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ABSTRACT

To provide required receiver tuning accuracy for a system being
developed by NRL, a digital control unit for the receiver local oscillator
was designed and constructed. The approach used a voltage-controlled
oscillator in a closed-loop feedback system. The requirements were to
control the receiver local oscillator from 175 MHz to 180 MHz in 1-kHz
increments with provisions for both manual or computer control of the
receiver.

The digital control unit was breadboarded, using integrated circuits
as the building blocks. The basic principle used to establish control of
the local oscillator was the comparison of phase between a standard
reference signal and a function of the local oscillator frequency. The
error voltage established from this comparison was then used to control
the local oscillator.

PROBLEM STATUS

This is a final report on one phase of the problem; work is continuing
on other phases.

AUTHORIZATION

NRL Problem R06-29

Manuscript submitted February 11, 1969.



DESIGN OF A DIGITAL CONTROL UNIT
FOR AN NRL RECEIVING SYSTEM

ABBREVIATIONS

Ca actual number of cycles counted

Cd number of cycles desired

C.O. counter output

DVCO digital voltage controlled oscillator

actual frequency

fco crystal oscillator frequency

fd frequency desired

FF 1 output flip-flop one

FF8 output flip-flop eight

Afrf rf error

f d desired rf

fvco voltage-controlled oscillator frequency

f 100100-kHz reference oscillator

i- f intermediate frequency

LO local oscillator

P required preset number

PWe pulse-width error

rf radio frequency

R.P. reference pulse

Sco stability factor of crystal oscillator

SP setting pulse

Sr stability factor for 100 kHz reference oscillator

Ta  actual time

Ts  stable sample time

VCo voltage- controlled oscillator
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INTRODUCTION

The capability to preset accurately to one of several hundred closely spaced rf
channels without the necessity of having the operator "fine tune" for optimum perfor-
mance was deemed necessary for a system being developed by NRL. To satisfy this
requirement, a digital control unit was designed for the local oscillator (Lo) of the re-
ceiver. The unit provides a tuning range of 5 MHz in 1-kHz increments in the vhf region.
The basic approach which has been developed uses a voltage- controlled oscillator (vco)
in a closed-loop feedback system. The frequency to which the receiver is tuned is ad-
justed automatically to the desired value by an error voltage derived from the digital
comparison of the actual VCo frequency, a function of the receiver LO frequency, to the
desired VCO frequency, a function of the digital control unit setting.

BASIC APPROACH

The basic approach is illustrated in block diagram form in Fig. 1. The following
principle is used to control the VCo. First, a stable sample time is established so that
the number of cycles over this sample time is a function of the vco frequency. This
relationship can be expressed in equation form by

Cd = Tsfd, (1)

where

Cd = number of cycles desired,

TS = stable sample time,
and

fd =frequency desired.

By controlling the number of cycles counted for each sample time, a method of controlling
the frequency is established in the following manner. Since Cd is a known constant, then
for any frequency other than fd a time exists such that

Cd = Taf, (2)

where

Cd = number of cycles desired,

Ta = actual time,
and

fa = actual frequency.

Setting Eqs. 1 and 2 equal yields

fTa -= ds (3)
a sa

The difference in sample time and actual time is

(Ts - Ta) = T(1 !) PWe. (4)

This time difference, denoted as the pulse width error PW e, can be used to establish an
error voltage, which is a function of the desired and actual frequencies. The means for
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FEEDBACK

Fig. 1 - Basic approach for vco control

establishing the error voltage is simply a sample-and-hold circuit which charges or
discharges a capacitor depending on the frequency error.

SYSTEM IMPLEMENTATION

The digital control unit, illustrated in block diagram form in Fig. 2, was implemented
in the following manner.

Sampling Unit

To use off-the-shelf integrated circuits, a maximum counting rate of 20 MHz was
assumed feasible for the sampling unit. Since a system stability of ±1 kHz was required,
a sample time of 5 msec was considered adequate for Ts . The total count for the above
combination is Cd (max) = 10s; five decade counters could be used to implement the maxi-
mum count required. To control the frequency, the sampling unit must be able to deter-
mine when a specific number of cycles has been reached. To do this the decade counters
were preset to the 10 5 complement of the total number of cycles desired per sample time
T s. The sampling unit was then set to change state when 99999 was reached on the decade
counters. A detailed block diagram of the sampling unit is shown in Fig. 3.

Control Unit

The control unit established the required preset number for the sampling unit as a
function of the desired rf. The equation for desired rf is given by

frfd = fVCo + fco - i-f, (5)

where

f rfd = desired rf,

fVCo = VCO frequency
and

fco = crystal oscillator frequency.
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Fig. 2 - Digital control unit

FROM CONTROL UNIT

Fig. 3 - Sampling unit

fd = fco fvco'

frfd = 2fco + fd- i-f.

Since fco and i- f are constant, the desired rf is a direct function of the desired sampling
unit input frequency, and Eq. 6 becomes

frfd = K + fd. (7)

Since

then
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The required preset number P is given by

P = 10 5
- fdTs

P = 105 - KT s - frfdTs .

Both K and TS are known constants, so P is a linear function of frfd*
to solve Eq. 8 is contained in the control unit.

The logic necessary

Standard Reference Signal Unit

The stable reference time Ts is generated by this unit. The pulse waveform generated
is shown in Fig. 4. Along with T this unit also generates the setting pulse SP, which resets
the system after each 5.5 msec of operation. Figure 5 illustrates the standard reference
signal unit in block diagram form. The set pulse SP is given in logic equation form as

SP = (FF 1) (FF8) (C.O.) (R.P.

Comparison Unit

The comparison unit, shown in Fig. 6, derives a feedback voltage proportional to the
time difference of the leading edges of the reference pulse and the sampling unit output
pulse. This time difference is used to charge or discharge the sample-and-hold network
to provide an error-correcting voltage for the VCo.

Fig. 4 - Reference pulse waveform

3V

0

5mSEC

Ts

TO COMPARISON
UNIT

Fig. 5 - Standard reference signal unit

FROM REFERENCE UNIT >

FROM SAMPLING UNIT SAMPLE

AND TO FEEDBACK AMP,
HOLD

Fig. 6 - Comparison unit
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THEORETICAL OPERATING CHARACTERISTICS

The theoretical rf to which the receiver tunes is frfd - fd + 2 fc- i-f. The actual
counter frequency fa is a function of the desired counter frequency fd and the sample time
Ts. Noting that the actual number of cycles counted during each sample time is a knowri
function and is equal to a predetermined number, then

Ca = Cd = Ta f a = Ts fd'

where

Ca = actual number of cycles counted,

Cd = number of cycles desired,

Ta = actual time of sampling unit change of state,

TS = sample time,

fa = actual counter input frequency,
and

fd = desired counter input frequency.

Since the error voltage is a function of the time difference TS Ta, then let PWe = T - a .
In final form

PW = Ts (1 - !d, (4)e s fa

where

TS = sample time,

fd = desired counter frequency,
and

a = actual counter freouency.

Solving Eq. 4 for fa yields

fa = fd (9)

Solving for the actual rf, f rfa' yields

f(10)- PWe---K ] i-"

Equation 10 gives the rf to which the receiving system is tuned as a function of the
variables of the system.

The stability of the receiving system is a function of the stability of the 100-kHz
reference oscillator and the crystal oscillator as well as the gain of the feedback loop.
Defining

Afrf = frfd - frfa' (11)
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where

Afrf = rf error,

f rfd = desired rf,
and

f f a = actual r f,

then the stability of the system, excluding i- f stability, is given by

rf - fd [ -200PWe (1 + Sr) T Sr i T f (12)

1 - 200PW e(1 + S_) CO

where

Afrf =rf error,

PWe = pulse-width error,

Sr = stability factor of 100 kHz reference oscillator,

S= stability factor of crystal oscillator,
and

f= desired crystal oscillator frequency.

A plot of Eq. 12 for the following conditions is shown in Fig. 7:

S =S =0,
r Co

fd 1 9 MHz,

fd 15 MHz,
and

fd 1 MHz.

It is noted that A frf plots as a hyperbola with the vertical asymptote at PWe = 5 msec and
the horizontal asymptote at fd, where fd is the desired counter frequency. In practice
the vertical asymptote value is never approached, because the maximum counting fre-
quency is 20 MHz, and the minimum desired frequency fd (mi) is 15 MHz. Therefore,
PWe (max) equals 1.25 msec. The horizontal asymptote is limited by the standard refer-
ence waveform which limits minimum PW e to -0.5 msec.

In considering overall system stability for very small values of PWe, close to the
actual operating conditions of the feedback system, Eq. 12 reduces to

Afrf = fd [-200PWe(1 ± Sr) T Sr] T 2fcoSco

or

Afrf = -200fdPWe( + Sr) T (fdSr + 2fcoSco). (13)

Note that Eq. 13 is simply that of a straight line,

y = ax + b,
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Afrf MHz A rf -fd 200 PWe

-+4.0 1-200 PWS

-MAX UPPER LIMIT ALLOWED BY REFERENCE WAVEFORM.

1.0 2.0 3.0 4.0 5.0
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-- 12.0

dzIMHz

fd z 15 MHz
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Fig. 7 - Radio frequency tuning
error Afrf as a function of PWe

-20.0

.....- INDICATES COUNTER FREQUENCY - 20 MHz
WHICH WAS NOT ALLOWED

where

a= -200 fd(1 +Sr

and
b = T(fdSr + 2fcoSCO).

It is now obvious that the effect of the standard reference oscillator is to change the slope
of the line as well as the A f r f intercept point, while the crystal oscillator stability affects
only the A f r f intercept point, as would be expected. These results are shown graphically
in Fig. 8 for fd = 19 MHz. The theoretical operating condition is shown on the solid line.
This implies Sr = sco = 0. The dashed line indicates an example for which Sr = 10-2

f = 100 MHz, and Se, = 0.5 (10-6).

The overall stability requirement is ±1 kHz from the desired rf. In analyzing this
condition, let A f rf = 1 kHz in Eq. 13, then

1000 = 200,fdPWe (1 + S)(fdSr + 2 fcoSco).

Letting f d = 20 MHz and f co = 100 kHz, then

1 = -4(1 + Sr) PWe (nsec) ± (20 MHz Sr + 200 MHz Sco).

A family of curves can now be plotted for Sr versus S C. for specified values of PW,.
Four of the family are shown in Fig. 9 for the worst-case condition of Sr > 0 and SC. > 0.
By establishing the maximum PWe that occurs when the feedback loop is locked in, the
maximum allowable values of Sr and Sco can be determined from Fig. 7.

lI~
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rf (kHz)

-4.0

Afrf=-3.8 PW e
3.0 Afrf= 3.84 PWS-20000

I- PWe
(n SEC)

Fig. 8- Radio frequency tuning error
Afrf as a function of small pulse-
width errors

40

30

Z

Fig. 9 - Required stability of reference oscillator
Sr versus required stability of crystal oscillator
sco for specified pulse-width errors PWe

.PW =50nSEC

2 3
Sco(PARTS IN 106)
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MEASURED OPERATING CHARACTERISTICS

Two parameters of importance are the output spectrum over the band of interest and
the incidental FM associated with the feedback loop.

The frequency spectrum of the DVCO was measured using a HP-8551A spectrum
analyzer. The results are shown in Figs. 10 through 12. Figure 10a shows the DVCO output
over a band of 10 MHz. Figure 10b indicates the sensitivity of the measuring system by
establishing a -80 dBm reference for the same analyzer control settings.

Figure lla is the DVC0 output over a 300 kl-z band, and Fig. lib shows a -96 dBm
reference for the same spectrum analyzer settings as Fig. Ila. Figure 12 shows the
DVCO output at the center of the trace with the Boonton 202H signal generator set 4.5 MHz
from DVCO frequency at -69 dBm. There was no indication of any spurious signals from
the DVCO in the band of interest. It was noted that the harmonic level of the VCo was not a
function of the digital control unit. The harmonic levels of the VCO were the same when
either a stable power supply was used as the control voltage or the VCo was controlled by
the digital system.

a. DVCO output

b. Bioonton 20ZH output

Fig. 10 - DVCO rf output and BoontonZ02H
signal generators (same DVCO rf) at -80
dBm over 10 MHz bandwidth
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a. DVCO output

b. Boonton 202H output

Fig. 11 - DVCO r f output and BoontonZO2H
signal generators (same DVCO rf) at -96
dBm over 300 kHz bandwidth

Fig. 12 - DVCO output and Boonton 202H
output (-69 dBm) offset over 4.5 MHz
bandwidth from DVCO
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The incidental FM induced on the vco by the digital feedback system was measured
using the test setup shown in Fig. 13. The results are shown in Figs. 14 through 16.

Figure 14 shows the only case in which a significant amount of incidental FM was
detected. The rate at which the DVCO output shifts approximately 500 Hz in frequency is
the sample rate, 181.818 Hz, of the feedback loop. This incidental FM is a function of the
gain of the feedback loop and proportional to the minimum pulse-width error.

Both Fig. 15 and Fig. 16 show that there are no high-frequency components in the
incidental FM from the DVCO.

CONCLUSIONS

The prototype digital control unit met the stated requirements and is presently being
implemented, with some engineering changes, as part of the NRL receiving system. The
design approach is simple to implement but also very limited in receiver frequency cover-
age. Using the 20 MHz maximum counting rate T 2 L gives approximately 18 MHz fre-
quency coverage of which only 22.2% was required. By changing the crystal oscillator
frequency the band coverage can be located in the desired rf sector.

DVCO

BOONTON 202H
FMV SIG. GEN .

r ---------- 1

Fig. 13 - Incidental FM measurement test set up

Fig. 14 - Incidental FM measurement at 400-Hz rate
- GEl receiver video output. Horizontal trace was
1 msec/cm, vertical trace was 0.02 volts/cm, and
Krohn-Hite filter was 20 Hz to 75 kHz.



NRL REPORT 6897

The prototype design used only the error correcting loop to tune to the desired rf.
In implementing the system a linear approximation of the voltage-versus-frequency curve
was added to the error feedback voltage to provide initial course adjustment directly from
the digital switch settings. This allows rapid tuning as well as working over the narrow
linear portion of the rf error versus pulse-width error curve.

DVCO

S FM SIG. GEN.
A MOD. 500Hz AT 25 kHz

Fig. 15 - Incidental FM measurement at 25 kHz rate
- CEI receiver video output. Horizontal trace was
0.1 msec/cm, vertical trace was 0.02 volts/cm, and
Krohn-Hite filter was 20 Hz to 75 kHz.

DVCO

i FM SIG. GEN.

NO MODULATION

Fig. 16 - CW input without FM for comparison with
DVCO - CEI receiver video output. Horizontal trace
was 0.1 msec/cm, vertical trace was 0.02 volts/cm,
and Krohn-Hite filter was bypassed.
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