystal oscilla-
tors, and even a few phase locked loops (PLL). The continu-
ously tuned and crystal oscillator designs have matured during
the past 10-20 years, however, the phase locked loop technol-
ogy and its implementation capabilities are still in their in-
fancy.

The phase locked loop principle has been used to a limited
degree in electronic design for many years. Some of the first
documented applications of the principle date back to the
1930s when they were applied to the synchronous reception
of radio signals. The first serious application of the principle
appeared in the 1940s when it was applied to synchronization
of the vertical and the horizontal sweep generators in televi-
sion receivers. Since that time, the phase locked loop has been
rigorously analyzed and extended to several other applications.
Probably some of the most dramatic recent applications have
been in the satellite communication systems used for deep
space probes. These systems based on the phase locked loop
principle have been capable of extracting very low signal am-
plitudes from high noise environments. Other well-known ap-
plications of the principles include coherent transponders, FM
discriminators, bit synchronization, signal reconstitution, and
the avionic digital frequency synthesizer. The desirability of
the phase locked loop for this particular application becomes
more obvious from its operating characteristics.

During this past year, several standard product phase locked
loop frequency synthesizer integrated circuits began to appear
on the market. Prior to this time the loops designed were uti-
lizing discrete, or a mixture of discrete and integrated circuit
technology. Asaresult of advancing IC technelogy, the capa-
bility of establishing standard low cost off-the-shelf phase
locked loop monolithic products now presents itself. Pres-
ently a complete family of products ranging from VLF
through the VHF spectrum is available for various loop con-
figurations.

The approach to utilizing these existing standard products to
design a phase locked loop frequency synthesizer is now pre-
sented for the NAV, COM, DME, and ADF avionic equip-
ments.

A convenient starting point will be to briefly examine older
systems from a historical viewpoint. The object here will be
to examine the evolution from one system technique to an-
other and to discuss several major factors involved.

Early versions of the NAV, COM, and ADF systems utilized
continuous tuning with the local oscillator and RF front-end
tuning capacitors ganged together. One of the disadvantages
of this approach was the lack of fast accurate tuning of a de-
sired channel. This need contributed to producing the first
crystal controlled system. A bank of crystals was used to gen-
erate the desired signal. Since the channels have fixed spacing
and can be activated readily through direct switching, the re-
quirement of fast accurate tuning was more readily accom-
plished. Unfortunately, system complexity was increased be-
cause of the large number of crystals required to produce all
the possible channels. Even assuming a mixing technique was
used, the number of crystals remained significant. The need
to reduce the number of crystals leads to the phase locked
loop technique of frequency synthesis.

The reduction in the number of crystals in a DME using
phase locked loop is also evident. This system typically used to
require 20 crystals for 100 channels, whereas now using a
phase locked loop, the crystal requirement, system com-
plexity, and cost are reduced.

THE PHASE LOCKED LOOP

The phase locked loop is a closed-loop electronic servo
whose output locks onto and tracks an input reference signal.
Phage lock is obtained by comparing the phase of the output
signal with that of the reference, and any phase difference is
converted into an error correction voltage. This error voltage
changes the output signal phase to make it track the input.

The servo system has three basic partitions; a phase detector,
a loop filter, and a voltage controlled oscillator (VCO), as
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Input O}Jtpui
Reference Phase Loop Signal ¢
Detector Filter veo o
f FIGURE 1 — Basic Phase Locked Loop
r
f Phase f0
T ] —{ Filter [—={ VCO
FIGURE 2 — A Phase Locked Loop with Detector
Divide-by-N Feedback
Divide-by-N

shown in Fig. 1. When the phase difference between the VCO
and the input reference signal is constant, the loop is locked.
If either the reference or the VCO output changes phase, the
phase detector and filter produce a dc error voltage propor-
tional in magnitude and polarity to the signal phase change.
This error voltage changes the phase of the VCO by altering its
frequency, which locks it onto the reference signal.

When a programmable frequency divider is inserted into the
feedback path of the phase locked loop as shown in Fig. 2, the
output becomes an integral multiple of the reference fre-
quency. This technique is used for multiple frequency gen-
eration in frequency synthesizers. The equation describing the
output frequency is

Q)

The majority of all phase locked loop design problems can
be approached using the Laplace transform technique. The
Laplace transformation, however, is valid only for positive real
time linear parameters; thus its use must be justified for the
phase locked loop, which includes both linear and nonlinear

functions. For the linear analysis to be correct the following
conditions must be met (1)*.

1. The loop time constant must be long compared to the
reference period (for example, loop bandwidth is small with
respect to the reference frequency).

2. Phase errors are restricted so that cycle slip at the phase
detector does not occur.

3. Piecewise linearity over the operational range of all trans-
fer functions is maintained.

The servo parameters are identified in Fig. 3 and will be used
throughout the text. Using servo theory, the following rela-
tionships can be obtained (2):

1
0.6) = T¥GOH0) 6,(s) )]
00 = T oHE O 3)

*Numbers in parentheses designate References at end of
paper.

00(5)

FIGURE 3 — Basic Servo Diagram

Oé(s)
0r<s) G(s)
ar(s) Phase input
oe(s) Phase error H(s)
00(5) Output phase
G(s)  Product of the individual feed forward transfer functions
H(s)  Product of the individual feedback transfer functions
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These parameters relate to the functions of a phase locked
loop as shown in Fig. 4.

The phase detector produces a voltage proportional to the
phase difference between the signals 6 and 6 /N. This voltage

after filtering is used as the control signal for the VCO.

The VCO piaduces a frequency propoitional to its input
voltage, and during phase lock the output frequency is N times
the reference frequency. The phase detector, filter, and VCO
compose the feed forward path while the feedback path con-
tains the divider. Removal of the counter produces unity gain
in the feedback path (N = 1). Asa result, the output fre-
quency is then equal to the input frequency. Varying N
changes the output frequency in increments equal to the ref-
erence frequency.

Various types and orders of loops can be constructed de-
pending upon the configuration of the overall loop transfer
function. Identification and examples of these loops are con-
tained in the following two sections.

TYPE — ORDER

These two terms are used somewhat indiscriminately in pub-
lished literature, and to date there has not been an established
standard. However, the most common usage will be identified
and used in this article.

The type of a system refers to the number of poles of the
loop transfer function G(s)H(s) located at the origin of the
s-plane. For example let:

GOH®) = 7175 @

This is a type 1 system since there is only one pole at the
origin.

The order of a system refers to the highest degree of the
polynomial expression

1+G(s)H(s) = 0ACE. ®)

which is termed the characteristic equation (C.E). The roots
of the characteristic equation become the closed loop voles of
the overall transfer function. Example:

_ 10
COHO) = 110 ©
then
1+GEH(s) = 1+ —%— = o %)
s(s+10)

Therefore,
CE.=s(s +10) + 10 8)
CE.=s2+10s+10 ©)

which is a second order polynomial. Thus, for the given
G(s)H(s), we obtain a type 1 second order system.

TYPE 1 VERSUS TYPE 2

The first generation of frequency synthesizers utilized what
is known as a type 1 design. The type of a servo system is de-
termined by the number of pure integrators (1/s) in the loop.
A type 1 loop thus has one integrator in its loop transfer func-
tion. Such a design is shown in Fig. 5. The reference signal is
derived from a stable frequency source such as a crystal oscil-
lator, and then is divided down to the desired channel spacing.
Thus for 10 kHz channel spacing the frequency at point R

FIGURE 4 — Phase Locked Loop Parameters

8 (s
‘ £ [ prase | %® Filt fols) ;
r Detector iiter vco o
% 6 (s)/N
N o Counter
Divide-by-N

FIGURE 5 — Type 1 Phase Locked Loop Synthesizer
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should be 10 kHz. The output frequency, f , during phase
lock follows the relationship

f, = Nf, (10)

Under steady state conditions there is a constant phase error
seen at the flip-flop phase detector. A typical timing wave-
form is shown in Fig. 6.

R —1 M1 M r
A 1 M1 M1 ri
[ N s N Y |

FIGURE 6 — Type 1 Phase Locked Loop Timing Waveform

As the phase of A is moved relative to the reference R, the
duty cycle of the flip-flop varies. The control voltage for the
VCO is derived by filtering to obtain the average value or dc
component of the Q waveform. Therefore, different duty
cycles produce different control voltages, thus altering the out-
put frequency. As N varies, the duty cycle automatically ad-
justs itself until lock is established. Phase lock is said to be
established when the phase error at Q is constant.

Any ac component riding on the dc control voltage modu-
lates the VCO. Thus, the spectral purity of the output is a
function of the stop band attenuation in the low pass filter.
Frequency synthesizers using this technique usually employ a
rather sophisticated filter, which yields high attenuation above
the cutoff frequency.

Phase detectors that utilize the sample and hold principles
are also generally of the type 1 configuration. This approach
does not require the degree of filter sophistication, since the
control voltage is stored on a holding capacitor rather than
being obtained by averaging a time variant waveform. Addi-
tional logic is required, however, for producing the properly
sequenced timing signals.

Another loop configuration common in frequency synthesis
designs is the type 2 loop. A type 2 phase locked loop has two

pure integrators (1 /52) in the loop transfer function. This ap-
proach is utilized when phase coherency of the received signal
is required. The loop maintains a steady state zero phase error
for all operating conditions. Avionic equipment requirements
usually do not demand phase coherency in the received signal,
however, in most cases a type 2 system offers a simpler phase
locked loop design. The control voltage for the VCO is de-

rived from the phase detector by integrating the phase error to
zero and maintaining that relationship at the phase detector.
Steady state error commands are then in the form of deita
functions, whose energy is quite small and are, therefore,
easily smoothed with a simple filter.

A typical type 2 loop takes the basic form shown in Fig. 7.
The phase detector is designed to detect phase errors of either
polarity relative to the reference signal and produce the prop-
erly polarized error commands necessary to correct the VCO.
The low pass filter must include an integrator for storing the
proper VCO control voltage during phase lock. The basic
transfer characteristics for each of the individual functions are
3):

Kp Phase detector gain constant in volts per radian

K Filter transfer functions

RyCS+1
K= ————
f~ R/CS

K,VCO phase versus voltage characteristic Kv/s
Ky VCO frequency versus voltage sensitivity, radians/sec/V
K, /N

Note: The s in the denominator of K, term converts the fre-

quency characteristics of the VCO to phase, for example,
phase is the integral of frequency.

STABILITY

The stability criteria of a phase locked loop frequency syn-
thesizer can be approached through the use of root locus tech-
niques. The loop transfer function for a basic type 2 system
takes the form

Go)H(s) = 82K an

)

A type 2 system is established by providing the two integrators

which appear as the s2 term in the denominator. This cor-
responds to two poles located at the origin on the root locus
plot. A zero is added to provide stability. (Without the zero
the poles would move along the jw axis as a function of gain
and the closed loop system would be at all times oscillating in
nature.) The root locus contour is shown in Fig. 8. A loop
gain change of 2:1 will move the poles from { = 0.707 to

¢ =1.0.

| R
p ' 2 E °
- Phase { R1 ! f
Divide-by-P Detector | = VCO
1
L -

Crystal
Oscillator
FIGURE 7 — Type 2 Phase Locked Loop ! Filter
K
n
Divide-by-N
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The design of the phase locked loop requires selecting the
proper bandwidth and establishing the desired stability. The
stability of the loop is best determined by applying a step
phase or frequency at the input and determining what the
respective output will be. A family of curves, as a function of

dammning ratin &
damping ratic s,

as a tunction ot the normalized time, wpt. Foragiven ¢ and

lock-up time, t, the w, required to achieve the desired results

can be determined. For example, to achieve a lock that is
within 10% of its final value after 1 ms with a damping ratio of
¢ = 0.5, we see that the { = 0.5 curve is within 10% (1:1) at
wt = 4.5, or

FIGURE 8 — Root Locus Contour

jw
K inc
“ s-plane
o a
K = » \-2a _a K=0
¢ = Cos ¢

FIGURE 9 — Type 2 Second Order Step Response
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Using this relationship the natural frequency, w,, of the loop
has been established.

Another approach to establishing the w s to select the de-
sired w_3 4p of the loop. The -3 dB bandwidth of the phase

locked loop is given by

W_3 4B = Wy (1+2§2+ ‘/m
\

for a type 2, second order system. Typical values of the -3 dB
bandwidth for various damping ratios are given in Table 1.
Thus for a given damping ratio and a desired loop bandwidth
the required w, can be determined.

1/2
(13)

For internal loop noise reduction, a relatively wide loop
bandwidth is desired so that the loop tracks out or cancels the
noise. This technique is used to reduce inherent VCO noise or
noise produced during mechanical shock and vibration envi-
ronments.

The effects of noise external to the loop (phase detector in-
put) are minimized by narrowing the bandwidth. This type of
noise is usually minimal in phase locked loop synthesizers,
since the frequency standard is derived from a stable crystal
oscillator. Frequency modulation of the synthesizer can be
accomplished by applying a modulation voltage superimposed
upon the control voltage of the VCO. The loop bandwidth
must be narrow enough to prevent the loop from responding
to the modulation frequency components, thus allowing the
VCO to deviate in frequency.

Upon the determination of the desired w, the loop dynam-

ics can now be established. The basic design for a navigation
frequency synthesizer is shown as an example. The same ap-
proach is utilized for COM, ADF, or DME phase locked loop
synthesizers. The system characteristics necessary in the de-
sign are given in Table 2.

The VCO operates at the sum of the received frequency and
the first IF for high side injection. The programmable count-
ers cannot interface directly with the VCO due to their fre-
quency limitations. Therefore, the VCO output must be trans-
lated down to an acceptable frequency. Two methods are

TABLE I
Bandwidth as a Function of Damping Ratio

e @ 9 an
e 2de
0.5 1.82 w

n
0.7 2.06 w
1.0 2.48 w

n
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TABLE II

Required Navigation Frequency Synthesizer

System Characteristics

Operating Frequency
Channel- Spacing
First IF

Lock-up Time

108. 00 MHz to 118.00 MHz
50 kHz
20 MHz

50 milliseconds

f
Phase . o
fr Detector Filter vCo
Fo-==m=-m B ,
Counter |— Translator : FIGURE 10 — Phase Locked Loop Mixing and Prescaling
‘/L _______ ’
fo + fc fo \
Mixer | f £
2 Divide-by-P| 0
I £ P Prescale
c
Crystal
Oscillator

available for translating the VHF frequencies down to the op-
erational frequencies of programmable dividers. These are
mixing and prescaling as shown in Fig. 10. The mixing techni-
que allows a higher reference frequency, thus a faster lock
time (prescaling requires dividing the reference frequency by
the prescale division in order to maintain the desired channel
spacing). However, as N varies, the loop gain changes altering
the bandwidth and stability across the frequency range. Large
loop gain variations are usually unacceptable. The mixing
technique also requires deriving a local oscillator frequency
input, typically from another crystal oscillator, adding another
function to the loop.

Prescaling is a less complicated scheme which requires a min-
imum of packages (typically two-one in the loop and one in
the reference chain). The loop becomes more subsystem in-
dependent since the number of loop inputs has been reduced.
Loop gain variations using this approach have been minimized,
thus the loop responds uniformly across the frequency band.
Prescaling will be used for this design example.

Using a prescale division of 16, the reference input becomes
3.125 kHz. Selecting an acceptable lock-up curve (§ = 0.8)
from Fig. 9 yields a 5% error within the normalized time,
wyt = 4.5. This 5% error is relative to the frequency step

and not the absolute frequency. The w, required to produce
this lock time is now found by Eq. 12.
45 _ 45

“Wn = T 008 90 rad/sec (14)

For high side first IF injection, the synthesizer must operate
from 128.00-138.00 MHz.

K,is found by

f
0 max 1
N = = = (15)
maxo fep Ky

Nihax Produces the smallest loop gain and, therefore, the smal-

lest bandwidth.

Kp and Ky, are calculated by determining the voltage change

with phase of the phase detector and the frequency change
with voltage of the VCO, respectively. The only parameters
remaining to be determined are the R}, R, and C of the filter.

These are found by examining the characteristic equation of
the loop transfer function.

CE.

1+ G(s)H(s) = 0 (16)

1+ K KKK, a7

(chsn (KV
L+Kp\RCs ) T)Kn (18)

KyR,K, KyK
_ 2 KpV2 Kan
TR, TR (19
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This second order characteristic equation has been normalized

to a standard form (2)

2ot (20)

~

D S+ w
n

=11

Equating like coefficients yields

KyR,K
_ V™2™
2§“’n']§p_ﬁ— 21)

n

K.
w2 = .K‘%_%ﬁ 22)
1

Solving for R, C in Eq. 22 gives

Ky K
R/C = !&’__V_" (23)
2
“n

The time constant R, C is set by selecting the appropriate pair

of values. Theoretically the value of each component is not
important as long as their product is properly maintained.
The practical aspect of component selection then becomes the
basis.

R, is found by substituting Eq. 22 into Eq. 21 yielding

=2
Ry = w,C (24)
All circuit parameters have now been determined and the
phase locked loop can be properly constructed. -

Several practical aspects are involved in constructing such a
synthesizer. For instance, the loop is very sensitive to noise at
the filter and VCO. As identified earlier any ac component on
the control voltage will result in frequency modulation at the
VCO output. Consequently, the power lines must be de-

coupled for acceptable spectral purity. Additional RC de-
coupling and roll off can be placed between the filter output
and the VCO control voltage input. The time constant of this
additional circuitry should be long compared to the reference
period, but short relative to the loop lock time. By using these
ground rules, additional filtering of the reterence sidebands is
obtained without modifying the loop response or bandwidth.

An important feature of such a phase locked loop design is
the absence of potentiometers, and variable inductors or ca-
pacitors. There are no adjustments-to be performed during
production testing nor are there any components that require
periodic calibration. .

A frequency synthesizer covering the NAV/COM band was
designed and built utilizing the standard products identified in
Fig. 11. The lock-up time was selected arbitrarily to be 50 ms,
thus producing a -3 dB loop bandwidth of 14 Hz. A photo-
graph of the output spectrum of the finished circuit is shown
in Fig. 12. This is contrasted to Fig. 13, which illustrates a
crystal oscillator operating in the same frequency range. Fig.
14 displays the synthesizer spectral output over a wider fre-
quency range than Fig. 12, thus identifying adjacent channel
levels.

SYSTEM FLEXIBILITY

Digital synthesizers also have the capability of being pro-
grammed externally through the use of computer techniques.
Frequency selection of each avionic system can be easily con-
trolled from a central command station. Thus, programming
a computer prior to takeoff would provide all the desired fre-
quencies for stations along the flight path. In-flight selection
of a particular address properly programs all the various equip-
ments. This concept relieves the pilot of work load, especially
in crowded airway environments.

Fig. 15 identifies the basic functions required to design a
complete centrally controlled equipment package. Station fre-
quencies that are to be utilized are programmed into a mem-
ory by the keyboard. The complete flight plan is stored in

FIGURE 11 — NAV/COM Frequency Synthesizer

Reference Reference Phase
Oscillator ™ Prescale Detector- vCco
Ca004 Filter 7
M MC7490 Decade MC1648
MC837 MC7493 Binary MC4044
Prescale
Binary

Counter

MC4016 Decade
MC4018 Binary
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FIGURE 12 — Phase Locked Loop Spectrum

Scan Width 2 kHz/Div
Bandwidth 0.3 kHz
Video Filter 100 Hz
Tuning Stab On

Scan Time 0.1 Sec/Div
Log Scale

FIGURE 13 — Crystal Oscillator Spectrum

Scan Width 2 kHz/Div
Bandwidth 0.3 kHz
Video Filter 100 Hz
Tuning Stab On

Scan Time 0.1 Sec/Div
Log Scale

FIGURE 14 — Phase Locked Loop Spectrum

Scan Width 50 kHz/Div
Bandwidth 1 kHz
Video Filter 100 Hz
Tuning Stab On

Scan Time 0.5 sec/cm
Log Scale
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FIGURE 15 — Central Command Station
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conjunction with possible station alternates. Individual system REFERENCES
control is maintained by simply reprogramming the data con-
tained in a particular address. 1. F. M. Gardner, “Phase Lock Techniques.” Second ed.
The present trends of semiconductor technology are now New York: Wiley, 1967.
making a system of this type feasible using standard product. 2. B.C. Kuo, “Automatic Control Systems.” New Jersey:
devices. These standard products take the form of keyboard Prentice-Hall, Inc., 1962.
encoders, character generators, programmable and read-only 3. Garth Nash, “Phase Locked Loop Design Fundamentals.”
memories, and lengthy shift registers. Collectively these func-  Motorola Semiconductor Products, Inc., Application Note

tions give a new dimension to avionic system design. AN-535.
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AN ADF FREQUENCY SYNTHESIZER UTILIZING PHASE-LOCK-LOOP I/Cs

Prepared by
Dick Brubaker

Applications Engineering

INTRODUCTION

This report describes an IC phase-lock loop frequency
synthesizer suitable for the local oscillator function in air-
craft ADF equipment. An ADF oscillator must provide
continuous 1 kHz channel spacing over the required fre-
quency range. The required range of ADF equipment is
200 kHz to 1699 kHz — usually in three bands. The three
bands are 200 kHz to 399 kHz, 400 kHz to 829 kHz and
830 kHz to 1699 kHz.

The synthesizer described in this report is intended for
frequency conversion to an IF frequency of 10.7 MHz.
That is, when the synthesizer is programmed to 200 kHz
the actual output frequency is 10.7 MHz higher or 10.9
MHz. Since the actual frequency range is relatively small
(10.9 MHz to 12.399 MHz), a simple low-pass filter pro-
vides filtering over one band rather than the usual three,
i.e., one filter covers the whole band for channels between
200 kHz and 1699 kHz. If a lower IF frequency such
as 455 kHz is required, an additional mixer can be used
to down-convert to 455 kHz. Another report will be
available in the near future describing an ADF frequency
synthesizer for 455 kHz IF applications.

Abasiccircuit description, performance data and circuit
schematic is provided. In addition, an actual printed circuit

board layout is provided.

CIRCUIT CONSIDERATIONS

The frequency synthesizer described in this report uti-
lizes a digital phase-lock loop (see Figure 1). Thisloop is
implemented with standard off-the-shelf ICs especially de-
signed by Motorola for digital frequency synthesizer appli-
cations (see Figure 2). Several discrete transistors are used
as translatorsand amplifiers for convenience and improved
loop performance.

CIRCUIT DESCRIPTION

The 100 kHz reference crystal oscillator* (MC837P, see
Figure 3) is followed by two decade counters (MC7490P),
a dual J-K flip-flop wired as a divide-by-4 (MC7479P) and
a one-shot multivibrator (MC8601P) — see Figure 4. The
resultant pulse train has a 250 Hz repetition rate with
approximately a 200 us pulse width. The divide-by-4 func-
tion compensates for the divide-by-4 pre-scaler (so the pro-
gramming switches read correctly.) Consequently, even
though the input reference signal to the phase detector
(MC4044P) is at a frequency of 250 Hz, the actual channel
spacing is 1 kHz. The one-shot multivibrator reduces the

f Phase CFi £
rﬂgetect?H ilter vco 1o

Divide-by-N
And
Off-Set
Logic

Phase
Detector-
Filter

Reference Reference
Oscillator Prescale
Mmc837 MC7490
MC7493
MC7479
MC8601

MC3062
MC1004
MC1013

Counters
And Logic
MC4016 MC7400
MC4018 MC3062

FIGURE 1 — A Phase Locked Loop with Divide-by-N Feedback

FIGURE 2 — Phase Lock L'oop Frequency Synihesizer
Using Motorola ICs

| e _—‘—_———_——____—___’__\
| Reference Frequency Prescaler |
|
mMC837pP | MC8601P | MC4044P MPS6571
Reference M‘E._749°PHMCJ49°PHMCZ“79P]——» One Shot | —me{ Phase |—®=| Active
Oscillator | - 10 - 10 -4 Multivibrator| | Detector Filter
| |
b 1
| To Digital |
| Counters And |
| Logic |
|._ _____ -

FIGURE 3 — Block Diagram of Oscillator, Reference Frequency Prescaler,
Phase Detector, Filter and VCO

*The crystal oscillator shown provides a convenient reference source if a standard T2L oscillator is not available. Thisdoes not imply, however,
that it is an adequate or recommended replacement for a T2 oscillator (commercial).
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AN-564 (continued)

reference frequency feed-through energy and consequently
aids filtering. The phase detector filter is reinforced by both
a RC and an active filter. These additional filters further
reduce the amount of 250 Hz feed-through signal on the
VCO (MC1648P) control voltage. The RC filter consists
of two 4.3 k ohm resistors and a 2 uF capacitor. The
active filter utilizes a transistor (MPS6571) operated in
the grounded collector configuration. Associated compo-
nents in the active filter are two 10 k ohm resistors, a
1.0 uF capacitor and a 0.3 uF capacitor. The attenuation
of the active filter (2 pole Butterworth) at 250 Hz is approxi-
mately 50 dB with the corner frequency set at 25 Hz.
Details of the active filter design are provided in Appendix
A.

The input reference signal to the phase detector is com-
pared with the output of the counter chain. At lock this
comparison is both phase and frequency coherent. The
resultant error signal, after filtering, provides the required
dc correction voltage to the VCO. Details on circuit de-
sign are provided in Appendix B. The theoretical consid-
erations for selecting the loop parameters (see Figure 5)
are explained in the References 1, 2 and 3.

Phase -
fi —{ Detector ——I Fl'l(er I———l V'SM |——>f°
Kp f v

Programmable
Counter K,

FIGURE 5 — Phase Locked Loop Circuit Parameters

The remaining digital ICs provide the required ADF
local “oscillator frequency range for a 10.7 MHz IF fre-
quency. For example, when the BCD switches are set to
1620 (1620 kHz) the actual output frequency is 12.32
MHz.

The 10.7 MHz offset is provided in two sections. The
10 MHz offset is obtained by fixed-programming the last
down counter IC9 (see Figure 6). For convenience, a
re-labeled thumb-wheel switch was used (BCD complement).
The labeling of this switch (IC9) is such that the actual
programming is one more than the indicated value. There-
fore, for 1620 kHz, the actual switch position is 01620,
rather than 11620.

The remaining 0.7 MHz offset is provided by a J-K flip-
flop, (IC4, which is 1/2 of MC3062P), two gates (ICS5 and
IC6) and a fixed-programmed down counter (IC3). The
later is programmed for a count of 7. When this unit has
counted down, the NAND gate (IC6), previously inhibited
by the J-K flip-flop (IC4), is enabled. The NAND gate
(IC6) enables the reamining counters, minus the first 700
pulses, thus providing the 0.7 MHz offset.

PROGRAMMING

Thumb-wheel switches are utilized to program the syn-
thesizer. These switches program the MC4016P down
counters labeled IC1, IC2, IC7, IC8 and IC9 (see Figure 5).
As previously explained, IC9 utilizes a re-labeled switch,
but may be fixed-programmed. Actually, since IC8 is either
programmed for a 1 or 0, a simple switchcan also be uti-
lized here.

Either a BCD or BCD complement switch can be utilized
for the counters. Examples of how each type is wired is
shown in Figure 7.

P3 P2 P1

To MC4044p
% MC3062P
. J
ica
12 Q
iz [12 Ji2 1/4 MC7400P
B B B8
MC4016P cle 1 MC4016P MC4016P
ico a3 ics Qs 1c7 ¢
G G G
4 *2 ;14 ;11 &5 4 ‘2 {14 ;11 }s 4 Lz ‘14 ;11 ‘5
P3 P2 P1 PO P3 P2 "P1 PO P3 P2 P1 PO
>
13| 12 10 12 13[ 12
R MR B R B8
MC4016P cleetaz McC4016P cl® Yas mMc4016P cle From MC1013P
+7 1c2 1c1
G ez G s
41 4 ;z ‘14 ‘11 ‘5 4 lz ‘14 ‘11 &s

PO

P3 P2 P1 PO

FIGURE 6 — Simplified Logic Diagram
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FIGURE 7 — Wiring Diagram of Thumbwheel Switches

TROUBLE-SHOOTING

No significant difficulty is anticipated in making the
synthesizer operational. However, since trouble-shooting
a phase-lock-loop synthesizer can be especially burden-
some on the unexperienced, a brief procedure is outlined.

Initially, the thumb-wheel switches should be set for a
midband frequency of 1 MHz. The switch positions should
be 11000. These settings assume that five thumb-wheel
switches are used. Also, switch IC9 is assumed to be in
the actual ““1” position. If this switch (IC9) was re-labeled
as previously suggested, the setting would be “0”, giving
the setting of 01000. As a precaution, at least a few min-
utes warm-up time should be allowed for the oscillator
to stabilize.

If the loop does not lock, a trouble-shooting procedure
must be initiated. Generally, a good place to start is to
examine the VCO. The VCO should “free run” at approxi-
mately the desired frequency, for a dc control voltage of
about 1-2 volts (dc). Removing the MC4044P and exter-
nally applying 1.6 Vdc from a high resistance source (such
as 10 k ohm) to the tuning diode should result in an output
frequency of 11.7 MHz. Making the VCO.operational
will greatly facilitate checking out the digital logic.

With the VCO operational, the pre-scaler IC, translators
and isolators can be checked. For instance, with a 11.7
MHz signal from pin 3 of the MC1648P, an output signal
of 11.7 MHz should appear at the BNC connector (pin 5
of the MC1004P) and the input to the MC1013P (pin 8).
The MECL logic levels are 3.3 V to 4.0 V. Since the
MC1013P divides by 2, the frequency at pin 13 should
be approximately 5.85 MHz. This signal should be trans-
lated by the MPS3639 to TTL logic levels (levels of ap-
proximately 0.5 V and 3.5 V). The input signal to pin 13
of the MC3062P is also 5.85 MHz. Since one-half of the
MC3062P is a divide-by-2, the signal at pin 9 is 2.95 kHz.
This signal should be at pin 6 of IC1 (see Figure 6).

The next step is to determine if the 100 kHz crystal
controlled oscillator is operating. Once this oscillator is
operational, the ICs prior to the MC4044P can be indi-
vidually examined to determine if each is properly dividing
down the 100 kHz as shown in Figure 4.

The signal into the phase detector (pin 1) should be a
250 Hz pulse train with approximately a 200 us pulse
width. This pulse width can be adjusted by varying the

50 k ohm resistor and 2 pF capacitor of the MC8601P.

The next step is to trouble-shoot the digital logic cir-
cuitry. As a prerequisite, it is recommended that each IC
socket be visually examined to determine if solder con-
nections have been made. In addition, all pins that are
grounded should be checked with a VOM at the IC pin
and not the socket. Each pin that is tied “high” should
also be verified at the IC pin.

Liitially, cacii MCAC1ED should be checked in pocition
IC1. The other logic functions IC2, IC3, ICS5, IC6, IC7,
IC8 and ICY should be removed for this check. With
approximately a 2.925 kHz signal at pin 6 (and pin 4) of
IC1, the output at pin 12 should be determined by the
switch programming IC1. For instance, if the BCD com-
plement switch is set to 4, the output frequency at pin 12
should be 0.73125 kHz. Each state (0-9) of each MC4016P
should be verified in socket IC1. A little extra time ex-
pended in this initial checkout of the counter chain may
save a great deal of vexation later while a shortcut may
produce extra hours of trouble shooting time.

Before concluding that a counter is defective, the associ-
ated thumb-wheel switch wiring and IC1 connections should
be checked. It may be necessary to disconnect the thumb-
wheel switch and fix-program IC1 to determine if the
problem is in the switch or socket wiring.

With each counter verified and position IC1 checked
out, the next check is IC2. The counter in IC1 should be
removed and placed in IC2. A short-wire jumper can be
connected between pin 6 of IC1 and pin 6 of IC2. Again
each state of one counter should be checked in socket
IC2. Next a short wire should be placed from pin 6 of
IC2 to pin 6 of IC7. The MC4016P would now be moved
to IC7. Likewise IC8 and IC9 should be checked for each
counter state.

The remaining counter IC3 should be checked to deter-
mine if it is dividing by 7. A short wire can be used to
connect pin 6 of IC1 to pin 6 of IC3. The output signal
of pin 12 (IC3) should be approximately 0.418 kHz. This
test.is of course with the other MC4016P counters re-
moved. In addition, the MC4016P should be plugged in
IC3 with pin 10 bent out to simulate pin 10 tied “high”.

The remaining .ICs in the feedback path (MC7400P and
the MC3062P) can be first checked visually and then logic-

. ally. That is, the MC3062P can- be checked out against
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aJXK truth table.

With the feedback loop operational and the rest of the
circuit restored to that shown in Figure 1, the loop should
lock. If it doesm’t, the remaining portion of the circuit,
consisting of the MC4044P and additional filters, must be
checked out. :

Although the operation of MC4044P may appear com-
plicated, several quick checks can be made to expose a
problem. For example, if the frequency at pin 3 is higher
than the reference signal at pin 1, then a pulse train will
appear at pin 2. Likewise if pin 3 is lower in frequency
than pin 1, a pulse train appears on pin 13 and pin 2
remains high. This is perhaps an over simplified test, but
nevertheless a necessary requirement of the MC4044P. A
simple way to perform this test is to use the 250 Hz refer-
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ence signal as shown in Figure 4. Pin 3 of the MC4044P
can be bent out before plugging into the socket and a
pulse generator can be attached to supply the variable fre-
quency reference to pin 3. Pin 8 of the MC4044P can be
examined to determine if the dc voltage is of the correct
magnitude. This voltage is determined by the frequency
of the signal at pin 3. For instance, if pin 3 is lower in
,,,,,,,,,, thanpin 1 (280 Hz) nin 8 chould he af annrovi.
mately +2.1 Vdc. If pin 3 is higher in frequency (than
pin 1) then pin 8 should be approximately 0.7 Vdc.

An additional check may be made to determine if the
250 Hz reference signal is being attenuated properly. With
the loop locked, there is approximately 250 mVp-p of
250 Hz signal on pins 5 and 10 of the MC4044. There is
correspondingly approximately 10 mVp-p at pin 9 and 30
mVp-p at pin 8. The 250 Hz signal at the tuning diode
(MV1404) is in the noise at 10 uV.

POWER SUPPLY REQUIREMENTS

Figure 4 indicates three separate, regulated positive 5
Vdc supplies (Vcc1, Voo and Vees). One supply is
for the phase detector only, another for the VCO and
filters and the third for the digital ICs. Simply connected
all three supplies together will not result in the magnitude
of 250 Hz rejection previously described. One solution
to this problem is to operate at a single higher voltage and
use RC decoupling networks to isolate each separate V¢
to achieve isolation. The current drain of VcCy, Ve and
Vce3 are 65 mA, 20 mA and 460 mA respectively.

PERFORMANCE

The frequency synthesizer was tested with three sepa-
rate regulated supplies operated at +5 Vdc. The output
frequency will vary between 10.9 MHz and 12.399 MHz
with logic levels of approximately 3.3 and 4 Vdc. This
produces an output signal at the BNC connector of approxi-
mately 0.7 volt p-p across 50 ohms. The wave form before
filtering approximates a square wave.

The frequency spectrum from 10 kHz to the output
frequency is -60 dB down or greater. The frequency spec-

trum from the carrier to 2 kHz is also noise with a floor
of approximately -40 dB at 75 Hz out from the carrier
and -50 dB, 300 Hz out from the carrier. The 250 Hz
reference signal feed-through is not discernible.

The lock-up time is typically 0.5 s for down-frequency
steps and 1.0 s for up-frequency steps.
CIRCUIT MODIFICATIONS

wantr A siead Fav Avvdeannd Fen
Gy S8 UGSl LCr CSutpul Ll

quencies up to 40 MHz without circuit board changes.
This frequency corresponds to a maximum input frequency
to IC1 of about 10 MHz. The circuit shown can be fur-
ther optimized for 10.7 MHz performance by omitting
the MC1013P (divide-by-2) and re-wiring the MC7479P
for a divide-by-2. This change will increase the reference
frequency to 500 Hz and should decrease the noise ﬂoor
to approximately -60 dB.

CIRCUIT CONSTRUCTION
The circuit shown in Figure 5 was constructed on two-

sided printed circuit board. The circuit board mask for

both sides is shown in Figures 8 and 9. A photograph of
the top and bottom of the circuit board showing component

locations is given in Figure 10.

CONCLUSION
This report describes a frequency synthesizer adequate

for the local oscillator function in ADF equipment. Higher

frequency capability is available without adding more ICs.

Detailed printed circuit board masks, component location

diagrams and a trouble-shooting description is included to

facilitate construction.
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APPENDIX A

Two additional filters, an RC filter and an active filter
are used to reduce the 250 Hz reference feed-through. The
RC filter is diagramed below:

R1/2 R1/2
Vin Vout

T fric-—2_
— 2m R1C

To insure reasonable isolation with the phase-lock loop,
the corner frequency of this filter and the active filter
were set at 25 Hz or approximately ten times the loop
bandwidth.
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fR1C =25 Hz.

with R1 =10k as will be shown in Appendix B,

4
C=2.3uF from f R —
H RIC 27 RIC

The actnal valne nsed was 2 yF

The corner frequency of the active filter is also 25 Hz.
AMPS6571 is operated grounded collector to provide high
input impedance. The component values for this filter
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MPSE57 1

are calculated from:

1
4 RC

~

Thus letting R =10k, f =25 Hz,

C~03uF
4C=~ 1 uF

APPENDIX B

PHASE-LOCK LOOP FILTER DESIGN

The following example describes the design procedure
for obtaining the phase-lock loop filter components shown
in Figure 1. The following equations are from Reference 2.

_fmax

N =— =142
max tep

Kn

w3 dB =y [1+§2+V2+4§2+4;2]

The above parameter values are:
. t=450 ms (chosen) .
- Kp=0.111 V/rad (MC4044 data sheet)
. ¢ = 0.5 (chosen)
. Ky =95 x 106 rad/s/V (measured value, see Reference 1)
. x = 4.5 (see Figure 6, Reference 2)
. fmax = 1699 kHz + 10.7 MHz
- fstep =250 Hz
Hence, solving for Ny ax, using the above values:

NN B W) =

fmax

N =
max fstep

_ (1699 kHz + 10.7 MHz)
250 Hz

=495x 104

Next, solving for wp,

wp =—
t
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45
450 ms

=10 rad/s

Now, solving for R1 by choosing a value of C equal to
10 uF we have:

0.5Kp K
RIC = _%’
wn* Nmax
(0.5)0.111)(9.5x106)
or Rl =
(10)2(4.95x104) (10x10-6)
=10.65 kQ
Solving for R2:
2
R2= =
C(A)n
__(@03)
(10 F)(10)
R2=10kQ

Finally solving for the bandwidth:
@(-3dB) = wn [1 +§2+/2+482 +4§4]
choosing § = 0.5
w (-3dB)= (wn)(l 8)

(wn)(18)
thus f(—3dB) = —nzT

=2.87 Hz.
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FIGURE 10A — Photograph of Top of Board

FIGURE 10B — Photograph of Bottom of Board
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PACKAGING INFORMATION

CASE 607 TO-86
F Suffix
Ceramic Package
A L )
‘R —={~—R
= | I [/
8 T
1 : = i
——
T : ;
A Ln 1| s _'-—‘ <
- 1 U L
l____:__-:. |_—__.—___.:I G
f
:‘ 14 1 I_____—_= i
L — =)
c
P i
= == 4
|
f [ K | A | / tF
SEATING PLANE
MILLIMETERS INCHES STYLE 1:
DIM[ MIN | MAX | MIN | MAX PIN 1. COLLECTOR
A | 6.10 | 6.60 | 0.240 | 0.260 2. BASE
C | 076 | 1.78 |0.030 [ 0.070 3. EMITTER
D | 0.33 [ 048 [0.013 |0.019 4. NOT CONNECTED
F | 0.08 [ 0.15 |0.003 | 0.006 5. EMITTER
G 1.27 BSC 0.050 BSC 6. BASE
H | 030 ] 0.89 [0.012 [0.035 7. COLLECTOR
) T - To38 ] — Joois 8. COLLECTOR
K | 6.35 | 9.40 | 0.250 | 0.370 9. BASE
L [1880 | — 10740 | - 10. EMITTER
N | 025 | — 0.010 | — 11. NOT CONNECTED
R | - 038 | — o015 12. EMITTER
S | 7.62 [8.38 |0.300 [0.330 13. BASE
14. COLLECTOR
CASE 620 CASE 632 TO-116
L Suffix L Suffix
Ceramic Package Ceramic Package
3 £ T
B
. o |1
A =t
]
i |
J ‘]
v Y L
Hl——~lGl~—  SEATING K
NSOK PLANE
1 )
i~ ~ll~p ~J) MILLIMETERS| _ INCHES
s p Fle— SEATING M DIM[ MIN | MAX | MIN | MAX
e A |168 |19.9 | 0.660 | 0.785
8 1569 [ LT {0220 000
ol 1881 00e0 0780 D | 0.381] 0.584] 0.015 | 0.023
.22 .99 .245 .275 =
oo T e oa 0 s6a T oo F | 077 | 1.77 | 0.030 | 0.070
D | 038 | 05100150020 G 2.54 BSC 0.100 BSC
F | 1.40 | 1.65 | 0.055 | 0.065 | J_ | 0.203] 0.381] 0.008 | 0.015
G 2,54 BSC 0.100 BSC K [254 1 - Joio0] -
i | 051 .020 [ 0.045 L 7.62BSC 0.300 BS
.20 0. .008 | 0.012 | M — 50 — 150
I e 0 L N_| 051 | 0.76 | 0,020 | 0.030
W= T3 T = T i P | - 25 | — 0325
N | 0511 1.02 0020 [ 0040 Al JEGEC dimensions and notes apply.
NOTES: NOTE:
DIM “L" TO CENTER OF LEADS DIMENSION “L” TO CENTER OF
WHEN FORMED PARALLEL. LEADS WHEN FORMED PARALLEL.
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PACKAGING INFORMATION (Continued)

CASE 646
P Suffix
Plastic Package

AN NN
' O

Y Y Y YT

N

P

JFALWJMM L

M—=i

MILLIMETERS] _ INCHES NOTES:
DIM| miN_ T MAX | MIN | WAX 1. LEADS WITHIN 0.13 mm
A_|18.16 | 18.80 | 0.715 | 0.740 (0.005) RADIUS OF TRUE
B 6.10 | 6.60 | 0.240 | 0.260 POSITION AT SEATING
C | 4.06 | 457 | 0.160 | 0.180 PLANE AT MAXIMUM
D .38 | 0.51 | 0.015 | 0.020 MATERIAL CONDITION.
F .02 | 1.52 | 0.040 | 0.060 | 2. DIMENSION “L" T0
G 2.54 BSC 0.100 BSC CENTER OF LEADS
H .32 .83 [0.052 | 0.072 WHEN FORMED
J . 30| 0.008 | 0.012 PARALLEL
K 2 43 [ 0.115 [0.136
L 7 | 7.87 [0.290 |0.310
M - 100 — | 100
N .02 [ 0.020 | 0.040
P .38 | 0.005 15
[} .76 | 0.020 | 0.030
CASE 648
P Suffix

Plastic Package

| 16 B —1
Q—77 B
O )
VUUUUUUY
el
Pﬂ‘d A

B —
i
TP N N A

SEATING
PLANE

WILLIMETERS] __INCHES ‘
DIMLWIN_{ MAX | WIN | MAX DL TO CENTER OF LEADS
20.70 | 21:3¢ | 0.815 | 0.840 :

610 50170240 [ 0.260 WHEN FORMED PARALLEL.

4.06 .57 | 0.160 | 0.180
0.38 | 0.51 ] 0.015 | 0.020
1.02 [ 1.52 | 0.040 | 0.060
2.54 BSC .100 BSC

.3 1.83 | 0.062 | 0.072
.2 0.30 ) 0.008 | 0.012
.9 3.43 | 0.115 | 0.135
1.3 7.87 | 0.290 | 0.310
= 100 - 100
.5 1.02 | 0.020 | 0.040
.1 0.38 | 0.005 | 0.015
.5 0.76 | 0.020 § 0.030

P|v|2=2r x|~ T|®o|"o|0wm(>
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Closing
The Loop

UNIT PRICE UNIT PRICE
DEVICE {(1.99) {100.990)
Mmca024p $ 2.60 $ 220
mcao044p 2.60 2.20
MC1648P 3.75* 2.50
After you have examined the Phase-Locked MC1658P 442> 2.85
Loop Data Library you may wish to evaluate Mc12000L 7.50 * 5.00
certain devices or prototype a system. The MC12012L 19.50 * 13.00
following schedule is intended to furnish MC12014L 6.40 * 4.25
cost information as of May 1, 1973. MC74416P 6.50 5.50
Semiconductor prices vary, particularly
new product offerings. Increased usage MeTa418R 6.50 550
through widespread product acceptance mcao23p 420 350
usually results in price reductions. For MC7430P 2.30% 1.50
current prevailing prices at the time of MC1678L 64.80 * 43.20
your application we suggest you contact MC1690L 55.00 * 45.00
your local franchised Motorola distributor MC10136L 17.79 * 14.23
o sales offlee: MC10137L 17.79 % 14.23
Mc14017CP . 4.61 3.82
Mc14040CP 5.89 4.86
MC14510CP 6.91 5.72
MC14516CP 6.91 5.72
MC14518CP 6.91 5.72
McC14520CP 6.91 5.72
MC14522CL 1.95 6.6U
MC14526CL 1.95 6.60

*1—24 quantity Prices listed are suggested resale and are subject to change or withdrawal without notice.
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