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This paper describes the design and performance of a phase demodulation scheme based on software-defined
radio (SDR), applied in heterodyne interferometry. The phase retrieval is performed in real time by means
of a low-cost SDR with a wideband optoelectronic front-end. Compared to other demodulation schemes, the
system is quite simpler, versatile, and of lower cost. The performance of the demodulator is demonstrated by
measuring the displacement per volt of a thin-film polymeric piezoelectric transducer based on polyvinylidene
fluoride for ultrasonic applications. We measured displacements between 3.5 pm and 122 pm with 7% relative
uncertainty, in the frequency range from 20 kHz to 1 MHz. © 2018 Optical Society of America
OCIS codes: (250.0040) Detectors; (120.3180) Interferometry; (120.4290) Nondestructive testing.
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1. INTRODUCTION
Advanced digital signal processing algorithms greatly improve
the performance of real-time heterodyne interferometric systems. Nowadays, signal processing using the software-defined
radio (SDR) concept is being applied on systems where versatile
and low-cost power-efficient solutions are mandatory. SDR refers to radio communication systems in which almost all of the
functionality associated with signal conditioning and processing is digitally implemented. Ideally, the hardware of a SDR
system would be limited to an antenna, a high-speed analogto-digital converter (ADC), and a dedicated processing device.
Any demodulation, synchronization, decoding, or decryption
required to recover information contained within a received
signal would be performed in dedicated software [1]. This
system architecture is flexible and may be configured, even
in real time, to adapt to various modulation schemes, waveforms, frequency bands, bandwidths, and modes of operation.
That is, the SDR is a multi-functional, programmable, and easy
to upgrade signal processing system [2]. Present-day SDR
implementations allow the designers to focus mostly on the
design of the front-end hardware and the processing software,
their interfacing, and optimizations for varying system
requirements [3].
SDR implementations are the core of new communications
paradigms, such as cognitive radio [4] and low-cost transceiver
devices [5]. They are used also in optical applications, such as
photonic-based coherent radar systems [6] and stabilization of
optical frequency combs [7].
1559-128X/18/020217-08 Journal © 2018 Optical Society of America

In this work we demonstrate a demodulation system for optical heterodyne interferometry based on a low-cost SDR implementation [1,8] and a optoelectronic front-end We exploit
the similarities between optical heterodyne demodulation
schemes [9,10] with those used in radio communications systems, to design a high-speed real-time phase demodulator to
perform displacement measurement interferometry. The system is applied to the measurement of the electromechanical
frequency response of a thin-film polymeric piezoelectric (TPP)
transducer based on polyvinylidene fluoride (PVDF).
Our experimental setup consists of a laser light source, a
polarization heterodyne interferometer, an optoelectronic
front-end, a SDR-based signal processing system, and a personal computer (PC) used for post-processing and display.
The interferometer uses a Michelson configuration where
the reference and test beams are frequency-shifted by an
acousto-optic modulator. A TPP transducer is the device under
test (DUT) that undergoes a piezoelectric deformation when
excited by a voltage source. The deformation modifies the
optical length of one of the interferometer branches and consequently introduces a phase difference between them. To determine the phase difference, we use an optoelectronic front-end
that consists of a high-speed photodiode and a transimpedance
amplifier, to convert the optical signal into a voltage signal. The
voltage signal is conditioned, digitized, and processed by a SDR,
which delivers two quadrature digital signals to the output that
are post-processed by a PC to retrieve the phase information and,
consequently, the deformation of the DUT in real time.

218

Research Article

Vol. 57, No. 2 / January 10 2018 / Applied Optics

Compared to other demodulation schemes [11–14], this implementation is simpler, more versatile, and of lower cost.
In the following sections, we discuss the detection and
demodulation of heterodyne interferometric signals. Then,
we describe the operation of the SDR device used in this work,
where we use an optical front-end instead of an antenna. The
design considerations of the front-end and its performance are
then analyzed in detail. Then, we describe the operation principles of the heterodyne interferometer using a SDR device.
As an application, we show the experimental results of the
measurement of the electromechanical response of a TPP transducer under harmonic excitation, as a function of the applied
voltage and frequency on three different points over its surface.
Finally, the results of this work are discussed.
2. PHASE DEMODULATION IN HETERODYNE
INTERFEROMETRY
There are many demodulation schemes to address phase recovery in heterodyne interferometry. They can be implemented in
purely digital systems, analog circuits, or mixed signal processing systems. In the first case, the interferometric signal is digitized directly with a high-speed data acquisition system (such as
an oscilloscope), and the samples are processed by means of a
dedicated system, such as a PC or a field programmable gate
array. Some examples are based on the zero-crossing algorithm
[10,15] or the synchrozqueezing algorithm [16]. In the analog
domain, there are systems based on phase-sensitive detection,
such as the phase-locked loop (PLL) [10,17] and quadrature
demodulation blocks. In analog systems, the signal from the
interferometer is mixed with a reference signal to shift the frequency band of interest to a lower frequency (intermediate frequency) or directly to baseband. Then it is processed with
analog circuitry or slower data acquisition systems [11–13,18].
In this section, we describe the output signal from a heterodyne
interferometer and the quadrature demodulation algorithm
that we will use in our SDR implementation.
The intensity of the optical signal at the output of a heterodyne interferometer can be expressed as
I t  A  B cos2πf C t  pt;

(1)

where A is the background intensity, B is the fringe contrast, f C
is the carrier frequency, and pt includes the information and
any random phase difference between the branches. The latter
may be produced by vibrations or spurious fluctuations of the
optical lengths of the arms of the interferometer. From the point
of view of telecommunications, Eq. (1) is a phase-modulated
signal added to a DC component A. We can rearrange
Eq. (1) into
I t  A  B I t cos2πf C t  B Q t sin2πf C t;

(2)

where
B I t  B cospt;

(3)

B Q t  −B sinpt;

(4)

resembling the structure of quadrature signaling used in telecommunications.
An optoelectronic front-end provides a voltage signal vt,
proportional to I t that enters to the quadrature demodulator

Fig. 1. Quadrature demodulation system. The input signal vt is
mixed with the reference signals produced by the local oscillator (LO),
y I t and yQ t, and filtered by low-pass filters (LPF). Both signals are
in temporal quadrature.

system described in Fig. 1. The input signal vt is mixed with
two quadrature signals synthesized by a local oscillator (LO),
y I t  K I cos2πf LO t;

(5)

yQ t  K Q sin2πf LO t;

(6)

and the high-frequency components at the output of each
mixer are low-pass filtered. If f LO  f C , we obtain
BK I
cospt;
(7)
B̂ I t 
2
BK Q
sinpt:
(8)
2
Finally, if the signals synthesized by the LO have equal
amplitudes, from


B̂ Q t
pt  arctan
(9)
B̂ I t
B̂ Q t  −

we can retrieve the instantaneous phase, pt.
The detection process in heterodyne interferometry is less
noisy compared to its homodyne counterpart, reaching even
the shot noise limit [10,19]. However, the demodulation system
in heterodyne interferometry is far more complex than those
used in homodyne interferometry. High-frequency design considerations must be carefully attended in the implementations of
the optoelectronic front-ends and demodulation systems to avoid
high-frequency noise, radiation coupling, and cross talk between
subsystems. These requirements make radiofrequency detectors
and high-speed subsystems expensive and their design is often
geared toward a specific use, reducing their usefulness in different
applications. Therefore, the SDR design paradigm was introduced and made it possible to address both issues.
In the next section we describe the working principles of our
SDR-based demodulation system and describe how we can use
it to demodulate heterodyne interferometric signals.

3. SDR-BASED SIGNAL PROCESSING SYSTEM
Our demodulation system consists of an optoelectronic frontend and a SDR device on which the phase recovery procedure is
made in the digital domain by a PC. A picture with the optoelectronic front-end and the SDR is shown in Fig. 2.
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Fig. 2. Picture of the optoelectronic front-end and the SDR device.

A. Optoelectronic Front-End

We designed a wideband optoelectronic front-end to detect the
intensity signal from the interferometer [20]. In Fig. 3 the electrical circuit is shown. The circuit consists of a fiber-coupled,
high-speed photodiode (Optek OPF482 [21]) and a wideband
transimpedance amplifier (TIA) using a junction field-effect
transistor input operational amplifier (Texas Instruments
OPA657 [22]). The TIA is AC coupled with passive high-pass
filters at the input (cutoff frequency: 80 kHz) and at the output
(cutoff frequency: 150 kHz). The output impedance is
matched to the input impedance of the RTL-SDR.
We use a separate test setup (Fig. 4) to characterize the electrical response of the front-end, in the frequency range from
1 MHz to 200 MHz [20,23]. To test the transimpedance
amplifier using a voltage signal generator, we replace the photodiode by its Thevenin electrical representation: a highly valued
resistor R PH and its junction capacitance at the applied reverse
bias voltage C PH . The magnitude and phase response of the
transimpedance amplifier are shown in Fig. 5. The frontend has a cutoff frequency of 140 MHz and has a linear phase
response up to 20 MHz. As we described earlier, the front-end
is AC coupled to prevent overload and decrease dynamic range.
The front-end is enclosed into a metallic box to reduce external

Fig. 3. Schematic circuit of the optoelectronic front-end. The output impedance of the transimpedance amplifier (TIA) is matched to
the input impedance of the SDR.

Fig. 4. Experimental scheme used for the characterization of the
front-end.

Fig. 5. Magnitude and phase response of the transimpedance
amplifier.

coupling of unwanted radio-frequency (RF) signals and the
connection to the SDR is made by SubMiniature version A
connectors. The power supply of the front-end and the SDR
is not shared. This is because the power supply of the SDR is
taken from a PC and this supply can be very noisy.
B. SDR Hardware

We use the RTL-SDR as a low-cost universal series bus (USB),
software-defined radio device. Originally these devices were designed to be used as digital video broadcast—terrestrial receivers, but it was discovered that they could be used as generic
SDRs [1,8].
The RTL-SDR system comprises three stages. The first stage
is a RF front-end, usually a 50 Ω antenna, which captures the
RF signals and inputs them to the RTL-SDR device. Inside the
device, the other two stages are present: an analog signal conditioning and downconversion stage made by a Rafael micro
R820T2 circuit [24] and an analog-to-digital conversion and
quadrature demodulation stage by a RTL2832U circuit [25].
A block diagram of the entire system is shown in Fig. 6.
Once the RF signal with a carrier frequency f IN is detected
by a RF front-end, a voltage signal vt enters to the R820T2
circuit, where is amplified by a low-noise amplifier and then
bandpass filtered. The output signal mixes with a local oscillator with a frequency f LO that can be configured between
25 MHz and 1.766 GHz. Then it passes through a digitally
variable gain amplifier and an anti-alias filter to remove
high-frequency products of the mixer. The output signal
v IF t is proportional to vt on which the carrier frequency
is shifted to an intermediate frequency f IF  f IN − f LO.
The signal v IF t enters to the RTL2832U demodulator circuit, on which an ADC converts vIF t to a digital signal v IF n
at a rate f S  28.8 MHz. This signal is demodulated by a digital quadrature PLL locked to the frequency N  f IF ∕f S. Two
quadrature signals s I n and sQ n are synthesized from a quadrature numerically controlled oscillator and digitally mixed with
v IF n. Each output of the mixers is filtered by finite impulse
response decimation filters to remove high-frequency products
of the mixing process and reduce the sampling rate of the signals
prior to sending them into a data stream to a digital processing
system by USB. The sampling rate can be configured, setting the
observable bandwidth of the output signal. The maximum stable
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sampling rate at the output of the RTL2832U is 2.4 Msamples/s.
In this case, we can achieve measurements of the RF spectrum in
the frequency range between 25 MHz and 1.766 GHz with a
frequency window of 2.4 MHz with 8 bits of resolution.
The test setup to characterize the frequency response of the
SDR device is shown in Fig. 7 and the results are in Fig. 8.
We analyze the frequency response of the device and test its
tuning capability, applying a sinusoid signal with a carrier

frequency in the range from 50 MHz to 200 MHz [Fig. 8A].
The response of the device is flat (on average) with a magnitude
deviation of 2 dB in the observed range. A closer view of the
frequency response is shown in Fig. 8B where the frequency
range from 68.8 MHz to 71.2 MHz has a magnitude deviation
less than 1 dB. Figure 8C displays a sample of the frequency
spectrum reconstructed by the RTL-SDR. As we can see, a part
of the local oscillator leaks to the output of the device and must
be considered on the demodulation process in further processing. An estimation of the group delay on the frequency window
of Fig. 8C was made using a Hilbert-transform-based algorithm
[26–28], revealing an average value of −8.4 mrad∕Hz between
69 MHz and 71 MHz.
C. Signal Processing Software

The system is controlled with a PC with the open-source software development toolkit GNU Radio, performing also realtime signal processing. GNU Radio applications can be written
in either C++ or Python programming language. However, the
performance-critical signal processing path is implemented in
C++ using processor floating-point extensions. This allow us
to implement real-time, high-throughput radio systems in
a simple-to-use, rapid-application-development environment
[1,29]. In the next section we apply the demodulation system
in a heterodyne interferometry system.

Fig. 6. RTL-SDR system block diagram. LNA, low-noise amplifier;
VGA, variable gain amplifier; ADC, analog-to-digital converter;
QNCO, quadrature numerically controlled oscillator.

Fig. 7. Experimental scheme used for the characterization of the
RTL-SDR device. Att., Attenuator.

Fig. 8. Frequency response of the RTL-SDR. A: Tuner frequency
response. B: Observation bandwidth frequency response. C: Output
spectrum of the RTL-SDR (center frequency: 70 MHz. Sampling
frequency F S  2.4 Msamples∕s.

4. HETERODYNE INTERFEROMETER USING
SOFTWARE-DEFINED RADIO
To test the proposed demodulation system, we use the polarization heterodyne interferometer of Fig. 9. The polarization
plane of a linearly polarized He–Ne laser is adjusted by a
half-wave plate to ensure that only the polarization normal
to the plane of the experiment enters to an acousto-optic modulator (AOM). The AOM is fed by an amplified RF source
which drives a sinusoidal voltage signal with a frequency
f C  70 MHz. The AOM is oriented at the Bragg angle to
improve the first-order diffraction efficiency. The first-order
diffracted beam passes through a polarization beam splitter
(PBS) using a fixed mirror, and serves as the reference beam.
The zero order serves as the test beam and it is focused on the
DUT by means of a microscope objective. A quarter-wave plate
is placed in the test arm and it is oriented at 45° from the horizontal plane. Therefore, the test beam traverses it two times.

Fig. 9. Heterodyne polarization Michelson interferometer. HWP,
half-wave plate; AOM, acousto-optic modulator; PBS. polarized beam
splitter; QWP, quarter-wave plate; MO, microscope objective; P,
polarizer. d t is the DUT off-plane displacement to be measured.
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Consequently, the test beam reflected on the sample has its
plane of polarization rotated 90° and is recombined with the
reference beam by the PBS. Using a polarizer (P), we force
the interference between the beams, which is detected by
the detection block of Fig. 2.
The displacement of the DUT produces an interferometric
signal as described in Eq. (2) and, tuning the RTL-SDR to the
frequency f C, the output signals of the demodulator are


BK I
4π
d n  θn  ΔΩn ;
(10)
cos
B̂ I n 
λ
2


BK Q
4π
sin
d n  θn  ΔΩn ;
(11)
B̂ Q n  −
2
λ
where the term θn is any random phase difference between
the branches of the interferometer, ΔΩ is a frequency error that
arises from the small difference between the frequency of the
acoustic optic modulator, f C , and the frequency of the local
oscillator of the RTL-SDR, f LO . We consider this frequency
offset constant in the measurement interval, because all the
reference signals in the SDR device are synthesized from a
quartz crystal oscillator with a frequency accuracy of 1 ppm.
By using the output samples of Eqs. (10) and (11), we can
retrieve the phase information with further digital processing.
Any mismatches between amplitudes K I and K Q are automatically corrected by the RTL-SDR device and by software, so
K I  K Q  K . With these considerations, we can directly
apply Eq. (9) and obtain the instantaneous phase:


B̂ Q n
4π
 d n  θn  ΔΩn: (12)
pn  arctan
λ
B̂ I n
As explained above, the term ΔΩn is originated by the
frequency mismatch between f C and f LO and can be easily
removed by software.
To validate the proposed method, we measured the electromechanical response of a commercial ceramic piezoelectric
transducer (Taiwan Piezoceram Technology Corp. PZT
TPC-H2518-1.65MR). The results agree very well with those
obtained with the setup and method described in a previous
article [23]. In the next section we apply the interferometric
setup to measure the displacement per unit volt of an ultrasonic
TPP transducer.
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larger in polymers [33]. In consequence, it is very important
to measure the frequency dependence of the electromechanical
response for the validation of design models and fabrication of
transducers based on piezoelectric polymers [34,35].
Optical interferometric methods allow contact-less, direct
measurement of subnanometer dynamic displacements. Unlike
other measurement methods as, for example, strain gauge sensors,
optical interferometric methods avoid any loading effects that
may alter the mechanical properties of the sample. This aspect
is particularly interesting in the case of electromechanical properties of piezoelectric polymers.
We characterize the frequency response from 20 kHz to
1 MHz of a TPP transducer based on a 25 μm thick commercial PVDF film (Piezotech Corp.), by measuring the off-plane
displacement of the DUT displayed in Fig. 10 with the interferometer shown in Fig. 9. The film is aluminum metalized on
both sides, square cut to 16 mm2 and attached to a doublesided copper-laminated FR4 substrate by means of silver paint.
The metallized surfaces are wired to a female BNC connector in
order to introduce the excitation voltage.
The DUT is placed over a micrometric displacement stage
to measure the mechanical deformation of the sample on three
points A, B, and C. Points A and C are on the edges of the
sample and point B is on the center. To characterize the displacement of the DUT using a voltage source, we measure the
applied voltage and current on the DUT (Standford Research
DS340), so it is possible to calculate the DUT voltage associated with each displacement, as described in [23]. We applied
low-amplitude voltages to ensure that the device works in the
linear regime. Under this condition, the displacement of the
film has a linear relationship with the applied voltage signal.
A typical experimental spectrum retrieved by the RTL-SDR
is shown in Fig. 11. A sinusoidal voltage (10 V PP , 500 kHz) is
applied to the PVDF film and the displacement of the transducer originates a phase modulation of the optical heterodyne
signal at the input of the optoelectronic front-end. The spectrum is viewed directly in real time using a graphical GNU
Radio interface.
The spectrum of Fig. 11 reveals all the components present in
the interferometric signal in a frequency window of 2.4 MHz
around 70 MHz. We choose this value of the carrier signal to
avoid any interference from the FM broadcast band. Due to undesirable mechanical vibrations and laser intensity fluctuations,

5. APPLICATION TO THE MEASUREMENT OF
THE DISPLACEMENT PER VOLT OF A PVDF
TPP TRANSDUCER
PVDF is a widely used semicrystalline polymer with good
mechanical properties, resistance to chemicals, high dielectric
permittivity, and exceptional pyroelectric and piezoelectric
properties [30,31]. Among other uses, thin films of piezoelectric PVDF are of great interest in broadband acoustic and ultrasonic transducers, particularly for medical imaging applications,
since they are flexible and with acoustic impedance similar to
water and biological tissues [32]. It is well known that quantitative modeling of the frequency response of piezoelectric transducers requires the accurate characterization of the material
properties. Compared to inorganic piezoelectric materials,
the internal losses (both mechanical and electrical) are much

Fig. 10. Sample preparation. The axis of the piezoelectric deformation is shown. A, B, and C are three observation points over the surface
of the sample.
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the noise is concentrated around the heterodyne carrier component. As we can see, the transducer displacement components
[Eq. (2)] are found at 500 kHz from the carrier frequency.
This way, a good dynamic range is achieved, more than
40 dB of signal-to-noise ratio (SNR).
In this work, the minimum measured displacement is
3.5  0.2 pm. This corresponds to a 1 MHz sinusoidal
excitation (1 V PP ) at point A. The maximum displacement is
122  10pm, for a signal amplitude of 10 V PP ( f 
120 kHz) at point B. Low-frequency displacement signals
are affected by the noise close to the heterodyne carrier, as
shown in Fig. 11. Therefore, the displacement detection limit
(i.e., where the SNR  0 dB) improves from 15 pm at 20 kHz
to 0.1 pm at 1 MHz.
To check the linearity of the TPP transducer, the response of
the DUT was measured at the three points previously described
for different excitation amplitudes. As an example, Fig. 12 shows
the experimental data for the DUT at f  1 MHz at excitation
amplitudes between 1 and 10 V peak-to-peak. By a linear regression analysis, the displacement per unit volt (i.e., the slope of
the displacement as a function of the excitation peak-to-peak
voltage), was found to be 4.44  0.35pm∕V at point A,

Fig. 11. Spectrum of the interferometric signal. f AOM  70 MHz,
F S  2.4 Msamples∕s. DUT voltage: 10 V PP , DUT frequency:
500 kHz.

Fig. 12. Displacement versus excitation amplitude at three points
of the DUT surface (f  1 MHz). Symbols: experimental data, line:
linear regression.

Fig. 13. Electromechanical frequency response of the PVDF transducer in points A, B, and C (symbols with error bars). Piezoelectric
coefficient, d 33 , of a PVDF film (black line, the statistical uncertainty
bands are smaller than the linewidth).

5.18  0.42pm∕V at point B, and 4.30  0.38pm∕V at
point C. The determination coefficient (R 2 ) is better than
0.99 in all cases. The same procedure was carried out in the frequency range from 20 kHz to 1 MHz in steps of 20 kHz to
obtain the electromechanical response of the transducer as a function of frequency (Fig. 13). As explained above, low frequency
measurements have larger uncertainty due to higher noise levels.
Below 500 kHz, the response of the transducer is essentially
the same at the three measurement points (A, B, and C).
However, at higher frequencies the response depends on the position. At point B (center of the PVDF film) the displacement
per unit volt has a higher value than at the other two points at the
edges (that are practically the same). These differences are due to
the interaction between higher vibration modes over the surface
of the piezoelectric film and in-plane displacements [34,35]. To
highlight the difference between the device response and the intrinsic properties of the polymer, in Fig. 13 we also include the
piezoelectric coefficient d 33 , which was measured by an indirect
method in a previous article [36]. It can be seen that the electromechanical response of the device (indicated by symbols in
Fig. 13) clearly differs from the frequency dependence of the
piezoelectric coefficient of the polymer d 33 (displayed as a continuous line in Fig. 13). As explained above, the transducer displacement per volt depends on the geometry and also includes
the effects of the interaction of the piezoelectric polymer with the
substrate and other components of the device.
To summarize, the interferometric system described in this
work allows the direct measurement of the electromechanical
frequency response of the transducer, including its spatial
dependence. This is particularly useful for the design and fabrication of TPP transducers.
6. CONCLUSIONS
A high-speed, real-time heterodyne interferometric system is
implemented using SDR technology. The flexibility offered
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by SDR systems allowed us to focus on the development of the
front-end and the signal processing software used for phase recovery. We were able to develop an extremely simple, low-cost,
versatile, and compact system using widely available components. The system can be easily adapted to other optical applications where high-speed and real-time data processing are
required. The low cost of SDR systems would allow the easy
construction and prototyping of detection and demodulation
systems for a variety of applications.
A main limitation of the RTL-SDR used in this work is the
scarcity of technical documentation, which required a complete
characterization of the device. Although its functionality is
somewhat limited (since the device was specifically developed
for digital video broadcast applications), we were able to measure subnanometer displacements at high frequencies with
good signal-to-noise ratio.
The system performance depends on the optical setup
(alignment, quality of components, laser power, etc.), the optoelectronic front-end, the SDR characteristics, and the signal
processing software. To improve the dynamic range, optical
balanced detection schemes can be used [23] together with
higher-quality SDR platforms [37–39].
The flexibility of the SDR devices allowed us to simplify the
design of the optoelectronic front-end. As described in
[20,22,23,40,41], there are numerous trade-offs between gain,
noise, and bandwidth. For instance, in this work the high
sensitivity of the SDR reduced the gain requirements on the
transimpedance amplifier, making it possible to increase its
bandwidth.
Since we use an optical interferometric method, we avoid
any loading effects that would alter dramatically the mechanical
properties of the polymer. Due to the high sensitivity of the
demodulation system, we were able to directly measure displacement amplitudes of the order of picometers at frequencies
higher than 1 MHz. This made possible to measure the displacement per volt of a PVDF TPP transducer at low excitation
voltages (less than 10 V peak-to-peak) in a wide range of
frequencies. It should be noted that this essential aspect is
of the characterization of transducers.
In future works, we will also use SDR-based systems to
study transient phenomena, such as those in optical detection
for photoacoustic imaging.
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