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AN-553 (continued) 

FIGURE 2 - A Phase Locked Loop with 
Divide-by-N Feedback 

f 
r_--"1 

shown in Fig. I. When the phase difference between the yeO 
and the input reference signal is constant, the loop is locked. 
If either the reference or the yeO 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 yeO 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 

(I) 

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 

Output 
Signal 

�f�-�-�_�-�~�f�o� 

FIGURE 1 - Basic Phase Locked Loop 

f a 

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

I. 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): 

o o(s) 
G(s) 

1+ G(s)H(s) Ores) 

"Numbers in parentheses designate References at end of 
paper. 

(2) 

(3) 

° (s) 

': �~� 
" 

e 
o r(s) G(s) . °o(s) 

°r(s) Phase input 

°e(s) Phase error 
H(s) FIGURE 3 - Basic Servo Diagram 

°o(s) 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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AN-553 (continued) 

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 () rand () o/N. This voltage 

after filtering is used as the control signal for the VCO. 
The VCO pro.;;duces a frequency proportional 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 = I). As a 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: 

10 
G(s)H(s) = s(s + 10) (4) 

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

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

I + G(s)H(s) = 0 ~ C.E. (5) 

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

G(s)H(s) 
10 

S(S + 10) 

then 

1+ G(s)H(s) 10 
1+ s(s+IO) = 0 

Therefore, 

C.E. = s(s + 10) + IO 

C.E. = s2 + lOs + 10 

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

TYPE I VERSUS TYPE 2 

(6) 

(7) 

(8) 

(9) 

The first generation of frequency synthesizers utilized what 
is known as a type I design. The type of a servo system is de­
termined by the number of pure integrators (lIs) in the loop. 
A type I 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 

FIGURE 5 - Type 1 Phase Locked Loop Synthesizer 
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AN-553 (continued) 

should be 10kHz. The output frequency, fo ' during phase 

lock follows the relationship 

(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. 

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 
yeO 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 de control voltage modu· 
lates the yeo. 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· 
tionallogic 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 (i /s2) 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 yeo is de· 

FIGURE 7 - Type 2 Phase Locked Loop 
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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 deila 
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 yeo. 
The low pass filter must include an integrator for storing the 
proper yeO 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 

Kf Filter transfer functions 

Ko yeO phase versus voltage characteristic Ky/s 

KyyeO frequency versus voltage sensitivity, radians/sec/V 

Kn l / N 

Note: The s in the denominator of Ko term converts the fre· 

quency characteristics of the yeO 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 functio·n for a basic type 2 system 
takes the form 

G(s)H(s) (11 ) 

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 I = 0.707 to 
I = 1.0. 



AN-553 (continued) 

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 
damping ratio ~, is shown in Fig. 9. Each response is plotted 
as a function 01 the normalized time, wnt. ror a given f and 

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

can be determined. For example, to achieve a lock that is 
within 10% of its final value after I ms with a damping ratio of 
~ = 0.5, we see that the ~ = 0.5 curve is within 10% (i: I) at 
wnt = 4.5, or 
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FIGURE 8 - Root Locus Contour 

jw 

s-plane 

K = Xl K = 0 

~ = Cos ¢ 

FIGURE 9 - Type 2 Second Order Step Response 
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4.5 4.5 / 
Wn = t = 0.001 = 4.5 k rad sec (12) 

Using this relationship the natural frequency, w n ' of the loop 

has been established. 
Another ao!,roach to establishing the W,' is to select the de-

sired W_ 3 dB of the loop. The - 3 dB bandwidth of the phase 

locked loop is given by 

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

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 veo 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 yeo. The loop bandwidth 
must be narrow enough to prevent the loop from responding 
to the modulation frequency components, thus allowing the 
yeO to deviate in frequency. 

Upon the determination of the desired w n ' 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. 6 

The veo 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 veo due to their fre­
quency limitations. Therefore, the veo output must be trans­
lated down to an acceptable frequency. Two methods are 

TABLE I 

Bandwidth as a Function of Damping Ratio 

-l. w .. 3 d!! 

0.5 1. 82 wn 

0.7 2.06 wn 

1.0 2.48 w n 
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AN-553 (continued) 

TABLE II 

Required Navigation Frequency Synthesizer 

System Characteristics 

Operating Frequency 

Channel Spacing 

First IF 

Lock-up Time 

available for translating the VHF frequencies down to the op­
erational frequencies of programmable dividers. These are 
mixing and pre scaling 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 pre scale 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 (t = 0.8) 
from Fig. 9 yields a 5% error within the normalized time, 
wnt = 4.5. This 5% error is relative to the frequency step 

and not the absolute frequency. The wn required to produce 

this lock time is now found by Eq. 12. 

4.5 4.5 / 
0.05 = 90 rad sec (14) 

108.00 MHz to 118.00 MHz 

50 kHz 

20 MHz 

50 milliseconds 

FIGURE 10 - Phase Locked Loop Mixing and Pre scaling 

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

~ is found by 

(15) 

Nmax produces the smallest loop gainand, therefore, the smal­

lest bandwidth. 
Kp and KV 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 I , R2, and C of the filter. 

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

C.E. I + G(s)H(s) = 0 (16) 

I +~KfKoKn (17) 

(R2CS + I)(KV) 
I+~~ ~~ (18) 

s2 + 
~KVR2~ 

s+ 
~KVKn 

(19) 
RI RIC 
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AN-553 (continued) 

This second order characteristic equation has been normalized 

to a standard form (2) 

(20) 

Equating like coefficients yields 

(21 ) 

(22) 

Solving for RI C in Eq. 22 gives 

(23) 

The time constant RI C is set by selecting the appropriate pair 

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

R2 is found by substituting Eq. 22 into Eq. 21 yielding 

All circuit parameters have now been determined and the 
phase locked loop can be properly constructed. 

(24) 

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 
veo 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 tc the loop lock time. By using these 
ground rules, additional filtering of the reference sidebands IS 

obtained without modifying the loop response or band'.vidth. 
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 NA V /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 memo 
ory by the keyboard. The complete flight plan is stored in 

FIGURE 11 - NA V /COM Frequency Synthesizer 

159 

MC4016 Decade 
MC4018 Binary 

• 



• 

AN-553 (continued) 

Scan Width 
Bandwidth 
Video Filter 
Tuning Stab 
Scan Time 
Log Scale 

FIGURE 12 - Phase Locked Loop Spectrum 

Scan Width 
Bandwidth 
Video Filter 
Tuning Stab 
Scan Time 
Log Scale 

FIGURE 13 - Crystal Oscillator Spectrum 

2 kHz/DiY 
0.3 kHz 
100 Hz 
On 
0.1 Sec/DiY 

FIGURE 14 - Phase Locked Loop Spectrum 
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Scan Width 
Bandwidth 
Video Filter 
Tuning Stab 
Scan Time 
Log Scale 

2 kHz/DiY 
0.3 kHz 
100 Hz 
On 
0.1 Sec/DiY 

·50 kHz/DiY 
1 kHz 
100 Hz 
On 
0.5 sec/em 



AN-553 (continued) 

FIGURE 15 - Central Command Station 
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conjunction with possible station alternates. Individual system 
control is maintained by simply reprogramming the data con­
tained in.a particular address. 

The present trends of semiconductor technology are now 
making a system of this type feasible using standard product. 
devices. These standard products take the form of keyboard 
encoders, character generators, programmable and read-only 
memories, and lengthy shift registers. Collectively these func­
tions give a new dimension to avionic system design. 
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AN-564 

AN ADF FREQUENCY SYNTHESIZER UTILIZING PHASE-LOCK-LOOP IICs 
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 I 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 455kHz 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. 

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

Divide-by-N 
And 

Off-Set 
Logic 

FIGURE 1 - A Phase Locked Loop with Divido-bV·N Feedback 

board layout is provided. 

CIRCUIT CONSIDERATIONS 

The. frequency synthesizer described in this report uti­
lizes a digital phase-lock loop (see Figure I). This loop 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 translators and 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 Figure4. The 
resultant pulse train has a 250 Hz repetition rate with 
approximately a 200/.ls 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 I kHz. The one-shot multi vibrator reduces the 

MC4016 MC7400 
MC4018, MC306.7 

FIGURE 2 - Phase Lock Loop Frequency Synthesizer 
Using Motorola les 

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

*The crystal oscillator shown provides a convenient reference Source jf a standard T2L oscillator is not available. This does not imply. however, 
that it is an adequate or recommended replacement for a T2L 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 
YCO (MCI648P) control voltage. The RC filter consists 
of two 4.3 k ohm resistors and a 2 fJ.F capacitor. The 
active filter utilizes a transistor (MPS657I ) operated in 
the grounded collector configuration. Associated compo­
nents in the active filter are two 10 k ohm resistors, a 
i.O fJ.F capacitor and a 0.3 fJ.F capacitor. The attenuation 
ofthe 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 YCO. 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. 

Ii 

4 

FIGURE 5 - Phase Locked Loop Circuit Parameters 
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The remammg 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-Iabeled 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 (IC5 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 IC I, IC2, IC7, IC8 and IC9 (see Figure 5). 
As previously explained, IC9 utilizes a re-Iabeled switch, 
but may be fixed-programmed. Actually, since IC8 is either 
programmed for a 1 or O,a simple switch can 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 PO 

MC4016P 03 
IC1 

P3 P2 P1 

C 

5 

PO 

6 

% MC3062P 

J 3 
IC4 

.--...--..... From MC1013P 

FIGURE 6 - Simplified Logic Diagram 

164 



AN-564 (continued) 

PO P1 P2 P3 PO P1 P2 P3 

FIGURE 7 - Wiring Diagram of Thumbwheel Switche:s 

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 I MHz. The switch positions should 
be I 1000. These settings assume that five thumb-wheel 
switches are used. Also, switch IC9 is assumed to be in 
the actual "I" position. If this switch (lC9) was re-Iabeled 
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 tuningdiode should result in an output 
frequency of 11.7 MHz. Making the VCOoperatjonal 
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 aC·II.?' 
MHz signal from pin 3' of the MC 1648P ,anoutpu t signal 
of 11.7 MHz should' appear at the BNC connector (pi~ 5 
of the MCI004P) and the inpuUotheMCI013P tpin 8). 
The MECL logic levels are 3.3 V to 4.0 V; Since the 
MC I 0 13P divides by 2, the frequen~y 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 ofthe 
MC3062P is a divide-by-2, the signal at pin 9 is 2.95 kHz. 
This signal should be at pin 6 of ICI (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-
• .. id'.!~!1j' eX2....T..i!!ed to determine if e::lch is properly dividing 
down the 100 kHz as shown in Figure 4. 

The sig!)al into the phase detector (pin I) should be a 
250 HZP,i.1Is¢ train with approximately a 200 IlS pulse 
width. This pulse width can be adjusted by varying the 
50 k ohm resistor and 2 pF capacitor of the MC860 I P. 

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 YOM at the IC pin 
and not the socket. Each pin that is tied "high" should 
also be verified at the IC pin. 

:,i;l.ia11y, ~aC!1 ~,!C~::!!S? :;!:~~!~ !;: :~e:;!-:e~ !~ ~S'~!!!0~ 

ICI. The other logic functions IC2, IC3, IC5, IC6, IC7, 
IC8 and IC9 should be removed for this check. With 
approximately a 2.925 kHz signal at pin 6 (and pin 4) of 
ICI, the output at pin 12 should be determined by the 
switch programming IC I. 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 ICI. 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 ICI connections should 
be checked. It may be necessary to disconnect the thumb­
wheel switch and fix-program IC I to determine if the 
problem is in the switch or socket wiring. 

With each counter verified and position IC I checked 
out, the next check is IC2. The counter in IC I should be 
removed and placed in IC2. A short-wire jumper can be 
connected between pin 6 of ICI 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 MC40 16P 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 ICI to pin 6 of IC3. The output signal 
of pin 12 (lC3) should be approXimately 00418 kHz. This 
tes.f. 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 rCsin 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 
aJ:1<. truth table.' ' , 
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With the feedback loop operational and the rest of the 
circuit restored to that shown in Figure I, the loop should 
lock., If.it. doesn't, the remaining portion of the circuit, 
consisting of theMC4044P 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 I, then a pulse train will 
appear at pin 2. Likewise if pin 3 is lower in frequency 
than pin I, a pulse train appears on pin!.3. 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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FIGURE 8 - Top of P.C. Board 

FIGURE 9 - Bottom of P.C. Board 
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AN-564 (continued) 

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 vol tage 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 
.f' ... "" ................ + ......... _: ... 1 l"lt::.n U.,'\ ....... Q ",'J.,("\ .. 1,1 h"" ''It qnnrnvi. 
........ ""1 ........ ""J .......... 1" ..... , .... _- .~/' r'" ~ - .. ~-.- ~- -- -rr---'-

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 m Vp·p at pin 9 and 30 
mVp-p at pin 8. The 250 Hz signal at the tuning diode 
(MVI404) is in the noise at 10 p.V. 

POWER SUPPLY REQUIREMENTS 

Figure 4 indicates three separate, regulated positive 5 
Vdc supplies (VCCI, VCC2 and VCC3)· 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 CC 
to achieve isolation. The current drain of VCCI, VCC2 and 
VCC3 are 65 rnA, 20 rnA and 460 rnA 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 MODI FICA TIONS 
'T't.~ L.~~: __ ! __ .. ! .... 1-. ....................... 1.. ............. ...1 +" ......................... +_ ... 
"u .... u .......................... L ""u .............. u .... J v'" ...... -.. ...................... 1:" ...... .... 

quencies up to 40 MHz without circuit board changes. 
This frequency corresponds to a maximum input frequency 
to ICI of about 10 MHz. The circuit shown can be fur­
ther optimized for 10.7 MHz performance by omitting 
the MCIOI3P (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 v out 

........ c f _ 4 * R1C - 211' 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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fRIC = 25 Hz. 

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

4 
C = 2.3 p.F from fRIC =--

2rrRlC 

The corner frequency of the active filter is also 25 Hz. 
A MPS6571 is operated grounded collector to provide high 
input impedance. The component values for this filter 

• 



AN-564 (continued) 

are calculated from: 

1 
f",--

41TRC 

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

APPENDIXB 

PHASE-LOCK LOOP FILTER DESIGN 
The following example describes the design procedure 

for obtaining the phase-lock loop filter components shown 
in Figure I. The following equations are from Reference 2. 

I f 
Nmax =- = max 

Kn fstep 

0.5 Kp Kv 
RIC=--­

wn2 Nmax 

2~ 
R2=­

Cwn 

The above parameter values are: 

1. t = 450 ms (chosen) 
2. Kp ~ O.LlI V/rad (MC4044 data sheet) 
3. ~ = 0.5 (chosen) 
4. Kv ~ 9.5 x 106 rad/s/V (measured value, see Reference I) 
5. x = 4.5 (see Figure 6, Reference 2) 
6. fmax = 1699 kHz + 10.7 MHz 
7. fstep = 250 Hz 

Hence, solving for Nmax, using the above values: 

fmax 
Nmax =-­

fstep 

(1699 kHz + 10.7 MHz) 

250 Hz 

= 4.95 x 104 

Next, solving for Wn, 

x 
wn=-

t 
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4.5 

450ms 

= 10 rad/s 

Now, solving for RI by choosing a value of C equal to 
10 (.LF we have: 

0.5 Kp Kv 
RI C = ----,=_'"­

wn2 Nmax 

(0.5)(0.1 I 1)(9.5xI06) 
orRI=----~-----.------~ 

(10)2(4.95xI04) (1 Ox 10-6) 

= 10.65 kn, 

Solving for R2: 

2~ 
R2=­

Cwn 

(2)(0.5) 
R2-----­

(10 (.LF)(IO) 

R2 = IOkn 

Finally solving for the bandwidth: 

W( -3dB) = Wn [I + ~2 + Vr2-+-4-~2::-+-4-~'-:4] 

choosing ~ = 0.5 

w (-3dB)= (wn)(I.8) 

(wn)(1.8) 
thus f( -3dB) = -2-1T-

=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 

I" 
L 

~I 
r ---,t--R 

-

~ lL , 8 7 'il 

I I 
I I 

I , 
I I 

-
" I s 

-

1 ~~, 
LG 

~ : : j ,. t 
'I 

f~ ~ iN 
I I ft== 

SEATING PLANE ] t F 
! K-1--- A -------1 

MilliMETERS INCHES STYLE 1: 
DIM MIN MAX MIN MAX PIN 1. COLLECTOR 

A 6.10 6.60 0.240 0.260 2. BASE 

C 0.76 1.78 0.030 0.070 3. EMITTER 

D 0.33 0.48 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 0.30 0.89 0.012 0.035 7. CO LLECTO R 

J - 0.38 0.015 8. COLLECTOR 

K 6.35 9.40 0.250 0.370 9. BASE 

L 18.80 - 0.740 - 10. EMITTER 

N 0.25 0.010 11. NOT CONNECTED 

R - 0.38 0.015 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 

0: ~ B P 

1 7~ 
1 ,J_ 

-II-DJ F 

r-AI~ [LJ 

~'~['I ~...lC' , 

J~~ti _~~C\ HI--iGI- SEATING;(iM J"""--\\-
PLANE 

MILLIMETERS INCHES 
G F PLANE DIM MIN MAX MIN MAX 

A 16.8 19.9 0.660 0.785 
MILLIMETERS INCHES B 5.59 7.11 0.220 0.280 DIM MIN MAX MIN MAX C 5.08 0.200 

A 19.05 19.81 g D 0.381 0.584 0.015 0.023 
B 6.22 6.99 0.275 F 0.77 1.77 0.030 0.070 C 4.06 5.08 0.200 
0 0.38 0.51 0.020 G 2.54 BSC 0.100 BSC 
F 1.40 1.65 0.065 J 0.203 0.381 O.OOB 0.015 
G 2.54 BSC Bse K 2.54 .• 1 - O·W~ 
H 0.51 1.14 0.020 0.045 L 7.62 BSC . "0:300 BSC 
J 0.20 0.31 O.OOB 0.012 M' - 15° - 15° 
K 3.18 4.06 0.125 0.160 N 0.51 0.76 0.020 0.030 L 7.37 7.87 0.290 .0.310 
M - 15' - 15' P - 8.25 - 0.325 
N 0.51 1.02 0.020 0.040 All JEDEC 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 

CASE 648 
P Suffix 
Plastic Package 

• 

I N FORMATION (Continued) 
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NOTES: 
I. OIM"L"TO WHEN FORMCEEONTER OF LEADS 

PARALLEL. 
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'I- "HI '11 'diM""t 

Closing 
The LOOD 
---~ -----

UNIT PRICE UNIT PRICE 
DEVH:E {'-99) (1IUl-999) 

MC4024P $ 2.60 $ 2.20 

MC4044P 2.60 2.20 

MC1648P 3.75 * 2.50 

After you have examined the Phase-Locked MC1658P 4.42* 2.95 

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 

MC74418P 6.50 5.50 
new product offerings. I ncreased usage 

through widespread product acceptance 
MC4023P 4.20 3.50 

usually results in price reductions. For MC7490P 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 
or sales office. 

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 

MC14520CP 6.91 5.72 

MC14522CL 7.95 o.oU 

MC14526Cl 7.95 6.60 

*/-24 quantity Prices listed are suggested resale and are sulJ/ect to change or withdrawal without notice. 

8497-1 PRINTED IN USA 8-73 IMPERIAL LITHO B3B19S 
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