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A  DIGITAL   FREQUENCY  SYNTHESIZER 

M. Balister 

I.   Introduction 

The availability of fast digital integrated circuits has made possible the construc¬ 

tion of digital frequency synthesizers with output frequencies of up to several hundred 

megahertz.   The block diagram of the basic digital synthesizer is shown in Figure 1. 

The critical block is the programmable frequency divider which has to operate at F ; 

the current practical upper frequency limit is about 50 MHz. 

There are two ways to extend the output frequency range beyond this 50 MHz 

limit.   The first is to use a frequency multiplier to give MF ; the second is to use a 

prescaler between F and the input to the divider.   Figure 2 shows a digital frequency 

synthesizer using both these techniques. 

There was an NRAO requirement for a stable signal source covering the fre¬ 

quency range 350-450 MHz in 1 MHz steps.   A digital frequency synthesizer of the type 

outlined in Figure 2 meeting this specification is described in this report. 

n.   Description 

1)   RF Circuits 

Figure 3 shows the detailed block diagram of the synthesizer; the output frequency 

can be set in MHz steps from 300-550 MHz by a front panel Digitran switch.   A panel 

light indicates when the PLL is locked; a front panel voltage adjustment must be made 

if the loop does not lock. 

The VCO is a varactor tuned transistor oscillator covering the frequency range 

150-300 MHz; the output power is ^ 100 mW. The output drives a X2 frequency multi¬ 

plier; a 16 dB directional coupler couples off some of the input signal to drive the pre¬ 

scaler. Both these circuits are shown in Figures 4 and 5. The prescaler consists of a 

MECL m 1670 followed by a MECL n 1034; both are D-style flip-flops. The divider will 

operate to 300 MHz; however, correct operation above 275 MHz is critically dependent 

on the input level.   This limits the operation of the synthesizer to about §50 MHz. 

The fundamental and third harmonic outputs of the doubler are filtered by a 

300-600 MHz bandpass filter.   An Avantek VA 103 unit amplifier boosts the output to 

about 6 mW. 
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2) Programmable Divider 

A design for a suitable 2-999 programmable divider is described in Motorola 

Application Note AN 456 (Appendix 1).   MECL n logic is used throughout and the maxi¬ 

mum speed of operation is 50 MHz.   A ML 1034 was included at the input as a -r 2 pre¬ 

scaler to reduce the maximum frequency at the input to the programmable divider to 

37. 5 MHz.   (The counter is preset via the front panel Digitran switch.)   Figure 6 shows 

both sides of the divider board. 

3) Reference Divider 

The reference divider takes the 5 MHz reference signal and divides it down to 

the required F^.   In this case 

=  Minimum Freq Step   _  _L(^   = 

R L x M (4 x 2) 2 

A further division of two was made to obtain the square wave signal necessary to develop 

the triangular waveform for the phase detector.   (In retrospect the square wave could 

easily have been produced at 62. 5 kHz — this would have simplified the circuit somewhat.) 

Figure 7 shows the divider chain; the 5 MHz input is on pin C and the reference phase 

detector drive is on pin N. 

The programmable divider output goes to pins 9 and K on the circuit board shown 

in Figure 7.   The MC 1018 converts the MECL n to T2L logic levels.   The pulse chain 

is converted to a. 1 us pulse chain with a 31.25 kHz repetition rate (when loop is closed). 

HI.   Phase Detector and Loop Amplifier 

A sample and hold phase detector was used (Figure 8); this type is best since the 

reference signal output is minimal and easily filtered by the following amplifier.   The 

sampling is done with a Teledyne FET gate which is compatible with T2L logic signals. 

The output voltage is held by a 1000 pF capacitor; a high input impedance FET amplifier 

follows.   The voltage developed across this capacitor depends on the relative phase of 

the signal pulse chain and the triangular reference signal. 
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The following operational amplifier has a notch at 31.25 kHz to reject the phase 

detector ripple which causes AM sidebands on the VCO output signal.   The DC output 

from the AD 741 KN has a ± 10 V swing which is insufficient to time the VCO over its 

full range (requires -10 V —^ -50 V).   The VCO was coarse tuned from a zener diode 

voltage divider chain by the 100' s of MHz on the Digitran switch.   The final diode was 

connected to the AD 741 KN output; consequently at each of the three taps the voltage can 

be swung ± 10 V.   A front panel control was found to be desirable to fine tune the oscil¬ 

lator to the correct frequency.   A lock light indicates when the PLL is locked. 

IV. Lock Indicator 

The three integrated circuits at the top of Figure 7 form the lock indicator 

circuit.   The 8875 senses when the signal and reference pulse trains are at different 

frequencies; the RG-81 confirmes the presence of the two pulse trains.   Provided there 

are two pulse trains and they are at the same repetitive rate, a lock is indicated by the 

front panel light.    Fifteen volts are also applied to the output signal amplifier. 

V. Power Supplies and Interconnection Wiring 

Power supplies and interconnection wiring are shown in Figure 9; they are self- 

explanatory. 

Figure 10 shows the interconnections between the circuit boards and components. 

VI. Conclusion 

Two units have been constructed.    Figure 11 shows the RF spectrum at 300, 

400 and 500 MHz of the second unit.   The fundamental and 2nd harmonic breakthrough 

of the VCO was -  30 dB below the carrier. 

Figure 12 shows the output power variation with frequency for both units. 

Figure 13 is a photo showing the completed unit. 



11 - 

2N37I3       0.3 

_0N_ 
OFF {[ 

O Q 

(? e FU SES 

FILTER 

115 V 

+5V 

50/ 
'50 

25.2 

d^ 

2 N 3713 

3.3K 
-rfWAi  

_L 50- 
T+ 50   "R f 

- 55V 
-O 

MCI469 

4* 

500/50 

■^^r- 

2   C 

6.8K 

500/50 
+ 

C 23 

+ I5V 
-o 
400mA 

MCI463 

-I5V 
-O 

400 mA 

POWER        SUPPLY 

FIG.   9 



-12- 

UNITS 

TENS 

HUNDREDS 

BCD 

1=3     2 

1=1   I ' 

DECADE 

INPUT FROM 
PRESCALER 

UNITS 4 

UNITS 

MITEQ   VCO 

OTV-IJ- 
3505 

6dB  ** 

X2 

300-600 
FILTER 

AMP  3v 
VAI03 -t^; 

®^- 

X 

RF OUTPUT 

0.47 

o o 

o o 
o o 
o o 
o o 

o e 
o o 

o o 
o o 
o o 

o o 
o o 

o o 
e o 
o o 
o o 
o o 
o o 
o o 

o o 
o o 
o o 

FREQ + 15 

22 

NTERC0NNECTI0N 
FIG. 10 

DIAGRAM 

n 

—0u LOCK 
GHT 

+ 5 

1.3 

1.4 



- 13 - 

300MHz 

400MHz 

500MHz 

OUTPUT  SPECTRA 
HORIZ.    50kHz/cm 
VERT.     lOdB/cm 
FILTER     3 kHz 

OUTPUT    SPECTRA 
FIG. II 



mW 

12 

I 

300 400 

OUTPUT    POWER / FREQUENCY     CURVE 
FIG. 12 

500 550 
MHz 



- 15 - 

It fl 

X 

^ ON 

NRAO  DIGITAL  FREQUENCY  SYNTHESIZER 

• t 

MHZ 

ON LOCKED 

c 

*fc 
/3 

PHOTOGRAPH   OF    SYNTHESIZER 
FIG.  13 



APPENDIX 

AN-456 
Application Note 

A 50 MHz PROGRAMMABLE COUNTER 
DESIGNED WITH MECL II INTEGRATED CIRCUITS 

Prepared by 

Jon M. DeLaune 
Applications Engineering 

A high speed programmable counter 
using the MECL M family of logic is dis¬ 
cussed. The counter is designed to accept 
an input frequency up to 50 MHz and 
divide it by any number from 2 to 999. 
This number is programmed into three 
decades of synchronous down counters. 
These decades with additional decoding 
and control logic comprise a complete 
high speed divide-by-N counter system. 
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A 50 MHz PROGRAMMABLE COUNTER 
DESIGNED WITH MECL II INTEGRATED CIRCUITS 

INTRODUCTION 

This note illustrates a programmable counter designed 
with elements of the MECL II digital logic family. The 
Divide-by-N Counter will receive any input frequency up 
to 50 MHz and produce a selected output frequency of 
Fin/N for any N from 2 through 999. Divide-by-N counters 
find applications in frequency synthesizers and other forms 
of digital processing instruments. The outstanding feature 
of the counter is its high input frequency capability that 
in many cases eliminates the need for any prescaling of a 
frequency before it is applied to the -r N counter. 

The note is organized with an explanation of system 
operation followed by detailed design of each of the major 
sections of the counter. 

SYSTEM OPERATION 

Figure 1 is a block diagram showing the operation of 
the 50 MHz -r N counter. The logic diagram of the counter 
is illustrated in Figure 2. The divisor N is programmed 
into the counter by three decades of BCD input data. 
This can be accomplished with decimal-to-BCD encoding 
thumb wheel switches or any other type of decimal-to- 
BCD data input methods.  The binary encoded divisor is 

gated into the decade counters while the clock line is held 
high by the control section. When the high level is removed 
from the clock line the counter begins counting down. 
Near the end of the countdown, the control logic decodes 
the binary number six (0110) and initiates a sequence 
that: 1) inhibits the clock line, 2) while generating an out¬ 
put pulse and strobing the preset gating section to condi¬ 
tion the decade counters for the next countdown, 3) then 
removes the inhibit level on the clock line so that the 
counting sequence can begin again. 

DOWN COUNTERS DESIGNS 

The counter design uses MECL II JK flip-flops, the 
MC 1013 or the MC 1027, that toggle at a typical 85 MHz and 
120 MHz, respectively. Their four J and four K inputs 
and short propagation delays make these flip-flops highly 
versatile in logic designs. The pin configuration of the 
MC 1013/MC1027 is shown in Figure 3. 

Three decade countersare used in the -r N counter design: 
two 9-0 BCD down-counters and a 13-4 down-counter. The 
two counter types are designed in a conventional manner 
as illustrated in Application Note AN-257 and Tables 1-5. 

The use of four flip-flops in a down counter produces 
sixteen possible states as illustrated in Table 3. To form a 

1 Clock 

Add 4 
To 

BCD Input 
MCI 004 

Gate 
Section 
MCI 004 

And 

MC1023 

MC1010 

MC1010 

Units 
13-4 

Down 
Counter 
MCI 027 

Clock 
Driver 

MCI 023 

 ^  ^ 
 ^ 
 ^ 

M 

| ^  ». 
1                 A 

Clock 
'+' , I           1 , 

*          ¥ 

 ^ 

' '¥ 

Tens 
9-0 

Down 
Counter 
MC1013 

Control 
MC1013 

Decoder 

MCI 023 
MC1001 
MCI 004 

000-999 
Decimal 

To 
BCD 

Encoder 

inniDii  ^  ^  » -  ^_, »■  

Clock 

—^~~l 

Hundreds 
9 0 

Down 
Counter 
MC1013 

i H \i Li \ ^  

Strobe t 
Output  s~ 
Freq.     >- 

Input  ^- 

"N      - 

FIGURE 1 — Divide by N Counter Block Diagram 

Circuit diagrams external to Motorola products are included as a means of illustrating typical semiconductor applications; consequently, 
complete information sufficient for construction purposes is not necessarily given. The information in this Application Note has been care¬ 
fully checked and is believed to be entirely reliable. However, no responsibility is assumed for inaccuracies. Furthermore, such information 
does not convey to the purchaser of the semiconductor devices described any license under the patent rights of Motorola Inc. or others. 



0-9 
BCD 
Units 

1 *- 
2*- 
4*- 
8*- 

^^ 

0-9 
BCD 
Tens 

MCI 004 

Vi MCI 004 MCI 004 

0-9 
BCD 

Hundreds 

I*- 

2*- 

4-*- 

8*- 

MC1023 

:jEH 

'^^f1 

tD-^ 

^^l1 

TCHi 

MC1023 

MC1023 

MCI 023 

ZTJ  
J P Q 
MC1027 
K   ^   Q 

J    R   Q 
MC1027 
K  s Q 

MC1027 

K  S  Q 

VJ MC1023 MC1001 

V4 MCI 023 

cx 

rC2 
T Complementary 

—I Output 

1 

J        Q 
MC1013 

R  S  Q 

MC1001 

e 
% MCI 004 

y, MCI 023 

MC1010 

MCI 013 
K  S  5 

'/» MCI 004 

J R 

MCI 013 
K   S   3 

J   R   Q 
MC1013 
K   S   Q 

J    R  Q 
MC1013 
K   S   Q 

fr;§ZX-| 

— D        Q 
XMC1013 
— K       5 

Output 
Freq. 

y. MCI 023 

£> 
MCI 023 

'A MC1023 

NOTES: 
1.   Pin 7 = -5.2 V (VEE) 

Pin 14 = Gnd (Vcc) 
All unused inputs -5.2 V 
All unused resets -5.2 V 
All unused outputs — open 
Programmable from 2-999 

FIGURE 2 - Logic Diagram of MECL II 50 MHz -*-N Counter 



counter of modulus ten, six of the possible states must be 
discarded. The counter must cycle through the ten desired 
states and, if started in an unused state, it must cycle back 
into one of the ten desired states to prevent lockup. 

The 9-0 down counter input conditions listed in Table 4, 
can be transformed into a Boolean expression and simplified 
to the following equations by standard mapping techniques: 

AJ = 0_ 
Bj = C D + A 

C j = A + D 

D j = A + B + C 

AK = 0 

BK = A 

CK = A + B 

DK = A 

These equations result in the 9-0 synchronous down 
counter shown in Figure 4. Note that an additional NOR 
gate is necessary to implement the C D portion of the Bj 
equation. The following worst case calculations deter¬ 
mine the maximum operating frequency of the 9-0 down 
counter at 750C. 

Required down time of the clock =   7 ns 

tpd-H- of the MCI013 flip-flop =   9 ns 

tpd+- of the MC 1023 gate =   4 ns 
Worst case clock period = 20 ns 

Worst case frequency of operation = 50 MHz 

The 9-0 down counter design of Figure 4 is used for 
both the tens and hundreds decades and may also be used 
in the units decade, but with some loss in maximum fre¬ 
quency of operation. By using the faster MCI027 flip- 
flops in the 9-0 down counter in place of the MCI013 
flip-flops the calculated worst case frequency of operation 
at 750C becomes 55 MHz. 

An unusual 13-4 down counter was used in the units 
decade. This design yields a decade requiring no additional 
gating, resulting in an improvement in operating frequency. 
By using Table 5 and mapping techniques the following 
equations are obtained: 

Aj = 0 
B J = A + D 

C j = A + B 

DJ = A + B 

AK = 0 

BK = A 

CK = A + D 

DK = A + B + C 

Implementation of these input logic equations results 
in the down counter of Figure 5. The following worst case 
calculations determine the maximum operating frequency 
for the 13-4 down counter at 750C 

Required down time of the clock 

tpd++ of the MCI013 flip-flop 

Worst case clock period 

Worst case frequency of operation 

= 7 ns 

= 9 ns 

= 16 ns 

« 65 MHz 

TABLE 1 - Clocked J-K Truth Table 

J K CD Qn+1 

• < • • 13 

0 0 0 Q" 

0 0 1 Qn 

0 1 1 1 

All other J-K inputs and 
the R-S inputs are at a 
"0" level 

TABLE 2 - JD-KD Truth Table 

JD KD Qn+1 

• • 13 

All other J-K inputs 
and the R-S inputs 
are at a "0" level 

NOTES: 

1. "Any one of the J or K inputs may be used. 

2. * 'Any J and K inputs may be tied together to form CQ. 

3. -0.75 V nominal is defined as a logic "1" or high level and 
-1.55 V nominal is defined as a logic "0" or low level. J and K 
refer to static levels while JQ, KQ, CQ refer to dynamic positive- 
going transitions for a "1". 

A high level on a J input inhibits the flip-flop from being 
set by a JQ input. Likewise a "1" level on a K inhibits a KQ 

from resetting the flip-flop. The J and K inputs perform the 
"OR" function in preventing a JQ or KQ from setting or re¬ 
setting the flip-flop. 

 I 
TABLE 4 — 9-0 Counter Input Requirements TABLE S — 13-4 Counter Input Requirements 

F/F 3 z D 
STATE J K J K T K 

JA = KA = 0 
♦ = Don't cere condition 

F/F B c D 
STATE J K J K J K 

TABLE 3 - PoeuUe States 

Binary 
Weight: 8 4 2 1 

Decimal 
Number D C B A 

15 1 1 

14 1 1 0 
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If the faster MCI 027 flip-flops are used in place of the 
MC1013 flip-flops the calculated worst case frequency of 
operation at 750C is 72 MHz. All worst case frequencies 
are for the decade counters only, and do not include any 
output decoding delays. With good layout techniques the 
total -r N counter system will operate at 50 MHz over 
a temperature range of 0oC to +750C. 

PRESET GATING SECTION 

The function of the gating section is to preset the divisor 
N into the set and reset terminals of the counter flip-flops 
when strobed by the decoder control section. The use of 
the 13-4 counter in the units decade requires that both the 
set and reset inputs of the four flip-flops be capable of 
being updated. There are two reasons for this requirement. 
First, the counter's lowest binary count is 0100 (binary 4) 
and not 0000 (binary 0) precluding the simple setting of 

the four units flip-flops as is the case in the tens and hun¬ 
dreds decades. The second reason is the inhibiting of the 
clock at count 0110 (binary 6) by the control section. 
This results in the toggling of Flip-Flop A (Figure 5) to a 
"1" level and Flip-Flop B to a "0" level. Therefore, it may 
be necessary to reset flip-flops A or C for certain divi¬ 
sors. Only the set terminals in the tens and hundreds 
decades need be gated at the end of a count cycle since, at 
strobe time, these decades have already been counted down 
to zero. The unused reset terminals are returned to VEE 
(-5.2 V) on these two counters. The input gating section is 
illustrated in Figure 6. Note that the 9-0 down counter 
input gates require the 1-2-4-8 complements on their inputs. 

INPUT LINE CODE TRANSLATOR FOR 13-4 COUNTER 

The use of a 4-13 decade counter circuit to improve 
operating frequency requires that the units place of the 
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divisor, encoded in a 0-9 BCD code, be converted to a 4-13 
code. This is readily done by the use of an MCI004 
OR/NOR gate. This circuit, illustrated in Figure 7, could 
be eliminated by having the 4-13 binary code externally 
available, as from a special thumb-wheel switch. In addi¬ 
tion. Figure 8 illustrates a decimal-to-BCD encoder using 
three 10-position switches and supplementary gating that 
could be used to provide the three required decades of BCD. 
In this encoder both the function and its complement are 
available. 

i—wv 

TES: 

1. Switches are 10 position non-shorting. 

2. Numbers   at   inputs   to   gates   indicate  corresponding  switch 
terminal. 

3. Vgg pin 7 = -5.2 V, VQQ pin 14 = ground. 

4. The 1 -2-4-8 complements are available 
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CLOCK DRIVER AND DECODER 

The input frequency is fed into an MCI023 clock driver, 
one half of which drives the four flip-flops in the units 
decade. The other half drives control Flip-Flop #2 and 
gate #5. (see Figure 9). Another MCI023 (gates la and lb 
in Figure 9) is used in the units decade to decode a 0100 
(binary 4) for the carry output, which drives the next de¬ 
cade counter, and a 0110 (binary 6) for the overall output 
decoding sequence. The sequence of events can be followed 
more easily by referring to Figures 9 and 10. This timing 
diagram represents the last portion of the decoding sequence 
for the units decade after previous decades have counted 
down to zero. 

As the -r N system counts down from its preset number 
(the divisor, N), the units decade repeatedly cycles through 
its 13 to 4 sequence. When the hundreds and tens decade 
have counted down to zero, a feed-forward signal is pro¬ 
duced by an MCI001 six input OR/NOR gate connected 
to the tens decade as a four place binary zero (0000) de¬ 
coder. This low feed-forward signal enables the decoder 
in the units decade (lb in Figure 9) to detect the next 
count of six. 

Six nanoseconds after the count of six reaches the units 
decade clock input, the Q output of Flip-Flop A goes low. 
Then, two nanoseconds later, (typical MCI023 delay) the 
NOR output of the count of six decoder goes high. This 

high level sets the Q output of control Flip-Flop 1 to a 
logical "1" level and the Q output to a logical "0" level, 
after a five nanosecond delay. (Typical delay from set/re¬ 
set inputs to Q/Q outputs). 

Prior to this time, the Q output of Flip-Flop 1, which is 
wire ORed with clock A, remained at a low level and did 
not affect the toggling of the units counter by the positive 
transitions of the clock. (In a MECL system if any of the 
input paths to a wired OR connection are at a high level, 
the OR connection is maintained high). When the Q out¬ 
put of control Flip-Flop 1 is set to a "1" by the NOR out¬ 
put of the count of six decoder, the OR connection changes 
from low to high. The counter is thus inhibited while the 
strobe pulse presets the counters. Although the units 
counter is inhibited, the final events are sequenced by the 
control section so that no count is lost. 

The logical "0" level on the Q output of control Flip- 
Flop 1 enables control Flip-Flop 2 to toggle on the next 
positive transition of clock C (count 5), after an eight 
nanosecond delay. At this time the Q output of Flip-Flop 
2 goes low and its Q output goes high. The Q transition is 
the start of the counter output pulse. 

Since the Q output is wire ORed with clock B, (the 
MCI023 clock driver, gate 5 in Figure 9) which is still in 
the positive portion of count 5, the OR connection is held 
high until the negative transition. The fall of clock B then 
serves as the leading edge of the strobe pulse. The strobe 



pulse is terminated ten nanoseconds later at the positive 
transition of clock B entering count 4. 

The count 4 positive transition on clock C will toggle 
control Flip-Flop 2, after an eight nanosecond delay. The 
change of state of the Q output terminates the 20 nano¬ 
second output pulse. The same count 4 positive transition, 
that occurs two nanoseconds later on clock B than clock 
C, also toggles control Flip-Flop 1, after an eight nano¬ 
second delay, to end the control sequence. 

Expansion of the -s- N counter to accept larger divisors 
can be accomplished in the following manner. By dupli¬ 
cating the decoding design employed in the tens decade, the 
hundreds decade can accept a feed forward decoding pulse 
and also generate a carry pulse. This is the only modifi¬ 
cation necessary for the addition of more BCD decade 
counters. 

SUMMARY 

This note has illustrated the use of emitter coupled 
logic as applied to a divide-by-N counter system. The use 

of this logic family provides a considerably higher operating 
frequency than is obtainable in a -r N counter system using 
a saturated logic family. The worst case data given in this 
note are conservative and, therefore, intended for system 
design. Due to the high frequencies of operation, perfor¬ 
mance depends heavily upon system layout and the counter 
will work best when used with two-sided printed circuit 
cards where lead lengths have been minimized. Since the 
introduction of higher speed MECL III, the -J- N counter 
can be fabricated to operate in the 100 MHz + area. 
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