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Abstract— Remarkable development with the use of
microwave cavity has occurred during the last two to three
decades, particularly in portable correspondence, TV
transmission, modern/local applications, satellite
correspondence, telemetry, RADAR/navigational guides, and so
forth. This quick improvement inside the microwave which of
computerized advances has synergized, bringing about further
quickened rate. The paper reports primarily on the frequency
tracking system probably be coupled with radio frequency (RF)
cavity. For the creating and testing of the tracking system, we
have used phase detectors and loop filters throughout. The
quality of the tracking system and thus the underlying scanning
results were seen to help the realistic tests.
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I INTRODUCTION

In many applications and systems, most of the information
carried in signals is contained in their amplitude and their
frequency content. Typically, these characteristics are
examined from two complementary viewpoints: the time and
frequency domains. These two domains are alternative
perspectives on the power of a signal. The former is
particularly suited for investigating its temporal evolution,
whereas the latter is most relevant when inspecting its
repartition among the frequencies. The same is true for an RF
cavity resonator.

A microwave cavity or radio frequency (RF) cavity [1] is a
special form of resonator [2], consisting of a closed (or
largely closed) metal structure that confines electromagnetic
fields within the microwave region of the spectrum. The basic
structure is either hollow or filled up with dielectric material.

At resonance, a resonant electromagnetic cavity is usually
represented as a parallel RLC circuit. For typical values of R,
L, and C the RF cavity is considered to be a Bandpass filter.
The ratio between the energy stored in the reactive
components and the losses in the resistive component at
resonance gives a measurement of the resonator’s quality
factor, Q. Generally the RF cavity has Q in the order of 106
which is much higher than the corresponding Q values of the
rest of the system elements. It is this Q only which dictates
the response of the system to the input modulation techniques
as compared to the other electronic components present in the
system. Hence at the resonant frequency of the RF cavity, we
get the maximum output. A shift from the resonant frequency
due to variation in its structure results in a decrease/increase
in the amplitude.
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The goal of this research is to design a frequency tracking
system to detect the variation in the amplitude due to the
presence of dynamic and static variations in the structure
which is causing a shift in the resonance frequency of the
cavity and to correct the same.

The paper is organized as follows: The designing of a
frequency tracking system is presented in Section IlI, and
experimental results in Section 1V. Finally, the conclusion
and future works are discussed in Section V.

II. BACKGROUND SURVEY
A. Radio Frequency Cavity Characterisation

At resonance, a resonant electromagnetic cavity is usually
represented as a parallel RLC circuit, whose shunt impedance
(resistance), R, is determined from its losses at resonance and
whose reactive values are determined from the energy stored
at resonance. The ratio between the energy stored in the
reactive components and the losses in the resistive component
at resonance gives a measurement of the resonator’s quality
factor, Q [3]. Intuitively, this Q-factor will influence the
response of a resonant structure to amplitude modulations. To
see this link a bit more let us consider the following:

1) Amplitude modulation [6],[8] of a carrier frequency
generates a frequency spectrum equivalent to the spectrum of
the modulating signal centered about the carrier frequency.
Thus, let us consider the scenario that a resonant cavity is
being driven at its resonance frequency, but that the
amplitude of the driving signal is being modulated.

2) As the frequency of the amplitude modulating signal

increases the sidebands of the resultant modulated spectrum
will be pushed outside of the resonator’s bandwidth and will
thus suffer a dampening effect due to the resonator’s
frequency selectivity.
Now we mathematically characterize the resonator’s response
to amplitude modulations, we assume that the resonant cavity
can be modeled as a parallel RLC circuit within the quality
factor bandwidth. We begin by determining the transfer
function relating the output voltage to the driving current of a
parallel RLC circuit. The transfer function turns out to be the
expression for the impedance of the circuit as a function of
frequency, given as. Now we mathematically characterize the
resonator’s response to amplitude modulations. The
expression for the impedance of the circuit as a function of
frequency, given as,
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Now, when we apply amplitude modulation to the RF drive
signal, we are applying a signal with a certain frequency
spectrum. This frequency spectrum is then applied to the
resonator which acts as a filter. When we then detect the
voltage (or phase) we are demodulating by shifting the
filtered spectrum down to a baseband for which DC
corresponds to the non-modulated carrier RF frequency. This
demodulation process is mathematically equivalent to
multiplying the filtered signal by a sinusoid whose frequency
is equal to the resonant frequency of the parallel RLC circuit.
In the frequency domain, the demodulation process is
described mathematically with the use of Fourier transforms.
The modulation theorem is given as,

1 1
s(t)-cos(27 fpt) = ES‘(_;‘" —f)+ =S+ fr)

Now, we will find out the impulse response of the system by
giving a delta function as the input. Thus the output becomes,

| |
Z(f)® leos (27 fu)) == Z(f = f) + = 2(f + f)

Using the above equation in equation (1) and applying
Laplace transform to it we get the final expression as,

HE
SICR+'L+sR+47 [ LCRI+47' ;'L
“(LCRS +5' 2 CR+5[I' + 20CR +8.(x f, LCR ] =5 [2RL+8CR(z f, 1) ]+
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In the expression, the pair of complex conjugate zeros and the
pair of complex conjugate poles composes the BPF. Fig. 1

below depicts the frequency spectrum of an RF
cavity.
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Fig 1. The frequency spectrum of an RF Cavity

Here, fo refers to the resonant frequency of the cavity, and f;
and f, refer to the 3 dB frequency. The bandwidth of the
cavity is given by f; - fo.

Since the cavity is approximated to be a parallel RLC circuit
it is necessary to derive the relation between the Q — a factor
of the circuit and the bandwidth of the circuit. A parallel RLC
circuit has been shown below and the desired derivation has

been carried out thereafter. Here the impedance seen by the
current source is:

rols
Z“,. _ Jer

(1 — e LC)+

Feod

At the resonance frequency (1- w? LC) = 0, the impedance is
seen by the source is purely resistive. The parallel
combination of the capacitor and the inductor acts as an open
circuit. Therefore at the resonance, the total current flow
through the resistor. The current flowing through the resistor
is given by:

S
— ZR
I = 4s 1 1
—+ —+
— Ferd

THAR — e L CR)Y + jeol
Where Is refers to the current source. And the transfer
function becomes:

Lo _ L
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Taking the value of an inductor, L = 47 mH and capacitor, C
= 47 uF the transfer function was plotted for various values of
R which is shown in Fig 2. The half-power frequencies are
found out by letting |H (w)| = (1/2) » (*?i.e.
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Fig 2. A plot of a transfer function for various values of R, L, and C

By solving the above equation we get the two half-power
frequencies as follows:
171

1
AT T3RC +'\J[2RC‘ ) =

1 C 1 ] 1
i, = + ‘ +—
2 2RC | 2RC o

And the bandwidth for the parallel RLC circuit is given as:

B, =m, —wm =

RC
Now, the Q — factor is given by:
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TABLE I: Output of a peak detector for various input power levels at
different frequencies.

Crfput rms voltage value

Now, when a compression the or short — time vibrations are
applied to the structure the center of the BPF shifts either to
the right or left of the actual center i.e. fo. This shift in the
frequency would decrease the output signal’s amplitude. This
property can be taken into an advantage when considering the
task at hand. Peak detectors can be used to detect the change
in the amplitude and using this frequency tracking would be
carried out.

B. RF Peak Detectors

There are various ways to detect the peak of an RF signal.
The other possible designs of peak detectors are as follows:

i
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Fig 3. Simple peak detector

The detector shown in Fig 3. was simulated in multisim.
Instead of using an ideal 1:1 transformer, the transformer
with the ratio 4:1 was chosen. For various values of the input
signal, the peak was measured. Due to the presence of 4:1
transformer, the output is not always the exact input value.
From the measured output, it is observed that there is a linear
relationship between the input and the output values. From
Fig 4. we can figure out that the working of this peak detector
greatly relies on the diodes. Here, Ve refers to the output of
the RF cavity. It is highly nonlinear for the input in the range

Fig 4. Coherent detection

The detector B is an improvement over detector A but it has a
drawback that its output is dependent on the phase of the RF
cavity. For a better understanding of the drawbacks of a peak
detector, it is necessary to characterize a peak detector. It is
very necessary to characterize a peak detector to check for its
non — linear properties as it comprises of non — linear
components. To characterize a purchased peak detector was
taken and its output at various input power levels for different
frequencies was noted down. The peak detector taken was
FLUKE 85RF Il. The recorded data at some particular
frequencies have been tabulated below.

Power(dBm) f=IMHz | f=15MHz | f=30MHz | f=100MHz | =250MHz
230 43mV 32mV 32mV 28mV 27mV

220 MmV| 331mV 303 mV 193 mV 197 mV

-10| 166.9mV | 161.6mV | 153.6mV | 106.9mV 110 mV

0 0488V 0527V 0507V | 03679V | 3957mV

5 0933V 0.022v 0.908V 0637V 0.680V

10 1633V 1747V 1581V 10077V 1.188V

15 2446V 2522V 2506V 1977V 242V

From the above Table I, we plot the graph Output Voltage Vs
Input Voltage. The plots have been shown below. From these
plots, the linearity of the peak detector is understood.
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Fig 5. The plot of Peak Detector output Vs Peak Detector input

From Fig 5. it is clear that the peak detector does not respond
well to inputs below 0.1 volts due to a turn-on voltage of the
diodes. This drawback can be removed by externally biasing
the diode circuit.

Now the step response of the peak detector is considered. A
pulse is fed to the peak detector and the output is observed.
The following figure shows the output of the peak detector.
From the plot, it is observed that the peak detector requires a
finite time to attain the maximum value when a pulse is
applied in the input. This is due to the presence of the
capacitor in the circuit. The capacitor requires a finite time to
both charge and discharge.

Due to using a peak detector for the task at hand would not
yield satisfactory results. Hence we change the direction of
approaching the solution to the given problem and instead of
detecting the amplitude of the change, the detection of a more
fundamental and complex quantity of the signal, called phase,
is carried out. This measured quantity is now used as a
feedback to control the frequency shift and thus helps in
frequency tracking.
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I11. METHODOLOGY

In the above sections why a peak detector cannot be used for
frequency tracking of the cavity has been explained. Now
instead of using the peak detector, the phase detector has
been used to solve the given problem. The detected phase is
used to control the frequency shift of the resonant frequency
to make the amplitude variation due to the vibrations
minimum.

A. Designing Of Frequency Tracking System

The whole design of this system has been carried out in steps.
The following block diagram depicts the whole system. The
two major steps in this design were:

e Design of the phase detector.
Here a mixer followed by a low pass filter [4] is being used
as a phase detector. As shown in Fig 6. the mixer receives the
amplified cavity output at its RF port, whereas it also receives
the reference signal from the signal generator at it’s LO port.
Now suppose due to the presence of the static or dynamic
vibration on the cavity, the resonant frequency deviates from
its original point. This would cause a phase change between
the input and output signals of the RF cavity.
Let the generated signal be represented as
X (t) = cos (2*pi*fr*t)
then the output of the RF cavity would be
s (t) = cos(2*pi*fr*t + p)
where p is the phase introduced due to the vibrations.
The mixer output would be
IF = cos (p) + cos (4*pi* fr*t + p)
After passing this signal through a low pass filter with a cut-
off frequency lower than or equal to f,, we get an output that
is directly proportional to the phase. When the cavity is at its
natural state or the input signal has a frequency equal to the
resonant frequency of the cavity then the phase i.e. the output
of the low pass filter is zero. Now when the input signal
frequency is increased beyond the resonant frequency of the
cavity, we observed that the output of the low pass filter
increases toward the positive side. The vice-versa is true for
the condition when we decrease the input signal frequency.

Generated FF Cavity
. Signal Outgut -
Signal RF RF
Genzrator 640 57 \[Hs Cavity Amplifier
X Amplified cavity
Ganeated RF Siznal RF Orutput
Lo Mizer RF
Port Port
Extemal trigger to the s.gnal l IFPort
gensmator,
Ths trigger fre:;h:enc:.- modulates Low Dass
sigral generctor’s output Filter

Fhase difference beweeq LO andRF

A BBaS

Loop Filter
(PID Detector)

Oscilloscope

Fig 6. Block diagram of the frequency tracking system

Thus, a graph is plotted for phase vs. frequency for the phase
detector.

Frequency in Mz
Fig 7. The output of the phase detector

where fr is the resonant frequency of the cavity.
f1 is the frequency greater than the resonant frequency.
fo is the frequency smaller than the resonant frequency.
Fig 7. is true for the condition when static or dynamic
vibrations are applied to the cavity as they change the resonant
frequency of the cavity. Now for an increase in the resonant
frequency, from the figure, it is observed that the output of the
phase detector is positive. It is required to decrease the
frequency; this is possible only by changing the sign of the
external trigger voltage to the signal generator. This task is
carried out by a loop filter.

o  Design of loop filter
As discussed above the output of the phase detector needs to
sign reversed before it can be applied to the signal generator
as an external trigger. It is also needed to apply a certain gain
to the output of the phase detector. The following circuit is
designed (Fig 8.) that was chosen to function as a loop filter
[7] for the given task.
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Fig 8. Circuit of the loop filter

This design gives a good result for both dynamic vibrations
and static vibrations to the structure of the cavity.

IV. EXPERIMENTAL RESULTS

The loop filter provides a gain of (R2/R1) to the short time
vibrations. Generally, dynamic vibrations have very low
dynamic range but in the frequency domain, they lie in the
range of a few hundreds of Hz to 1 KHz. Thus this
proportional term provides a sufficient gain to these
vibrations. In the case of static vibrations such as
compression, the integral action of the circuit comes into
action. Static vibrations are generally of the range lower than
100 Hz, thus the integrator provides stable steady-state
performance for the system. It provides a gain of (R3/R1).
The capacitor here charges with a time constant of R2*C. The
step response of the circuit is shown below in Fig 9.
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Fig 9. The output of the step response loop filter

After the design of the loop filter and the phase detector, the
circuit is connected as per the block diagram. This is a PLL
[5] but instead of using a VCO, a signal generator was used.
There were two reasons for the same. Firstly, a VCO has a
fixed voltage sensitivity, thus if it was used then the circuit
would have been application-specific. The signal generator
provides an edge over the VCO as the voltage sensitivity can
be varied as per the convenience. Secondly, a VCO is needed
to be biased first to achieve the desired frequency at the
beginning. This would increase the complexity of the circuit.
Thus, a signal generator was used. The output of the phase
detector was fed to the loop filter, which in turn changed the
sign of the input signal and applied a gain to it. The output
signal was fed to the signal generator as an external trigger.
The option for frequency modulation was enabled along with
the external trigger switch turned on. The voltage sensitivity
of the generator was set to 40 KHz/Volts. This value of
voltage sensitivity was chosen because a stable output with
no oscillations was obtained. An increase in the voltage
sensitivity more than the specified value made the output to
oscillate at 75 KHz. The frequency input to the RF cavity was
also set in such a way that the output of the phase detector
was zero. The range of frequency over which the output was
not affected by the dynamic or static vibration was calculated.
The values are given below.
1. Sensitivity = 40 KHz/Volt.
2. The frequency at which the system was biased =
645.875 MHz
3. Range of frequency over which the o/p was stable =
645.850 - 645.90 MHz
4. The resonant frequency of the cavity = 645.892
MHz
It should be noted that the resonant frequency of the cavity
and the frequency at which the system was biased are not the

same. This was done to make the initial output of the phase
detector to be zero, as at resonant frequency the phase
detector output was not zero due to the presence of a dc
offset. This also adds one complexity to the circuit. The phase
detector output changes non-linearly with the increase of
frequency. Though the disadvantage, the present biased
frequency holds more advantages. Thus, this frequency has
opted.

V. CONCLUSION AND FUTURE WORKS

In this research, a frequency tracking system for an elliptical
RF cavity was successfully designed and tested. The concepts
of basic phase-locked systems were employed to design the
desired system. The loop filter, an important aspect of the
phase-locked loop, was designed in a manner to work within
a certain range of frequencies. But it lacks to work in full
efficiency at the resonant frequency of the RF cavity. The
mixer employed in the design of the system is a second-order
non — linear system. This greatly affects the output response
of the system.

In the future, it is needed to improve the design of the loop
filter to make the response of the system better as well as to
bias the system’s operating frequency at the resonant
frequency of the cavity.
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