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Abstract

A multi-point microwave interferometer (MPMI) concept was developed for non-invasively
tracking a shock, reaction, or detonation front in energetic media. Initially, a single-point,
heterodyne microwave interferometry capability was established. The design, construction,
and verification of the single-point interferometer provided a knowledge base for the creation
of the MPMI concept. The MPMI concept uses an electro-optic (EO) crystal to impart a
time-varying phase lag onto a laser at the microwave frequency. Polarization optics converts
this phase lag into an amplitude modulation, which is analyzed in a heterodyne interfer-
ometer to detect Doppler shifts in the microwave frequency. A version of the MPMI was
constructed to experimentally measure the frequency of a microwave source through the EO
modulation of a laser. The successful extraction of the microwave frequency proved the
underlying physical concept of the MPMI design, and highlighted the challenges associated
with the longer microwave wavelength. The frequency measurements made with the current
equipment contained too much uncertainty for an accurate velocity measurement. Potential
alterations to the current construction are presented to improve the quality of the measured
signal and enable multiple accurate velocity measurements.
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Chapter 1

Motivation and Introduction

A multi-point microwave interferometer (MPMI) concept was developed to non-invasively
monitor the internal transit of a shock, detonation, or reaction front in energetic media. Stan-
dard optical interferometry techniques, such as VISAR (Velocity Interferometer System for
Any Reflector) [3] and PDV (Photonic Doppler Velocimetry) [44] provide only a single-point
measurement of a surface or interface velocity. While there does exist a spatially-resolved
optical method, ORVIS (Optically Recording Velocity Interferometer System) [6], it suffers
from the same limitation of providing only surface or interface measurements. Without a
direct, internal measurement, it is necessary to infer the material’s state. Alternate diagnos-
tics embedded in the sample, such as electromagnetic gauges, inherently disrupt the state
of the shock or reaction front measured. The only method to obtain a non-invasive internal
velocity measurement in energetic media is with microwave interferometry. Most energetic
media is transparent in the microwave regime, but the dielectric discontinuity at a shock,
detonation, or reaction front generates a back reflection, enabling an interferometric measure-
ment [4]. Current microwave interferometers also only provide a continuum measurement,
averaging out the spatial characteristics. These factors limit the effectiveness of these diag-
nostics in understanding the complex wave and material interactions affecting the thermal,
mechanical, and chemical response of heterogeneous energetic materials. Coupling laser and
microwave interferometry techniques with terahertz spectroscopic methods, a MPMI con-
cept was develop to bridge this experimental gap and provide an internal, spatially-resolved
interferometric measurement.

The report begins with a brief description of current, state-of-the-art microwave inter-
ferometers. It then discusses the design, construction, and verification of a single-point mi-
crowave interferometer, reestablishing the capability at Sandia. Building on this work, the
MPMI concept is presented. A version of the MPMI concept was constructed for validating
the extraction of the microwave frequency through the EO modulation of a laser beam. The
limitations and technical challenges raised by these initial tests are discussed. Suggested
alterations to the design are then proposed for making an accurate velocity measurement
with the MPMI concept.
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Chapter 2

The Single-Point Microwave
Interferometer

Microwave interferometers utilize a heterodyne design to provide a single, continuum
measurement of the velocity of a dielectric discontinuity. This section begins with a brief
discussion of microwave interferometer design. More detailed descriptions are available in
the literature [7, 8, 15, 16, 21, 24, 26, 31, 40, 43, 42, 41, 47]. The construction and verification
of a 35.2 GHz single-point microwave interferometer is then presented.

2.1 Single-Point Microwave Interferometer Design

A simple, heterodyne microwave interferometer design is shown schematically in Figure
2.1. The microwave source is divided into two legs by a microwave coupler. The diverted
signal is used as a reference. The transmitted signal is directed towards a circulator. The
microwaves entering port 1 exit port 2 and are directed to the experimental surface. The
reflected signal returns to port 2 on the circulator and exits at port 3. The reference and
reflected signals are compared by a mixer. Mathematically, this is expressed with their
combined electric fields.

E(t) = A1 cos(2πf0t+ φ1) + A2 cos(2πf(t)t+ φ2) (2.1)

Here, f0 is the initial frequency of the source, f(t) is the reflected, Doppler shifted frequency,
and φ1 and φ2 are the phases of each wave. The parameters A1 and A2 represent the
intensities of the reference and reflected signals, respectively. The reflected, Doppler shifted
frequency is related to the experimental surface velocity, v(t) [12].

f(t) = f0
c+ v(t)

c− v(t)
≈ f0

(
1 +

2v(t)

c

)
(2.2)

The speed of light in the material, c, depends on the material’s relative permittivity, εr.

c =
c0√
εr

(2.3)
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Figure 2.1: Block diagram of a simple, heterodyne microwave interferometer.

The output of the mixer is sent to a detector. The detector records the intensity, which
is the square of the electric field. Since the mixer acts as a low pass filter, only the difference
between the two frequencies is recorded.

I(t) = E(t)2 = cos (2π (f(t)− f0) t+ Φ) (2.4)

Any delay between the reflected and reference legs is accounted for in the relative phase lag,
Φ = φ2 − φ1. The frequency of the recorded signal represents a beat frequency between the
reference and reflected signals and relates to the velocity.

fb(t) = f(t)− f0 = f0
2v(t)

c
(2.5)

At a constant velocity, a 2π phase shift occurs for every have wavelength of motion, λ0
2

.

∆x =
v(t)

fb(t)
=

c

2f0
=
λ0
2

(2.6)

Counting the maxima and minima in the signal gives the displacement of the measurement
surface every quarter wavelength. Alternately, a fast Fourier transform (FFT) can extract
the beat frequency and directly relate it to the velocity through Equation 2.5. Since the
wavelengths of microwaves are on the order of millimeters, this design gives rather poor
resolution of the front displacement.

To increase the displacement resolution, most current microwave interferometers utilize
a quadrature design [7, 16, 24, 26, 40, 43, 42, 41]. This is shown schematically in Figure
2.2. In this configuration, the reference and reflected signals are combined in an IQ mixer.
In the IQ mixer, both the reference and reflected signals are split by a coupler. One of the
reference signals is phase lagged 900 by a phase shifter. One reflected signal is combined
with the original reference signal, labeled the in-phase (I) channel. The other reflected
signal is combined with the phase lagged reference, labeled the quadrature (Q) channel. The

14



Figure 2.2: Block diagram of a quadrature-based microwave interferometer.

phase difference between the two signals, Θ(t), is directly related to the displacement of the
measured surface [12, 4].

tan(Θ(t)) = tan(ε) +
Q(t)

I(t)
R(t) sec(ε) (2.7)

∆x =
λ0
4π

Θ(t) (2.8)

Here, ε is the phase error between the I and Q channels (i.e. the deviation from 90o), Q(t)
and I(t) are the in-phase and quadrature signals, and R(t) is the amplitude ratio between
the two signals. IQ mixers have phase resolutions on the order of 5o to 10o, which provides
resolutions around 1% of the wavelength [4]. It is possible to employ frequency downshifting
to achieve better phase resolution [15, 31, 47, 41].

2.2 Single-Point Microwave Interferometer Construc-

tion

A 35.2 GHz, quadrature-based microwave interferometer was constructed at Sandia. A
schematic of its design is presented in Figure 2.3. The source (Millitech PLS-28-A-002)
consists of a 17.6 GHz Gunn diode output into an active multiplier chain to double its
frequency. It is capable of producing slightly over 23 dBm. The source can accept an external
10 MHz signal, allowing it to be synchronized, or phase locked, with another source. A phase
lockable source enables frequency downshifting in the future to improve the spatial resolution
[42, 41]. The output of the microwave source is split with a 10 dB coupler (Millitech CL3-28-
S1000). The weaker signal split off of by the coupler is used as the reference. The stronger
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Figure 2.3: Block diagram of the Sandia single-point microwave interferometer.

transmitted signal is sent to a circulator (Millitech JFD-28-SC1NP), which directs it toward
the measurement surface. A variable attenuator (LSA-28-S0000), capable of around 30 dB of
attenuation, is placed after the circulator to adjust the power imparted to the measurement
surface. The microwave energy reflected from the measurement surface enters the circulator
and is directed toward an IQ mixer (Millitech MIQ-28-RS035). The IQ mixer compares the
reflected signal with the reference signal, which passes through a 10 dB fixed attenuator.
This ensures the reference is within the power requirements of the IQ mixer. The IQ mixer
in this interferometer has a phase error of 5o and is 100o out of phase. All lines in the
schematic represent rectangular WR-28 waveguides.

The interferometer is housed in a steel electrical enclosure. Power is provided to the
interferometer by a standard power cable plugged into a 110 VAC outlet. A commercial
AC/DC converter generates 15VDC to run all the components. The 15VDC used is above
the power requirements for many of the components. However, all the components have
internal voltage regulators. Running higher voltage into the components does not damage
them, it just increase the heat dissipated [27]. A computer fan was incorporated into the
steel enclosure to help cool the components. The interferometer was run for several days with
no noticeable degradation in performance. A photograph of the interferometer is presented
in Figure 2.4

2.3 Single-Point Microwave Interferometer Verification

To ensure the constructed 35.2 GHz interferometer was operating properly, it was used
to measure the motion of a silvered mirror (Thorlabs PF40-03-P01). A translation stage
(Thorlabs MTS50-Z8) was used to move the silvered mirror at a prescribed velocity. Five
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Figure 2.4: Photograph of the Sandia single-point microwave interferometer.

measurements were taken with the translation stage moving at 1 mm/s, and 3 measurements
were taken with the translation stage moving at 2 mm/s. The translation stage was measured
to have a velocity error of 0.02 mm/s at 1 mm/s and 0.05 mm/s at 2 mm/s. Figure 2.5
shows representative I and Q signals recorded with the interferometer. The recorded I and
Q channels have very different amplitudes. The IQ mixer was designed to provide as close
to a 90o phase lag as possible and not for equal output amplitudes.

The verification tests were analyzed using a MATLAB R© analysis program capable of peak
counting, quadrature analysis, and a simple FFT method. A description of the MATLAB R©

analysis program is presented in Appendix A. The results of all eight verification experiments
are summarized in Table 2.1. The results show the velocity found using peak counting on the
I and Q channels along with quadrature analysis. The results are highly reproducible and
match well with the prescribed velocity. No errors are reported but are under 0.02 mm/s for
both methods. Figure 2.6 show the results obtained using peak counting on the I channel
along with quadrature analysis for Test 2. The methods match well.
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Figure 2.5: Typical I and Q signals obtained during verification testing of the 35.2 GHz
microwave interferometer.

Table 2.1: Results of the verification tests on the 35.2 GHz microwave interferometer using
peak counting and quadrature analysis.

Test Prescribed Peak Counting Quadrature
Number Velocity (mm/s) I (mm/s) Q (mm/s) (mm/s)

1 1.0 0.978 0.974 0.984
2 1.0 0.978 0.974 0.984
3 1.0 0.991 0.990 0.988
4 1.0 0.990 0.990 0.993
5 1.0 0.990 0.990 0.993
6 2.0 1.988 1.979 1.976
7 2.0 1.989 1.979 1.977
8 2.0 1.989 1.979 1.980

18



Figure 2.6: Velocity measured by the microwave interferometer using peak counting on the
I channel and quadrature analysis for Test 2.
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Chapter 3

Generation of the MPMI Concept

A novel interferometer configuration is needed to obtain spatial information in the mi-
crowave regime. This section outlines the process used to develop the MPMI concept through
the coupling of laser and microwave interferometry techniques with terahertz spectroscopic
methods.

3.1 Selection of the Interferometer Configuration

There exists a spatially-resolved, optical interferometry technique, ORVIS [6]. It is a
homodyne interferometer and essentially a slight modification on a wide-angle Michelson in-
terferometer. Microwave-based, Michelson-type interferometers were constructed in the past
to measure dielectric constants [9] and the speed of light [10]. Unfortunately, complications
arise when using a similar homodyne configuration to measure a surface velocity, due to the
longer microwave wavelengths.

This is evident when considering the operation of a Michelson interferometer at a mi-
crowave wavelength. Such an interferometer is shown schematically in Figure 3.1. In this
homodyne interferometer, a single signal is split along two paths of differing lengths before
being recombined.

E(t) = A1 cos(2πf(t)t+ φ1) + A2 cos(2πf(t)(t+ τ) + φ2) (3.1)

τ =
2d

c
(3.2)

The parameters A1, A2, φ1, and φ2 are the intensities and phase lags of each leg. Both
signals are assumed to have the same frequency f(t) over their relative time delay, τ . This is
the commonly used VISAR approximation [12]. The time delay is related to the difference
in path lengths, d, and the speed of light in the media, c, which is determined by Equation
2.3. A detector placed at the output of the interferometer records the intensity.

I(t) = E(t)2

= A2
1 cos2(2πf(t)t+ φ1) + 2A1A2 cos(2πf(t)t+ φ1) cos(2πf(t)(t+ τ) + φ2)

+ A2
2 cos2(2πf(t)(t+ τ) + φ2) (3.3)
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Figure 3.1: Block diagram of a Michelson interferometer.

If the frequency of the wave is significantly larger than the detector bandwidth, the recorded
signal is the time average of the intensity, 〈I(t)〉 [12]. This enables simplification with the
following relations.

〈cos2(ω)〉 =
1

2
(3.4a)

cos(ω1) cos(ω2) =
1

2
cos(ω1 + ω2) +

1

2
cos(ω1 − ω2) (3.4b)

〈cos(ω1)〉 = 0 (3.4c)

〈cos(ω1 + . . .+ ωn)〉 = 0 (3.4d)

The recorded signal is simplified to one frequency term.

〈I(t)〉 =
1

2

(
A2

1 + A2
2

)
+ cos(2πf(t)τ + φ2 − φ1) (3.5)

If the frequency of the signal entering the interferometer changes due to a Doppler shift
imparted by a surface velocity, v(t), the recorded intensity changes based on Equation 2.2.

〈I(t)〉 = A+ cos

(
2πτf0

(
1 +

2v(t)

c

))
(3.6)

The relative phase difference is ignored and the leading term is represented by a single
variable, A, for simplicity. The velocity necessary to achieve a 2π phase shift, or one fringe,
is determined by the original signal frequency and the interferometer configuration.

v2π =
c

2f0τ
(3.7)

The above expression illustrates the limitations of a homodyne interferometer in the
microwave regime. A 100 GHz microwave signal requires τ = 1.5µs to achieve a fringe every
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1000 m/s. Not only does such a long delay eliminate the simplifications provided by the
VISAR approximation, it leads to unreasonable delay sections. To achieve such a long delay,
a 450 m path difference or an etalon with an index of refraction of 1.5 and a length of 300
m is needed.

A spatially-resolved interferometer, such as ORVIS, has an added complication. In an
ORVIS, a mirror is rotated by a small angle, α

2
, and moved forward. This generates fringes

of equal thickness, or Fizeau fringes [18]. This results from a variable delay along the laser
width.

τ(x) = τd +
x

c
sin(α) (3.8)

Here, τd is the time delay between the two legs without titling the mirror and x is the position
along the beam width. The distance separating the fringes, d, is related to the mirror angle
[6].

d =
λ0

sin(α)
(3.9)

Since α is a characteristically small angle (typically less than 0.005 rad) [6], the longer
wavelength of the microwaves leads to impractical fringe spacings. A 100 GHz microwave
signal has a wavelength of roughly 3 mm in air. With α = 0.005 radians, the fringe spacing
of a 100 GHz interferometer is 60 cm.

A heterodyne design is the only practical choice for a microwave interferometer. Cur-
rent heterodyne microwave interferometers utilize waveguides, which destroy any spatial
information. An open beam is needed to preserve the spatial information. This imposes
challenges associated with collimating a microwave beam over large distances and detecting
it on timescales fast enough for shock physics experimentation.

3.2 MPMI Design

To eliminate some of the technical challenges associated with an open microwave beam, a
MPMI design was developed based on the electro-optic (EO), or Pockel, effect. EO crystals
act as variable waveplates, due to their lack of inversion symmetry [28]. Their birefringence
is dependent on the strength of an applied electric field, E [28].

δ =
2πln3rij

λ
E (3.10)

Here, δ is the phase lag between the ordinary and extraordinary rays, l is the thickness of
the crystal, n is the index of refraction of the crystal, λ is the wavelength of the light, and
rij is the EO coefficient of the crystal.

Past researchers used this phenomena to obtain real-time imaging of RF signals [45, 46,
34, 33, 35]. This work centered on converting the phase lag generated by the EO crystal into
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Figure 3.2: Schematic illustrating the use of an EO crystal and polarization optics to generate
amplitude modulation in a laser.

an amplitude modulation with polarization optics. This is illustrated schematically in Figure
3.2. A linearly polarized laser was sent through an EO crystal subjected to a microwave
signal. The electric field of the microwaves induced a phase lag in the laser, generating an
elliptical polarization state. A quarter waveplate (QWP) placed after the EO crystal was
oriented to return the laser to a linear polarization state. A half waveplate (HWP) was
used to rotate the polarization state so it was completely transmitted by a polarizing beam
splitter (PBS). If the applied electric field changes, the phase lag imparted by the EO crystal
changes per Equation 3.10. If the orientations of the waveplates are constant, changes to the
applied electric field generate a small reflected signal at the PBS. If the applied electric field
modulates at a characteristic frequency, the amplitude of the reflected signal also modulates
at that frequency. This intensity modulation allowed the past researchers to visualize a
microwave signal.

The ability of this optical configuration to impart a microwave frequency onto a laser
enables its use as the basis of a heterodyne interferometer. A simplified schematic of such an
interferometer is presented in Figure 3.3. This design is slightly different than that previously
proposed by the authors [36]. The main difference is the reflection of the laser after the EO
crystal by a dielectric mirror or, preferably, by a highly reflective (HR) coating on the crystal
itself. Due to time constraints, a HR coating was not applied the EO crystal used in this
work. The reasons for this redesign are twofold. First, it involves fewer optical elements.
Second, by reflecting of the back side of the EO crystal, the laser makes two passes through
it. This effectively doubles the crystal thickness, doubling the phase lag generated.

In the MPMI concept, a microwave source, operating at frequency fMW , is projected from
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an antenna towards the measurement surface by a beam splitter. An effective microwave
beam splitter consists of two plastic sheets with quarter wavelength thickness [10]. The ratio
between the power transmitted and reflected is determined by their separation [10]. The
reflected microwave signal at frequency f ′MW (t) is directed towards the EO crystal by the
beam splitter. The electric field of the reflected microwave signal imparts a phase lag onto
a laser operating at frequency f1, which passes through the EO crystal and reflects off the
dielectric mirror. A QWP and PBS convert this phase lag into an amplitude modulation
at the reflected microwave frequency, f ′MW (t). The inclusion of a HWP is unnecessary in
this design, since a HWP imparts a π phase lag between polarization components. Passage
through it twice yields the initial polarization state.

The electric field of this amplitude modulated signal is represented with the following.

E = A2[1+cos(2πf ′MW (t)t+φMW )] cos(2πf1t+φ1)+A0 = A2[1+cos(β)] cos(α)+A0 (3.11)

The amplitude of the polarization component transmitted by the PBS, A2, is proportional
to the imparted phase lag, δ. The term A0 represents the amount of light transmitted by the
PBS when no electric field is present. This may result from slight deviations from the ideal
rotation angles of the waveplates or bleed through in the PBS. The amplitude modulated
beam is combined with a second laser at frequency f2.

E = A2[1 + cos(2πf ′MW (t)t+ φMW )] cos(2πf1t+ φ1) + A0 + A3 cos(2πf2t+ φ2)

= A2[1 + cos(β)] cos(α) + A0 + A3 cos(γ) (3.12)

The addition of the second laser after modulation by the EO crystal ensures ample light is
sent to the detector, allowing detection of experimental signals several dB lower than the
reference [19]. The detector records the intensity of the combined lasers.

I = E2 =A2
2 cos(α)2 + 2A2

2 cos(α)2 cos(β) + 2A0A2 cos(α) + 2A2A3 cos(α) cos(γ)+

A2
2 cos(α)2 cos(β)2 + 2A0A2 cos(α) cos(β) + 2A2A3 cos(α) cos(β) cos(γ)+

A2
0 + 2A0A3 cos(γ) + A2

3 cos(γ)2 (3.13)

The intensity is expanded with Equations 3.4a and 3.4b.
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Figure 3.3: Schematic illustrating the MPMI concept.
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There are numerous frequency terms in the intensity, but careful selection of the detector
bandwidth provides a means to measure the microwave frequency.

The laser frequencies are on the order of 1014 Hz, while the microwave frequency is 10s
of GHz. If these frequencies are above the detector’s bandwidth, only their time average
is measured. Any terms involving only these frequencies or their summations are zero.
In addition, the laser frequencies are large compared to the microwave frequency. Terms
involving the difference between a laser frequency and the microwave frequency are outside
the detectors range and not recorded. Equation 3.14 then simplifies to the following.

〈I〉 =
3

4
A2

2 + A2A3 cos(α− γ) +
1

2
A2A3 cos(α + β − γ)+

1

2
A2A3 cos(α− β − γ) + A2

0 +
1

2
A2

3 (3.15)

If the laser frequencies are constant in time, but not equal, they generate a constant beat
frequency.

fb = |f2 − f1| = |γ − α| (3.16)

Suppose the beat frequency is slightly above or below the microwave signal, such that the
difference is within the detector bandwidth, fd.

|fb − f ′MW (t)| < fd (3.17)

If both fb and fMW are above fd the only recordable signals are the DC component and
|fb − f ′MW (t)|.
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2
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=A2
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2 +
1

2
A2

3 +
1

2
A2A3 cos(2π|fb − f ′MW (t)|t+ Φ) (3.18)

Here, Φ represents the combined phase lag. Assuming that the microwave source is operating
at a constant, known frequency, any Doppler shift in the microwave frequency is determined
from the recorded frequency.

|fb − f ′MW (t)| =
∣∣∣∣fb − (1 +

2v(t)

c

)
fMW

∣∣∣∣ (3.19)

This is illustrated in Figure 3.4 with a simple case. Assume that f1 = 100 Hz, f2 = 65
Hz, f ′MW = 20 Hz, fd = 17 Hz, A0 = 0, and A2 = A3 = 1. The frequencies here are in Hz
to make the example easier to visualize, but holds true for the actual laser and microwave
frequencies and detector bandwidth. The first laser’s E field is shown in Figure 3.4 (i). This
E field is modulated by the microwave beam using the EO crystal and polarization optics,
giving the beat signal shown in Figure 3.4 (ii). The second laser’s E field, which is shown
in figure 3.4 (iii), is combined with the EO modulated signal. The combined E field of both
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Figure 3.4: Evolution of E fields through the MPMI concept.
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Figure 3.5: FFT of the intensity generated by the MPMI example showing all frequencies
present. The detector bandwidth, shown in red, encompasses only the |fb − f ′MW | and DC
signals.

lasers is shown by Figure 3.4 (iv), yielding the intensity shown in Figure 3.4 (v). A FFT on
the intensity identifies the frequencies present, as shown in Figure 3.5. All of the frequencies
in Equation 3.14 are seen in the FFT. However, only |fb − f ′MW | and the DC signals are
within the detector bandwidth, identified by the red region. Changes in f ′MW due to surface
motion result in a change in the recorded frequency.

The MPMI design assumes the laser beat and microwave frequencies are constant in
time. Variations in the microwave frequency are not as large a concern. Typically, variations
are under a kHz [27], resulting in a velocity error of a few m/s. Variations in the laser
frequencies are often on the order of 10’s of MHz [39, 38]. This is a significant source of
error that needs to be accounted for with a reference channel. The generation of a reference
channel involves splitting off a signal from each laser. A custom EO modulator imparts
an amplitude modulation to one of the laser signals slightly above or below the microwave
frequency before being combined with the other laser signal. This provides a measurable
signal for the beat frequency in the same manner as the MPMI. This assumes the EO
modulator has a constant, well-known modulating frequency. This was not done in this
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work due to time constraints, but is recommended for any future implementations. The
issue of laser drift is eliminated completely by employing a single laser MPMI design. This
interferometer design is described in Appendix B. In this design, the laser is sent through a
commercial EO modulator operating near the microwave frequency before being modulated
by the microwave source at the EO crystal. Imparting both modulations to the beam enables
a measure of the microwave frequency. The advantages of the two laser concept is it allows
for the detection of very weak modulated signals, several dB lower than the reference [19].

The ability to obtain multiple measurements over a moving surface with the MPMI is
achieved through proper imaging. The microwave source can be collimated reasonably well
(i.e. with a divergence angle of a few degrees) with a Gaussian lens [27] and directed towards
the measurement surface. A dielectric or metal lens can image the reflected microwave signal
to the EO crystal [22]. The laser reflected from the back surface of the EO crystal is then
imaged onto a fiber array. If enough light is collected by each fiber in the array, multiple
measurements result. Changing the imaging optics in the system and the arrangement of
the fibers in the array alters the location and resolution of the measurements taken.
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Chapter 4

Verification of the MPMI Operating
Principle

Extracting the microwave frequency from the EO modulation of a laser beam is the
fundamental operating principle of the MPMI concept and represents its main technical
challenge. A series of experiments were constructed to quantify the ability of the MPMI
design to accurately recover a microwave frequency. The MPMI concept presented in Figure
3.3 was modified by removing the microwave beamsplitter and directing the microwave source
towards the EO crystal. This modification has the advantage of maximizing the amount
of microwave power directed towards the EO crystal. A schematic of this configuration
is shown in Figure 4.1. A photograph of the actual setup is shown in Figure 4.2. The
experimental setup is discussed in four sections: laser characterization, EO crystal selection,
detector selection and characterization, and optical configuration. Following that, the results
of the experiments are presented and discussed. Alterations to increase the modulated signal
strength are then proposed.

4.1 Experimental Configuration

4.1.1 Laser Characterization

For these experiments, two tunable 1550 nm lasers were used. A high-powered NP
Photonics RockTMfiber laser capable of generating 2.2 W was used to generate the modulated
beam (i.e. Laser 1). The high power level was used to increase the modulated signal
strength sent to the detector. The reference laser (i.e Laser 2) was a 50 mW NKT Photonics
Koheras ADJUSTIK fiber laser. A high power was not necessary for the reference laser,
since it was completely contained in a fiber and did not experience the losses associated
with coupling from an open beam. The RockTMlaser was an older model and had a narrow
tunable range, leading to only a few operational frequencies. The RockTMlaser was kept in
the same operating position, around 1550.15 nm, and the NKT laser was tuned around it to
generate the desired beat frequency. Given the tunable range of the NKT laser, this limited
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Figure 4.1: Schematic illustrating the MPMI design used to extract the microwave frequency
from an EO modulated laser.

32



Figure 4.2: Photograph of the actual experimental setup.

the beat frequencies achievable to around 74 GHz, which was more than adequate for the
35.2 GHz source.

As previously discussed, the MPMI concept relies on the generation of a stable beat
frequency between the two lasers. This is complicated by the inherent frequency drift present
in each laser. Before each experimental set, the wavelengths of both lasers were measured
with an Agilent 86122A Multi-Wavelength meter. These measurements provided insight into
the frequency drift present. The RockTMlaser was the least stable of the two, and tended to
find a different operational range every time it was turned on. This necessitated measuring its
wavelength upon start up and adjusting the NKT accordingly. Based on these measurements,
the overall wavelength difference between the two lasers tended to have a maximum error of
± 0.2 pm. For a beat frequency of 35 ± 1 GHz, this corresponds to an error of ± 56 MHz.
This was tested by setting the two lasers to beat at 25 MHz and recording the response with
a Newport 1623 detector. Over these experiments, the measured beat frequency varied by ±
23 MHz. The laser drift manifested in changes to the beat frequency between measurements.
Over the course of a single experiment (i.e 10 µs), the frequency remain within 30 kHz. This
level frequency drift has a significant effect on the ability to extract a velocity, which is
discussed in Section 4.3. For the purposes of extracting the microwave frequency from an
EO modulated laser, the drift is less limiting and is only considered to ensure the modulated
signal stays within the detector’s range.
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4.1.2 Electro-Optic Crystal Selection

While it is possible to use a polycrystalline EO material to modulate a laser [20], it is
more efficient to use a single crystal. The crystallographic orientation determines which
component of the electric field is visible [46]. While there are a large number of EO crystals
[5], the one chosen for the MPMI must have high laser transparency, a large EO coefficient,
and a small group velocity mismatch (GVM). The GVM quantifies the relative difference
in speed between the microwave signal and the laser through the EO crystal. All of these
requirements are necessary for terahertz spectroscopy [11], leading to a wealth of literature
available to choose an EO crystal for the MPMI.

The indexes of refraction, EO coefficients, and approximate GVMs of several commonly
used crystals in terahertz spectroscopy are presented in Table 4.1. These parameters are
wavelength dependent, so it is common to find multiple values reported in the literature [5].
The parameters listed in Table 4.1 represent one reported value and are used as approxima-
tions to determine candidate crystals for the MPMI.

Table 4.1: Indexes of refraction, EO coefficients, and GVMs for several commonly used EO
crystals [11, 48].

EO EO Coefficient GVM
Crystal (pm/V) (ps/mm)
ZnTe r41 = 4.0 1.1
CdTe r41 = 4.5 0.75
ZnSe r41 = 2.0 0.96
GaAs r41 = 1.4 0.015
GaP r41 = 0.97 -
GaSe r41 = 14.4 0.1

LiTaO3 r33 = 30.5 14.1
r13 = 8.4

LiNbO3 r33 = 30.9 14.2
r51 = 32.6

DAST† r11 = 160 1.2
†4-N,N-dimethylamino-4’-N’-methyl-stilbazolium tosylate

For the MPMI concept, a GVM around 1 ps/mm or less was desired. It is possible to
compensate for a large GVM and phase match the two beams by sending the faster wave
through the crystal at an angle [48]. However, this destroys the spatial resolution, and is not
considered an option for the MPMI. Both LiTaO3 or LiNbO3 have too large a GVM for the
MPMI concept. DAST is a soft brittle material that is hygroscopic, making it hard to get
quality optical surfaces [30]. GaSe is cleaved easily and very fragile [11]. There is also less
literature on these two crystals. It was decided to concentrate on the inorganic standards of
ZnTe, ZnSe, and CdTe for the MPMI.
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The applicability of each crystal considered depends on the laser and microwave fre-
quencies utilized. The optical indexes of refraction for ZnTe, ZnSe, and CdTe from their
transmission limit to 2500 nm was previously measured and fit a modified Sellmeier equa-
tion [25].

n2
opt = a1 +

a2λ
2

(λ2 − a23)
(4.1)

This index of refraction does not account for dispersion in the crystal, which is captured
with the following expression [29].

neff = nopt − λ
dnopt
dλ

(4.2)

In both these equations, λ is expressed in µm. The index of refraction of each crystal in the
THz regime was also measured between 0.3 and 3 THz and fit to an empirical relation [17].

n2
THz =

b1b
2
2 − b3f 2

THz

b22 − f 2
THz

(4.3)

Here, fTHz is the frequency in THz. The coefficients for the index of refraction equations
are listed in Table 4.2. The GVM, expressed in ps/mm, is calculated from these indexes of
refraction.

GVM =

∣∣∣∣nTHzc0
− neff

c0

∣∣∣∣× 109 (4.4)

The coherency length, or maximum distance that the velocity mismatch is tolerable, is also
calculable [29].

lc =
πc0

2πf |neff − nTHz|
(4.5)

In this expression, f refers to the frequency in Hz.

Table 4.2: Coefficients for the index of refraction calculations [17, 25, 23].

EO a1 a2 a23 b1 b2 b3
Crystal (µm2) (THz)
ZnTe 4.27 3.01 0.142 9.92 5.39 6.0
CdTe 5.68 1.53 0.366 10.20 4.23 7.1
ZnSe 4.00 1.90 0.113 8.99 6.09 5.3

The MPMI concept utilizes a 1550 nm laser and a 35.2 GHz microwave source. The
indexes of refraction, GVMs, and the coherency lengths were determined for each crystal. In
addition, a performance parameter, n3rij, was calculated. These values are listed in Table
4.3. While the index of refraction for the microwave beam is an extension of the fit given
in Equation 4.3, it is assumed accurate enough to determine an EO crystal for the MPMI.
From Table 4.3, CdTe is the best choice, followed by ZnTe. Both crystals have a Zinc Blend
structure [11]. The (110) crystallographic orientation visualizes the in-plane components of
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the electric field, while the (100) orientation visualizes the out-of-plane components [46]. A
10 mm X 10 mm X 1mm (110) ZnTe crystal (MTI Corporation ZTe101010S2-US) was used
in this work. A (110) CdTe crystal (MTI Corporation CdTee101010S2) was intended to be
used, but fractured and a replacement could not be procured for the experiments.

Table 4.3: Comparison of EO crystals for the MPMI concept using a 1550 nm laser and a
35.2 GHz microwave source.

EO nopt neff nTHz GVM lc n3rij
Crystal (ps/mm) (mm) (pm/V)
ZnTe 2.733 2.899 3.150 0.84 17.1 97.5
CdTe 2.736 2.977 3.194 0.72 19.7 118.7
ZnSe 2.450 2.516 2.998 1.61 8.9 31.9

4.1.3 Detector Selection and Characterization

Choosing a detector involved the consideration of three variables: the bandwidth, the
gain, and the dark noise. The bandwidth was touched on previously. It must be large
enough to resolve the frequencies of interest given the expected frequency drift while still
small enough to eliminate the unwanted frequencies. Based on Equation 3.19 and a 35.2
GHz source, a velocity of 8,000 m/s results in around a 2 MHz Doppler shift. The minimum
bandwidth necessary is driven more by the expected frequency drift than the velocities
recorded. A large gain is needed since the modulated signal strength is expected to be under
1 µW. Increases in the detector gain tend to increase the dark noise or lower the bandwidth.
Careful balancing of these parameters is necessary.

The Thorlabs FPD 310 and FPD 510 detectors were considered for these experiments.
The properties of each are listed in Table 4.4. The FPD 310 has a larger calculated gain,
bandwidth, and dark noise than the FPD 510 [37]. The FPD 310 is also not recommended
for continuous light applications [37].

Table 4.4: Parameters given by the manufacturer for the detectors considered [37].

Detector Coupling Frequency Calculated Noise level
Range (MHz) Gain (V/W) (dBm)

FPD 310 AC 10-1800 5e4 -90
FPD 510 DC 0-250 4e4 -120

Recording the zero light response from both the FPD 310 and FPD 510, which is shown
in Figure 4.3, visualizes the increased noise of the FPD 510. The dark noise was recorded
with a 6 GHz, 25 GS/s oscilloscope (Tektronics DPO070604B). An FFT was generated with
the Sandia Matlab AnalysiS Hierarchy (SMASH) toolbox [14] on the dark noise recordings
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Figure 4.3: Recorded dark noise for both the FPD 310 (Blue) and FPD 510 (Red) detectors.

to identify any artificial frequencies. The FPD 310 had several artificial frequencies within
its range: 333 MHz, 467 MHz, 600 MHz, 867 MHz, 1.00 GHz, 1.27 GHZ, 1.60 GHz, and
1.80 GHz. These are visualized in Figure 4.4a by peaks in the FFT response. The FPD
510 response, which is shown in Figure 4.4b, had no artificial frequencies over its bandwidth
other than a DC signal.

(a) FPD 310 (b) FPD 510

Figure 4.4: Mean response at each frequency in the detector ranges for both the FPD 310
(a) and FPD 510 (b). The peaks represent the artificial frequencies present.

The FPD 510 was chosen for extracting the microwave frequency from the EO modulation
of a laser beam. The gain values reported in Table 4.4 are calculated and not the actual
values for the detector. A series of measurements were performed to determine the actual
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DC gain curve of the FPD 510. The results are given in Table 4.5. The gain is not constant
and is maximized around 50 µW of power. For all experiments, the reference power was
adjusted to ensure that roughly 50 µW was sent to the detector.

Table 4.5: Measured DC gain values for the FPD 510 detector.

Power (µW) Gain (V/W)
1 3245
2 3437
5 4167
10 5762
30 10353
50 11364
70 9535
100 7136
200 3604
500 1431
1000 705

4.1.4 Optical Configuration

The output of the ROCKTMlaser was collimated into an open beam with a reflective
collimator (Thorlabs RC08APC-P01), since it provided the best collimation output [2]. The
ROCKTMlaser was connected to the reflective collimator with a fiber jumper that was bent
to adjust the output polarization to maximize reflection at the PBS. A plate PBS (Thorlabs
PBSW-1550) was chosen, since its extinction ratio (10,000:1) was higher than a PBS cube
[37]. A large extinction ratio reduces bleed through, which is the A0 term in Equation 3.18
and represents signal noise. In the current system, the bleed through was approximately 4
µW of power. After reflection from the PBS, the light was directed through a multi-order
QWP (Thorlabs WPMQ05M-1550). The QWP was placed in a precision rotation mount
(Thorlabs PRM1) for increased control of its alignment. The light passed through the ZnTe
crystal, which was mounted onto a dielectric mirror (Thorlabs BB1-E04) with double-sided
tape and placed in a 6 axis mount (Thorlabs K6XS). The 6 axis mount enabled proper
alignment of the crystal with the ability to rotate its orientation.

After modulation by the EO crystal, a small signal was transmitted through the PBS.
This transmitted signal was focused using a bi-convex lens with a focal length of 150 mm
(Thorlabs LB1437-C) into a gradient-index (GRIN) fiber coupler (Thorlabs 50-1550A-APC).
The GRIN coupler gave better coupling back into the fiber, around 6%, than the other cou-
plers considered. Even with the GRIN fiber coupler, coupling back into the fiber represented
a significant loss in the system. The modulated beam and the reference signal were combined
with a 99:1 fiber splitter (Thorlabs TW1550R1A2), maximizing the amount of modulated
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signal sent to the detector. The NKT reference laser output was sent through a fiber at-
tenuator (Oz Optics BB-700-11-1300/1550-9/125-S-60-3A3A-1-1) before the fiber splitter to
enable fine adjustment its power.

It is important to note that the ZnTe crystal used was not anti-reflective (AR) coated, due
to time constraints. At 1550 nm, the transmission of ZnTe is around 60% [32]. This meant
there were multiple reflected signals transmitted through the PBS, representing reflections
from the initial ZnTe surface, the mirror surface, and numerous internal reflections. An AR
coating on the ZnTe surface would reduce these multiple reflected signals and increase the
modulated signal strength. For these experiments, care was taken to couple just the signal
reflected from the mirror back into the fiber. An AR coating on the EO crystal’s front side
is recommended for any future implementations. A HR coating on the back side of the EO
crystal is also recommended to eliminate the dielectric mirror.

4.2 Experimental Procedure and Optimization of the

EO Crystal’s Orientation

With the components selected and characterized, the next step was to determine the
optimal orientation of the ZnTe crystal. This occurs when the crystal’s fast axis is 45o to the
input light’s polarization direction, producing the maximum possible phase lag. The optimal
ZnTe orientation was found by systematically rotating the crystal between experiments. Due
to the symmetry of the crystal, only a 45o angular range was investigated. Initially, nine
experiments were performed at 5o increments from the crystals original orientation.

First, the wavelength of each laser was measured with the Agilent wavelength meter,
and the NKT reference laser was tuned to provide the desired beat frequency. Once the
lasers were set, the GRIN fiber coupler was aligned to maximize coupling back into the
fiber. This was accomplished by rotating the QWP to maximize the signal transmitted
through the PBS. The alignment of the GRIN coupler was adjusted to maximize the power
collected, which was measured with a Newport 1918-R power meter with a Newport 818-IR
detector. Due to the 25 mW power limit of the Newport power meter, this was done with
only the ROCKTMlaser at 120 mW of power. The QWP was then rotated to generate as
little transmitted power as possible, which was measured at the output of the GRIN coupler
with the Newport power meter. In minimizing the transmitted signal, the ROCKTMlaser’s
power was increased to its maximum of 2.2 W. The total bleed through was between 2 and 6
µW for all experiments. The power of the NKT reference laser sent to the FPD 510 detector
was adjusted with the fiber attenuator. Based on the gain curve presented in Section 4.1.3,
the reference laser strength was set to 50 µW, which was measured at the output of the fiber
splitter with the Newport power meter. Finally, the output of the microwave source was
placed directly behind the dielectric mirror. Based on the specifications of the microwave
components, it is estimated that around 100 mW of power reach the ZnTe crystal.
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(a) Exp. 1 (b) Exp. 2

(c) Exp. 3 (d) Exp. 4

(e) Exp. 5

Figure 4.5: FFT spectra showing the difference between the beat and microwave frequencies
for a (110) ZnTe crystal.
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Table 4.6: Experimental results for a (110) ZnTe crystal.

Experiment Recorded
Frequency (MHz)

1 99.57± 1.04
2 111.42± 1.46
3 106.12± 2.33
4 100.13± 0.97
5 99.69± 2

For each orientation, three measurements were recorded on a 6 GHz, 25 GS/s oscilloscope
(Tektronics DPO070604B). The record signals were analyzed with the SMASH [14] toolbox,
using 1000 blocks, an overlap of 100, 16384 frequency points, a Gaussian window, and DC
removal. The results of the initial experiments showed a faint response for the 5o, 10o, and
15o orientations that was out of the detector’s specified range. For these experiments, it was
erroneously believed that the microwave source was operating at 35 GHz as specified by the
manufacturer. A new series of experiments was performed to further investigate this angular
range.

A series of 5 experiments were performed on angles ranging between 5o and 15o, using the
same procedure as outlined above. The frequency signals were higher than expected again,
but within the detector’s range. The results suggested that the 10o orientation was optimal
and that the source was 200 MHz higher than the manufacturer’s specification. This was
not identified in the verification tests presented in Section 2.2, since it represents roughly a
0.5% error. The single-point results were redone once the discrepancy was identified.

Five measurements were taken at an orientation of 10o. The ROCKTMand NKT lasers’
wavelengths were measured as 1550.1527 nm and 1550.4358 nm, respectively. This generated
a laser beat frequency of 35.313 GHz. The results were analyzed in SMASH [14] with the
same parameters and are presented in Table 4.6. The FFT spectra are shown in Figure 4.5.
The difference between the beat and microwave frequencies are clearly visible in the FFT
spectra and prove the underlying physical principle of the MPMI concept.

4.3 Discussion of the Experimental Results

While the EO modulation experiments presented in Table 4.6 proved the extraction of
a microwave frequency with the MPMI concept, they also highlighted the challenges that
manifest at the lower microwave frequency. In the microwave regime, Doppler shifts are
on the order of kHz. The modulated frequency needs to be extracted to a high degree
of accuracy, much more than in optical methods where Doppler shifts are on the order of
GHz. At 35.2 GHz, a 1 MHz frequency error represents a velocity uncertain of roughly
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4000 m/s. The frequency error in the experiments presented is on the order of 2 MHz.
That corresponds to a velocity uncertainty around 8000 m/s, precluding the measurement
of any practical velocity. This limits the applicability of the diagnostic with the equipment
currently employed.

It is possible to decrease the frequency uncertainty. The incorporation of a reference
channel to monitor the beat frequency of the lasers, as discussed in Section 3.2, is an option.
As stated in Section 4.1.1, the drift in the beat frequency over the course of a typical
experiment (i.e. 10 µs) is around 30 kHz. At 35.2 GHz, this corresponds to a velocity error
of 130 m/s. This is not the only factor in the frequency error, so it is unlikely that such a
large improvement is achievable with just a reference channel.

The low modulated signal strength plays a significant role. The frequency uncertainty,
∆f , of any signal processed with a FFT depends on the sampling rate, fs, signal noise
fraction, σ, and FFT window, τ [13].

∆f =

(√
6

fs

σ

π

)
τ−

3
2 (4.6)

This quantifies the signal noise as largest obstacle to the successful implementation of the
MPMI. The modulated signal was orders of magnitude below the reference leg, producing a
large noise fraction. This necessitates a large time window to obtain the adequate frequency
uncertainty, eliminating the MPMI from many experimental configurations.

This was illustrated by extracting the microwave frequency over a time span of 100 µs. For
these experiments, the RockTMand NKT lasers were operating at wavelengths of 1550.1527
nm and 1550.4358 nm, respectively. This corresponded to a beat frequency of 35.313 GHz.
The results were analyzed using SMASH [14] with the same parameters listed in Section 4.2,
effectively increasing the time window, τ , of the FFT. The results of these experiments are
listed in Table 4.7, with a representative FFT spectrogram shown in Figure 4.6a. The longer
time window reduced the frequency error to around 250 kHz, which produces a velocity error
around 1000 m/s. Running the FFT with 100 time blocks and an overlap of 10, which is also
listed in Table 4.7, dropped the frequency uncertainty to around 22 kHz. A representative
FFT spectrogram is shown in Figure 4.6b. This produces a velocity error around 90 m/s, but
a temporal resolution around 1 µs. Such a large timescale severely limits the applicability
of the MPMI for studying energetic media.

The low modulated signal strength is the limiting factor in obtaining an accurate velocity.
Using Equation 4.6, the signal noise fraction in these experiments was around 4.5. Improving
the modulated signal strength is the main remaining technical challenge. Without more
modulated signal strength, it is not possible to measure multiple velocities. It took collecting
as much of the modulated signal as possible to obtain a single measurement of the frequency
difference. While the MPMI concept is viable, a substantial investment in equipment is
necessary to make it a reality.
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Table 4.7: Experimental results with a time span of 100 µs.

Experiment Time Blocks Recorded
Frequency (MHz)

1 1000 114.16± 0.31
100 114.14± 0.022

2 1000 109.75± 0.24
100 109.75± 0.022

3 1000 103.72± 0.31
100 103.65± 0.021

(a) 1000 Time Blocks (b) 100 Time Blocks

Figure 4.6: FFT spectra showing the results with a 100 µs time window using both 1000
time blocks (a) and 100 time blocks (b). The images are zoomed in to clearly show the
frequency response.
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4.3.1 Alterations Necessary for Measuring Multiple Velocities

While the underlying principle of the MPMI concept was proven, the equipment neces-
sary to accurately measure a velocity was not available. The knowledge gathered through
the course of the project has identified several avenues for developing a working MPMI by
obtaining a stronger modulated signal. It is likely that alterations in all areas discussed are
necessary to obtain multiple velocity measurements.

One improvement is increasing the oscilloscope sampling rate. That reduces the frequency
error per Equation 4.6. It also increases the computational resources necessary to analyze
the data. Increasing the microwave power is another obvious alteration. Higher microwave
power increases the phase lag generated, increasing the modulated signal strength. A 94
GHz source was available for this project capable of generating a 2 inch diameter beam with
over 1 W of total power. Even this increase in signal strength is not enough to measure a
velocity, especially considering the 75% reduction in power generated by two passes through
a 50:50 beam splitter. Additionally, there are losses generated by the material imaged
through and the interface reflectivity. It is likely that a multiple W source is necessary,
posing some safety concerns. To avoid a high power microwave source, it is possible to use
a crystal with a higher EO coefficient. The experiments in this work used ZnTe, since it
is a well-established standard in terahertz spectroscopy [11]. Switching to DAST provides
a substantial improvement in the modulated signal strength. With a 1 cm thick DAST
crystal, a near 400× increase in the phase lag is generated compared to ZnTe. That increase
in modulated signal strength may enable multiple measurements.

Another option to increase the modulated signal strength is more laser power. Increasing
the laser power is a more complicated change. Without a larger extinction ratio in the
PBS, increasing the laser power increases the bleed through at the PBS. This may lead
to saturation of the detector, especially if the gain is increased. Increased detector gain is
desired, since it lowers the reference power needed and, as a result, the signal noise fraction.
A means to keep the laser power lower is to improve the coupling efficiency back into the
fiber and apply an AR coating to the EO crystal. An AR coating would limit loses at the EO
crystal/air interface. Additionally, better optical focusing would improve the 6% coupling
efficiency of the GRIN coupler. Once again, that improvement may need a larger extinction
ratio on the PBS to ensure the detector is not saturated. Ideally, it is desirable to have
as large a laser power, PBS extinction ratio, detector gain, and fiber coupling as possible.
Unfortunately, the interdependence of these parameters necessitates careful consideration.
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Chapter 5

Summary and Conclusions

A single-point microwave interferometry capability was reestablished at Sandia. A 35.2
GHz interferometer was designed and constructed. Its application was verified through
the recording of a known surface velocity. A GUI-based analysis program was written in
MATLAB R© for quickly analyzing the data through peak counting, quadrature analysis, and
a simple FFT. The knowledge gained from the implementation of the single-point interfer-
ometer was applied to the generation of a viable MPMI concept. The MPMI concept relied
on an EO crystal to impart a phase modulation on a laser beam, effectively transferring the
microwave frequency onto the laser. This phase modulation was converted into an amplitude
modulation through the use of polarization optics. This information transfer eliminated the
challenges associated with collimating a microwave beam over large distances and recording
it on time scales necessary for shock physics experimentation. A simplified version of the
MPMI concept was constructed to measure a microwave frequency through the EO modu-
lation of a laser beam. These experiments proved the underlying physical principle of the
MPMI concept. However, they illustrated that the longer microwave wavelength imposed
practical limitations on such a diagnostic. Given the equipment available, the recorded
experimental results contained too large a frequency error to adequately measure a veloc-
ity. Alterations to the experimental setup to improve the modulated signal strength were
discussed. These alterations centered on the microwave power, the laser power, the PBS ex-
tinction, the crystal’s EO coefficient, the coupling efficiency back into the fiber, the detector
gain, and the oscilloscope sampling rate.
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Appendix A

Microwave Analysis Program
(MWAP)

A Microwave Analysis Program (MWAP) was written in MATLAB R© to quickly analyze
data from a microwave interferometer using peak counting, quadrature analysis, and a simple
fast Fourier transform (FFT). The MWAP program is still developmental. A more in depth
quadrature analysis program, PointVISAR [14], and FFT analysis program, SIRHEN [1], are
applicable to microwave interferometer data. Both of these programs are available through
the SMASH package [14]. The SMASH package also includes more advanced FFT methods
than SIRHEN [14]. The FFT method programed in the MWAP is very rudimentary. It
was coded to make sense of data that has multiple overlaying frequencies. Below is a brief
description of the program’s operation. No in depth details are given about the numerical
methods employed.

A.0.1 MWAP Operation

The folder containing the underlying m-files of the MWAP program should be added to
the MATLAB R© path. This enables operation of the program in any folder. The program
automatically changes the working directory so all output files are saved with the data. The
MWAP program is launched in the command window by typing MWAP, generating the load
screen seen in Figure A.1. The data files to analyze are found with a file browser by clicking
the ... buttons. The Load button imports either a single channel or both channels into the
memory for analysis. If only one channel is imported, all analysis screens have a single axis
and only show the options available for that channel. Additionally, quadrature analysis is
not available. In the present example, two signals are imported to show all the program’s
capabilities.

After loading in the desired data channels, the Signal Processing screen, shown in Figure
A.2, appears. The loaded profiles are smoothed using a simple mean filter manually or with
the slide bar. The window width is expressed as a percent of the signal. The default window
for smoothing is 1%. The maximum window allowable is 10%. Any DC offset in the signals
is also removable by fitting the data to a polynomials and subtracting them from the signals.
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Figure A.1: MWAP Load screen.

Figure A.2: MWAP Signal Processing screen.

The degree of the polynomial is adjusted with the text box. The Save button in the right
corner launches the Save screen, shown in Figure A.3, for saving the processed signals as
images and text files. The File Identifier changes the file name of the saved data.

After processing the signals, the Done button launches the Peak Finding screen, shown
in Figure A.4. On this screen, a region of interest (ROI) is specified. This is done manually
or by selection from the plot. Once a ROI interest is selected, black lines appear on the
graph to indicate its location. The ROI is the whole signal by default. The program locates
the maxima and minima in the ROI with two methods: the maximum absolute value of
the signal between two zero points (Option Maxima) or from a quadratic fit to the signal
between two zero points (option Quadratic). The Maxima method is the default, since it
is the most robust. In order to locate the peaks, the code identifies a starting point in the
ROI. This is done automatically by default (option Automatic) and is appropriate for most
cases. Manual selection from the graph (option Manual) is available if the default method
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Figure A.3: MWAP Save screen.

fails. The starting point, maxima, and minima are visualized on the signal with red, black,
and green dots, respectively.

Manual selection or modification of the maxima and minima is available with the Modify
button. This generates the Peak Modifying screen, shown in Figure A.5. Selection of a point
on the graph not near an established maxima or minima, adds one. Selection of a point on
the graph near an established maxima or minima, deletes it. The Done box in the lower
left corner moves back to the Peak Finding screen.

After the peaks are located, the Done button launches the Analysis Methods screen.
Three methods are possible: peak counting, quadrature, or FFT. The peak counting method
is the default, and its analysis screen is shown in Figure A.6. First, the necessary interferom-
eter and material parameters are entered: the interferometer frequency and its drift over the
experiment, the relative permittivity of the sample and its associated error, and the phase
and mixer error of the interferometer. The default values are for the 35.2 GHz interferome-
ter, detailed in Section 2.2, measuring through air. The peak counting is done with either
the maxima or minima (i.e. points every half wavelength) or both (i.e. points every quarter
wavelength). The distance versus time points for the selected options are displayed on the
graph, with the slope in the upper left corner. The slopes are color coded with the position
markers. The displacement data is saved as a figure or as a text file using the Save button.
The saved figures differ from that displayed in that they include error bars on the distance
markers and an error in the slope annotation in the upper left corner.

The Quadrature Analysis screen is shown in Figure A.7. The normalized I and Q signals
are immediately plotted on the graph. The Lissajou is plotted by selecting the Show Lis-
sajou option. The Plot button displays the distance versus time graph, shown in Figure
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Figure A.4: MWAP Peak Finding screen.

Figure A.5: MWAP Peak Modifying screen.
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Figure A.6: MWAP Peak Counting screen.

A.7, where the dashed black lines represent the error bounds. The slope, or velocity, is also
displayed in the upper left corner. Images and text files of the quadrature results, along with
the Lissajou, are saved using the Save button.

The FFT Analysis screen is shown in Figure A.8. Normalization of the signals is available
to improve the frequency histogram. The velocity range (0 to that specified in Max Veloc-
ity) and the number of points in the FFT window are adjustable. The FFT histogram is
visualized with the Plot button. Once again, the images and text files of the FFT histogram
are saved using the Save button.
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Figure A.7: MWAP Quadrature Analysis screen.

Figure A.8: MWAP FFT Analysis screen.
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Appendix B

Single Laser MPMI Design

A schematic of the single laser design is presented in Figure B.1. The design follows
closely to that of the two laser design. A single laser is sent through a commercial EO
modulator. This imparts an amplitude modulation very close to the microwave frequency.
The amplitude modulated laser is sent through the EO crystal and phase modulated by the
reflected microwave signal. The polarization optics converts this phase lag into an amplitude
modulation, giving two characteristic modulation frequencies to the laser. Once again, the
system is designed such that the microwave frequency is measured and any Doppler shifts
recorded.

A simplified mathematical treatment of the single laser interferometer is presented below.
It is in a slightly different presentation than the two laser design for simplicity. The electric
field of the laser is represented by the following.

E = A0 cos(α) (B.1)

A commercial EO modulator is used to modulate the laser’s amplitude at a frequency
fEO = β, such that |fEO − f ′MW (t)| < fd. Once again, f ′MW (t) represents the reflected
microwave frequency and fd represented the detector bandwidth. The EO modulated beam
is represented with the following.

E = A1 [C1 + cos(β)] cos(α) (B.2)

Here, C1 ≥ 1 and is set along with A1 to capture the field strength output by the EO
modulator. The EO crystal imparts a modulation at the microwave frequency, f ′MW (t) = γ.

E = A2[C2 + cos(γ)][C1 cos(α) + cos(α) cos(β)] (B.3)

Once again, C2 ≥ 1 and is set along with A2 to capture the field strength sent to the detector.
The intensity recorded by the detector is represented with the following.
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Figure B.1: Schematic illustrating the single laser MPMI concept.

Once again, the laser, microwave, and EO modulator frequencies are above fd, leaving only
the frequency difference between the microwave source and EO modulator detectable.
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