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Abstract — This paper analyses an automatically tuned L L Uz
filter and its application at microwave frequencies in detal. @ X I
The filter is implemented in a master-slave structure. Eithe wr | uy
the phase or the magnitude response of the master-filter at w0 ~ td
a reference frequency is used to find information on poten- ~
tial operating points and on the stability of the complete Control filter
control structure. The theory is simulated and compared to 2
measured results. Input X Output

Slave

Fig. 1. Principle structure of the control loop.
I. INTRODUCTION

The characteristics of analog filters are vulnerable to [l. THEORETICAL ANALYSIS

fabrication tolerances and temperature drift. Automatic The structure of an automatically tuned filter following
frequency control using the popular master-slave approacfhe master—slave principle is shown in Fig. 1. The sinu-
i_s the most feasible solution to control _these charact(_erisgoidm reference signal, (t) = i, cos(w,t) with angular
tics [1]. It uses a master dewce_ that_ is embedded in Frequencyw, is applied to the master filter as well as to
control loop to generate the tuning signal for the slavey getector. The behaviour of the master filter with centre
Voltage Controlled Filter (VCF)in the signal path (cp. angular frequencyy is described by the transfer function

Fig. 1). A good matching between master and slave iy (;, ). A second order band pass transfer function will
essential for a precise operation. be used in the examples:

For microwave filters, this problem has been solved in D

[2], [3] by using a typical phase locked loop based on a I B Oono 1
voltage controlled oscillator matched to the slave filter. (p,wo) = : D 'z (1)
e + + =
Another control scheme that uses identical filters for woQo  wd

master and slave was proposed in [4]. It utilises a tes}iip H, being the gain at centre frequen = o/,
si_gnal to measure gither the magnitude respoag{ g Awp (in 7d%) the angular frequency bandwidth at
nitude Controlled Filter, MCI or the phase response _3qB. The relation between the centre angular frequency
(Phase Controlled Filter, PCFof the filter at a reference 5,4 the tuning voltage is given by () = wo.o+ ko (t)
frequency. with the VCF conversion factok; (in adsy) and the
The analysis of the latter systems concentrated on trarguiescent angular frequenay; o .

sient simulations for an initial condition and a steadytesta ~ The detector might either be sensitive to the peak
analysis. In this paper an advanced analysis is proposewltages of the input signals only (MCF, Fig. 2(a)) or
that uses a linearisation in the steady-state to derive 0 their phase difference (PCF, Fig. 2(b)). For a general
transfer function of the system as well as informationanalysis, the output signal of the concatenation of the
about the stability of the system. power splitter, the master filter and the detector is de-
scribed by a function,(t) = g(w,, wo, 4, ). For the MCF

In the first part of the paper a theoretical analysis . . . )
P pap 4 he output signal is proportional to the power difference of

of the control structure is given, using a generalisqu
representation for the detector that allows it to treat the

Uy

MCF as well as the PCF in the same manner. Models — >t ——

for the system components are introduced to illustrate }-Dﬂ» :BEQ—» 2t
the procedure. In the second part, the theory is applied LLF ¥ ur

to a band pass filter with variable centre frequency in

an MCF and a PCF system. The results are validated (a) Magnitude detector (b) Phase detector

by measurements with a PCF system at microwave

frequencies. Fig. 2. Principle structure of the detector circuits. Thalimear

blocks in (a) represent power detectors.



the incoming signaly(t) = kp(ﬁfc—ﬁﬁ), with k,in V=1, An OP is stable if the system returns to this point after a
Together with (1) the nonlinear function of the MCF is: slight perturbation, otherwise it is unstable.

2 For the stability analysis, the nonlinear functig) of
1-HZ + Q3 (% — %) the system is expanded into a linear Taylor series at the
g(w’l') WO, ’&7) = _kpﬁ’% - g OP
L+ Q(Q) (% o i_g) g(wra Wo, '&7) = Ud,0 + Kawo + K’!'Aw’l' + KuAﬁ/T (8)
(2)  with
For the PCF with the detector following Fig. 2(b) it is: % Jg 0g dg )
d=— 75 ) r= 3 u= A~ )
Qo <ﬂ 3 &) duwo [op 9w |op Ftr |op
1 Wy W
9lwr,wo, i) = — k@ Ho LA Aw, = wy —wrop,  Ady =ty —drop,  (10)
1402 <ﬂ _ ﬂ)
Wr  Wo udg,0 = g(wr,wo, Ur)|op — Kawo,op- (11)
with &, (in V™') being a constant of the multiplier. The integral equation is linearised and Laplace trans-

The Control Filter (CF)in the feedback path is typically formed:
a low pass filter together with an amplifier. In the analysis

H
it is represented by its impulse responsgs(t) or its  wo(p) = {M + K, Ay (p) —I—KT.Aw,.(p)} #
Laplace transform, the transfer functiéfce(p). Thus p d (12)
W
o +[222 4 kyuoatr)] 1+ 1)
’u,()(t) = / hcp(t — T)ud(T)dT + U()_’()(t) (4) with
-0
krKqHcr(p)

with g o(t) considering settling effects due to initial H(p) = T= b KaHor(p) (13)

conditions in the control filter. Withuc(0) being the

initial voltage of the capacitor, a first order low pass filter For the operating point, it was assumed that the system

is settled in a steady-state. Therefore, it is reasonable to

ields:
y neglect all terms in the equation above that vanish as
Hee(p) = _ 4 . wo0(t) = uc(0) e YRrRC (5) t— oo Togetherwith the formula for the operating points
1+pRC (7) it is then rewritten as:
The control system adjusts the centre angular frequency Wo OP K, K,
wo Of the filter to the reference angular frequengy Its wo(p) = p +H(p) Eﬂwr(p)ﬂLfdﬂur(p) (14)

behaviour is described by the integral equation: ) ) ;
to describe the system behaviour for small disturbances

from the OP. The well-known methods of system theory
: . might be used to analyse the stability of each OP [8] that
wo(t) = kf/ her(t = 7)g (wr(7), wo(7), @ (7)) dr (6) is determined by the stability off(p) for steady-state

t+0

-0 input signals.
+ wo,0 + kfuo,o(t) For the control filter used in the example it is:
Due to the nonlinearity represented $), the equation AksKq

cannot be solved analytically in general. To gain insight H(p) = ‘ (15)
( ylically in ¢ - 10 gain g 1— Ak;Kq+ pRC

into the structural behaviour of the system, we will apply i _

the methods of steady-state solutions and linearisatian th 10 obtain a stable system the only pole8fp):

are also successfully used in the analysis of phase locked  AksKg—1 16
l00ps [5]-{7] P=""Rc (18)

Provided that the angular frequency and the amplitudgnust be located in the left half of the complex plane.
of the reference signal are constant, the centre angular Apart from the stability considerations, the linearised
frequency of the VCF will settle at a constant value. Ingquation (14) might be used to investigate the system
terms of the system equation (6) this is equivalent to gesponse on perturbations like a step or a ramp of the

steady-state solution. These stationary solutions atectal reference frequency, as long as they are sufficiently small.
Operating Points (OP)The conditional equation for the

OP might be derived from (6) fofw,, wo, @) = const.:
Ill. RESULTS

wo=wop,0+ky (lim u070(t)+Hc|:(0)g(w,., wo, ﬁ,)) . . .
t—00 ) For the solution of the OP equation (7), two methods
will be carried out. The first graphical method is suit-
Hce(0) is the DC-gain of the control filter. The limit of able to gain insight into the structural behaviour of the
the control filter transient term usually tends to zero.  solution, whereas the second numerical solving might be
The OPs might be considered as equilibrium points ofeasily automated with a computer. The system parameters
the system. However, the analysis does not provide angre chosen to form an instructive example and to be
information, whether the equilibrium is stable or unstable comparable to the measurements of the realised system.
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Fig. 3. Graphical solutions of the MCF system in the Fig. 5. Graphical solutions of the PCF system in the
steady-state for the parameterf; = wolor, fr = wrjog, steady-state for the following parameters: = wofor, fr =
f7-1 =2.35 GHZ, fr2 =25 GHZ, frg = 3GHZ, Ho = 0.95, WT/QT‘—, f7-1 = 2.25 GHZ, fr2 = 25 GHZ, frg = 3.3 GHZ,
Qo =10, wo,0 = 27 -2.25 GHZ,A = -5, kf =1.3- 109 rad/Vs, fr4 =34 GHZ, Hy = 0.66, Qo = 10, wo,0 = 2m - 2.25 GHZ,

kpt; =1V. A =200, ky = 1.3-10°1@dk/g, ky, 62 = 0.13V.
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Fig. 4. Numerical solution of the MCF system in the steady-Fig. 6. Numerical solution of the PCF system in the steady-

state for the same parameters as in Fig. 3. state for the same parameters as in Fig. 5.
A. Magnitude Controlled Filter point.
The conditional equation for the OP is rewritten as B. Phase Controlled Filter
9(wr,wo, Uy) = 2o~ %00 a7 The same analysis was carried out for a PCF system
kA as well. The result of the graphical analysis is depicted

Fig. 3 shows a plot of the right- (dashed line) and thein Fig. 5. For lower reference frequencies (efg:, fr2)
left-hand side (solid line) of the equation for different there is only one intersection of the curves (0), hence,
reference frequencies. The intersections are the OP of tHgere is only one OP. The numerical analysis (Fig. 6)
MCF. It can be seen that fof. < f,; there is only one shows, that it is stable. Furthermore, the accuracy is very
intersection [(1) that leads to an unusable centre frequencygood.

of the filter. For higher frequencieg,§) there are three ~ For larger reference frequencie () there is also only
intersections, where two of therl( 1) lead to a centre one stable OP, but it shows a large deviation from the
frequency with a moderate frequency deviation from thereference which makes it unusable. In the region in-
reference. For even highef. there occurs only one OP between f;.3), two more operating points emerge, leading

as shown forf,s. to a situation similar with the MCF. There are two stable
The graphical method is not well suited for stability OPs (O, 00) and one unstable in-between of them)(

considerations since it requires to determikig as the For a useful control system, only one stable OP is desir-

slope of the tangent in the considered OP. able. To accomplish this, the maximum input frequency

A numerical analysis of the conditional equations forshould be limited. The useful frequency range can also
the OP and stability were done in a range of referencde easily extended, using a higher gain in the control
frequencies using the computer algebra sysktaple 8§ filter. Furthermore, the tuning range of the filter is limited
Fig. 4 shows the result as a plot of the centre frequency ofinyway in a practical system.
the OP_ VS. re.fer_ence. The intersections from the graphm%_ Measurements
analysis are indicated as well. It turns out that for curves
with two usable OPs (e.¢f.2 = 2.5 GHz, [0, O) always A PCF system was realised to validate the results. A
one of them is unstable. The third OP is also stable, i.e. thérst order parallel coupled filter with a varactor diode in
initial conditions decide, which steady-state is reachedthe middle of the resonator was used. The phase sensitive
This is an undesirable situation for a control system. Fodetector was implemented as a singly balanced mixer
higher reference frequencies (e.ffs = 3GHz), there comprising a Lange coupler, a matching network and a
exists only one stable operating point but it leads to adiode pair.
larger frequency error. The filter is tunable from2.2 GHz to 2.8 GHz, the

Hence, for an MCF control system it is not possible quiescent frequenayy o was shifted to be in the middle
to combine high accuracy with only one stable operatingat 2.5 GHz using a DC-offset. The system parametgrs
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Fig. 7. Comparison of the relative frequency error betwésen t
analytical result and the measurement.
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Since the linearised system is of first order, an expo-
nential settling behaviour is expected. Fig. 8 compares
the measurements that were done, switching between
two sources of different frequencies, with the exponen-
tial settling of a first order system. The start and stop
frequency were fitted to agree with the measurement, the
time constant was derived from the linearised equation as
T =211ns.

For small deviations from the OF,(= 2.6 GHz), mea-
surement and analysis are in good agreement. For larger
deviations (e.g.f, = 2.3 GHz) the linear approximation
is not accurate enough to describe the system.

IV. CONCLUSION

In this paper an automatic frequency control systems
for tunable filters was analysed. The obtained results
were demonstrated for a magnitude and for a phase
sensitive detector. Measurements for a filter at microwave
frequencies were presented that confirm the theoretical
results. Due to its generality, the method might be easily
applied to other types of detectors and control filters.

Fig. 8. Comparison of the settling behaviour between the
measurement and a first order system. The reference fregquenc REFERENCES
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