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ABSTRACT

A frequency-agile tracking filter, which operates over a wide
frequency range with a high immunity to noise and interference, has been
designed. It consists of a second-order band-pass filter which is con-
tinuously tunable over the 5- to 140-kHz band. The resonant frequency
of the filter is adjusted by means of a feedback loop to the frequency
component of greatest amplitude in the input signal. The loop includes
a fast AGC amplifier, a fast frequency-to-voltage converter and a low-
pass filter. The components of the tracking filter are described and
analyzed. Analysis of the tracking filter, as regards its immunity to
noise and interference, its frequency agility and the stability of its
control loop, is also presented to optimize system parameters. Finally,
the performance of the processor is shown by experimental measurements.

RESUME

On a conqu un filtre de poursuite agile en fr6quence qui fonc-
tionne dans une large bande de frfquences tout en r~sistant au bruit et
aux interferences. Il comprend un filtre passe-bande du deuxiame ordre
qui est constamment accordable dans la bande de 5 A 140 kHz. Une boucle
d'asservissement permet d'ajuster la fr6quence du filtre A celle de la
composante de fr~quence ayant l'amplitude la plus &lev~e dans le signal
d'entr~e. Cette boucle comporte un amplificateur i commande automatique
de gain et un convertisseur de fr~quence A tension rapides ainsi qu'un
filtre passe-bas. Tous lea composants du filtre de poursuite sont
d~crits et analys~s. On a aussi procfd6 l'analyse du filtre de pour-
suite, en ce qui concerne son agilit6 en fr~quence, sa resistance au
bruit et aux interferences et la stabilitg de sa boucle d'asservisse-
ment, en vue d'optimiser les param~tres du systame. Finalement, la
performance du filtre est dfmontrfe par des rfsultats expgrimentaux.

sC j
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1.0 INTRODUCTION

This document describes a very frequency-agile tracking filter

which can be operated over a wide frequency range (5-140 kHz) with a

high immunity to noise and interferences. Tracking filters are narrow-

band filters which track wandering carrier frequencies. Their operation

is analogous to that of phase-locked loops except that these filters

preserve the amplitude of their input signals as well as their

frequencies.

In some approaches (Refs. 1, 2), the resonant frequency of a

tunable filter adjusts itself to coincide with the input frequency by

comparing the relative phase shift between the input and the output of

this filter. Examination of the performance achieved by these systems

reveals that they were unable to track in the 5- to 140-kHz band a

Doppler signal whose frequency and amplitude can shift rapidly and

greatly. This signal is mixed with noise and strong interferences.

Realized in a compact system, our concept gives a better performance as

regards the frequency-tracking range, the immunity to noise and

interference and the frequency agility so that it can process such a

Doppler signal. Basically, it consists of a second-order band-pass

filter which is characterized by a sharp and constant frequency-to-

bandwidth ratio. In closed loop, it operates like a very fast

discriminator over the 5- to 140-kHz band. It is continuously tunable

over that band by means of a feedback loop that senses its output and

adjusts its center frequency so as to keep the pass-band coincident with

the component of greatest amplitude in the input signal. The loop

includes a fast automatic gain control (AGC) amplifier which matches the

output of the band-pass filter to the input of a fast frequency-to-

voltage (F/V) converter. The loop allows the frequency-tracking filter

to remain locked on to the selected frequency even if it is varied

rapidly.

. .. . . . . .. . . . .

. . . . . . . . . . . . . . . . . .. . . . .
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The components of the tracking filter are described and analyzed. p

Two models of tunable filters have been considered. The first concept . -

has been realized by using multipliers as variable resistances which, in

effect, vary the resonant frequency as the control voltage from the

feedback loop is adjusted. The second version is quite similar to the

first one except that the multipliers are substituted by operational

* transconductance amplifiers (OTAs).

The AGC amplifier was designed to get a short time constant and a p

wide-amplitude dynamic range while the F/V converter provides a short

time constant as well as a low-voltage ripple at its output. These

conditions control the loop speed that has to be as fast as the rate of

change in frequency and amplitude of the signal to be tracked.

Analysis of the tracking filter regarding the immunity to noise .

and interference, the frequency agility and the stability of the control

loop is also presented to determine the optimum setting of parameters

such as the quality factor of the band-pass filter and the time con-

stants of the AGC amplifier and F/V converter. Finally, from experi-

mental results we can determine the performance of the tracking filter.

In one laboratory test, the filter input is fed by the output of a S
programmable generator to determine its dynamic range, its frequency

agility and its immunity to noise and interference. In another test,

the filter is driven by a Doppler signal in the 5- to 140-kHz frequency

band where the information to be detected is disturbed by strong

interference.

This work was performed at DREV between September 1982 and April

1983 under PCN 21J05, Guidance and Control Concepts. I

I

.........................................................................
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2.0 ANALYSIS OF THE FREQUENCY-TRACKING FILTER

The design of the tracking filter aims at providing frequency

agility and immunity to noise and interference over a wide frequency

range. Analysis of these properties is presented in this chapter to

assess the significance of the system parameters. In the first step, it

consists in finding the response of the processor when the signal to be

tracked is mixed with sources of interference. This procedure allows us

to set some characteristics of the band-pass filter, AGC amplifier and

F/V converter. In addition, the transfer function of the

frequency-tracking loop is given and the effects of the tuning errors

are evaluated. In another step, a frequency-modulated signal is used to

analyze the frequency agility of the filter.

2.1 Capability of Tracking a Frequency in the Presence of Interference

To analyze the capability of the system to track a frequency in

the presence of interference, let the input of the tracking filter

(Fig. 1) be driven by a signal constituted of N amplitudes and

frequencies. This signal is related as

N
v(t) - Aicos(wit) [I]i-I

The signal, after being processed by the second-order band-pass

filter initially tuned at a resonant frequency wo within the

bandwidth of the system, becomes

N
vBP(t) = Vicos(wit + (i) [2]

I=I

. * . . . . . . . .. . * •* .
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where V i is the amplitude of the signal at the frequency fi seen at

the output of the band-pass filter. If Q and KF are defined as the

quality factor and the gain of the filter respectively, this yields

Vi A K i o [3]VW-' W + Q (Wo -

• i " --a r c t - n o [ i
2 Q(W 2 - W2)

0 OUTPUT

INPUT SECOND-ORDLR AGC

BAND-PASS AMPLIFIER

FILTER

fO

FRE9IUENCY-T 0-
LOW-PASS VOLTAGE

FILTER CONVERTER

CONTROL VOLTAGE OF
THE BAND-PASS FILTER

FIGURE 1 - Schematic of the frequency-tracking filter

. . ........

. . .. .•
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The signal vBP(t) can be presented as an amplitude-modulated

signal. Its carrier frequency identified by fj is the frequency which

has the greatest amplitude. If the phases *i are neglected, eq. 2 can
be rewritten as

N N
VBp(t)=cos Wt(V_+ 1 V cos(W 'W-)t)+sin W t( Vsin(w i M [5]

for i~j.

The AGC amplifier detects both the amplitude of the carrier Vj

and its amplitude modulation, processes this information by using a

low-pass filter and finally, modifies its gain by means of a feedback

network in an attempt to maintain the output at a constant voltage

reference VR. If the low-pass filter of the AGC amplifier is

approximated by a first-order function whose pole frequency is located

at Wp, the gain of the amplifier can be presented as

kA()=vR[j+N Vicos(o- i)t_2 N Visin j-[6]

)___ i=l ji:
pp p

The signal at the output of the AGC amplifier VA becomes

VA(t) = kAGC (t) V V cos( t + ) [7]

i=

Equation 6 shows that, if the time constant of the AGC amplifier

(TAGC f l/pW) is great compared with the frequency difference

W - Wi the gain of the amplifier becomes simply VR/Vi. In this
Rjj

* situation, the amplifier will normalize the amplitude of the carrier and

will amplify its modulation. If the time constant is kept small, the

gain of the AGC amplifier is continuously modified to attenuate or

-'-. eliminate the amplitude modulation.

.. 2 ,

.'. -.
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The F/V converter is built to detect the carrier frequency of the

signal described in eq. 5 which is the one characterized by the signal

of greatest amplitude at the output of the AGC amplifier. The F/V

output feeds a low-pass filter whose gain is adjusted to tune the

resonant frequency of the band-pass filter.

The transfer function between the input frequency wj and the

control voltage Vc is described by the relation

V (s) Vc(s) V L(s) K2 Kc - c j L] - [ ][8]
W (s) V (s) W (s) T s+l T s+l

jL j3 4

where Vc = the control voltage which tunes the resonant frequency of

the band-pass filter,

j= the frequency of the signal of greatest amplitude at the

output of the band-pass filter,

VL = the voltage output of the F/V converter,

K2 = the F/V gain factor,

K3 = the gain of the low-pass filter,

T 3 = the time constant of the F/V converter, and

T 4 = the time constant of the low-pass filter.

Then, the resonant frequency of the band-pass filter will be

tuned by the following command:

K 3(RI(s) + V E(s))

W (s) = El(S) + K[V(S) + )] [9]
R ct 4s+i T '

4
where K5 is given in rad/s/V and must be equal to 1/K2 K3 RI is the

ripple voltage at the output of the F/V converter and VE is the

voltage error due to the nonlinearity of the ratio V /W and to the
Lj

variation of its gain K with respect to temperature. The ratio of the
2

control voltage of the band-pass filter to the resonant frequency is not

necessarily linear and this generates the tuning error El.

ilp
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We deduce from eqs. 2 and 3 that the value of the quality factor 0

Q (frequency-to-bandwidth ratio) of the filter determines the immunity -:

of the system to noise and interference. A constant value of the Q - -

parameter insures a proportional rejection of the interference for all

frequencies within the tracking range of the filter. The time constant

of the AGC amplifier determines the maximum rate with which a variation

in the amplitude of the input signal can be followed by the processor.

As it is demonstrated by eqs. 6 and 7, an AGC amplifier characterized by

a short time constant advantages the frequency which has the greatest

amplitude.

Since the system does not use the feedback loop to correct the

error between the resonant frequency of the band-pass filter wR and

the frequency at the input of the F/V converter wj, the matching of

wR with w ' in eq. 9 requires that the ratio VL/wj of the F/V converter

and the ratio w R/Vc of the band-pass filter must be highly linear.

In addition, the speed of the frequency-tracking loop must be

limited because the ripple of the control voltage Vc depends on the

time constants T2 and T . A tuning error will create an amplitude of

the frequency to be tracked. This attenuation, which increases with the

quality factor Q, diminishes the amplitude dynamic range of the

processor and its immunity to noise and interference.

2.2 Analysis of the Frequency Agility

To analyze the capability of the tracking filter to follow a

signal that varies in frequency, let the input of the tracking filter be

driven by a frequency-modulated signal v1(t) - cos(w ct+(Af/f m) snmw t. 0

The signal that commands the resonant frequency of the band-pass filter

..........................................
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will be attenuated and phase-shifted by the F/V converter. From eqs. 8

and 9, it is written as

w[t)=w + 2 wAf cos (w t - arc tan J(T 3 + T4 ) u/I - T 3 T4 Wm
2 })"

m 3 4 m 3WR() Wc+T T4 W2)i + (.r 3 + T 4)2 W 2 [i0] " '

if we assume that the voltage errors el, VE and RI in eq. 9 are

negligible. The output signal of the band-pass filter is found by

substituting eq. 10 in the transfer function of the band-pass filter.

This gives

R(t) Afsinu t
-R ( c + 2 nAfcosw t) cos( wct + Af + m i

*Q c m c fm + I1.. v t" m [11]
BP(t'. W uR(t)

1-( {+2wAfcoswt)]2 + [w2(t)-(w +2rAfcosw t)2]2112

where 1  arc~tn 2 (t) - (w + 2nAfcosw t)2

7FR c m
, _7 where arc tan R t)  c' -.

WR(t)
- ( + 2iAfcosw t)Q c m

Examination of eq. 11 reveals that the output signal of the

band-pass filter simultaneously becomes modulated in amplitude and in

frequency. The amplitude modulation, whose frequency is twice greater

than the modulation frequency fm of the input signal, increases with
* the index of the frequency modulation (Af/fm) , the quality factor of

the band-pass filter and the response time of the F/V converter.

To allow the processor to be frequency locked on to the input signal,

the modulation frequency (fm) of this signal must be smaller than

1 1/2TAG C and the magnitude of the amplitude modulation of the signal

vBp(t) must be smaller than the dynamic amplitude range of the AGC

amplifier. Thus, the frequency agility of the processor depends also on

the performance of the AGC amplifier.

• • . .. . . -'.... . .. . . .... ... ". . . . .. . " . ' • " ". . . ." ... .
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Af/r
c

.875

.75

.625

.5

.375 -
fH(Hz)0 100 200 300 400 500

FIGURE 2 - Maximum values of the ratio Af/f c (frequency deviation to
carrier frequency) as functions of the frequency of the modu-
lating input signal for three values of the quality factor Q

(10, 15 and 20). The frequency-tracking loop of the processor
has a time constant of 650 us while the AGC amplifier has a
time constant of 1 ms and an amplitude dynamic range of 60 dB.

Figure 2 illustrates the behavior of the tracking filter when the

time constants T3 and T4 have been set to 220 and 270 ps yielding a

frequency-tracking loop with a time constant of approximately 650 ps.

In addition, we assume that the AGC amplifier is characterized by a time

constant of I ms and an amplitude dynamic range of 50 dB. The signal

vBP(t) described in eq. 11 has been computed and the values of the ratio

Af/f that produce amplitude variations of vBp(t) equal to 60 dB have
c B

been plotted as a function of the frequency of the modulating signal for

the following values of the quality factor Q, i.e. 10, 15 and 20. For

any value of fc and fm, these curves give the maximum frequency

deviation (Af) which can be substituted for the input modulating signal

* to maintain the tracking filter frequency locked. It is shown that the

curves are shifted down when the quality factor Q increases. Thus, the

higher the frequency agility of the processor, the more its immunity to

noise and interferences must be diminished. The value of f is

* limited to 500 Hz, which is equal to 1/2T AG C . In Fig. 2, the amplitude

of the input signal of the tracking filter is assumed to be set to the
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maximum value that can be injected without saturation of the AGC

amplifier (Ei f Emx). This allows the tracking filter to use the full

dynamic range of the AGC amplifier to track the signal in frequency.

However, if a signal with a lower amplitude is injected (E < E max), the

effective dynamic range of the AGC amplifier to track this signal is

decreased by the amplitude ratio E /E
i max

3.0 REALIZATION OF THE FREQUENCY-TRACKING FILTER

The frequency-tracking filter is composed of a tunable second-

order filter which must provide the following properties in the range

of 5-140 kHz

00

(1) a constant Q,

(2) a constant resonant-frequency gain, and

(3) a resonant frequency proportional to the control voltage.

Two models that are derived from the biquad structure can meet

these requirements. The first configuration is built with analog mul-

tipliers and the other one uses OTAs.

The frequency-tracking loop senses the output of the band-pass

filter E0 and produces the control voltage that moves the resonant

frequency fR of the filter towards the frequency that dominates Eo

(this frequency is identified by fA). When fA varies, the loop

readjusts fR to track fA" If the amplitude of a signal at frequency

f fB (different from fA) becomes superior to that of the signal

corresponding to fA at the output of the band-pass, then fRwill be

moved to f and fB will replace fA" The system centered on fA

attenuates the noise and interference (located outside its frequency

0- '.
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bandwidth) that disturb the detection of fA" In addition, the

frequency-tracking loop must be fast enough to lock on to fA when it

is varying at high rates.

This loop is composed of an AGC amplifier, an F/V converter and a

low-pass filter. Let us analyze each of these units.

3.1 Tunable Band-Pass Filter with Multipliers

A voltage-tunable active filter can be created by adding two

multipliers to a universal active filter. The resonant frequency of

this filter varies linearly with the control voltage and it

simultaneously provides low-pass, high-pass and band-pass outputs. m
Ideally, the filter Q factor and pass-band gain remain constant while

the frequency is varied. The voltage transfer function between the

band-pass output and the input is related as follows

I

E (s) K (W /Q)sFoo [12]
Ei(s) ~2 + (w/)s+ 2

0 0

where eo(t) f the output signal of the band-pass filter, whose Laplace p

transform is noted by Eo(s),

ei(t) f the input signal of the band-pass filter, whose Laplace

transform is noted by Ei(s),

KF - the gain of the filter,

fo = the resonant frequency,

s - the Laplace operator, and

Q f quality factor of the filter defined as the ratio of the

frequency f0 to the bandwidth of the filter.

I

-.-. .. .... ... •. .. ... .. .. "... -... -.......... ..-.. -.... .-. i.. .-.. -..' "---.".. i.. i',i .-i .-. . .-> --.- -
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If we suppose that the operational amplifiers and the multipliers

are ideal components, the circuit of Fig. 3 is defined as follows

(Ref. 3)

[omax 2wr (R R C C[3

Q =1+K~ KXRiCl
quality factor Il+KY -C )2 [14]

K F gain of the filter K Y [is]

C? 68 pF

3.3 ka

R
2

13

C1 15030 pF

1.0 kg

+ ~3.3 kg

+ 13

FIGURE 3 -Second-order tunable band-pass filter realized by two.
mulitip1li ers



UNCLASSIFIED
13

Multipliers MI and M2 are used to simultaneously vary the resis-

tors R and R2 to obtain a linear variation of the resonant frequency as

a function of the control voltage Vc and to maintain the Q factor con-

stant. The Q factor and the gain are adjusted by the resistance K1 R4.

Since the analog multipliers give an output normalized to 10 V, the

relation between fo and Vc is described by

V K1 Vc Kx
fo =2 o (RR2CC2)[16]

2w 10 RR2 C IC2

The values of the components of the circuit of Fig. 2 allow the

resonant frequency to be varied from 3 to 150 kHz as the control voltage

Vc is adjusted to give 14 kHz/V. When this band-pass filter is built,

we note that it breaks into free-running oscillations at high Q factors

and high frequencies. Also, the measured values of the filter gain,

quality factor and phase shift do not correspond to those calculated

from these equations. These results can be explained if the

nonidealities of the operational amplifiers and multipliers are taken

into consideration. Real operational amplifiers normally have a gain

and a phase-frequency response characterized by a single-pole model and

the transfer function is

Aw
T(s) s o + [17]

c

The frequency response of real multipliers is given by

M(s) - c [18]

[1 + (s/w M)
*i

For a typical low-cost operational amplifier as model TL074 from

Texas Instruments, Ao is in the order of 100 dB and fc is 10 Hz.

For the AD532 multiplier from Analog Devices, fm is in the order of

2.2 MHz.

. .. . . . . ... . . .

:_:i Y _.:i:: _:: ::;:i i: " " " . . . . ". .. .. " - " "
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The filter overall transfer function becomes more complicated if

the functions T(s), M(s) and the output resistances of the two inte-

grators, noted by ro, are taken into account. Then, the transfer

function can be written as

E (s) H H0 1 5
E (s I -H H + H H H + H [19]

12 5 3 56 4

where H 1 - T(s) Ky/I + Ky,

H2 = T(s) M(s)/1 + Ky,

H3 = T(s) KX/I + KX,

H4 = T(s)/l + KX,

H5 = -T(s) M(s) (Zl/r + Z1 )/(1 + T(s)) RI/Z I + r), and

H6 =-T(s) M(s) (Z2 /r + Z2 )/(1+(I + T(s)) R2 /Z2 + ro) ,

r - 230 Q for the amplifiers TL084 from Texas Instruments, " "
0
Z , 1/s C1,

Z 1/s C2

The equality between eqs. 12 and 19 can be verified if we

suppose that T(s) , M(s) f 1 and ro = 0. In this case, the

band-pass filter is composed of ideal components.

This transfer function, with the numerical value of the

components specified in Fig. 3, is processed by a digital computer to

calculate the factor Q and the filter gain. Curves 1 of Figs. 4 and 5

show that these factors increase as a function of the resonant frequency

fo. They remain relatively constant up to 10 kHz but, beyond this

point, they increase rapidly and the filter becomes unstable before f 0

attains 100 kHz. The circuit of Fig. 3 is then unable to cover the 5-

to 140-kHz frequency band with a Q greater than 10.

......................................................
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28.1F

11.0

.. .. .................. ...... . .... ..-. .......

3 4 510 0 0 10

FIGURE 5 -Behavior of the gain of the filter as a function of the reso-
nant frequency

Legend: I...- - transfer function computed without the third
multiplier

- -- -2 - transfer function computed with the third
mul tip1lie r

3 - experimental measurements with the third
multiplier

4 - ideal value
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68 p"
'! !AD

°,  
2

2 '1.

KYRR M3 3 M2

33 2

.22 OF 1 k ,

TO THE I4PUI

10 ka 10 k' OF THE AGC

I 
"

FIGURE 6 - Tunable band-pass filter whose resonant frequency is tuned by

a control voltage and whose gain and quality factor are sta-
bilized.

The increase of the quality factor and gain of the filter with

f is a well-known phenomenon (Ref. 4) but not many solutions exist to

maintain them constant (Refs. 5 and 6). Our solution (Fig,. 6) is based

on the assumption that the stabilization of the circuit can be obtained

by decreasing the ratio Ky as the tuning frequency is increased. This

solution which modifies the circuit of Fig. 3 consists in adding a third

multiplier to vary the factor Ky with fo. This multiplier is

controlled by the voltage V c that is used to change the resonant fre-

quency of the filter.
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An analysis of this circuit is realized by substituting in the

transfer function of eq. 19 H2 (s) by M(s) H2 (s) to take into account

this third multiplier. Curves 2 of Figs. 4 and 5 represent for this new

transfer function the variation of the Q factor and gain as a function

of the resonant frequency respectively. This analysis demonstrates that

the circuit instability has been eliminated for high resonant

frequencies and high Q's. It was determined experimentally that this

filter can be continuously tuned from 3 to 150 kHz in maintaining the

r factor Q between 17 and 25 (Curve 3 of Fig. 4) and the gain between -6.2

and -9.8 dB (Curve 3 of Fig. 5). This represents the best performances

that it is possible to obtain from this configuration. When the voltage

Vc is small (Vc < 0.25 V), the ratio Ky becomes too great, thus

causing an instability which corresponds to a frequency smaller than 3

kHz. The analysis of the performances of this filter is completed by

presenting in Fig. 7 the linearity of the control voltage Vc as a VC!
function of fo that is obtained from the transfer function of eq. 19

(Curves 1 and 2) and by experimental measurements (Curve 3).

3.2 Tunable Band-Pass Filter with Operational Transconductance

Amplifiers

The circuit illustrated in Fig. 8 shows an OTA used as a

variable transfer function between the output Eo and the input Ei.

If we let V, and V2 be the positive and negative inputs of the

amplifier, Vc the control voltage, Vcc the supply voltage and ZR the

load impedance, the output current I is controlled by the current

Ic as related by the following equation

1o =gm Ic (V1 - V2 ) [20]

. where g I = transconductance value (gm 19.2 V-1 for the OTA CA 3080
mc I

from RCA)

Ic= (V c + Vcc) /Rc [21]

. . .. . . . . . .
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10.0

-5.0

-10.0

FIGURE 7 -Relative error of the control voltage as a function of the
resonant frequency f0

Legend: -.... 1 - transfer function computed without the third
multiplier

- -- -2 - transfer function computed with the third
multiplier

3 - experimental measurements with the third
mul1t i pli er

.....4 - ideal value

0
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FIGURE 8 - Operational transconductance amplifier as a variable transfer
function

The transfer function between E and E is given by

E (s) RB (V + Vcc)
- g R ZR(s) [22]

E i(s) 'm' RA +RBR R

For a linear operation, the values of RA, R and R must be

At B C
determined in order to tespect the following specifications: the maximum

values of the differential input voltage (V1 - V 2 ), the amplifier bias

current (I ) and the amplifier output current (I )a. For the OTA
c max 0 max

CA 3080, (V - V 2)max t 26 mV, (I )max = (Io)max = 1 mA.

As illustrated in Fig. 9, voltage-tunable active filters can be

produced by inserting two OTAs into the universal active filters. If

the outputs of OTAs are loaded by identical capacitors CL, the voltage

transfer function between the band-pass output and the input is defined

as follows:

E3 (s) -(R8 /R7) W0 s.
E-s [23 ]

E(S) s+ (w RB/R 5 ) s + 2

O0
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E

R6 1K TUNABLE BAND-PASS F;LER

RS 18K .

INPUT R Ix PAA20K

17 1i~ ~ K 3. 2 P81K 3 6.

301K IU11]R 6 3 U] 6 5
124 1 2 + 5

1K I L L -, CL

- E 2  = r
.01 1 01 011 0\

4-- 33K V 8 2K 33K

R are in ohms 'J1 is 1l107

C are in vF J2.J5 are CA31804

- is -15 V

FIGURE 9 - Model of a second-order band-pass filter using operational

transconductance amplifiers

By comparing eqs. 12, 22 and 23, we find

g R (V + V)
0 (R + R) R C [24]

Q = Rs/R8  [25]

K F = R5 /R7  [126]

The value of CL is given by the maximum value of w
0•

corresponding to (I )max . For the band-pass filter of Fig. 9, (E1 ) max

=6 Vpeak' RB = 1 kQ, V 2  0 and (f o)max = 200 kHz yield RA = 230 kQ and

CL 0 68 pF.

The measured values of the quality factor Q and the gain of the

filter are plotted in Figs. 10 and 11 as functions of the resonant fre-

quency when the quality factor is set to 10, 15 and 18 respectively.

The expected value of the gain from eq. 25 is -6 dB. When the filter

operates with a Q smaller than 18, it does not require any compensation

to cover the 5- to 140-kHz frequency band. Under these conditions, the

quality factor and the gain of the filter can be maintain quite con-

"'0
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stant over this band. Finally Fig. 12, which is expressed as a per-

centage of the control voltage error between the expected and measured

values, shows that this error is limited to 5%.

However, the measured values of the gain filter and the quality

factor do not correspond exactly to those calculated from eqs. 24 and

25. The mismatch of these results can be explained by nonideal

operational amplifiers and OTAs. The OTA model in Fig. 13 takes into

account the input and output impedances noted by Zi and Zo and

assumes that the transconductance has a frequency response with a single

pole. Then, the transfer function of the OTA becomes

E (s) Z Z R Z (V + V )
E)(s ) -- gm(s). oLBi c cc [27]

1  Ei(s) (Z + ZL) (R 2 + Z (R + RB) + 2R R )R

0 L B i A B AB c

m OTA
where gm(s) [8s + ]OTA

1ZL ='
sL C s
L

If the T(s) functions for operational amplifiers and TI(s) ones

for OTAs are considered in the filter of Fig. 9, the overall transfer

function between the band-pass output and input can be written as

E3 (s) HA(S) T2 (s) [29]

E1 (s) 1 - T2(s) HB(s) - T2(s) Hc(s)

-R /R
where 8 7 T1 (s) T(s)

HA(S) = I + (R8 + R 7 )/R7T(s)' T2(s) = 1 + T(s)

-R /R5  -R 8 /R 6

B I + (R8 + R5 )/R5 T(s)' Hcs) = 1 + (R8 + R6 )/R6 T(s)

8
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I Q(quality factor)

161
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* 4- 4-ais s f (kHz)
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FIGURE 10 -Behavior of the quality factor of the band-pass filter built
with OTAs as a function of the resonant frequency for various
values of Q

GAIN(dB)

i414 -4 Ft ie a r(kHz)

-sg ti 40 l

411

-Q=1

FIGURE 11 Behavior of the gain of the filter built with OTAs as a
function of the resonant frequency when the factor of quality
is set to 10, 15 and 18.
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FIGURE 12 -Relative error of the resonant frequency control voltage of
the band-pass filter built with OTAs as a function of the
resonant frequency
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To maintain the gain and the quality factor more constant when

varying the resonant frequency, the filter can be easily compensated by

replacing the capacitor CL at the output of the two integrators by a

network that produces a phase advance. This network can be a serial

combination of a resistor RL with the condenser CL whose transfer

function is

ZL(s) = (RL CL s + 1)/CLS

3.3 Automatic Gain Control Amplifier

The AGC amplifier adjusts the output of the band-pass filter to a

reference level compatible with the driving signal of the F/V converter.

This amplifier, which is illustrated in Fig. 9, maintains its output at

a fixed amplitude by controlling the gain of an OTA. The output of the

*OTA is full-wave rectified and filtered by a circuit characterized by a

fast-charge and a slow-discharge behavior. Then, the signal is compared

to a reference voltage to produce an error voltage which, after being

low-pass filtered, adjusts the gain of the OTA.

An ideal OTA gives an output varying as a function of the control
. voltage Ec and its input voltage VI .  In the schematic of Fig. 14,

its transfer function is

V0(s) -K (E c(s) + VA  V(S) [30]

g R9R (R + R)
m9 11 12 13Rwhere KR-. (R9 + R o)RI2R1
9 10 12 21

Sgm 19.2 V-1 for the amplifier CA 3080 from RCA,

• A V cc- VZ

-. V the supply voltage (15 V),
cc
VZ = the reverse breakdown voltage of the Zener diode D6

( 5.1 V for the diode 1N751A).

0-.

..............................................
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a T, R 4 C3
i| el " 14 3

T.R C
2 18 4

Then, the gain of the AGC amplifier is found by combining eqs. 30

and 31:

VO(S) K KyVR/(T 2 S + ) [32]

VI (s) I + K Ky V lp/ (T S + 1) (T 2 S + 1)

The amplitude dynamic range (R) of the AGC amplifier is derived

from eq. 30 and its value is given by the relation

RdB =20 log K[A(E c + VA)] [33]

where V -V < E < V
Z cc c R

Then,

RdB =20 log [K(VR + V - V"] [34]

The time constant TAGC of the AGC amplifier is defined as the

time required by the output amplitude (or by the control voltage Ec)

to complete 63.2% of its total rise (or decay) when the input is forced

by a step in amplitude. It is derived from eq. 32 and its value is

e- (T -T )
TAGC - 2 9.n[ -2/t ] [35]

T 2-T 1 e 2 1

* where 2 T

2 1

i " " " "" " " " ' " " : ' " "' "" . "

0 "" ' ." -.. . i " .- " .." ; . .. -



UNCLASSIFIED
28

The output waveform, after being processed by a low-pass filter,

feeds back the negative input of the OTA. This configuration attenuates

the DC voltage and low-frequency fluctuations that accompany the

output.

3.4 Frequency-to-Voltage Converter and Voltage Adaptor

The output of the AGC amplifier is adjusted to present a satu-

rated waveform to the input of the F/V converter. The gain of this am-

plifier must be set at V /V . Then, the converter transforms this sig-
cc R

nal into a train of short-duration pulses by using exclusive OR (EXOR)

gates and delay operation (see Fig. 14). Since pulses are generated on

the rising and falling edges of the input waveform, the repetition rate

of pulses is twice greater than the frequency of the input signal. Pul-

ses are averaged through a low-pass filter (of time constant t1 )

yielding the output voltage VL,  It is so adjusted to give 0.0714

V/kHz.

The transfer function between the F/V output and its input fre-

quency is given by

V KVL _ 2.

W Ts + [36]
j 3

where T R C
3 22 5*

An operational amplifier low-pass filters the F/V output and

adapts it to the voltage Vc that controls the resonant frequency of

the band-pass filter (Fig. 15). The transfer function of this adaptor

is related as

K3VL(s)
V (s) - + K4  [37] 1 '
c T s + 1 [37

4

where T-4 C 6 R24"

•6 2

0 i /
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C 6  820 pF - -
6

24 vc
100 ko

L230 ka 330 k.
L- S

R 25 
1 0 k

a) for band-pass filter built with multipliers

C6 820 pF

+ 
R2 4

1 ^$/ , 26 " 330k'

j V

R +

b) for band-pass filter built with operational transcon-
ductance amplifiers

FIGURE 15 - Voltage adaptor to match the output of the F/V converter to
that of the control voltage of the band-pass filter

.S -.
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The transfer function between the input frequency wj of the F/V

converter and the control voltage Vc is obtained by combining eqs. 36

and 37. This yields

SK 2Kj(s)

c (13 s + 1) (T4s + 1) 4 [38]

If the band-pass filter with multipliers is used, eq. 16 proves

that K4 - 0 and K 3 must be adjusted to give 10/VKx/R R 2C IC2

For the band-pass filter built with OTAs, eq. 24 highlights that

the parameters K3 and K4 must be set to (RA + RB) RcCL/g m R and to -Vcc
respectively. Variable resistances R23' R25 and R26 allow the setting

of parameters K2, K and K

The time constant of the frequency-tracking loop (TL) is then

derived from eq. 25. The value of TL is:

e-- (T4-T3 ) -. ,

4 3)T L _T 4n -I [39)
T -'r e 4T

43

where 14 > 
T3"

3..

The derivation of pulses within the F/V converter is determined

by the propagation delay time tpHL (or tpLH) which is the time between

the specified reference points, normally 50% of the points on the input

and output voltage waveforms, with the output changing from the defined

low level to the defined high level (or the defined high level to the

defined low level).
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The F/V output VL is determined by the duration of pulses.

Since this duration is proportional to tHL (or tLH), eq. 36 can be

rewritten as

(4KV t )
(s) 5 5cc pHL [40]

L T3s + 1
3

where 4 V ccrT p j is proportional to the average of pulses and K5 is the

gain that is adjusted to give 0.0714 V/kHz. We assume that tpHL = tpLH .

From the curves of Ref. 7, we deduce that the delay time of gates

MC14070 can be approximated by the linear relation

tpHt =15 + -I (T + 60) ns [41]

where t is specified in nanoseconds and T in degrees Celsius.pilL

Then eqs. 40 and 41 show that the F/V output can vary as a func-

tion f temperature. For example, if the F/V output is initially ad-

justed to 20'C, it will change at a rate of approximately 0.30%/°C

because of the change in pulse width.

The F/V converter transforms the output of the AGC amplifier in a

train of short-duration pulses. These pulses are filtered by an RC

circuit characterized by fast-charge and slow-discharge behaviors.

Ripple voltage ri(t) can be observed at the output of the F/V converter

and it has been lowered by using a pulse-rate doubler (maintaining a

ratio of two between the repetition rate of pulses and the input

frequency). The ripple voltage is a function of the time constant of

the F/V converter and is expressed as

ri(t) = vL(t) (1-e 3) [42]
L

where 0 < t < 1/f..

iali-"0 ; ... :'_''-: i ' .L :::::" ,: ' ._._, "¢ ''''' _ '- .i.: _.: _ :, ' ' : ; ' 1 ' -:, " .- , ; ,, . ,, : ._,
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j We assume in eq. 42 that the duration of pulses is negligible

compared to the period of the input frequency f. The peak-to-peak

value of the ripple voltage is given by

ri p V L(t) (1-e 1/2 f jT 3 ) [43]

We note from eq. 42 that the ratio ri(t)/vL(t) increases as the

input frequency decreases. In maintaining the term 1/2 f T smaller
j 3

than two, the value ri(t) is quite constant for the entire bandwidth.

4.0 DESIGN EXAMPLE AND ITS PERFORMANCE

The tracking filter of Fig. 16 operates with the best specifica-

tions that can be obtained from such a configuration. The quality

factor of the band-pass filter built with the OTAs is set to about 15

and the time constants of the AGC amplifier and the F/V converter are

j set to 1 ms and 500 i's respectively. The specifications of the tracking

filter are presented in Table I.

The tracking filter was subjected to several laboratory tests to

j determine its dynamic range, its frequency agility and its immunity to

noise and interference signals. As shown in Table II, it has been

necessary to identify two maximum excitations for the tracking filter,

one required to lock the processor and another to maintain lock. These

b voltages have been measured at several frequencies within the bandwidth

of the processor.

In the laboratory, the frequency agility was measured by feeding

9 the output of a programmable signal generator through the tracking

filter. As shown in Fig. 17, the processor reacts correctly to enormous

sinusoidal swings in frequency, namely 15-140, 60-120 and 10-40 kHz.

Various ratios Af/f c are used and the shape of the curves of Fig. 2

*are verified experimentally. The frequency of the sweep from 15 to 140
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TABLE I

Specifications of the frequency-tracking filter and its components

FREQUENCY-TRACKING FILTER

Voltage supplies ±15 V, 2 W

Frequency range 4-140 kHz

Maximum input voltage 10 V r.m.s.

Minimum input voltage (see Table II)

TUNABLE BAND-PASS FILTER

Frequency range 4-150 kHz

Dynamic range (see Table II)

Maximum input voltage 30 V peak-to-peak

Quality factor Q 16 to 21

Gain -4.9 to 2.7 dB

AUTOMATIC GAIN CONTROL AMPLIFIER

Frequency range 5-200 kHz

Dynamic range 55 dB

Time constant 1 ms

FREQUENCY-TO-VOLTAGE CONVERTER

Dynamic range 2-195 kHz

Ripple on averaged output 150 mV (peak)

Time response to a frequency step 500 ps

Minimum input voltage 3 V peak-to-peak

6
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TABLE II

Minimum amplitudes required for lock-on and maintenance of

lock of the band-pass filter as a function of frequency

Minimum voltage (peak-to-peak)

Frequency for lock-on for maintenance of lock

(kHz) (V) (V)

5 1.6 0.2

10 1.0 0.1

15 0.36 0.11

20 0.22 0.1

25 0.12 0.1

40 0.11 0.085

50 0.1 0.075

70 0.1 0.09

80 0.15 0.1

90 0.36 0.16

110 0.5 0.32

130 0.34 0.25

* 140 0.56 0.16

0

0-

0".

.....................................................
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(a) (b) (c)
15-140 kHz 60-120 kHz 10-40 kHz

MA'

5 ms/div 5 ms/div 20 ms/div

MAVA Ad ''
'-w

1 WAW!W E 1 or-.mwwwnen. IlIn

.E

5 mldiv 1 ms/div 5 ms/div

i ..a m -. EI,--, ... .. .,.,-..
3 3K31A IIl II urI IIn lan i IIal

Sms/div 0.5 ms/div 2 ms/div

FIGURE 17 - Results of the agility tests to which the tracking filter was

*' subjected. At (a), a sinusoidal frequency sweep from 15 to

140 kHz is applied at 35, 60 and 150 Hz respectively; at (b),
.. a sinusoidal frequency sweep from 60 to 120 kHz is applied at

¢ 75, 275 and 450 Hz; at (c) a sinusoidal frequency sweep from
. "'.10 to 40 kHz is applied at 16, 55 and 200 Hz. In each case,

!" the upper trace represents the modulation of the frequency

* generator while the lower trace is the actual voltage at the

output of the F/V converter.

0*. .

mis
o ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 1,0 441 ...,.,- . . .a .,•
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kHz and from 10 to 140 kHz was limited by the dynamic amplitude range of

the AGC amplifier. In the other case, the frequency of the sweep was

limited by the time constant of the amplifier. When the limit in the

frequency of the sweep is attained, the output waveform is slightly

delayed and distorted.

The immunity of the processor to noise and interference signals

has also been measured in the laboratory. In a first test, the

processor has been initially locked on to a signal and the level of

white noise was increased until loss of lock. Repeated at several

frequencies, this test revealed that the processor remains locked as

long as the signal-to-noise ratio remains above -14 dB.

In a second test, its resistance to interference signals was

measured in the following manner. The processor was first locked on to

a signal of strength S1 at frequency fl, then another signal of strength

S2 at frequency f2 was added to the input while increasing S2 until loss

of lock on the first signal occurred. This test was repeated for

several frequencies f and f as follows
1 2

f1
(kHz) f2 (kHz) S1/S2(dB)

90 30 -24

60 30 -20

30 90 -20

60 90 -18

The situation where f and f2 vary with time was simulated by

4 locking the filter onto S1 at f and letting f2 grow coincidently with

f and pass this frequency. The filter das always remained locked on S

when the ratio S /S remained above 4 dB.

1 2

411

wi 4W d
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5.0 APPLICATION OF THE TRACKING FILTER TO A DOPPLER SIGNAL PROCESSOR

To demonstrate the capability of the filter to track the frequen-

cy of a signal in presence of interference, let us inject into this

filter the Doppler signal from magnetic tape recordings of telemetry

data. These signals were obtained from instrumented RIM-7E5 missile

firings.

The RIM-7E5 missile guides itself towards the target by using

radar as the signal source for semiactive homing. Since there is no

transmitter in the missile, its guidance depends on the RF energy radi-

ated by an illuminator and on the reflection of that energy by the tar-

get. The illuminator signal, used as reference, and the reflected sig-

nal are received by the rear and front antennas respectively and are

processed in the missile to derive directional, range and velocity in-

formation. This information is contained in the video Doppler signal, a

low-frequency one (5-140 kHz), whose frequency is proportional to the

missile target closing velocity. This signal is difficult to track

since it contains in addition to the target return, clutter, jet engine

modulation (JEM) and receiver noise.

During flight, the frequency content of the Doppler signal varies

continuously. During boost, the Doppler frequency of the target in-

creases because of missile acceleration while it slowly decreases during

the glide phase because of missile deceleration. At intercept, there is

a rapid change in the frequency content of the target return due to the

geometry of the intercept. This transient is called the Doppler roll-

off and its duration is proportional to the rate of change of the line

of sight to the target during intercept (ratio of missile-target closing

velocity to miss distance).

Figures 18 to 20 show the spectral content of various Doppler

signals that have been derived from a real-time spectrum analyzer. The

S
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reaction of the tracking filter to these Doppler signals is given by

recording the output of the F/V converter as a function of time. A

common signal allows synchronizing both displays.

Consider Fig. 18; the Doppler signal is characterized by a long

roll-off (72 ms from 0.9 f doto 0.5 f do) where f dois the preintercept

target Doppler frequency and the 0.5 f docorresponds to the time of

closest approach. Examination of the data reveals that the tracking

filter follows the target Doppler frequency during the intercept phase

in eliminating interference such as JEM and clutter. Figure 19 has been

obtained under the stimulus of a Doppler signal characterized by a very

short roll-off which results from a miss distance of 0.3 m. For this

case, the output of the F/V converter demonstrates that the tracking

* . filter is fast enough to follow the target return. Finally, Fig. 20

presents much more difficult conditions where the target return is mixed

with very strong returns from JEM and clutter. It is shown that the

tracking filter reacts correctly in extracting the target return from

this complex Doppler signal.
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FIGURE 18 -Response of the frequency-tracking filter to a Doppler signal
characterized by a long roll-off
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50 kHz- -

0utout of the F/V converter
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010 ms
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25 kHz -

FIGURE 19 - Response of the frequency-tracking filter to a Doppler signal

characterized by a short roll-off
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OutDut of the F/v converter
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Frequency content of the Doppler signal

FIGURE 20 -Response of the f requency-t racking filter to a Doppler signal
characterized by strong interference
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6.0 CONCLUSION

The feasibility of frequency-tracking filters operating in the 5-

to 140-kHz frequency range was demonstrated. System analysis provides

insight into the parameters that essentially determine the performance

of the filter. Each component of the proposed frequency-tracking filter

has been fully described and analyzed. The band-pass filter has been

designed to exhibit a constant quality factor and a constant

resonant-frequency gain. The AGC amplifier and the F/V converter have

been built to perform fast time responses.

Experimental results were derived from a tracking filter oper-

ating with a quality factor of 15 and with a time constant of the AGC

amplifier and F/V converter set at I ms and 500 Us respectively. The

immunity of the system to white noise is established at -14 dB. It was

determined that, if the filter is initially locked on to a signal at

90 kHz, it can reject an interference located at 30 kHz provided that

the signal-to-interference ratio (S1/S2) is greater than -24 dB. In

addition, the tracking filter can reject an interference located between

the starting and final points of a frequency sweep if the amplitude

ratio S I/S is greater than 4 dB. Otherwise, it is possible that the
12

filter remains locked on to the interference at the crossing time. The

test of frequency agility demonstrates that the filter can track a

signal whose frequency is varied from 60 to 120 kHz at a rate of 200

*Hz.

Such a tracking filter is used to process a Doppler signal whose

frequency content is composed of the target return and strong interfer-

ence such as jet engine modulation and sea clutter. At intercept, the

Doppler frequency shifts to about one half of the preintercept frequen-

cy. It is shown that the filter is sufficiently immune to noise and

interference and is frequency-agile enough to track the Doppler

frequency of the target return before and during the intercept phase of

a semiactive guided missile.
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