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Microwave cavities are commonly used in many experiments, including optomechanics, magnetic
field sensing, magnomechanics, and circuit quantum electrodynamics. Noise, such as variations in the
magnetic field or mechanical vibrations, can cause fluctuations of the natural frequency of the cavity,
creating challenges in operating them in experiments. To overcome these challenges, we demonstrate
a dynamic feedback system implemented by the locking of a microwave drive to the noisy cavity. A
homodyne-interferometer scheme monitors the cavity resonance fluctuations due to low-frequency noise,
which is mitigated by frequency modulating the microwave generator. The feedback has a bandwidth of
400 Hz, with a reduction of cavity fluctuations by 85% integrating up to a bandwidth of 2 kHz. More-
over, the cavity resonance frequency fluctuations are reduced by 73%. This scheme can be scaled to
enable multitone experiments locked to the same feedback signal. As a demonstration, we apply the
feedback to an optomechanical experiment and implement a cavity-locked multitone mechanical mea-
surement. As low-frequency cavity frequency noise can be a limiting factor in many experiments, the
multitone microwave locking technique presented here is expected to be relevant for a wide range of
microwave-cavity experiments.

DOI: 10.1103/PhysRevApplied.20.034007

I. INTRODUCTION

Low-frequency noise is often the limiting factor in
mechanical and magnetic experiments [1–9], arising from,
e.g., variations in the magnetic field or vibrations in cryo-
genic experiments. These sources of noise can cause fluc-
tuations in the resonance of a microwave cavity. There
are two common ways to counteract this noise: the first
is to dampen the noise before it reaches the device under
test. While a mass-on-a-spring low-pass filter can sup-
press high-frequency vibrations for mechanical experi-
ments [10,11], the lowest frequencies can often introduce
considerable noise. In this sense, the mechanical filter is
not optimal: it is effective at blocking high frequencies but
not low frequencies. The second method actively coun-
ters noise by applying dynamic feedback to the system
[12,13]. As a feedback system is limited by its feedback
bandwidth and response time, it acts as a high-pass fil-
ter: it cannot react at high frequencies but is very effective
at low frequencies. Combining these two complementary
techniques, therefore, gives an opportunity for noise reduc-
tion over the entire spectrum.

In this work, we present an active feedback system
based on the cavity-stabilization method introduced by

*j.vansoest-1@tudelft.nl
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Pound in Ref. [14]. Here, the inverse of the Pound-Drever-
Hall technique [15–18] is applied using active feedback
to adjust a microwave generator frequency, locking it to a
cavity the resonance frequency of which fluctuates in time.
This scheme not only locks a single microwave signal to
the cavity but also enables the active locking of multi-
ple tones using the same feedback signal, demonstrated in
Sec. V.

Since any source of low-frequency cavity noise can
be mitigated, this technique has applications in various
fields. It can be used to modulate magnetic flux to stabilize
superconducting quantum interference device (SQUID)
cavities [13,19] and magnomechanical experiments [20–
23], which are also known to suffer from magnetic field
noise. As we demonstrate in Sec. VI, our technique can be
directly applied to an optomechanical system experiencing
mechanical noise [24]. As identified in previous work, cav-
ity frequency noise from vibrations can be a limiting factor
in the ground-state cooling of mechanical resonators [25].

II. EXPERIMENTAL SETUP

To demonstrate the feedback system, we apply it
to a radio-frequency (rf) circuit in an optomechanical
flip-chip setup, similar to Refs. [26,27]. The microwave
cavity consists of a meander inductor L and a pair of capac-
itor plates C0 etched into a Nb-Ti-N film, approximately
1 µm above which a mechanically compliant capacitor
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FIG. 1. A microwave cavity with resonance-frequency fluc-
tuations. (a) A lumped-element-circuit schematic of the device
under test. (b) An optical image of the flip-chip device. The met-
allized membrane can be seen as a white square in the phononic
shield. (c) An optical micrograph of the rf circuit. The meander
inductor L and capacitor C0 form the microwave cavity. (d) 500
individual normalized 240-µs vector network analyzer (VNA)
traces show a distribution of the cavity resonance frequency ωc.

Cm is positioned. A circuit schematic of the device and
optical images are shown in Figs. 1(a)–1(c). The top
capacitor plate consists of aluminum deposited on a thin
silicon nitride membrane, embedded within a patterned sil-
icon substrate etched to form a phononic shield (see, e.g.,
Refs. [27,28]). The primary purpose of the phononic crys-
tal structure is to reduce unwanted mechanical noise at
1 MHz and to suppress the radiative loss of mechanical
energy through the substrate, as shown in Ref. [25]. How-
ever, the phononic crystal has the unwanted side effect of
increasing the mechanical susceptibility of the top chip to
low-frequency (approximately kilohertz) vibrations in the
setup [29].

The resonance frequency of the flip-chip cavity is given
by ωc(t) = [L(C0 + Cm(t))]−1/2 ≈ 2π × 6.28 GHz. Vibra-
tions drive low-frequency modes of the top chip, resulting
in a time-dependent capacitance Cm(t). Therefore, these
low-frequency mechanical vibrations of the top chip mod-
ulate the cavity resonance frequency ωc. The fluctuations
in the cavity resonance frequency can be seen in Fig. 1(d),

where many repeated vector network analyzer (VNA)
sweeps demonstrate the noise imparted on the microwave
resonator. These measurements have been performed on
the base plate of a dilution refrigerator held at approxi-
mately 20 mK. The pulse-tube cooler is the primary source
of vibrations within a dry dilution refrigerator; therefore,
the pulse tube was switched off during measurements to
reduce vibrations within the experimental setup. However,
we have still observed that the resonance-frequency fluc-
tuations are on the order of the linewidth of the cavity. To
compensate for these fluctuations, we have implemented
an active feedback system to track the resonance frequency
of the cavity.

III. FEEDBACK SYSTEM

To compensate for the fluctuating cavity frequency, we
have developed a feedback system similar to the Pound-
Drever-Hall technique [15–18]. While the Pound-Drever-
Hall technique is usually used to stabilize a noisy laser
by locking it to a stable optical cavity, here we apply its
inverse role: we lock a stable generator to the resonance
frequency of a noisy cavity. In our system, the microwave
frequency of the drive tone is locked to the fluctuating res-
onance frequency of the cavity. Locking the drive tone is
accomplished by producing an error signal depending on
the time-dependent resonance frequency of the cavity. The
error signal is then used in an active feedback loop to fre-
quency modulate the output of the microwave generator,
producing a drive tone that tracks the shifting cavity res-
onance frequency. A schematic diagram of the feedback
system is shown in Fig. 2(a).

The scheme starts by splitting the local oscillator signal
into two paths. One of them goes directly to the microwave
cavity and is then directed into the rf port of a mixer. The
other path goes through a path-length-matched reference
arm to the local-oscillator (LO) port of the same mixer,
making the system a balanced homodyne microwave inter-
ferometer. Small fluctuations in the resonance frequency of
the microwave cavity result in a linear response at the out-
put of the mixer, as seen in Fig. 2(b). This down-converted
homodyne signal, which we call the homodyne voltage Vh,
depends on the detuning of the cavity resonance frequency
relative to the current microwave drive frequency. When
the system is unlocked, the homodyne voltage fluctuations
follow the fluctuations in the resonance frequency of the
cavity. In this experiment, the cavity fluctuations are larger
than the linear region of the homodyne down-converted
signal. Thus, the local oscillator frequency is updated in
real time by modulation using a control voltage Vc to track
the cavity resonance frequency.

Sweeping the frequency ωLO of the local oscillator, a
linear dependency between the control voltage Vc and the
measured homodyne voltage Vh was observed around the
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FIG. 2. The feedback system is used to reduce the cavity resonance frequency fluctuations. (a) A schematic of the feedback circuit,
consisting of a balanced microwave homodyne interferometer, one path of which goes to the device under test. The reference arm
is path-length matched, down-converting the signal at a mixer. The resulting voltage Vh is led to a Red Pitaya (RP), which creates a
control voltage Vc to frequency modulate (FM) the local oscillator ωLO. (b) The homodyne response as the control voltage Vc sweeps
the local oscillator frequency over the cavity resonance. Within the linewidth of the cavity, the response is linear. Low-frequency noise
can be seen outside the linear regime. (c) A time trace of the homodyne voltage Vh. The feedback is turned on at t = 19 s.

cavity resonance, as seen in Fig. 2(b). Note that if an unbal-
anced homodyne detection scheme was used, the path-
length difference would result in phase-winding fringes
in the homodyne voltage signal, which could result in a
loss of cavity lock. Thus, the use of a balanced homodyne
scheme ensures a frequency-independent homodyne volt-
age signal regardless of the instantaneous local oscillator
frequency (see Appendix A).

To maintain constant power arriving at the LO port of
the mixer while having dynamic control over the power
incident on the microwave resonator under test, a vari-
able attenuator was added to the device arm. Moreover,
the phase difference between the local oscillator and device
arm was set to 90◦ out of phase, so that the quadrature sig-
nal was measured. The homodyne voltage is then low-pass
filtered and led to a proportional-integral (PI) controller
programmed in the field-programmable gate array (FPGA)
of a Red Pitaya [30]. The output control voltage of the PI
controller Vc continuously modulates the frequency ωLO of
the local oscillator to remain resonant with the cavity fre-
quency ωc. Ideally, the homodyne voltage is zero at reso-
nance; however, a slight dc offset was present in the exper-
iment, which determined the set point in the PI controller.

To optimize our feedback system, the proportional and
integral gain of the PI controller needed to be tuned
for optimal noise suppression. As the gain is increased,
low-frequency noise is suppressed; however, a
too-aggressive PI setting results in added noise at higher
frequencies. The optimal value for all experimental imple-
mentations of our feedback system depends on the specific

configuration; therefore, each system must be calibrated to
find the optimal PI gains. Turning on the feedback sys-
tem stabilizes the homodyne voltage, as can be seen in
Fig. 2(c). It should be noted that the feedback did not lose
the lock during the measurements over a time of approxi-
mately 7 min (the period during which the pulse tube could
be turned off).

IV. NOISE REDUCTION

We can quantitatively analyze the suppressed frequency
noise in the reference frame of the cavity by consider-
ing the power spectral density of frequency fluctuations,
Sf0f0(f ) (Hz2/Hz) [29]. The power spectral density can be
calculated by taking the Fourier transform of the measured
homodyne voltage Vh and is shown in Fig. 3(a). The power
spectral density of the locked homodyne voltage, SVhVh(f )

(V2/Hz), was calibrated using the slope of the homodyne
voltage versus the control voltage, shown in Fig. 2(b).
However, the power spectral density of the unlocked
homodyne signal cannot be calibrated in this way, since
the region of linear response is narrower than the fluctu-
ations of the cavity resonance frequency. Therefore, the
detected homodyne signal does not contain information
about large frequency fluctuations. An extra calibration
has been applied to the unlocked spectra, as discussed in
Appendix B.

We find that when we turn the feedback on, even with
a small gain, the large frequency shifts of the cavity are
compensated for and the cavity fluctuations remain within
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FIG. 3. The noise reduction of the homodyne voltage Vh depending on the feedback gain. (a) The power spectral density Sf0f0 of the
homodyne voltage Vh with the feedback off (dark blue) and on (red). The unlocked data has been calibrated as described in Appendix
B. Noise is reduced up to 30 dB over a bandwidth of 400 Hz. (b) The integrated power spectral density for an unlocked (dark blue) and
a locked cavity for two proportional and integral (PI) gains of the feedback loop (light blue and red). Asymptotes up to 2 kHz (dashed
gray) show a noise reduction of 85%. (c) The integrated power spectral density up to 2 kHz for different PI gains of the feedback loop,
using the same color coding. The solid black line is a polynomial fit to guide the eye.

the linear regime of the homodyne signal. This indicates
that low-frequency fluctuations dominate the cavity noise.
We have identified that for our system, the optimal pro-
portional and integral gain ratio is P:I = 6:10. Figure 3(a)
shows the power spectral density of the cavity unlocked
and locked with the optimal feedback loop gain. It can
be seen that for low frequencies, the noise is suppressed
up to 30 dB. The spectra cross around 400 Hz, indicat-
ing the feedback bandwidth. Above this frequency, the
system adds noise to the measurement, due to feedback
of the added noise by the amplification chain used. At
2 kHz and above, the two spectra overlap, suggesting
that no additional high-frequency noise is being added by
our feedback system. Taking the square root of the inte-
grated power spectral densities, Sf0f0(f ), we obtain the
root-mean-square (rms) value for the noise power, in units
of hertz. Even though there is added noise at intermedi-
ate frequencies, in Fig. 3(b) it can be seen that the total
frequency noise is reduced. The integrated spectra show
a noise reduction of 85% at 2 kHz, as indicated by the
asymptotes shown in Fig. 3(b). Again, this suggests that
low-frequency fluctuations were most detrimental in our
system. Since the feedback loop acts as a high-pass filter,
these low frequencies are compensated most efficiently.

Finally, the total gain of the feedback loop was varied by
increasing the PI gain while keeping their ratio the same.
Increasing the gain initially results in additional noise sup-
pression until the feedback increases the total noise power,
as shown in Fig. 3(c). This provides an optimal feedback
loop gain for this system.

V. MULTITONE LOCKING

Thus far, all measurements have been done using a sin-
gle tone on cavity resonance. However, many experiments
require multiple tones or, in fact, frequency sweeps. Since
the local oscillator follows the resonance frequency of the
cavity, the feedback circuit can easily be scaled up by
adding additional generators to the same feedback setup.
For example, an extra stage of up- and down-conversion
was added to the circuit, as shown in Fig. 4(a). The gray
box corresponds with that shown in Fig. 2(a). The local
oscillator signal is now split into three paths: two paths
in parallel are up-converted, to a lock signal ωlock = ωc −
ωLO and a probe signal ωprobe generated by a VNA; the
third path goes to the reference arm as before. The signal
coming from the cavity is first down-converted using ωLO,
producing two tones at ωlock and ωprobe. The signal at ωprobe
can be measured by the VNA as long as ωlock is not within
the intermediate-frequency bandwidth (IFBW) of the mea-
surement. The other path (at ωlock) is down-converted a
second time to dc, resulting, as before, in a voltage contain-
ing the frequencies of the cavity resonance fluctuations.
This signal will also contain fluctuations at the frequency
δ = ωprobe − ωlock. If δ is within the feedback bandwidth
of the cavity lock, it will need to be filtered out so as not
to modulate the local oscillator with this frequency. Again,
the down-converted signal is then led to the Red Pitaya to
generate an error signal to frequency modulate the local
oscillator.

Figure 4(b) shows VNA measurements with the feed-
back off and on, where the same number of traces have
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FIG. 4. The characterization of the locked-cavity response
measured with the extended feedback circuit. (a) A schematic
of the extended feedback circuit to lock multiple signals to the
same feedback. The gray box corresponds with that in Fig. 2.
The local oscillator is now up- and down-converted with a
lock tone. The components in the orange box are included to
add a probe tone to the input of the device. (b) Normalized
VNA traces with the cavity unlocked (blue) and locked (red).
Two separate measurements are performed for the locked cav-
ity. (c) A histogram of the fitted resonance frequency of 376
traces unlocked and locked, using the same color coding. The
locked histogram has been shifted for clarity. The standard
deviation of the locked-cavity resonance frequency is σlocked =
21 kHz, which is a factor of 4 smaller than the unlocked σunlocked
= 77 kHz.

been used. Note that these measurements have been per-
formed with an IFBW of 600 and 1 kHz, respectively, and
with feedback gains of P = 480 and I = 800. The locked
measurement has been performed on the left and right sides
of the cavity separately to avoid the lock tone entering
the VNA measurement, as discussed above. However, if a
measurement requires a VNA sweep on cavity resonance,
it is also possible to lock off resonance (see Appendix A).

The individual traces have been fitted using a Lorentzian
function to determine the resonance frequency for each
trace. The extracted resonance frequencies of the unlocked
and locked traces are compared in Fig. 4(c). The left and
right data sets are fitted separately, using a fixed asym-
metry due to the Fano effect [31] extracted from the
unlocked measurement. Here, � is the deviation from the
average value of the fitted resonance frequency. The fits
give skewed Gaussian distributions with a standard devi-
ation σunlocked = 77 kHz and σlocked = 21 kHz, which is a
decrease of 73% for the locked measurement.

VI. OPTOMECHANICAL EXPERIMENTAL
VALIDATION

As a demonstration of the applicability of the feed-
back system, it is used in an optomechanical experiment
[24]. The metal film of the capacitor Cm is located on
a high-tensile-stress silicon nitride membrane, paramet-
rically coupling the membrane to the cavity [26]. The
membrane is isolated from its surroundings, as it is located
in a phononic shield [25]. However, implementing this
lattice structure also poses difficulties, as low-frequency
modes are excited by vibrations in the dilution refriger-
ator. Although the energy of these lattice vibrations will
mostly not be transferred to the vibrational mode of the
membrane, it does mean that the membrane is located
on a moving structure. As these modes alter the distance
between the two chips by an amount larger than the ampli-
tude of the vibrational mode of the membrane, this noise
will change Cm, and thus also ωc, significantly.

As introduced in Sec. V, multiple microwave tones can
be sent to the device while locked to the same local oscil-
lator. Simply by multiplexing generators and mixers after
the local oscillator, more drive frequencies can be added.
Repeating the elements inside the orange box Fig. 4(a)
offers continual scaling.

Figure 5(a) shows the scheme for a multitone mea-
surement. By applying a drive tone detuned from the red
sideband of the cavity, ωpump = ωc − ωm − δ, and prob-
ing close to resonance, ωprobe = ωc − δ, the mechanical
resonance appears from optomechanically induced trans-
parency (OMIT) [32–34]. While having the local oscillator
locked, a measurement of the mechanical resonance is pre-
sented in Fig. 5(b). Note that the asymmetry of the OMIT
peak is due to the detuning δ ≈ 150 kHz of the pump
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FIG. 5. A demonstration of a cavity-locked multitone optome-
chanical measurement. (a) An illustration of the driving scheme.
The up-converted lock tone is set on the cavity resonance. The
pump tone is applied ωm away from the center of the probe
tone of the VNA, which in turn is detuned by δ from resonance.
(b) The mechanical resonance is visible as an optomechani-
cally induced transparency (OMIT) peak, centered around �p =
ωprobe − ωpump, when the local oscillator is locked to the cavity,
with δ ≈ 150 kHz. Normalized data are shown in orange with a
fit in black.

and probe with respect to the lock tone. However, it is
equally possible to instead apply the detuning to the lock
tone by adjusting the set point of the feedback circuit (see
Appendix A).

VII. CONCLUSIONS

In conclusion, we have presented a dynamic feedback
system locking multiple microwave tones to an unsta-
ble microwave cavity. The frequency of a local oscillator
has been modulated to follow the cavity resonance fre-
quency by calibrating the homodyne signal to a control
voltage. The power spectral density of the homodyne volt-
age has been analyzed, revealing a noise reduction of
85% at 2 kHz. Optimization of the feedback loop and the
PI controller has resulted in an optimal response for our
system, with a feedback bandwidth of 400 Hz. Further-
more, we have extended the feedback system to enable
multitone experiments. Additional microwave tones have
been implemented by up-conversion with the same locked
tone of the local oscillator. Moreover, VNA measure-
ments probing the cavity have shown that fluctuations
in the cavity resonance frequency when locked have a
standard deviation of σlocked = 21 kHz, as opposed to an

unlocked measurement with σunlocked = 77 kHz, which is
an improvement of 73%.

Finally, we have demonstrated the applicability of the
feedback system by performing an optomechanical exper-
iment. We have observed OMIT using another locked tone
from a third generator without losing the cavity lock. Our
feedback system provides continual scaling for adding
tones to the same lock by multiplexing generators and
mixers after the local oscillator. Besides optomechanics
[35,36], the feedback system presented here has applica-
tions in various fields, as any source of low-frequency
cavity noise can be reduced. For example, other poten-
tial applications include reducing two-level system noise
[37] and locking to coplanar-waveguide resonators [38],
SQUID cavities [19], gravitational-wave detectors [6],
axion dark-matter detectors [39], and magnomechanical
experiments [20–23].

The code and data necessary to produce the figures of
the manuscript are uploaded to Zenodo [40].
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APPENDIX A: HOMODYNE PHASE MATCHING

It is worth discussing the effect of the balanced inter-
ferometer. As mentioned in Sec. III, the path length of the
reference arm of the interferometer is matched to that of the
signal arm. In contrast to the most common use of an inter-
ferometer, where the absolute phase difference of the two
signals is not important, here we need to match the phases
exactly. Because the noise in the system causes the res-
onance frequency of the cavity to fluctuate, our feedback
system continually changes the frequency of the drive tone
and, thereby, its wavelength. Therefore, the signals arriv-
ing at the mixer will have a frequency-dependent phase
difference unless the two path lengths are identical.

Figure 6 shows the calculated homodyne voltage Vh for
a balanced and a �L = 10 m unbalanced interferometer.
In both cases, the incoming signals are set to be 90◦ out
of phase, to measure the quadrature signal. It is clearly
visible that in the unbalanced case, there is a sinusoidal
profile superimposing the frequency response of the cav-
ity, known as phase-winding fringes. The linear regime has
decreased significantly, increasing the chance for the lock
to fringe hop to the next slope. This would result in an
unstable feedback signal.
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(b)

(a)

FIG. 6. The homodyne response for different interferometer
path lengths. (a) The calculations for a balanced interferome-
ter. (b) The calculations for an interferometer unbalanced by
�L = 10 m.

Moreover, it is possible to send the lock tone off reso-
nance from the cavity by adjusting the set point as long
as the tone is within the linear regime of the homo-
dyne response. However, one advantage of the homo-
dyne voltage locking, in contrast to the conventional
Pound-Drever-Hall technique [15–18], is that one can also

FIG. 7. The calculated homodyne response for two quadra-
tures, as defined by the phase difference of the two signals
coming into the mixer. Locking on resonance can be achieved
using the “phase” quadrature (blue), with a tone resonant with the
nominal cavity frequency and a feedback set point indicated by
the blue circle. Locking off resonance can be achieved by choos-
ing the orthogonal “amplitude” quadrature (green) and a set point
indicated by the green square.

choose to lock at other points in the cavity. Doing so will
sacrifice some stability, which will reduce the quality of the
lock, but choosing the right phase difference at the mixer
allows one lock on the other quadrature, as demonstrated
in Fig. 7. The dashed lines show examples of set points
that allow locking on and off resonance, while still remain-
ing on an unidirectional slope, using the other quadrature.
Note that moving the set point further from resonance can
decrease the stability of the lock.

APPENDIX B: SPECTRAL-DENSITY
CALIBRATION

The fluctuations of the unlocked-cavity resonance fre-
quency were greater than the region of linear response
of the homodyne voltage, as shown in Fig. 2(b). As a
result, the measured homodyne voltage did contain infor-
mation about large frequency fluctuations. To compare the
unlocked and locked noise spectra, separate calibration
measurements had to be performed. With the Red Pitaya,

(b)

(a) (i) (ii) (iii)

FIG. 8. The calibration of the unlocked power spectral den-
sity. (a) Three measured homodyne power spectral density peaks,
produced by an additional modulation tone applied to the local
oscillator, for the unlocked (light blue) and locked (red) cavity.
The calibration tones have been provided at different frequencies
inside and outside the feedback bandwidth. (b) The integrated
power of the measured calibration tones (i) fcal = 150 Hz, (ii)
fcal = 800 Hz, and (iii) fcal = 3 kHz, using the same color cod-
ing. The dashed lines show the frequencies of the peaks in (a).
The unlocked trace is corrected (dark blue) with an offset of the
calibration factor.
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an additional modulation was applied to the local oscilla-
tor at different frequencies f cal for both the unlocked and
locked cavity. The amplitude of this tone caused a fre-
quency fluctuation of the drive tone that was well within
the linear regime of the locked homodyne response and
resulted in a sharp peak in the measured power spectral
density at the modulation frequency. For the locked cavity,
when the frequency of this tone was within the feedback
bandwidth, the feedback would create a control voltage to
compensate for this artificially added noise. However, for
frequencies greater than the feedback bandwidth, the feed-
back could not compensate this. Therefore, for the tones
that were well outside the feedback bandwidth, the inte-
grated area of the calibration tone is equal for the locked
and unlocked spectra. By comparing the integrated areas of
these measured peaks, we have found that the correction
factor scales the unlocked power spectral density accu-
rately. Figure 8(a) shows three added modulation peaks of
the measured homodyne voltage, both for the unlocked and
locked cavity: one within, one just outside, and one well
outside the feedback bandwidth. Figure 8(b) shows the
total measured power Pcal of the calibration tones applied.
It can be seen that the feedback produces a high-pass fil-
ter behavior as expected. For the locked cavity, the powers
of the calibration tones well outside the feedback band-
width show a flat relation, indicating that the feedback
did not reduce their noise power. The correction factor
was then determined by the difference of the powers at
the highest frequency and the corrected unlocked trace
was shown. Amending the unlocked data with this calibra-
tion has enabled us to compare the unlocked and locked
measurements fairly.
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