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Abstract
This article presents an analysis of spurious signals’ influence on automatic fre-
quency control (AFC) in EPR spectrometers. The primary source of spurious signals 
is leakage across the circulator in the microwave bridge. Additionally, the signals 
reflected from connectors in the line between the circulator and the resonator mod-
ify that signal. Spurious signals may degrade the performance of AFC, significantly 
offsetting lock points from the center frequency of the resonator. The offset’s size 
depends on the parameters of the resonator and the amount of the circulator isola-
tion. It can be minimized by the appropriate use of a phase shifter located in the line 
between the circulator and the resonator. Another way to avoid these problems is to 
introduce a leakage compensation arm to the microwave bridge.

1 Introduction

This article is concerned with automatic frequency control (AFC) systems used 
to lock the frequency of a microwave generator to the resonant frequency of the 
resonator in an electron-paramagnetic-resonance (EPR) spectrometer. Many dif-
ferent AFC systems are used in EPR spectrometers, ranging from the DC system 
introduced by Pound [1] to systems that use frequency modulation of the micro-
wave generator to generate the AFC error signal (i.e. [2]). An excellent overview 
of AFC systems can be found in Wilmshurst’s monograph [3]. A critical factor 
in the AFC’s functioning is the correct alignment of the phase shifters located 
in the microwave bridge’s different arms. Figure 1 illustrates one example of a 
microwave system that we will discuss in this article. To avoid microwave phase 
problems, particularly in the reference arm, Hyde and Gajdzinski [4] proposed 
using the sum of squares of the mixer’s I and Q outputs to create an AFC error 
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signal when using 70  kHz frequency modulation of the microwave source. In 
this way, the dependence of the AFC on the phase of the reference signal is 
avoided. The authors of this article noted the problem of using a circulator with 
low isolation. It creates a leakage signal, which adds to signals reflected from 
connectors in the resonator arm. To eliminate the problem of the phases of the 
microwave bridge signals, the authors suggest placing a phase shifter in the res-
onator arm. This suggestion was not implemented by them.

Krymov and Gerfen [5] carried out a detailed analysis of spurious signals’ 
influence, resulting from circulator leakage and reflections in the resonator 
transmission line, on the EPR signal. These authors also suggest placing a phase 
shifter in the resonator arm to phase the signals correctly.

The main problem generated by spurious leakage is the shift of the AFC lock 
point from the resonator’s resonant frequency. This study’s primary purpose 
is to analyze the magnitude of this shift as a function of resonator parameters 
as well as amplitude and phase parameters of the spurious signal. The analysis 
included the placement of the phase shifter in the resonator arm. Measurements 
of the offset’s value were also made, depending on the phase shifter settings.

The implementation of the concept of minimizing spurious signals using an 
additional arm is also presented. The originator of this idea was Piotr Leśniewski 
and Tadeusz Walczak from the laboratory of Professor Harold Swartz from 
Dartmouth College.

Fig. 1  A simplified version of a microwave bridge with a circulator leakage suppression module. The 
dashed arc around the circulator shows the leakage from port 1 to port 3
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2  Theoretical Considerations

The amplitude and phase of the signal with frequency f reflected from the resona-
tor with center frequency fR depends on the value of the reflection coefficient Γ at 
the frequency difference Δf = f − fR as follows [4, 6]:

where β is the resonator coupling coefficient (the ratio of the transmission line 
characteristic impedance to the equivalent resistance of the resonator) and Q0 the 
unloaded Q.

The convenient phasor form of Eq. (1) is the following:

where Λ(Δf ) = argΓ(Δf ) , |Γ(Δf )| is the magnitude of Γ.
Two ways of implementing the AFC system are analyzed below. The first 

method uses a quadrature mixer, similar to Hyde and Gajdzinski [4]. The second 
method uses a diode detector, for example as Pechan et al. [7] or Kozioł et al. [8]. 
These two methods are shown schematically in Fig. 1.

3  Using Quadrature Mixer for AFC

The microwave signal with angular frequency ω = 2πf, incident on the resonator, 
�inc(t) = V0cos(�t) , after reflection from the resonator, from port 2 to port 3 of 
the circulator (Fig.  1), reaches the input of the quadrature mixer with modified 
amplitude and phase which can be represented by the real part of the exponential 
function called the analytic representation as follows:

In-phase and quadrature components have the following forms:

where angle Θ represents the phase difference between the mixer LO signal and the 
mixer input signal, �refl(t).

(1)Γ (Δf ) =
�2 − 1 −

[
2Q0Δf∕fR

]2

(� + 1)2 +
[
2Q0Δf∕fR

]2 − i
4Q0

(
Δf∕fR

)
�

(� + 1)2 +
[
2Q0Δf

fR

] ,

(2)

Γ(Δf ) = |Γ(Δf )| eiΛΓ(Δf ) = |Γ(Δf )| cos (Λ(Δf )) + i|Γ(Δf )| sin (Λ(Δf ))

= ReΓ(Δf ) + iImΓ(Δf ),

(3)

�refl (t) = Re
(
V0 e

i(�t + Θ) |Γ(Δf )| eiΛ(Δf )
)

= V0|Γ(Δf )| cos (�t + Θ + Λ(Δf ) )

= VI(Δf ) cos �t − VQ(Δf ) sin �t

(4)VI(Δf ) = V0|Γ(Δf )| cos (Λ(Δf ) + Θ )

(5)VQ(Δf ) = V0|Γ(Δf )| sin (Λ(Δf ) + Θ ),
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The in-phase and quadrature components of the mixer outputs can be calcu-
lated using angle sum identities for cosine and sinus:

The circulator plays an essential role in the microwave bridge by directing the 
generator’s signal to the resonator, the signal reflected from the resonator directly 
to the mixer (Fig. 1). An important parameter is the circulator isolation between 
ports 1 and 3. As a result of low isolation, the generator signal leaks and a leak-
age signal �leak(t) is added to the signal �refl(t) at the mixer input port as follows:

where Isol is the circulator isolation coefficient and � the phase in relation to the 
phase of the LO signal in a quadrature mixer.

To simplify the argument, we assume that the spurious leakage across the cir-
culator has a constant value. Note that reflected waves from connectors in the line 
between the circulator and the resonator may modify the leakage level [4].

As a result of addition, Eqs. (6) and (7) will take the following form:

As can be seen from these equations, the mixer output voltages’ dependence 
on the frequency difference Δf is very sensitive to the phase difference of the LO 
signal and the mixer input RF signal represented by angle Θ. To become inde-
pendent from this angle, Hyde proposed using the sum of squares of VI and VQ. 
When the difference between the RF and LO phase angles is 0°, then

It is easy to implement using direct digitization of these mixer outputs.
We should emphasize that this simple form of the equation only applies when 

the LO signal and that part of the RF signal reflected by the resonator without 
leakage signal are in phase in the mixer. Otherwise, the dependence of V2

out
 on 

the frequency offset Δf will depend on both the angle Θ and φ as follows from 
Eqs. (9) and (10).

Figure  2 illustrates the quadrature mixer output voltages’ dependence on the 
frequency offset Δf for different angular parameters used in Eqs. (9 and 10). It 
allows the consideration of various possibilities for designing an AFC system 
in relation to the center frequency of the resonator. The most straightforward 
approach would be a DC AFC using the VQ signal visible in row (a) of Fig.  2. 
The presented dependence of VQ on frequency has the desired discrimination 

(6)Vout
I

(Δf ) ∝ V0

[
ReΓ(Δf ) cos Θ − ImΓ(Δf ) sin Θ

]

(7)Vout
Q
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properties. Unfortunately, they are dependent on angles Θ and φ, which can alter 
the DC AFC system’s lock point in the presence of circulator leakage.

A more appropriate AFC system is one using frequency modulation of the gen-
erator or resonator. The AFC signal generated in this way at the mixer output is 
proportional to the curves’ slope in Fig. 2, i.e., mathematically to the first deriva-
tives of V’s dependence on the frequency Δf.

They have the discrimination properties suitable for AFC as long as the signals 
LO and RF are in phase (Θ is 0) in the mixer. The Θ angle shifted from zero will 
move the AFC lock point away from the resonator’s center frequency (see row 
(b) in Fig. 2). The phase shifter in the reference arm can set the angle Θ, which 
complicates the measurement procedure. Hyde and Gajdzinski [4] proposed using 
the sum of the squares of the mixer output voltages VI and VQ for the AFC system 
(see row (b) in the last column of Fig. 2) to avoid these problems. Such an AFC 
circuit is independent of the reference-arm phase. Row (c) of Fig. 2 illustrates a 
problem in the functioning of AFC in the presence of spurious leakage across the 
circulator. It causes a shift of the lock point of AFC depending on the signal’s 
leakage value and its phase relative to the signal reflected from the resonator. 
Hyde and Gajdzinki also noticed this problem. To remove it, they proposed using 
a phase shifter in the resonator arm (see Fig. 1) to set a ReΓ in phase with spuri-
ous leakage.

Fig. 2  Quadrature mixer output voltages, VI and VQ, and their derived functions 
√

V2

I
+ V2

Q
 and V2

I
+ V2

Q
 

depending on the frequency offset Δf according to Eqs. (7 and 8). The following values of the Q0 and fR 
parameters were used: 360 and 1.15 GHz, respectively. Row (a) shows simulations for a perfect circula-
tor, Isol equals 0, and angle Θ equals 0°. For row (b), Isol equals 0, and Θ equals  300. For row (c) Θ 
equals 0°, Isol equals 0.2 (− 14 dB) and φ equals − 40°. The solid lines relate to β = 1, the dashed lines to 
β = 1.2, and the dotted lines to β = 0.75
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We performed computer simulations to investigate the effect of spurious leak-
age on the magnitude of the AFC lock point shift away from the resonator’s center 
frequency. For that, we used the iterative method implemented in Mathcad 15 to 
find values of Δf and β for which the sum of squares of VI and VQ reaches zero at a 
given value of angle Θ according to Eqs. (9–11). Usually, it was enough to repeat a 
sequence of program instructions three times to obtain a sufficiently small V2

out
(Δf ) 

value. Figure 3 presents the results of simulations for three different values of angle 
� using typical values of L-band bridge parameters shown in the figure caption. The 
values of Δf and β obtained from the simulation can be perfectly fitted (determina-
tion coefficient R2 equals 1.0) to the following sinusoidal functions:

where  AΔf and Bβ represent amplitudes of the sine wave, and A and B are their mean 
values.

We used these functions to analyze experimental data. Equation (12) shows that the 
AFC lock point will lie at the center frequency of the resonator, i.e., Δf will be 0, when 
the sum of the angles Θ and � will be zero or the positive or negative values of multi-
ples of π. It suggests the following procedure for setting the phases in the bridge. First, 
adjust the phase of the reference arm (Δφ3 in Fig. 1) to get zero for the � angle and then 

(12)Δf (Θ) = AΔf sin (Θ + � + �) + A

� (Θ) = B� sin

(
Θ + 3∕2� + �

)
+ B,

Fig. 3  Influence of the angle Θ 
on the frequency offset Δf (a) 
and a corresponding value of the 
coupling coefficient (b) for three 
values of the angle φ [see Eqs. 7 
and 8)]: the dots represent 0°, 
45° squares, and  900 triangles. 
Points show simulated values, 
and solid lines show sine fit. 
The coefficient of determina-
tion for these fits is 1.0. The Q 
value is 360, and the circulator 
isolation is − 14 dB. The center 
frequency of the resonator is 
1.15 GHz
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change the RF signal phase (Δφ1 in Fig. 1) to be in-phase with the LO signal in the 
mixer.

Table 1 shows the calculated values of parameters AΔf, Bβ, and B for Eq. (12) for 
typical resonators in the L-band [9], X-band [10, 11], and W-band [12].

The calculation data presented in Table 1 allows for the formulation of the follow-
ing comments. An important factor influencing the offset size of the AFC lock points is 
the circulator isolation amount. The worsening of this isolation, e.g., from 20 to 10 dB, 
increases the offset by 3.5 times close to the leakage signal voltage change (3.16 times). 
The magnitude of AΔf is inversely proportional to the Q of the resonator. In turn, the 
magnitude of the AΔf parameter is proportional to the resonant frequency of the res-
onator. These simple dependencies are quite intuitive and make it easier to evaluate 
changes in the AFC lock point offset when changing resonator parameters. It is worth 
noting that the sinusoid’s parameters describing the resonator coupling coefficient [Eq. 
(12)] depend only on the circulator isolation’s size and not on the resonator parameters.

4  Using Diode Detector for AFC

The second method of AFC implementation discussed in the present work is to use a 
diode detector instead of a mixer [8]. It uses a Schottky diode detector to detect the sig-
nal at point (b) shown in Fig. 1. In the square-law region, the detector’s output voltage 
is roughly proportional to the square of the input voltage.

As with the mixer, the incident microwave signal reflected from the resonator is

And the spurious microwave signal at the input of the diode detector is as follows:

where � is the phase difference between �refl(t) and �leak(t) at the input of the diode 
detector when Λ(Δf ) = 0.

At the detector input, we have the sum of these two sine waves of the same fre-
quency and different amplitudes and phases. This sum is also a sine wave of the same 

(13)�refl(t) = V0|Γ(Δf )| cos (�t + Λ(Δf )),

(14)�leak(t) = V0Isol ⋅ cos (�t + �),

Table 1  The calculated parameters AΔf, Bβ, and B of the sine waves from Eq. (14) for typical resonators 
of the L, X, and W bands

The value of the circulator isolation was set arbitrarily based on our own experience

Type of coil Isolation (dB) Q0 fR (GHz) AΔf (MHz) Bβ B

Surface coil  − 20 300 1.10 0.37 0.202 1.02
Surface coil  − 10 300 1.10 1.30 0.69 1.23
ER 4122 SHQ  − 40 15,000 9.70 0.0065 0.020 1.00
Loop-gap  − 40 700 9.50 0.135 0.020 1.00
Loop-gap  − 30 181 94.50 16.52 0.063 1.00
TE011  − 30 2380 93.75 1.29 0.063 1.00
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frequency and, as follows from trigonometric identity, takes the form of the following 
equation:

The output of the diode detector is proportional to the square of the input sig-
nal,Vdet(Δf )

2 . This equation is similar to Eq. (11) except that the angle ϕ has a different 
meaning. Equation  (11) represents the spurious signal phase with respect to the LO 
phase at the mixer. The angle ϕ in the last equation is the spurious signal phase with 
respect to the RF signal reflected from the resonator. The dependence of Vdet on the 
frequency offset, Δf  , is therefore the same as shown, for example, in row (c), column 3, 
and 4 in Fig. 2.

5  Generation of AFC Error Signal

In both detection methods, the AFC error signal is generated by modulating either the 
generator frequency (current work) or the resonator resonant frequency [8]. It corre-
sponds to the frequency offset modulation, Δf in Eq. (11) and Eq. (15), respectively, for 
the mixer and diode detector. The amplitude of the AFC error signal is proportional to 
the derivative of those functions.

This way, it generates the AFC discriminator curve. For a small frequency offset of 
several hundred kHz, the inclined lines intersect the frequency offset axis at the point 
where the AFC locks. This line represents the AFC discriminator curves.

6  Instrumentation

Experimental studies of AFC functioning depending on the phase shifter settings were 
carried out on the home-built L-band microwave bridge. The phase shifter was placed 
in the resonator arm, as shown in Fig. 1. The shifter used in these measurements (Arra 
Mod. 9428A) had a measured attenuation of approx. 0.1  dB and Voltage Standing 
Wave Ratio (VSWR) below 1.03 in the entire phase range (0–70 deg). SMA to SMA 
adapters added in series with the phase shifter increased its angular range. As meas-
ured at 1.15 GHz, each adapter produced exactly a 50 deg phase shift. In this bridge, 
the quadrature mixer output voltages VI and VQ were directly digitized and then fur-
ther mathematically processed to produce an AFC error signal. A bridge presented in 
an earlier publication [8] used a diode detector to generate the AFC error signal (see 
Fig. 1). AFC lock points were also measured for the commercial Bruker CW Imaging 
System ELEXSYS E540L L-band spectrometer using the original E540SC surface coil 
to compare the different systems.

(15)
Vdet(Δf )

2 = V2

0

[
|Γ(Δf )|2 + Isol2 + 2|Γ(Δf )|Isol ⋅ cos (Λ(Δf ) + �)

]
.
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7  Results and Discussion

7.1  Using the Phase Shifter

AFC lock points were measured in the L-band using two different resonators. The 
first is a surface coil developed in Professor Swartz’s laboratory [9, 13], and the sec-
ond is a home-built 4 mm loop-gap resonator [11]. Figure 4 presents sample graphs 
of experimental AFC lock points depending on the phase shifter settings for the sur-
face coil. The perfect fit of the sinusoid to the experimental points is noticeable. 
Table 2 presents detailed sinusoidal parameter values. These experimental data con-
firm the above calculation results that lowering the surface coil’s Q, i.e., using a salt 
solution, leads to an increase in the range of changes in AFC lock points (amplitudes 
of sinusoids). A twofold decrease in Q causes an approximately two-fold increase in 
the amplitude of changes in AFC lock points. The presence of saline also causes the 
resonant frequency of the surface coil to drop.

Fig. 4  AFC lock points as a 
function of the phase shifter 
settings. Points represent 
experimental data obtained for 
an empty surface coil (upper 
plot) and in the presence of a 
1.5 mL Eppendorf tube filled 
with saline (lower plot) using a 
quadrature mixer. The solid line 
represents the sinusoidal fit to 
the experimental points

Table 2  The results of fitting 
to the sinusoids of Eq. (10) the 
AFC lock points for different 
phase shifters settings

The phase shifter is in the resonator arm (see Fig.  1). Measure-
ments were made with an unloaded 9 mm surface coil or an inserted 
1.5 mL Eppendorf microcentrifuge tube filled with saline. We also 
used the 4  mm loop-gap resonator, either empty or with a 4  mm 
capillary filled with saline. For those measurements, we used a 
home-built L-band bridge. We collect the AFC lock points data for 
Bruker surface coil on L-Band EPR CW Imaging System ELEXSYS 
E540L. Note the value of the coefficient of determination R2 close to 
one for all fittings

Type of coil Q0 A (GHz) AΔf (MHz) � (deg) R2

Surface coil empty 538 1.146 0.67 177 1.00
Surface coil loaded 246 1.136 1.66 101 0.99
Loop-gap empty 400 1.148 1.33 39 0.99
Loop-gap loaded 207 1.138 2.81  − 42 0.95
Bruker E540SC – 1.115 0.61 173 0.94
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The change of the resonant frequency is one reason why the sine wave phase 
changes by about 80 degrees. Also, for the loop-gap resonator, a very similar sine 
wave phase shift occurs under the saline influence, as shown in Table 2. The four 
data sets shown in the first four rows of the table were measured with a home-built 
microwave bridge. The last row of the table shows the surface coil data measured 
with a Bruker spectrometer. Interestingly, the range of AFC lock points changes, in 
this case, is the same as for the surface coil measured in our spectrometer. It proves a 
similar level of spurious leakage signal in both spectrometers.

A consequence of the frequency changes of AFC lock points is a change in the 
EPR lines position in the magnetic field, as illustrated in Fig. 5. The peak-to-peak 
range of these changes, recorded with the home-built microwave bridge, is 0.7 Gs, 
which corresponds to a change in the microwave frequency by 2 MHz. These are not 
large changes in the field position of the EPR line compared to the TEMPOL line 
width. In these measurements, a thin capillary (ID 0.7 mm) filled with an aqueous 
solution of the spin-label practically does not change the 4 mm loop-gap resonator’s 
Q. The situation is different in animal EPR studies, when the Q of the resonator 
drops sharply, as a consequence of which the range of AFC lock points changes to 
several MHz. It causes the field position of the EPR lines to shift more than their 
widths.

It is necessary to explain the twofold difference in the phase values range in 
Figs. 3 and 4. In the first case, it is the actual phase change, and the second is the set-
ting of the phase shifter. In the latter case, the RF signal in the resonator arm passes 
through the phase shifter twice, causing the phase to change twice concerning the 
phase shifter setting.

7.2  Cancelation of Spurious Leakage

Another way to avoid the consequences mentioned above of low circulator isolation 
is to cancel the spurious signals. The problem of leakage signals appeared a long 
ago in Continuous Wave (CW) radars [14] and nowadays in wireless communica-
tion [15]. In single-antenna CW radar, the challenge is achieving sufficient isolation 
between transmitter and receiver. One solution to obtain adequate isolation is using 

Fig. 5  The position of the center 
line of the spin label (TEMPOL) 
in the magnetic field, depend-
ing on the settings of the phase 
shifter, is marked with dots. The 
solid line represents the fit to 
the sine wave. The peak-to-peak 
amplitude of the sinusoid is 0.7 
Gs, the mean value is 401.2 Gs, 
and the coefficient of determina-
tion, R2, equals 0.91
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a Reflected Power Canceller (RPC). The authors of the mentioned above publication 
used a vector modulator as RPC. It consists of two separate channels, I and Q, which 
operate independently. We implemented a similar approach in the current work.

Similarly, in wireless communication, the same antenna transmits and receives 
the signal using a full-duplex transceiver system design operating with a single 
channel, i.e. [16]. Such a system can be implemented with a circulator, similarly to 
the microwave bridge in the EPR spectrometer, where a resonator plays the anten-
na’s role. A wealth of experience in wireless communication can, therefore, help 
to improve the EPR spectrometer. Like the radar systems, the significant problem 
is providing adequate isolation between transmitter and receiver ports. RF cancela-
tion is an absolute necessity in digital systems to avoid analog-to-digital converters’ 
saturation (ADC) [8].

Implemented by us in the L-band house-built microwave bridge, the leakage 
cancelation module (LCM) is a vector compensator (Fig.  6). It works by adding 
two orthogonal signals whose amplitudes can vary independently from − 1 to + 1. 
In this way, it is possible to obtain a signal with adjustable amplitude and phase 
over the full range of angles (0°–360°). The compensator consists of a 2-way-90° 
power splitter at the output of which the signals are shifted by 90º. The signals are 

Fig. 6  The circuit used to compensate for the spurious signal caused mainly by poor isolation of the cir-
culator. The meaning of the abbreviations used in the diagram: SPI (Serial Peripheral Interface), CPLD 
(Complex Programmable Logic Device), LPF (Low Pass Filter), DAC (Digital to Analog Converter). 
Key components from Mini-Circuits: power splitters (QCN-19 and SCN-2-11), double balanced mix-
ers (ADE-5), and Low Pass Filter (LFCN-1400); from Analog Devices: DAC (AD8582A); from Xilinx: 
CPLD (XC2C128-7TQ144C)
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then directed to the balanced mixer’s inputs, which change the output signals’ ampli-
tudes in the range − 1 to + 1. The power combiner adds together the signals from the 
modulator outputs. The low pass filter removes the high-frequency components of 
the summed signals.

The 12-bit digital-to-analog converter (DAC) generate the mixer control volt-
ages. The DAC input signals produce a Complex Programmable Logic Device 
(CPLD) controlled from a microprocessor through a serial peripheral interface. The 
input signal’s power is 10 dBm, and the output signal power can be set in the range 
from − 27 dBm to − 9 dBm.

Figure 7 demonstrates the effects of using a leakage compensator. The sine wave’s 
peak-to-peak amplitude decreased almost 30 times, from 2.8  MHz to 100  kHz. It 
corresponds to an increase of circulator isolation by about 30 dB. Minimizing the 
spurious leakage signal level was carried out manually by measuring the microwave 
power level at the output (b) in Fig. 1. It would be desirable to automate this opera-
tion using available digital control of the LCM. In a practical system, the LCM must 
be a closed-loop with sufficient gain and bandwidth to track the leakage variations. 
Using such a system, the authors of the mentioned above publication [14] achieved 
40 dB of power cancelation in an X-band radar system.

8  Conclusions

When designing microwave bridges, particular care is taken to ensure that the 
lengths of the two microwave paths from the source to the mixer are comparable, 
one through the circulator to the resonator and from the resonator to the mixer, and 
the other through the reference arm (Fig. 1). It ensures that the microwave signals 
arriving in these two paths will maintain constant mutual phase relations in the 
mixer, regardless of the microwave frequency. The present work pays additional 
attention to the spurious signal’s phase relations to the LO signal and the micro-
wave signal reflected from the resonator. As the paths of the last two signals can be 
aligned, it is impossible to do the same for spurious signals coming from different 

Fig. 7  AFC lock point offset 
from resonator center frequency, 
Δf, as a function of the phase 
shifter settings. Data collected 
for the 4 mm loop-gap resona-
tor without spurious signal 
compensation (dots) and with 
compensation (triangles)
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places in the microwave system. For this reason, AFC will lock to a point off the 
resonator resonance.

The article discusses two solutions to work around the phase problem. The first solu-
tion is to insert a phase shifter into the resonator arm. This shifter’s appropriate setting 
allows the AFC system to lock the resonant frequency of a microwave oscillator to the 
resonant frequency of a sample containing a microwave resonator. With the wrong set-
ting of the phase shifter, these two frequencies are moved apart. This frequency con-
sistency can be achieved when a quadrature mixer or a diode detector is used to detect 
the AFC error signal. A more straightforward solution in aligning the phases is using a 
diode detector to detect the AFC error signal.

The second method of avoiding the unfavorable consequences of spurious signals 
presented in the present work is their elimination with the leakage cancelation arm. 
This way, one can eliminate the negative consequences of low isolation of the circula-
tor or spurious reflections from the resonator arm.
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