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Abstract

An important part of velocimetry analysis the recovery of a known velocity history from
simulated data signals. The fringen program synthesizes VISAR and PDV signals, given a
specified velocity history, using exact formulations for the optical signal. Time-dependent light
conditions, non-ideal measurement conditions, and various diagnostic limitations (noise, etc.)
may be incorporated into the simulated signals.
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1 Introduction

Optical velocimetry generally involves inverse analysis: a reflector’s velocity history is inferred
from a set of acquired data signals. While great efforts are spent in making this process robust,
inverse analysis is based on assumptions. A common assumption is that reflector’s velocity is nearly
constant over small time durations; common detector response at all frequencies is another standard
assumption. The validity of these assumptions becomes suspect as velocimetry measurements move
to shorter time scales.

Forward analysis, where velocimetry signals are synthesized from a known velocity history, can
be performed in a theoretically exact fashion. Various non-ideal behavior may be incorporated into
forward analysis, including extreme accelerations, variable light conditions, frequency-dependent
detector response, unbalanced velocimetry signals, signal noise, and digitizer limitations. While
forward analysis is not necessarily unique (different velocity histories may yield similar synthetic
data signals), it provides physical intuition for how various factors and settings affect velocimetry
signals. Furthermore, forward analysis allows rigorous benchmarking for data reduction codes.

This report describes the fringen program, which performs forward VISAR (Velocity Interfer-
ometer System for Any Reflector [1]) and PDV (Photonic Doppler Velocimetry, also known as
heterodyne velocimetry [2]) analysis. Nearly all effects that might occur in VISAR/PDV measure-
ment of a single velocity can be modeled by fringen. The program operates in MATLAB, either
within a graphical interface or as a user-callable function. The current stable version of fringen is
0.3, which was released in October 2010.

The following sections describe the operation and use of fringen. Section 2 gives a brief overview
of VISAR and PDV synthesis. Section 3 illustrates the graphical and console interface of fringen.
Section 4 presents several example uses of the program. Section 5 summarizes program capabilities
and discusses potential future work.
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2 Signal generation

Detailed descriptions of VISAR [3] and PDV [4, 5] operation are given elsewhere, so only a brief
summary is presented here. Both measurements rely on the interference of two optical signals [6],
yielding an interference intensity I(t):

I(t) = I1(t) + I2(t) + 2
√
I1(t)I2(t) cos Φ(t) (1)

where the interpretation of I1, I2, and Φ depends on the interferometer configuration. The output
signal s(t) is a product of optical effects in the interferometer and electrical effects in the measured
signal(s).

2.1 Optical effects

The optical outputs in VISAR/PDV measurements depend on several factors. Presumably most
important is the reflector’s motion, though the amount and type of light present in the measure-
ment plays a role. Mixing of light from the two paths of the interferometer is also important.
Relative phase shifts, introduced in multi-signal measurements, are another contribution to the
optical output(s). Each of these effects is described below.

Given a velocity history v(t), reflector position x(t) may be inferred by numerical integration
(assuming x = 0 at time t = 0). A VISAR observing this motion will produce a phase difference:

Φ(t) =
4π

λ0

[
x(t)− x(t− τ) + δτv(t− τ)

]
+ ΦR (2)

where τ is the interferometer delay and δ is the interferometer dispersion.1 A PDV observing the
same motion will see a different phase difference:

Φ(t) =
4π

λ0
x(t) + ΦR + 2πfst (3)

where fs is the shift frequency [5]. Both interferometer configurations have a reference phase
difference ΦR, which determines the signal phase at time t = 0.

Coherent light from the reflector during a velocimetry measurement has an optical intensity
IC(t), which may vary either because of the optical source (e.g, pulsed laser) or variable target
return (reflectivity changes, probe efficiency, etc.). The reflector (or its surroundings) may also
emit incoherent light with intensity IE(t) during the measurement. For a VISAR measurement,
Equation 1 is thus modified as:

I1(t) + I2(t)→ IT (t) + IE(t)√
I1(t)I2(t)→ IT (t)

(VISAR)

where it is assumed that variations in IT and IE are slow compared to the interferometer delay
time. PDV measurements contain a third optical input, reference intensity IR(t) (which is almost

1This expression is exact, unlike the more common VISAR approximation [3].
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always constant), leading to a different modification of Equation 1.

I1(t) + I2(t)→ IT (t) + IE(t) + IR√
I1(t)I2(t)→

√
IT (t)IR

(PDV)

Baseline VISAR and PDV optical signals vary with target intensity, but signal amplitude is a
different matter. VISAR amplitudes vary with target intensity, while PDV amplitudes vary with
the square root of target intensity.

Mixing from the two optical paths in VISAR and PDV measurements may be further altered
by balancing. For example, the beamsplitter used in a VISAR may perfectly split light between
the reference and delay leg, causing an imbalance of optical intensities at the output. Introducing
a set of balancing parameters into Equation 1 accounts for such differences.

I1(t) + I2(t)→ (a+ b) (IT (t) + IE(t))√
I1(t)I2(t)→ IT (t)

√
ab

(VISAR)

I1(t) + I2(t)→ a (IT (t) + IE(t)) + bIR√
I1(t)I2(t)→

√
abIT (t)IR

(PDV)

Coefficient a refers to the longer (delay) path of a VISAR or the target path of a PDV, while
coefficient b refers to shorter path in a VISAR or the reference path in a PDV.

A final variation in VISAR and PDV is the use of multi-phase measurements. For example,
VISAR is traditionally performed with two quadrature signals. Each signal can be represented
with its own version of Equation 1. The reference phase of the k-th signal is shifted by an amount
βk:

ΦR → ΦR − βk
to account for phase shifts introduced by the VISAR or PDV. A two-signal VISAR would have have
phase shifts β1 = 0 and β2 = 90◦ (nominal values), while a four-signal VISAR could have phase
shifts β1 = 0, β2 = 180◦, β3 = 90, and β4 = 270◦ (depending on convention).

Each phase shift βk is associated with coupling parameters ak and bk. Interference within a
particular VISAR/PDV signal is dictated by the ratio ak/bk, while the relative signal magnitudes
are defined by the ratio ak/am (k 6= m). This effect can be used to model detectors with different
responsivities. For example, a balanced two-signal VISAR (ak = bk) with one “hot” detector can
be represented by a1 = b1 = 1 and a2 = b2 = 2, making variations in the second signal twice as
large as the first signal.

2.2 Electrical effects

The optical output I(t) of an interferometer is converted to an electrical signal s(t) for digital
acquisition and subsequent processing. Four modifications to this process are considered here.
First, the detector may be DC or AC coupled to the digitizer, modifying the signal baseline. The
signal may be then passed through a linear transfer function, defined by an impulse response
curve, to mimic the frequency response of a real detector. Next, the signal may be corrupted by
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noise. Finally, the analog signal is converted to a discrete, digital representation. Basic models for
each process are described below. This discussion is not meant to be all-encompassing, and some
important details have been omitted.

Detectors used in velocimetry may be DC or AC coupled. DC coupling is generally, though
not universally, used in VISAR measurements to preserve a reference state at zero velocity. AC
coupling is quite common in the high-speed detectors required by PDV, and may be quite beneficial
in variable light-level measurements (see Example 3) to remove large reference intensities. A crude
model for AC coupling assumes that the average signal present at times t < 0 has always existed.
This average signal charges a conceptual blocking capacitor, and it thus removed from the output.
Quantitatively, this may be expressed as follows.

s(t) = I(t)− 1

|ts|

∫ 0

ts

I(t) dt (4)

Velocity histories should be specified to be zero from a starting time ts < 0, placing all motion of
interest at t ≥ 0. If PDV signals vary prior to t = 0, as in the case of frequency-conversion, several
cycles should be placed in the starting time interval to correctly simulate an AC measurement.

Finite electrical bandwidth (detector or digitizer) affects the transduction of optical intensity
to electrical signal. This process can be modeled through a linear transfer function H(f), which
maps the optical input to an electrical output at a particular frequency. For example, a low-pass
RC filter has a transfer function:

H(f) =
1

1 + 2πifτ
(5)

where τ is the characteristic response time. The output signal sout(t) is a convolution of H(f) with
the input signal, a process that be carried out in the frequency or time domain. Since H(f) may
be a complex-value function, it is procedurally simpler to deal with the impulse response function
h(t), which is equivalent to the Fourier transform of H(f) [7].

h(t) ∝
∫ ∞
0

Re [H(f)] cos(2πft) df t > 0 (6)

The impulse response of the low-pass filter described above is proportional to e−t/τ for t ≥ 0 (and
zero otherwise).

Signal noise is an important but potentially confusing topic in forward velocimetry analysis. A
very specific concept of noise fraction—the root-mean-square variation of the signal relative to the
overall signal amplitude—is used here. Consider a harmonic signal containing random noise.

y(t) = A cos(2πft+ δ) + σAR(t) (7)

Over many cycles, this signal has an average amplitude A, but any any given time the signal is
perturbed by a random function R(t). The mean value of R(t) is zero, but its variance is unity,
giving the signal a noise fraction of σ. This effect is implemented in fringen by estimating A from
the total optical signal variation (half the difference between minimum and maximum I(t)) and
drawing R(t) from a normally-distributed pseudorandom generator (MATLAB’s randn function).
The generator can be seeded with a specific key to obtain reproducible noise signals.
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Digitizing VISAR and PDV signals invariably causes precision loss. Consider a measurement
where the electrical signal is perfectly bound between minimum sA and maximum sB with N
effective bits. Scaling the signal between zero and unity, multiplying by the maximum bit level and
rounding to the nearest integer simulates the sampling process.

d(t) = round

[
(2N − 1)

s(t)− sA
sB − sA

]
(8)

sd(t) = sA +

[
sB − sA
2N − 1

]
d(t) (9)

This calculation does not explicitly account for signals that do fully span the dynamic range of the
digitizer, but such effects could be incorporated by setting N below the digitizer bit depth. Note
that N need not be an integer!
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3 Using fringen

The fringen program operates in MATLAB (release 2008a or later) on any computer platform. The
program can also be compiled into an executable version. As of January 2011, frigen is licensed for
government use. To obtain a copy of frigen, contact the author at dhdolan@sandia.gov.

The program operates in four general stages.

1. The user defines a velocity history through a data file.

2. The interferometer type (VISAR or PDV) and parameters (wavelength, etc.) are specified.

3. Defects, such as noise, are applied to the ideal signals.

4. The calculated signals are saved to a data file.

Each stage can be accessed interactively through a graphical interface, shown in Figure 1, by calling
fringen without input arguments.

>> fringen; % launch graphical interface

Calling fringen with input arguments bypasses the graphical interface.

>> param=struct(’wavelength’,532e-9,’delay’,1e-9)

param =

wavelength: 5.3200e-07

delay: 1.0000e-09

>> [signal,time]=fringen(’VISAR’,’ramp1.txt’,param); % bypass graphical interface

Up to three input arguments—the interferometer type, the velocity history, and a parameter
structure—can be passed to the program. For more details, type “help fringen” at the MATLAB
command prompt.

Velocity history input for fringen is specified by an ASCII data files containing 2–5 columns.
The first two columns, time and velocity, are mandatory. No assumptions about units are made
for either column—fringen expects the user to be consistent. Three additional columns (coherent,
incoherent, and reference intensity) may also be specified to define dynamic light conditions; each
column is optional but must be specified in order. For example, the coherent intensity history must
be defined (even if constant) to specify an incoherent intensity history.

Table 1 summarizes the analysis parameters recognized by fringen. In the graphical interface,
parameters are specified by dialog boxes located under the “Interferometer” and “Signal” menus;
outside of the graphical interface, parameters are sent through a user-defined structure. Many
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Table 1. Summary of fringen parameters

Parameter Default value Description/comments
wavelength variable Laser wavelength

fshift† 0 Frequency shift
delay∗ 1E-9 Interferometer delay

dispersion∗ 0 Interferometer dispersion
ref_phase 0 Interference phase at t = 0

phase_shift variable Signal phase shift (degrees)
ref_scale 1 Reference-path scaling factor

delay_scale∗ 1 Delay-path scaling factor (VISAR)
target_scale† 1 Target-path scaling factor (PDV)

coupling DC Detector coupling
impulse_response — Data file containing an impulse response function
noise_fraction 0 Noise fraction

bit_range 8 Digitizer bit range
noise_seed — Random number generator seed

∗ VISAR only
† PDV only

of the parameters apply to both VISAR and PDV measurements, but several are configuration
specific. Most fields have a default value, some of which are measurement dependent. For instance,
the wavelength parameter defaults to 532e-9 for VISAR and 1550e-9 for PDV.

The number signals created by fringen is dictated by the number of entries for the phase_shift

parameter. The default value of this field is [0 180 90 270] for VISAR and [0] for PDV (units
of degrees). Greater or fewer signals can be specified at the user’s discretion. Scaling factors
(reference, target, and/or delay) are replicated as necessary to calculate all the signals defined by
phase_shift.

Fields that have no default parameter, such as noise_seed, are associated with features that
are normally dormant. Specifying a noise seed parameter resets the random number generator to a
defined state for reproducible noise signals; otherwise, fringen uses the current generator state. The
impulse_function field is used to specify the name of a text file (two columns, starting at time
zero) containing an impulse response, which fringen uses to simulate detector transfer functions; no
transfer calculations are performed when this field is omitted.
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4 Examples

Three example uses of fringen are provided to illustrate how various system settings affect velocime-
try signals. Each example is based on a ramp wave, illustrated in the top left portion of Figure 1),
where a hypothetical reflector undergoes constant acceleration from zero to 500 m/s over 200 ns.
The first two examples assume constant light conditions, defined in the data file ramp1.txt. The
third example includes variable light conditions, defined in the data file ramp2.txt. Results pre-
sented here are stored in files example1.out, example2.out, exampleA.out, and exampleB.out.
For visual clarity in this report, noise is omitted from the calculations.

Figure 2 shows a simulated pair of VISAR signals for the ramp wave described above. The
VISAR system (operating at 532 nm) has a 1 ns delay time (266 m/s fringe constant) with zero
dispersion and a 35◦ reference phase. The upper plot shows a quadrature signal pair, shifted by
exactly 90◦, as a function of time. The lower plot shows the second signal against the first, illus-
trating that the measurement traces an ellipse. The circle, square, triangle, and asterisk symbols
in the upper plot are matched to the locations on the ellipse, indicating that the reflector’s accel-
eration corresponds to counterclockwise motion on the VISAR ellipse. In this particular example,
the measurement sweeps the ellipse just under two times, which one expects for a 500 m/s velocity
change with a 266 m/s fringe constant (1.88 fringes).

Figure 3 shows a simulated PDV signal for a ramp wave using AC coupling. An obvious result
of this calculation is that the signal fringes get closer together as ramp velocity increases, i.e. the
beat frequency is proportional to velocity (as expected [2]). Closer inspection reveals that the signal
baseline vertically “hops” away from the zero at the onset of motion. This effect is often seen in AC
coupled measurements, and has to do with the fact that static interference (defined by the reference
phase shift) in the PDV may be masked by the AC coupling. If the digitizer sensitivity limits are
set too tightly, this effect can lead to unexpected clipping during a measurement.

Figure 4 shows two simulated PDV signals for a ramp wave with variable light conditions. The
simulations include a modest frequency shift (10 MHz), which eliminates the baseline hop while
retaining discernible fringes on a plot spanning 2500 ns; on this scale, individual fringes are difficult
to visually resolve shortly after motion begins. At time t = 500 ns, the simulations allows coherent
light levels from the target to linearly increase up to twice the original value, stopping at t = 1000 ns.
Some time later (t =1250 ns), the simulations incorporate incoherent emission, which persists until
t = 1750 ns.

The first simulation in Figure 4 assumes that equal levels of target and reference light interfere
at the PDV detector. Equal light levels were also assumed in the previous two examples, and
this configuration is commonly sought in VISAR measurements to achieve high optical contrast
(leading to complete destructive interference as in Figure 2). Balanced target and reference light
levels are not necessarily important in PDV measurements, and can in fact be detrimental. Optically
balanced PDV signals undergo both a change in amplitude and baseline when target light levels
change, and configuring a digitizer to accommodate these changes sacrifices dynamic range. Feeding
substantially more reference than target light to the PDV detector circumvents the problem (if AC
coupling is present to present to reject the reference baseline). The second simulation in Figure 4
shows a measurement with reference scaling set to 10 and target scaling set to 0.1. The overall
fringe amplitude is preserved in the second simulation, but the baseline does not vary nearly as
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much as in the first simulation. There are practical limits to how much reference light can be used in
a PDV measurement: too much will make the detector behave nonlinearly and eventually saturate.
As a general rule of thumb, 10–100× more reference light than target light is a practical goal.
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5 Summary and future work

Simulated VISAR and PDV signals can be created with the fringen program for a wide range
of measurement conditions. Exact expressions are used to convert a specified velocity history to
optical signals, providing rigorous benchmark tests for data reduction programs. Various optical
and electrical measurement defects may be included in the simulated signals.

Version 0.3 of fringen supports nearly all perturbations that might be encountered in a single-
velocity measurement. Enhancements to existing functions or new program features will be consid-
ered if there is sufficient user interest. Multiple, simultaneous velocity simulations are unlikely to
be supported due to the immense complexity of the general problem. Approximations for multiple
velocity effects can be obtain by summing independent fringen simulations (preferably outside of
the graphical interface).

s(t) =
∑
k

sk(t) (10)

Such summations are reasonably valid in many PDV measurements, where interference between
different Doppler shifts is negligible.
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